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About this Book

THE ELECTROSTATIC LOUDSPEAKER has intrigued music lovers since their
first commercial introduction just after World War II. Hearing music via such a
device often tumns ordinary music listeners into dedicated, passionate partisans of
this transducer format as the only true path to accurate sound reproduction. Add
to this the additional incentive that such speakers can be constructed out of read-
ily available materials, and the convert tums into a devotee ready to invest quan-
tities of time and energy into the nearest equivalent of the perfect loudspeaker.

The ability to move a panel of graphite impregnated plastic immersed in a high-
voltage field with an audio signal has fascinated audiophiles since the earliest
days of high quality sound reproduction after World War II. This enthusiasm
leads inevitably into explorations of the legendary output transformerless ampli-
fier (OTL) genre since such devices match their high impedance outputs ideally to
the electrostatic's input. Then there is the electrostatic headphone sideshow
which beckons tantalizingly.

No one writing about the electrostatic has contributed more to the success of
amateur electrostatic speaker builders than Roger R. Sanders. His first article on
the topic appeared in The Audio Amateur in 1975 (pp. 18-28). His designs were
inspired, to some extent, and informed by, the pioneering work of David
Hermeyer, who published a series of Audio Amateur articles on building electro-
statics, along with power amplifiers designed to drive them.

Electrostatic speaker builders have strong opinions about ideal formats, stator
structure, polarizing voltages and many other details. In this book the author sur-
veys all the alternatives and keeps clear about his own preferences, many of
which are subjective. The Electrostatic Speaker Design Cookbook is a complete guide
for the novice and the experienced builder to successfully build the unusual sound
reproduction device.

As always, any project in electronic design is a series of choices balanced between
goals and limitations. Sanders does an outstanding job of exploring the compro-
mises and tradeoffs required to reach a satisfying result.

Roger Sanders not only builds electrostatic speakers, he builds and holds patents
on a number of other devices, his unique bicycle pedal being only one of them.
He is also an amateur astronomer and a frequent contributor to periodicals dedi-
cated to that topic. His wide knowledge of manufacturing and fabricating tech-
niques, as well as extensive “hands-on” experience in making many devices with
his own hands, enriches this book in a nearly unique fashion.

Sanders has founded an interest group for electrostatic enthusiasts with a world-
wide membership. He also makes his address available in this volume for any
who need help solving problems, finding materials, or just friendly conversation
about one of his favorite topics.
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ISBN 1-882580-00-1
$34.95
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DISCOVERY can be fun as well as intriguing. I
remember the first time I discussed electrostatic
loudspeakers, sometime in the late '50s, through a
monthly electronics magazine. As a teenager new
to electronics, I was discovering many aspects of
this new hobby. These monthly periodicals, also
new, were shaping my preferences toward gadgets
unique and different. The more knobs and func-
tions along with “bells, whistles, and flashing
lights” a construction article had, the better and
more intriguing its lure.

Similarly, when I spotted a construction article
for a simple tweeter project called an electrostatic
loudspeaker, my appetite was really whetted. Not
only was it “simple,” but uniquely different. An air
of magic and mysticism accompanied a speaker
without a motor. There was also definite intrigue
in finding something so tantalizing and captivating
to the psyche.

A decade passed before electrostatics became an
integral part of my life and stereo system. At that
time the electrostatic devices were the Radio Shack
Model ESA-3s. Next, I auditioned the Infinity Servo
Statics which I heard at the West Coast Hi-Fi Show.
Oh boy! was I ever falling in love.

In 1974, I chanced to meet a customer in the
local electronics store who told me about a journal
dedicated to audio amateurs. The journal, The
Audio Amateur (TAA), had published a complete
construction article for a full-range electrostatic
speaker and its companion 900W amplifier. Now
this, fellow audiophiles, is the stuff of dreams.

I share this personal story with you because we
all have had love affairs with people, animals,
places, cars, boats, aircraft, etc. What about you¢
We are not that different, as evidenced by the fact
that you are about to read this book. You have dis-
covered and are now intrigued by the phenomenon

~of the electrostatic principle, and the possibility

that a set of speakers can actually be created by
your own hands.

Creation is defined by one dictionary as the act of
forming out of nothing. More than likely your previ-
ous endeavors into speaker building were to “create”
suitable boxes and installing various drivers already
in existence. Nice, but think how much more satis-
fying it would be to take the basic elements and fab-
ricate, in toto, that which is envisioned by your
mind's eye. Herein lies our purpose.

Over the years much has been published about
ESLs in patents, articles, and texts. Many of these
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tend to be rather technical, but ambiguous. It
remained for the work and research of one man,
David Hermeyer, and The Audio Amateur magazine,
to design a practical home-built device to rival
commercial offerings.

In the years following the 1972 publication of this
project, many developments occurred. Among the
first was the research and experimentation done by
the author into the improvement of the original
Hermeyer design. This research was published
along with several follow-up projects. Additional
original designs by Mr. Hermeyer and others, yours
truly included, have also been published.

Your attention is also directed to Speaker Builder
(SB), sister publication to The Audio Amateur. The
intent by all of us has been to push the state-of-
the-art to new limits and to make affordable to
everyone a speaker we consider to be the finest
available.

It is one thing to “roll your own” by following
the printed instructions. It is quite another to
understand and appreciate the “whys and where-
fores” involved in the genesis of a design. As a
builder you can definitely alter dimensions of a
design to fit a new criterion, but is this designing?

Roger Sanders and I want to challenge you to do
more. To create, you must possess certain innate
knowledge; to fully appreciate your handiwork, it
is also necessary to have this knowledge.

Roger Sanders has spent more than two years
compiling and organizing the basic elements of
this electrostatic book. In the chapters that follow,
he presents a logical, systematic approach to the
various aspects of design.

You will find information presented in short
blocks rather than lengthy paragraphs. This is very
beneficial: first, when learning the material, and
later when the book is used as a reference. He has
taken great pains to remove the suffix “ese” from
the word “technical” and to add “ease” into each
explanation.

After you delve into theory, methodology and
architecture, you will find a construction project
for several affordable speakers. We believe the
Compact Integrated TL/ESL to be far superior to
commercial offerings. But for all its design objec-
tives and attributes, it is not the zenith. The evolu-
tion of this design took twenty one years. Its fore-
runners, constructed over the prior decade, are still
very much the pinnacle of performance.

Does this mean nothing new can be learned or




gained¢ Absolutely not! It does attest to the fact
that a good design concept is, if not timeless, at
least enduring, maintaining its appeal far longer
than most. By applying the knowledge presented
in this book to your speaker design, it promises not
only to be enduring but endearing well into the
next century.

Please keep in mind, however, as you read the
book and formulate a plan, that by their very
nature these devices are elegant in their simplicity.
The addition of knobs and lights for function is
OK, but do not get caught up in the philosophy of
“bells and whistles.” As a design becomes cluttered
with extra component parts, performance and ele-
gance are placed in jeopardy.

It is our hope that you will accept the challenge
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and use this information, together with your
unique ideas, to help advance the state of the art.
Join with others who have gone before. The
Electrostatic Loudspeaker User's Group was
formed for the exchange of information and ideas
for its worldwide membership. Your contribution
and participation is most welcome. Roger Sanders
and I welcome news about your project.
Whether you wish to learn more about the sub-
ject of ESLs in general, or to create a uniquely indi-
vidual system, I sincerely hope that your initial
curiosity and anticipation have been raised and
that your time and effort will be amply rewarded.

Barry Waldron
Placerville, California
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CHAPTER 1:

OVERVIEW

You're smart, talented, energetic, and like fine
music systems. You find conventional mag-
netic speaker systems disappointing. ' The
smoothness, detail, low distortion, delicacy,
and transparency of electrostatic loudspeakers
thrill you. But they're expensive, don't truly
meet your needs, and there are things about
them you'd like to change.

You're fascinated with the idea of building
electrostatics. Their construction seems sim-
ple. You know you could do it—if only you
had some practical design and construction
guidance.

What little information you've found on the
subject was written in engineering jargon. It
was full of math. Engineers wrote it for engj-
neers. It was boring and hard to understand. It
was incomplete. It just wasn't functional.

If the author presented a speaker design, it
was hard to build and didn't fit your needs.
You needed to know why he did what he
did—but he didn't tell you.

You're frustrated. Your goal is tantalizingly
close, but just out of reach. You are right on the
edge of taking the plunge, but realize that you
could make costly blunders. You'd prefer to
learn from others' mistakes instead of your own.

If this sounds like you—sit back and relax.
Your search is over.

This book provides the knowledge you
need. Directed to the amateur, it's written in
simple concepts instead of engineering terms.

Laymen often find the mathematical models
and expressions commonly seen in engineer-
ing texts difficult to understand. A “how-to”
book doesn't need them.

Since the emphasis is on the practical, the
only formulae included are those that you can
use to solve down-to-earth problems. The bib-
liography contains references for engineers.

The cold, detached, impersonal, and com-
plex writing style typical of engineers troubles
me. It's hard to read and comprehend. I think
a friendly, relaxed, personal writing style gets
the message across better.

An important feature is the use of GUIDE-
LINES. Scattered throughout, and boldly dis-
played in shadowed boxes, these guidelines
present critically important information in a
simple, easy-to-grasp form.

I use guidelines for critical concepts, as a

substitute for formulas, for defining values
based on experience, and for essential parts of
construction and setup. Although brief, they
are a quick and handy source of information.

Because readers have diverse backgrounds,
I've included a chapter that defines, explains,
and gives examples of common engineering
terms. Although the book starts with basics, it
rapidly evolves to advanced topics.
Technically skilled readers will find the depth
they want.

I present the information sequentially. Later
chapters assume a grasp of earlier ones.

Optimizing one design parameter often
degrades another. When many are involved,
the interrelationships are complex and confus-
ing. Successful ESL (ElectroStatic Loudspeaker)
designers juggle design choices to meet their
most important goals, while sacrificing minor
ones.

You must understand these compromises.
I've put much effort into making these inter-
actions and compromises clear so your first
design will be successful.

Listeners differ in their speaker system
needs. Therefore, this book is not geared
toward one specific speaker design. Instead, I
give the information necessary to engineer and
build whatever design you like.

If you want to build proven designs, you'll
find several well-reasoned and thoroughly test-
ed ESL projects with full details on how to
assemble them. You will also discover why I
made the design choices I did.

Not everybody wants to design ESLs. You
may just want directions on how to build one.
If so, you can skip the first part of this book and
go directly to the construction section (Chapter
8). There you will find the help you need.

Associated electronics are an essential part
of ESLs. I've devoted a comprehensive chapter
on them. Included are parts sources and con-
struction details.

Over the years, I've found that most ama-
teurs have more problems and questions
about the electronics than about the ESLs. To
solve this problem, I've included a chapter on
how to build electronics.

For reasons that will become clear later,
many builders use conventional driver bass
systems with their ESLs. It has been notori-
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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-
ciated 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 [ 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- i
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, ] asked Barry McClune to share his expe-
rience and building techniques with you.

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

CHAPTER 2:
TECHNICAL TERMINOLOGY

However simple ESLs may seem, they involve
complicated  physics and electronics.
Analyzing them demands the use of technical
terminology. 1 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 alternating
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 -to-peak voltage,
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.

ing 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.

L
Sklp 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.

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, SA @ 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 = Q.

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 2W, 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
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FIGURE 2-1: Waveforms
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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

TEIZX

Muitiply by One Thousand 103
Multiply by One Million 108
Divide by One Thousand 103
Divide by One Million 10
Divide by One Trillion 1012

is measured in ohms. I've modified it to lay- ';

man's terms:

CAPACITANCE. A capacitor is an electrical 1

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
Amps = 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 quant-
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

i TS
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Parallel

FIGURE 2-2: Types of connections.

communicated in millimeters or microns. I'm
in a bind. Should I use the superior metric sys-
tem known wotldwide, but not (amazingly)
used in the States¢ Or should I use ridiculous
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 _ _ / .
) o
f/‘ ’
7
Linear motion -7

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
Jump all harmonic components together and
call it Total Harmonic Distortion (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

TECHNICAL
TERMINOLOGY
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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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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 1
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 control¢ 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 Freguency Response

Low
el Pess
k Notch

FIGURE 2-5: Various filter types.

andnudranges They can be either high level

. or low 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 although they require multiple
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.

* 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).
¢ 120dB The threshold of pain.

* 140dB Ten yards from a jet engine at full
power.

e & & o
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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 friction 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

d 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.

Ionization 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
e 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 then repelled from, the stator. This action
pushes the air and generates sound waves.

As demanded by the music, the power
amplifier varies the frequency of the voltage
supplied to the stators. Higher stator voltages
interact more strongly with the static charge
on the diaphragm. This creates greater force
on the diaphragm, more diaphragm motion,
larger amplitude air waves, and louder sound.

Electrically, music simply consists of chang-
ing frequencies and voltages. The frequency
patterns define the type of sound (piano, flute,
orchestra, and so forth), and the voltage con-
trols the loudness.

Conventional power amplifiers lack the
voltage necessary to drive ESLs to adequate
output levels. A step-up transformer
between the amplifier and ESL increases the
amplifier's output to several thousand volts.

SPACERS. These precisely distance the
diaphragm from the stator. This distance is
critical. If it is too large, the speaker output
will be very low or nonexistent. If the
diaphragm touches the stator, it can't move to
generate sound, and the static charge on the
diaphragm will be lost to the stator—again
reducing output.

The spacers must be excellent electrical insu-
lators. We usually make spacers out of plastic
like Plexiglas® or Lexan® because they are read-
ily available, cheap, and easy to assemble.

CELLS & PANELS. When sandwiched
together, these three parts comprise an elec-
trostatic cell or panel. We call an ESL with
only one stator single-ended. Figure 3-1 is a
cross-sectional view of such a cell.

Note that the stator/diaphragm assembly

N
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FIGURE 3-1: Single-ended ESL. FIGURE 3-2: Push-/pull ESL.
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CAPACITANCE
- DEFINING
FACTORS
- Diaphragm-to-stator spacing
« Stator design
- Diaphragm area

just described is a capacitor. It stores electrons

when charged just like any capacitor.

The capacitance is an important feature of
ESLs, as it represents the electrical load seen
by the power amplifier. The capacitance of the
speaker presents many problems.

Electrostatic force decreases by the square
of the distance between the stator and
diaphragm. Changing the distance produces
an exponential change in the force seen by the
diaphragm. It is not linear. Therefore, single-
ended ESLs suffer from nonlinear distortion
unless the motion of the diaphragm is
extremely small.

To avoid this, all modern ESLs use a double
stator, push/pull drive system. This consists
of a stator on each side of the diaphragm, as
shown in Fig. 3-2. From this point on, I'll dis-
cuss only push/pull electrostatic speakers.

The power amplifier is connected to the sta-
tors so that as one stator is driven to a positive
voltage, the other goes negative. This causes
one stator to pull the diaphragm, while the
other pushes it.

The nonlinear increasing force seen by the
diaphragm as it approaches one stator is bal-
anced by the nonlinear decreasing force seen by
the diaphragm as it moves away from the other.
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-
where between the two stators. The beauty of
this is that the sound guality is not affected by
construction tolerances, although sound quant-
ty is. This is important, because it is impossible
to build stators and diaphragms perfectly flat
and uniformly equidistant from each other.

This is particularly fortunate for the amateur
speaker builder, because it guarantees superb
sound even with poorly built cells. I've seen
incredibly distorted, warped, and generally
poorly built ESLs whose sound quality is the
same as faultlessly built ones. An additional
advantage of the push/pull ESL is that the
forces on the diaphragm are twice those of a
single-ended ESL, which improves output.

‘GONSTANT CHARGE OPERATION. In a

' ESL, the charge on the diaphragm

Eamu:t/-pr:ﬂmahllﬁmoﬁonless. If it moves as the

i ;":hragm changes position between the sta-

tors, the forces seen by the diaphragr_n‘ will
. 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 turn on the polar-
izing power supply. Large electron flows occur
when you first charge the diaphragm. These
flows tend to burn 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
Transformer

Stators _ \.
\ |

!
Amplifier ‘ Diaphragm

Frerm |
‘ |

FIGURE 3-3: ESL drive schematic diagram.

High Voltage
Power supply

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

20-200MQ.

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 I need?” The upper limit
seems to be around 200MQ. 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-
tion 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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An ESL with a
high value charge resistor and

high impedance diaphragm
operates in the
CONSTANT CHARGE mode.

wired in parallel. You don't need a separate
charging resistor for each cell, since they act as
one large one.

Besides the charging resistor, the diaphragm
itself needs to be high resistance to prevent
migration of the electrostatic charge on its sur-
face. Construction irregularities cause the
diaphragm to be closer to some areas of the sta-
tor than others. The charge tends to move to the
closest areas where the forces are the greatest.

Practical experience demonstrates that low
resistance diaphragms work adequately despite
theory, as long as they have high value charging
resistors. Some builders use aluminized Mylar®

film diaphragms. Such diaphragms have a resis-.

tance of 4Q per inch compared to the
S50kQ-1MQ per inch resistance typically found
on graphite-coated diaphragms.

ESLs sometimes produce an electrical arc

(spark) between the diaphragm and stator. If

this arc has high current, it can generate j
enough heat to melt the diaphragm or even !

cause the ESL to burst into flames.

This rarely causes a problem in high resis-
tance diaphragms because the diaphragm's
resistance limits the current to a safe value,
The electrons from only a small area of the
diaphragm can discharge into the arc, so the
current is small.

A low resistance diaphragm can discharge the
entire diaphragm charge across the gap. This can
generate enough heat in a large ESL to cause it
to ignite. At the very least, it will burn a hole in
the diaphragm. An additional disadvantage of
aluminum-coated diaphragms is that they are
more massive than other types, although they
are still light enough to work well.

CHAPITER 4:

" FREQUENCY RESPONSE

The driving forces within ESLs are linear and
accurate. Because low mass causes the speak-
er to drive the air directly, ESLs should have
perfect frequency response.

Unfortunately, this is not so. They have
serious problems at both high and low fre-
quencies.

Figure 4-1 shows the general trend of the fre-
quency response of a full-range ESL with a min-
imum dimension of 18”. Figure 4-2 is a photo of
the actual frequency response of the same
speaker obtained from a storage oscilloscope
trace and 1/3-octave pink noise fed into a
real-time analyzer. Other objective tests show
similar trends. The bottom trace in Fig. 4-2
shows what you can and must achieve if you
want accurate performance.

The causes of ESL frequency response errors
seem to depend on whose text you read. I
have yet to see a comprehensive, authorita-
tive, and scientifically-valid discussion of the
subject. I don't have all the answers either.
Fortunately, we don't have to positively know
the cause of the problems to deal with them.

In the discussion that follows, I base my
comments on the measurable and repro-
ducible frequency response of ESLs as shown
above, and only address causes that unques-
tionably affect it.

HIGH FREQUENCY LIMITS. The mass of
an ESL's diaphragm is the ultimate limit on
high-frequency response; but this usually isn't
a problem, because the limit is supersonic. For
example, in Ys-mil Mylar film diaphragms, the
diaphragm's mass only starts to roll off the
high frequencies at 32kHz. It's reasonable to
think of ESLs as having unlimited high-fre-
quency response.

From a practical viewpoint, the audio drive
voltage restricts the high-frequency response.
This is a significant problem that will influence
your design options. I examine this in detail in
Chapter 7, so will not discuss it further here.

LOW FREQUENCY LIMITS. Two undeni-
able problems impair low frequency response:
phase cancellation and fundamental reso-
nance. Before analyzing them in detail, you
must first understand that we normally oper-
ate ESLs as dipole radiators. This means they

-
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FIGURE 4-1: ESL frequency response trend.

10KHz

FIGURE 4-2: Measured ESL frequency
response.

don't have enclosures. They are free to radiate
sound both in front and behind them.

Avoid enclosures whenever possible,
because they resonate and have diffraction
effects—both impair performance. In cone-type
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magnetic speakers, enclosures usually can't be
eliminated, which is one reason why they don't
sound as clear as ESLs. Dipole operation is bet-
ter, but is only practical with large speakers.

PHASE CANCELLATION. As a speaker's
driven surface moves, it produces pressure on
one of its sides and a vacuum on the other.
These pressure waves are sound, and large
waves are louder than small ones.
Unfortunately, dipoles allow the pressure
generated on one side of the speaker to “leak”
around the side of the driver to the vacuum on
the other side. This reduces the size (ampli-
tude) of the wave, which reduces output. This
is phase cancellation. :
The seriousness of the “leak” is a function of
how far the air must travel to get to the other
side (speaker size), and how much time it has to
arrive (low frequencies). Phase cancellation
losses begin when the wavelength of the sound
is about one-quarter of the minimum dimen-
sion of the speaker. The output loss increases
exponentially, with decreasing frequency.
Figure 4-3 shows the wavelength of sound
versus frequency. Figure 4-4 depicts the non-
linear progressive loss of bass typical of a
dipole ESL with a minimum dimension of 18”.
To picture this problem in your mind, imag-
ine that the ESL is a canoe paddle, and that the
air in the room is a bathtub full of water. If you
move the paddle rapidly back and forth 67,
you make large waves. This is analogous to an
ESL reproducing loud high-frequency sound.
If you move the paddle slowly (bass in the
ESL) the same 6”, the water has time to travel
around the edge of the paddle and cancel most

[N
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FIGURE 4-3: Wavelength versus frequency.
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FIGURE 4-4: Trend of phase cancellation.

of the wave energy. The waves will be small, If :_

you move the paddle very slowly (deep bass),
there will be no waves at all.

- Note carefully that the excursion of the pad-
dle and the ESL is the same at both high and
low frequencies. In other words, the ESL's
diaphragm motion is linear. Despite this, the
response falls with decreasing frequency.

This is not a flaw in the ESL itself. The prob-
lem is the fluid behavior of air. Regardless of
the cause, phase cancellation is a major prob-
lem that must be corrected.

FUNDAMENTAL RESONANCE. An ESL's
diaphragm must (unfortunately) be under ten-
sion. This makes the diaphragm act like a
spring. The diaphragm's mass interacts with
this spring and resonates.

This is the speaker's fundamental reso-
nance. It is often an ESL's only resonance—
but it is savage. It is usually 10-20dB in ampli-
tude. Below it, the frequency response plum
mets. Review Fig. 4-1. :

You can't even calculate or predict the reso-
nant frequency with accuracy. Conventional
resonance formulae calculate the mass of the
driver against the spring rate. This doesn't
work if you use the diaphragm's mass in the
calculation. Its mass is so small that the reso-
nance will appear to be supersonic.

The air mass “seen” by the diaphragm total-
ly swamps the mass of the diaphragm itself. It
is the mass of the air, plus the mass of the

OUTPUT CRASHES
BELOW
FUNDAMENTAL RESONANCE
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FACTORS DEFINING
FUNDAMENTAL
RESONANT FREQUENCY
. Air mass “seen” by diaphragm
. Area of diaphragm
. Room resonances
. Diaphragm mass
. Diaphragm tension
. Direction(s) of tension
. Distance between spacers
« Air temperature
+ Elevation
- Humidity

diaphragm (the effective mass), that you need
to use in your formula.

But how can you determine the air mass¢ It
varies depending on temperature, humidity,
elevation, barometric pressure, diaphragm
area, room resonances, and room size.

Room size is significant. The mass varies
depending on room volume. In a small room
the diaphragm works with the room's entire
air mass. As the room gets larger, you reach a
point where the air's compressibility decou-
ples it from the speaker, so that the diaphragm
only “sees” part of the air in the room.

Room resonances, if close to the speaker's
resonance, can “pull” the resonance away
from what is calculated. How can you com-
pute the mass with these unknown variables?

The diaphragm's spring rate is a major part
of the resonance phenomena. It's difficult to
predict, because it varies depending on the dis-
tance between supporting spacers, length,
whether it's pulled in one or both planes, and
its tension.

Even if you have a formula that deals with
all these variables, you probably wouldn't find
it useful, because you don't know the value of
many of them. For example, what exactly is
the diaphragm's tensioné What is the mass of
the air working with the diaphragm¢ Is this
mass all the air in the room, or only part of it¢
Is a large room resonance affecting the speak-
er's resonanceé

Incidentally, the air mass “sees” your speak-
er as a unit. It doesn't care whether you built
it as one large cell, or many small ones. It is the

total size that counts. You can't draw any con-
clusions about the system's resonance based
on the behavior of one if its constituent cells.

Because of these problems, I consider the
resonant frequency to be unpredictable. We
can only estimate it. Still, we need to have at
least some idea of what it will be, so we can
deal with it in the design process.

I'll give you some idea of what to expect
based on experience. Large ESLs (3-6-feet tall,
1-2-feet wide) with high diaphragm tensions,
in moderate size rooms (12’ x 20), will usual-
ly resonate somewhere between 50 and
150Hz.

The ESLs in this book have resonances in
the 50-100Hz range. Smaller ESLs will have
higher resonances, and huge ESLs will have
lower ones, particularly if they have “floppy”
low-tension diaphragms.

In summary, the massless nature of ESLs per-
mits their use across the complete audio spec-
trum without crossovers. Phase cancellation
and fundamental resonance impair the bass
response, so that a full-range ESL sounds
bright, thin, and anemic. It has no deep bass.

GUIDELINE #2:

Fundamental Resonant
Frequency

100Hz (£50) for large ESLs in mid-
sized rooms—higher for small ESLs
and lower for very large ones.

CORRECTING FREQUENCY RESPONSE.
Many designers leave the frequency response
as is. In effect, they use fundamental resonance
to compensate for phase cancellation.

This gives the speaker some bass, but a
severe depression occurs in the frequency
response above resonance that guts the
midrange, and there is no deep bass. The sound
is still bright and thin, and the output is severe-
ly compromised, because of the resonance.

This is not satisfactory. You don't have to
sacrifice frequency response to get ESL sound
quality. Let's explore practical ways to deal
with these problems.

ENCLOSURES. Magnetic drivers are usual-
ly much smaller than ESLs. They suffer such

FREQUENCY
RESPONSE
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severe phase cancellation problems that
designers must use enclosures to deal with this,

Enclosures work by simply isolating the
front of a driver from the back of it. This pre-
vents the air from “leaking” around the side of
the driver and cancelling the pressure waves.

While this solves the phase cancellation
problem, it causes others—specifically reso-
nances and diffraction. I discuss these topics in
Chapter 12 on transmission lines.

Magnetic woofers are relatively massive
and have very low spring rates because their
suspension systems are soft and “foppy.”
Their fundamental resonance frequency is
low—much lower than the typical ESL. The
frequencies of interest are usually above their
resonance, so enclosing them to prevent
phase cancellation works well to produce
deep bass.

Putting an ESL in an enclosure doesn't work

~ as well. The diaphragm is under high tension,

so the spring rate is high. The mass of the
diaphragm is low, so the speaker's effective
mass depends on the air mass within the
enclosure—which isn't much. The result is a
relatively high fundamental resonance, with
loss of the deeper bass below resonance.

If you put your ESL in an enclosure, you iso-
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FIGURE 4-5: Anechoic chamber wedge design.

MURPHY’S LAW:

If anything can go wrong,
it will—at the most
inconvenient time

late one side from the room air. This reduces
the mass loading on the diaphragm, which
raises the fundamental resonance and further

harms deep bass response. The enclosure does
stop phase cancellation and the midrange §

“suck out,” but the deep bass is a disaster.

The limited excursions of ESLs require large §

panels. Therefore, their enclosures must also
be large. To complicate matters further, an
ESL's enclosure needs to be extra large, so the
diaphragm “sees” a large air mass.

ESLs need such enormous enclosures that
for full-range ESLs, this usually involves clos-
ing off part of the room instead of building
huge boxes.

You may be thinking, “Why doesn't he just
reduce the diaphragm tension¢ Wouldn't that
lower the resonant frequency and solve the
problem¢” You're right—you can control the
resonance that way:.

Unfortunately, Murphy's Law interferes. You
know Murphy don't you? I'm sure you've met
him—you just may not know him by name.

The problem with low diaphragm tension is
that you must have high diaphragm tension
for high output. Severe output loss is too great
a price to pay for deep bass. What good is deep
bass if you can't hear it¢ I cover this problem
extensively in the next chapter.

You must treat the interior of the enclosure
with sound absorbing material to minimize the
reflecion of bass energy back through the
diaphragm. Such reflections cause aberrations in
the frequency response and must be suppressed.

It is easy to absorb high frequencies. All you
need is a thin layer of anything soft on the
enclosure walls,

Stifling low frequencies is a challenge,
because they contain a great deal of energy.
The techniques used for sound absorption in
large anechoic chambers work well, but are
hard to do. Let's look at how the “pros” do it.

The basic idea is to trap the sound waves
between large, tapered, soft, foam wedges so
that it bounces back and forth between them.
Each “bounce” converts some sound energy to
heat, since it requires work to compress the

— . - e e S
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FIGURE 4-6: Room converted to ESL enclosure.

foam. If the wedges are large enough, you can
stop any resonance.

Figure 4-5 shows the design and layout of
foam wedges, as used in commercial anechoic
chambers. Bigger wedges are better, but usual-

the room inside the enclosure is too small to
use long enough wedges to do a good job.

Figure 4-6 shows one way to make a speak-
er enclosure for full-range ESLs. It uses a cou-
ple of huge foam wedges, rather than multi-
tudes of smaller ones. The interior walls are
made non-parallel with tapered foam sheets.

I outline a method for making large foam
wedges and composite construction techniques
at the end of Chapter 12 on transmission line
design. Please look there for details on how to
make enclosures like the one shown in Fig. 4-6.

SPECIAL ESL ENCLOSURES. What fol-
lows are just thoughts and ideas about enclo-
sures—“brain-storming,” if you will. I've not
tested or experimented with these ideas. I just
throw them in for your interest and possible
experimentation.

“Normal” speaker enclosures work well with
ESL midranges or tweeters. Just be sure you
control resonances and prevent energy from
the woofer from escaping through the ESL.

However, it is unusual to find midrange and
tweeter ESLs in enclosures, because enclo-
sures cause resonances, diffraction, and take
up space. ESLs sound better without them,
and at higher frequencies, don't need them.

Although simple closed-box enclosures
effectively deal with phase cancellation, they
do not control the problem of fundamental
resonance. But there are enclosures that can.
One method is to add acoustic mass within
the enclosure to reduce the resonant frequen-
¢y. You can do this by enlarging the enclosure
or replacing the air with a heavy gas.

I haven't explored this extensively, but sev-

eral industrial gases are much heavier than air.
For example, sulfur hexaflouride gas is not
only heavier, but has excellent electrical insu-
lating properties. Even ordinary CO, is heavier
than air, and is cheap and readily available
from welding supply shops.

You can damp the resonant frequency and
maintain response below this frequency
either by using equalization (to be discussed
shortly) or by modifying the enclosure, so it
will generate a secondary acoustic resonant
circuit—or both. One way is to make the
enclosure deep and narrow. At wavelengths
just under four times the depth of the enclo-
sure, the resonance will be forced to the Y%-
wavelength resonance of the depth of the
enclosure.

You will need to add damping material to
the enclosure to reduce the resonance. It is
possible to decrease the low-frequency cutoff
by over an octave using this technique.

Another possibility is to have a small
enclosure immediately behind the ESL, con-
nected to a larger enclosure by a port. By
selecting suitable dimensions, you can devel-
op resonant circuits that suppress the funda-
mental resonance while supporting the fre-
quencies below it.

As you might expect, these enclosures are
difficult to design and build—even if you have
a room large enough for them. Appropriate
design formulae for them are complicated and
beyond the scope of this text.

I've never heard of anybody building enclo-
sures more complicated than the closed-box
type for ESLs. These usually have been disap-
pointing. It appears that you must build com-
plicated enclosures to deal effectively with the
problems associated with bass and ESLs. The
question is—are they worth the trouble when
there are other, more practical ways of solving
the problem¢

EQUALIZATION. Using an equalizer to
increase the diaphragm's excursion with
decreasing frequency is a very effective tech-
nique for correcting phase cancellation (and
other frequency response problems as well).
All you have to do is build an equalizer whose
electrical frequency response is a mirror image
of the speaker's acoustic output.

This sounds simple, but before you can build
an equalizer you must know the speaker's
acoustic frequency response. Unfortunately,
measuring speaker frequency response is nei-
ther easy nor practical for most amateurs. It is a

FREQUENCY
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notoriously difficult exercise which requires
specialized equipment.

E'S.E!%E;OQEAIAETAC Another difficulty is even if you know the

DESIGN COOKBOOK  Speaker's frequency response, it will almost
surely not match the natural slopes of equaliz-
ers. Equalizers have slopes that are multiples of
6 such as 6-, 12-, or 18dB/octave. Speaker fre-
quency response slopes will not only be differ-
ent, but they won't be constant—phase cancel-
lation changes with frequency, as does the
slopes that produce fundamental resonance.
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FIGURE 4-7: Comparison of ESL frequency response to equalization.

Fortunately, there are ways around these
problems. If you use some logic and common
sense, you can predict the frequencies likely
to need equalization. You don't need to mea-
sure the speaker's frequency response to do
this. Just look at the wavelength versus fre-
quency graph (Fig. 4-3) to see where phase
cancellation starts.

If you prefer, you can calculate the wave-
length. The speed of sound varies depending
on temperature, humidity, and elevation, but
they don't make a significant difference for
practical speaker design. I've rounded off the
numbers, since they aren't critical. The fol-_
lowing formulae are adequate for our needs:

,083
Wavelength (feet) = 8
frequency
13,000
Wavelength (inches) = W

Alternatively, you can directly calculate
frequency where the phase cancellation be

by the following formula:
52,000
F=
Dnin
Where:
F = Frequency where phase
cancellation begins in hertz

D, ;.= Minimum dimension of the 3

ESL in inches
Look at Fig. 4-7. The upper curve is the

familiar full-range ESL frequency response, 3
The lower one is that of a 6dB/octave equal- |
izer. Note that the two curves match closely §
in the upper part of the phase cancellation
range. If you limit the equalization to this 3
range, and start it based on wavelength cal- 4

culations, you can get nearly perfect equal-

ization without measuring your speaker's fre-

quency response.

For demonstration purposes, the graphs
show the equalization following the speak-
ers' response. In actuality, you would make
the equalization a mirror image of the speak-
ers' frequency response, so it would increase
the output where the speaker's output is
falling.

A major consideration with equalization is its
effect on output, Equalization designed to cor-
rect phase cancellation increases output in the
midrange compared to the high frequencies.

All speakers have a limit on maximum out-
put. Equalization doesn't change this limit.
Equalization decreases the higher frequencies
to get the desired frequency balance—the
midrange output remains the same and is lim-
ited by the speaker's output abilities. The net
effect is that equalization reduces the system's
output. Still, equalization is very effective and
practical, if used in moderation.

Besides its ability to correct an ESL's phase
cancellation problem, equalization has anoth-
er use: it is a sensible way to tame fundamen-
tal resonance. A notch filter can put a dip in
the audio drive voltage at fundamental reso-
nance. This can reduce the fundamental reso-
nance to tolerable levels.

Notch filters have other benefits as well. By
reducing diaphragm excursion at resonance,
they allow the use of smaller diaphragm-to-
stator (D/S) spacings that increase output.
Combining notch filters with other equalizers,
or with other methods of controlling phase
cancellation, is a practical way to flatten fre-
quency response and increase output.

ki

=GMENTATION. So far, I've been talkmg
ESLs that are one big cell driven uni-
ly over its entire surface. An ESL may be

Hroken into strips (segments), which can be
‘iﬁdepzn?ent[y dl;isven at different frequencies.

These segments usually vary in size and
' rmance. Small ones operate as tweeters
and large ones as waoofers, jusF like two- or
three-way conventional magnetic speaker sys-
terns. Figure 4-8 depicts such a design. .

Segmentation controls phase cancellation
by reducing the driven area as the frequency
increases. Looking at it another way, the dri-
ven area increases as the frequency falls. The
result is more bass in relaton to the highs,
which compensates for phase cancellation.

This was a common method of dealing with
the problem in commercial ESLs in the '50s
and '60s, although it is not used in current
designs. The original QUAD and KLH 9 were
segmented.

The KLH 9 used four large bass panels and
one small tweeter panel. A crossover network
split the incoming power amplifier signal into
two , and fed the bass frequencies to the
four bass panels and the highs to the tweeter.

This was a very crude attempt to offset
phase cancellation, since there was only a sin-
gle “step” in the frequency response. This sin-
gle step was far from the smooth compensa-
tion needed for flat frequency response.

QUAD devised a three-way system using a
midrange, tweeter, and a bass cell. This pro-
vided a closer approximation of the mirror
image curve required, but with only two steps
it was still far from perfection.

Segmented speakers tend to have discrete
steps in their frequency response, where they
shift to the various drivers. They do not pro-
duce the smooth response needed for accurate
sound reproduction. Figure 4-9 shows a gener-
al response trend of segmented ESLs.

Segmented ESLs have many other disadvan-
tages as well. Besides only doing a fair job cor-
recting frequency response, they have serious
output limitations.

Reducing driven area reduces the output at
high frequencies to match the weak bass.
Since diaphragm excursion in the bass is the
ultimate limit on output, the entire speaker is
restricted to that output level.

Segmented ESLs need crossovers, introduc-
ing a whole new set of problems. If you must
use them, it's best to keep the crossover point
below 600Hz where their flaws can be made
inaudible. As I'll discuss in detail in Chapter 7,

Woofer Midrange Tweeter
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FIGURE 4-8: Segmented ESL.

even the best crossovers produce objectionable
colorations in the critical midrange region. If
you want a state-of-the-art speaker system, you
must not use crossovers in the midrange. Phase
cancellation begins at several thousand hertz,
so it isn't practical to avoid crossovers in the
midrange with a segmented ESL design.
Conventional crossovers are designed to
drive resistive loads like magnetic loudspeak-
ers. Designing crossovers to drive capacitive
loads like ESLs is difficult and rarely done.
Electrostatic high-level crossovers are not
commercially available. _
Although not perfect, segmentation can be
made to work reasonably well subjectively. It
has several advantages besides correcting fre-
ency response.
q"143'1'::12’(:.5 issomajor advantages has to do with
the step-up transformers necessary to drive
ESLs with conventional amplifiers. The prob-
lem with step-up transformers is that it is dif-
ficult to get wide bandwidth, while simultane-
ously producing very high voltages. It is easier
to make specialized ones which cover a more

Mldran\se Tweeter

Woofer
W

—————

Amplitude -—e=

Frequency

FIGURE 4-9: Frequency response trend of
segmented ESLs.
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limited frequency range. This serious problem
can be largely resolved using segmented ESLs
because you can use a step-up transformer
with different characteristics for each segment.

Optimizing each segment for its frequency
range is another advantage. As discussed in the
next chapter, the requirements for bass cells are
somewhat different from those for tweeter
cells. Segmentation gives you the freedom to
vary cell design for different frequencies.

Finally, segmented ESLs permit you to use a
narrow-strip tweeter which improves disper-
sion, when compared to a single large cell. But
don't expect miracles. Narrow ESL strip tweet-
ers still have poor dispersion compared to
quality magnetic designs.

HYBRID SYSTEMS. The advantages of
ESLs are not needed in the bass, where they
have severe problems with frequency
response and output. It makes more sense to
turn the job over to magnetic woofers that
shine in the bass but fail in the higher fre-
quencies, where ESLs excel. In short, special-
ize. Detail, smoothness, and delicacy are criti-
cally important at middle and high frequen-
cies. Magnetic drivers cannot match ESLs in
these respects—but these properties are of lit-
tle importance in the bass.

Alr
Baffle Path

[« N\
‘r"(‘@

FIGURE 4-10: Baffle operation.

Woofers must provide high output, flat fre-
quency response, and deep bass capabilities.
Magnetic woofers out-perform ESLs in these
categories. They are also smaller than ESLs of
similar capability.

Magnetic drivers' tendency to overshoot and_
ring are insignificant at low frequencies, where
music has slow rise and decay times. The ear is
not sensitive to the relatively high harmonic dis-
tortion levels inherent in magnetic bass, so this
also is not a problem. Using low frequency
crossover points stops IM distortion, likely to be
present in full-range ESL designs.

Specialization can provide superb frequenc;
response and dramatically increased output;
Although not easy, it is possible to by
hybrid systems that sound as clean as a fi]]
range ESL. '

Disadvantages include such factors as com
plexity, size, and expense. Hybrids require
crossovers, bi-amplification, woofer enclo
sures, extra work, and floor space.

If the crossover point is high enough, yoy
can run the ESL in its linear frequency range
where there is no phase cancellation. In reali- |
ty, you'll have to go lower than that to keep #
the crossover point below 600Hz.

A driver does not simply stop operating }
when it reaches the crossover point. }
Depending on the crossover slope, the woofer |
should ideally have good frequency response |
for at least a couple of octaves above it. Even }
the best magnetic woofers have difficulties }
above 2kHz. Therefore, about the highest #
practical crossover point for a high perfor-
mance woofer system is 500Hz. This keeps
the woofer within its best performance range
and makes crossover problems inaudible.

An ESL with linear frequency response to
500Hz is absurdly large. A reasonable com-
promise is to use a smaller one and correct the
mild phase cancellation with equalization, ora  §
single step of segmentation, or perhaps by
building a small enclosure.

Frankly, the biggest problem with hybrid
systems is the typical audiophile's prejudice
toward them. For example, you probably have
a strong opinion that ESLs are better than
magnetic drivers, or you wouldn't be reading
this book. You may also believe that a full-
range ESL is the only road to musical Valhalla.

Now here I am—supposedly an ESL expert—
telling you to consider using magnetic woofers! [
forgive you for questioning my sanity.

Allow me to make a confession. I'm not
addicted to ESLs. Rather I'm addicted to
superb sound reproduction. I'll do what I must
to get my fix. That happens to be ESLs on top,
but I also demand high output and deep bass.
Full-range ESLs just can't do it.

It's difficult to match a magnetic woofer to
an electrostatic tweeter. In my opinion, it has
not been successfully done commercially, ;
which is probably why hybrids have a poor !
reputation. But it can be done, as I'll describe !
further in Chapter 12.

Keep an open mind and carefully define
your needs. If you listen exclusively to quiet
chamber music and classical guitar in a small

ent, by all means make a full-range
S If your tastes lean toward full symphony

archestra, pipe organ, or rock reproduced at

«Row A” concert hall levels, you should con-

 sider hybrids.
| LARGE ESLs. Phase cancellation does not

:f the speaker is large enough. Also, a
ﬁlalfge ESEewﬂl have a low fundamental
resonance. They are simple, d.on‘t need
crossovers, segmentation, magnetic woofers,
bi-amplification, or equalization. Sounds pret-
ty good, doesn't ité

Remember the rule: “If it sounds too good
to be true, it probably is.” The problem with
large ESLs is the sheer size required for
uncompromised performance. The bass fre-
quency of 32Hz has a wavelength of around
32 and requires a speaker about four times
that size to prevent phase cancellation. Where
are you going to put it¢

The speaker would have a huge capaci-
tance, and will be impossible to drive with
conventional power amplifiers in the usual
way. You would have to use special direct-
coupled power amplifiers or make the ESL in
multiple strips, with a separate transformer
and power amplifier for each strip.

The maximum reasonable size for a home
ESL driven with conventional electronics is
about 2-feet wide and 6-feet tall. Anything
larger usually requires special electronics and a
custom-built sound room.

In short, ESLs large enough to produce
uncompromised sound are impractical.

BAFFLES. A baffle is a passive extension on
the speaker that lengthens the path the sound
wave travels (Fig. 4-10).

They don't contribute to output. They
make an already large speaker even larger, but
can help if used carefully and in moderation.
For example, they are ideal for thin strip ESL
tweeters where they can considerably extend
the low frequency response without being
overly large.

A baffle doesn't have to be planar. It may

extend perpendicular to the face of an ESL.
Think of it as an open-back box. This still
lengthens the path the wave has to travel, but
minimizes speaker width (at the expense of
depth). Avoid making the baffles parallel, as
this can generate resonances. Figure 4-11
shows various baffle designs.

ESL Baffle

./

FIGURE 4-11: Baffle design.

Baffles needn't be massive or strong unless
you want to use them for structural support.
Their surfaces may be either hard or soft. You
can reduce diffraction by rounding the edges.

DAMPING. Fundamental resonance can be
tamed slightly with the use of damping mate-
rials on the ESL panel. This can take the form
of various materials such as acoustic foam,
thick grille cloths, or thin felt.

Damping materials, unfortunately, adverse-
ly affect the sound from the speaker. Grille
cloths are particularly bad in this respect. If
you use damping materials, be sure to test the
speaker with and without them to see
whether they impair the general sound quali-
ty. I discuss how to do this later in this book.

Depending on the material, the amplitude
of the resonance, and the Q desired, the
damping elements can either cover the entire
speaker, or you may place them in strips. They
can be placed on either or both sides of the
speaker, but listeners usually prefer the rear,
where they don't directly impair the sound.
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Cood output lies at the heart of ESL design. It's

the key to success. Poor output is the main

shortcoming of most ESLs.

Small, linear, easy-to-drive, full-range
crossoverless ESLs are easy to make. Just pick
a convenient size, measure the frequency
response, and build a mirror-image equalizer.
It would be inexpensive, simple, and have
incredible sound quality. It would only have
one fault—you could barely hear it!

The need for high output is the cause of
every problem in ESL design. You will com-
promise all other design parameters to achieve
it. Its importance cannot be overemphasized.

In this chapter I'll examine the factors that
influence output. I explain how you can man-
age these to obtain the highest output, and
how this affects other design considerations.

This topic is complex and involves many
interrelationships. I've outlined the design
parameters that influence output below and
will discuss some of them in this chapter.

FACTORS INFLUENCING OUTPUT.
. Polarizing Voltage
A. Diaphragm Tension
B. Diaphragm Materials
C. Diaphragm Thickness
II. Spacer Ratio
[I. D/S Spacing
A. Arcing
B. Acoustic Coupling
C. Attainable Drive Voltages
Uniformity of Construction
Stator Insulation
Stator Design-Field Density
A. Hole Size Limits
B. Stator Thickness
C. Percentage of Open Area
D. Stator Deflection
E. Ideal Stator Opening Size
F. Corona
Audio Drive Voltage
Dimensions
Crossover Slopes
Crossover Frequency
Shunt Capacitance
Directionality
Proximity

S<2
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GUIDELINE #3:

Maximum Polarizing
Voltage
50V/mil of D/S spacing.

POLARIZING VOLTAGE. The static voltage
on the diaphragm is the polarizing (or bias)
voltage. It interacts with the charge on the sta-
tors to move the diaphragm.

The higher the polarizing voltage, the
stronger the electrostatic force. You should use
as much polarizing voltage as possible for max-
imum output. You get more diaphragm motion
from a given stator voltage (the audio drive volt-
age) as you increase the polarizing voltage.

What is the maximum polarizing voltage
you will need for your speakersé It varies
based on the factors that follow. If you opti-
mize all of them, the guideline will get you
very close.

Unfortunately, many barriers limit the maxi-
mum polarizing voltage. One barrier is arcing
caused by the voltage breakdown of air. Air is a
poor insulator. The several thousand volts found
on ESL diaphragms can overpower its insulation
qualities and cause a spark to form between the
diaphragm and a stator. This is arcing. The arc
temporarily reduces the polarizing voltage until
the charge builds back through the charging
resistor (usually a few seconds).

This is annoying, because the arc makes a
snapping sound and momentarily reduces the
music level. More importantly, it may damage
the speaker.

An arc is a stream of electrons, Rapid move-
ment of electrons through resistance generates
heat. If there is enough current in the arc, it can
melt a hole in the diaphragm, destroy the con-
ductive coating, or cause it to burst into flames.

POLARIZING LIMITATIONS

- Voltage breakdown of air
- Diaphragm stability
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Holes may be as small as a pinhole, or the
size of a saucer. Surprisingly, they do not affect
the sound quality or quantity until they
become very large and numerous.

Although the ultimate limit on polarizing
voltage is the voltage breakdown of air, this is
not usually a problem. Before the| polarizing
voltage gets high enough to arc spontaneous-
Iy, the diaphragm becomes unstable and col-
lapses into a stator.

The diaphragm is under tension like a drum
head. This tension produces a restoring force
that holds the diaphragm approximately mid-
way between the two stators. Theoretically, if
the diaphragm is equidistant from both stators,
it will be attracted equally to them. You should
need little or no tension to keep it there despite
how much voltage you apply.

Theory is one thing, real world materials
and construction techniques are another. In
reality, the diaphragm will not be exactly
equidistant between the stators. It always will
be attracted more strongly to one stator than
the other.

Disphragm Diaphragm o
Restoring Collapse .
Force
/\ -
_/." -~/ Electrostatic
.- Force
,C 4 " Imbalance
) s
‘ 7 Polarizing
Voltage

FIGURE 5-1: Forces leading to diaphragm
collapse.

This is like having a nail hanging on a string
between two magnets. If it is exactly the same
distance from each magnet, it should hang
between them. If it is slightly closer to one
than the other, it will jump to the closer mag-
net. In reality, you will find it impossible to
keep the nail centered—it will always jump to
a magnet.

Even if you could build a perfectly symmet-
rical cell, you would still need restoring force.
After all, the amplifier moves the diaphragm
off-center to play music. When it does, the
diaphragm will crash even in the theoretically
perfect cell.

As you increase the polarizing voltage,
diaphragm is more and more strongly attracte,
to the favored stator until it comes into contag
with it. When this happens, the diaphragn

can't move and the music will almost disappear. §

You'll hear a hissing or frying sound as th
diaphragm's charge bleeds away.

Usually, the diaphragm remains lightl
stuck to the stator until you remove the polar

Sometimes you can blow the diaphragm away

from the stator with a quick, hard puff.

If the diaphragm doesn't stick, it oscillates, 3
This happens when the diaphragm touches 1
the stator but quickly discharges enough volt-
age so it doesn't stick. The voltage reduction |
allows the diaphragm to snap back to its mid- 4

dle position temporarily.

The charge builds to instability again, the i

diaphragm touches the stator, discharges, and
snaps back. This oscillation may repeat sever-
al times per second to once every few seconds.

I've described diaphragm instability as
though it were a linear event. By that I mean
that as you increase the voltage, the
diaphragm gradually moves closer and closer
to the stator until they touch

In reality, it is nearly an all-or-nothing phe-
nomenon. There is a definite instability
threshold where just a few volts out of sever-
al thousand results in diaphragm collapse—
like “the straw that broke the camel's back.”

Recall that electrostatic forces are nonlinear.
The force decreases by the square of the dis-
tance. As the diaphragm moves slightly closer
to the stator, the electrostatic attraction
increases by a large amount.

The diaphragm is simultaneously moving
away from the other stator, so the attraction
falls by a similar amount. This large change
of force with only slight diaphragm motion
further pulls the diaphragm toward the
favored stator, although the voltage remains
unchanged.

Fortunately, the diaphragm's restoring force
increases geometrically as the diaphragm
moves away from center. At first, the restoring
force increases faster than the electrostatic force
imbalance and the diaphragm remains stable.

When you increase the polarizing voltage
enough, the restoring force doesn't increase as
fast as the accelerating electrostatic imbalance.

At this point, the diaphragm suddenly collaps-

es into the stator (Fig. 5-1).
A fine line exists between maximum allow-

i

izing voltage and diaphragm in.st;a-
ﬂi;PL%nlfapse. I call this the instability
g;r;hstog—aphragm does not remain cenlfes:-ed
when it is under the influence of th? polanzn'.lg
voltage. Books on ESLs seem to ignore tl'.us,
and view the diaphragm as though it remains
centered between the stators except when dri-
ven by the stators. But this is not so. Close
observation reveals that polarizing voltage
causes the diaphragm to bow (Fig. 5-.2). '

The explanation for this behavior is smmp':le:
a perfectly straight diaphragm lacks restoring
force. The diaphragm must be at least slightly
bowed to generate restoring force.

This is similar to two men trying to pull a
long rope straight. The harder they pull, the
straighter the rope. But as they get it close to
straight, increasing the tension on the rope has
less and less effect. Although the weight of the
rope is small, pulling it straight against the
rope's weight requires an infinite amount of
tension. It's impossible to make it straight—
they can only get close. Figure 5-3 shows the
force relationships in graphical form.

The same is true of an ESL diaphragm.
When you apply voltage, the electrostatic
force moves it slightly off-center to generate
restoring force.

You can't easily measure this, but you can
see it by watching the reflection of a bright
light in the diaphragm as you increase the
polarizing voltage. The reflection moves and
magnifies or reduces your image depending
on the direction it bows. If you suddenly
remove the voltage by shorting the
diaphragm to a stator, the bowing is obvious,
because the image “jumps” as the diaphragm
snaps back to center.

This diaphragm offset does not affect linear-
ity or sound quality. Recall that the diaphragm
behaves linearly anywhere within the force
field generated between the two stators.

You probably are saying, “OK, that's nice
to know, but get to the point. What do I have
to do to get the highest possible polarizing
voltaged”

Although many factors theoretically have
an influence on this, those that count raise the
diaphragm's instability threshold. Some influ-
ence speaker output in other ways, also.

DIAPHRAGM TENSION. Increasing the
diaphragm's tension increases the restoring
force. This has a tremendous effect on output.

If you want high output, you absolutely

|\ Spacers

|
|

I

: Polarizing voltage
bows diaphragm

|

|

|

FIGURE 5-2: Diaphragm bowing.

must maximize diaphragm tension. The higher
the tension, the higher the instability thresh-
old, the higher can be the polarizing voltage,
and the higher the output.

LOW DIAPHRAGM TENSIONS. High
diaphragm tensions raise the fundamental reso-
nance frequency. Since output plummets below
resonance, some designers deliberately use low
tensions to lower the resonant frequency and
improve bass response. Their intent is valid, but
they incur severe output penalties.

A little change in diaphragm tension makes
a large difference in output, but it only makes
a small change in the fundamental resonance
frequency. Since full-range ESLs already have

Point where rope is straight

. ————

- Displacement
of rope

] Tension on rope

FIGURE 5-3: Displacement forces.
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serious output problems, further losses due to
low diaphragm tension aren't a good idea.
What good is bass you can't hear?

VARIED-DIAPHRAGM TENSIONS. Some
builders vary the tension across the
diaphragm. By constructing many separate
cells with different diaphragm tensions, they
hope to tame the huge fundamental resonance
by splitting it into a series of smaller ones at
several frequencies.

At first glance, this seems like a good idea—
but it doesn't work. The air mass “sees” all the
little cells as one big one, so the builder still
has only one large resonant peak. The spring
rate is the average tension of the cells. In one
large cell, the resonance depends on the aver-
age tension across the whole cell.

Using varied-diaphragm tension not only
fails to solve any problems, it damages perfor-
mance in several ways. Only one big reso-
nance remains, but its frequency is higher than
if the lowest tension had been used through-
out. Since the lowest tension defines the insta-
bility threshold, the output is lower than it
would be if the average tension had been used
throughout. In summary, varied-tension ESLs
compromise both output and bass response
and gain you nothing in return.

Variable tension should be avoided unless
the various cells are far enough apart for the air
to see them individually. Unfortunately, if the
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FIGURE 5-4: Unsupported diaphragm length.

air sees them as individual cells, it also
treat them as individual cells, with se
problems of phase cancellation and imagin
Phase cancellation is less of a problem whe
all the cells appear to the air as one large pane
Imaging is a major problem that I discusg
the next chapter.

Some believe high diaphragm tensions pre
vent the diaphragm from moving freely, whi
should reduce output. Again, their logic
sound, but it doesn't work that way in prac-
tice. Moving the instability threshold upwards
increases output much more than higher ten- |
sion reduces it. :

DIAPHRAGM TENSION LIMITS. So what
limits diaphragm tension? In practice, the lim- }
iting factor is the diaphragm material's tensile
strength and ability to maintain high tension
over time. '

The diaphragm is made of a very thin plas- 3
tic film, typically %-Y5-mil thick. Such thin |
films must be exceptionally strong to with- |
stand high tensions. Diaphragm material
choices are critical to ESL performance.

DIAPHRAGM MATERIALS. DuPont's dis-
covery and development of polyester film rev-
olutionized electrostatic speaker performance.
They call their film Mylar, and at press time it 1§
remains the material of choice.

Since DuPont's patents have expired, many
competing polyester films are on the market.
Through the ESL Clearinghouse, I have
reports on most of them. I heard so many hor-
ror stories about imported polyester films
from builders that I asked David Hartwick (an
ESL builder) to do a scientific study.

Using identical test jigs, he mounted
diaphragms of various types of films—most-
ly polyester—and tested them for maximum
tension, and tension retention. His results,
my experiences, and reports I've received
from others reveal that Mylar is capable of
highest tensions.

I consider all polyester films inferior to
DuPont's Mylar. Few can attain even half the
tension of Mylar, and several sag to nearly
zero tension within a few days. Apparently,
there’s polyester film and there’s DuPont’s
Mylar. My strong recommendation is to !
demand Mylar and accept no substitute. :

A new, nonpolyester, Y2-mil plastic material
named Clysar® also did well in these tests. It
matched Y2-mil Mylar, but I have no reports on
its long-term performance. If it is available

everal manufacturers, I have no reports
j-diEEerences among them.

Long-term stability and durability are
: issues. Mylar diaphragms last many
-ars—some have lasted 12 years under high-

om

f;e adverse conditions (dust, insects, metal

chips, and carbon fibre contamination). I have

" o long-term data on Clysar, so you are on

your own if you use it.

Thin-flm Mylar comes in two forms: Type
45” and Type “C.” They are the same Eormul‘a-
tion, but Type “C” is used in capacitors, and its
thickness tolerance is tightly controlled. ESLs
don't need that level of precision. You needn't
spend the extra money for Type “C,” although
it works fine and you may use it if you wish.

DuPont measures Mylar thickness in hun-
dred-thousandths-of-an-inch increments. What

ESL builders call half-mil is actually 0.00048”. If

you order Type “S,” specify “485 Mylar.”

DIAPHRAGM THICKNESS. Every material
has an inherent tensile strength. The thicker it
is, the stronger it is. In other words, a film 2-
mil thick is capable of sustaining twice the ten-
sion of the same type of film that is 1-mil
thick. Thicker films support more tension and
more output.

As always, you must compromise. The
mass of 2-mil Mylar starts to roll off the high
frequencies at around 16-20kHz. Thicker,
more massive films start to roll off at lower
frequencies.

Stator ~ ---------

Glue —_— I

Secor ) st specing
Glue —_—

Diaphragm

FIGURE 5-5: Diaphragm-to-stator spacing
defined.

Films thicker than 2 mil are inappropriate
for ESLs designed to operate as tweeters. If
you are making large electrostatic woofers, it
might make sense to use thicker films for high-
er tensions and higher output. The downside
of this is that the higher tensions would raise
the frequency of the fundamental resonance.

DuPont used to make “tensilized” Mylar,

which had twice the tensile strength of stan-
dard Mylar. It was practical to make
diaphragms only Y%-mil thick with it.
Regrettably, it is no longer available, and
DuPont has removed the equipment they used
to make it. If you should happen to stumble
across some—grab it. It's the best diaphragm
material ever produced.

(N

Both diaphragms
| heve the same
| arc redius
|

i ESL A's
diaphragm

is twice as
close to the
stator as

|
|
| ESL B
i
|

ESL A

FIGURE 5-6: Effect of spacer distance on
diaphragm stability.

The stators must be strong enough to resist
the diaphragm tension. A large diaphragm
produces a surprising amount of tension on
the perimeter spacers. Most stators are ade-
quately strong, so this isn't a problem, but
you'll need to keep this factor in mind when
designing stators.

SPACER RATIO. The diaphragm is separat-
ed from the stators by spacers. The distance
from one spacer to the next determines the
free (unsupported) diaphragm length (Fig. 5-4).

The spacers have a certain thickness which,
along with glue bond thickness, defines the
distance between the diaphragm and a stator.
This distance is the D/S spacing (Fig. 5-5).

Spacer ratio is the term I use to describe the
relationship between the distance between
spacers and the D/S spacing. The spacer ratio
has a large influence on diaphragm stability.

Diaphragm restoring force increases as the
bow in the diaphragm increases. The
diaphragm can bow more with low spacer
ratios that increase the restoring force, there-
by increasing stability. In other words, for a
given D/S distance, putting spacers close
together improves diaphragm stability and
output (Fig. 5-6).
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 GUIDELINE #4:

Spacer Ratio
60:1 to 100:1

Close spacing raises the instability thresh-
old, but adversely affects other things.
Although close spacing increases output by
raising the instability threshold, it reduces out-
put by inhibiting diaphragm motion.

If a section of the diaphragm is clamped and
glued between a pair of spacers, it cannot
move to produce sound. Not only is the area
of the trapped diaphragm between the spacers
useless, but the diaphragm for about %” on
each side of the spacer will have its motion
restricted. The limitation varies from zero
motion right at the edge of the spacer to free
motion about %” from the spacer.

There is some confusion about the
diaphragm's shape as the stator displaces it.
Many believe the diaphragm moves in an arc.
This is not so—at least at midrange and high
frequencies. If you watch the diaphragm with
a stroboscope, you will see that the
diaphragm moves as an essentially flat plate
with elastic edges.

The elastic edge width varies depending on
excursion, but is generally about Y%-inch wide
around the perimeter of the free diaphragm
area. This pistonic motion is superimposed on
the slight arc of the diaphragm caused by the
polarizing voltage. The diaphragm has a com-
plex shape, which I've simplified in Fig. 5-7
for clarity.

If the spacers are %2-inch wide, and a Y-inch
wide strip on each side of the spacer is non-
productive, you have a 1-inch strip of useless
speaker. To use an extreme example, if the
spacer is a strip, and the strips are 2” apart,
only about half the diaphragm can move freely
to produce music.

Although this is undesirable, it isn't as bad as
it sounds. Losing half the potential diaphragm
area is an output loss of only 3dB. This is bare-
ly audible, subjectively. Furthermore, the insta-
bility threshold is tremendously increased, so
you can use very high polarizing voltages. This
will recover most of the output loss.

Proof of this is in narrow-strip tweeters.
These may have a driven width of less than an

inch, and have relatively large D/S spac;
The result is a very low spacer ratio—yet
output is perfectly adequate. .

To summarize, the spacer ratio demand$
careful compromise. Low ratios enhanc
diaphragm stability at the expense of restricteds
diaphragm motion, reduced active diaphragm
area, increased stray capacitance, and reduce
output. Large ratios destabilize the diaphragm
reducing polarizing voltage and outpy
Extremes either way reduce output.

Over the years there has been much experi- |
mentation with spacer ratios, so I can provide 4
you with excellent guidelines. 1

Most builders find 100:1 to be an excellent 4
compromise, where both output and diaphragm
stability are very high. Thus, for a D/S spacing of
70 mil (the thickness of 1/16” spacers plus two 4
layers of adhesive), the distance between spac-
ers should not exceed 7” (70 mil x 100). As little
as 4.2” would still be excellent, 1

Larger D/S spacing requires a correspond- |
ingly greater distance between spacers. For }
example, 135-mil D/S spacing (1/8” spacers §
plus glue) would do well with spacers from §
about 8-13.5” apart.

For reasons that will soon become clear, you
will usually choose the D/S spacing first, then
decide the spacer distances using the spacer
ratio. ESL tweeters are the exception. These
often are built as narrow strips perhaps only
an inch wide. Here, the distance between
spacers is defined by the width of the cell,
which you select first. You would then reduce
the D/S spacing as much as possible to get
close to the ideal spacer ratio. Probably, you
can't reach the ideal ratio because of acoustic

coupling. I'll discuss this shortly.

Diaphragm motion
EEZ?E,/‘ is limited to edges
—-——

Diaphragm remains
mostly flat

-y ————

257

FIGURE 5-7: Diaphragm shape.

SPACING. This is the second most

;m‘po'rtant of the design parameters (the first

being phase cancellation). Both excessively

large spacing kill output.
:]rr;:?cl)lrtuﬁgily, yo% muspt choose a value based
on many conflicting demands.

The thickness of the spacers plus.the number
and thickness of the glue layers dfefmes the D/S
spacing. Most ESL designs require two adhe-
sive bonds, one between the diaphragm and
spacer and the other between the stator and
spacer. Depending on how you ap:ply them,
they may range from 2-20 mil in thickness.

The D/S spacing is so critical that these glue
layers can make a significant difference in per-
formance. Consider the effect the adhesive
Jayers have on an ESL when using a common
spacer thickness like 1/16-inch acrylic plastic
(“Plexiglas”). This material is around 63-mil
thick, and produces a D/S spacing of 67 mil if
the adhesive layers are 2-mil thick.

The same spacers can form a D/S spacing of
100 mil, if you use very thick adhesive layers.
This variable can adversely affect your design,
if ignored. Also, it can be the cause of consid-
erable construction nonuniformity—another
problem to be discussed shortly.

D/S spacing places absolute limits on excur-

sion, because the stators form a wall on each

side of the diaphragm. The spacing must allow
the diaphragm to move far enough to produce
the SPLs required without striking the stators.

At the same time, the electrostatic force is
weak and only travels short distances. Its force
decreases by the square of the distance.
Therefore, the stators must be close to the
diaphragm for high output. This is neatly an
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FIGURE 5-8: Diaphragm bowing reduces
excursion.

insoluble problem, and requires careful com-
promise for adequate output.

The energy spectrum of music is such that
about 90% of the energy lies below 500Hz.
The remaining 10% rolls off at 6-12dB/octave
above that. This means tweeters don't have to
produce much output. They may be physical-
ly small and have minimal excursion.

Woofers must have high output, so must
make large excursions, particularly when con-
sidering the effects of phase cancellation.
Fundamental resonance demands even more
excursion.

DIAPHRAGM BOWING. The diaphragm
can't use the total D/S spacing. As discussed
previously, the polarizing voltage forces the
diaphragm to bow slightly. This reduces excur-
sion by the amount of diaphragm offset. Figure
5-8 shows a highly exaggerated view of this. It
also shows the diaphragm as if it were moving
in an arc for clarity, although, as previously
shown in Fig. 5-7, it has a pistonic motion.

ARCING. Large diaphragm excursions
require thousands of volts on the stators. As
the diaphragm moves closer to a stator, the air
gap decreases, the voltage overcomes the air's
insulating qualities, and the speaker arcs. In
practice, this reduces the diaphragm's excur-
sion, because it can't use the entire distance
between stators.

ACOUSTIC COUPLING. There is a surpris-
ing and unexpected problem with bass and
ESLs. I call it acoustic coupling. Large bass
pressure waves produced by the woofer cause
the midrange/tweeter ESL's diaphragm to
move. These bass pressure waves can drive
the diaphragm into the stators though the ESL
itself is not producing the bass.

Here's why: the essentially massless ESL
diaphragm has a large area, and is intimately
coupled to the room's air mass. When the air
mass moves, it carries the ESL diaphragm
with it.

This can be a major problem if you want to
produce concert hall output levels in a room
with large bass resonances. I have driven ESLs
into stators with powerful woofers, when the
ESLs themselves were turned off! Acoustic
coupling can be a serious problem in high out-
put systems.

Acoustic coupling depends on room
acoustics, the ESL's dimensions, the type of
music to be reproduced, and your output
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requirements. It is easy to design an ESL to
reproduce quiet classical guitar in a small
apartment. It is challenging to design one to
reproduce hard rock at ear shattering levels in
a large square room.

Putting the speaker in a low-resonance
room is a big help. The only other way to
deal with this problem is to use enough D/S
spacing to accommodate the effect, plus the
excursion needed for the ESL's usual repro-
duction, plus that needed to accommodate
diaphragm bowing.

For example, an ESL tweeter may produce
adequate SPLs with a 10-mil D/S spacing.
When mated with a powerful magnetic
woofer (or an ESL woofer), acoustic coupling
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may cause the tweeter diaphragm to hit the .

stators at moderate SPLs. You probably will
have to use 80-mil spacing to deal with
acoustic coupling, although this will reduce
the spacer ratio below optimum.

Large area midrange/tweeters (1’ or more)
are more prone to acoustic coupling than nar-
row strip tweeters (1” or so). Large
diaphragms are more closely coupled to the
air, and have larger unsupported diaphragm
areas. This allows them to move more easily
with the air mass.

From a practical standpoint, acoustic cou-
pling usually determines the minimum D/S
spacing. You should not base your spacing on
the excursion calculated to reach a particular
output, because acoustic coupling probably
will be more important.

ESL woofers don't experience acoustic cou-
pling, because they are the woofer—no other
lower frequency driver causes pressure waves
that affect them. Room and fundamental reso-
nances will decide their excursion requirements.

So why use small D/S spacing anyway?
Why not just use wide spacingé Remember
that electrostatic forces are weak and only
travel short distances. The advantage of small
spacing is that a given set of voltages will
have a more powerful effect on the
diaphragm. This means that if all else is
equal, an ESL with small D/S spacing will
produce a much higher output than a similar
ESL with large spacing. -

This is a big deal, since the electrostatic forc
decreases by the square of the D/S spacing. A
small change in spacing makes a large differ-
ence in output.

Small spacing makes the speaker more arc-
resistant. Not only are Jower voltages required
for a given output, but if arcing does occur it is

32

of much smaller magnitude, and is less like!
to damage the speaker. :
Many designers mistakenly suppose ;
small D/S spacing makes the speaker mo
likely to arc, because the parts are clos
together. It doesn't work that way. ;
The voltages are reduced by the square of
the distance. So when you reduce the D
spacing, you reduce the voltages required for 3 3
given output. The result is an arc-resistant ESL, §

ATTAINABLE DRIVE VOLTAGES. As the
spacing increases, the voltages required quick-
ly become unattainable or cause arcing. Your
chosen output level requires that you square
the voltage, if you double the D/S spacing. 1§
This is discussed in greater detail later in this §
chapter and in the chapter on electronics. §
Suffice to say here that the limitation on drive
voltage puts an absolute limit on D/S spacing.

SUMMARY. Acoustic coupling defines the
minimum D/S spacing. The audio drive volt-
age and bandwidth limit the maximum D/S
spacing.

Calculations for D/S spacing fail to optimize
this critical parameter. Fortunately, practical
experience with thousands of speakers has led
to simple and reliable guidelines. ESL types and
D/S spacing fall into three broad categories:

1. Tweeters are usually built as narrow
strips about 1-inch wide but range between
12-3”. They may have other shapes such as cir-
cles, ellipses, or squares.

Many builders use baffles to delay phase
cancellation and extend the low frequency
response. Typical crossover frequencies are in
the 4-6kHz region.

The usual D/S spacing is 40 mil, but may
range downward to a minimum of 30 mil for
very narrow designs. Although 20-mil spacing
has been used successfully, it requires preci-
sion construction, and the tweeter becomes
more susceptible to acoustic coupling.

Although the spacer ratio is low, it is stll
easy to obtain adequate output in 30—40-mil
designs with minimal audio drive voltages.
Smaller spacing is unnecessary and increases
the risk of crashing the diaphragm due to
acoustic coupling.

2. Midrange/tweeters are usually built as 1
large panels up to 2-feet wide. Using equaliza-
tion, they are crossed over at or slightly below
500Hz to magnetic woofers. They also are
used in segmented systems as the midrange
driver. They need medium to large excursions

handle heavy acoustic coupling. Also, they
generate large amounts of equalized
r midrange energy.

In hybrid systems, they can produce truly
impressive outputs—well above 100dB. If you

+ieed only moderate SPLs, you can operate this

type of ESL full range, particularly if you sup-
oress the fundamental resonance.

For this group of designs, 70-90-mil spacing
is the norm. This is the best all-around com-
promise because you can get high outputs
from wide-bandwidth, audio drive voltages.
Arcing is not a problem and insulation is
unnecessary.

3. Woofers often appear outwardly similar
to the midrange designs described above. The
key difference is the D/S spacing which ranges
from 120-260 mil.

It is difficult to get enough audio drive volt-
age for these spacings. A 135-mil width is the
maximum limit for high output with currently
available audio drive systems. Even so, you
will pay a penalty in frequency bandwidth.
Also, you may need stator insulation.

Such large spacing allows enough excursion
to handle acoustic coupling and 90+dB out-
puts—ff you can find adequate audio drive
voltages (more than 10kV).

You can use spacing greater than 140 mil to
obtain higher outputs, but this will require
very specialized audio drive systems. It is
unlikely that you can get high-frequency
response in a full-range system using this spac-
ing. You must replace the air between the sta-
tors with a gas like sulfur hexafluoride that has
better insulating qualities than air.

Large D/S spacing both requires and allows
high polarizing voltages. With larger spacing
also comes a higher instability threshold,
because - the greater distance between
diaphragm and stator reduces the electrostatic
force that destabilizes the diaphragm.

This reduction in force requires a higher polar-
izing voltage to compensate. Unfortunately, the
output is not improved by the increased polariz-
ing voltage, because the increased distance
reduces its effectiveness.

D/S SPACING AND EFFICIENCY. The D/S
spacing has a powerful influence on output
and apparent efficiency. You can look at effi-
ciency, output, and D/S spacing in two ways:
e Pick a spacing that is wide enough to
permit a given output level.
e Pick a spacing that will maximize the
output from a given drive voltage.

The two are not the same. For example, you
may want to produce 110dB output levels and
find that it requires a D/S spacing of 130 mil
and a drive voltage of 10kV. Your amplifier,
when combined with the best step-up trans-
former you can find, will only deliver SkV.

This combination will not meet your goal of
110dB. Realistically, it will only produce about
90dB. By reducing the D/S spacing, you can
increase the apparent efficiency of the system
and get more output. By decreasing the spac-
ing to 70 mil, the output will climb substan-
tially—probably to around 100dB. You still
won't reach 110dB, but you'll come closer
than if you used wider spacing.

" The lesson here is to be realistic. If you don't
have a monster amplifier, don't expect to get
high output by using wide D/S spacings—in
fact, it will lower it. You will get higher output
by using small spacings with modest amplifiers.

You will pay a penalty if you wish later to
upgrade to a more powerful amplifier. If you
use a small D/S spacing to maximize output
with a small amplifier, the speaker will arc or
run out of excursion if you switch to a power-
ful amplifier later.

UNIFORMITY OF CONSTRUCTION. The
highest instability threshold, and therefore the
highest output, is obtained when the D/S
spacing is the same everywhere within a cell.
In other words, your stators should be per-
fectly flat and at identical distances from each
side of the diaphragm.

GUIDELINE #5:

D/S Spacing

Tweeters 3040 mil
Midrange/tweeters  70-90 mil
Woofers

120-260mil

While it is neither possible nor necessary to
build perfect ESLs, you should avoid gross dis-
tortions in your stators such as warped or bent
perforated metal or twisted and bent wire.
These are obvious. A more subtle and very
common problem results from nonuniform
glue bonds.

I've seen glue bonds that range from 3-17
mil in the same celll When you consider that
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there are usually two glue bonds in the D/S
spacing, the nonuniformity could be double
that, or about 30 mil total variation. That is
almost half a 70-mil D/S spacing. If you add
warped stators to variable glue bonds . . . well,
let's just say your speaker is not likely to have

high output.

7
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FIGURE 5-9: Construction for perfect insulation.
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You make uniform glue bonds by using a
thin uniform glue bead (1/16-1/8-inch wide),
and press hard to squeeze the adhesive into a
very thin film. Press every couple of inches,
everywhere there is adhesive, to get a very
thin film. You can't just slop down globs of
glue, put some books on the assembly, and
walk away expecting thin uniform glue bonds.

Using the “weakest link in the chain” analo-
gy, arcing and diaphragm instability occur
where the stator is closest to the diaphragm. If
a section of stator is warped or bowed inward
half the D/S spacing, then the whole stator
might just as well be made with that spacing,
because that's how it's going to behave.

Although the speaker's output will be
adversely affected by poor construction uni-
formity, the quality of the sound will not be
impaired, because the diaphragm behaves lin-
early anywhere between the two stators. The
lesson here is that accurate, uniform construc-
tion produces maximum output.

STATOR INSULATION. Most designers
insulate their stators presumably to prevent
arcing. Although this has been taken as gospel
since ESLs have been in use, it usually isn't
necessary. Arcing will not damage an uninsu-
lated cell if:

o It has a high-resistance diaphragm.

* The D/S spacing is less than 100 mj]

The higher voltages associated with la

D/S spacing pack more "punch." They
damage the diaphragm.

Low-resistance diaphragms (less th
1kQ/inch) require perfect insulation. An
will usually damage the diaphragm coatin,
and may cause diaphragm ignition.

Insulation reduces output. It inhibits th,
effectiveness of voltages within the speaker

Its thickness must be added to the D/S spac-
ing to maintain diaphragm excursion. Most 3

stator insulation is ineffective—the speakers

arc anyway. Common insulations include }
various clear paints and high voltage insulat-
ing varnish called Glyptol or “GLPT.” I've §
never seen an ESL insulated this way that §

wouldn't arc.

Two insulating techniques, however, do 3
work well. One is to make the stators out of ¥
perforated plastic and paint a conductive sur- §
face on the outside (Fig. 5-9). This separates the |
conductive surface from the diaphragm by a §
thick plastic insulator and is highly effective. 3

This technique has three problems.

1. The insulator is very thick, often as thick
as the D/S spacing. This drastically increases
the D/S spacing for a given diaphragm excur-
sion and reduces output significantly.

2. It is difficult to spray on the conductive

~ coating without having some of it get inside

the perforations. You bypass the insulation if
the conductive material migrates to the inside
of the stator.

3. Plastic stators require expensive custom
perforation. Not only is this costly, it's difficult
to arrange and time consuming.

Teflon® is a very good insulator. Its dielec-
tric strength is exceptional. It doesn't require a
very thick coating for Teflon to be effective.
You can make tensioned wire stators with
Teflon-coated wire that are very arc-resistant.

Teflon's disadvantages include cost, difficult
construction, and limited stator designs. The
only practical method of using it is in tensioned
wire construction (to be discussed shortly).

Although the thickness of the Teflon adds to
the D/S spacing, the increase is moderate
because Teflon insulation is relatively thin.
This type of stator works very well in large-
D/S-spaced cells where the thickness of the
insulation is a small percentage of the total.

STATOR DESIGN—FIELD DENSITY.
Stator design has a very large influence on
how effective a given set of voltages is in pro-
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. WARNIN
~ Because of the risk of fire,
~ - gpeaker damage and
_high distortion—I discourage the
' use of low-resistance
diaphragms.

ducing output. Several factors are determina-
tive. They include:
e The ratio between stator thickness and
hole/slot size
o The percentage of open area
o The ratio of hole/slot size to D/S spacing
o The cross-section shape of the holes/slot
o Shunt capacitance

Recall that electrostatic forces travel only
short distances. If the stator has large perfora-
tions, the electrostatic charge in the open areas
will be weak or nonexistent.

The field density is the average electrosta-
tic force produced by the stator. It is the aver-
age of the open and conductive (closed) areas
of the stator. High field densities produce the
highest output. The stator design you select
determines field density.

A look at the logical extremes of stator
design can help us to better understand this
concept. A solid conductor stator has the high-
est possible field density, but won't pass air to
produce sound. A stator with no conductive
areas has no electrostatic field to drive the
diaphragm so it, too, will not produce sound.
Either extreme produces zero output.

Another way of looking at field density is
to envision a stator made of parallel wires. At
a certain voltage, one wire exerts a specific
force on the diaphragm. It should come as no
surprise that for a given area, ten wires would
exert twice as much force as five wires. In
other words, for a given area and set of volt-
ages, more wires closer together produce
more output.

The same is true of perforated sheet stators.
The ideal stator would have small holes or
slots, so that the open areas are very close to
conducting areas. This produces high field
density, more force on the diaphragm, and
high output.

HOLE SIZE LIMITS. There are limits to how
small the holes or slots can be. If the stator is
a solid metal sheet with round holes in it, the

metal thickness defines the smallest hole size
allowed. The air must see the perforations as
“holes,” not as “tunnels.”

If the metal is thick and the holes are small,
the openings appear to the air as tunnels. The
air mass in the holes causes them to form
Helmbholtz resonators with distressing effects
on sound quality. Also, it is difficult to perfo-
rate small holes in thick metal. Therefore, the
diameter of the holes should be at least twice
the thickness of the stator.

STATOR THICKNESS. The minimum prac-
tical thickness of the metal- or plastic-sheet
stator is based on the distance between the
supporting structures. If the distance between
supports is too great, the sheet can sag or
warp. The resulting lack of uniformity in D/S
spacing reduces output.

The perforating process can cause warping
stresses within sheet metal. You can't prevent
the warping, but you can control it very well.
You can use braces to hold the sheet flat. This
is very easy to do by laminating the sheet to
the insulating spacers that separate the
diaphragm from the stator. Just lay the bow in
the metal in the same direction as the center
spacers. This way the spacers will support the
metal and hold it flat. If you lay the bow across
the spacers, it can sag between them.

Thinner sheets require placing the spacers
closer together. At some point, the require-
ment to control warpage in thin stators can
compromise the spacer ratio, although I have
yet to see this in practice. This limitation on
stator thickness can be circumvented by using
external ribbing or bracing. It's much more
work, but does allow extremely thin stators
and small holes.

Stiff-wire stators have similar problems.
They must be thick enough not to sag between
spacers or be deflected by the electrostatic drive
forces. Generally, wire is round and as such will
not form a Helmholtz resonator because the
slots formed between the wires will, in effect,
have tapered walls (Fig. 5-10).

GUIDELINE #6:

Hole Size Limit

Perforations should be
at least twice the stator thickness.
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GUIDELINE #7:

Open Area Percentage
More than 40%

PERCENTAGE OF OPEN AREA. Holes in
stators should be at least 40% of the total area
to pass sound freely, but there is no reason
why you can't use larger percentages. You can
only use high percentages of open area if the
conductors are close enough together to have
high field density.

Although a higher percentage of open area
is better (assuming a high field density), there
is a point of diminishing returns. Eighty per-
cent does not sound better than 50%, but con-
struction difficulties abound.

About the only practical way to make high
open area percentage stators is by using very
small diameter wires under tension so you
can keep them straight. For example, you
might use tensioned 10-mil wires spaced 60
mil apart in a cell that uses 70-mil D/S spac-
ing. It would work well, but be difficult to
build, and the output increase compared to a
well-designed simple cell would probably be
inaudible.

STATOR DEFLECTION. If you use very
thin metal or small diameter wires, the driving
forces within the speaker may cause them to
bend. Flexing will impair linearity and output.

Recall that electrostatic forces are very
weak. The stator would have to be very flimsy
for the electrostatic force to bend it. Also, the
stiffness of the stator material is not the only
thing resisting the electrostatic force. The sta-
tor's mass at audio frequencies has significant
inertia and strongly resists deflection.

In theory, it is possible to build a stator that is
so low in mass and stiffness that flexing is a
problem, but I've never found it to be so, even
when using very light perforated aluminum sta-
tors only 20-mil thick. In short, deflection is
unlikely to be a practical problem, but keep it in
mind if you decide to design something radical.

IDEAL PERFORATION SIZE. What is the
ideal hole or slot size for maximum output?
The opening should be no larger than the D/S
spacing. For example, 135-mil spacing 1/8”

Walls nc}
parallel Alr path

FIGURE 5-10: Nonparalle! “holes formed b .

wire.

spacers plus adhesive) should have perfora- .Z

tions no larger than 1/8”.

This is a reasonable guideline, but leaving §
aside the issue of diminishing returns, there is }
no reason not to use even smaller stator open- §
ings. In other words, smaller is always better }
because the field density and output is higher, 1
but at some point construction difficulties out-

weigh the performance benefits.

This rule also applies to wire stators. The |

center-to-center distance between the wires
should be no more than the D/S spacing. Note
that 1 said “center-to-center” distance, not
“opening between the wires.” Perforated
metal and wire stators behave differently: wire
is round while perforated metal has almost
square edges (Fig. 5-11).

Ideally, we would like the D/S spacing to be
the same everywhere. This is not possible if we
are to have open areas. Because wire is round,
it only matches the D/S spacing where the
diaphragm is closest to the wire—the edge of
the wire tangent to the diaphragm. The wire
curvature effectively increases the D/S spacing.

Figure 5-12 shows 1/16-inch welding rod as
the wire in a stator with 1/16-inch (70-mil)
D/S spacing. I've overlaid the outline of 20-mil
perforated metal so you can compare the two.

GUIDELINE #8:

Stator Opening Size

Perforations should be
no larger than the D/S spacing.

T R S S
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Path through

through
Path o wire stator

perforated
metal stater

FIGURE 5-11: Air path differences between
wire and perforated metal.

You can readily see that distance “C” from the
edge of the perforated metal is closer to the
desired D/S spacing “A” than is “B”".

This is not a major problem, but it's worth-

small wire, just be sure you have at least 40%
open area.

CORONA. Because of the effective increase
in D/S spacing caused by round wire, you
might think that perforated stators are better.
This is not necessarily true. The somewhat
sharp edge at the brink of a perforation tends
to develop a corona—something that doesn't
occur with round wire.

A corona is a cloud of ionized gases (air in
this case) that tends to form around a sharp
edge or point that is at high voltage. Once ion-
ized, the gas becomes a conductor, not an
insulator as air normally is. The result is that
the speaker is prone to arc wherever a corona
forms. The development of coronas forces you
to reduce the polarizing voltage, which in turn
reduces output.

The holes in perforated metal have sharp
edges on one side and rounded ones on the
other. It is very important to be sure the round-
ed ones face the diaphragm! Even so, in ESL
designs that use very high voltages, you may
find that wire stators are a better choice than
perforated metal.

AUDIO DRIVE VOLTAGE. That the audio
drive voltage affects output is hardly a surprise
since it is the power amplifier that drives the
speakers to produce sound. You need to
understand the limitations and problems in
obtaining high drive voltages. There is no
point in designing and building an excellent

GUIDELINE #9:

ngh Field Density Stators

Use thin stators with tiny openings

- Openings should be no larger than
the D/S spacing.

- Maintain at least 40% open area.

Make openings at least twice the
stator’s thickness.

ESL only to discover that the necessary drive
voltages are unattainable. I analyze audio
drive systems in Chapter 7. At this point I'm
only going to give an overview.

The following guidelines outline the volt-
ages required for various D/S spacing. These
are very close to the maximum voltages toler-
able for a given D/S spacing. Higher voltages
will cause arcing. If you can obtain higher volt-
ages than specified for a given D/S spacing,
increase the D/S spacing rather than trying to
stop arcing by improving insulation.

AC voltages, such as audio signals, are usual-
ly measured as RMS voltages (Fig. 5-13). When
discussing power amplifiers driving ESLs, it is
more useful to talk in terms of peak voltages.

Peak-to-peak (P-P) voltages represent the
absolute maximum voltages the system will
see. These P-P voltages are what count when
discussing arcing. It also makes design calcula-
tions easier. ] use P-P voltages when discussing
ESL audio drive voltages in this book.

Tweeters usually operate at around 1.2kV
(I'm talking about audio drive voltages now,
not polarizing voltages). They usually use a
D/S spacing of 3040 mil. The output require-
ments for tweeters are modest. They use small
D/S dimensions and present a low capacitance
load to the power amplifier. For these reasons,
tweeters are easy to drive.

Midrange/tweeters can use a maximum

GUIDELINE #10:

Audio Drive Voltage
100V/mil of D/S spacing.
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Compare outline of
20 mil perforated metal
to 1/16" wire

Diaphr-agm’S/ most
distant point

FIGURE 5-12: Effect of stator design on D/S
spacing.

of 8kV when used with a 70-mil D/S spacing.
It can be challenging to get such voltages if
you also want wide bandwidth—and usually
you do. Still, it is possible, and you can get
very high SPLs this way.

Eight kilovolts is about all you can obtain
with off-the-shelf parts. To exceed this voltage
requires serious effort and money. The diffi-
culty in getting higher drive voltages is the rea-
son ESLs in general, and ESL woofers in par-
ticular, have trouble producing high output.

Woofers need large D/S spacing, common-
ly 135 mil, but some designs use as much as
250 mil. Such wide spacing demands extreme-
ly high voltages that are very hard to achieve.

We usually reverse the design process
because of this. Instead of specifying a D/S
spacing and then building a drive system to
operate it, it is wiser to determine the maxi-
mum drive voltages that you can obtain, and
at what frequency bandwidth. Then pick a
D/S spacing that will maximize output.
Woofer systems need all the voltage they can
get—20+kV is not unreasonable.

There is a trade-off between voltage and
bandwidth. High voltages and wide band-
width are difficult to obtain simultaneously.
From a practical standpoint, it usually isn't
possible to get a full-range, crossoverless audio
drive system for voltages much above 5kV.

FIGURE 5-13: Different ways to measure AC 1__

voltage.

If you manage to get extremely high audio }
drive voltages, the speaker will be prone to 3
arcing. You must insulate your stators to pre- §
vent this, while more modest voltages don't §
require stator insulation. In extremely high
voltage systems, no amount of insulation will }
prevent arcing as the insulating quality of air

simply is not good enough.

The Dayton-Wright ESL is an example using 1

a D/S spacing of 250 mil and voltages above
20kV. Arcing was such a problem that D-W
replaced the air between the stators with sul-
fur hexafluoride gas that has 6 times the insu-
lating qualities of air. This solved the arcing
problem. Although the gas replacement was
an innovative solution to a major problem, the
speaker couldn't produce high frequencies.
The high audio voltages could only be gener-
ated at low frequencies.

No commercial power amplifier could pro-
duce the current required to drive the speakers
at high frequencies. And no step-up trans-
former had a linear frequency response across
the entire audio bandwidth at those voltages.

The speaker was massive for an ESL.
Besides the heavy, sulfur hexafluoride gas, two
additional diaphragms had to be driven. The
diaphragms were passive covers that trapped
the gas within the speakers. Since these covers
were not driven, their added mass degraded
high frequency response.

Because of these high frequency limitations,
D-W was forced to use a piezoelectric tweeter
and crossover network, which is no match for
an ESL. The crossover network was in the crit-
ical midrange, resulting in flawed sonics.

One frustrated Dayton-Wright owner I
know corrected the high frequency problems
by having custom 1.5kW power amplifiers

He equalized the input signal to com-
1te for the poor high frequency response
¢ ESL, and removed the piezo tweeters.

‘Although D-W speakers can produce high
output in the midbass, they still cannot prod‘uce
&eep bass because of severe phase cancellation.

"~ Adding a 24" woofer for the bottom octave, he
: r'eporbed good results with this system initially,
but eventually the speakers failed.

>
- Celling

S he

/Floor

| V4

FIGURE 5-14: Modified line source.

DIMENSIONS. A large ESL has higher output
than a small one, all else being equal. Not only
does increasing the radiating area increase out-
put, but it also reduces phase cancellation.

But not all else is equal. With larger cells
comes greater capacitance and this increased
load makes it more difficult to get adequate
drive voltages and/or bandwidth. Reducing
cell capacitance to solve this problem doesn't
work because all factors that reduce capaci-
tance also reduce output.

For example, increasing the D/S spacing
reduces capacitance, but also reduces output for
a given voltage. Increasing the drive voltage to
compensate for increased D/S spacing costs you
bandwidth, money, arcing, all three, or is
impossible. Reducing the field density by using
larger openings in the stator also reduces capac-
itance, but again at the expense of output.

When discussing dimensions, I am usually
talking about width, because it is the mininmum
dimension of the ESL that counts. The mini-

mum dimension normally is its width because
most ESLs are tall and narrow.

A tall narrow speaker is a line source. This
is a popular shape because the speaker can be
heard equally well whether you are standing
or sitting. Imaging and detail are excellent
because dipole line sources minimize room
acoustics. More on this later.

Line sources have higher outputs than point
sources of similar area because the sound radi-
ation can expand in only one plane—horizon-
tally (in a vertical line source). The vertical
radiation is trapped between floor and ceiling
and retains most of its energy.

With ESLs, the term “point source” is rela-
tive since the radiating area of even a small
one is far larger than a tiny spot. Thus, a round
or square ESL is not a line source—a tall skin-
ny one is.

Picking the ideal ratio between height and
width is not critical, but here are some things
to consider:

o For a given area, output and imaging is
better in a tall narrow line source.

e A line source minimizes floor space.

e Usually a line source is more aestheti-
cally pleasing than a point source.

e You can hear a line source when both
sitting and standing.

e For agiven area, increasing width at the
expense of height extends the low-fre-
quency response by reducing phase
cancellation.

The following observations may help you
choose dimensions. If an ESL is to be heard in
both sitting and standing positions, its mini-
mum height is about 4’. This requires precise
aiming, and if on the floor, it must be angled
upward to “see” your head when you are
standing. Otherwise, support it about 2’ off
the floor. But this still is far short of the “per-
fect” line source that would stretch from floor
to ceiling. A better compromise is to increase
the height to 6’ the typical 8-foot high room.

Point sources are acceptable only if you sit
when listening, and if you consider the other
advantages of a line source of minimal impor-
tance. Doubtless ESLs can be made to operate
adequately in both cases, but most listeners
prefer line sources.

The width of the cell is at the heart of this
decision. It must be wide enough to deal with
phase cancellation, but not so wide that the
power amplifier can't drive it. Also, width, in
my view, is aesthetically undesirable.

Still, there is a way to drive ESLs of very
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high capacitance: break the cell into more than
one section and drive each section with its
own power amplifier. Other than complexity
and cost, the main difficulty here is that no
two power amplifiers behave identically. By
itself, an amplifier may sound flawless, but
even slight differences in two amplifiers dri-
ving the same speaker may produce unpleas-
ant effects. :

A very practical compromise is to use a line
source—but “cheat” on the extremes. Cut 1’ off
the top and bottom of an & line source. The
resulting 6’ speaker (in an 8-foot high room)
acts like a floor-to-ceiling line source, but has
25% less driven area. The systems in this book
use this trick and work very well (Fig. 5-14).

Perforated

mefal \ ; :'

FIGURE 5-15: Simple ESL construction.

CROSSOVER FREQUENCY. Hybrid and
segmented speakers require crossover net-
works. The frequencies where the crossovers
operate have a large influence on output. The
higher the crossover frequency, the less the
losses due to phase cancellation. The
diaphragm excursion is less so you can use
smaller D/S spacings. Smaller spacing
improves output at a given drive voltage.

In short, the higher the crossover frequency,
the higher the output. Unfortunately, high
crossover frequencies exact penalties. These
include more magnetic driver energy in the
midrange, less detail in the sound, reduced
image quality, poor frequency response,
unpleasant phase effects, and a general deteri-
oration of sound quality. More on this later,

CROSSOVER SLOPES. Both the crossover
frequency and its slope influence output. I dis-
cuss the advantages and disadvantages of var-

ious slopes in Chapter 7. Here, I only wan ;
say that a speaker doesn't simply stop at ;3

crossover point. It continues for severd
octaves beyond it.

SHUNT CAPACITANCE. Shunt capacita
(also known as stray capacitance) increas
the load on the power amplifier without co;
tributing output. Shunt capacitance is any
capacitance in the system that does n

involve a moving part of the diaphragm, The';

simple rule is: minimize it.

Shunt capacitance has two causes: conduc-3
tive stator overlying immobile diaphragm, and
connecting wires. Where spacers trap the §
diaphragm, the diaphragm cannot move. If
there is conductive stator over a spacer, the

drive voltage sees it just like the rest of the
speaker. It has capacitance—but the

diaphragm can't move and produce output.

This is the main cause of shunt capacitance,

Building an ESL with zero shunt capacitance 7
is difficult (but possible). You cannot make §
simple stator designs without some shunt §
capacitance, typically about 10% of the total. 1
Most builders trade this modest amount of |

shunt capacitance for building ease.

Simple stators usually are made of one large
sheet of perforated metal with spacers glued to
it (Fig.'5-15). This technique uses the spacers 1

that produce the D/S spacing as the stator sup-

porting structure. “Killing two birds with one j

stone” this way is a highly effective, economi-
cal, and easy way to build ESLs. Though these
stators have considerable shunt capacitance,
its effect can be minimized by keeping the
spacers narrow.

How narrow¢ This depends on how narrow
you can cut the spacers and how accurately
you can assemble them. Narrow, stiff, and
thin plastic strips are prone to shattering when
cut or broken off the parent sheet. It is difficult
to make them narrower than 3/8”, although
V4" is possible.

The spacers on opposite stators must face
each other in the completed cell to minimize
shunt capacitance. It does no good to use nar-
row spacers then have them “miss” each other
so you end up with a wide area of immobile
diaphragm. Position spacers accurately so they
match. Narrow spacers require precise posi-
tioning.

The spacers around the perimeter also con-
tribute shunt capacitance. Reduce it by mini-
mizing the amount of perforated metal or wire
that overlays them.

R T R,

inch of overlap is a practical fig-
Thete is no reason for it to be more than
" Less than %" may result in unreliable
esion between metal and spacers.

" You make zero shunt capacitance stators by

not putting conductive stator over spacers.
There are many ways of doing rhls——nont? of
them as easy as the simple stator just
described. The various techniques usually

involve using some type of external ribbing to

support the stator so it doesn't rely on the
cers for s rt. :

sPaA[dlough ggffgrated metal may be used to
make zero shunt capacitance stators, most
builders use wire for these designs. Perforated
metal always is somewhat warped and needs
more support than wire. There are compromise
methods as well. It is not difficult to avoid plac-
ing stator over center spacers, but the edges are
a problem. Figure 5-16 shows a relatively easy
construction technique where only the ends of
a stiff-wire stator have stray capacitance.

Another means to build zero stray capaci-
tance wire cells is to use a tensioned wire sta-
tor. In such a design, small wire such as mag-
net wire or Teflon-coated wire is wound back
and forth across a frame to form the wire grid.
The wires can be wrapped so that they don't
overlap any center spacers. You then can
mount the grid so that it doesn't overlap any
perimeter spacers.

If the wire is thin and held at high tension,
it will be straight. The beauty of tensioned
wire stators is that they don't require external
ribbing—if the perimeter frame is perfectly
straight, and the wires are at high tension, and
the unsupported length isn't excessive.

You can make external ribbing from stiff plas-
tic or metal. Wood is not acceptable because it
is not dimensionally stable. It is hygroscopic
(absorbs water from the air) and may warp.
Also, depending on your design, the ribs may
need to be made of insulating material, and
wood is a conductor at high voltages.

You may find it practical to buy fluorescent
light diffusers and glue them to your stator.
These are flat grids typically %" thick with 12"
square openings. These diffusers are flat, but
they aren't very strong and they have more
ribs than needed. They typically have a rib
every 14", when one every 4” plenty.

A clever variation of the diffuser grid is to
take something really flimsy—aluminum win-
dow screen—and glue it directly to the grid.
This can form a high field density stator with
zero shunt capacitance.

There are so many variations on stator
designs that I can't describe them all in detail
here. Let your imagination be your guide. If
you find a better way, please call the ESL clear-
inghouse and describe your adventure.

CONNECTING WIRES. These wires
between the ESL and the power amplifier can be
a source of shunt capacitance. They should not
be close together, but separated by %" or more,

What this means from a practical viewpoint

/ o
é glgrhlap
e

FIGURE 5-16: Stray capcitance in wire stator.

In summary, minimize shunt capacitance
but keep a reasonable perspective. While
verything involving output counts, shunt
capacitance is a minor problem. It's OK to bal-
ance ease of construction against the relative-
ly small negative effects of stray capacitance.

o

DIRECTIONALITY. Directionality is so
important I have devoted the entire next chap-
ter to it. I only mention it here to point out
that if all else is equal, a highly directional
speaker will have more output than one with
a wide dispersion.

Of course, not all else is equal and the issue
of directionality is hotly debated. Speakers can
be built either way—just keep in mind the
effects of directionality on output.

Why directional speakers seem to have
higher output is not well understood. If you
measure, in a room, two identical ESL repro-
duction systems which differ only in their dis-

OUTPUT |



WAYS TO MAXIMIZE OUTPUT
. Minimize shunt capacitance.
Use uniform thin glue bonds to main-
tain D/S spacing.
. Make high field density stators.

. Be certain the diaphragm is conduc-
tive everywhere so there is output
from the entire diaphragm.

Maximize diaphragm tension.

. Build accurately.
Maximize polarizing voltage.
Use powerful amplifiers and high step-
up ratio transformers to maximize the
audio drive voltage.

. Use highly directional ESLs to confine
energy to the first-arrival wavefront.

Listen near your speakers.
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up the

coustic phenomenon.

wide dispersion one,

later because it has to travel further.

brain perceive:

persion characteristics, they will measure the
same. But, when you listen to the two speak-
ers, the directional one will seem substantially
louder. This is not imaginary. It can be easily
proved in a hybrid system that you must tum
woofer level to match the ESL in the
directional system compared to the wide dis- go
persion one. This appears to be a psychoa-

I believe the most likely explanation for this
is that the percentage of energy in the first-
arrival wavefront from the two speakers dif-
fers. In a highly directional speaker, all the
sound energy is radiated directly to you. Ina
most of the sound is
directed toward the room walls. The sound
bounces around and after a short delay, you
hear it. Only a small percentage of the sound
is radiated directly at the listening location as
the first arrival wavefront. The rest arrives

1 think our brains only respond to the first-
arrival wavefront when considering loudness.
Since there is less energy in the first-arrival
wave-front of a wide dispersion speaker, the
s the sound as less loud than from
a directional design. The SPL meter does not

recognize this short time delay, s0 it correctly
indicates that both speakers have equal output.

But make no mistake about jt—directional
speakers are subjectively much louder. How
much louder? Since I can't measure the differ-
ence obijectively, I can't give you a factual
answer. Still, you deserve an estimate. I would
hazard a guess of perhaps 6dB.

PROXIMITY. The closer you are to the speak-
ers, the louder they sound. This is because less
of the sound energy is lost to air friction, dis-
persion, and absorption by the room surfaces.

Unlike magnetic speakers, ESLs sound the

same regardless of how close you are to them.
This makes it possible to have different stage
presentations based on the percentage of
room acoustics present in the image.

If the speakers are distant, the performers
sound as though they are in your room. If you
are close to the speakers, the performers sound
more like they are in the concert hall where the
recording took place. In other words, a distant
perspective is dominated by the listening room
acoustics while room acoustics are absent in a
close listening position.

Close listening locations have higher SPLs,
improved detail resolution, more precise
instrument location, and greater intimacy with
the performance. The effect is like listening to

od headphones but without their bizarre
imaging. The only negative thing about close
listening is that the close visual perspective
tends to override what you hear and the
sound may seem compressed into a smaller
space. Close your eyes and the soundstage
opens up. In time, this psychoacoustic phe-
nomenon disappears.

1 have set up ESLs only, 5" from my listening
location with 5 separating them. The imaging
and sound is remarkable. Close listening is 2
radical idea that is available only from ESLs. It
deserves serious consideration.

DETAILS. Finally, pay attention to the
details. Each individual factor may not seem
to be much, but when you combine them,
their sum can be impressive. This reminds me
of the first rule of lightweight backpacking:
pay attention to the ounces and the pounds Wi

take care of themselves.

CHAPTER 6:
DISPERSION

Speakers have directional iti
qualities. Th

may spread sqund widely or radiate it inei

tight beam. This sound directionality is called

| dispersion.
[ I've just described dispersion as though all

freqt'lencies behave in the same way. This usu-
ally' is not so. Bass is always widely dispersed
while the high frequencies may not be
'l_'here:fore, when 1 talk about speaker direc-
nonahty characteristics, I'm really talkin
about high frequency dispersion. s
.Furth?nnore, I'm talking about horizontal
» dlspersmn Vertical dispersion usually is not
. an issue, although I will discuss it briefly later.
. Pros: and cons apply to both wide- and nar-
row-dls.persion patterns. You wouldn't think
so reading commercial speaker specifications.
Mos.t manufacturers don't even mention dis-
persion, and those who do only rave about
{:)}leb\;nddl of their dispersion. Can audiophiles
be, g;x:lggl for assuming that wide dispersion
In my view, wide dispersion is “bad”
least if you want what F consider tgalfe-:ha:
E?esl: possible sound reproduction. The laws
Spezk ésslm strongly favor highly-directional
mv\;o:[l_can b.uild ESLs with either wide- or nar-
-dispersion patterns. You prob
unfamll‘ iar with the advantages opé na?rzlz:r-c;rse
persion speakers, so I want to spend a little time
outlining their benefits. I'll explain the advan-
tages and disadvantages of various-dispersion
patterns and the reasons for this behavior.
| Highly-directional (narrow—disper’sion)
speakers have better imaging, detail, and out-
. If)ol:-t dt:san wide-dispersion ones. The penalty
Sy bouustandmg 'pfzrfonnance is that they
gouns est at one critical location—called the
o ispt:mt', sweet spot, or focus. This loca-
e e alj:::litjmd&gem botl-_n speakers with
at spot (g é.;u; ams aimed directly at

?dn: ACOUSTICS. Room acoustics

ace 1: spzalé::r's sound. What is it about
an e way i

b ay it affects sound that

nsider a wide-dispersi

X spersion speaker. It sends

B l:frcentage of its sound directly to you

simultaneously bouncing the majority"

ofits content off nearby walls and obj
objects. The
reflected s.ound (room acoustics) must travel
a longﬁr distance than does the direct sound so
it reaches ght ti 7
Py you after a very slight time delay (Fig.
In home-sized rooms, this delay i
: 2 is too sh
for your brain to identify the “Iatezsoun?:l Zsoaﬁ
ec;ho. The walls also selectively absorb some
:1 the' energy in the reflected sound, which
frtcers its .&equency response. Usually the high
e;{:iuencies are reduced by room effects
eep in mind there is not just on;z la
te
sound, but hundreds or thotisands. Each
;t;;nes fr?m a slightly different location and
a different time delay and frequen
response characteristic. ¥
The flawed frequency response of the room
;:ous:uas damages the frequency response of
e direct sound by mixing with it so you hear

s
Y

// ’ \ \\
ESL .

’ \ Focal point / s
. A\l B
2

Distarce A & B
Must be identical -

FIGURE 6-1: Proper speaker geometry.
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FIGURE 6-2: Room reflections delay sound.
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FIGURE 6-3: Delayed sound affects frequency [ \ ’
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FIGURE 6-4: Long delay of narrow-dispersion

an average of the frequency responses. Also, speaker.
the direct sound is adversely affected by atten-
uation and augmentation of individual fre-
quencies caused by phase interactions with  derful if we could do the same thing with
the delayed sound (Fig. 6-3). speakers¢ Well, you can. The trick is to use
For a speaker placed against a wall, the first highly-directional speakers.
reflections will be delayed by about 2mS, Highly-directional speakers minimize room
which hardly matters at low frequencies. The acoustics by sending their sound directly to
duration of each cycle of a 40Hz sound wave you instead of elsewhere. They get it to you
is 25mS, so at that frequency a reflection with before exciting room acoustics.
a delay of 2mS is essentially in phase with the Compare Fig. 6-4 to Fig. 6-2. Note that the
direct sound from the speaker. The direct sound path for reflected sound is much longer
sound and the reflection will reinforce each in the highly-directional speaker. Therefore
other, strengthening that frequency. the delay time between the direct sound and
At 260Hz the duration of each cycle is only  the delayed sound is significantly greater.
42mS. A reflection of a 260Hz sound will Also the reflections are heavily attenuated
arrive almost exactly a half cycle late. It will be  because of their long paths and multiple reflec-
negative when the direct sound is positive.  tions. Thus, after a relatively long delay, you
The direct and reflected sound waves will can-  hear very weak room acoustics.
cel and reduce the sound level at that frequen- Your brain can easily tell the difference
cy. The audible effect of late reflections is an  between the direct sound and this faint, high-
altered frequency response with peaks and ly delayed sound. It hears the room acoustics
valleys in it. This is highly undesirable. of the narrow-dispersion speaker as faint
Another problem with room acoustics is echoes and ignores them. Because they are so
that they ruin the detail in the sound. To get weak, they don't affect the frequency
crisp, sharply etched detail in the sound, you response. The result is that highly-directional
need a crisp, clean first-arrival wave front. The speakers have a much clearer and detailed
slightly delayed reflections in room acoustics  sound than do wide-dispersion speakers.
ssmear” this wave front, destroying the detail. As an aside, note carefully that your listening
This problem with slightly delayed room jocation can also have a strong influence on
acoustics is a tremendous problem if you want  room acoustics. For best sound, your listening
clear, well-defined sound. Most audiophiles ~chair should not be against a wall! The reflect-
seem unaware of the problem—and their sys- ed sound from the wall immediately behind
tem's sound quality suffers as a result. you produces a severe, short delay room reflec-
Remember your first headphone experi- tion that degrades the sound (Fig. 6-5).

ence? They may have had faults, but surely
you were impressed by their clarity and detail.
Why do even poor headphones have so much
detail? The reason is that there are no r
acoustics in headphones. Therefore, they o
sound remarkably clear. Wouldn't it be won-

IMAGING. Narrow-dispersion speakers pro-

ject a more realistic and believable image than

ften been compared to the visual images pro”

oom wide-dispersion ones. Their sonic images have -

duced by laser holographs. They have great §

o
"
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FIGURE 6-5: I
rear wall. 3: Adverse effect of listening near

detail and three dimensionality (if the record-
ing h.da?-1 fee?{ done in true stereo). This may
sound like advertising hype—unti
hjgh'ly-directional spegakgf il youheara

I-hgh].y-directional speakers are phase coher-
ent. This characteristic is difficult to describe in
words, but you'll have no difficulty recogniz-
ing it when you hear it. The sound just seems
more organized and intelligible.

. The sound is more realistic than wide-disper-
sion types, because it does not seem to come
Erc:'-m the speakers. The image floats in the room
mﬁout seeming to involve the speakers.

compatrison, wide-dispersion s
Create an image which is diflf)use and szzgif
-defined. The sound seems to come from the

' speakers. Your mind finds the image artificial

and two (rather than th -

Wi ree) dimensional.
ﬁonzn the er confused by all the room reflec-
S 1mage sim I isn't '

Tealistic, and detailed. P St precise, dlear

A{” As discussed in Chapter 5 narrow-dispersion

akers have more output than wide-di
wide-disper-
@l?sti?:ne;q‘ Although the cause is psychoa-
L e ef‘fe'ct is real. Because ESLs have
iy :lplut, this is an important consideration.
- Pposed advantage of wide-dispersion
aKers is they sound good everywhere. You

Ot confined to sitting j
. sittin
is false, 8 in the sweet spot.

~.__.- ESl's N .

T
V4

(2 ) A & B are
not equal

FIGURE 6-6: Different arrival times.

Even in wide-dispersi
_ persion speakers, sound
;nufst arrive from both channels simultane:::s-
y for accurate stereo imaging. Althou u

can Illear high frequencies from good vw%ll-)c’h?s;
persion speakers anywhere in the room, they
Slilll sound best at the focal point—just as do
highly-directional types.
’ If you listen to them elsewhere, phase and
g:age i}c:herency are further degraded

cause the sound from each speak ives
at dlfferent times (Fig. 6-6). peser smes
) Wlde-dis;?ersion speakers get away with it

ecause t.heu: phase coherency and imaging is

so compromised at the focal point that perfor-
mance elsewhere isn't much worse. But make
no mistake about it, it is worse. If you want
the best sound from them, you must listen at
the sweet spot.

;Iihe point I'm trying to make is that both
g e- and narrow-dispersion speakers sound

st at the' focal point. If you want the best
sound quality possible, you must listen there.

EsL .~
~
7 Axis 1is perpendicular

e 1o speaker's surface

FIGURE 6-7: Axis of planar .
dicular to speaker’s sﬂrface.Speaker is perpen-
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Since you must listen there with either type of
speaker for best results, why sacrifice perfor-
mance for wide dispersion¢

I hope I've persuaded you to consider nar-
row-dispersion ESLs. I present wide- and nar-
row-dispersion designs in this book, and it
doesn't matter to me which you choose. I just
want to be sure you understand that highly-
directional speakers have the best performance.

PLANAR ESLs. They exist on one plane
(ie., they are flat), and radiate sound perpen-
dicularly to their diaphragm. This is called the
axis of the speaker (Fig. 6-7).

The sound from a planar radiating surface
will be tightly focused whenever the wave-
length of sound is smaller than the minimum
dimension of the speaker. Please review Fig. 6-
8, the wavelength versus frequency graph.

A large planar ESL essentially has zero dis-
persion—it's like a laser beam. It does a superb
job of imaging and minimizing room acoustics.
You must experience it to appreciate it.

52 <O i
3.3 -
15@
—
8 2'5 \\ M
rad O
® 6 1 i
G 24
S 12
29 Hz 108 Hz 1 KHz 180 KHz
Frequency

FIGURE 6-8: Wavelengths of various fre-
quencies.
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FIGURE 6-9: Good casual listening locations.

tFo mputer

Many audiophiles are interested in planar
ESLs because of their superior performance,
but they worry about the sound for casual lis-
tening when they are not at the focal point.
One of the most common questions asked
about planar ESLs is, “What do they sound like
outside focus?”

Although the sound at focus is very different
from the sound outside focus, it is not objec-
tionable. The best way I can describe it is to say
it takes on a directionless and ethereal quality.

The sound is difficult to localize, because
there is no direct sound to give you any clues.
Tt is all reflected sound from many directions.

Also, because the high frequencies are par-
fially absorbed by the room, the frequency
balance changes. The sound is softer, more
mellow, and distant.

The difference between the sound at focus
and elsewhere is much like the difference
between Row A and Row Z in a large concert
hall. Like the concert hall experience, the
sound can be enjoyed at both locations, how-
ever streng preferences abound.

Make no mistake, for serious listening you
surely will prefer the sound at focus—just as
you probably prefer close seats in a concert
hall. For background music/casual listening,
the sound outside focus is acceptable, much
fike listening in the back row of a concert hall.

You can reduce the difference between the
two locations for casual listening. One way is
to position yourself so you are in one speaker's
beam. Although the stereo image is compro-
mised, the high frequencies are not. For casual
listening imaging is not important, and the
high frequency beam makes the speaker

sound more intimate than when you are not

in any beam.

Since you probably will use your ESLs as
dipole radiators, there will also be a beam from
the rear of the ESL. If you have a hard surface
behind the speaker, you may be able to direct
the rear beam into your listening location.

Often it s very easy to position a desk or sofa
or computer center where it can take advantage
of one of the four beams available. Figure 6-9
shows several possibilities. Note that all three
locations are in at least one direct or reflected
beam. This technique works very well.

‘Another way to deal with the outside focus |

sound is to use a rear-wave beam splittef,
which I'll discuss shortly.

If your speakers are in a different room from 1

where you casually listen, the differences
between narrow- and wide-dispersion speak-

ers disappear, because you are listeni
reflected sound from bzth types. ;Tgiaz;ie
your speakers might be in the den or family
room, l?ut you like to relax and read the pa.pe):
in the. living room. Under these rather distant
h.stenmg conditions, wide- and narrow-disper-
sion speakers sound the same.

My point is that a planar, laser-beam-direc-
tional ESL is acceptable outside focus. You
unt:'loub;fdly will grefer the sound at focus for
serious listening, but for casual listeni
probably will find the sound oumir;en%b)::?;
acc‘-ep.vtable. If not, beam splitters or careful
positioning of fumiture can usually resolve the
issue to your satisfaction.

One problem with a planar ESL can't be
resolved:‘ you can't have a dozen friends over
elndI all listen at once at the sweet spot. You
can't have four people on the sofa in front of the
speakers a:;d have them all at focus. Of course
you can't do so with wide-dispersion s ;
either, but the differences are Esi; obvioE:.akem

Ifym.xr listening chair is out in the room, you
can ea'sﬂy. accommodate two listeners at focus.
Ong sits in the chair and the other stands just
behind him. Since serious listening by more than
two people is rare, this works well.

I often have someone over to hear my sys-
tem. I give them the listening chair at focus
and I stand behind them. ’

If two audiophiles come together to listen, I
have _them share the listening chair and tl;e
standing position, while I stay out of the way.
After all, I can hear the system anytime. '

More than two listeners usually requires
that they take turns in the focal point. It is
awkward but possible for a third to sit on the
floor in front of the focal point.

Ir.lSericn.t:v. listening sessions are usually short.

my experience, the standing/sitti i
has not been a problem. ding/siting routine

-WIDE-DISPERSION ESLs. You can use

Emsany techniques to achieve dispersion in an
] uI]., b}:t you must have a curved wave front. A
Pulsating cylinder is a good example (Fig. 6-10).

- MULTIPLE-PANEL CYLINDRICAL ESLs.

i, anattempt to duplicate a pulsating cyli
_ ; g cylinder,
gners build small panels and place them
;-lnd thfe surface of an imaginary cylinder.
cose designs can vary from a shallow arc to
;__nt:‘lplete cylinder (Fig. 6-11).
"':'tee l'e‘:::lntmg speaker produces several dis-
§ going in many directions.
rtunately, the beams don't blend and

Top View

Pulsating cylinder

FIGURE 6-10: Wide-dispersi .
speaker. ispersion, cylindrical

S~ Individual
ESL's

1

N
~1__ | | //

FIGURE 6-11: Wide-dispersion usi
angled ESLs. spersion using many

/W
[0
Axis '} Axis

High frequencies
absent off-axis
FIGURE 6-12: Cause of venetian blind effect.

smoothly disperse the sound. Remember, pla-
nar ESLs are extremely directional. Each panel
acts as a separate driver (Fig. 6-12).

Th:e sonic effects of these multiple beams
are disturbing. The flaw is so characteristic it
has a special name: the venetian blind effect.

DISPERSION
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FIGURE 6-13: Wide dispersion causes appa-
rant source to recede.

When you move around in front of such a
speaker, the high frequencies come and go as
though the sound is coming through a series of
slots. This produces image-phase anomalies
which vary depending upon location. The
image is seriously compromised.

This highly undesirable effect can be mini-
mized, but not completely cured. Reducing
the angle between the cells to less than 4°
helps. Wide dispersion requires many panels.
To keep the speaker width reasonable, the
cells must be very narrow.

This type of speaker moves the apparent-
sound image away from you, which may or
may not be a problem, depending on your pre-
ferred listening location and the degree of cur-
vature. Shallow curves move the image further
back than steep ones (Fig. 6-13).

Besides flawed sonics, there are many other
disadvantages to this type of speaker. Making
many narrow panels is much more work than
making one large cell. There will likely be a
high percentage of stray capacitance. The spac-

er ratio probably will be less than optimum.

NARROW-STRIP TWEETERS. In a full-
range, segmented ESL, a common method of
improving dispersion is to use a narrow-strip
tweeter. Regrettably, this doesn't improve the
dispersion enough to be satisfactory.

Recall that the sound from a planar-radiat-
ing surface will be tightly focused whenever
the wavelength of sound is smaller than the
minimum dimension of the speaker. The
wavelength of a 20kHz wave is about ¥2”. The
driver must be smaller than that to produce
dispersion. You can think of the longer wave-
length as “spilling” over the edge of a narrow-

planar ESL and forming the necessary curved
wave front.

This is not an all-or-none phenomenon. As

the frequency falls, the dispersion gradually
increases. The practical implication of this is
that a planar driver must be smaller than the
wavelength of sound it produces to generate
significant dispersion. A narrow-strip ESL
tweeter would have to be narrower than %2” to
adequately disperse a 20kHz tone.

The edge of an ESL diaphragm is clamped

between spacers around its periphery. The
spacers will be at least vh-inch wide, so even if
you had a Y-inch diaphragm, the width of the

cell would be 1%”—and this assumes that you
don't have a mounting frame around the cell.

Also, the tweeter edges must be free of baf-
fles, other ESL panels, or other obstructions in
order to produce wide dispersion. If the sides of
the strip tweeter have extensions, the air cannot
“spill over” and form a curved wave front.

This is a serious dilemma, because these
tweeters have phase cancellation problems
and need baffles to extend their frequency
response into the midrange. They are often
flanked by midrange ESLs as a convenient
way to mount, drive, and baffle them. The
resulting narrow-strip tweeters usually have
disappointing dispersion and fail to meet their
designer's goals.

Magnetic tweeters have the same problem.
They solve it by using a small dome which
forces the wave into a curved shape.

ELECTRICAL DELAY LINES. Dispersion is
produced by using a series of narrow-strip
cells. The audio drive to each of these is
delayed slightly more than the previous one.

Y 2 ESL's

each ESL

—-—
—

= -

\ Composite

wavefront

Apparent
direction of sound

FIGURE 6-14: Time delay between cells pro-

duces angled wavefront.

wavefront from

- i

If the delay between each segment is the
same, the delay produces an angled wave
front. '1:1115 gives the impression that the sound
Is coming from the direction defined by the
angle (Fig. 6-14).

By progressively increasing the amount of
fe:l:y Prt?::n o:&z segment to the next, a curved
ather t (but an, i
ormed (b 6-45)Fb gled) wave front is
_ The delay is usually obtained by using an
inductor in series with the stators of each cell,
Ifyou dn"ve the ESL at its center with the delay
slropagaulng outwaédly in both directions, a

ore or less curved wa i
duced (Fig. 6-16). Ve front wil be pro-

C:‘:UAD Model 63 uses a clever variation, in
which the various panels are concentric and
the delay propagation spreads outwardly from
the center of the speaker. This approximates a
!)ulsatmg sphere, which some believe is the
ideal speaker form.!

The disadvantages of delay lines are many.
The c.:bvious complexity of design and con-
struction is one. The delay line does not pro-
duce a smooth dispersion pattern since it is
executed in a series of steps. The inductors
must handle high voltages. The load present-
eFI to the amplifier is more complex than a
simple capacitor. Few use this technique.

CURVED ESLs. If you build the ESL in the
shape of an arc, it will disperse the sound over
the area “seen” by the arc as being perpendic-
ular to the surface of the ESL (Fig. 6-17).

The dispersion from this type of ESL is
smooth and free from venetian blind effect. As
you move about the room, the sound quality
is unchanging except for balance and imaging

1. Willamson, Reg, “The Quad 63, “ SB 1/82, pp. 10-18.
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'RE 6-15: Apparent-curved wavefront.
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Eo 6-17: Wide dispersion produced by
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due to unequal-length sound paths to e
speaker. This technique is simplz and you 2:2
use it with large cells, so other design parame-
ters are not affected.

The idea of a curved ESL is not new, but the
apparent impossibility of holding a free-ten-
sioned t.:liaphragm in the shape of a curve pre-
vente?d its use until recently. The problem with
forming ESLs into an arc is the diaphragm col-
laps«;s into the inner stator, because diaphragm
tension tends to flatten it like a drumhead.

Most curved designs use supporting struc-
tures to prevent collapse. These seriously
impair diaphragm motion and other design
parameters, such as the spacer ratio and D/S
spacing. The results are inadequate output and
poor frequency response.

In 1979 I solved this problem with a very
simple design which prevented diaphragm
collapse by selective stretching. It was first
publ:ished in Speaker Builder, 2/1980.

Diaphragms collapse, because we normally
stretch them in 4/l directions. If we stretch one
in only one direction where the tension holds
it in a straight line only, it will not collapse.

ESL's \ \
N L e
Curved o _5 ’r /
s}
aoparent  dotsgeg o
wavefront wavefronts

FIGURE 6-16: Curved wavefront.
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FIGURE 6-18: Curved diaphragm production.

You can better visualize this if you think of
the diaphragm as an infinite number of
straight lines lying side by side. If these are
stretched only in the direction of the cylinder
axis which forms the curved ESL, the lines will
stay straight even though they may be placed
in an arc formed by the cylinder circumference
(Fig. 6-18).

You need no special support structures to
build these. The technique is the same as with
a planar—except it must be built upon a
curved surface.

The required special construction parts like

decayed by the time it reaches the focal point.

The perfect speaker would have a multitude
of rear beams going in many directions, so you
would be in a beam no matter where you
were in the room. We need only be careful to
avoid directing any of the rear-reflected beams
into the focal point, since that would smear
the sound and reduce detail.

The rear-wave beam splitter spreads the
rear radiation from a dipole across a wide
area. It also reduces the sound energy in the
beam, which reduces its ability to degrade the
focal point.

Beam splitters take the form of some type of
angled or curved surface behind the speaker
which intercepts the rear wave and redirects
it, the way a bumper on a pool table redirects
the ball's travel. Figure 6-19 shows various
beam splitters. .

Remember that great care must be taken to
avoid directing any of the rear wave into the
focal point. For this reason, curved surfaces
should have a gap in them where they are par-
allel or nearly parallel to the diaphragm.
Straight or stepped beam splitters should not
have a flat surface parallel to the diaphragm.
Rather, they should have a point or comer fac-
ing the diaphragm (Fig. 6-20).

Since planar speakers always face inward

FIGURE 6-20: Avoid directing rear wave
toward focus.

toward focus, beam splitters should be asym-
metrical. Additionally, there is usually no need
to listen to the sound in the triangle between
the speakers and the focal point. The beam
splitter can be simplified by directing the
sound away from focus towards the outside of
the speakers (Fig. 6-21).

Beam splitters can take any form which can
redirect the rear beam. They needn'’t be strong
or difficult to build, but must have a hard, high-
ly-reflective surface to bounce the wave back
into the room. If they are soft, they will absorb
the high frequencies we are trying to redirect.

They can be made of plastic, fiberglass, or
any other hard, thin material such as
Masonite® or Formica®. Even cardboard
works well. The beam splitter may be placed
at any point behind the speaker where it can
intersect the rear beam.

Generally, beam splitters are placed
between the wall and the speaker, but if the

Direct sound L Reflected sound

il dispersion must not harm the image at the Poin{ Gap ,_BQB"" splitter D SPERSION
I e 10 e e 8 o
A T A planar dipole sounds poorly off-axis A
'f/j;- "a‘ - llf PESIGN CoOKBOOK TTWW"W mainly becausepthe highs are lost. As long as . \ - \\
1 Think of you are in the main- or rear-reflected beam,
2 ' the sound is acceptable, but these beams only
22 e diaphragm as
il an Infinite cover very narrow areas. The rear beam from
number of a dipole radiator does not harm the image,
because it has long delay times and is mostly b ‘
e

FIGURE 6-21: Ideal beam splitter pattern.

wall is hard and highly reflective, the beam
splitter can intersect the beam after it leaves
the wall (Fig. 6-22).

Beam splitters may also be integrated into
the basic speaker design rather than as a sepa-
rate “add-on.” The integrated ESL/TL designs
described later use a combination of both
techniques to achieve beam splitting without
the use of a separate beam splitter panel. It
does so by using a vertical column at an angle
to the ESL. This column is the woofer's trans-
mission line (Fig. 6-23).

The main problem with effective beam
splitters is they are large and visually obtru-
sive. They may take considerable work to
build, if you want them to be aesthetically
appealing. They also take up floor space.

Rear-wave beam splitters are an idea I
developed in 1989 and first published in
Speaker Builder 1-3/1990. It is a promising con-
cept which works well, and a fertile area for
more study and experimentation.

ﬁ curved tables or special jigs, and possibly a . it
: curved, mechanical diaphragm stretcher are |

!
(‘ : the main disadvantages to this design. Still, it ~ Beam 8911\1: er T il N A G
| i | is very practical for home construction, which 3 Wall .
‘|| f I explain in detail in Chapter 10. \-——'/ R N ] b
'l}. Barry McClune developed some very inno- 7 . : -
I vative ideas for building curved cells which /_'f - R ]
5 don' i d table or a mechanical ESL™ ~ S ! - o
| on't require a curve _ __ _ e
I )/IJ stretcher. He graciously agreed to write ; }. Beam - i
, | ||I Chapter 11 on his techniques of building ] splitter s EsL 0
i ||, curved cells, which you may prefer. I BN . i
i ' 2 N |
’ '» ;'1 BEAM SPLITTERS. Planar speakers are less P . S £
s than ideal when heard outside the focal point, . AR

FIGURE 6-23: Using speaker enclosure as

period. What we need is a speaker which has beam spliter,

perfect imaging for serious listening and wide

FIGURE 6-19: Various beam splitters. RE 6-22: Using wall with beam splitter.

‘ i i and wide-dispersion speakers are not ideal—
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FIGURE 6-24: Aim small ESL at ear level.

VERTICAL DISPERSION. Vertical disper-
sion is less of an issue than horizontal disper-
sion, because we usually only need to hear our
speakers when sitting down. Of course, it is
nice to hear them when both sitting and
standing, but this is neither essential nora crit-
ical issue in most audiophiles' minds.

Still, excessive vertical dispersion generates
room acoustics just as horizontal dispersion
does. This should be avoided for optimum
performance.

Excess vertical dispersion is usually not a
problem in ESLs, because even curved ones are
highly directional by nature. In magnetic speak-

ers, particularly those with small dome tweet-
ers, it is a significant cause of image smear.

The problem in ESLs is more likely to be a
lack of vertical dispersion. If you build cells
which are only 2- or 3-feet tall, you can hear
them only when sitting (or standing), but not
both. You can aim them to either location by
tipping them back as needed (Fig. 6-24).

The minimum height of an ESL which will
give adequate coverage in the sitting and stand-
ing position is about 4. If you put the bottom of
it 2-8’ from the floor, it can be heard in both
positions. Usually it is not difficult to put such a
cell on long legs or use a magnetic-woofer
enclosure to elevate it to the necessary height.

A tall line source is a better solution. If you
build a line source which goes almost com-
pletely from floor to ceiling, you can hear it
when standing or sitting. Such a line source will
be extremely directional in the vertical position
(because the dimension will be much greater
than the wavelengths it's reproducing); it will
not excite room acoustics. It also will maximize

output. This is one of those rare occasions
when you can “have your cake and eat it t0o.”
Murphy's Law finally gives us a break.

CHAPTER 7:

ASSOCIATED ELECTRONICS

Many speaker builders become so involved
with their speakers they give the associated
electronics only passing thought. The elec-
tronics not only are equally important, but
usually cost more than the speakers.

You don't need to know much of this chap-
ter to build ESLs successfully. It contains most-
ly technical information for the more
advanced builder/designer. If this doesn't
interest you now, just skim it so you will
know where to go if you have a question later.
The next chapter on electronics construction
gives the critical “need-to-know” information.

If you are an electrical engineer with a test
bench full of instrumentation, you should
already have this knowledge. I designed this
chapter for the interested amateur who wants
to move beyond the “how-to” stage, but is not
an engineer. In the discussions which follow,
the large, hybrid-system ESL described else-
where will be the subject of many examples.
Note its specifications.

Before examining the electronics, you need
to understand the ESL's electrical properties.
These involve voltage, current, capacitance,
and reactance. I discuss capacitance and reac-
tance here, and voltage and current later under
power amplifiers.

CAPACITANCE. The ESL's capacitance is
the electrical load the power amplifier must
drive. Sometimes it is useful to know the
capacitance, although it usually isn't necessary
if you follow the guidelines in this book.
Below is a mathematical equation common-
ly used to find the ESL capacitance based on

* D/S spacing and area.

8.85x107%x A
D

C=

£ VVhere:
. C = Capacitance in pF

A = Stator area in square meters

- D = D/S spacing in meters
“Unfortunately, these formulae are usually
accurate, not because the math is wrong but
Gcause you don't know all the values.

+Or example, what is the exact D/S spacing?
can't simply say that the spacer thickness
D/S spacing. Other factors are involved
can change the spacing.

SPECIFICATIONS:
Large hybrid ESL
D/S Spacing: 70 mil
Frequency response: 400 Hz-32kHz
Overall dimensions: 1.8’ x 6’
Radiating area: 9 ft2
Polarizing voltage: 3.5kV
Audio drive voltage: 7kV
Capacitance: 2,200pF
Spacer ratio: 80:1

For example, the spacer material manufac-
turer may say it is 1/16-inch thick. But pro-
duction tolerances may allow it to be any-
where from 55-70 mil. Also, there may be
variations in the spacers. They could be 60 mil
at one end and 65 at the other.

What about the adhesive bond thickness¢
How thick are the glue bonds holding things
togethers Is the thickness uniform through-
out¢ Not likely.

Distortion and warpage in the stator mater-
ial is another problem. Perforated-metal sheets
are not perfectly flat, wire is not perfectly
straight, and construction techniques are not
flawless.

Stators |
— -

Amplifier Transformer

Amp _3 e

Audio
Generator

FIGURE 7-1: Capacitance measuring set-up.
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capacitors, standard crossover design does not
apply. Little information is available on build-
ing crossovers for capacitors.

This problem becomes even more acute
when you attempt to cross over a hybrid sys-
tem consisting of an ESL and magnetic driver.
Such a system has not only the capacitance of
the ESL, but a combination of resistance and
inductance generated by the magnetic driver.

Trying to deal with these variables while
also producing ideal slopes, phase behavior,
power, and frequency response is difficult.
Optimizing all the above parameters with pas-
sive, high-level crossover networks is impossi-
ble, but easy to do with active low level ones.

SLOPES, FILTERS, and CROSSOVER
POINTS. The subject of crossover type,
slope, and frequency is complex and contro-
versial. Entire books have been written on the
subject, and it is beyond the scope of this book
to explore the subject in depth. So, as usual, I'll
present a general overview with suggestions
and guidelines.

Several filter types are available. These
include Bessel, Chebychev, and Butterworth.
Strong opinions abound regarding the differ-
ent types, and you can find proponents and
opponents for each. No one type of filter is
perfect. I'll summarize some important points.

Bessel filters have excellent phase and tran-
sient response, but do not cut off rapidly
enough for speaker crossover use. Chebychev
filters cut off rapidly, but there are problems
with ripple in the passband and poor transient
response. Butterworth circuits are maximally
flat in the passband, and in odd-order designs
have constant voltage and power levels
through the crossover regions.

Most - designers use Butterworth filters.
However, there are Butterworth filters and
there are Butterworth filters. Let's give them a
closer look.

First-order Butterworth filters are low in
phase shift and have constant output through
the crossover point. They roll off at only
6dB/octave (an order is 6dB/octave).
Therefore, there must be at least a two-octave
spread beyond the crossover point for the dri-
vers in a first-order system.

In a 500Hz crossover, the woofers should be
linear up to at least 2kHz, and the tweeters
down to at least 125Hz. Rarely is this practical.

Second-order filters rolloff at 12dB/octave.
These slopes are steep enough and are widely
used in passive high-level crossovers.

Unfortunately, there is a definite discontinu-
ity, a “hole,” at the crossover point. You can
partially correct the problem by reversing one
driver, but there is still an audible imperfection.

Third-order, 18dB/octave filters correct
these problems. In addition to having a linear
pass band, they have a constant level through
the crossover point. Driver cutoff is very
sharp, which minimizes out-of-bandwidth fre-
quency response requirements.

Although careful crossover choice and -
design can minimize the errors and distortions
associated with crossovers, there is no such
thing as a perfect crossover. For example,
phase shift is present in all of them. Although
not a severe problem, it is undesirable and
should be avoided, if possible.

Unhappily, the ideal of a full-range,
crossoverless, electrostatic speaker that can
produce high output and deep bass remains
unrealized. High-output ESL systems continue
to require crossovers. Since crossovers are
imperfect, two guidelines will help you avoid
most problems:

1. Minimize the number of crossovers. For
example, a two-driver system is preferable to
a three-driver system assuming all else is
equal.

An advantage of ESLs is they can cover a
much wider bandwidth than magnetic speak-
ers. While two-driver magnetic speakers are
usually seriously compromised, this is not so
with ESLs. You can get splendid results with a
two-driver ESL system.

2. Keep the crossover point under 600Hz.
The ear is sensitive to phase and frequency
response anomalies at midrange frequencies,
but can't detect these problems very well
below 600Hz. _

A big problem with crossovers is audiophile
“overkill.” It has to do with certain perfection-
ist attitudes common to the type of person
who is looking for the best in sound reproduc-
tion—like someone trying to build a better
ESL. (Sound like anybody you knows)

This well-intentioned individual logically
thinks that since crossovers are bad, and
600Hz the highest acceptable, then lower is
better. So he picks an excessively low
crossover point; 100Hz is a common choice.

This unreasonably low crossover point
compromises both the frequency response
and output in the system with a suck-out
between 500Hz and 100Hz, because phase
cancellation is not adequately compensated.
Output is diminished, because of the greater

excursion required by the ESL and magnetic
core saturation of the step-up transformers.

The problem is reminiscent of the story
about Mark Twain's cat: One day Mark
Twain's cat sat on a hot stove lid. He never sat
ona hot stove lid again . . . but he would not
sit on a cold one, either!

This issue is one of perspective. You can't
hear the minor problems of high-quality
crossover networks below 600Hz. ESLs have a
very difficult time with bass, and magnetic
woofers work fine that high. So make your
crossover as high as possible consistent with
flawless sound. A reasonable compromise is a
crossover point around 500Hz.

EQUALIZERS. An equalizer modifies the
!‘Erequency response of the speakers by chang-
ing the frequency response of the electronic
mgnal being fed to the speakers. This manipu-
lation can be done at any point in the signal
chain, but is most commonly done before the
power amplifier(s).

Equalizers are very similar to crossover net-
works, which are just a special type of equaliz-
er. Equalizers can be passive or active, and
operate at either low or high levels. Also like
crossovers, and for most of the same reasons,
the best systems use active low-level equalizers.

Passive equalizers have insertion loss,
which is a reduction in electrical signal voltage
when you put the equalizer in the circuit. The
effect is as though you tumed down the vol-
ume. Insertion loss is an important reason
why we seldom use passive equalizers.

_ Active equalizers solve the problem of inser-
tion lo§s by incorporating small amplifiers in
their circuitry. The amplifier compensates for
the insertion loss so the level is either
unchanged or is moderately increased.

Most electrical engineers design their equal-

1zers to operate at unity gain. This means the

mgnal.voltage comes out at the same level it
went in.

An important function of the amplifier in an
active equalizer is that it acts as a buffer
between the various components at its input
and output. The component impedance an
equalizer sees at its input and output can affect
its frequency response. This may cause the
Tesponse to deviate from what you want.
Active equalizers usually are immune to
Impedance mismatch.

Most active equalizers are built using inte-
;"ﬁﬁt:‘l circuits (ICs) because of their small

Ze, high performance, and flexibility. The IC

manufacturer supplies “application notes”
which make it easy for youpfo design custo:n
equalizers.

Many audiophiles still avoid ICs, believing
they lack quality performance. When ICs were
first introduced, there probably was some
truth to this. Modern ICs are much better.
They perform beautifully in equalizers. '

As discussed in Chapter 4 on frequency
response, you must do something about
midrange and bass phase cancellation.
Equalizers are ideal for correcting the
midrange, where the ESL is just starting to
encounter phase cancellation.

The top curve in Fig. 7-10 is the familiar
general frequency response of a dipole ESL.
Look only at the frequency response between
300Hz and 3kHz. Compare it with the fre-
quency response of the equalizer below it.
Note the mirror-image relationship. The result
is flat frequency response from the system in
that frequency range.

I?ES!GNING AN EQUALIZER. Simple pas-
sive equalizers are easy to design and build. Let
me run through the steps for designing one, so
you can custom build just what you need.
~ These concepts also apply to active equal-
izers, but their design is complicated by the
presence of an amplifier. If you use ICs, you
can combine the following information with

the IC's application notes to design active
equalizers,

ASSOCIATED
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FIGURE 7-10: Equalization can correct ESL frequency response errors.
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easily reached, and we often work

t\:rigg l:l:;’m wh}i’le testing. I recommend the ff)l;
lowing precautions. First, use plastic 1%:i"ﬂ.lm

coth. It offers significant protection IO
i e stators. ’

m%f:c?ngdt,ti)e thoughtful when designing your
connections between the ESLs and the stgp:g:
transformers. Do tot use sCrew tzm ,
since they leave exposed contacts an wiring.
Safer and more convenient connectors are
banana plugs. These are well insulated, gweda
solid plug-in contact, and you can color code

_If you mount them on a piece of insu-
gé:; I;lZsric, and the connections bedtw&zen
the plugs and the stators are protecte , ;1)1
human contact, they are quite safe (ftg. 1 1-4 .

One final caution: direct-drive high-vo tangl,e
amplifiers are extremely dangerous. Not :;e rﬁ
are high voltages present with hlghﬁﬁcu "
capacity in the amplifier, but the ampli erwllt-
have large storage capacitors in the high-vo

: . wruly fry
¢ power supplies. This setup can
2§msone. A conventional amplifier and step-

up transformer is much safer.

CHAPTER 8:

ELECTRONICS CONSTRUCTION

Many speaker builders have good, basic
wood-working and general construction skills,
but feel insecure when it comes to building
electronics. If you find yourself in this state,
this chapter should prove very helpful. If
you're familiar with electronics construction
and have previously scratch-built projects, flip
to Chapter 9.

As with ESLs, there is no magic to building
electronics. You just need some guidance in
the basics to get around the common pitfalls.

I'm going to take you through the construc-
tion of an integrated circuit gain/equalization/
crossover unit, and a polarizing voltage/step-up
transformer assembly. Along the way, I'll
explain the basics of electronic parts, construc-
tion details, and how to customize components.

SCHEMATIC DIAGRAMS. Schematics are
simply maps showing how electrical parts
connect to each other. Symbols represent the
components. Figure 8-1 shows some common
symbols. I've shown a simple schematic dia-
gram in Fig. 8-2. In Fig. 8-3, I've drawn com-
ponents and connected them together as
shown in the schematic.

Figure 8-4 is a schematic of a basic gain/
equalization/crossover unit. Figure 8-5 shows
it tumed into a full-blown control center. I
designed these to work with the hybrid
ESL/TL systems shown in this book. You may
use them as shown, or customize them to
your special needs. Don't be intimidated by
the complexities I've just outlined. By the time
you finish this chapter, you will be able to
understand and build electronics.

Building electronics is less a technical skill
than a mechanical task—it's just putting pieces
together. Most of the work is in the chassis.
This involves no more than drilling holes, bolt-
ing things together, and dealing with cosmetic
details.

To make the chassis, you should have all the
parts on hand, so you can do a physical layout.

CIRCUIT BOARDS. Before turning to chas-
sis construction, I'm going to describe how to
make printed circuit (PC) boards. My intent
is to discourage you from making circuit
boards stuffed with high-precision parts
because it's better to use commercial units.

Oh sure, you can fabricate your own, but it
requires an inordinate amount of work and
expense if you only need a few. For mass pro-
duction this is not an issue, but for a small pro-
ject I don't think it's worth the trouble.

Making PC boards is a multi-step project
that begins with designing the circuit board on
paper, or computer, or by laying it out using
precut “donuts” and tape on transparent film.
You can purchase circuit-board layout ele-
ments made of tape. You must then turn your
drawing into a photographic negative. Take a
picture of your work with a large-format cam-
era and develop the film.

Attach the negative to a piece of blank circuit
board which has an etch-resistant, photo-sensi-
tive coating. Following the manufacturer's rec-
ommendations, expose the board to a high
intensity light or the sun for the specified time.

Develop the etch-resistant coating on the
board by soaking it in the specified chemical
baths. This is similar to developing photo-

|> Amplifier
o—|}—e  Capacitor : °
o\
—Pl—o Diode b %% °
Potentiometer !

- |
° ‘8 Relay

FIGURE 8-1: Symbols for electronic parts.
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FIGURE 8-2: Sample of a simple schematic
diagram.

ic prints, but instead of a picture you
zIc';;:rrzehlectclljl-resistant tracks where light struck
rd. . '
thi’ll:z: the board in an etching solution. Tl:fi
dissolves the copper from the une;lclpoil -
areas, while leaving the photograp ian g;
reproduced, etch-resistant coated areas
fected. Wash the board thoroyghly. -
Drill holes where the various com%c,)ilill o
leads will stick through. You probably i
surprised by how many hole.s you musd duli
and by how fast ﬁberglal'ss circuit boar smel
standard drill bits. A drill press is eng Y C};
helpful. You will also be Erlttsu'a-ted by the act
that the long, tiny drill blt‘:S like to wan
instead of drilling in the desired locatlgn. o
This experience will help you unders
why circuit board manufacturers prefcir not to
use ﬁberglass for their circuit boards.u]élt acljs
explains why they use very short, solid,
bl(:\?oci:/ﬂfl'igg ?‘;igh-quality, precisiotr}ll-valt.lg reSiz-
S capacitors. The run-of-the-mill resis-
tzl;si: Ialdcarbii)n device, and is typically rate:i,vtﬂ(i
only within 10% of its stated value. You "
find that the standard values may not me
yog;l;e?:illrle?:;:its.l"/o tolerance, m.etal-ox:ide
film resistors and similar precision, tight-toler-

Hi out

In

}

Gain/Eq

Crossovers
»

Low out

Terminal Strip

ut Chassis Output Chassis
Sggk Ground Jack

FIGURE 8-3: Components in po_stion and con-
nected based on schematic in Fig. 8-2.

You
citors for steep-slope crossovers.
aviflcf:l'iagi)r?d these at your local Radio Shack ?lli
TV repair shop. When you find a source, you
be surprised by the price and high minimum-
irements. -
Or(\iis;;;?gound some of these problems exist,
but have their own difficulties. 11‘.1 th.e old <3iaysf
we used to breadboard c.irlc)ultsd instead o
ilding photographic circuit boaras. .
bu'lll'(}illenifeadbcg:rd was circuit-Pc_)ard matena;a{l1
the manufacturer drilled with jillions of sm:
holes—usually 10 holes/inch—100 holes/square
inch. You could stick component leads throttilg};
the holes and solder them together on the othe
Sld}ilthough messy, unsightly, anq error prone,
breadboards usually worked for sunple_q.rcult:
with discrete devices. In this age of mxmatut{
integrated circuits, however, they frequently
't work. .
do}fl’he maze of wires running haphazardl_}lrizon
the back side of the board oftfan dest.atbé1 es
the circuitry and causes oscillation. This oez—
n't mean you can't successfull}li) breadboard,
it's not as easy as it used to be.
bu‘t(:uscr::l si)meti}r’nes get around the prob.lem
of expensive precision resistors and capacitors
by hand-selecting the values Yl%u r}eefl fro;lna-
f wide-tolerance ones. This is time-cc
:J,(;rcxll'(n(:g xd the parts are not of high quaht}./,
but you might find that your local TV rczl}?laili
shop will let you rummage around in the

or worry that they work correctly, and you
will have a guarantee in the event of problems.

Also, they are cheaper than a home project.
You can usually buy commercially for less
than the cost of your do-it-yourself project.

I don't mean to suggest you shouldn't build
circuit board electronics. Do so if you want the
experience, or if you work where supplies and
equipment are available. Most speaker
builders only need the electronics, and are put
off by having to build them. If you're one of
these, I recommend you buy commercially. -

The chassis and the power supply are
expensive for manufacturers. You can save
money in these areas and make things exactly
the way you want.

PARTS AND RATINGS. Before getting into
the nitty-gritty of building chassis and power
supplies, you need to understand the basics of
the various parts you'll be using. I'll discuss

four parts: resistors, capacitors, semiconduc-
tors, and transformers.

RESISTORS. There are three general types
available : carbon, wire-wound, and metal-
oxide film. Others exist, but these are the ones
you are likely to use. They in turn have three
ratings: resistance, wattage, and tolerance.
Resistance refers to the resistance valye in
ohms. Printed values on small resistors are
hard to read, so they usually have color-coded
bands to indicate their resistance and tolerance.
Four colored bands are typical. The first two
represent numbers, the third is a multiplier,

TABLE 8-1
PARTS LIST FOR FIGURE 8-5

Gain/Eq module, Channel 2

Gain/Eq module, Channel 1

Crossover module, high pass, Channel 2
Crossover module, high pass, Channel 1
Crossover module, low pass, Channel 2
Crossover module, low pass, Channel 1
Output jacks, ESL amps

Outputs to woofer amps

Inputs from main tape deck

Outputs from main tape deck

10-high level inputs from CD, FM, DAT,
Cassette, etc.
Rotary switch input selector

PO _TTMOO W >

and the fourth is the tolerance. Occasionally, a
fifth band is present, which is a reliability rat-
ing for military use.

The band nearest the end is the first band.
Bands 2, 3, and 4 are progressively nearer the
center (Fig. 8-6).

The passage of electrical current through a
resistor generates heat, which it must dissipate
without failure. Its ability to do this is a func-
tion of its construction type and the surface
area available for air-convection cooling. These
factors define its power or wattage rating.

Tolerance refers to how closely the resistor
meets its stated resistance value. For example,
a 20% tolerance, 100Q resistor may have an
actual resistance valye anywhere between
80Q2 and 1209, while a 1% resistor would lie
between 99Q and 101Q.

Voltage is not usually specified, as most
resistors will handle at least a kilovolt without
difficulty. However, if you have higher voltage
requirements, you must either buy special
types or string several stock-value resistors
together.

Voltage coefficient is a resistor's tendency to
change value at higher voltages. Usually unspec-
ified, it isn't a problem for most applications.

For precision high-voltage applications, you
must keep this factor in mind. A good exam-
ple is the feedback circuit of a high-voltage
D/D amplifier. Carbon resistors have the

®YoNow &
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FIGURE 8-5: Schematic for a control center.
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5 % Tolerance

RESISTOR RATINGS
- Resistance
- Wattage

. Tolerance

X _Hultplier

\___151 digit

i i lerances—
tal-flm resistors have tlght tolera
1—;%;: is typical. They are high quality and

rarely fail. Like carbon resistors, they have low

FIGURE 8-6: Color-coded resistor bands.

and metal-film

worst voltage co{::efﬁcients,
i have the best.
res,'ISC‘,arl:vontom resistors, made from compéeks:s;c;
carbon granules, are cheap, common, (a:mmmon
low tolerance values—10-20%. Co on
wattage ratings lie in the 14~5W range—

e being Y2W. . -
us%:;l l';:ave a ﬁgmited life span and ’wﬂl e{;.:gt
tually fail. If overheated, they sometimes o
into flame. Because of product hc;bxhty issu >
even the TV repair shops use “flameproo

| film resistors. . N
m%aarbon resistors are OK in noncritical areaés,
but are not precise or stable enough E.oréteoﬁ
slope equalizers. They OCFaSionaﬂ).’ufa‘i be):ter
don't ever want to fix things, you

i tal film resistor.
O&Metalm‘:h fornm;de film resistors are common})z
called metal film resistors, or s:;nply Elm r;ls::S
tors. They are made by coating a tny

ings. Most high-quality precision
:l’:ztaogﬁi;: zgfsmetal-ﬁlmgrtsistors ?E the type
you will need for steep-slope equahdze;ls. high
Wire-wound resi;ltlors areuau1.x;';emm?‘ist &
power applications. ‘13_-1)-: us ually conast @
ceramic core wound with resi i
often hollow to increase suriace
lamfat dissipation capabilities. Some ia\:l j ::.t
open section and a movab.le clan:lp Just
tl?e resistance. They come in a wide rarr;%&et
hysical sizes. The largest may be % feet
ll:'o and handle hundreds of watts. e -
bonr% and metal-film resistors rarely even tégat
warm, wire-wound are designed to opera
i atures. )
ve?ogihnzz??rz low (10% is .typxcal), l}:ul_:
since they are not used in precision app c;r
tions, this is not a problem. If you need %rea "
tolera,\nces, the adjustable types are usually sa
Ef;’c;ober)l:twmeters' (pots) are a special for:;
of adjustable resistor with a moveable wipe

i ide. T
v Mﬁ:sm;aﬁioﬁgzh more resistance T 17T k%; Jj" A %&;m}j: T Ll 1’1 i
Metal ox tals. The manufacturer con- - ERve s, LNEAR-TaRER. Y YAl
than elemental me C othe L ) |
trols the resistance and wattage 'by vmi nit /y /h ] :
type of film, its thickneS.S,- th-e size O ’ /'1/ f— lll
and by spiral tracks cut into it. . / 5 .
o I i
;‘; 0 / l ! / ‘{ | l’ |E !l, .I
TABLE 3'2 % o 2 1: lya vf hl_ _|i !:
BAND COLOR TABLE _ Tolerance : ) Vil yANEEES
Color Number ";""‘P o ’{l EEmAEE nn
Black ? 0 %o ’/ J/ 1 l 1 1.
Elgdwn 2 Dgo ® 'i 1 lMV 1 [ |
0 o
telow : 20,000 yuy 7 annsnE T
e 00; o ey w0 ) B0 a0 100
Green 5 000,000 % 0 zopektxf ROTATION LEFT TO RIGHT
Blue 6
iolet 7 ivide by 100 10% ‘ r
\ézolvgr 8 Divide by - FIGURE 8-7: Resistance taper curves fo
gg&e 9 Divide by 10 20% potentiometers.
No 4th Band

which varies the resistance. Most are of rotary
construction where the wiper shaft will rotate
about 270°, but high-precision, multi-turn
types exist. Pots usually have three contacts—
at each end of the resistor and at the wiper.
Like resistors, cheap potentiometers have a
carbon track and are low tolerance, low
power, and low reliability. The metal-film and
plastic-film types are usually more precise and
of higher quality—and also more expensive.
Some carbon-track resistors are very precise

here. In a stereo system, the pots for each
channel should change resistance identically
as you rotate them. If they don't, the balance
will shift. Because of the audio tapet, manu-
facturers find it very difficult to get good track-
ing—20% is about the best you'll find in a good
American-made pot. Japanese and French
manufacturers supply dual log pots that match
to within 2-3%.

Some audiophiles use fixed-resistor switch-
ing networks to get precise tracking. Another

and expensive. The wire-wound types can

excellent alternative is an electronic remote
control. These units use ICs to control the gain,
and are much more precise than a mechanical

handle large amounts of power.
O_ = e o : A : TA'n.A'A : _O
. —o Series
3 |
e 3 Parallel

D

FIGURE 8-8: Types of resistor connections,

Pots have an additional characteristic:
taper. This refers to the change in resistance
as the wiper swings from one end to the other.
Typical tapers are Linear, logarithmic, and
reverse logarithmic. With linear tapers, the
resistance changes uniformly. Log or audio
tapers have a progressively changing taper,
where the resistance at one end changes much
faster than at the other (Fig. 8-7).

An audio pot changes resistance only slight-
ly at low-gain settings, so the loudness doesn't
change dramatically when you adjust the vol-
ume. As you turn the music louder, the change
becomes more rapid.

The reason is because humans do not hear
loudness changes linearly—we hear geometri-
cally. For this reason, the decibel (dB) scale is
not linear. Recall that if we double the loud-
ness, we only perceive a small change (3dB).
Therefore, if we want the volume to increase
smoothly, the pot must have a geometric
taper.

If you wonder about this, just use a linear
Pot as a volume control and see what hap-
pens! The first 10% of the rotation makes the
sound subjectively go from nothing to about
90% of full output. The last 90% of the rota-
tion makes almost no difference.

The issue of tolerance, or more specifically
tracking tolerance, becomes very important

pot. I highly recommend them both for their
convenience and for precision tracking.

CONNECTIONS & CALCULATIONS. You
can connect resistors either in series or in par-
allel (Fig. 8-8). The total resistance of a string
of series-connected resistors is simply the sum
of their resistances. The string's power rating
will be approximately the sum of the ratings,
Resistors connected in parallel will have
resistance lower than any of the individual
resistors. They add according to the formula:
1 1 1 1 otc
Rr Ry Ry Ry o
The power rating of the resistor group is not
the sum of all the resistors. You must consider
each resistor's power-dissipation capacity sep-
arately using Ohm's law in order to find how
much current that resistor will draw. Multiply
the current by the voltage to determine the
Wwattage. Always be conservative—you don't

want hot resistors in your electronics if you
can avoid it.

CAPACITORS. Like resistors, they come in
several types and tolerances, but with other
characteristics which are different. These
include voltage and capacitance ratings.

Voltage refers to capacitor tolerance before
it fails (arcs internally). Like an ESL, there is a
voltage limit. Because higher voltages require
thicker insulators, higher voltage capacitors
will generally be larger for a given capacitance
and design.

Capacitance is the amount of electricity
(number of electrons) the capacitor can store,
Think of a capacitor as a battery. A large bat-
tery will hold more electrons than a small one.

Tolerance is how closely the capacitor
matches its capacitance rating. Electrolytics
may vary by 50%. Nonpolarized capacitors
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CAPACITOR RATINGS

. Capacitance

. Tolerance

-

FIGURE 8-9: Capacitors connected in parallel.

o——f—-‘H-——o-——ﬂ_——o———-H._—o—-{.

FIGURE 8-10: Capacitors in sefies.

are usually 20%. Tight-tolerance (2%} capaci-
tors are expensive and hard to find. 4 the
Capacitor type mostly has to dc-) wi (e
insulator separating the plates 1n.51de be
capacitor. These may be made of mica, po yr
styrene, tantalum, polyester, Mylar, glass,ho
other materials. Each of thesc‘a msula}torsh as
various electrical characteristics v"I}nc.h ave
significance depending on r;he apphcau‘on. .
Nonpolarized capacitors don't ca ¢
which lead is positive or negative. '[h;y W(:;’le
either way. They are high quality, and are e
type of capacitor you should use in yo
au;i’ﬁlas;g;:ldpﬁpacitors are touchy about
polarity—much like a battery. They wtcl>rk _c[_c;;
rectly only when connected. correc 1y..
manufacturer marks the capacitor's po arézyn. ;
Polarized capacitors are comrr}qnly e !
electrolytic capacitors, because this is the n{losd
common type. Compared leth nonpoiixnzgle
types, they are of lower quafhty, cannot arll e
as much voltage, are unreha.ble, tend to Eeil
their charge, and some leak oil when the};l ad.
If electrolytic capacitors are sO bad,‘w y ;J
we use them? They have one redeeming qual
ity: they hold more energy for a given size
than nonpolarized types. An electrt?lytlc m?y
have more than 100 times the capacxtance1 ofa
nonpolarized cap. When you need a a{;get
kelectron reservoir,” you have little choice bu

to use electrolytics.

CONNECTIONS & CALCULATIONS. If
space is a problem, you may put severa.l capa:
itors in parallel where their total capacitance 1
the sum of the group, and the voltage rating 1s
unchanged. This assumes thaF all tl}e capaci-
tors have the same voltage rating (Fig. 8-9).

To handle higher voltages, you can put

itors in series as per Fig. 8-10. The volt_-
:Zpeaigfgility will be additive, but th.e ca&aq-
tance will not remain the same. Putting eéz
in series reduces the capacitance. They a
according to the formula:

—1—=-1—+l+-1— + etc.

¢, ¢, €, Ci

POWER TRANSFORMERS. Power trans-
formers have three ratings: voltage (both pn(-1
mary and secondary windlr}gs)‘, c1|;rre111t, aunis
frequency. The primary Wmdmgl s voltage s
your house current; the secondflry sis the volt_
age you feed to your electronics. These vEci)n y
ages are RMS (multiply them by 1.414 to
ltage).
th?I]?xZalt;:r?sfo%nZer should deliv_er its current
rating continuously. It will get fairly hot if ymf
run it at its limit, so you should b.e con.servat
tive. Choose a transformer that vs|/111 dehve\r{ a
least 20% more current than you 1l rlleed. 01::
can draw up to twice a transfprmer s curlrend
rating momentarily, buta ;ofnit;nuous overloa
i overheating and taiture. .
mi‘lrc:(‘{lts;ncy refers to the input al.temat;rng%
current. Like audio transformers, hlgherthe
quency transformers are more costly, but they

ffer higher performance.
° Hous%e current is 60Hz in the US and SOH;

Diode

—O

FIGURE 8-11: Diode circuit.

TRANSFORMER RATINGS
- Voltage
« Current

» Frequency

rent capacities. The voltage is rated as PIV,
which means Peak-Inverse Voltage. Notice
the word peak. You must never exceed this
voltage or the diode will instantaneously fail.

What trips up many amateurs is that AC
voltage is RMS voltage, unless otherwise spec-
ified. Recall that peak voltage is 1.414 times

in Europe. Most power transformers are built
to operate at these relatively low frequencies.

Some power transformers operate at higher
frequencies. The advantage is that a trans-
former can transfer more power at higher fre-
quencies than at lower ones.

A good example of this is in military aircraft,
where weight is important, Large transformers
are heavy. Aircraft types work at 400Hz so
that small, lightweight transformers can han-
dle high power. For example, a transformer

rated at 50W at 40Hz can handle 500W at
400Hz.

SEMICONDUCTORS. These include diodes,
transistors, and integrated circuits (ICs). This
topic is too large to discuss in detail, so I'll only
touch on diodes.

Diodes are one-way check valves for elec-
tricity: current will flow through them in only
one direction. As with all electrical circuits, that
direction is from the negative to the positive.

The diode manufacturer will have marked
the positive end with a ring, a plus sign, a color
dot or band. Figure 8-11 shows a typical con-
nection and schematic symbol.

Since we often use diodes as full-wave
bridge rectifiers (to be discussed shortly), they
also come in integrated packages with the nec-
essary diodes connected internally. Figure 8-12
shows a schematic diagram.

A full-wave bridge rectifier will have
four leads, and looks like one of the packages
in Fig. 8-13. Two of the four leads will be
marked “AC,” and the others will be marked
positive and negative. Sometimes only the

AC and positive leads are marked, and the
negative is blank.

the RMS voltage.

Well-intentioned but uninitiated amateurs
will connect a diode rated at 15V with a 12v
transformer, and are surprised when it fails,

They don't realize that a 12V RMS trans-
former develops almost 17 peak volts. They
also overlook the occasional power-line voltage
spikes that can easily drive a diode over its limit,

You must be conservative. If you are using a
24V transformer, the peak voltage will be
almost 34V, The diodes should be rated for at
least 50V—and 100V is an even better choice.

Because diodes have some resistance, they
get hot when they pass current. Like resistors,
they must dissipate this heat, or they will fail.
Also, their internal junctions are limited jn the
amount of current they can handle. Therefore,
manufacturers give them current ratings.

You should not run diodes at their current
limits, because they will run hot. Be conserva-
tive and use them at no more than half their
capacity.

Also, to keep them cool, manufacturers
design high-power diodes to be used with
heatsinks. Typically, the diode is in a metal

0OC out

—O

FIGURE 8-12: Full-wave diode bridge.

Diodes are rated by their voltage and cur-

DIODE RATINGS
- Voltage

AC + - AC

- Current

FIGURE 8-13: Full-wave diode bridge packages.
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case that you can bolt to the chassis. Tln;. ng;
only makes it possible to mount thed io
conveniently, but allows the heat to be drawn
away from the diode into thg chassis. 5
If you use this type of Fhode_, be sqrde.y 4
mount it on a metal chassis so it can 11 1;56
of heat. It must be mounted against bare
1, not paint. .
m;tgu shoEld put heatsink grease betw:er;
the diode and the chassis. Thls transfers ea-
more efficiently. When rn.oum:u'tligal 1pc:’wer tran
i i se is essential.
SlStZoerflrelleadt;omcll(eire:ct as voltage regu%ators.
They behave like ordinary diodes until cjl/o;
exceed their voltage rating. The'nlthey condu ‘
current backward—from positive to nega
tive—and are said to be reverse biased. )
Think of a zener as a spring-loaded, one
way gate that normally lets electrons thrmlxg{:
in only one direction. If there are enough e Zh
trons pushing against the gate hard enough,
the spring gives and lets the electrons go
e other way.
ﬂﬂamgﬂlzetha normal c)ifiode that permanenatllz
fails when you exceed its PIV, zener b:l':o -
down is reversible. When the voltage p ge
below the reverse-bias threshold, the liko
stops conducting badewm:d and acts like a
e-way diode again. )
no@fg regu?;te circuit voltage by shunting

+0C out
¢——0

AC in Zener
dlode

FIGURE 8-14: Zener diode regulator.

+DC out

~ * .Rl *—+¢ —0

AC In | Sener
' diode

| *—Q

1

Ri Umits current to a safe value

for the zener diode
FIGURE 8-15: R1 limits currentto a safe value
for the zener diode.

the power supply with the zener (Fig. 8-1 lf)glzf
the power-supply voltage creeps up too hi .t;
the zener conducts and drags it down to r::h
reverse-bias threshold. The zener can swi h
on and off very rapidly to control the circui

voltage.

This rapid switching generates electrical

noise. Standard practice is to shunt ea:ch zener
with a small value capacitor to quiet It

To use a zener as a voltage regulator, you

ly voltage
d to make your power-supp 1
zﬁghtly higher than the zener's voltage raugg
5o it has something to regulate down to. To e
sure you don't exceed the zener's current ra
ing, the power supply must have some series
resistance.

Select the resistance value that will pass

enough current for the needs of your electron-
ics, but not so much that it overloads th.e
ze:lmer. Figure 8-15 shows a generic schematic

diagram.

BUILDING A LOW-VOLTAGE POWER
SUPPLY. Most ICs operate from 15V pon\;re;
supplies. Their current requirements are o 1 yis
few milliamperes, so a small power supply
all you need. However, you may make it vlery
large if you wish. It will not harm your elec-
tronics to have more current av'aﬂable 0(:1;@
necessary. Your electronics are like a 1

light bulb that draws 0.83A from a 120V .AC
house circuit. The circuit can prob'ably deliver
20A, but the bulb doesn't care—it only uses
what it needs.

FL T1

R3 R2

RERETSVST C5J_+ >

FIGURE 8-16: Regulated =15V DC power
supply. _

You can buy power-supply modules from
many sources, but it is not difficult to build one
and save money in the process. Figure 8-16
shows a simple, regulated power supply which
will deliver 100mA at +15V, Although not a
fancy power supply, this has the advantage of
low cost, reasonably good regulation, simplici-

ty, and it's easy to find the needed parts.

Many ways to build one are possible. For

example, you could replace the zener-diode
voltage regulators with IC voltage regulators

having better performance, but you may have-

a problem finding the hookup information for

them. Sources like Radio Shack package them

with connection diagrams. Still, zeners work
well and are readily available,

I like to know what the various parts do,
and I think you'll find it useful to know, too.
I'll discuss what each part of this circuit does.

The transformer's 24V secondary winding
(T1) produces about 34V when rectified (con-
verted) to DC by the full-wave diode bridge
(DB1). A full-wave diode bridge is simply
a group of diodes that rectifies both the posi-
tive and negative waves from the transformer
to DC.

Figure 8-17 shows the output from a simple,
single diode rectifier. Figure 8-18 shows the
output from a full-wave diode bridge.

The pulsating nature of the DC, produced
by the transformer/diode, causes hum in the
electronics. We must filter out this ripple to
stop hum. The place to start is to have many
small ripples instead of a few large ones. The
full-wave diode bridge has twice the number
of pulses as the single diode rectifier.
Additionally, a full-wave bridge delivers twice
the power of a single diode.

The relatively large filter capacitors (C1
and C2) act like reservoirs to store the pulses
of electrons from the transformer/diode
bridge. This greatly smooths the flow and

TABLE 8-3'
PARTS LIST FOR FIGURE 8-16

F1 Fuse, 1A, slow blow
T1 Transformer, 120V AC primary,
24V AC secondary @ 200mA

DB1  Diode bridge, 50 PIV, 3A

D1,2  Zener diode, 15V, 1W

C1,2  Electrolytic capacitor, 50V, 250pF
C3,4  Ceramic disc capacitor, 0.1 uF
C5,6  Electrolytic capacitor, 25V, 100pF
R1-4  Resistor, 1000, :W, 10%

reduces ripple. These capacitors should be as
large as practical: the bigger they are the more
they smooth the ripple. For this reason, many
audiophiles greatly value large power-supply
capacitors in their electronics.

The resistor R1 limits the current which fur-
ther smooths the flow. These two compo-
nents form an RC filter network. C2 and R2
are another stage of RC filtration. The values
of R1 + R2 + R3 are designed to limit the total
current flow to about 100mA.

The 15V zener diodes (D1 and D2) regulate
the voltage down to 30V. By connecting to
ground between them, I've split the +30V into
+15V.

C3 and C4 shunt the zeners to suppress
their switching noise. The RC networks of
R3/C5 and R4/C6 form a last stage of filters.
This power supply has no audible hum.

The values for the capacitors and diodes are
minimums. You may use higher values, if you
wish. However, larger ones occupy more
room in the chassis and cost more. The diodes

may have higher values with no penalty,
except cost.
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FIGURE 8-17: Output from single diode rectifier,
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FIGURE 8-18: Output from full-wave diode
bridge.
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PARTS. Before you begin constructing elec-
tronics, you need to understand some things
about hookup wire, circuit board stand-offs,
pots, switches, jacks, and solder. Let's look at
these in greater detail.

Wire comes in several types. The best
hook-up wire is silver-coated copper,
multi-stranded, and Teflon-coated. It con-
ducts better than ordinary copper wire, the
insulation doesn't melt from the soldering
heat, and the insulation has the highest dielec-
tric rating.

Teflon-coated wire is expensive, not readily
available, and unnecessary. Ordinary copper
wire with vinyl insulation is acceptable.

Stranded or solid wire: which should you
use? Stranded wire is more flexible and there-
fore less prone to failure, but it's difficult to
handle. The ends tend to fray, and it can be
hard to wrap around terminals or push
through holes. Since it's springy, it doesn't like
to lie neatly in the chassis or turn neat cormers.

FACTORS THAT
HARM SWITCHES
. Direct current
. Capacitive loads
. Inductive loads
- High voltage
- High current

Solid (nonstranded) wire solves these prob-
Jemns. Most component kit manufacturers use
it—so can you. Its greatest limitation is that it
can't tolerate high vibration environments.

Solder comes in several sizes and types.
You'll want a diameter in the 1/ 16-3/32"
range. :

Solder is a mixture of lead and tin. Although
the percentages vary (40/60%, for example), I
haven't found the percentages to matter
much—if it's electrical solder, it will work sat-
isfactorily regardless of the percentages.

What does matter is the type of flux you use
with the solder. Most solder comes with a flux
core of either a rosin or acid type. You must
use only rosin-core solder.

Never use acid-flux or acid-core solder on
electronics. The acid will eat away the metal,
and the joint will eventually fail

While I'm talking about solder,

1 should

mention soldering irons. The controlled-heat
types are worth every cent. Do yourself a big
favor and spend the money to get one.

Jacks are highly varied. Many different
types can be used to connect your stereo com-
ponents to your custom electronics.

Unless the jacks are used to transfer high
power, they should be electrically isolated
from the chassis, which is necessary to avoid
ground loops. Manufacturers are aware of the
problem, and make both individually insulat-
ed jacks and gangs of jacks mounted on a com-
mon insulator. If you can't find insulated
mounting types, you can use grounded jacks
and mount them on an insulator to keep them
from touching the chassis.

Switches come in many different types. I
recommend you avoid the slide type—they
are unreliable and difficult to mount. Small
toggle switches are common and of better
quality. They cost more, but are worth it.

Switches have current ratings. When you
break an electrical current with a switch, an
arc forms between the contacts. This arc is hot
(like an arc welder), and it transfers metal from
one contact to the other. This action pits and
damages the switch contacts. Higher current
generates more heat and causes more damage.

Larger switch contacts will tolerate more
heat and have more material to transfer.
Therefore, they last longer, but they also take
up more space and cost more.

The switch on your home's electrical box is
huge (it will switch 200A) and expensive com-
pared with the little switches you use in your
music system. The essential difference
between them is their current capacity.

When you turn a switch on, a small arc
forms across the contacts just before they
touch. However, this is very short lived.

The big problem is the arc which forms
when you turn the switch off, beginning the
moment the contacts separate, and continuing
until they are far enough apart that the voltage
is insufficient to push electrons across the gap.

Current type has a large effect on the dura-
tion of, and the damage caused by, the arc. DC
is tough on switches, because it produces a
continuous arc until the contacts are separated
widely enough to extinguish it. AC is less
harmful.

US house current is 60Hz, so it pulses on
and off and changes polarity 120 times each

second. Switches generally open much more
slowly than 1/120/second. Under these condi-
tions, the arc will stop as the current revers:

IL\I \I
\--3--}:\1

FIGURE 8-19: Parallel switch contacts.

[

VLN
-

FIGURE 8-20: Series switch contacts.

Te)

es—well before the contacts o
enough to extinguish the arc j

handle more AC than

'!"hough o DC current.
switch contacts, high
arc's duration by dri
Therefore, higher
contact damage.

Capacitive or inductive loads tend to sto

electrons, which th i
) they feed into an
you turn the switch off. The rv.esulilr :; vn:l;erg

damage to the contacts.

Now you understand
. : why manufa
rate their switches diﬂ-‘erengy for di?f?::rﬁ

le, they may rate a

conditions. For examp

pen widely

fitis D
Therefore, manufacturers rate switches f::(;

ge does not damage the

er ?roltage prolongs the
Ving it across a wider gap.
voltages increase switch-

space of audio comp
the room,

that will handle that much current.

would onl
. only see 25% of the load (Fig. 8-19).

es most of the damage.

d onents. Even if you have
it's challenging to find any switch

Fir:;m::o can ;olve Fhe problem in several ways
You,minSI er using multiple-switch contacts' ‘
You might logically think that putting four
“ contacts rated at 6A in parallel would
produce a 24A switch, since each contact

Well, you'd be wrong. Current doesn'

: . es -
faf;zlosed-smtch contacts. It's the Er::d;n;t
s :t ;unr_on and ’tmn-off that does the
Whﬂegth. pecifically, it's the arc's duration

€ contacts are moving apart that caus-

is?t’ll:c:f; ;:3 6A @ 12QVAC with a resistive load.
e is u:lductlve Or capacitive, they may
r rate the same switch EASY ON Sw
ITCHES

;:d 2u4c(gi\‘{eat I_}::eerhatps only 3A resistive and 2A
uctive. may rate it at 6A at 12
~ resistive, and only half that for DC. Yg:f cAag

see there is considerable
these factors.

Th'i'he;e ratings, however, aren't absolute
b tli/m (:;11 t mean the switch won't fail if used
cvery ﬁme ratings. The contacts are damaged
every th € you use the switch. Manufacturers'
ratings just give a reasonable life span. As
it sY best to be conservative pen A5 usu,
ou will discover that it's nearly impossi
::;oe fcli'nﬂl a lfrnall switch to do the jo)I; wgensgllzls
. Og -current capacity. A good example is
he. cﬂ v:er switch on your control center
e {uu use to switch your system.
s amgii gower-supply capacitors in large
poer ar pliliers appear as a dead short at the
Moment you switch on the system
b e ry switch current can be over IOOA;
e feost component switches are only rated
by me\lz;n amps. Is it any wonder they often fail
v g or wel.dx‘ng their contacts¢
i rtunately, it is difficult to find a switch
enough capacity to fit in the cramped

interaction among

- Alternating current
- Resistive loads

- Low voltage

- Low current

to"l;hnz::iore, ﬂzhe contacts need to be in series
four switch contaces 1o s a8
‘ series incre
;t;c;tr?:a iutr 'ﬁjp four times faster than aasessintgl;:
conta e: he arc only lasts 25% as long so arc
dam: lgs foljr g;iatly reduced. Furthermore,
toere i four in es as much metal in four con-
. 5:1:;32-; ;:: d&:lth“mh‘ turn-on surges is to use
T t}I; series resistance (Fig. 8-21).
s lonits e éurrent flow in the arc to mini-
fize dam; ge. Once the. power-supply capaci-
arged, the switch shorts the resi
so full power can flow. et
S'.Dme amplifiers have a thermistor. Thi
device has a moderate amount of re h .
when cold, so it limits turn-on t:v.l11-ef':tS ta;hcz
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Reley gi---oote ; S1 - System switch
G2 - Power relad

R1 = 100 chm, 10 watt
FIGURE 8-22: Power relay and AC plugs.

FIGURE 8-21: Reduce switch damage with

delay relay.
buy special tools (nibblers) to make this job

ts easier, but they can be expensive and may
not do a professional job. Therefore, when-
the normal ever possible, you should select parts that:

mount in round holes.
Each switch has a configuration code that

current heats the thermistor and lowers i

resistance after a few seconds.
Another technique is to use

power switch to energize a massive power

relay, which is mounted in a small chassis with
many AC outlets. If you have several compo-  designates the number of poles and throws it

nents, you've already discovered that there are  has. Poles refer to the number of circuits in the
never enough plugs available. You can solve switch. Throws (or positions) refer to how
the plug problem as well as turm-on surges many terminals/switch positions each circuit

with this gem. Figure 8-22 is a schematic dia- can contact. Figure 8-23 shows various
gram of such a device. pole/throw configurations. These combina-

When buying switches, keep in mind that tions are referred to as SPST (single-pole, sin-
you must make some type of hole in your gle-throw), DPST (double-pole, single-throw),
chassis to mount them. It's easy to make a and so on.

round hole with an electric drill, but impossi-  Ifyouare building a control centet, you can
ble to make a rectangular one. connect the device to the sources you have

If you buy parts that require rectangular available in several ways. The most common

holes, such as slide switches, you must labo- way is with a rotary switch. -
riously file each round hole to a rectangular ~ This must be in double-pole (for stereo), and

shape, or buy a special punch which makes have as many throws as necessary to accom-
square holes. Besides being time-consuming modate all your sources. Additionally, 1 sug-

and a bother, it's difficult to make a hand- gest you add one extra throw and put a set of
filed hole cosmetically attractive. You can jacks on the front panel, which you can occa-

sionally use to hook up other external sources.
/. / This convenience is rare on commercial com-
] . L ] ! -

hd : . SOURCES
oPOT . LIKE

T//'.. FM o— —e ’/._@ ouT
. co o—e _
L ppo—ee

[
FIGURE 8-24: Switching three sources with
two switches.

ponents. .
Rotary switches invariably have heavy

./"

spoT * 4FDT

FIGURE 8-23: Various switch configurations.

- - -~ ¢ Balance
Pots

L 1

Pots Cha Balance FIGU
ssis RE 8-25: Gai
Ground Pots schematic. ain and balance control
. anical ; .
and balance controls. connections of gain  with concentric knobs) with
with a light friction

lock so the
. Yy tum together. If they tra
this method is excellent. You ofin ficnkdwtgg.;

detent action. Yo . used i
) - You can im : ed in tape decks.
;‘:ducmg the tension on tgzo;:;fﬂ;elr. feelby  You can use completely i

olds the ball in the detents, Just takpnng that for each channel, byt y independent pots
pliers and bend it a little Y eapairof inconvenient. Yo(; volume adjustment is
even more by replaciné ﬂf:: (I;rﬁ enhance it vidually, and thenn::,& turn each knob indi-
about 50% larger. with one  time you adjust the vofjrlfqeth'l’ehll?alance P4

- This gets to be a

It you only have three sources, a switching real nuisan

arrangement using a pai L
toggle switches workspa::eﬁf(?n?m; DPDT STEPPER SWITCHES. Y.
Pots are a problem: few ofgéh -24). volume control that tracks. ou can make a
enough. Most have poor tt'aCkirfm are good  two-pole rotary switch }:Iirfecﬂybyusmga
eventually get dirty and make cra d&ﬁnd they  and precision resistors Asm many positions
1 en you move them. Stll, unless g noises  tors from terminal to l:'el'nn.iymlI Swing the resis-

. ] (8] na
: ef:ttcll?mc remote-control unit 0):' l;:gse "  you can tweak
“_’;h » you are stuck with them. pper
local ilztprl:al carbon. pots stocked by your [T
nics parts house just won't track

;ﬁlﬂ Ie;mtﬁg Cf;r use in a stereo volume con- "
oo & ;; ar, you must avoid the types
e You snap sections together to mak

Thpot——they track horribly. . "
manuefa E:Lﬂ:esource' for volume controls is a
nents. He ha; gl:f hlgh-quality e 25 you b
he o s oo Eroblems 3o you but 2

. emand hi - |

ance parts for this critical functio e ete

e n. If you
a source for Alps or Noble potg;ﬁom: \

ters, as the . .
quite well e Ve high quality and track

I've shown the u
sual arrangem

}a-‘f stereo vol}xrne~ and balance%:on?';lc'f pi?et:nf?r
Ig. 8-{35. t}];}lgum 8-26 shows it med‘laxiyscaﬂy B
trolﬁngi oluiiz tlI::a rnos:h popular way of c.on-

,it's

use ganged volume ?:;melsczlgzuzaﬁ"fwha&smn FIGURE 8-27: Sch

i s : ematic of stepper switch
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CHASSIS PARTS
- Pots

] L . Knobs
T’ . Switches

(/\

)
-
(-
-]
=

, E)J O o @ O-_\O \ - Jacks
P . AC cord strain refief
| - .
(o Stand-offs
. Fuse holde
FIGURE 8-28: Terminal strip. Fus '
. Fuse
. Dry-transfer lettering

. Nuts and bolts

the values with your ohmmeter to be certain
. Terminal strips

the sections match closely. Use shorting
switches (sometimes referred to as “make
before break”) to avoid signal pulses.
Figure 8-27 is a schematic of one channel.

For clarity it only has 12 positions. You really BUILDING A CHASSIS. To build a chassis
need at least 23 positions for adequate resolu- you must first get a stock, blank, undrilled
tion. Remember that it must #not be linear. Each  chassis box. But first, you need to know what
step should be about 3dB. Calculations for size box to get.

these switches are complicated because of the To figure out the size, lay out the various cir-
audio taper, and construction is time-consum-  cuit boards, switches, transformers, and power

ing. The cost of the switch, including the 50 or  supplies, and carefully decide what dimensions
so precision resistors, will surprise you. the chassis must be. Here is where you are like-
Incidentally, component manufacturers ly to make a serious mistake. Most first-time
understand the value of stepper switches.  builders use a chassis that is too small.
Some put a detent mechanism on a conven- More is involved with building a chassis
tional pot, so the unsuspecting think they are  than just stuffing the circuit boards in a box.
getting a stepper switch when they are not. You need room to work, and wires have to go
Some, however, put detents in a regular pot somewhere; you need room around transform-
which enables the user to establish repro- ers to prevent hum. Give yourself lots of space.
ducible settings for each recording. You can get the raw chassis from any elec-
Stand-offs are small pieces of tubing, usu- tronics parts house. Most builders prefer alu-
ally metal, through which you can put bolts to  minum boxes because they are lightweight
mount circuit boards a small distance from the and don't rust.
chassis. You can also use them to mount other Fancy chassis come with feet. If yours does-
devices, such as plug-in edge connectors. n't, be sure to get some. The stick-on types are
It may be hard to find good stand-offs. If tolerable, but bolt-ons are more rugged.
you have difficulty, just go to your local Consider the cosmetics of your chassis. A
hobby shop and buy some brass tubing. They few extra dollars spent on an attractive one
have a multitude of diameters between 1/8 will save you work and money later, when
and 4", The tubing usually comes in 12-and you try to “dress up” a drab gray box.
36-inch lengths. They have little tubing cut- You will need a multitude of detail parts to
ters for it. It's not expensive, and you can build your chassis. Get them all at once and
make any size and length stand-off you save yourself frustration and trips to the store.
want. Some switch manufacturers, such as Please don't omit the fuse. It doesn't cost
Switchcratft, offer switch wafers and switch- much or harm performance in any way, and
ing frames as separate kits. The wafers come by preventing a fire it may save your house
in a variety of configurations and base mate- and the lives of your family.

rals. The frames accommodate two, four, six, Dry transfers are letters you rub off a car-
or eight wafers. der sheet onto your chassis to make profes-

:13?-2&1;;,1-,2[01(?5 labels. With a little plannin

you; equi:me:ty‘?g o aid et ok t%
. You may have to

y . et th .
coa;sfel: lettering from a stationefy sto(i*‘:i I')I,
Tes N many sizes and styles. -

matemalria] ‘ thstnps_are just strips of insulatin
mat with terminals attached. Th ;
aP;' can take many forms © femm

gure 8-28 shows a t)'zpical i i

you bolt to the chassis. You can ;ﬁﬁuﬁ::

Drill Press
table

————

tcgpic1$m, resistors, and other electrical parts
it. You
e, b Ce;:so can get screw-type terminal hesse
) are used for connecting loud-
e ——

spifker or transformer wires
ou will need the first tyy
ssonl . : type for mounting FIGURE 8-29: | .
andpt: aI]:a;ts like diodes, capacitors, resistorsg press table SquO.mng e v
et stormer lleads. You can use a screw’ '
Ourpu:n;ms_ll Stip to connect your amplifier
Sopue ko ¢ ¢ step-up transformer chassis
since thi is low v?ltage. However, do not use:
W terminal strips for the high-volta
nections to the ESLs, e
agm ;;:Iugs are excellent for high-volt-
e ;‘ gh-power, plug-in connections
e TPtk wires, begause they are well insu-
femaie . ap, and r.ehable. You can mount
ol anana plug jacks directly into a chas-
oy e thhogt additional insulation.
) fo:-m Iocaupg.parts in the chassis, watch
outo magnetic fields produced by the powe
“dress ocr;'ner: They induce tiny currents u:
ducto,r “I:tl[':; board traces, or any other con
I i :
Coor wit ange, and cause hum in your
To avoid this
» you need space betws
;pﬁ)\;e; tra:;)sformer and any low level ciiﬁigl;
o uc ‘spaceé It varies depending on th '
prans ormer's power and design, and the el -
Iir'ucs. Usually 3” is enough. ’ e
. cot:gz:lly, ﬁou put the power transformer in
« a; :;)n the jacks, circuit boards, and
denonlntgha e other end of the chassis. If you
e]ectmnj: Er:)ugh room, you can shield the
o m magnetic fields in various
WI;’Ie'l::‘ most common way of doing this with
e ldS to use the shielded type. Such wire ha
mduc;ded or metal-foil jacket to bleed th:
e tn;lurren't to the chassis. Just connect ose
b ¢ e s}uel'd to ground. Don't connect
e s s, as this cguld cause a ground loo
Fogt ception to this is when you are usi .
M? eld as an electrical conductor. e
e ta?ta\L:ﬁgEse around the circuit boards, or a
o tween the power transformer
electronics, also helps. Shielding is a

lot of trouble and isn'
isn't
yourself enough roonr'll e
If ;j?f next step is to do all the chassis drillin
X tonga;’n; ;tu to 1:100k professional, it is impog-.
r layout
th(; holes are even);nd ﬁfllirll:every carclully so
recise drawings on a slick : i
. 3 o l
les are Fhfﬁcult to do. It's betiel:nt:;n;::vzht?: .
a ;n;nsnons (.)f your chassis' front and rear aI:
pﬁm:;dqua‘dnll.e paper first. (Quadrille papir is
s thth lines in both directions in a vari-
. t[,lvwclt.hs.) With a good ruler, you can
place te centers of the holes. Tape or glue the
P: ap;k OChthe chassis. Use a center punch to
ma ea hol_e. The aluminum is very soft
and :31;1) be C;asi)ly dented and damaged with a
unch. Prevent this by backi
: ' y backin
alurns. inum with something massive. 8P the
canll:*xce tbe chassis usually is “U” shaped, yo
paneli:;t it on a heavy, flat surface, Puttin:c;};hg
er the edge of a drill press table works

if you give

Chassis
FIGURE 8-30: Supporting chassis with hammer.
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well (Fig. 8-29). If you don't bave a drill press,
then you can back it up with a large hammer
or wood block (Fig. 8-30).

With all the holes center-punched, it is 2
simple matter to drill them with a small drill
bit. The bit should be under 1/8”. Some newly
available bits coated with titanium have a spe-
cial split tip which does not wander. These
outlast regular bits six times.

Now comes the tricky part: drilling large
holes in soft thin aluminum. The typical elec-
tric hand drill with a ¥a-inch bit will “grab” thin
alyminum and twist it into a pretzel—usually
cutting you in the process. '

When machining metals, rigidity is king.
Drilling is no problem, if you can hold the
chassis absolutely rigid in a milling vise on a
drill press while you slowly downfeed the quill.
Unfortunately, not everybody has a drill press

and milling vise.

have neither, you can use a large drill bit. The
bit will tend to “chatter” and give a ragged cut.
It works better just to twist it by hand.

Deburring the holes outside the chassis and

on the chassis floor is no problem. But without
a deburring tool, it's difficult to reach the side

of the holes inside the chassis on the front and
rear panels. Often there isn't enough room to
get a rosebud or drill bit on the inside.

Although not a very good solution, you can
lay a wood chisel flat against the inside of the
panel. Carefully tap it with a hammer to peel
off most of the burr (Fig. 8-31).

PAINTING. If you've damaged your chassis
during the drilling operations, or otherwise
don't like the paint, feel free at this point to
repaint it. If you've not painted much before,
let me offer a few pointers.

Remember that the finished paint job will
only look as good as the surface below it. In
other words, paint won't fill-in and cover
scratches and dents. Only when you have the

=

FIGURE 8-31: Deburring with a chisel.

If you must do it by hand, the trick is to drill
the holes larger in small increments. You can
use 1/8-inch increments when the hole is
small, and reduce to 1/16-inch increments
once you get above ¥%”. Also, once you geta
hole larger than about %, it is necessary to use
slower drill speeds.

If you want a professional-looking unit, you
must be very careful when drilling so you
don't scratch or otherwise mar the finish. A
helpful precaution is to put about four layers
of masking tape on the panel, so if you slip,
the tape takes the abuse instead of the paint.

Masking tape is surprisingly tough—but it's
not armor plate—and you still must be careful.
Peeling the tape off later does not damage the
paint, if you do it within a few hours. If you
leave masking tape on for weeks in the hot
sun, it's nearly impossible to remove.

After you've drilled the holes, remove the
burr with a deburring tool. If you don't have
one, a large countersink (commonly called a
rosebud) spun slowly in the hole works. If you

surface flawless are you ready to paint.

Prepare the surface by using 180-grit, silicon

carbide, “wet or dry” sandpaper. Wrap a small

piece around a 1”7 x 17 x 2” gum eraser. Use it
wet: the water keeps the sandpaper from get-
ting filled with paint and aluminum. Just wet
the chassis and sandpaper and start sanding.
Sand for perhaps 20 seconds, wash off the
resulting “sludge” and check the surface.

You are striving for a uniform matte finish
on the aluminum or old paint. Shiny spots are
bad. Keep sanding until they are gone and the
surface is uniform. As you get it near perfec-
tion, you'll need to wipe off the water with an
old towel to see the surface better.

If you have deep scratches that you can't
sand out, you can fill them with Spackle™.
Apply it with a putty knife. After it dries, you
can easily sand it. It sands better dry, so use the
Spackle after you have finished wet-sanding
the old paint/aluminum.

If you are painting over old paint, sand the
180-grit scratches out with 400-grit and you
are ready to paint. If you are going to paint
bare metal, you must first spray on a light coat
of primer.

If you make the primer uniform and just
thick enough to cover the surface completely,
you can paint directly over it. If it is uneven
and full of runs, you will have to sand it with

180- and 400-grit before painting.

Good painting requires at least two coats.
You can do a surprisingly good job with

today's spray cans, but th '
really good paint. ey don't come with  you can make it look even better b

' . Y putting a

suﬁ)g?u want a crackde fnish, you can get clear coat over it. Also, if you have rung orangge
: 7

itable paint from an electronics store

peel, bugs, or other flaws in the pai
- . e
Crackle paint is applied differently than other ———

get rid of them with a clear co
t.
pes. T 5 applied To remove fla ¢ untl
Whil il paint works best if e day s vl e
use two or three light coats, you must )[/)(Z:IJ: N i

cKle pai one day s usually suficient i
;r é;l € paint on very thickly to get the effect the temperature is above 70°F_tgen Wet-sanzif
ollow the directions on the can and ignore

with 400-grit. Sand
* just enough to rem
Wl}ra“ll: Ibsay about normal paints. E: Wh,and ieave a matte ﬁlﬂsh%f you sa0:§ f:ﬁ
e inti uc i !

chassis Izs;kpﬁizt i: iespga!;{'; Ou-;;m make your to put Zzl:n\zlel f:;glg:fough the paint and have

.. €d with wet g]ass P ' :
porcelain if tglass of  Don't fret tha i
extremely tori/ Tlu u;e epoxy, and it is also gloss. Putting o ¢ sanding has removed the
o gh and hard. You can also make g on a clear coat will restore it,
into a2 matte finish. You can get small quan-

Apply two or three clear i
o . coats just
fttes of epoxy from a hobby shop. Get the did for the color. You won't beleve the firish,
color you want and a can of catalyst for each .

It will Iook like glass—ev
| en when it's dry,
can of paint. If you want an extremely “wet” i

look, also buy a can of clear €poxy.
. If you want a matte finish, you can either
uy matte catalyst or regular gloss catalyst. I
f{::f;lr;;oh use the gloss catalyst, and then sand
¢ fin ,s?f us\;wuti-netoo-grit to dull the finish.
B : spray gun for a high-quali
?esah. You'll get a better looking jgb 1‘;:}111':‘}3’
p spray can than you will by applying th
wohflli sﬂEest paint with a brush. yne e
< the epoxy 1:1 with its i
the mixture an additional 1:1 v;:l:ai);)t' Dtlllsxie
ner or reducer. Let it sit in your sprayxyn Eo-
ggg) hour to get the chemical reactionsgugoin .
e rfe spraying. Epoxy catalyzes within a cof
E ho minutes after spraying. If you “fog” on a
ght coat, it won't hide the undersurface, and
%;::rc:r? ﬂ_ls[l::;a;ly ?n a ;vet coat a few mh:lutes
e fear of a run.
coats is all you'll need. ‘r'oxz1 cg-tn;t::trot:vg e
ond wet coat in 15 minutes. e a little thi
e thinner.

You need to a .
PPly the paint just h
enough to “wet it out.” If i J eavy When the cup and pick-
ance, you haven't ;1:1 ¢ OE ::n};fg; S:;li{ aopgeir- pour an ouncepoinwﬂckfutfﬁ;u::ra;e st.l;zotless,
other hand : ) e assemble th € cup,
it flow out g;u 1?;?: J ‘;s;ém”gh paint to make and spray chagl;l rtlingn[;f - dﬂ:i control valve fully,
doubt, go light o uaz anocthmt to tell. Whenin clean thinner will disszfve tﬁ:gr: the gun. The
If you apply paint too h er coat later. in the passages and leave mhaining paint
will either run, or have eavily, the surface gun. Be sure to wipe you with a clean
ance. For this :an orange pecl appear- side of the 2 P al'lly paint from the out-
couple of li reason, it's necessary to use a nozzle. That's all there is to it.
Whih s oo coats instead of one heavy one, - DRY-TRANSFER LETTERING
need to wait a few nﬁfmu)zs bect?;‘?se you only transfer lettering after the clea -Fut on dry-
In an hour the paint will be d fm:hmats' Although it's tricky, you may Pl:t f:' o ;: ;hy .
but still soft. Let it harden for 2?{ ho e touch, you apply the clear coat. Putting th P
handling it. ours before over the lett ering will P;‘Otect if& e cl;gr coat
If you did a good job e e abrasion. om dirt and
!Jeautiful the pgaint 11:0 lg Ci‘: }\;\;r‘la t believe how If you want to clear-coat the letteri
lShed, wet look. You can sto anOOFl-lr POI- must be very careful: the e_ng yctl.l
p at this point, but  dissolve and wri nk.Ie. e fept:.xy tln%ner will
ering. To avoid

CI:LEANH\_JG A SPRAY GUN. Most amateurs
clean thEII: spray gun by pouring out th
unused paint, dumping thinner in its la«:ee
and spraying the thinner through the gurF: ’
This doesn't work well, because the . are
actually spraying diluted paint throu lz, th
gun that later hardens and clogs it. E]so ’i
wa}:sltes Ie)cpe:nsi\a‘: thinner and pollutes the ;:u;
Fjrstm: s a technique that works much bettet:.
g ump any remaining paint. If it's epoxy,
o't put it back in the paint can, because the
cafalyst in it will cause the whole can of fresh
paint to harden in a few days even with the li
closed airtight. -
"Take a couple of paper towels i
the paint you can Erompethe msidea(:;dthv:;fraau
gun Eupl and the pick-up tube. Add about 1/{
0z.0 thinner, swish it around, and wipe it out
with more paper towels. The object is to get
the cup perfectly clean. Note that it only tafes
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tools. If you try to tighten the large nut on a
pot or switch with a pair of pliers, you are just
Eé%%gi%s&gf G;‘ROE%NE?\I#%%P asking for disaster. The pliers are going to ]slip Transformers Wires Inside
DESIGN COOKBOOK and seratch the finish. Even if they don't slip (a \ N box
Connect all ground wire miracle), they will scratch. Use a socket CghggTRON'CS
to only ONE point wrench to tighten these parts even if that RUCTION
. means going out and buying one.
on the chassis. Build and install the power supply and zest it
before doing any electronics installation. Be
very sure you have the correct polarity on the ~N
this, you must spray on a very light clear coat, electrolytic capacitors and diodes. AN
wait two minutes, and repeat this process sev- Again, be absolutely sure it works correctly, Pltf)_(igéla SS or Lexan Box
eral times. and that the voltages are correct before pro- ue together --
The thinner will evaporate from these light ceeding. You must have a voltmeter to do this FIGURE 8-32: High-voltage parts chassi
coats before it can damage the lettering. After work. Your electronics are too expensive to assis.
about six very light coats, there will be enough  test a power supply.
pure epoxy over the letters to protect them  Wire the electronics, following the manu- place, but it's har i Fi .
from one wet coat. Let the wet coat dry for an facturer's directions exactly. If you're not sure, I prefer to glue itdi:lop(%gcuets:i;de; accurately. insci;dl(jaRbEO)?-asl Mount transformers with leads
hour, then put on a final wet coat. The fetter- call them. They would rather answer the epoxy. The epoxy joints breaka e.\iv dak_>s of
ing will look as though it's under a sheet of phone than replace your damaged electronics. putty knife or screwdriver if 0ueasl y with a
thin glass—and will be as durable. Yes, I know that you're working late in the get inside (Fig. 8-32). The tran};fo ever need to  my experience, because they wind th
If you put the lettering on after you've fin-  evening and want to get them up and running. mounted outside the chassis orfm d(:rs maybe  flanged, plastic bobbins. This gives enf1 ™
ished painting or over a factory paint job, You're too impatient to wait until the next day sure any exposed terminals are ; ; top. Be  upon which to wind a new transfo r}r,: u aI form
wash the chassis with soap and hot water to  to call the manufacturer. Well, you'll soon interest of safety (Fig. 8-33) € mside in the  use other brands, you must build a i? you
remove any traces of oil, fingerprints, and tape learmn the meaning of the old saying “haste Banana plugs make goo q high-vol mandrel for making the win dings collapsible
adhesive residue first. Completely rinse off ~makes waste.” nectors and offer reasonable grOtV otage con-  Take the transformer apart by i ff
any soap residue. The lettering comes with Ground loops cause buzz, hum, instability, the voltages involved. F urepg ;Ctlon from metal cover over the core Iirymg of the
instructions. If you follow them carefully and and other problems in electronics. They are schematic diagram of'.a mgh-vol- ‘ ShOWS' a Remove the laminations. The aan:manons,
patiently, you can do a super job on the front-  the result of having more than one ground ing power supply and Stge ) tage, polariz- with varnish which causes dr}ll e coat.ed
panel cosmetics. point on your chassis. chassis. P-up transformer together, but it's not difficult t O stick o
Often there isn't room to label the rear- Each circuit board, jack, pot, and the power with a knife blade. 0 pry them apart
panel jacks using dry transfers. Also, cosmetics ~ supply must be individually grounded to the WINDINGATR The laminations .
aren't as important on the back. You can type chassis. The pitfall waiting for most begin- ing are insu'uctiorf:r;losrsv?n%gERinne follow-  “E”s and “T’s (Fig 8—21;, n’IﬁSeﬁrﬁ alterlnatn?g
the information identifying the jacks on a self-  ning builders is they ground the various parts polarizing power supply trf af gh-voltage, be tight, and you probably will hacoup e will :
adhesive, gummed label and stick it on an at different chassis locations wherever it is basic concepts are applicabl nsformer. Tl?e them out of the core with need] ve to df:aw i
open spot on the back panel. You might want convenient. transformers. € to all but audio  Once there is some room, use a Ie-{lfose pliers.
to use a single number from the dry transfers Connect the ground wire from each part to Start by buying one of Radio Shack's | sharp putty knife to Sepa;‘ate eaciul:r:ilzde_ or g
: lﬁ to key the .]acks.. o_nly one point on the chassis. The only excep- transformers. Their transformers arec s larger  for easy extraction. ation |
8 il A good idea is to type two gummed labels. tion is the jacks. If they are all close together unique in After removing the lamination .
' !Iff: Stick one on the chassis, and the otheron a3  (they usually are), you can run one large _ tape covering the windings. If t;’ b he
\{nl % 5 card that you lay behind the unit once ground wire through all their ground lugs. | & ¢ secondary e
lh]u'.: you've installed it. The label on the back panel ~ Take this ground wire to chassis ground. The 3 - 55 e
l‘f‘|_: ‘s hard to read when it's inside a cabinetor on  best ground point is near the input jacks. 2 E:—‘ . e TABLE 8-4 o
‘“f a shelf that you can't get behind. It's easier to Seeing our mistakes is hard. Have someone T . R1 6 PARTS LIST FOR FIGURE 8-34 S
fw pick up the card and read it. double check your wiring to be sure it's right —0 7 T1 Chaﬁ | l
.||4! before energizing the electronics. To Channel 1 step-up transformer Lo
[.|| ASSEMBLING THE CHASSIS. Now ?}—4 PS High nel 2 step-up transformer R
i you're ready to assemble your chassis. Bevery HIGH-VOLTAGE CHASSIS. Because of the R1 CI']ganvoltage power supply
:?? r careful not to damage the cosmetics while you high voltages involved, I don't like to use metal 3 . R2 Cha nel 1 char, ging resistor
",!I.I[ i bolt and screw things together. I recommend  for the polarizing supply/step-up transformer 4 3 ©8 (20 ng 2 charging resistor
I|T that you install all the floor-mounted parts chassis. I cut Y4-inch plastic (Lexan, Plexiglas, or T2 +-*é~5—¢—0 9 182 Fror—n ChQ @ 2W, see text for details
H first, then those on the back panel, and finally other hard plastic sheet material) into the parts . o1 384 Fromo annel 1 ESL amplifier
i the ones on the front panel. While working on and glue them together with cyanoacrylate ©6 128 VAC 5&7 To g‘h hannel 2 ESL amplifier
1 the back panel, you can set the chassis on its  glue (Krazy Glue®, Hot Stuff, etc.). FIGURE 8-34: £ N 6 T Channel 1 ESL stators
’| front panel on a clean, soft towel. Make the bottom of the box removable for transformer S(;he?,!,_ ?Olaf izing supply andaudio 8& 10 To Ch::ne: ; ESL diaphragm
I When installing the parts, use the proper —access. You may use small screws to hold itin — atlc. 9 To Ch nel 2 ESL stators
- annel 2 ESL diaphragm i
| i




winding is on top, count the turns while
unwinding it. The number of tums is impor-

Eéi%g%gﬂ‘zgc tant. Immediately write them down so you
O Gookaook  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.

Thew = Tow x Vyew
oLD
Where:
Tygw = Number of turns needed to
obtain the new voltage
Towp = Number of original tums
Vygw = 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 the
number of turns needed to get the new volt-
age. If you want a 2kV transformer, you will
need 2,000 x 3.25 or 6,500 turns.

78
THEW = ;;= x 2,000 = 325 X 2,000 = 6.500

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

How small a wire should you get¢ The wire
cannot be too small in this application, since
the current requirements are insignificant.
Expect it to be hair sized if you have a small
transformer.

Although it is possible to wind the trans-
former by hand while counting the turns, this is
very time-consuming and hard to do without
breaking the wire. It's well worth the trouble to
mount the bobbin in a drill press, lathe, or
milling machine and let it do the winding, while
you smoothly feed the wire onto the bobbin.

Instead of counting tumns, 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 don'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 electri-
cal tape or heat shrink tubing. You may also
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-
tially. 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 laminations
back unless you clean them in solvent to get
off the old varnish, but for this project you
needn't bother. Instead, just leave out a few
laminations—the transformer will work fine
without them. The varnish prevents eddy

g?;nrs in the core. Eddy currents are elec-

faea currents generated by the magnetic

foe s that‘cr.:t through it. They reduce trans.

mrtrix:l:; effrﬁocrencyc:hVarrﬁsh insulates the lami-
m each oth '

an electrical circuit.o ¥ %0 they don't form

While efficiency is desirable, it's not impor-

tant here and may be ignored. i

wﬂll: suffice unless youga?e a mgsn?;gi:: ish
. If the laminations are not tight, the I;rans-
ormer may buzz when energized. You can
prevent this by coating the outside of the lam-

inations with epoxy just before putt]
band back around )tque ]core. clore putting the
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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
a full-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 enclosure is best, but your envi-
ronment may be too small.

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

MAJOR DESIGN FACTORS

- Output

« Appearance

- Size

- Fuil-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
systemn 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. I 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:
e 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

i
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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

Let's make the speaker 22- rather than 24-
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 the
total width to 22”.

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

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 heart 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 cost¢ Fortunately, cost
is not a major concern 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 havinga 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.

ft———— 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

to fit the speaker into a typical room. Therefo
equalization is our only remaining option "
Important design parameters like D/S .spac-
wgn :.reﬁlualso pretty well-defined because we
- tull-range operation. Because there is no
practical way to generate both high drive volt-
ages and w1d? frequency bandwidth, we can't
use large spacing. At the same time, the spacin
must be as v.wde as possible for maximum bas§
excursion. S{nce this rules out both wide and
mmmg’ the only option left is spacing
the middle range of around 70-130 mil.
thgh—power amplifier has more drive volt-
:fii[ an a small one. Therefore, it can drive
iy er spacing than a small-power amplifier.
we lcan get high output by using a very pow-
amplifier and maximizing the spacin,
Because adequate output is a big problem Iet%.;
not compromise. We'll use a 250W ampli;
and 130-mil spacing. P
beFor 130-mil D/S spacing, a spacer ratio
tween 50:1-100:1 means the diaphra
:ggporl: spacers should be between 6.5 a?lg
1 Zpart. The.ESL’s panel is 18”, but this
includes the. perimeter spacers. The actual dri-
ven area will be a couple of inches smaller-
pr(;!)ably 16" (Fig. 9-1). -
dince 16” is beyond the maxim
ratio, we must make either severtailmc:ﬁ:czlf.
smaller size or a single cell with internal spac-
ers to support the diaphragm. One large cepl?is
easier to build than several small ones. so let'
adgvsl.lp;acers to a single cell. e
t spacer pattern should we us
- two patterns fall within the spacer ra;i sﬁ:;lc)-,

.

FIGURE 8-2: Different spacer patterns.

easier because we only have to ma i
tion one strip instead of four. CIealifyanﬂtllepqSl'
gle vertical strip is better. e
Le\that type _of construction should we use?
t's kee!: 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
more than 1 or 2dB, and the ease of co o
tion is worth it. e
Using the guideline that the perforati
should be no larger than the D/S l:pac?;;agt,u::::
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

ﬁﬁaﬁgns. The first puts a single spacer verti-
“ lly down t}le center of the cell that divides
nto two 8” sections. The resulting spacer
21:10 “Fcl,l be about 60:1. The other option is
l?‘m ur spacers horizontally, breaking the
:he into five 11-inch-wide sections. This puts
€ spacer ratio at 85:1 (Fig. 9-2). Which
should we use¢ '
len'l'he v:mcal oon:nﬁguration has a total spacer
! t;g;:h of about 6’ while the horizontal spacer
g : m has approximately 7.5’ of spacers.
pacers cause stray capacitance unless we use
;]:Jriugl construction techniques. To make con-
ital.lclmn easy, we won't use low-stray-capac-
ce construction. The vertical strip will
have less stray capacitance. P
ha'I'he single vertical strip's lower ratio will
diav;r a greater stabilizing effect on the
phragm than the wider horizontal strips.

AN
Celling

.

- L Floor

\-Ecl;lli; will permit us to use higher polarizing
ges and get more output. Building it is

FIGURE 9-3: ESL as room divider.
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amps to get 27W. Is that within the trans-

. : d
common perforation size and pattern, an former's capability<

Sh$1dn‘t bend“i)fii;ﬂt&t; E?;éaker as a room  The formula for determining the trans-
e can

i i iven frequency is:
divider, using spring-loaded feet to hold it former's power handling at a f:;c; q
etwee ili ' - Power, -
. Figure 9-3 R _
tween the floor and ceiling
zowes a general layout of the speaker. Frequency, <2 _ Frequency,

ELECTRONICS. The polarizing voltage will Wl;zz; ) i acurer's power
need to be as high as diaphragm stability will R Man

_ . rating in watts (or VA)
permit for maximum output. 7kV will be in Frequencyy = Manufacturer's low-

. frequency specification
m?[“lslaeug:;lfup transformer is critical—can we Power _ Mgu!lmuczi Eermitte d
find one that has the high step-up ratio we oM power at Frequency;
need and wide bandwidth¢ Unfortunately, the Frequency, = ESL's lowest linear
answer is no—but we can come close. frequency

ith step-up . . N
We C;nSOE?dmian\ﬁﬁrrgg:se ‘the speaﬁer‘s Solving this formula for our transformer
ratios of 50:

capacitance (around 1.2kpF) to 20kHz. %ﬁt‘s 70Hz: -
look closely at a specific transformer: the Tria

15 Powery
-142A. 15 _
° 1Js2m the 4Q primary taps and the 8K sec- 14 70
’ tio is 1:44.7. A 250W 1.050
ondary taps, the turns ra ey ’ s
power amplifier will deliver at least ) “_Power“

ich, when stepped up 44.7 times, gives
;VTI;(?V of drive. Although more would be bet:
tér this will work and is about the best com
mércial transformer technology has to oﬁf;lr.{z
This transformer is rated at 15W at 7Hz.
Can it handle a 250W amplifiers We!l, certain-
ly not at 7Hz. But our dipole ESL can Eproduce
any output down there anyway, so It's a nlaoof
point. The real question is, “What is Fhe (l)w”
est frequency our ESL can reproduce l'mear A
Fundamental resonance -determmes Et u(;
lowest usable frequency, since output fa :
swiftly below it. Although we have no accu
rate way of predicting the fundamental 1:50-
nance, 70Hz is a reasonable guess based on

The transformer can deliver 75W at 70Hz,
while the speaker needs only 27‘:;&’ at 70Hz.
isingly, we don't have a problem.
Sufzp;:emfll-n};t at ten times that frequency
(700Hz) the speaker can use all the power the
amplifier will deliver plus some—270W. But at
ten times the frequency, the u‘ansfonnerlsca\;
deliver ten times the po\'vzr—-750\7’v'. Soa
former can do the job.
tml“\;’SeO\as.roulc[ have a problem if the spea.kef's
capacitance were higher. For example, '1.E v\::ee
reduced the D/S spacing so t'he capacitan
doubled, we would need twice the posxr\e;r
Instead of 27W at 70Hz, we V:Ejtﬂd ne:dtrans.
' - . u -
EXPCHE?;& fance, the next question is, “Can  That's » still ci;:’;fortably wi o
theA ;‘ansfogl‘lner handle 250W at 70Hz¢7”0'll:lhz: forér;:r sbc;pid];tzzhappem o the frequency
answer is no, but do '\:;_e need 250W at ey A e mvl:;lﬁ;; f((:;;:)l?;
e oo llh‘cmv much current the ~mum power. Our 250\;; arn[:h vill o longer 2e
vgli needd;oatsetﬁe maximum drive voltage maxed out at 700Hz, but ra
speaker nee

350Hz. ..
at 708 Tofdtli tlmt,akwi ;:e;ng know the Recall that the nature of music is such that
impedance of the speake :

i the power
i : e go down in frequency, tf

We can fnd the impedane with the fomuie i:qxredg rapidly increases—typically, at
6dB/octave or more. If you double the power,
" t only 3dB more output. By reducmg
. Yhe Bequen lifier power is
the frequency where full amplifier p h
required by an octave (7 00~.350Hz), we pro
ably will square our amplifier power require-
ments. This seriously reduces the speaker sys-

tem's output capability.

i be about

is shows the impedance to
1 ;}HMSSI Ohm's Law says to divide the vf)ltage
: the resistance to get the current. Doing so

i s 3.8mA. ‘ .
gw\eﬂﬁeuget watts by multiplying volts times

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.
So, to some extent, the loss of output caused
by power amplifier voltage limitations is com-
pensated 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-

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-

power amplifier, you'll increase the current - 500Hz.

and power requirements. In essence, you
trade 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 pr
phase cancellation and fundamental reso-
nance with equalization. Because of the large
corrections 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
gradually and then steepens. For that reason,
for about two octaves below the start of phase

we'll lose only  and when added to the shelving equalizer, we

This error is small enough so we can correct
it with a mirror-image, 6dB/octave equalizer.

Let's call this range the first section.

The second section begins at around 500Hz
and extends down another two octaves, where
fundamental resonance starts to push the fre-
quency response back up. This two-octave
range between 500-125Hz is the real killer
because the slope starts to get steep and large
losses in output occur. Depending upon where
fundamental resonance is, the slope in this area

will approach the 12dB/octave range.

It we lose 8dB in the first section, and perhaps
20dB in the second, the total is 284B. It quickly
becomes apparent why high output isn't possi-

ble from an ESL operated into the bass.

The third section is fundamental resonance.
The frequency of this resonance is variable
depending upon room size and shape, and the
size and tension of the speaker's diaphragm.
Its magnitude will be determined by the room
resonances and whether they fall near the
speaker's resonance, and whether we use any
speaker damping. For these reasons, it is not
practical to predict the resonant frequency or
its magnitude.

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-
ess 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
S0Hz-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,

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
90Hz-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.

What is the best way to arrange equaliza-
tion for this speaker¢ One way is to use an
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N . all, it is not always necessary to use a dragster The biggest remaining problem is crossover-
Crossovers must be in the f:rlltlcal g‘;dni:nge to travel to the end of a quarter mile. A loaded point selection. Ideally, the crossover frequency
” _ region, which will cauasle aud‘?;g::s of differ— g:s‘?k;lan do it given enough time—and in the should be where the ESL's frequency response THER%CESégl;
s i1 You will need several trans s, there is time. is starting to fall due to phase cancellation, This
ELECTROSTATIC % ent specifications for the C-ilﬁf-ere:[ltt;eg?ﬁ; A woofer need not have good transient puts the adverse effects of crossovers in the crit-
LOUDSPE&%OOK B : —1 However, they can be optimized 1 of them. response. Many audiophiles would argue this ical midrange frequencies, and so is not practi-
DESIGN 2 f R and frequency band“ﬂfiths require very high point, but the fact is that bass musical instru-  cal. Also, even the best magnetic woofers are
g i : This will make it posmblef;c‘ t'i‘:e 'ca:as . r{vhich ments do not have rapid attack or decay times. inadequate in the midrange.
< = H;l 100 Hz 1 KHz 10K step-up ratio traqsfo;mer r th:n - ﬁ;ll—range Alt‘hou_gh a magnetic driver cannot stop quick- Remember, the woofer doesn't suddenly
Frequency should result in higher output !y, it wgl not be asked to do so in music, so ring-  stop at the crossover point. It needs reason-
' p sponse of graphic  ransformer. ] . _ ing and overshoot are unlikely. What audio- ably flat frequency response for about two
FIGURE 9-4: Non-linear resp Such systems .usually use a §1ngle ggvhf;r : philes perceive as “bass transient response” is  octaves above it. _
equalizer. _ and multiple high-level Pasﬁeimcrmved by ﬂ'lf% harmonics of the bass reproduced in the Several modern magnetic woofers in the 10-
This Seﬂzlu; cﬁmgrrg;rl?gz r:anlow-le\ljel active rr::.laHcl.reu:a:gr::].-i dele problegl‘n of transient response is  to 213}-;;&31{ range h}al:e flat &eqctf?cy response
i : ’ . an ro . .

This flexibility is }?artfculaﬂy Wﬁﬁhwnlg;f ::011;150‘?;5, ;ultiple transformers, aﬂ?:rgoszlci ane ﬂexuregiseal: u-ouf)rll;some area with mag- ttl:ey exist. ey have to search for them, but
you don't 'have objective cﬁe? goo%l job of bly multiple equalizers to clean up €8 netic drivers because it causes harmonic distop- They will work beautifully with a crossover
ments e}vallable. ‘!ilau cant‘al resonance and its  frequency response. be complex and tion. Without que:stionf magnetic drivers havea  point near 500Hz if we use steep crossover
i den?if)n‘;legeﬂr:; fn::an a;'nen Su.Chla SySte:sli\‘feO}[l!lile so::;g)’qu ality would ﬁroia‘: derz.:, inort? dlt;tolg:;zls-n 1t::imn ESLs. But this is §Iollaes. As previously discugsed, the humfm ear

Im-I}i amplitu i Ity other than the cost of a relatively expe: ! . the full-range crossover- ap em in e bas rtwo reasons. . is less sensitive to crossover flaws if {:he
il The only penalty, frequency response in  still not be as good as ight be slightly First, the distortion is primarily harmonic. crossover frequency is below 600Hz, which
graphic equaldlzer, ISﬂﬁu ?giuwzy (Fig. 9-4). less system, but the output might While this changes the sound character to
l'ﬁ . the equalized range '

then becomes our reasonable guideline.
ﬂ"f' This becomes an insignificant problem when better.

some degree, it is not unpleasant. In other

The crossover frequency should not be
' d bass response of the words, it doesn't sound distorted unless the much below 500Hz, either, Recall that phase
"l}" “you consider the ragge SYSTEM 2: HYBRID ESL/TL. percentage of distortion is extremely large. cancellation causes large output losses
|: % typical ti;oorz:a to deal with the fundamental NO‘COM'PROI\‘::antable oroblems of a full- A rS;aikall athmounts gf hal:fngnic distortion n‘:‘lerely between 100-500Hz in the full-range
5 Another lziem'is to use mechanical damp-  The two insurm low outout and lack of deep | <€ the sound a bit “warmer” and “more crossove:;l‘e§s system. These two octaves are
. resonance pro finely woven cloth on one  range dipole ESL, low l"P_ rtant to high full” than it ought to be. the real “killers” of output. ESLs just don't
i ing in the form of a leer. This can effective-  bass, are both extremely msipotem 3 resolves The. other issue is ear sensitivity to bass f're- have the' output necessary to deal with such
; or both sides of the spe P uality sound reproduction. Sys quencies. The ear simply doesn't recognize large deficits
s ' nance without electrical inter- ~ quality i intaining the outstand- X N . 8 ' )
i ly reduce the reso 2| disadvantages. these issues wl"ule main ﬁg a full-range distortion in the bass very readily. If we force the ESL to reproduce this range
||_.']_ vention, bf‘t 1tohnisliei::ris that the cloth, if used ing sound quality available from Magnetic qufer.s have the potential ‘o linearly, the system output will not be much
! ' —ﬂ:lf Eroni ofpthe speaker, will adversely crossoverles;si Esll;j.les believe hybrid systems | t:hl'rlat:cﬁa elecu'os;atlcsmtl_rlﬁbass, butmprafctlce be.tter than the. full-range system. The only RE.
| sfcc the high-fequency clrity. Youcan easic | Most audiophiles believe Tybic 9770 many, primaly th imiaton of socopny ot gt Wooler wil do i o b,
1 ct the high- . a frame must compro - ise. A y the on of enclosures with a crossover is produce deep bass.
{ ly test tl:us bgnn;:slfsl:::;ltg :ll;:r;l;g;yo;lace itin you need not i?ccellij:t‘::;l a;g‘lgl;:\?:n 15;“:: f:hat we mbust use wi.th magnetic drivers. This We won't meet our twin goals of high output
Iil and ha\f?u:l% speaker, while you fisten blind- The goal Pnoﬁty'dth flat frequency response, issue will e t.iealt. with in detail in Chapter 12 and hne'ar En?quency response. .
1 front of the sp ) difficulty “hear-  put, wide bandwidth, i the to . on transmission-line design. I believe trans- Despite this, most ESL designers continue to
il _ folded. You should have no : and electrostatic sound quahtyilta ° l:ea h mission-line magnetic woofer Systems can use unreasonably low crossover points. Such S
ing” the doilc'i _ e as no surprise because  These goals must be balal;‘:i mg‘;’: design produce ESL sound quality in the bass, while ~systems can only produce high outputs by fail- g
o This sho com“listenin to the sound other in‘an all-ESL syswmiless.ﬂ-lan-exceﬂent_ simultaneously producing high output and ingtoeq.ualize the‘: range between.IOO-SOOHz. L b
: 1l you are literally , %hm one). Repeat we won't have to settle for e No sienificant low frequency. The sonic result is a “suck-out’ in the upper
1 through 2 bl&alnk;;”‘:l((albfa;lz speaker, and you performance in all categories. No signifi I realize I ma
I HkeS the test on the 0 '

t speakers to lack punch
. - - but for now, let's assume it's true so  and sound thi

than general reasonableness. For example, the this yet But fo: .

8

i f mas-
. in the bass, the negative effects o i oy d
lsi\ﬁn%ile:s are not much of a problem. After 2 g sign

anemic. ESLs have a poor
. . ‘cal home, and the We can continue this d'iscussion. reputation in this regard, yet it is not an inher- :
’ . affects the sound. f mechanical damp-  system must fit into a typ By using a magnetic woofer system, we ent fault of the drive principle. Poor design S
o Another disadvantage o filter, the cost must not be outrageous. . relieve the ESL of its major problems involving  decisions are the cause. This sad state of affairs |
I i ing is that, in comparison to a notch filter, The design must start with a way to obtain bass, output, and linear frequen onse. has no logical
sl : lifier load is higher. A notch filter reduces he desigh and flat frequency response. The P der of th Tioncy response. T e oo, : ?
“| adinp o at reeaance while mechanical hlgl-;koutpu:e ms based on magnetic drive can - e remallntier1 o e design task now tlm\é‘&’liaut:I:)out the size of the EESLé mﬂ%%to s;gm 1
e Ve : ’ Speaker sys ; d - becomes relatively easy. t with a crossover point of aro a C
i damping leaves it unchang-e & electrostatic  easily produce high output, deegl bas:s,'”an _ A large ESL operated in the midrange and  small ESL will suffice, but this is not so, e
it Before leaving the full-range t the goal of “general reasonablene high frequencies, and driven b a powerful The fr 1 h
I i 's look more closely at segmented mee 8 lem with magnetic drivers, of o y LY 2 Pow [ g enoy versus javelength grap
o " design, 1t:!(t1 Sut a doubt, the sound quality will ~ The Prob err;xEail to meet the goal of “clec- amph.ﬁer, can produce very h{gh output Iev\?ls. reveals that phase cefnce_llauon' starts well
= i|| . ESI§. Witho ol g e crossoverless sys- course, is they : do they? The fact We still must pay close attention to the details, above the crossover point in all dipoles of rea-
- '||||.' it be inferior to theal l-r:trzﬁstatic panels of dif- trostatic sound quality’—or do theys but the ESL can do the job if we do ours by
e tem. Using several ele
| 1

sonable size. It quickly becomes apparent that
we will need midrange equalization just as in

: : i { in as smooth
T ferent dimensions will not result in :3 ooth
‘(' ! a frequency response as an equalized system
|




Because we're not operating the ESL below free-standin ke i .
500Hz, we can avoid the problems with living room i: vri?; men lgnutga_t;_cl:fptable for most ..
ELECTROSTATIC excessive voltage, current, and power require- make an ESL - Ihe challenge is to _
LOUDSPEAKER el i , an speaker system where compact- Critle
DESIGN COOKBOOK ments m. e lower frequencies. ) . ne‘ss and aesthetics are at the top of th Ciloth THED
What is the smallest D/S spacing we can priority list, while maintaini P e goal e ESIGN
uset There is massive acoustic coupling on a par with the large hybu']:;lng performance OCESS
between a large ESL and a powerful magnetic Achieving these goals re o ui;yStEm: ‘
woofer system. We can produce very high SPLs _ ous attention to finish WOrl?anzs paying seri-
with a hybrid system, so acoustic coupling can tior design. We must also pla g;rlleral exte-
be a serious problem. Practical experience design parameters against ealzh yth e various
<hows that 70 mil is the minimum acceptable  performance. other for best
spacing in large hybrids. If the listening room We'll have to build .
has bad bass resonances, you should increase also be necessary to ir?t:maail:lt'};o‘p;aker. It will
the spacing another 10 or 20 mil. transmission-line woofe rg: teme SL and the
This change in D/S spacing forces a change The biggest problem ! gzs ; .ta. ‘ '
in the distance between spacers to maintain a output and linear frequen maintaining high
reasonable spacer ratio. Now the ideal free small ESL. Smaller spe akemc)l’laf::ponse from a
diaphragm length is 3.5-7". ‘ o cancellation losses, so require gre fi::ter phase
It Again, we can use either vertical or hori- tion which reduces output 8r equaliza-
' zontal spacers. We can use two vertical ones Let's start the design PI‘O'(:eSS by decidi
to make partitions slightly over 5-7, or eleven the ESL's dimensions. Since v r&z;dmg on \
horizontal spacers prr._)ducing twelve part.itions does not take up floor space I:t‘s malilelﬁlht 3
of about the same size. The spacer ratio for ESL 6-feet tall. For aes theti, e the FIGURE 9-7: Compact integrated ESL/TL
both is about 75:1. reduce the minimum dimens; cfnl;zai?m, let's .
.Thfat_otal_l bout ;)lesli:;ﬁrsitu;st:i; 5Yei:1ut§i thg we make the woofer enclosure'tall and a .
|F’\ orien tion is about 12/, e “ , We can mount the ESL to it and have j spacers, and again the vertical orientatio
B horizontal design. The vertical design best act as a baffle. This will make the air foll ve it o'ﬁ"ers the least stray capacitance and n
'!"!';4'- reducclelsl. stray cal?aciliancel (ngl. 9-% _ izirﬁger_ p.atl_} around one side of th?ESLO;Vnda sur‘gialicity, . greatest
,I_”.] a We tl:‘ se ?dc:lve O‘K; ?:';0 q ‘utlon dto :Emlfmze plhase cancellation. We aIs:) can er/ . c?n continue to use the same amplifi-
i : i atten the midrange. As betore, e DECC ¢ use the transmission line cabinet as a b transformer drive system. It might see
i FIGURE 9-5: Spacer design for large ESL. total of 8dB of correction. This will still permit splitter to improve casual dispers; s a beam  though a smaller syste m as
: Ay very high output if we are careful with the rest so the compromises 05? a .::uiz::{m Eg]__quéﬁties, amplifiers, but jus :{ﬁe g}; l::':::::ledi Snz(-eud smaller
I the large full-range design—ideally, we will of the design. ' be required. I'll discuss this TL desi ng not  The smaller ESL system needs all tl-fa; help i -
i need the same full-sized ESL. Low-level active crossovers with Butterworth in Chapter 12 on transmission- hi“ 11:1 etail can get to produce high output. The nfal]pl it
o Let's make the same size and design deci- filters and 18dB/octave slopes give the best per- Figure 9-7 is a general design layout e design. woofer system also needs more power io er it
II.'l : sions as for the full-range system, but withone formance for this design. Refer to Chapter 7 fora To compensate for the increaied . . duce the same output as a larger \Ero ofer SoptIhU- 5
r,} i exception—smaller D/S spacing. By using a detailed discussion of crossovers. . c'ellatic.p losses, we must begin thf ase can-  smaller system needs Lurger amplifiers - e 3
14 smaller spacing, we can dramatically improve The issue of directionality is easily decided tion at 3kHz with the same type Ofecl[:ahzal za-  the goals of high output and bass res l103 meet
1 the output from the same amplifier/trans-  here. We want no compromises. Since so]md equalizer used on the other sysltemsS :ﬂ“ng The laws of physics can't be circ ul’;vee.t ; i
QU former system used in the full-range ESL. quality and output is better in highly direc- are doing is moving the entir - All we  We know at the outset that the small nted.
ik tional designs, that's what we'll use. For the same reasons weﬁlrinage 1:PWal‘d- can't have as much output a: tshe lai;:fstem
' is goi . ’ ve to m . one. i
i Our system is going to be very large. ot only the crossover point as high as possible. | con. g <, Gifference is only about 2dB-—a
I do we have full-range-sized ESLs, but a pair o sider 550Hz the maxim ly detectible differen o
( very large magnetic systems. Aesthetics must be We can't reduce th:n;(? ﬁptg%e. Frequency response isc;;;g]eeict:;;lty in th |
. o . ' - spaci in ;
s O b v et e (5 il e ot f
syseem = prt;nulce c;utplgts m;a:-;ze e 31]3? as in the larger designs, and acoustic cou-  sh in the small system, 12”in the large one) and Tk
of Rox'v A concert hall levels. Deep tallls plng will be just as much of a problem. We d orter transmission line result in slightly less
exceptional, and the system will sound totally again have a choice of vertical or hogin epth. Aesthetically, the integrated/co
electrostatic. orizontal  system is quite acceptable. mpact
SYSTEM 3:
1o A COMPACT/INTEGRATED ESL/TL. _-5:1.
I s The large hybrid system offers stunning per-
fl i formance, but leaves much to be desired aes-
i . ; thetically. The large woofer enclosures and
.l-'_,|| ! FIGURE 9-6: Large hybrid ESUTL. floor-to-ceiling ESLs—all of which must be
!-Illi.|||l i Jll"'l
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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:

o Perforated metal
e Rigid wire
e 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 guality—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
(Fig. 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 jonize 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.
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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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Yi i | terns, and cell dimensions. The only questio
d with many types take a sheet of perforated metal, cut it to the .
ou can buy wire coated with m.

is wh t i 00000000
ize needed, glue spacers to it, and it's donel | senal ﬁf-flir ? fake one big cell or several 00000000 | | Bonarl ESL CONSTRUGTION
. ity insulation. Perforated metal size needed, 1 a conductively- _ . . ' 33833388 L2000 .
of high-quality ins ! dit's difficult ~ To complete a cell, glue ively For example, f your speaker is o be 6.foat 0000005 000000
ELECTROSTATIC doesn't come with insulau.on, anc it's it. Of coated diaphragm to one stator, heat shl“_ ik lt:f tall and 1.5-feet w de, you can make one cel] 00030606060 OOOOOOOOOOOOOOO
HeSIoN COOKE to apply highly effective insulation t . d glue another stator on the other side o thatsize, two cells 3’ x 1.5, four cells 1.5 x 1.5 00000000 L
DESIGN COOKBOOK course, most designs don't nepfd insulation, atlrxle dgiaphragm. Your cell is finished. ) or any combination that fits the dimensions, 888 88 888 OOOOOOOOOOOOODO
but if yours does, keep this in mind. dvan- Here are the details: cut strips of plastic tlu}t Large cells are slightly mare differt o 99995599 2000000«
Tensioned-wire stators have all the ad\’a;!u ou will use as spacers from a sheet of acrylic - make, but you are better off with o .. o 80 000 8 00 OOOOOOOOOOOOOOO
tages of wire stators, are flattest of a}l, and y! Y Jexiglas) or polycarbonate (Lexan). The plas- large cells rather than many small cells. The o 88 8 8 o 88 00000000
can use insulated wire. Their most interesting gc‘esmthickness determines the basic D/S spac- easier construction of the small opes is far out- 0000006008 OOOOOOOOOOOOOOO
feature is that you can build dieum mzh \i?hr;i; ing. Glue the spacer strips together to f:fi,m g;:l weighed by the extra parts you must assemble. 00000000 0000000
unsupporaead mﬁﬁ e?si: 155 equalm?rrarely the frame to which you can attach the perfora Mf(’unting n:ﬁny smajifgeus to make a single Straignt Staggered
taining flatmess. | . _ _ speaker is much more difficult than motntin
l:;se) tliy should have the highest output. I mf{tglu must make the spacer frames 1de'ntlcal. apsingle large one. Making very oo L f FIGURE 10:: Prtorating pater
T};eir disadvantage is that dmeYareeztre(rir;eo); When they are glued to each other with ie ders around any ESL is difficale. Wha you : g patterns,
labor intensive—you must attaCh.hun t:;cture diaphragm sandwiched between them, the have two cells together, their borders cause a
thousands of wires to a supporting rting spacers must face each other, which is easyﬂ:‘i’ significant void in the speaker output at that
and place them under tension. Thelr Su?t}l):;tang do if you draw your spacer pattem on cli ' point. This adversely affects the sound. Also,
framework must be M S‘Emng tzd“vr\lnres underside of a sheet of glass. By building ea
the tension of a multitude of stress .

percentage of open area in a stator should be

the borders of an ESL usu around 50%. Perforated metal with round

) dave Stl’ay
I
g]. s €

capacitance. holes comes in two patterns: straight and stag-
: ; d tually identical. In short, large cells are easier to make and gered (Fig. 10-3).

They are much Tf{:)re 13‘-9;1; t;lﬂ?;i;‘;: 3{2 v With the spacer frames com;ﬁtfte\,vgil:l‘: gﬁ $‘: have bette’r performance than small ones. You  To get 50% open area requires that the
expensive than perforate ESLs in a day. More  perforated metal. Do all assembly p o can use Internal spacers to support the holes be very close together. You must use the
w];vko?'t tl;luildrziz: Me wee]l?s. glass sheet so [\zvfmﬁl;mmgoﬁef:atthzn glazcsag:ﬁl;kl e lcii::q))lnragrn in a large cell if necessary (it usual- zit;afgered pe:tem all;l;:l avery close :l?ilizpla;:i?sg
ikely, the p g tron Lay some Mylar CF HIC BIass. y is). ension. A suitable pattern wo "
. Rigid':“ffv ,;i:,r; ;ﬁq;l[:ee S?gai:iati;i :eso 0% powd ef;e d g}.aghj;e \i;i iﬂ;lac:) ::IT(:\,OV Z{;e Mylar beon the otl}er hand, at somci point the r;ll pe‘rfi‘c;:ations t:ln ?1/321:; staggerec‘i: c;?ters. .

ames o : > . on- by rubbing it har ' ¢ comes too large to manage. I think a sinole at metal should you use? Aluminum is
string flexible Tres.eﬁ%itz?rﬁggte:t;:om Put epoxy glue on the ilt-;at(: Scl:acel?a ;’-‘:i:: p cell 2" x 6 falls into that category. ]ightc'r than steel, doesn't rust, and can be
su'uculcfm. Slmrfi rfg P it on the Mylar. Wh;flur il egergmg n the A reasgrlmblg compn;nuse is to vn:}a:cc; n:lells anodized in various colors. It comes in very thin

self-suppo . . i inutes to an ho oy no more than 3’ in any dimension, whi so
ari?“.r ire stators are much hﬂea\m;r6 thaalm perjﬂl gfse}m{h?tuit from the glass and heat shrink it y
. v " alumin !

rated aluminum ones. An 18" X

sheets that you can cut with scissors, yet is ade-

happens to be a common size for materials  quately strong, The ideal perforated metal for

g}ls

like perforated metal or welding rod that you most ESLs s 20-mil-thick aluminum with 1/16” i
\ v 30 bs wrinkle free. hed stator/diaphragm upside probably will use to build the‘ce.fﬂs. If you holes on 8/32—h1ch-st:aggered centers. .
weighs r}ea;; Y oo nance difference between Lay the finished s the diaphragm is facing want cells larger than 3, you will incur addi- Where do you get it Metal processing firms
Wh;t lli :rlgomter dmzmu etal, with simple con- down on the glat‘S:h Seospacers on the other sta. tional :}J;pen_se buymg ;we_rlsilzed material, will perf"orate alm?st any metal and l.:l}lckness
smag:-i ‘; aﬁ d the best wire ones? The output  up. Put epgiﬁy f;r;ld lay it on the diaphragm. .Fﬁr s dlsc%s;;on, wi ?ssumedtl;zg ){:ﬂu you des;-lre, l;z(t:kthés'can bf cri)(st;ly tllf it “SY nl-l:)t a
struction, will probably not be audible. At tor assemoly, has cured, trim the excess wish to use a spacing o aroun, . cormr;o y stocke item. Look in the Yellow
dlﬁeche wil F‘I sure less than a couple When the epoxy ’d ctach electrical Therefore, the holes or slots in the metal Pages” of any large city telephone directory
worst, it will like y mea response dif-  diaphragm from the edges and a should ideally be around 1/16-inch diameter, under the heading “Metal Perforators.”
of decibels. The hlt%h -Ezzq:;'r;aqr:ce v[:nll proba-  contact bolts to finish ttf;f ceﬂl;eral idea, I'll go and you will use'lX 16”7 PIe}dglas_spacer. Fortunately, a good subs_titute is available, 'It
ference based oré\sanaz f‘;, hundred hertz. Now that you h_affe :e g:: ence in greater If you were gomg“to use 90-mil spacing, you  comes as decorative aluémmum sheets and is
| bl)',]‘r;e nirﬁﬁance difference between wire into‘ thed ;C'nsr?‘;uec:;:neﬁg cell—one without '30111.11'13_l 1..15(; D-I;Ji(lan&ﬁ 1LGl;'freakable m;ldtzm, avAalll;:)Ie Ero_m dz:;y {&CE hc:lrr.ll;vare store.
| and ;erlgorated metal is small while the work, detal‘lf? ¥ diis}‘;nsions In the chapter on :;0 mﬂlsspacing yof; éoulgotijse“;%’i'ePle)dgll:: desaibzsg:k:(t)ve ??i;;?: $ a ;zzipzﬂmg
. t Sspecliic . . - = ’ ’
time, and expensifls grfia;:;}eﬁﬁlx:gz;. S?;stems, I present detailed drawings for spe spacers.
builders opt for perforated-

IinCBJ'Ile, which is nearly as good‘ Lincaine has
. : . d cell sizes. _ If you used 130-mil D/S spacing, the holes

ing i ildi Is, I'll review  cific designs an : g
Before getting into building cells,

1/8” holes surrounded by 1/16” holes.

because : in the perforated metal could be larger—up to With Lincaine, you have a choice of finish-
the perforated.-m‘;tal ::)a ;0:11(1; n;‘ile;zﬂow this PMS CONSTRUCTION. ‘Sts:\:y mak:gnaid 1/8”. Smaller holes produce higher field densi-  es—plain aluminum of gold anodized. I urge
they are the simplest to b ;:m how to build  drawing of the cell. Dimensio Mﬂlydomunl > in ty and more output even with large D/S spac-  you to buy the gold anodized version. The
with very (;letat;llaed m&?ﬁé’gn can then be carefully consider the ;&Tayj;m:}ﬂ ngsmon paper ing. You r;rﬁght as well use perfc?rated metal  plain alul?rmml.lm type is coated with an oily
them. This ﬂiﬁ ther construction methods.  its frame. You can a\rrtgﬁ:er the parts are cut with 1/16” holes for any D/S spacing 70 mil or  film that is difficult to remove. The gold type

ded into the othe ily than you can a larger, i tlessly clean, aestheticall leasing,
. ey g e by mor
BUILDING PERg\?EéQ\TIEEEV-METAL Chapter 4 on output hascgéﬁzﬁﬁu;z _ PERFORATED METAL. From your reading This material is 20-mil thick and comes in 2’
g;z:c;gj :}\:,Iwg the basic construction_ of YO:E ne:sdt;ie;itﬂt:iiksﬁ:s& hole/slot pat- of the chapter on output, you know that the x3 or3’ X 3’ sheets. By contrast, metal perfo-

A of. designs. You just perfora

this simplest-of-all stator
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FIGURE 10-~4: Detail 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 comer 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-
i mize the possibility of developing a corona.
Drill a 5/32” hole in one corner of each

|,|||_|7 . sheet, which will later accept a 6-32 nut and
i bolt used for the electrical connection to the
'Hf;.rjlf' : stator. Remove the burr left by the drll by
s twisting a much larger drill bit or a countersink

in the hole. Twist it by hand for good control.
You will bend this corner at right angles to

i i, the diaphragm after you complete the cell, and

! H
| 14 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 %" (Fig. 10-4). I
you prefer to have all the connections in the
same speaker comet, remember that the sta-
tors will be mirror images of each other. Be
careful to pick the appropriate corners.

SPACERS. These must have very good insu-
lating qualities. Clear plastics work well. You
can buy sheets of acrylic: one brand is
Plexiglas, another is Lexan, also known as
“ynbreakable windows,” in glass shops or
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 together.
They cut openings with a hand-held router,
milling machine, punch press, or computer-
driven laser.

Few of us have access to such machinery.
Routing wastes most of the expensive materi-
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 there are many
ways to cut plastic, no way is perfect, 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 a jig.
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 unsightly,
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 on
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-

ﬁ

Side View
Rip Fence

Wood blo\ck

s
77
N Table

FIGURE 10-5: Table saw modifications.,

Saw Blade

EZI ;OVZ}:; g;agp;lhragm. This contact is poten-
b A durable,e, and you must take care to
thrThe method I prefer is to put a metal bolt
rough the spacers so it makes contact with
stnt?l of alu.minum foil, which is in contaci
;zlnneg:: tcci)lat[i)ul?ragrn. Tl.qe polarizing voltage
bttt ¢ s bolt (Fig. 10-6). 1 call this a
Another good method is to glu
stator that contacts the coatgedesaidt:boti? i:
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
$sulator) and it makes a very secure contact
%u can also use the nylon bolt to hold two
tabs t%lat make up the stator contacts. The
regult 1s a rugged and compact set of c01.1tacts
(Fz%h '10-71)). I call this a tab contact.
€ tab contact's disadvantage is its inter-
fl(_afz;ence with mounting cells b)% their elg;::
e bolt contact sticks out at right angles tc;
the spacers and does not interfere with edge
rr;oux:mng the cells, but it has the disadvantage
of being more fragile and complicated to build
To make either contact, start by clampin .
tWo spacer strips together so you can accu%
rately drill a hole through them for the bolt
Select the strips based on the contact locatior;
Zn th? completed cell. The contact's position
oesn't affect performance, so you can put i
anywhere you like. Pt
. {)nﬂ a 5/32 h.ole (the shank size of a 6/32
olt that you will use for the diaphragm con
tact !)olt) through both strips. Be careful—con:
ventl.or}ally shaped drill bits tend to shatter th
placs)tlc just as they exit the hole! )
. Yne way to prevent this is to g illi
gist as the point starts to exit the fgl:n'll"l:;f
e stack over and finish the hole by drilling

& .
om the other side. The other solution is to

Washer
ESL CONSTRUCTION
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‘5 bolt

Spacer
T Aluminum foil
L | Conductive paint
Diaphragm
“ Spacer

P/ F’ m Dia;.;hragm
erforated contact
metal I Nut tab

FIGURE 10-6: Detail of diaphragm bolt contact.

regrind the tip of the drill bit so i
t
stelzper angle—60° works well. ithas & much
you use the bolt-type contact, s
_ , separat
]tl'}—fi two pieces and increase one hole tr:) 1;2”?
sh allows the head of the screw and the
tv}:is er that mal_<e up the contact point to pass
® ough one strip and make contact with the
1aphragn_1. From now on, keep the strips
tog:tll:erl In matched pairs. The holes must
match ¢
aich d ec;?ely when you glue the stators to
I you use narrow-peri
“perimeter spacers,
may need to cut a_notch in the perfori'ated m)e,lc:);ll
1s)o 1tt:hcilears the diaphragm contact (Fig. 10-8).
o 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 bolt
\ _Mtor tab
Mm Diaphragm
tab

(- ]

W
Perf o’rn:—n‘mT.I'_lNTOP fab

metal

FIGURE 10-7: Detail of diaphragm tab contact.
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FIGURE 10-8: Notch perforated metal to clear
diaphragm contact.

ilding ESLs. Draw your spacer pattern
f)‘: tl;::lliirﬁirside of the glass with a felt mljil;l:-
ing pen. Alternatively, you can use masxing

ttern.

tar:ﬂtotlfllzyso;:otfserglist be identical, so that
when you glue them together on opp051;e
sides of the diaphragm, the spacers rnat?c -
This is particularly important for the cente
strip spacers since these will be very narrow.

ADHESIVES. You will need two types of g(l;ui
for this project: epoxy and cyanoacrylate. Ge
these from a hobby shop or hardware store. 5
You will need a small amount (% oz. (1)r "
ml) of cyanoacrylate for gluing the plas Z
strips into a spacelr frame. You may recogniz
is as “instant” glue.
tmlzra;ldmnames ginclude Krazy Glue and Hot

\

Fill gap

_

FIGURE 10-9: Gap in spacer frame.

ap-fillin e is better than the
fzvtztf:fa.r-t—rl'l:i; gt;r)pe begczrs)e' Fhe watery typt«:
requires very close fitting joints. I.fym:xr ];)(1)1:19
have very large gaps, as s.hown in Fig. da,
you can fill them with bakm.igh s0 e:
Cyanoacrylates work much better with som
ing in the gap.
thlgfranri(:acr}%lalzes are not “inst?nt” When usc—;i
on plastic. They may take five minutes or
more tc cure (catalyze). You may want t(il g t
some “kicker” to make them work instantly
impatient type.
yo’tll'oafles;:}1 tie “II:icker,” ;};lf:l first put glue on tl:le
joint, then spray a litde “kicker” onit. It spe:11 s
the cure rate so much that the g_lue actually
smokes from the heat of the reaction. .
You must use epoxy for gluing t ef
diaphragm to the spacers. Otl.rler types /s:)ir
adhesives require contact w1th air to cure. o
cannot enter a joint made with gn’-ugh; rr?he-
rials like plastic and Mylar, so air-cured a
Sl‘llerfc:;:;lt:\ﬁzl,o?;me builders use double-sided
tape instead of epoxy. I discourage“tfus f<’)’r tw?T
reasons: first, the tape tends to creep oveci1
time and the diaphragm loses tension; seci)n :
trying to remove gummy old. tape year; ate
to change a diaphragm is a nightmare. Epoxy
ff easily. ) o
COI{}: Sc::re epozc]y, you mix catalyst vwltin lt'_—i!;-tl
doesn't need air. Epoxy also works vveb to jo "
the perforated metal to the spacers, but yzix
may wish to use silicone rubber here since
° f;;’:féﬁ; need several ounces of epoxy. To
save money, get it in 9 oz. squeeze bottles }f:;gi
hobby shops rather than little tubes from I s
ware stores. I like Devcon bralfld epoxy oest
because it has relatively low viscosity an y
very high quality. But other b'rand§ also woi1 r.e
Epoxy is manufactured with fhfferent c e
rates. Some frequent ESL bu}lders utsle >
minute epoxy exclusively, bL.lt if you choo ¢
this method you must apply it w1th a syring
and work quickly. However, 30-minute epot);
is a more sensible choice. It gives you mc?th
time to work and you need.not a.ppi:}ll1 it TZ:.; g
a syringe—although a syringe is the 1
apgg:gl)zure time is strongly affected by tem-
perature and film thickness: lon temperature?
and thin films greatly slow cuting. For exa:ﬂr?n
ple, if the temperature is below 50°, a thin o
of 5-minute epoxy may take hours or ev
ure, .
da%;}::nc epoxy cures, it gives off heat. This

heat increases the temperature of the epoxy
and speeds the reaction. A couple of ounces of
S-minute epoxy in a cup on a hot day will cure
so 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.

FIGURE 10-10: Typical brass tab contact.

Clean your glass, aluminum, and spacers
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

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

Lay out the spacers and tack them together
with cyanoacrylate. Lightly sand the glued
areas to remove any high spots of glue. If you
have used baking soda to fill large gaps, sand
extra well to make sure there are no lumps of
soda that will prevent the cell from lying flat.

Wrap the sandpaper around a small sanding
block. A large (1”7 x 1”7 x 27) art gum eraser
works well as a sanding block.

GLUING PERFORATED METAL TO THE
SPACER FRAME. Place a spacer frame on
the glass and spread a thick film of €poxy 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-

bering to keep the rounded holes toward the
spacers. Be certain the stator contacts are in
the desired position. Cover the stator with
Saran Wrap.

Place flat weights on this assembly until the
€poXy cures. You must have a flat stator. If the
weights are not flat, neither will be the resylt-
ing assembly. Books are the usual weights, but
you must select them for flatness.

A second sheet of glass to place on top of the
assembly is a little more expensive, but well
worth the cost. You may put books on that.
Even better is a sheet of Ya-inch-thick steel,
which won't require extra weight. Putting a flat
sheet on 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 wony: 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 usy-

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 ¥-inch wide
for a distance of about 6”. Go in whatever
direction is necessary to avoid the joint in the
corner spacers (Fig. 10-11).

Idiscovered the hard way that the joint usu-

f
—

Spacer <
. _Avoid gap with palnt

~-=—Bolt hole

ny

R

Conductive
paint

SRS

FIGURE 10-11: Typical paint pattern.
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ally has a void in it which allows the conduc-  Another technique is to have your perforat-
tive paint to run down and touch the stator, ed aluminum anodized black. Unlike gold,
causing an electrical short in the cell. Stay black anodizing insulates the cells.

close to the inside edge of the spacer, and For cosmetic reasons, you may wish to
don't allow the paint to run over the spacer paint the stators flat black so they are nearly
edge where it can touch the metal stator. invisible behind a moderately sheer grille

This reminds me of an old saying: cloth. On the other hand, you may prefer
“Experience is the toughest teacher. She gives some gold visible through a black grille cloth.
the test first—then the lesson!”

Be particularly careful that the paint does DIAPHRAGM COATING. Use only Mylar.
not run inside the hole. Don't paint near the Imported imitations will not hold high
outside edge of the spacer because you will diaphragm tensions. Experiment with other
need that area for gluing the cell together. material if you wish, but for a proven product,

If the paint migrates to where it's not sup- stick with DuPont's Mylar.
posed to be, you can clean it off witha cotton-  Mylar comes in many formulations, but the
tipped applicator soaked in acetone or paint % or % mil are the only two choices: type S
thinner. Or, you can wait until it's dry and and type C.
sand it off with sandpaper. I have always used type S with splendid

When you are finished, take an ohmmeter results, but type C has the same characteris-
reading between the stator and the paint, tics. The only difference between the two is
using the meter's “megachm” position. Any that the more expensive type C is made to
movement of the meter represents a short that  tight dimensional tolerances for use in capaci-
is easier to fix now than later. tors. This is unimportant for ESLs.

The paint can almost, but not quite, touch  Mylar is available from large plastics houses.
the perforated metal. This could happen if it Although it is inexpensive, in recent years it
ran part way down the side of a spacer. The has become difficult to purchase in small
speaker will arc at this point when under high quantities. You will probably find it easier to
voltage, but an ohmmeter test won't find this get some through the ESL Clearinghouse,

problem because an actual short isn't present. where someone always seems to have a large

To test for a “near short,” connect one wire roll on hand that he or she will share for a
from your polarizing supply to the paint and modest price.
the other wire to the perforated metal. Turn Mylar comes in a variety of widths, but 48"
on the power supply. If the stator arcs, you is usually best for our purposes. You can place
know you have a problem, and you know a 3’ cell across the Mylar and have 6” on either
exactly where it is. If it doesn't, you know side with which to work.
your contact paint is satisfactory. Mylar film is an insulator which must be

made slightly conductive so it will accept an
STATOR INSULATION. Most builders electrostatic charge. Coating it with graphite,
believe they should insulate their ESLs, but as  as described below, produces diaphragms with
I've said eadier, this is unnecessary in most impedances between 10-100k</inch. These
designs. If you wish to use insulation, I must work beautifully despite opinions of some that
say that I have not found a spray-on type which the resistance must be higher. Recall that alu-
will not arc when you apply high voltages. minum-coated diaphragms with only a few
When foreign objects (like insects) get into the ohms/inch work fine.

speakers, this hazard is particularly likely. You may have read that you must achieve a

Uninsulated cells work fine and have higher  particular resistance. This serves no useful pur-
output than insulated cells if you use high pose and may be ignored. This also means
impedance diaphragms. Neither will be dam- that even a haphazard coating job won't
aged by an occasional arc or a collapsed  degrade the ESL's performance. In short, this
diaphragm. Persistent arcing by a foreign job is easy and noncritical.
object will cause a hole in both. Fortunately,a ~ ESL manufacturers usually use relatively
few holes do not affect the sound. hazardous solvents and uncommon materials

The insulation most builders use is GLPT to coat their diaphragms. Fortunately, this is
varnish, also known as Glyptol or High unnecessary.

Voltage Insulating Varnish, available from You can use many substances to coat

léon;.lﬁureld time. For example, spray-on antistatic
gs work very well initially, but as the
adhf:'swes evaporate, vibration loosens the
coating and the cell dies. One reader says he
mixed a cloth fabric softener (the type us);if in
clothes dryers) with water. By stirring it, he got

a slightly soapy solution which he s

pilzlg ti:le_ floor and work table to remove dust
and grit is a good idea, but not essential. Avoid
vacuum cleaners at this stage of construction:
th?r blow grit everywhere, -
Ipe your glass with an acetone
1 -wette
paper towel. If you feel lumps of epoxy t‘::myil

painted on the diaphragm. He claims thH;tpiln)-: (iung elsc on the glass, shave them off with a

th_.ree‘ years it is still working fine. I haven't
lg:ed it. Experiment if you wish, but if you pre-

r a_chea_p, safe and reliable coating, use
graphite. Fine-powdered graphite is available

single-edge razor bl i in wi
single-ec g ade, and wipe again with
Cut a piece of Mylar a little |
. : arger than
glass. Fingerprints do not accept graphite }::g

from any hardware store. Manufacturers sell jt well, so try to keep your hands off the surface.

as a lock lubricant. Pencil lead
nt. rubbed against
fine sandpaper is also an excellent soufcem;f

fine-powdered graphite.

Rather than relyin,

. lying on some type of adhe-
ls\i;rel,ar few c:f whfch will adequately bond to
My[ar,' youre going to grind graphite into the

ylar's surface. Then you know it won't

come off,

Many builders are intimidated is si

' ; by this sim-
ple job of rubbing graphite into Mylar. They lightly (
constantly look for another method, like wip- atvwrd

ing on a liquid or using a spray-on coating.

I'm puzzled by this, but ha
2 ve had so
ffzedbagk on the subject that I have md?:hd;
llowing directions very detailed to cover all

possible questions. Let me assure you that th
process is simple, qui e the
Ier;{gth of the dl;rectciloncsl.( e despie the
ubbing graphite is not the pro
groblem is tearing the film og gl;I: r:at;gl:i
elgween the glass and the Mylar when you

rub hard. The key to success is cleanliness, If
you wet-clean the glass with acetone on a
paper towel, you should have no problems

- Acetone is a superb cleaning agent. It c;n:s
grease, will not dissolve Mylar, evaporates
vmhoout a trace, is an effective epoxy solvent
ani lzts:fe to breathe in small quantities ,

\cetone is a normal body waste ,

unlike most oother solvent)sl, it's nE:O iux(lftsic:{
small quantities. This is particularly important,
since you will be working indoors.

Acetone is available at minimal cost from
any hardware or paint store. I cannot stress
too strongly that acetone is EXTREMELY
FLAMMABLE. Treat it accordingly.

g The only other solvent I can recommend s
stilled water. Although not as good as ace-
tone, because it evaporates slowly and will not
::-i‘c:l grease or epoxy, it is nontoxic, odorless
I(Wﬂ.l notcll)urn. ’
eep windows closed and fans i
cleaning to avoid stirring up dust. D:gpd;?p%

Some builders use cotton or thi
gloves to prevent fingerprints. "l'h.isﬁi]:g'tl;a:c}-{
iastis:gr, since fingerprinted cells work fine, but
oroughly wash my hands before handling
Mylar and try to minimize contact with it. You
marlw:r always remove fingerprints with acetone.
el 1;;3;; );our glf.ss is much larger than your
, cou i
bang the ohoe ple of inches of border to over-
With a dry paper towel, smooth the Mylar
bou!: 11b. of pressure) from the center
otfttlvjvard while gently pulling on the film edge
with your other hand. The object is to rid the

Mylar of major wrinkl i
and o the]gﬁt. es, adhere it to the glass,

CAUTION

ACETONE IS
EXTREMELY FLAMMABLE

I:Nhen the wrinkles are out, wipe harder
(about 5 lb?.. of pressure). A strong light will
reveal any little “tents” in the Mylar caused by
511;. Lift the edge and wipe away any grit
forms a tent larger than about 1/8”
across. Smaller ones are OK, unless they are
very sha.rp or pointed,
Inafientally, you will probably notice creas-
ES whxcl? appear as fine lines. Ignore these, as
! éﬁ;ﬁnﬂhﬁ% will remove them (mechanical
n L}
e msg not). Anyhow, they don't cause
The process of findin i
. g and removing grit
z.l:ough simple, is the hardest part of cgagnng’
‘ _Ph.ragms. If the glass and Mylar are clean
unltflfally, there is nothing to it.
you somehow have so many grit te
ts
that you are overwhelmed, you car): ggeI:a hel;d
Is.tag by wiping the fop of the Mylar complete-
y clean with acetone. Fold the Mylar in half

ESL CONSTRUCTION
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on itself so the surface you just cleaned faces  but this is not so. You need a conductive coat- /.
another clean surface. Carefully remove the ing on only one side. <
E&%ﬁ%ﬂgﬁ Mylar from the glass and set it aside. The Mylar will now be lightly stuck to the - 7 Lower here
Clean the glass with acetone, then put the glass and may have a few wrinkles. Peel the / Stator \ ESL CONSTRUGTION

DESIGN COOKBOOK
_ clean side of the Mylar against it. Now you tape from one side, and lift one edge enough Epoxy bead Paint
E ' should have almost no tents. to get some air under it and release it from the
o Tape down the Mylar every 4-6" around its  glass.
perimeter. Tape down the comers first, then The next step is to get the diaphragm uni-
{ tape halfway between the comers, then tape formly tight before gluing it to the stator. Lay FIGURE 10-12: Avoi
1 halfway between that, then halfway between the Mylar on the glass, trapping a little air diaphragm contact vol
2 that, and so on until you have a piece about ~under it. Don’t rub or wipe it anymore, but ' FIGURE 10-13: How to pla i
f, every 6”. Pull it moderately tight. Use 3-inch start taping it to the table again. Work your ] : —  epoxy on diaphragm. ce stator with wet
1 long pieces of masking tape. There should be way around the table while lifting, pulling, diaphragm contact area, move the be d
outside edge so the paint can cor?tactto $Z

Hold here \

Spacer —a

d getting epoxy on

e no wrinkles in the Mylar. and sticking the tape onto it. Ghsde one. T

Sprinkle a small amount of graphite onto Add more pieces of tape and keep pulling : iaphragm, rather . - ong. To free the Myl .

the Mylar. The exact amount is difficult to until you have the Mylar tight and wrinkle insulating film of e;l;iny (?%e'm%ocf;ted with an  with a razor bladz a:ai!:‘! ii:nglass{ cut it

describe, but for a 2’ x 3’ cell the needed free. You will need tape about every 3" around Avoid a thick bead of ep%xy o ) will remove the tape. After cutting it cartgum]]g to

amount would fill only about half a pea. More  the "perimeter. Getting the diaphragm tight, an uneven film which causes r;onr lt'f form one end of the assembly to get air und y lif

: graphite reduces diaphragm resistance. uniform, and free of wrinkles is surprisingly spacing. It will also tend to run dm:nm tjc-:ﬂ‘n D/S it will tend to stick to the glass Sri as

B | Therefore, if you want to make very high easy. Put the diaphragm under fairly high ten- of the spacers. Since epoxy is an ins Lﬂa;edg,? The stator/diaphragm assemialy will still be

.51 ._ resistance diaphragms, use less. sion, but don't get carried away—heat shrink- won't damage the speaker, but it is touzh s floppy and warped. Although your Mylar was

i : Gently spread it evenly around the Mylar  ing will ﬁx}ish the job.. _ remove 1ifyou must change a diaphra Yto Ft'ee of wrinkles when you glued the stator to

o wll:t}l cal ciﬁan, gery g:lpn;lr towel. l:f light-colored v Cut ?ilpltlice oflglunngum tl'fOliﬁaabohl;t %" x 2", i?:;ctllf ﬂc';m ihrz only on the spacer surfg:; f:cu ;t; {E’: ‘:’aﬂt[o prggnagly find that it now has a few
tablecloth under the glass enables you to see  You will place this under the diaphragm-con- e diaphragm. Run your finger along the- stator s. Don't sweat it—vyou're |

good shape. youre in

where the graphite is on the diaphragm—it is tact-bolt hole. Spacer edge as a guide for the syringe With "
‘ It your thumb, gently press the M
’ ylar at

| a light gray color. If you are using very small If you are using a bolt
amounts of graphite to achieve a very high GLUING DIAPHRAGM TO STATOR. With minum foil over tfg]e di:Phrc:gI[l:: zt(;nPUt t;le alu-  the diaphragm-contact hole. Clearly o iy
clean the inner surface of the stator should cover the width of the Spacer'::c:i u?ill?[ilt the hole's shape and location Y outine
. .

resistance coating, make sure you disperse it a vacuum, o 'l'lu

i, 1 uniformly. (the side with the spacers), which you will glue on the epoxy bead. Do not 1 . Is next step is critical: take ;

11 G Now rub hard to grind the graphite into the  to the diaphragm. If you are using the bolt con- : béyond the inside edge Sfom :ts;l;; iOl\]av EXten‘d or other sharp object, and 3eﬂﬂyapsf12$;e at\::l, y
Mylar. I place the heels of both hands—one on  tact, this stator will be the one with the large might touch the stator and short the ¢ 0 ere it aluminum foil at the diaphragm conta N
top of the other—on a paper towel. Make sure diaphragm-contact hole in it. If you are usinga Tum over the stator and carefull CF i Puncture from the diaphragm towar; tlit' §
you rub everywhere, particularly around the tab contact, pick the stator with the tab. the diaphragm. The idea is to posigfnat;eelz;n jlzé)lcerﬁ so you don't tear them apart (Fig. 1 oe

: - . Recall that s

area of the diaphragm contact. Next, put epoxy on the spacers and position tor on the Mylar without smearing epoxy between the Myl you did not put epoxy
. 34 i :

Rubbing hard is important. I don't hold the stator on the Mylar. Epoxy is easiest to mix everywhere. Put one end of the stator in pla
back, but lean on my hands with most of my in 1 oz. plastic cups from doctors' offices, hos- first, and while using your fingers to hn;dp' ce this area is vulnerable to disruption if yo ,
hobby shops. Small plastic cups or place, lower the other end (F;;g p 0_43)0 itin not careful. you are

weight. I don't care what resistance the pitals, or
diaphragm has, and don't even bother to mea-  the tops from spray-paint cans also work well. Press hard over all the spacers to squ
eeze

s

e sure it anymore. If the diaphragm looks gray Do not mix epoxy in waxed paper cups the epoxy into a thin film. Avoid lidin
WL and I've rubbed hard, I know it will work per-  because it penetrates the wax and becomes stator and smearing the ep:;.xy sliding the
i e fectly and last indefinitely. It takes less than a  contaminated. I place my thumbs over the spacers and

The hole should be only as laree
shank’of your diaphragm-coitact sacgwalsf tcl:e
are using the bolt contact, locate the ur.u:z,url(-eI
in the exact center of the stator hole.p

Keep it small. If you make it the full size of

'E'f'll. & minute to coat a diaphragm. You will need about 15 ml. of epoxy (2 oz. press as hard as I can every 2”. At first, I
I Next, rub off all the excess graphite with a  for a 2" x 3 cell). Mix equal amounts of resin _ ly weighted the stator, but this didn't mere-  the stator hole, you will have no place to
i _ towel. Again, rub hard. If you can rub off any  and catalyst (7 ml. of each) for at least 30 sec- _ the epoxy into a thin film. Even tsqueeze tact the diaphragm after you assemble th con-
il X e o . . ; 2 - .
. ,;.sl of the coating, you didn't rub it in hard onds. Popsicle sticks are perfect for this task. dred pounds of weight won't do ;:V‘?r"’; I'E““:‘ If this happens, you must install a ceel
"Hl enough. Repeat a couple of times with clean  You can use a heat gun to heat the epoxy and spread over the entire cell. € Jobitits new
. |I|| paper towels until the last one remains clean. reduce the viscosity, making it easier to han- You can easily put 50-100 Ibs. of b
| fihe If you don't clean off the excess, the cellwill dle, but this increases the reaction rate and your thumb. That much pressu;- e c ree onto P
ﬂ. hiss for several hours until it burns it off. reduces working time. - ed over a square inch can reall oncentrat- d;.l:(:fir.lre this
Eventually, it will be silent. The epoxy is best applied with a 10 or 12 ml. glue. Now put your sheet of gla):s:q uceze the serion
|l You can measure the resistance of the disposable syringe without a needle. Suck the top to keep the stator flat and let C;]l;steel o Diaphra
4 [ diaphragm coating with an ohmmeter. Just —epoxy into the syringe. You can't get it all, but catalyze. € epoxy T : |::,:,E'ﬁJ am
y ;'|' : place the probes about 1-inch apart on several  you can get about 11 ml. Wipe any epoxy from Epoxy cures much faster in a cup o syri \\\\\\\\\\\\\\\\\\\\\\s Spacer
1 | areas of the diaphragm. the outside of the syringe with a paper towel. than in a thin film, so don't remg :hyl‘mge >
a1 ' Some builders believe they must coat and ~ Lay a small bead (about 1/8-inch wide) down from the glass just because the ze e cell FIGURE 10-14: Punct !
; make contact on both sides of the diaphragm, the center of each spacer. When you reach the cup has hardened—wait a!:)()ulf:p tv;')éemﬂil: spacer. ’ cture diaphragm toward _
s |
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steel-wire stators, simply heat the diaphragm
on one side as though no stator is present. If
you are using perforated-aluminum stators,
the aluminum will expand from the heat. The
increase in stator length will bow the cell and
can break glue bonds.

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 The ideal method is to use two heat guns:
hot enough, so you must use a heat gun. one on each side and opposite one another.

Hobby shops sell cheap ones for about $20.  But you can do it with one gun by briefly heat-
If you ask around, you may find a modeler ing one side, then quickly switching to the
who will let you borrow one. Hardware stores other side, and then back again. Keep shifting
sell them for stripping paint. sides about every five seconds to keep the

Heat guns vary in power and heat. The expansion even. Both techniques will expand
common hobby type is rated at 900W. Many the aluminum evenly enough to prevent bro-

have vents on the back that you can adjust to  ken glue bonds.
control the heat. When you're satisfied with the diaphragm,
Test your gun by having someone lightly lay the assembly on the glass with the
stretch a scrap of Mylar between their hands diaphragm up. Put epoxy on the spacers of the
while you heat it. The object is to determine other stator in the matched pair. Set it very
how much heat you can apply without melt- carefully on top of the just-finished assembly.
ing the Mylar. Again, be careful not to smear the epoxy.
Effective heat shrinking requires that you Examine the diaphragm-contact hole. You
almost, but not quite, melt the Mylar. I gener-  must center the hole you made in the Mylar
ally find that leaving the vents wide open directly under the one in the second stator. If
while holding the gun about 1-2” from the they aren't concentric, you won't be able to
film is about right. When you hold the gun sta-  insert the diaphragm-contact screw later.
tionary, the Mylar should not melt. By adjust- As before, squeeze the epoxy into a thin
ing the distance from the film and the vent layer over every inch of spacer. Double check
openings, you can readily determine the “safe the alignment of the diaphragm contact to be
zone,” which is not as difficult as it sounds. absolutely sure you have centered the two
Hold your stator/diaphragm assembly verti-  holes, and that everything is flat and aligned.
cal while passing air from the heat gun over This lamination locks the cell into its final,
the diaphragm in a slow, uniform motion. To rigid shape. If you mess up now, you must tear
help give you the “big picture,” I move thegun down the cell and put in a new diaphragm to
about 4”/second and cover a 2-8” path. correct any problems. Few things are as frus-
This takes less than a minute—one pass will ~ trating as having a seemingly perfect panel—
do the job unless you have huge wrinkles. Feel then finding that the diaphragm-contact holes
free to heat and shrink repeatedly, or in trou-  are misaligned, or you left out the aluminum
blesome areas until you get the diaphragm foil, or overlooked some other detail which
smooth and tight. ' ruins the cell. Pay attention to the details.
Mylar will shrink a maximum of about When you're sure everything is perfect, put
10%, which is plenty for all but the sloppiest the glass or steel sheet over the assembly and
of construction. The diaphragm may relax weight it.
slightly after the first heat application, and it is When the epoxy has cured, gently lift the
a good idea to reheat it about a day later to  assembly. Nothing sticks to graphite-coated
obtain maximum tension. Mylar very well, not even epoxy. The glue
You can touch up the diaphragm by heating joints are adequate, but they may break if
it anytime after the cells are completed, abused. The assembly will be amazingly rigid
although this is rarely necessary. Once a gen- and flat, with no give. The only way to bend
uine Mylar diaphragm has been thoroughly  the cell now is by breaking a glue bond.
shrunk, it remains tight. Take a sharp, single-edge razor blade and
Problems can occur during shipment or acci- ~ trim the Mylar. Mylar is tough and will quick-
dent where the cell is stressed, causing the ly dull a razor, which can tear your diaphragm.
diaphragm to slacken. Being able to shrink the  Razor blades are cheap—replace them often.
diaphragm again is wonderful. You may remove the last fragments of
To reshrink an assembled cell if you use diaphragm by sanding the edges with medi-

um-grit sandpaper, but this is not
E::si up the stator-contact tabs andr;;:z;sad?:
o -
comactr steel 6-32 bolts for your electrical
If you're using a bolt con
tact, pla
washer under the head of the diazh::g;fcn;l-l
tt;;:to bolt, and insert the bolt and washer
ugh the hole. Don't omit the washer: it
protects the delicate aluminum foil from te.ar-
;.ng if you twist the bolt. This goes through the
arge hole first, so the head and washer lie
against the aluminum foil. Add the nut and
gegtly tighten. ‘
e gentle when connecting wi
g wires to these
contact bolts, The
Coneact oot T contacts can be damage
If you're using a tab conta
ct, pla -
flor tab on a nylon bolt and push Ii:’t &%ﬁﬁe
ole. Position the other stator tab and the nut
and gently tighten. l

You can now test them with music. When look the possibility.

first energized with the polarizi
e, energized : _polarizing voltage, Look closely fi i i
wh,l?:: h ‘,3:11 n;vee; :u{;aux;xtsfggng or hissing sound  edge of the o::e:IIy wic:;chs?sma?s?;ﬁmtg;cgh;?tattg :
i . .' It can be quite insigni il cause
o 5;01.:: :ﬁ-e “t?iadllqng a ;:ybnd system, and you problemseam;\ 1\?oslltganl eant and ol cause
e wx;-n:fs::s—_alone “;imﬁd without  Figuring out which gst-tta:u- has the short i
et o e oofers &Zou be disap- easy. Connect the stators to ip
Byl Iikea:ch quency response. transformer. Do ot connect tl?:our lariny
(oot s very Teat o eap transistor radio  supply to the diaphragm. You do enoioneed
\ play music for this test, but it doesn't hurtbi?
you c.Io. You don't even need to connect the
amplifier, although you may.
dinI:rh the polarizing voltage on, bring the
3 alp agm-contact wire close to the contact
tho t or tab. Try to almost, but not quite, touch
?n dlaphragn;l contact with the wire.
a properly operating cell, a small and
Ezrmentary arc will occur as the currzr;t
3}3 the diaphragm. In a shorted cell, the
arc will be much larger and will persist. Also
YV:I:J will usually hear a pronounced “pop';
en you connect the polarizing supply.
You‘can tell which stator has the short by
l:I.‘mowngl one connection and again bringing
e polarizing-voltage wire near the diaphragm
oo::htact. Alternately connect and disconnect
each stator. The shorted stator will cause per-
sistent arcing between the polarizing-supply
wx;re and the contact.
ou can usually find the short by connecti
an ohmmeter between the diaphragm contal::%
:lr:;irta stato;e contact. Keep in mind that the
may be seve ill di
Shore may & ral megohms and still dis-
\ E.[)-;emmfo eters don't always find the problem,
s reign material may not actually touch

SHORTED DIAPHRAGM. Usually, this i
caused by a foreign object within the ESL Yo :
can remove it by vacuuming the cell w'ith :
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 ?e:r
.down the cell and start over. Hence, the
lt;)nportmce -of using care when you applied
e con?ductlve paint, and why I advised you
to ItfeSt it before assembly. g
you painted the stators with insulati
ﬁo:; may hav.e some conductive object emggg:
hes ed in the paint. You may also have somethin
y  conductive on the outside. Keep in mind tha%
a.!though you trimmed the diaphragm, it's pos-
sible to make electrical contact sori'newhere
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 ovfr—

systemt, and when all the parts i
together, the sound will be l:plendaiz working

TROUBLESHOOTING. The above instruc-
Itrlons l_mve 17 years of mistakes behind them.,
ve tned_to cover all the pitfalls involved in
constructing your cells, and they will work
ﬁn;.v 1f zno; followgld the directions,
nting a troubleshooting section su
ltJha:It the sp?akers are going to be diffic%ﬁ: s::
ul d, unreliable to operate, and that you are
going to have problems. Actually, the opposite
Is true, but, realistically, things sometimes go re
awry. I know how frustrating it is to have a
Rrol?lem and have no idea of how to fix it, so
1 :?fnt';::ludi?lg this section, ,
e cell doesn't work, only three thi
lcﬁaﬂ be wrong. Like checking for gas in ygi
yov;nhmoweri do the obvious first—make sure
ave polarizi i
you have np: ng and drive voltages at the
If so, then two possible i
) problems exist wi
rl;hee cell itself. ‘The most common is : smtg
tween the diaphragm and a stator,
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TYPES OF CELL PROBLEMS

1. Shorted diaphragm
2. Nonconductive diaphragm

tential
the diaphragm or stator. The same po !
preoblerg exists as when you were applying con
ductive paint. It need only be very close to ag
to disable the cell. The meter measures Wi

Perforated
plastic

Conductive

paint \

& Spacer
B ¥4 -

Digphragm et

ing

= Diaphragm to stator spac

g = Perforated plastic 1\‘n1<:krura-5‘.?t ctator
Note: plastic doubles diaphragm c::1 5
spacing without increasing excurslo

freut : ic stator design.
low voltage and will see an open circuit. When - FIGURE 10-16: Perforated plastic stator desig

ly high voltage, the speaker will arc at
ytl?:t ;EI'L)I‘I);, pil:rcnting high-voltage operatui:ln.
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 broke&
away from their support structure. The pro ¢
Jem of warped metal is why a glaslsl or ste
plate is placed over the top of tl?e ce .E &
These problems are evident in the form
persistent arcing at that location whene‘..rer
you apply the polarizing voltage. Turning
down the room lights will help you see the arc
easily. .
mi,;;u canysolve the problem by bending tEe
perforated aluminum away fror_n_ tth e
diaphragm. Insert a small punch or nail 1;11 ]ef
1/8” holes along one edge and pry gently.
you used wire, remove the offending wire or
its attachment. .
ﬁx‘[}tssually, 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 1&;
a failed diaphragm contact or _laf:: o

diaphragm conductivity. It can be easﬂy'r ertlg-
fied using the test above, where you bm}:f e
polarizing-voltage wire near the diaphragm
contact. This time, there w111 be no arc, pop tl?r
noise, because no current is flowing to the
dmAphi:é’:tion is a cell which works but has
surface dead spots, caused by areas where you

Lift here \
.—___/ ——

/ Metal
Stator yardstick

FIGURE 10-15: Disassemble cells.

either missed applying graphite or Where 'i
coating has started to come off. T}}ls won
happen with properly applied graphite if you
rubbed it hard, but is common with many
other coatings.

DIAPHRAGM REPLACEMENT. Replacing
a diaphragm is not difficult. You need two
tools: '
e A sharp putty knife _
o 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 sta-
Fig. 10-15).
ton;}&i;gl the stators separated, run the putty
knife under the epoxy on the spacers. It gen-
lly separates easily. .
el.aYc):u vI:ill have difficulty if you applied too
much epoxy, which ran over the edges of the
spacers. If so, just peel and chip away as best
Yoégf:;-ct the problem which made disassem—l
bly necessary. Vacuum the cell to remove al
debris. Clean everything, and you are ready to
install a new diaphragm.

PERFORATED-PLASTIC STATORS. "
Plastic is not conductive: it must be coated wi
conductive paint. This offers two adv.::\.ntage:l.l
You can apply the conductive coating to the
outside of the stator (the side away from the
diaphragm). This technique uses thc? statodr
itself to form a very high quality, effective, an
unin’fztrxm c:::rl;l 5131111;1?: rti:ne stator conductive only in
certain areas, depending on where you apply
the conductive paint. This makes it easy to
imi stray capacitance. '
ellr:;r;::t the);e a%vantages, you must weigh

the serious disadvantages compared with
every other stator design. Plastic stators are
relatively 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
deleterious effect on output, but why would
you do so¢ Not only is it a major chore, it offers
no advantages over thin-metal stators, while
the disadvantages of plastic stators remain.

Plastic has other problems as well: it is
weak compared to metal; it must be thicker
than metal to have adequate strength; since it
is weak, it is difficult to obtain high open-area
ratios.

Perforated plastic does not come ready-
made to specifications which are suitable for
ESL construction. It must be custom perforat-
ed, which is expensive, time-consuming, and
presents shipping problems.

Because of these problems, I think plastic
stators are best reserved for ESL designs with
large D/S spacing. Such designs may require
voltages high enough to require stator insula-
tion. Also, wide spacing means the relatively
large perforations are not such a liability.

Suitable plastic must be at least 80-mi] thick,
and 120 mil (1/8”) may be necessary unless you
use elaborate external support structures, Refer
to Chapter 4 on output for perforation pattems.

Construction techniques for perforated-

plastic stators are similar to perforated metal,
but with a few modifications and additional
tasks. You can build the spacer frames as
usual, but you need not glue the frames
together before gluing on the perforated sheet.
If you are accurate, you can assemble the
frames by gluing the strips directly onto the
perforated plastic.

Unlike a perforated-metal stator, you can
run the plastic sheet all the way to the spacer
frame's edge. To avoid the penalty of stray
capacitance, don't apply conductive paint all
the way to the edge. Remember that stray
capacitance is caused by a conductive part over-
lying an immovable section of diaphragm.

When gluing the spacer frame or strips to
the perforated plastic, don't use epoxy. Use
water-thin cyanoacrylate instead.

Apply the cyanoacrylate in a bead beside
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Dotted lines show areas
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.

It 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).

Hut | Nylon
T~ U0 _bolt

. _ ,’. N
Tab ~ B Conductive

Ferforated plastic T
Stator |

FIGURE 10-18: Detail of stator contact,
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fkrame

'% Diaphragm side

FIGURE 10-19: Typical external bracing.

ductive
t use a spray gun to app_ly con
E a]i:r)li I;E) you do,psome will get into the }lmles
I:nd c.ompromise the otherwise excelllertxt ;2151:,;
i lity. Using a fine-nap paint ro
13/?)?1%5 ?r?:clmetter. Rollers as narrow as 2" are
available in hardware and paint stores. with
When using a roller, lightly coat it e
aint. Apply only a thin coat.of paint to .de
plasti'c. If you overdo the coat, it w111_run inside
Ehe holes and compromise11 yo;zfr mSt;Lal'lu:or:
, press lightly on the roller. Ir'you
ﬁii%ﬂzf;ou iﬂ squish paint into the holest;st
1 Unless your cells are very small, Iz:u rr‘x{ it
' brace them to support the flimsy p :cilders
i have a choice of ways to do thls.d M;ist l:v ders
i e of plastic or wood strips, Wr
| ::: ztrtr:l?cross l:t’:he cell in several locations
- L Fig, 10-19). | )
- . ight. Any curva _
:l:::! sggbor ar):d cause nonuniform construction,
1 t.
ith adverse effects on outpu .

i Mlﬂ;s: a dimensionally-stable mahefml. Woocc:ll
" is unsuitable because it absorbs m-:.ust:u.u-el:‘(?ilil1
i, tends to warp and change length depending
| n humidity. . o
ll ° At the voltages we are using, wood is a fair-

the full charge applied to the stators.

ice because they
tal braces are a poor choice ey
areN::anuctive. Plastic best meets the rgqttzlfe
ents. The problem with plastic braces is they
zen't .very strong, and are hard to cut perf.ec:t'i-1
ly straight. Still, 1/8-inch-thick plas?xc, 1-in¢|
v>:zide and laid on edge, works well if you can
traight pieces. ' _
Cuf: gzogd sglution to this proble_m is tgdgélt:z
the perforated plastic to /- or %-mc:h-%r} -
orescent-light diffusers, as shown in ﬂzgl.) Jo
20. They are inexpensive, flatt,h andhava a1i ;ﬁ A
. ave a limit-
home improvement centers, they g
i Jection and the resx..tlur'xg ce
ilrcliicslfi;iih a little creative thinking, however,
et them to work.
yo;lV‘I:'xaeI::tggluing plastic braces to y:}t:r st:ttz;sé
i ill be gluing them to
use epoxy, since you wi luing e o
tive paint and not to the p
;fo n;l:: its‘e, c;anoacrylate, it cannot contact the
plZstic in the stator in order to weld the two

together.

RE STATORS. An easy way to
?iﬁzlp-lzewt‘he construction of a rigid-wire s\:;or
is to imagine that you removed the n.1e_tal . n‘;
a perforated-metal stator .and laid rigid wire
side-by-side in its place (Fig. 40-21% i rallty

While this concept appears valid, sealy
problems with stm;tural s%epg::we)m;;.e Uniike
late which is rigid in ons,
: :tf'it:sl EE wires is rigid in only one .cliret;uagn;
Also, an array of wires is much heavier
i um sheet. ]
&uzzl;ffninvire stator needs a stronger Erar?;e
work. With perforated-metal stators,

'\ 7
Note overlap

FIGURE 10-22: Bracing for rigid wire stators. ) |____Brace
metal holds everything together and the spac- -5 pacer
ers separate the diaphragm from the stators, In T

rigid-wire designs, the wires do ot hold things

together. The spacer framework must both FIGURE 10-23: Overlap comer braces.
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
a brace 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
be very strong. A butt joint between plastic
strips isn't stout enough. Figure 10-23 shows
the proper way to overlap parts so they are
adequately robust. Use cyanoacrylate glue.
Make sure the parts are straight and in t
contact so you get solidly welded joints.

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

® What is optimum wire size?

How far apart should I place them¢
What material should I use?

How important is stray capacitance?
Should 1 use exterior supports to

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
ght wrong.
' I designed the ESLs with 12 wires/inch.
Each cell was 18-inches wide, and I needed
eight stators for four cells. I 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

. : Spacer
1 ductor. Because O?.thls, an:
| E’uﬁ: o?ci); dimensional instability, I don't ,frame
| recommend it for braces. ) sl
i Use a good insulator as bracing matenal, ires
i A .
II
_\:-a_.k

. FIGURE 10-20: Typical fluorescent ligh
i grid/diffuser.
ol

t FIGURE 10-21: Rigid wire construction.

reduce stray capacitance?
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
drive under high-output conditions. In practi-
cal terms, however, the limiting factor is that
small wire is never straight and stiff enough to
span the distance between spacers.

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

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

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 commonly 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 material is electro-

ESL CONSTRUCTION

125




Most builders accept about 10% stray capaci-
tance as a fair trade-off for ease of construction.
By crossing the wires over the D/S support

gtl-‘ ! s p
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ic wire from hobby
n purchase music wire - Spacers, you can get the necessary support
ELECTROSTATIC Perimeten Wires sh;(;: uia 3 1zngths, but it's ?OPCHSI“;;Z‘;EP‘S; without building any structure outside the cells,
i m a
LOUDSPEAKER S pac ers get more reasonable prices
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i i ‘ Pages.”

. Again, look in the ‘\{ellow
ho:::nﬁ;icturers supply wire to who%esalers
in large rolls. They cut it to custom engFlns
glfte?'r%unning it through a M::e-strmg}itemng
machine. Ask for “cut-anc_l-strmght” t\gnre‘;rire ,

If asked, the supplier will tell you the e
rfectly straight when it comes out o
™ chine. To him, it probably is. For ycn.trlu-s,e,t
;n;wever it isn't. Expect to discard at leas
20% of éie wire as excessively crooked. The
Plan to paint the wires to prevsergt fru}f:i.caﬁoz
i i jst with fa
have an oily coating to assis  fabricadion
ist oxidation in storage, and you I
i}?ﬁr;?;;l; clean them. Electroplating is an
expensive alternative.

NING. A slight oily film may not
:'::EE g(tiec:ig deal, but how do you tlcl:l«ear(: uci::l
from a thin wire 3-feet longé More to the p and
how do you remove oil .Erolm seve}*;lal t:gu‘swi !
such wires? It simply isn't practi p
each wire with a solvent-soaked rag. e A
How about washing ;ih:rr; 1;;3 :n 11; . .pan
i i tter make :
PIEC; ifx;glj\:qﬁf an 8-mil plastic sheet. Ral-s.:::t
Ee plastic at the ends so the solvent can

The same technique is used for building perfo-
rated-metal stators. Refer to Chapter 4 on out-
put for further discussion of stray capacitance.

If you wish to reduce the stray capacitance,
arrange the wires so they don't cross any spac-
ers. You must then add external bracing to sup-
port the wires. You can use the same techniques
as in the section on perforated-plastic stators.

Figure 10-24 shows the most common and
easiest-to-build construction layout. The dis-
advantage is that the stray capacitance is high-
er than in Fig. 10-25.

Don't get too excited about stray capaci-
tance. While it matters, it isn't a serious prob-
lem in most designs. The difficulties involved
in building near-zero-stray-capacitance ESLs
aren't worth the performance gain.

An exception is when the panels are very
large. Then 10% stray capacitance becomes
significant, particularly when the audio drive
system is already straining to meet the high
capacitance demands of a large cell.

Another extremely important consideration
in the orientation of the wires to internal spac-

FIGURE 10-25: Low stray capacitance stator
design.

ers is diaphragm tension. You will recall that
the diaphragm puts a lot of tension on the

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

ith ei i er to prevent
Plat?d “;tshn: Iﬁi&ﬁiﬁlﬁp&, thege coat-
inge o ire that the wire be spotlessly clean.
Il?gli ;::;ubeen stored in a closed c?ntalnle;_, it
will be ready to use when you l?uy lljt. :N;a wﬁg
rod is not the cheapest material, 1.10$t~
ready-to-use wire is worth \?ﬂi ;};tr;uic B ing,
For the quantities you be purchasing
tate a low price. Look up
YV;‘:OT:E;I;E cﬁ’egl?snibutor of welding supﬁlhes
who is willing to work with you d:rf:c?tly.un ;a:;
check the “Yellow Pages” of large cities
I n
‘W\?‘:’;ziding rod is not perfect. It doesn't i:orm't
smaller than 1/16”, is soft and, for steel, no
ve?b/ffs?f \gn:*ire” is much stronger angl comes in
smaller sizes. One of a family of ?gz‘-;:rbic:};
tempered steels, it is sO hard and s > rfa]ler
used to make springs. You can use it in

escape. Or dig a trench in the ground and line
it with the plastic.
* \g:veral tlfousand wires are very heavy. I:l);
bundle weighed over 100 Ibs. You must ht;s
stout pan. The solvent is toxXic and gh})):
flammable, whether it be gasgllme,laceﬁn:;‘:h
i i Safer, less volatile solvents, suc
e eone ve oil, leave a slightly oily
kerosene or stove oil, : /
?:Si;l:: which won't accept pamnt. Some ?::-
vents (such as acetone) will dissolve your p

tic “pan.”

SELECTING STRAIGHT V.VIFIE. '111'0' d.i:;er;
mine whether a wire iS-strmgh't, roll it .
iece of glass. You will immediately see any
. rkscrew shape left by the wﬁre-sumghtenmg
(r::l)achine. If the wire rolls freely, keep it.

WIRE ORIENTATION A!NlDbP?I?;lLO::;
far a artshouldtha?\wr'es et
1:((1\6"; ?vrelging rod, 10 wires/inch g(l)ves. la rﬁzcs:i
open area percentage. Iflzzou use 50-mi
i lace 12 wires/inch. ’
méf:}ag capacitance and supporting ;Ircu?lz?eﬁe
complexity for rigid-wire stators are in

perimeter spacers.

Look again at Fig. 10-25. Note that the
perimeter spacers which are parallel to the
wires have no way to resist the diaphragm's
tug. They will bow inward, and the
diaphragm will not develop full tension.

Now look again at Fig. 10-24. See how the
internal spacers brace the sides of the perime-
ter spacers, and keep them from bowing
inward from diaphragm tension.

The low-stray-capacitance design in Fig. 10-
25 can be strengthened by using external brac-
ing perpendicular to the wires. You must do
this, anyway, to support the wires. A lot of
extra work will be necessary to avoid a small -

amount of stray capacitance.

MOUNTING WIRES. Place the wires parallel
to each other, and a small but precise distance
apart. A good way s to lay a fistful of wires on
the frame, and roll them around until they are
all lying flat beside each other.
Obtain a piece of threaded rod as wide as
your cell. Hardware stores carry threaded rod
in 3’ sections. It comes in different diameters

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
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FIGURE 10-27: Spacing rods.

Wires

\\\\\\\\

FIGURE 10-28: Anchor rods.

Place the second rod close to the first. While

i the sec-
hold the first in place, roll or comb the s
Z‘;‘; rcc:d toward the opposite end of the wires
Fig. 10-27). -
( %Vhen )sz have positioned the wires, secure
them with a few strips of masking tape (Fig.
10-28). Glue the wires to the frame by poum;lg
epoxy over them. If you prefer, you can use sil-
icone rubber.

i form a
WIRE GRID. Connect the wires to for
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 alternative is to pour a conductive paint,
or conductive epoxy, along one enc.l of the
wires. Bend up one end for the electrical con-
Fig, 10-30).
mcl% gch; use co)nductive paint, embed a solde;
tab or a brass strip in the paint for a contact. I
you rely on the paint to hold the tab, it will be
mechanically unsound and may later get torn
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.

NSIONED WIRE. You can make wire very
:Eaight and stiff by holding it under tension.
Tensioned wires allow you to :.nake an extreme-
ly flat stator with very small diameter wire.

FIGURE 10-29: Make electrical connection to
rods,

the different types of construction, ten-
sioiid—wire stators can potfentially pro.ducc t:'m:e1
highest output. If you use high quality msulatgd
wire, their insulation properties can be as gol
as perforated-plastic stators. 'Unfortunate Y
they are the most difficult to :Duﬂd. -
Use the same design guidelines for tensionead-

ive
g Sgnecﬂon g:Fncjruc‘r
—

L

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
a few 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
little 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.
A stator 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.

E'?UHE 10-31: Tensioned wire strung through
oles.

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 I 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-
tic “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

AIZQAﬂAﬂfﬂ,('

FIGURE 10-32: Tensioned wire strung on pins.
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by the late Arthur Janszen in his commercial  wires with 1/16: O%e?fngs’ al::i ?; : penrteag; ; =R i 3 NHHE
ESL tweeters. He wrapped the wires around hfgl?er thar‘f 50./0' ¢ Eggrtl:crilmetal cpo : £ S £ 3 ESL CONSTRUCTION
ELECTROSTATIC both sides of a thick plastic grid (Fig. 10-33).  similar to Lincaige perioraret e, raly- g g
| LOUDSPEAKER Egg-crate construction has its pmbler-ns' A.closc?-to_-Pe t:ttor Itg?vould need a steel, £ 2
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tension to the mres(;dA mmt:ntgii ; rcdeJce work to rr;anage high forces without significant <20Hz 100 Hz 1 kHz 10k 20Hz 100 Hz 1 kHz 10k
wires :zr;igraﬁ‘:gnﬂf p?;aszzre on thepsupport distortion. A series of pins along opposing sides Frequency Frequency
an am :

could accept the wires, each of which would be

structure. ) )

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

e

£rF

,..oqm.‘
A
ST

%

If each wire had 10 Ibs. of tension, there
would be over 1% tons of pressure on this ﬂuﬂ:.—
lastic grid. Look inside a piano to see the
zpF;Jort structure necessary to handle many
wires in tension.

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 %7, the_hght
tension just keeps them in pOf:ithI'l until the
glue cures. Such a stator design is actually
“quasi-tensioned.” . »

One builder made an interesting vanation
on the “egg-crate” wire stator by gluing alu-
minum window screen to the crate. He did
this by placing the screen on glef.ss, 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. Th_e
cement drained to the bottom, wh?re it
pooled on the aluminum foil at the junction of
the screen and crate. ‘

The cement softened and melted the ‘plas'uc
crate slightly, then evaporated. By we{ghnng
the crate, the screen welded to the plastic. The
aluminum window screen has very small

strung with several pounds of tension.

If you wanted insulation, you could use 20-
mil magnet wire or small-gauge, Teflon-coated
wire. Putting 20 magnet wires/inch would
give a very high field density with an open

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

The ultimate stator would need to have near-
zero stray capacitance, so I would use ext;emal
supports. Because the tension would be high, '1
would use one only every 4”. It would be fasci-
nating to compare this high-performance
design with a more conventional stator.

EXTERNAL BRACING. You must take spe-
cial care when using external bracing. If posi-
tioned improperly, it will deflect the wire from
erfect straightness. '
P Presmnab%y, if you take the troublt_z to build
a tensioned-wire stator, you want it as per-
fectly flat as possible. A brace which touches a
wire will deflect it, and it will no longer be
aight.

StrThg(l: braces must be positioned so they
almost, but not quite, touch the wires. The
problem then becomes how to glue the wires
to them. '

A thick adhesive, such as epoxy, is unac-
ceptable unless the wire is under very hlg‘h
tension, when it can overcome the epoxy's
viscosity to find its naturally straight position.
Also, the epoxy tends to form a glob, which
protrudes from the stator and reduces the D/S
spacing.

p"‘31-'m-n:Lgu-nately, each wire has or!ly a very weak
force applied to it, so the adht'eswe need not be
strong. You can attach r;:ll‘aie]gh wires ttg tl-ne;rgc:z
using spray paint. Seve: t coats spra
the l:%rage/gvi’i‘?;‘unctions will bridge the gaps and
bond them. The light liquid spray wﬂl not
deflect the wires from their straight position.
Another consideration is the expansion and
contraction which temperature changes will
cause in the wires and frame. If the wires are

FIGURE 10-34: Incorrect frequency response.

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
stators require you to connect all the wires
electrically. Tensioned-wire stators present a
different dilemma: insulated wire. The insula-
tion prevents you from conveniently soldering
to every wire in the grid.

Often, only one wire is used to string the
entire stator. It may be more than 1,000-feet
long. The resistance of such a length of wire
can adversely affect high-frequency response.

If there is significant resistance in the stator,
areas which are far from the amplifier contact
point won't have time to become fully
charged at high frequencies. The result is
reduced high-frequency response at locations
far from the contact.

While this is unacceptable for most designs,
some builders deliberately compensate for
phase cancellation this way. However, the fre-
quency response curve is wrong, as in Fig. 10-
34. Recall that you need frequency compensa-
tion as appears in Fig. 10-35.

You can calculate the high-frequency

response at any stator location with the for-
mula:

159,155
RC

f=

Where:
F = Frequency in hertz

R = Resistance in ohms
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

) along cylinder
% :’// axis only
N

'
N

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, or rattle. 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:

o Curved cells are built on at least one,

and preferably two, curved tables.

o The diaphragm must be tensioned in
only one direction, along the axis of they
an imaginary cylinder. If the diaphragm much
is stretched along the circumference, it under stress in
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

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 might
use a combing action, but keeping the entire rod
in contact with all the wires would be difficult.

All things considered, it makes more sense
to use perforated metal, which you can easily
bend into the required curve. Also, curving
perforated metal produces a perfectly flat sur-

face in the direction of the cylinder axis, and

prevents any problems with warped stators.
You should not glue the spacers to the per-
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 stiff. Therefore, the stator resists being
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
will naturally follow the correct curve, is
better. Then the glue bonds will not be
the finished cell.

Ideally, you should laminate the spacers t0
the perforated metal ona table which has a lit-
de more curve than you wish. When you
release the stator from the table, it will spring

k slightly toward the flat position. If you

wires are straight and rigid, they must run in bac

the direction of the cylinder axis. The frame- then finish the cell on a table with about 15%
work and external bracing (if any) must run in
the direction of the cylinder circumference.

less curve, the cell will place nearly zero stress
on the glue bonds.

- Stators js su
- know the de

e D/S spacing for both stators. For this

Onle.h;foortuna_ tely, this requires two tabletops:
one K dr gflumg tllle spacers to the metal, and a;
pecond or glum_g the diaph.ragm-to:s]:acer
(2min ons. Making one curved tabletop is
o e enou'gh.-Why make two, when you
’ get by with just one¢ The glue bonds )V:r’l].l
¢ stressed, but not badly. If yoy are
tionist, make two. # pertec:
to;l‘;l:d (;Igap.hragm can move more easily
oward t}:: inner than toward the outer sta-
Im;st s eh d}aphragm moves outward, it
mus? s ;::Z f\txllght':er to move to a larger ::ir-
oy 4.9-33),‘ oving inward reduces tension
pro"l}:cedlaphragp-n’s inward movement also
proc s a certam'amount of nonlinear distor-
co ;0': present in planar cells. Fortunatel
“ S distortion is subtle. Acoustic coupli o
S0 a problem. Pie s

—————,
- ‘-h-"""‘-‘

/
/ s i e
e B

D[aphragr.n must stretch farther
to point A than point B

example, assume the D/S spaci
3 ¢ pacings are 0.07”
an%?e.w ;fand the dispersion desif:d is 2?]"07
rne ﬁ;;e oratec{ metal will not give, so t'he
cireun a:e‘x:ll_lce difference should be deter-
mined at « :ijj ccit:::srs offe:hch piece of sheet
ckn of the metal i
enough to be insignificant, For c:aIt::;ls.eu?‘ilc::l aﬂ
yo_tl{h ma(ilif?ssume it is infinitely thin -
o th: o erence ber\xfeen the circumferences
o h tors is tfhe difference of the circum-
e ces f)f two circles whose radii are the dif-
- khx:;emtlmes the sum of the D/S spacing. B
taking de angle of dispersion as a percenta 4
circle, you can find the size difference.g;

simple formula for this is:
W=D 2, Anglep
Where: %0
W = piﬂ:e_rence in width between
5 inner and outer stators
= Sum of D/S spacers

Angle,, = Dispersi
nglep = Dispersion angle
Solving this equation for the above exam-

ple, the difference betwee
h fere n stator widths i
30‘;055 1" which is almost 1/16”, That“;a?i;i
em like much, but remember this cell does

FIGURE 1 . , .
0-38: Non-linear diaphragm motion ~ not have much curve

due to curvature.

A .
. larv:yDt? minimize these problems is to use
2k n;g : S spacing on the inner stator. For
¢ Iip €, you could use 70-mil spacing (.1/16
Sc;y cu;: spacers)‘ on the outer stator and 90-mil
sfa cin g %(i-smll Rﬁlycarbomte) on the inner

. will not cause distorti
ﬁmember that the force field is the sfmo .
]:Ee Efemeen the two stators Y

b L::S nner stator must be slightly smaller

Secs € its circumference is less. The more
! feture in _the cell, and the wider it is, the
greater the size difference between th i
and outer stator. Cne
This difference is
usually great enough
:izgsnll}l;t, :,ng[I:e the stators slightly digEEe:S:::
. oose a very flat

o ry flat curve, and

S:m ;ss?za;roT\E you can safely make them $§

o - They will not match perfectly, but

; y may be close enough. For all others’ dif
ergnt—mze‘d stators are essential a

etermining ‘tl_le size difference between
rpnsmgly‘easy. You need only
grees of dispersion required, and

Consider the same cell with 60° of disper-

islog}ll:slgw the errof becomes 0.168”, or near-
d};e /16 h;:lbou: 1% (liifference would exist if
o cel X 90 of dispersion. If you wanted
Ot dispersion in a cell using 140-mil D/S

spacing, the diff
nearlyglfg”, e erence would be 440 mil, or

Another decision involves your desired dis-

sic:slc:sn' angle. Against the desired amount of
s c;l)e 100, you must balance reduced detail
and c_)utpt{t, nor_llinear distortion, and con-
Ieas::u:; difficulties. I recommend you use the
o . . .
oo e ;nt of dispersion consistent with
The main probl ith hi
problem with highly curved i
;fxzicﬂﬁmr}g the diaphragm. When strec:clll'nselds
o eh ction, a diaphragm tends to form a
ght 0urgias§ shape, rather than remainin
tr::rcltdasnf;lldar (Ii'lg. 10-39). The diaphragm alscg:
evelop wrinkles along i
the problem becom e e
e Probler cuwatue; more pronounced as you
You can remove th i
. \ e wrinkles b t
s:llhng the edges in the direction of tl);egce;llin)j
iteg s ;;ucumference. This cure is severely lim-
fe . ciIWchr, because tension in that direc-
Startl collapses the diaphragm into the inner
or. A better solution is for the diaphragm
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f cell curvature
A 1f vou use a modest amount 0!
.IIR - withy?m oversized diaphragm, you can get

ispersi to 20°
xcellent results. Dispersion angles up
Zre relatively easy to make. Beyond that,
b things get difficult.

For greater dispersion, Y

side, each having minimal curvati'xrd‘el, w'oere

: | better than one large, wide cell with sev e
il | curvature. In planar ESL designs, many sm

several cells side by

i art of
RVED TABLE. An important part
glglding curved cells is ﬂa:vrflgtupc::l nwolzli
semble the panels. e it ne

)ég;:?:c:nit must be strong. Wooden tw;:a by
four construction works fine for the l:.ln:
frame and legs. For simplicity, I've shown 'zhj gf
the basic framework in Fig. 10-40. Across this,

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

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

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

A band saw is the best tool for cutting the / ESL CONSTRUCTION
1} / ribs, but you can also use a hand-held jig saw. %
ELECTROSTATIC ! 4 Use as wide a blade as possible for the /
LOUDSPEAKER ‘ ! smoothest cut. When using a band saw, keep
DESIGN COOKBOOK - | ] light pressure against one side of the blade for — —
: ] l . - control.
0 | 1/2° ply The curved surface may be made from sheet FIGURE 10-44: Table top “lid".
lse 4
T Everything els . .
L I 5 % A's metal, sheet plastic (acrylic, polycarbonate, or
| v Formica™), or smooth wood products such as
] Masonite™. The thicker the material, the bet-  weights you use, be certain the lid can produce
Y \ ter (only not so thick that you can't bend it):  enough pressure to hold the stator firmly to
| .III 1/8-1" plastics, 1/16-1/8" metals, and %” the shape of the tabletop. If each rib is cut
: ! — U_ Masonite™ work satisfactorily. - from a rectangular piece of sufficient width,
B iaphragm . buildin You must attach this material to the frame the scrap can become a rib for the lid.
FIGURE 10-39: Stretched curved diaphrag FIGURE 10-40: Simple table for g without distorting it. I find that steel bars laid
shape. curved cells. over the edges of the curved surface help hold DIAPHRAGM STRETCHER. Heat shrink-
it flat. The table will need to be several inches ing pulls the diaphragm in all directions. To
ider than finished cell o el e
i ienificantly longer than the cell itself, so : however, it is the best solu- x er tha tlt?e l}l:e ce_ so these parts dmiakgr: cufvednlcell, yt:a:;jre must stnletch the
i to be significantly 02516 50.70% of it. dispersion angli,s, 0;‘17 ) n't get in the way (Fig. 10-43). aphragm in only one direction—along the
_r... H e (1] N s .
il . nl use tl'lem-l toadlfﬁmtpro €
you only ton

attachment,

Pivoting attachments don't achieve this
because the curve's middle moves farther than
its ends. This stretches the center of the

. will attach a curved top. ) other to a sliding buckle or some other mech-  the Mylar directly to the table or its extension.
Ll cells are generally more trouble and mtmﬁuc]; yo;igure 10-44 shows an easy met_h':’d of I;l;i(d anism that you can tighten. You can also fas- Connect the other end to a movable section
il more stray capacitance than one mg&flarge ing rigid legs. Diagonal bracing W.’n be ne hif ten a heavy weight to their loose end. made from 2” x 1" steel for adequate strength
i the specialized case of curved ESLs wi for adequate stability, but it won't be mu Alternatively, you can build a second curved (Fig. 10-45).
it you use the leg design shown. and 1 surface which is a concave image of the build- I use Scotch® double-sided tape to hold the
Male the tabletop frame out of 2 X 4s 1 ing surface. Think of it as a lid, and build it as Mylar to the stretcher. Others use more com-
Al x 8s (Fig 10-42). Over these 1ibs ﬁou rgrl‘. e you would the tabletop (Fig. 10-44). plicated clamping devices. If you use tape, the
il attach a top to form the smooth curved su ber Glue a piece of %" foam to the lid's under- steel's surface must be very clean and smooth,
o upon which you build your cells. Th;fﬂ‘;“m of side. You can hinge it to the table or leave it so the tape will stick well. Grind or sand it to
bl of ribs you need depends on the s E ersrsm ot free. Whatever clamping device, belts or bare shiny metal. If there is any oxide or
i the material you pu::5 ﬁvird em:;nté bc:t ssing roughness to the surface, thle tape will pull
£l materials, a rib every 6” is adequate, loose and yoﬁ;:lrdsu-etcher won't vslrorkth .
il ore won't hurt. o i W You may find bending the steel to the table-
'.'II mch need an accurates'b‘-_"ldtl“:eg sbu:%lc:ﬁx‘z §{:§é bar E? dtabfeew Stator top curvature difficult. One easy way is to
produce accurate ESLs. mctf:l carefully so - bend it around a large cylinder (Il.ke a garbage
It | the sutface, you must cut ‘betTm late out of can) while it is s:ull a long bar, which gives you
PN e they closely match. Make a i P leverage. After it's bent, you can cut it to the
R - Front View Y desired length.
i ~ A very good reason why the pivots are so
I Lag Screw
iy L 8 Washer - far away from the tabletop is in the drawing.
(e . c / A The steel surface should move so all its points
=l ; 2 4 Le gS { _ Sl.l::r’:f\fgcl:je butlding e are equidistant from the Mylar's stationary
] el \ X g
o i _)1
f { ‘
L

Ve
2 % 4

FIGURE 10-43: Detail of curved table top.

I | Top View
| FIGURE 10-42: Curved table top.

FIGURE 10-41: Strong table leg design.




diaphragm tighter than the sides, and aggra-
vatl:s igm tendency to assume an hourglass
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LOUDSPEAKEI_(%OOK !\Ealdng the steel stretcher surface move the
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everywhere is conceptually easy. All you
2?5?: do ﬂake a parallelogram mechanism,
although this requires much metal Eal_:ncatlon.
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.

Stretcher

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 Era!mes, 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

rforated metal.
th%‘}:e certain to make both an inside an_d an
outside stator! The outside one uses thinner
spacers, larger sheet metal, and a wider spacer
frame, which will lie against the curved table
ith the perforated metal on top.

Wl':'h'm imﬁer stator's qualities w:ill be just the
opposite: thicker, smaller and narrower,
rel?;ectively. The perforated rm?tal 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 Eram‘e 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.

136

articularly cautious with the parts: df:' not
letB;Em slide ground 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
mpression. .
ooPrIZpans: a diaphragm by cutting it to fit the
stretcher. I 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
tabletop.
cugzgt the dia‘:ahragm as you would for a flat
cell, but with one change: minimize the pieces
of tape. Tape complicates diaphr?gm installa-
tion. You can probably get by with tape only
in the corners.

STRETCHING THE DIAPHRAGM.
Prepare the stretcher for the difa.phragm by
cleaning its contact surface with acetone.
Apply double-sided, thin Scotch tape. Do not
use the thick foam type because the
iaphragm tension will rip it apart. .
dla'lPhh: g;e won't stick well if the.metal is
cold. Warm it to room temperature with a hea:t
gun if necessary, so it will adhere well. Dop‘t
get carried away and make it so hot it's
gulrflinvfng an assistant when you transfer t_he
Mylar to the stretcher is very helpf_ul. 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
i end.
Sta(tlll?;lrythat it's aligned, and that there are no
big wrinkles. When you are satisfied, press t.hIe
other end to the moveable steel stretcher. If_lt s
misaligned, peel the Mylar free and try again.
Double-sided tape adheres amazingly well
to Mylar. It tends to pull away ﬁ'orn. 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 turning the tension-
ing screw. The stretcher has enough §trength.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
so it 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
on it. 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 risks2

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
it's 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

ESL CONSTRUCTION

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,

i{00d2>(2

Aluminum
I x 1/8 strip

Wood screws

N

FIGURE 10-46: How fo 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 i
touch it. Acrylic or polycarbonate comes in 14” o
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.

Altematively, you can screw a metal strip to
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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 ofa
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 alternately 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. I 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 repeating it
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 tissues.

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 slighdy
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 with a
disconnected cell that most shocks occur.
Again, the diaphragm bas 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 in a

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, th
. . , the technician
it nearly impossible for current to pass thr;lafes
the heart, gh
If you don't do it this w: i
ay, you will fo
where your c.;ther hand is whi);e probingrfglzez:
m{‘;lards ofa hxg!q-voltage source. Most likely, it
will end up resting on the chassis, where it c:an
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

source. voltage

PR ——
( —

\\
FIGURE 10-47: Banana piug,

You can't easily get shocked by the sta
' s ¢ tors.
Since they are “floating” and arerf', t referenced
to grouncl‘, you can't readily get shocked b
Just touching one. You have to touch one md{
one hand{ and the other stator with the other
haE\c:lé I:vhﬂ;!: glaying loud music.
0€s not guarantee a fatal sh,
but I wouldn't want to try it. How likelyci)sdi?:

]t‘.:l’aaé somfab_ody‘wﬂl touch both stators while
u lrrmsn: is .bemg' played¢ Not likely, but then
people do weird things. At low output levels or
WhTt;:l the music is off, there is no hazard
e greatest risks are the connecti
between the cell and amplifier, wl'uclrl1 ::: :Ii::
together, easily reached, and often worked
with while testing. )
I recommend the followi
' nd wing precautions.
First, use plastic grille cloth. It offers signiﬁ:;:t
protection from touching the stators
Second, be thoughtful when designing your
connections between the ESLs and the step-u
transformers. Do not use screw terminals sincg
th;);fl:ave exposed contacts and wiring ’
r and more convenient conne .
t
glanana plugs.. Besides being well-i:fssfzt:fie
ey give a solid plug-in contact, and you cat;
c?lor coc{e them. If you mount them on a
piece of insulating plastic, and the connec-
uontz be:lwgen the plugs and the stators are
protected from contact, i
o 1047 , they are quite safe

One final caution: direct-drive, high-voltage

amplifiers are extremely dangerous
. . N
are high voltages present mg‘:h hi ot only

gh current

:[a;pa-:l:ty, but have large storage capacitors in
e high-voltage power supplies. This setup

can be truly lethal : .
and step y lethal. A conventional amplifier

-up transformer setup is much safer.
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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 use? 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 petfectly 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:

o Large D/S spacing

o 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 pattern 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=0.577x10
WwW=5T7

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

Tused 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
1 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, thisis 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 a
few screws, isn't strong enough.

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

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

When you have both supports firmly
attached to onte end piece, take the other, and
with the help of a friend, hold it in position.
Double and triple check your measurements
between B1 and B2 for both the top and bot-

FIGURE 11-1: Support frame.

Frame
B End

Main
supports

. /
. End piece
7 ’

z

Mylar

.08 inch Insulating Ribs

Frame B

-

FIGURE 11-2: Alternate support frame.

+ End piece

e

Lo

+——B2

| Angle is “cut"

/ into main frame
supports. Cut

Y20f the angle

into each
support.

End piece

tom. Also, check the angl
: gle made by the tw
:t;pforts, if you are building the &a}l;le in Frg
The measured distance be i
tween point B
Ia.nd B2 at the top of the frame should Ee exactl-
y equal to the measurement at the bottom of

IMPORTANT

Be sure to make provision for connecting the
aqlanzn!g 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
er)ough 1o extend at least %%” beyond the
;n:;;r,gfmt; O%irﬁtleebogrd. Please refer to
s met idea: making a diaphragm con-

the completed frame. Once you're sati

is ?vell_, attach the last piece.yAssemb?es{;i:rzg
Ain 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
Prgme A over Frame B and drill 14” 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
(nfeeded length) bolt through the hole. This
w'ﬂl 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 apd diaphragm. If they are conductive
they will short out the cell. Nylon bolts are
best, but you can use metal bolts if you insu-

CURVED ESL
CONSTRUCTION
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i fe
Jate them with a couple of layers of €l
t:lpe or two sleeves of heat-shrink tubing.

CUTTING AND ATTACHING PERFO-E
RATED METAL. Let's review a cou'ple of
points so there's no confusion. The W‘l_.dth o
your metal stators will be equal to the du;tau'nc;e1
between B1 and B2, plus a fraction of an inc
to allow for the curvature of the metal. AL
The angle formed by the two supporftj (th
in Fig. 11-1) sets the degree of curvature &11’ thz
frame in Fig. 11-2. (;.ut the curve into bo
ttom enda pieces. )
to%ﬁgit?r(:rature in thi frame in ng. 11-2 s cut
into the supporting frames (A1 in Fig. M-ff).
I've already given you the math needed 11:0 Agl-
ure out the width of the stators and angle Al.
Before cutting metal, it might be a good ideato
i r calculations. .
m‘cﬂi}?e:}: c;;u cut your metal, you must e1t1her
leave a tab of metal outside the frame for ; ec-
trical connections, or decide how and where

lectrical to make the electrical connection to the sta-

tors. In building the speaker in Fig. 11-1, 1 left
1bs on one side near the base. .
1:;a.[s)'on'l: expect to solder a cn?nnt?cu?n -b_oal an
aluminum stator without trying it first itlx-
minum doesn't solder easily. You can easily
cut aluminum stators with metal shears, large
scissors, or a table saw with a fine m(‘)d;hcut:f
ting blade. Be sure to allow for the width o
the blade in your measurements.
ilnquestionably, the best way to cut the
aluminum is on a sheet rnetal.shear at your
local heating and air conditioning shop. Tl:us
tool will make absolutely flawless cuts with
perfectly perpendicular sides. Except for the
travel time, it only takes a moment, and the
t is insignificant.
COE(':L:: tl:he fnetal accurately, and take care that
the outer edges are parallel. You can remove
any unevenness along the cut by gently ham-
ing it on a flat surface.
m?knt?agm the perforated metal to Frame B

Frame A
End plece
Final Width of Speaker <
11 2' | +——A1
7 12.007" 24,0149" ' :
Degrees of 15 12.034° 24.068" B1—
Curvature 30  12.138" 24-276" e—tB2
45 12314° 24628 | |Anglels "out*
/ into main frame
supports. Cut
Yk of the angle
Into each
support.
Frame B ) e \
~
/ . /? End plece

FIGURE 11-3: Final speaker design.

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
align 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 position 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) (Eposxy can ooze
through wax paper; I 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 %4” 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 %” 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 (Y4~14"). 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 %” 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 Jet 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

—
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Let W= Width of speakers
Let W'= % width of speaker
Let A = angle of curvature
Let A= % angle of curvature
Let R = Radius of curvature A
Let C = circumference of the circle

w!
R = 5in (&)
C=2nR
& Length of curved
speaker= (360/C) x A

~

| - W'
-—-._-A:
R

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

frame. (See also Fig. 11-3).
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Tape 6" of Mylar

step L XS & on
opposite end
(stretch tight)
\ 1)
Glue Mylar

on this side —g

Use WET epoxy on
horizontal spacers

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

and use masking tape to hqld the p_uieces fe_m—
porarily in position, while again Il:o ting
together a sandwich of Frames A and. _

Position the remaining spacers horlzc»l:::I thy
along the speaker. You may need to hod 3
center spacers in place just hke. the curved en
pieces—by tape—after applying the epox;;i
Bolt Frames A and B together as before, an
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 Mglal'r‘ g
that is tape
& 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 C.hapter 10 on
ESL construction, cut a Myla'r dlaphr‘agm to
size and coat it with graphite. I will now
explain how to mount and heat shnﬁl‘; a
diaphragm, so you don't have to build a
Strthsf:?:rrﬁnute epoxy to glue the u.ncoated
side of the diaphragm to the flat outsnde-edgie;
spacer of Frame B's stator. I've found that
you first apply a bead of epoxy along the :lpac—
er and then run the edge of a razor })lade : f'c?ng
its length, you can get a very thin, umdlil;
coat of epoxy. Attach the diaphragm an
cure.
ﬂjj\;%?;); thin layer of 45-minutf (or longer)
epoxy to the top and bottom 17 spacers on
Frame B. Do not put ezxy c:n the flat perimeter
ite side yet!
SPaXiaTht;:ﬁ: fﬁv;lar as 1ijnifoxmly as possible
over the rest of the frame. Stretch it by hand tg
get the big wrinkles out, and try to avol
smearing the epoxy on th?T Mylar.. _—
Place 2-inch wide (or wider) ;.ltn[:z :)) Or;naso N
i e on the diaphragm at the bot-
$§nt:§ds of the frame. Anchor half Fhe vs;ctl;h
(or about 6”) of the Mylar on the side o the
frame to which you have already glued the
iaphragm.
dwi‘f) yofI:re building the Fig. 11-2 frame, ‘ggg
the masking tape tight and attac.h itto tIruEar -
tom or top end pieces. The Fig. 11-3 .ama
may require that you temporanl)'z posmgr:h 2
piece of wood between the end_pleu:fz an e
unsupported curved metal. This will pemlur
you to apply sufficient force to the Myla

Tape, stretch, and

heat shrink
next 6" of
diaphragm

Step 4

FIGURE 11-8: Heat shrink diaphragm.

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

Take a heat gun, and starting at the attached
side, partially heat shrink the Mylar. Follow a
vertical line from the top to the bottom of the
section 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
masking tape), but it will 7ot shrink tight hori-
zontally. Instead, it will slide over the smooth
plastic supports. This relieves the horizontal
tension 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”
vertical strips, but stop short of heat shrinking
the 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

shrinking for each 6” or so (Fig. 11-8). When

Step S

Apply wet epoxy
to

vertical spacer

Remove any

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 S0,
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.

remaining wrinkles
by GENTLY pulling

CURVED ESL
CONSTRUCTION
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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 transmission lines and homs were used. The

going to use¢ horn and TL woofers had as much clarity and
Like ESLs that are fundamentally better detail as the full-range ESL.

than magnetic drivers at high frequencies, Several listeners commented that they
magnetic woofers are naturally better than found the results hard to believe. One even
ESLs at low frequencies. Despite an ESL's concluded that I rigged the test. His bias was
inherent potential, you have to design them so strong he could not accept that a hybrid
well to reach it. The same is true for magnetic  system could be as good as a full-range ESL,
woofers, since it's hard to make one provide although he heard it with his own ears.
great bass. Yet superb bass is the key to the The results proved beyond a doubt that a
ESL equation. An ESL without bass is not hybrid system can equal an ESL in the critical
much more than a very clear transistor radio. area of dlarity and detail, while simultaneous-
Making woofers produce bass like ESLs pro- ly providing the deep bass and high output of
duce treble is a true challenge. which ESLs are incapable. It's not easy to get a
This book is about ESLs, not magnetic magnetic woofer system to perform this well,
speakers. But a book on ESLs is not complete  but it is possible with transmission line and

if it doesn't tell you how to build magnetic hom technology. Why this is so is the subject
woofer systems which will really make your of the next section.
ESLs perform. This chapter fills that void, but

is necessarily brief—a comprehensive book on  WOOFER THEORY. Magnetic woofer sys-
magnetic systems would be voluminous. It tems suffer from many of the same problems

concentrates on transmission-line (TL) woofer as ESLs. Phase cancellation in particular is an

systems, because I've found they work best even greater problem.
with ESLs.

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

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

And the results¢ The panel detected differ-
ences between the systems—except when

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

clear and detailed as a full-range ESL2 falls. Even a moderately large magnetic woofer

Audiophiles argue this point ad nauseam. I 10" in diameter will start to roll off the bass at
wasn't sure, so I set up a test to find out. I around 5kHz.
matched a full-range ESL against a hybrid sys- Phase cancellation beginning this early
tem, and asked a panel of "golden ear" listen- causes severe loss of bass output. The prob-
ers if they could hear any difference between lem is so serious that the only practical way of
the two. Note carefully that I didn't say we- dealing with it is to put the woofer in an
tried to hear which one was better. Alll want- enclosure, which isolates the front wave of
ed to find out was whether a hybrid system the woofer from the back so that phase can-
could sound the same as a full-range ESL. cellation cannot occur.

We tested several different types of woofer Enclosures introduce many problems, the
- systems, including bass reflex, homns, trans- most significant being resonances. You must
mission lines, infinite baffles, and acoustic eliminate, or at least minimize, resonances for
uspension types. This type of testing high quality sound, which is difficult to do and
demands rigorous control of all variables, as I requires careful attention when designing
 explain in the chapter on testing. Suffice to enclosures.
say here that the output levels for the two Magnetic woofers are small compared to
Systems were identical, as were the frequency ESLs and operate at very low frequencies.
tesponse, amplifiers, source material, con- Because of their small size, they experience
hecting wires, and other variables. The only another problem: loss of bass due to the falling
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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:

e Phase cancellation
» Radiation resistance
¢ Fundamental resonance
The usual solutions to these problems are:
o Enclosures
e Increased bass output at very low fre-
quencies
8 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.

N\ - Overshoot

{

Desired

waveform Ringing

/
[\f\{\

W

FIGURE 12-1: Overshoot and ringing.

You can get this output boost with equal-
ization before the power amplifier, as in an
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 stop 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. A
better method of dealing with the problem of
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 cancellation; second, to increase
deep bass output to compensate for radiation
resistance losses.

Stopping phase cancellation is easy, since
all enclosures isolate the front and rear waves.
Designing an enclosure which increases the
output in the deep bass without introducing
other problems is a challenge. Engineers have
designed many such enclosures. Not surpris-
ingly, they all have faults that require com-
promise.

No perfect or ideal enclosure exists for mag-
netic drivers. Consequently, there are many
types in use, and there are strong opinions
regarding which one is best.

What follows is an overview
mon magnetic-woofer enclosureogjsglnz C]?}Kx?;
overview is only a general outline of the con
cepts involved with each design, and is not .
comprehensive discussion. I've o;m'tted detaila
and present only generalizations. )
arelnﬁmthe Stie-blaﬂrle or closed-box enclosures
e he mrzp est enclosure designs. They con-
o (s mtt_;gfnc woofer mounted in a closed
; Except for fundamental resonance, these
esigns do not make any special effort to sup-
port t.:he deep bass, but only stop phase cag-
cellation. They have a single fundamental res-
onance whose amplitude and frequency can
be influenced by the box dimensions
The fundamental resonance in an inénite-baf
g;f system has a narrow bandwidth-
tanc(;rtl;?atgly,' the decreasing radiation resis-
o ar 1s a gradual phenomenon and
aves much like the roll-off caused by phase
cancellation. The narrow bandwidth of a singl
resonance fails to produce the hecessary mirro -
image frequency response to compensate acc::

/
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rately for radiation resistance losses.
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) Figure 12-3 shows the generic frequency
esponse of a woofer experiencing radiation
resistance losses. Figure 12-4 shows this same

FIGURE 12-2: Closed box enclosure.

eneric wi '
g oofer's fundamental resonance. You

can see that they are a very poor mirror-image

match. Mixing them pr
response like that showl; ?:‘-11;;'5 'I;-;Er ey
; Infinite-baffle enclosures usually do not pro-
uce truly deep bass unless they are enor-
mous. The deep bass gets some help from th
system's fundamental resonance, but the
response is neither deep nor h'nea’r Inﬁnit:
bafﬂe woofer systems using large driivers and
having deep bass response are very large. This

S o0
£
o —
3 -5
'i. .
5 10 y.4
: V4
20 Hz 100 Hz
Frequency 1KHz

FIGURE 12-3: Poor low frequency

has limited thei i
oas lmited de;;rn S;?opulanty among cutrent
Rectangular box-type enclosures produce
severe resonances. They have three pairs of
parallel walls (one for each dimension)pWh 0
the Wavelength of the sound wave is e' ual etg
the distance between the walls, it prgduces
strong resonances. Less intense harmonics of
these resonances are also present.
These resonances vibrate the air in the

m
O+
-E"' 0 ’l
% ¥ 4
:g +5 7 \\\
—é.-. y 4 S
3 0
20Hz 100Hz 1
Frequency e

' o response :
caused by falling radiation resistance. P gﬁ;jeZEb; fzu-ﬁc.iafnog;t lCIJW o feSPonse
al resonance.
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1 Top

3 . A View
E-ﬂo - .
.§ +5 "'
% Dimensions
< "H A & B are
) 2 similar

20 Hz 100 Hz 1 KHz

Frequency

nse
E 12-5: Poor low frequency respo
Eéﬁge% by combination of radiation resistance
and resonance.

m by flexing the walls of the enclosure, or
;‘;’0 escg;ing tl';grough the Yvoofer cone. 'ghxs
sound from the enclosure is not suppose tc;
be there—you should only hear the outgu
from the driver—and adversely affe'cts thfe t}?-
quency response, detail, and clarity of the

tem.
Wcifefse;;z;ces are worse when all three
dimensions of the enclosure are the same. For

Port

Vs

FIGURE 12-7: Vented box (bass reflex) enclo-
sure.

FIGURE 12-6: Similar dimensions cause large
resonances.

example, a cube or sphere would havenglr;e-
huge resonance and make a very poor e clo-
sure. Note that most comm‘eraal spe; e
have two very similar dimensions, as shown
in Fig. 12-6.
" f{';gu gn improve a rectangular box by s%\;;
ing its dimensions 1/3-octave apill;t. his
would produce three small rat}.ler ar.1tude
large resonance and reduce thelr. m_agilu less.
Many small resonances are subjectively
objectionable than one or two l;:arge ones.ki
You can continue the resonance-ma Eg
process while reducing their magm‘cul(ie1 %‘E
making the enclosure walls nonpara ;.the
each dimension covered 1/3-octave, an

walls were nonparallel by a full 1/3-octave, an -

infinite number of tiny resonances would
resllfﬂ)t/'ou absorb these smaller resonances t\{lVlth
acoustic damping r;mteﬁal. and f:onﬁnel le;rrrel
by very rigid walls, there will be little enc oiel
resonance to color the sound. Unfo@nad t}:,)
such an enclosure looks strange and is hak;:'1 0
build. It would be aesthetically unacceptable °
most homeowners, and too dlfﬁFult axt1 i
expensive to build for most commercial man "
facturers. Most commercial loud‘speakfer syto
tems are highly resonant and don't perform
i otential.
thi’cf:tlisl:ic-suspension woofer_ systems a}rti
similar to infinite-baffle d_esigns, dlffemg 11;1131110
ly in the way that restoring force is applie
er. - .

th?rfl :r‘i infinite-baffle system, a relatively Ztltfs
spider-and-cone surround restores the .ccglsys_
its center position. In acoust:1c—suspensur)in .
tems, the air in the box acts as a sp gl'h ’
return the cone to its neutral position.

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
output. 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- FIGURE 12-8: Passive radiator.
Onances have appropriate spacing, location,

magnitude, and bandwidth, the bass-reflex

enclosure can do a reasonable

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 behay-
for 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

job of supporting

Passive
Radiator

Driver

TRANSMIS
LINE DE



ELECTROSTATIC
LOUDSPEAKER
DESIGN COOKBOOK

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 relatively 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

Driver

FIGURE 12-9: Horn.

bass-reflex systems (Fig. 12-8). The term “pas-
sive radiator” is a misnomer, as it is nota 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
turn, 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

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 horn is large enough,
deep linear bass can be produced at astonish-
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
3. TFor a hom to reproduce this linearly
requires the horn's mouth be 32-feet wide.
Such horn systems have been built into large
public buildings. Altec's famous "Voice of the
Theater" horn woofer systems require a theater

two stories tall for installation. Amateur speak-
er builders have built such monstrosities. I've
seen concrete horns 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
Klipschom, which attempts to use the inter-
section of two walls and the listening room
floor as part of the horn. 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 homn. 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

frequencies, but at |
“quencies, ow frequencies i
minimized by careful de31'gn<.q s T ean be

Horn woofer systems, while theoretically

excellent, are simpl
L ply too large to b : ;
Additionally h - 8 e practical.  shift produce :
a formidable tack dﬁselgfe and, construction is  nstead of a niiotffsszft;p incrase in ouput
lems preclude thei tably, these prob-  This more accuratel 14 07 resonances.
music aystems elt use in practical home caused by deCreea}sli:gati:S?atge falling output
Transmissjon-I; , Because the line ; on resistance,
long taperefis:zge l;;;jefcllcﬁwx:s. consist of a experienceetlfllgeslasncl)gilleength, ?olt_;fltl frequencies
10). This tube is called & traesn o\ & "2 shift will be the maxi gree of shit. The phase
o 0 a transmission li e maximum 180° at onl fre-
just "line." . ne or ency. O . : y one fre
e." Its careful design can solve most \(zlwull bgeitﬁee:dr:grzlii?f&n:h freq;incythe shift
ess than this, and there

woofer enclosure
problems. .
Though the line j will be less reinforc
1s open at the end, it is so ement of the sound.

long it eliminat . A transmission

line has an extended oot pee o A long - effect on the woofers oo ool

woofer to the other. The om one side of the It heavily damps ; ndamental resonance.
. . re will not be ps it, which smooths the fr

time for the air to travel thi enough  quency response and ¢ Ire-

. th and response and reduces cone excursi

phase cancellation, which js tshpa cause  Controlling this and other ion.
’ i resonances results i

a very large, flat baffle € same as using  well-controlled transient behavi 5 re in

this respect _aff)unq the woofer. In  overshoot . ehavior. Ringing and

an inﬁnlzteec_é :hf;eiiignsﬂon line behaves like most Oif(l)eraer;cg;ﬂf:zl and much better than

X sure. . esigns.

An important diff ) The line is stuffed wi . '
nite baffle and a trlanesﬁ;siozelt'w cen an infi- don't mean that eth::ét}ilsdzr;rﬁlr%g material. I
virtually elimi line 1s you can  attached t plqg material
the thr)e/eecll?nliz;amts?orrelsonances‘ll?[:he latter. Of  pletely ful(l) tc})}e ;:;H;;rather tl.le line is com-
length of the line. Si » One will be down the absorbs and sl g material. This both

Y it : slows sou,
end, there is no Walcle\fvh}; Iﬁle is open on the Technically, damo ir?d wave energy.
sound and cause a resona ch can reflect the with the motion of zir %ncﬁl atelnaI nterferes
X nce. s e i :

The line walls define the §ther di _ This friction depletes the sov‘:;‘ll‘des in the line.
This could cause one or two | imensions. by converting it to heat. Th. wave energy
particularly if the cross © large resonances,  al has several important‘ fu € fiamplng materi-
square. You can st section of the line is * It slows the netons:

making the line Wa(;lp these resonances by the line Thipasssge of Soun.d through
words, taper the line s nonparallel. In other requireci o piorsug:i; &:;{e line length
. 1 e desi
If the walls aren't parallel, the li shift. You can build th esll.red phase
generate the | , the line can't 30% sh e line about
od damagin artge tfgsonances characteristic of pos :1' gl orter than would otherwise be
g to the pErformanc £ e.
lar encl . e of rectan- It . ;
: ones. By adding dampi amental resonance
material to the line, we can ab. 8 ping ¢ It absorbs the sound :
for practical ’ an absorb these, and fr und energy radiated
endgsure cal purposes have a nonresonant nc(::not:]; rigl; o£ Iihe cone. This includes
' ergy coming di
You can see how a tapered tra T from the cone, but also allg t;lilrec.ﬂy
solves the problems of nsmission line enclosure re 2 e tiny
enclosure reson s of phase cancellation and tapering th sonances that remain after
also could sy S?tcte}f. I;would be perfect if it almosté;na N Tbe‘ Tl"fe net result is
to falling radil:fio € deep bass which is lost radiation g:ica : th‘_: driver's rear wave
It doss oo nhrf;;mtance, and it can. soally di and associated resonances vir-
s
SO it exits the};iliel inlilghthe rearwave phase If we ma}llke t:lfepi:e 1
wave. The r. 1-phase with the front- sound ene ong enough, all the
earwave is normally 180° 1gy would be absorbed. However.

phase with out-of- we delib .
the front, and therefore cancels enough szr:l:zl)c;az:l;sgt::;thqel Length short
erial cannot com-

frequencies affected
by th i
can support the deep b};ss. © phase shift, we

Also highly desirable is the fact that phase

i =

FIGURE 12-10: Transmission line.

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

the output of the fro
ntwave. If the encl
delays the rear wave by an additional 180°, i pletely absorb the deep bass. We want it to

will emerge in-ph i
. Phase with the frontway
add to its output. By carefully selectin; iﬁj

release sound energy from the line when the

phase has b ;
deep bass. een shifted enough to support the
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High output
Flat frequency response

¢ Low distortion
¢ Moderate efficiency

acoustic-suspension system:

¢ Moderate output

reflex and large infinite-baffle systems.

SUMMARY OF TL CHARACTERISTICS.
Little or no cabinet resonances
Well-controlled driver resonance

o Extended deep-bass response
o Excellent transient behavior

i es
e Marked cabinet resonanc
e Poorly controlled driver resonances

o Nonlinear frequency response

Transmission lines are moderately eEﬁa;r;t.
While not as efficient as horn systems, they

are m ffici th tic-suspension
ELECTROSTATIC e ore e c1ent. . - a.cou S e t% sion
LOUDSPEAKERBOOK designs. Their efficiency is simi

DESIGN COOK

b . n
Compare these same crteria with a

deep-bass response _
: 1\’;Zliirable }Zransient behavior depending
upon system “Q’
e High distortion
fficien
Wl.lifk?zz :he:e tv?ci profiles best matches ar‘;
ESL? It should be clear why clos?d-b?x ar; :
vented systems are not good choices for u
ith ESLs. o
Vﬂ%aisr:ission lines have their dlsadYantages:
the main ones being size and construction gf{g_
lexity. The line will generally need to be
If)e‘:tuicz:r1¢c_j,r While you can fold it intoka ;el?sc;r:
izec it is still no bookshelt sys-
bly-sized enclosure, it is stl :
ien): Szren when used with a small dnvi:;
Additionally, the internal bafﬂx.ng necessary -
roduce a folded transmission line is more trou
ble to build than a simple box. This is ;(:ird:r:
insurmountable problem fofr the horg:turers 5
u
but is a major cost problem or man .
mocliseratel))/-priced commercial speaker systems
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EIGURE 12-11: Various TL designs/layouts.

Tapered Stepped Uniform
di P i Parallel taper taper
mension < »
L
Side Front L L
view view

FIGURE 12-13: Ang_ling baffles converts
FIGURE 12-12: Rectangular enclosure has Stepped taper into continuous one.
parallel walils.

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 DESIGN GUIDELINES. Unlike resonant
and hom-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'l discuss each design parameter in detail

and follow with my usual guidelines. You can  TL CROSS-SECTION AREA. The common-
be confident the guidelines will produce a ly accepted rules for line cross-section area are:
speaker which performs well. ¢ The area behind the woofer should be at

least 125% of the woofer's driven area.
LINE LENGTH. The line length partially ® The port should be 100% of the
determines the deep-bass response. The stan- woofer's driven area.
dard recommendation for line length is 25% These are good, solid, reliable rules. I call
of the wavelength of the driver's fundamental this 125/100 rule the classical TL, and it works
resonance. I think this is a useful guideline, but very well. But other percentages also work.
there is nothing sacred about it. 1 usually use I've had equally good results with a 100/70
longer lines, because up to a point the longer line. With these more compact lines, you must
the line the deeper the bass. reduce the amount of damping material to
The line length in most commercial TLs is maintain the same performance as in wider
about €', corresponding to one-quarter wave-  lines. The only penalty I've found in narrow
length at 45Hz. Amateurs sometimes use lines is the effect of the damping material is
lengths up to 10’ for very large drivers, which more pronounced. This makes the stuffing
is one-quarter wavelength of 27Hz, procedure more critical,
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 woofers might make a splendid conver-

your line should be more than 6. sation piece, in most homes it is neither prac-
Unlike resonant enclosures, transmission tical nor aesthetically acceptable.

lines are not tuned, although this term is Transmission lines must be folded or

Sometimes applied. Practical experience designed to fit into the home environment.

Proves the length isn't at all critical, and that a Although the integrated, hybrid systems pot-

LINE SHAPE. Effective TLs are long, While a
10" tapered tube protruding from the rear of
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Bulged

Pinched

FIGURE 12-14: TL flaws shown conceptually.

ed in this book use an essentially straight

t];?e], this is very unusual. Most are folded.

Three elements define line shape:
o Cross section
e Axial folding
Taper N .
Fo:'tunz?tely, air is very Eorg;vmg gf hrrli
shape. It doesn't seem to care }}ow.1t is co
ﬁnezl As long as the cross secuonum reason-
uni rm, any shape works well.
aLbEls',relxlnn:frrc:ission Ii};les can be folded in any way
imaginable, and there have been some Very
imaginnative designs. Figure 12-11 outlines s-c;me
possibilities. Your ingenuity is the onlylgmlljé .
Attaining satisfactory taper .shou . i
maijor consideration, but this item is 10V§qr
looked by many designers. Note carefully the
es and uniformity of the enclosure tapersin
Fig. 12-11. They vary from fully tapered to a
single step.
It is best to taper

7

alf dimensions smoothly to

AN

Sound
bounces

i wall

off rear

Pinched

WD

:\\\\\ Bulged
-~

1
FIGURE 12-15: TL flaws shown in enclosure

design.

inimni Try to avoid steps; use
minimize resonances. :
continuous tapers. In purely r_ectangulardc?ncelg-
sures, this is usually not posm})é;:. gnsepi txénﬂﬁs
i i 1 (Fig. 12-12). De
sion will be paralle
compromise, rectangular enclosures work

well.
Many designs have

steps in the cross s-ectio_n
instead of being uniformly tag’zze:; ZV:nlﬁoguns-
it is not as resonance-
Yvos?:ls(;;ﬁi taper. Often it is easy to change a TL
V}:iith steps into uniform taper (Fig. 42-13).1d o
Finally, pinched and bulged lines shou g
avoided. Figure 12-14 shows conceptual exam:

This Not this

FIGURE 12-17: Baffle corrects re

fer
FIGURE 12-16: Sound from rear of woo ton problem.

refiects off rear wall and r

adiates through driver.

})1  Beffle Eﬂ::::::::

. L

ar wall radia-

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
parallel 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
can'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 corers have baffles.

DAMPING MATERIAL. Many products
make good damping material. Common mate-
rials 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
if you 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

€ microscope, its fibers are fuzzy. In com-
parison, Dacron has smooth fibers and is less

affle

| Baffle

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¢ 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
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LINE DESIGN




ELECTROSTATIC
LOUDSPEAKER
DESIGN COOKBOOK

160

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 Ib./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-

rect? 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-controlle
bass requires more damping material.

If you are going to err, err on the side of to,
little material rather than too much. If it turm,
out that there is not enough material, you cap

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 withoyt
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 b
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 reasonably
efficient and usually don't need high-power dri-
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 construction, I'l give you a
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 common 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.

em—

Side view

along
baffle

Baffle

FIGURE 12-19: How to locate screw holes.

Better hardware stores sell aluminum Tbars
8-feet long, A bar 2-inches wide and Y%-inch
thick works well.

To make your cut, take two or more C-
clamps and clamp the bar along thc_a cut 50
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 Phi_llips head to
keep your screwdriver from slippmg.

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.

i
Mark
here Straight

Edge

FIGURE 12-20: ldentify 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 screwdtriver is almost essen-
tial. If you don't have one, but have a vanablle,-’
speed drill, you can use it instead. Just geta %
drywall screw bit at the hard'ware store,
mount it in your drill, and go to it. Be careful
not to over-tighten the screws and strip th.em.

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

erything except one side.
eVTrcz’zhﬁll %.he scf:aw holes in the baffles, put the
baffles in the box and draw a line beside each gf
them (Fig. 12-19). Remove the baffles aqd drill
holes 3/8” to the side of the baffle centerline.
After installing the baffles, you face the
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Formica or other plastic laminate. These come  cutout. Don't press down! You want a thick pad
in almost any pattern and color imaginable. of silicone under the woofer. If you press

FINISH WORK. There are many ways you

dilemma of drilling the last side. Take a can make particleboard enclosures look attrac-

- . . . : : ; ; : TRANSMISSIC
. d lay it along the baffle center- ¢ X s the functional finish, The most popular for speaker enclosures is a  down, you v&.’ﬂl. thin the film and increase
ELECTROSTATIC Etralthtaekdeg Z ?rl;lark c):n the edge of the enclosure  tive. Jhe osgél;fleioz than a flat grey or black Wood-gra.un appearance. sound transmission to tI?e enclosure. Also, if LINE DESIG
L AKER n;i. h represents the baffle center (Fig. 12-20). w}.uc is ri g wfi;th a paint roller. _ Apply it to the completed enclosure by coat-  you squish the silicone, it may run down the
DESIGN COOKBOOK WA;ter ;jou install the last side, these marks pagxtfappdleing any painting, take a putty knife ing the enclosure and the back of the plastic side of the woofer and glue the cone to the
efore do. ’

will be visible. You can lay the straightedge _c:lr;
them again, and draw a line across thhidi; e
which will show you t}ie 1ci:enter of the e
i s on this line.
ba]fiefégngtf‘t?iljg on the last sidfe, add your
damping material. You may w15'h to }\iva:;
before putting glue on this 51d.e un.nl y.c::t}J1 altﬂ
tested the speaker. By mounting it wi oth)é
screws, you can remove it 1at§:1 to change
ity of the damping material. -
de?)\S’LZtoglue shoulg you useé¢ Mnte glufe is }t3het
old standby and still works saus‘factorﬂgf. u
newer glues like the aliphatic resins are etteré
Of course, you can use epoxy, but the amolunS
required is too expensive when the other glue

will do the job.

and apply spackle to the screw heads and ane};
other surface irregularities. A large pov:h
sander will smoothf off d.xetisgackle so the
i efore painting.
Ed]g_zievfléarir:itci}sl li)'ery t}fick, and is the only
paint which will hide grain and minor surft;ce;
imperfections. This feature, 2.lnd the fa.lct a
it's nontoxic, makes it the paint of choice. "
Another easy finish method is to wrap the
enclosure with cloth. Unless the clotglm 1sb\lzeg<
thick, you must paint the enclosure dat a p
first so you don't see screws and Wwoo

through the cloth.

You can get a bea
durable finish by covering the enclo

beautiful and extreme}y
sure with

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.

frame. Just set the driver in place and let it float
on the silicone.

Silicone mounting s 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. I 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

8-v2 Finally, you can get particleboard with have a very unusual TL design (Fig. 12-21).
2-9/16" _:‘ I:_ 10 veneer already applied. I don't recommend Note from the top view that it is not a rec-
4" its use unless you are a highly-skilled furni- tangle, but a parallelogram. To make this eas-
ture builder. The cutting and drilling is diffi-  ier to visualize, I have drawn the front and
‘96' 0-3/4" cult to do without damaging the surface. side views as though they formed a rectan-
il Even if you build the enclosure without dam- gular enclosure. When you assemble it, you
aging the surface, you still have to laminate will cut the parts to the necessary angles to
Side veneer along the exposed edges. Finally, you form a parallelogram.
Front View have to put a finish on it. A few comments on its construction will
View You can cheat by using an oil finish, but help. Remember to make mitror-image parts
Top View oiled wood finishes aren't durable and dry out.  for the left and right cabinets. The odd angles
(Shown double size You can reapply the oil to keep it looking  require you to make some interesting cuts, but
for clarity) good—but who does¢ if you pay attention, it is not as difficult as it
looks. To make the long vertical cuts at the
© MOUNTING DRIVERS. Consider mounting  required angle, clamp a long straightedge to
® your drivers on silicone rubber rather than the wood with C-clamps along the cut.
screwing them to your enclosure. When you Adjust the foot plate of the circular saw to
screw the driver in place, it transfers its vibra-  the required angle. Run the saw along the
tions to the enclosure. This vibrates the enclo- straightedge to make the cut. Your saw proba-
sure and radiates sound into the room. It's bet- bly will not allow the foot plate to be tilted in
ter to decouple the woofer from the enclosure  the opposite direction to make the mirror-
in order to minimize this undesired sound. image cuts for the other speaker, so run the
Woofer To mount a driver with silicone rubber, putit  saw from the other direction instead.
-— 13" face-down and remove any gasket which may You will discover that you cannot run the
¥ . y= / be present. Then squeeze a very thick bead of circular saw completely to the right-angle cor-
r 886° silicone rubber all the way around the driver's ner without cutting into the face of the enclo-
Oi ‘ mounting surface. This bead should be at least  sure. Solve this problem by cutting close to the
e 12* Ya-inch thick, and a 1%” bead is even better. corner with the circular saw and finishing the
,r < - - 18-1/2" You should have the enclosure positioned cut freehand with a hand saw. You will have
g 46° e so the woofer cutout is facing upward. Now  the kerf from the power saw to guide you, so
& carefully pick up the driver, and flip it over so  you can easily do an excellent job of finishing

FIGURE 12-21: Compact/Integrated ESU/TL.

it is face-up. Set it carefully in the enclosure

the cut.
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/ \\

Mounting
Strips
\

FIGURE 12-22: Use strips of wood to form slot.

i le
acing the screws at an appropriate ang
cailbe d%)ne freehand if you are care(f:uhl. I grz)c;
it easiest to drill one screw hole at each en ot
the enclosure, and assemble the two p
temporarily using only those two screws.

Be gentle to avoid tearing the screws out

FIGURE 12-23: Aluminum brace 10 hold ESLs.

illi 1i holes
i finish drilling a string of screw ho!
:i)}:zlxl;}tl}?: jo?;i. An assistant is essential during
thi;gzzc;soi drill the holes, disasserl;;bleth the
em
rts, apply glue, and reassemble ther
::i?lgpzll thep}:c}r,ews. With all the screws in
rts are stable. ‘
pla;:s;t\l:zeiﬂpgnd it nearly imposmbleltg ggt petr;
joi ds to slide due
fect ioints, as the wood ter ‘ :
t;ce :}mgies. It's OK, you.c:;n trji\rr;) ;Es:}:dtft(l;
s after the glue is dry. :
O;:rl;:zl:)%s the job easily. Don't forget to puic in
It)he damping material before you put the last
iece in place. .
pliflzg tgl:t the woofer goes on t}}:el 51d§ (if :11:;
that is tapered. This helps bala
:l?:lle;eker, which tends to be front heavy.
Also, it slightly aims the ESLs upward so you
are ot listening at the joint between the two
l : . -
Esior;anet:H skinny TLs like this integrated
e a§e1 not very stable, particulayly on carpeté
tngu can radically improve this with the use o

n TiptOCS®-"

Tiptoes are steel cones which sit upside
down beneath the bottom of the spea1‘<er. ’[T}ey
penetrate the carpet s0 the spearlfler Z}slr rzsuﬂrii

€
idly on the floor. If you use only )
zogak);rowiﬂ notrock. They are alsg very handy
vshen you want to adjust the cabinet angle or
correct its tendency to lean.

MOUNTING ESLs. Glue wood strips al(;:r}g
the TL to form a slot to accept the %SLS ( ulg-
12-22). Brace the opposite edge an u'?iﬂ EI
ported top edge with aluminum strips sl

SIDE VIEW

END VIEW

s

7 y
,,,,, - yhe

11111

FIGURE 12-24: Foam wedge cutting pattern.

Wood 1 x 3 % U
_— — TJ\ Pullous U Cetling
\ Heav
RSPy 9o sines s e
- str
bent by tension Safety wire ™~ e
of safety wire pulled to
high tension Plastic jug

Fill with water

FIGURE 12-25: Hot wire bow. as needed for

counterbalance
[ —]
to those you used for a cutting guide. I used 1” L
X 1/8” aluminum which is very soft and easy

to bend. Use 8-32 nylon boits 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.

FIGURE 12-26: Hot wire bow suspension sys-
tem.

and well worth your trouble if you plan to do
much work with foam,

The wire diameter, material, and len
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 5A power supply.

IN-WALL ENCLOSURES. In Chapter 4 on
frequency response, I 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 de
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

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

picts one of many ways

TRANSMIS!
LINE DE}
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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 Y%-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 turn
off the power supply so you don't get bumed
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 can
use hot-wire cutting techniques for cutting all
types of foam, both solid and flexible.

You can make composite structures using
Styrofoam coated with fiberglass, Kevlar®, or
carbon fiber. The idea is to cut foam to the
shape of the finished part, lay fiberglass cloth
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 them
with fiberglass. The sheets can then be assem-
bled into a box which would be much more
rigid and nonresonant than the usual wood
box, and would also be very light.

Flat 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

;jl'he Ppurpose of this chapter is to describe the
etails of designing and building three ESL sys-
tems. I want to tie together what I've alread
presented by showing actual systems and hov}\:
itr?f Ocornp.lete them. Although much of this
rmation is review, | thi 'l find i
helpful to see the Big Pictu:lel.< youllfind ievery
.I'H d?pict these as you would build them
with Lincaine perforated-aluminum stators,
f'ﬂthoug}} you may use a different stator desigzi
1fy:ou wish. All stators use the same design cri-
It‘zgjt))(D/Sdspailcing, overall dimensions spacer
, s0 decisions ’
o apmty tasions t}r]r;erxge for perforated metal

FULL'-RANGE SYSTEM. Let's start with
the simplest of the three, a full-range
crossoverless ESL. You already know it mugst
be b1g,-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
an.d 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"
D ——C 1 V. e

-~ ’4-7-13/16'

0-1/2" o a- 1~1/4" - e

35-1/2
38"

I |

FLGURE 13-1: Spacer pattern for full range ESL.

HOW TO BUILD
THESE SYSTEMS
+ Full-range ESL
- No-compromise hybrid
- Compact/integrated hybrid

add the perimeter spacers and so
me
frame, the overall width will be arOIanz?ZBFZ)e”.Of
The D/S spacing must be relatively wide to
produce muc.h bass. Seventy mil is usually too
small, and it's virtually impossible to get
enough drive voltage for 130 mil if you want
hlfil output levels and wide bandwidth
reasonable compromise is 96 mi
) il,
although this may still be too small if your
room has bad bass resonances. You can use
8O-rnT1lIrl “untE}JlreakabIe windows” for the spac-
ers. IThe other 10 mil of thickn i
from the two glue films. ess il come

Screw vertical -z |

beam to o2 1/2'_.'

cross member [] 4 ]

-

2o |- ’

ll

Cut '1/4" deep
groove to
hold ESL
panels

S5-1/2
38-1/2* [‘

f———37-{ /D

88"

Frame made
of hardwood

2 x 2s and
1 x 2's

ESL

Install spring
feet at
top & boﬁom\

FIGURE 13-2: ESL frame.
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Amplitude in dB

ohz 100Hz  1KHz 10K
20 Hz Frequency

FIGURE 13-3: Unequalized frequency
response of large ESL.

You know that the spacer ratio shoulc% bfa
between 50:1 and 100:1. Since the D/S ratio 1s
90 mil, the free diaphragm distance can range

45t09".

fro'i'nhe perforated metal overlays the spacers
along the edges by ¥4”. This reduces the” actu-
all free diaplvagm avea from 24 to Zﬁ?:'ﬂ'ﬂm
resulting spacer ratio is 261:1. Since this is too
much, we must use internal spacets to break
the cell into smaller sections. Let's use two
vertically oriented internal spacers to break the
large cell into three smaller ones. o

If we divide 23.5” by 3, we get 7.83” sec-
tions. Actually, they'll be slightly smaﬂe.r than
that because the internal spacers have width—
let's make them Ys-inch wide. This Yvorks out
to a spacer ratio of 86:1, which is just about

ct.
pe;f{i)w many cells do you want to make_é Let's
st o Boorao-teling e soar beasr Ky

R4 R3

L
C4

[
r

FIGURE 13-6: Active midrange equal_izer w_ith
FIGURE 13-6: Active midrange equalizer with

gain.

IN &_W—I——OIGK QuUT
B4uF

{2‘(

FIGURE 13-4: Passive midrange equalizer.

a8
ags

(=4
[ §

Amplitude in dB
)

[
—
o

100 Hz 1 kHz 10 kHz
Frequency

FIGURE 13-5: Frequency response of passive
equalizer.

imi utput, imaging, and vertical dispersion.
lstﬁlézstge tt‘;pical rogcl)f;% is 8-feet tall,thls 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 l?e
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 with a
suitable mounting frame. .
Figure 13-1 shaws the spacer [ayout foxf this
speaker. Note that you should place the mter-E
nal spacers vertically for the least amount 0
internal spacer area and minimal stray capaci-

TABLE 13-1
PARTS LIST FOR FIGURE 13-6

C1 0.15uF .

C2 0.1yF ceramic disc

C3 0.1yF ceramic disc

C4 8,500pF 2% mica or polystyrene
Ri 200k

R2 6.8k 1% metal film

R3 36.5k 1% metal film

R3 36.5k 1% metariim

R4 7.3k 1% metal film

midoRge eysalizenpluglmssy " torsspontel”. of

m

o

g 0

8

3 '5

-1

£ 10

< T —]
100 Hz 1 kHz 10 kHz

Frequency
FIGURE 13-7: Affect of changing value of C4.

-

4

1

]

Amplitude in dB
|

20Hz 100 Hz 1 kHz 10k
Frequency

FIGURE 13-8: Typical response of typical pre-
amp bass "tone control".

tance, Figure 13-2 shows the cells in a frame as
a room divider.

[ 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/equalization 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

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.

i1
°
£
[
kel N
2
°
£
<
100 Hz 1 kHz 10 kHz
Frequency

FHGURE 139: Frequency response of

u

de in dB
X
o

+
-
o

+
3]

Q 'i' =t .
20Hz 100 Hz 1 kHz 10 kHz
Frequency

Amplitu

FIGURE 13-10: Frequency response of
RIGURE: etp«lilrer Bragnotalyfiltersponse of
midrange equalizer plus notch filter.

SYSTEM!



ELECTROSTATIC
LOUDSPEAKER
DESIGN COOKBOOK

Power

Midrange Bass
Amplifier

EQ/GAIN EQ

Step—up - “

transformer
PS [ o san
High Voltages —
pog:er suppiy va’ To other
channel
diaphragm

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.

- 29 »

- |7~ 1/ 22—

Lo [—~5— 13/16°

1-1/4" - |

0-1/2 o |

- le-1-1/4"

%l

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 Chapter 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 frequency response
of a 480Hz crossover combined with midrange
equalization. Because it is difficult to build such

% =7 T

.E' T Iéow Pasg Woofer

g rossover  power amp  Woofer SYSTE
: MS
= 4 EQ/GAIN

5 2 —

E 7 N— ESL

100Hz  1kHz  10KkHz Eromon it
. Frequency Crossover  ESL Amp : |
o URE 13-13; Frequency response of f
Ssover plus midrange equalization.
Step- -

precision ' 1 Lgmer

: 1 crossovers, I'm not including Hi
schematic diagrams for them. I anticipate that ver By

you Will-buy commercial ones. See Chapter 8 on
electronic construction for details.

power supply

Charging resictor

FIGURE 13-14: Block dia

L*W-b To other

channel
o

gram of large hybrid

ESL.
Designed for Dynaudio 30WS4 lg-1/4
]al o - ]6‘3/4' -
-1/ 2 7 -5/8"—ttt——— G- /G g
T N
! | 1 ]
' [}
<
! N I
| | 4 3
| = S
| | 1 5
| ' 2 18-1/2r l é
|
T6-1/2' !
I
] 0-3/4" - jeu-
| |
|
I 4-11/16" %558
| | : raype] (5578 [
| | N
I
| 45° &
-
| | s B
| I ¥
: | 8-3/4"-» = T
! | n
! I o i
| I ~
! | N
[q)]
| |
] |
!
{
| 5-3/8"sl e S5-1/ 0]
| / [
| /\o\ 6/\ &
PORT ) n
11-1/2" x 4-1/4" % i
. a5l |
y
FRONT VIEW 4-1/4'-—1 . -5-7/8"

FIGURE 13-15: Large TL.




but hidden from view with a surrounding
grille cloth. The resulting enclosure could be

tors must be freestandin

g. We usuall
our speakers to be out of the way andyp;/e‘:ca;:;C
against the wall. The integrated design solves

;rMAGCING CONSIDERATIONS. Recall
E om Chapter 6 that unlike magnetic speak
SLs sound the same no matter how close ;;2

ELECTROSTATIC . : :
FOUDSPEAKER P[;t agamfst the v;/;lizim the nogna% fashlfllll- this problem also. I i
DESIGN COOKBOOK e woofer would fire perpendicular to the away fr $o. It permits the ESL to be are to them. Thi : SYSTE|
wall, while the ESL would aim toward the Ay from the wall while seeming to be f - This makes it possible to have dif-
against it (Fig. 13-22). erent stage presentations based on the per

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
Jevel. Figure 13-15 shows an enclosure that
meets the criteria.

The combination of a large free-standing

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.
_ Isolved 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-

Grille
Cloth

-— 2 1= 1/2"-——»}

ile this integrated enclosur
well, it is not perfect. In compznz‘;zk:ovfhrz
irrllc;-ecorr;p;omise enclosure shown above, the
grated one is sho ad it
th?n\ivoofer on the ﬂé(t)f (bout &), and iepus
e drawings are difficult to visuali

Secause of the angles. For simplic\:;lt;ua%‘li:

rawn the front and side views as thoy ,h th
enclosure were a rectangle rather than ag aral?
lelogram. Just make the cuts at the re I::Il'red
angle rather than the normal right an IZ and
you will automatically end up with a gau',aII 1
ogram when you assemble it, P

ce?ftage of room acoustics in the image
you sit well away from the s : k
it:ey will sound as though the perfonr;:s Zl;sé
your room. If you sit very close to
' th
is;)i;kers, they will sound as though you ar:
e concert 1
e cert hall where the recording took
Close seating has other ad
‘ Se sea vantages as well,
u.mludlng higher SPLs, improved detail resolu-
tion, more precise instrument location, and
greater intimacy with the performance. ,
When bu‘ﬂdlng integrated TLs of this design
you must give careful thought to the preferreci
Image width and listening location. These fac-

.

[ [ 4"

"- 12-1/ 2"

Top View
(Shown double size
for clarity

Side
View

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
Jaser beam, you must angle it inward at
15-30° for optimum soundstage presentation.
If you put the ESL at the front of a rectangu-
Jar 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,

89"

-
-

- -
- -
- -

o

Woofer

f— (3"

"'ll-l/'Z’-

FIGURE 13-17: Integrated ESL/TL.
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FIGURE 13-19: Poor aesthetics—speakers at
angle to wall.

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

FIGURE 13-20: Enclosure square with wall—
Hidden ESL is angled.

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 reflections 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

Grille e
Cloth R

_f

3~ Enclosure is

against wall

ESL is far
frem wall

FIGURE 13-22: ESL away from wall but inte-

grated with TL enclosure.

N ‘

FIGURE 13-23: Compact/integrated ESL/TL.
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FIGURE 13-25: Spacer frame for compact
ESL/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 3%”. With perforated

+15vDC

2Rl

R4

FIGURE 13-26: Active gain/equalizer for com-
pact ESL/TL.

TABLE 13-2
PARTS LIST FOR FIGURE 13-26

C1 0.15pF

C2 0.1pF ceramic disc

C3 0.1uF 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 %” 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 550Hz.

CHAPTER 14;
SETUP

e effects of im
obvious,
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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

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-

- _ D N detailed. fully. When in doubt, this is a safe place where
FIGURE 14-3: Distance to speakers affects lis- o L7 The twin issues of listening distance and
. tening angle. \é’ U image width deserve careful thought. You
can literally fine tune your system to pro-
duce the type of listening environment you
o o irectreflecting speakers. wish. You have several choices of sound- ""T- !\
o O, FIGURE 14-6: Direct/re stage presentation: \ /
I \ / * A narrow listening angle and distant vy
it \ / focus produce an image as though the v/
| \ / Planar dipole ESLs solve all these pmzle:?lsci musicians are at the other end of your v
\ / They produce only one sound sourc and room (Fig. 14-8), é
\ o / ' much better phase behavior th.an conV:zl they * A narrow listening angle and close focus
\ 60 Ty al speakers. They etch perfect 1rnagei; o stun- produce an image as though you are seat-
A\ / can present a very wide soundstage & ed well back in a concert hall (Fig. 14-9).
\ / ning image detail. . " * A wide listening angle and distant focus
= N p They can generate ﬂaWIess‘ml?egti:rea;;e:;e produce an image of the musicians close
1 \ , 60° wide. You can use a ll‘atlaC;i on a¢ high as to you in your room (Fig. 14-10).
- \ speakers and the listening loc * A wide listening angle and close focus
é 1:1 (Fig. 14-7). transport you to “Row A” in a concert

FIGURE 14-4: Center speaker fills "hole" in DISTANCE FROM S?E A‘SEE?SSO:;]] glﬁ
2 t soundstage. conventional magnetic drivers, ESLs

— e no matter how close to them you are.
Sa'fhn; closer you listen, the less room acoustics
affect the sound. The speakers seem to carry

ou to the concert hall. .
! If you pick a distant listening location, room

i al sources of
in the sound arrives from sever: ‘
?i%&:lringe distances. The image is impressively
wide, but diffused and ill-defined. You are feffec-

tively trading image width for sound quality.

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 14-9: Musicians appear at far end of
concert hall.

A may equal B
q L - ~ SETUP
90, - A 4.\ !
: ELECTROSTATIC /\ r R 4 \l ,
. LOUDSPEAKER \ / \ /
DESIGN COOKBOOK \ / <66° \\/ / \ ;I
\
Y X and Y are \ y \ !
| not equal \ / ! I!
\ / Vo
AN 4 \ {
\ / \ !
\I/ \ ,-’
\
1
\ “ ) FIGURE 14-7: 60° listening angle using dipole é
.‘\ \ SO FIGURE 14-5: Unequal distances "smears ESLs.
/ ,
Lo 44 ! detail.
Voo l,f !’; — acoustics overshadow the concert hall FIGURE 14-8: Musicians appear at far end of

Vo / 7o R acoustics. This has the effect of bringing the your room.

\ é , SN .’ AR musicians into your room instead of taking

\ o , s ! N you to the concert hall.
b 32 L/ \ o34 —ay \ Both locations are equally good. With ESLs,  the middle of a room, as far from the walls as
\
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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 problen-}s. But
1 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 E'SL in a
position which usually works well. P:gure 14-
13 shows a wide-dispersion ESL which will
roblems.
Sur\iflgelzla:liepspeaker'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 pressurﬁ
waves trapped between the wall and the ce

. : iti ve
FIGURE 14-12: Good positon—ear wave FIGURE 14-13: Poor position—Rear wa

avoids ESL.

istort the diaphragm's shape and motion.
'lc'alnaedisurved spealfer 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 speal«erl is too close to the
en angling won't help. )
Waslf; :lj:e ques%tliong is, “How close is too closet’r'
This question is not easily answered because it
is frequency dependent. The lower the fre-
quency, the further the speake'r must 'be from
the wall. As a rule, if your ESL is posngoned SO
the rearwave does not reflect back into the
diaphragm, you will have no prob!ems. 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 offen
place them closer if you are ‘only pl:oduarfg
midrange/highs. Only experimentation will
provide the final answer.

reflects through dipole.

/
/
\7T
ESLs

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 feast
that accurate,

If the distances are unequal by as little as 37,
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 symmetically, 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. [ 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, turn 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 I
said “aid”—it doesn't replace the measurements.

When you have the four bottom and four
top measurements equal, the speaker 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
the stator—this is thg critical ort:;.tl;fnznﬂtfi?i)sf
rihi: speaker part that actually fires sound
d e;:ll‘:al)szeto t);ov.il; easéalthis dimension should be
en i
spIeEakers Ry as possible for both
your speakers' frames are perfectl
getting .the top and bottom r?qiasure):nfﬁg
right will automatically ensure the center is
right. However, most of us don't build that
accurately. Even if we do, frames sometimes
zax:;. Therefore, it's imperative you check the
th?_n :h ?gzis:rtzment, which is more critical
Now comes the acid test. Sit in your listeni
cl:nair and look for your face's reﬂ);ctl:i;hsﬁmﬂ?eg
diaphragms. If the lighting is good, it will be
easy to see. If necessary, you can hold a flash-
hgl‘}t just afl;ove your head to make it obvious
our reflections must be cente :
the vertical borders and in the sﬂeb:;::i\erz
vemc:lh Position on both ESLs. If not, move
%E;rm_azg)fmd/or the speakers to get it right
If you needed to move something, you must
go through the measurements again, as they
will hfwe changed. Just because you have the
reﬂec.l:[ons centered, doesn't necessarily mean
Fh‘? dxstfmce from each diaphragm to your ears
is identical. The object is to get the reflections
centered left to right and vertically equal and the
cha;.r-b&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.
Pfo.bably the easiest to adjust is the “room
ﬁl\;l;ler” ES'L which has spring-loaded feet to
isoe asl; against the ceiling. Shifting any corner

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
and identical for both channels. centered
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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 \fvhere 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!

gIE you arepzsing 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 charf-
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 diffus

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 Vj.rhen 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 Butterwor.th filters
in the crossovers. I can't detect a dd:z‘erenc_e
using 12dB/octave crossovers. f.valuatmg this
is difficult if a delay occurs while you reverse
the leads to your woofers. You can-makf: an
instant A-B tester to tell with at{thonty. Figure
14-24 shows a suitable schematic.

CRITICAL ADJUSTMENT. In a hybrid sys-
tem, you must match the woofer level to tl?e
ESL level. The correct frequency balance will
make or break your system. I can‘t' overem-
phasize how critical this adjustment is.
Unfortunately, without soph.isnc.ated instru-
mentation you can't objectively ad]us‘t 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-
dard? None. You must use your best ]tfdg-
ment. This can be tricky, but some suggestions
will help guide you. ‘
Unlikpe gr':'iostyelectrostatics, yours will not

From
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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 until I
took objective measurements and discovered
my etror.

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 #ot 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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: i idrange

match an ESL, you will have a severe mi
ssuckout.” Adjusting the woofer/ESL balance
't ensate for this.
chln :EEP a system, increasing the bass leYel
to fill the midrange produces wildly excessive
bass (Fig. 14-25). Conversely, adjusting the

bass to an appropriate lfevel produces a severe
midrange depression (Fig. 44-%6). '

If you find yourself in tl-fls pfedmamet:lmlt,
there are two solutions. One is to increase tae
midrange equalization. The other is to raise
the crossover point, usually to 400-500Hz.

CHAPTER 15:
TESTING

The most 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-
tising hype and consumer ignorance have
turned 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 I 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
testing amplifiers, audiophiles understand that
you can switch only from one amplifier to
another. You can't switch amplifiers and loud-
speakers at the same time and draw any valid
conclusions from the sound differences you
will surely hear.

What I find amazing is that most listeners
ignore this basic principle, even when it is so
widely recognized. Typically, an audiophile
will eliminate some variables but will ignore
others, such as power output, internal gain,
phase inversion, loudness differences, psycho-
logical variables, and clipping behavior.

TESTING FLAWS. I will explore and demon-
strate different testing procedures, using as
examples two controversial topics. One is
direct-drive amplifiers versus hybrid amplifica-
tion. The other is perforated-metal versus wire-
stator construction. Builders argue endlessly
about the merits of each and how different they
sound, yet controlled scientific testing proves
there is no difference.

Let's look very closely at amplifier and
transformer testing to see if we can determine
why listeners arrive at different conclusions.
I'll use a friend and fellow ESL builder, Barry,
who wanted to find out if transformers in a
hybrid (conventional amplifier plus step-up
transformer) amplifier system degraded the
sound compared with a D/D (direct-drive,
high-voltage) amplifier.

He tested transformers in two ways. First,
he listened to a D/D amplifier for several min-
utes. Then, he turmned off the system, discon-
nected the D/D amp, hooked up a hybrid
amplifier, and listened again. He concluded
that the sound he heard from the hybrid
amplifier was “veiled” compared with the D/D
amplifier.

Second, he listened for several minutes to a
moving-coil phono cartridge through trans-
formers, then stopped the music and switched
to an electronic “pre-preamp.” After listening
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in for several minutes, he found the car-
tridge sounded “clearer” with the “pre-preamp.”
He blamed these flaws on the transformer.

He concluded from these tests that trans-
formers are bad and that D/D amplifiers are
the best way to drive ESLs. Should you believe
Barry? Is he right or wrong? Can you trust his
conclusions¢ Remember that he heard what
he said he heard, and there is no reason to
doubt his observations.

Consider the following factor in the D/D
amplifier test: was the transformer the only
variable¢ Clearly, it was not. Many other uncon-
trolled variables were involved, not the least of
which was an entirely different amplifier.

That may have caused the difference he
heard. How could he know whether the
amplifier or the transformer was at fault? He
couldn't. Furthermore, many more uncon-
trolled variables were present in his test.
Psychological variables are extremely impor-
tant, and are such a common cause of error
that they are carefully controlled in valid sci-

entific testing. Yet audiophiles nearly always
ignore them.

In this example, they include prejudice, time
delay, memory error, and placebo effect.
Specifically, Barry had to remember the previ-
ous sound to compare it. He had no immedi-
ate reference, and audio memory is notorious-
ly inaccurate.

A very significant time delay occurred
while he hooked up the other system during
which he forgot to some degree what the pre-
vious sound was like. He also admits to being

iudiced in his expectations that the D/D
amp would be better.

Not only is it possible, it's highly likely that
his memory recalls the D/D amplifier as essen-
tially perfect, while his prejudice easily finds
imperfections in the hybrid system.

The placebo effect is also operable here.
He expected the D/D amplifier to sound better
so it did.

These psychological variables are vety real.
The effects they produce are not imaginary, and
you don't have to be crazy to be affected by
them. Prejudices still work at an unconscious
level no matter how objective a person is.
These effects are so important that they have
forced scientists to test in the “blind” mode.

Valid testing would demand that Barry not
know which amplifier system he was listening

to so he could not prejudge its performance.
Somebody else would switch the amps so
Barry would not know which one was playing.

Scientists usually go one step further and
use the “double-blind” testing procedure. Not
only is the listener “blind” to what he is hear-
ing, but the person switching the amps also
does not know which amp is operating. This
way, he can't give the listener any clues, con-
scious or unconscious.

Other variables exist as well. For example,
was the hybrid amp clipping, while the D/D
was not¢ If so, Barry would be comparing a
distorted to a clean amp. Hardly a conclusive
test of an amplifier, much less a transformer.

What about playback levels¢ If one is even
slightly louder, it will sound better. What
about source materialé Was it identical for
both tests¢

I could go on, but my point is that many
uncontrolled variables could have been
responsible for the sound Barry heard. Again,

I stress Barry's sincerity when he says that the
sound he heard was “veiled.” We have no rea-
son to doubt what he heard; only his conclu-
sions are suspect.

What about his test with a moving-coil car-
tridge and transformer? Again, there were
many uncontrolled variables, including an
amplifier present in one test which wasn't pre-
sent in another.

You cannot judge ESL transformers based on
listening tests (uncontrolled or otherwise) of
moving-coil cartridge transformers. The two
aren't similar enough to draw conclusions.

Specifically, one is a transducer driving a

transformer that is driving an amplifier, while
the other is an amplifier driving a transformer
that is driving a capacitor. Another difference is
that one is a high-voltage, high-power device,
while the other is extremely low voltage and
low power. One is very small, the other is large;
the loads are totally different.

TEST EQUIPMENT AND PROCEDURES.
Well-controlled testing procedures are readily
available. They don't require much equipment
and are very accurate, reliable, and reproducible.
They do require extra effort, but this is necessary
if you wish to draw valid conclusions.

Such testing is not based on instruments,
because while they are accurate, we all recog-
nize that they do not define everything we
hear. The tests I will describe rely on the most
sensitive instrument of all—the human ear.

Controlled testing requires you to isolate all
the variables and have an immediate refer-
ence. This may or may not be easy depending
upon what you are testing.

The easiest and most precise of such tests i
the by[:!ass test. This compares the output cli'
thfa device under test to the output of a straight
wire, arfd is superb for testing signal process-
ing devices and low-level amplifiers such as
tape recorders, equalizers, crossovers, trans-
formexsf preamplifiers, and mixers. ,

R'equlred test equipment includes your
bas.lc sound reproduction system, a DPDT
switch, an audio voltmeter, and an audio gen-
erator. If you don't have an audio voltmeter,
you can use the analog meters on a good tape;
recorder or oscilloscope. However, consider-
ing the investment you have in your sound
system, the cost of an audio voltmeter is
insignificant and you really should get one.

If the meter has a very high input imped-
ance (on the order of 10MQ) so it does not
load sensitive circuits, you can use it for all
sorts of electronics work. Suitable audio
meters are often just your basic FET VOM or
DVM, but with a decibel scale and a specified
Efequency bandwidth listed in the specifica-
tions. I much prefer analog meters for this
function, but you can also use digital types.

.You do not need a full-blown, precision

sine/square-wave audio generator. However,
you need at least a steady-state, midrange siné
wave for setting levels. Tuners or tape decks
often have a built-in tone generator which will
work, and some test CDs have steady-state
tones.

_ cl;(ASount the switch in a box with whatever
Jacks are necessary to hook up your equi
ment. You will test in monaural,Pasy;ou s?;:lp&
th:;n o;ﬂg‘e ::3‘:11 variable, so switch only one

el. e ou
ey tput to both loudspeakers

Let's assume you are testing a linear ampli-
ﬁe:r such as the high-level secgon ofa preal:n-
p!J.ﬁer or a microphone mixer. Connect a
high-quality signal source (usually a tape
recorder or CD player) to the switchbox so
you can direct the signal alternately through
the device or through a short, straight piece of
VVI.I‘T; (Fig. ;5-4).

The reterence wire is usually soldere
directly to the switch terminals, Kut a shoi
connector cable works fine and jacks offer
Hexibility. The wire must not be long and
curly, or it can act as an inductor with poten-
tially adverse effects.

"lt'hef output ﬁ:dc:m the switchbox feeds the
rest of your audio system so you can liste
critically. The output level of th?device undel:
test must be perfectly matched to that of the

wire, as the ear is amazingl iti i

differences in level, Y sensiive o slight
Measure the wire's output level

it with the device. Be atspprecise,at: ;I;umcat:h

preferably within a tenth of a decibel. ’

' You‘ must not drive the device under test

into distortion. Although this is usually not a

E:Oblem d\fvith low-level electronics, if you
ve a distortion an i

have 2 dis alyzer available, you
The source material you use is i

Simple, isolated sounds 3;uch as mmnglizft;ﬁ

cussion, and solo instruments are not very chal-

lenging. Complex material such as a full sym-

phony orchestra more readily detects problems.

Testing with white noise (a combination of
all ﬁ:equencies such as the sound of a water-
fall) is a must. A good source is a tape recorder
pla'ymg blank tape at a high level with any
noise reduction turned off. Another good
source is EM interstation hiss. Turn off any
muting and pick a frequency that has no sta-
tion. White noise is the best test for evaluating
frequency response differences.

Perform the test by listening for any differ-
ence in sound as you flip the switch from the
f:le\nce to the straight wire. The comparison is
immediate, so no memory is involved. Your
reference source is essentially perfect.

You must not know which switch position
represents the wire and which the device
tmc'ier test—this is blind testing. Have an
assistant connect things up for you, or at least
unplug .the output jacks after you have set
everyt;llnngdu;;. Tlt;Ien randomly switch them
around and plug them in again
know whichpis %vhich. gein o0 you do not

You can do the switching, but it is better if
your assistant does it. Ideally, he/she shouldn't
kpow what the switch positions represent
either, which is called double-blind testing,

_ Have a panel of listeners judge rather than
just yourself. You may think you hear a dif-

Source

To Amplifier

P

In Out

——_bevice under
test

FIGURE 15-1: Switch box for bypass test.
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ference and be wrong. If there is a difference, are valid only for the speaﬁc situation; y;u may
most of the panel should be able to hear it not infer performance for dlfferent mtu:;j lon,ss.

d agree For example, I have done. considerable test-
an’I’hgr ].is;:eners need not be “golden ears,” ing o_f ]:thono preamps using vn:hvf[mefesdmgl {%A
since they only listen for any sound difference. ~equalization and attenuation, ; hzve eding
I like to think I fall into the “golden ears” cate- master tap‘:;n tiahro;l%l-n ;l:; WS" e found

but I've found that anybody can hear a - preamps ' differe

g?frfz;e:;e when I do if he/she gets a little the straight wire (aldmoggh they were rare).

instruction and practice. When two of these perEe(Et” preamps wecn}e1
msWell-contmIled tests include tally sheets tested in a direct AB comparison agamlft ea

and statistical analysis; however, most panels other using a camb:i’ige pladiylgfaég an?::’ Ct;::;\;
i i ’ If er, there were obvious re . A
readily detect differences and agree on them. a ' o 2l

is signifi- haved differently when driven wi
iffere are so subtle that there is signifi ti?e)r behaved « | a
f:lantr:lil:ngieement, the difference is probably highly reactive phono cartri dge than when d;ls
either nonexistent or insignificant. ven by line-level electronics. In other wo;-de d

Again, let me stress that the only thing you perfect perfonnance with dit:le tar}:roe recc:;e
must determine is whether there is any differ- source did not predict the disc performan L
ence in sound. Trying to subjectively describe ~ The bypaisaltets;t x;e iexzegni&lg r:g;u\;le&iagugh

i i is neither is not unus ,
any difference you might encounter is nei e Ty dheit sabelony, Such mof
necessary nor desirable. If there is any differ- you e u‘r% o o e o
ence, the item under test is distorted in some  able, rep: ducible dg allows you fo look for
. If several test items are distorted, the one  a problem's source and attemp minal
33171 mseeI::ast difference is the most accurate, thmugp a circuit <:ha|ng]jej:?l or qﬁlgo?eog;fncgﬂcoan;
it is not perfect. Testing power amplifiers is i
al%?':egi:rfﬂt:ic;gpmust be keptin mind if you ed, since you no longer have a [i:rgct reEerr
hear a difference, and that is phase. Some elec-  ence source. A funda_mental need for povive
tronics invert the signal phase, while others gain exisft: which a wire alot?;tcanna . \?:;lﬁp)]_’i‘.
! is will cause the drivers to move in  Therefore, you can't say . b
gg;oZimdoiﬁhen switching during the  fier is “perfect.” \;ou cac:l only say &1: sounlc:l’s“ﬁdi
i isi identical to, another am 3
t. The effect is surprisingly subtle, but when Eerept Erom, or ident ,
;e}jear deEZrences I rrgutilxileglly reverse the phase ' While not ideal, this is neverthele.35 avery gﬁod
to see if they disa;ppear. test if properly done, _and particularly wChen
You must be creative to test some comg betr;dng toDanswe/D r q:::t}n}c;nsﬁ Ztéihois;n “OWrehJa oc:::
ts. For example, to test one which tter, a amp ) , mor ;
lc;,lia.lizm:ion, such as the RIAA equalization in  rately, “Ioe]jﬁclau;ls Liltxllpléi;er A }f:rt::;c:stegfztel;
, you must build a passive than amplifier B. Let's do an .
?essrgzomgugﬁzen Mate the equalizer see if a panel 0’:‘3 listeners hears any difference
them.
ith an attenuator to reduce the tape recorder  between o .
:urczn :utput to the level and equalization Amphlfller :iestmg Ls(;111‘11larA]?'tf:;‘mk)}f;)a\stxh;1 ;es;t:)r:f.
X o te g
characteristics of a phono cartridge. You can Doyble- ind, immedia -
thus get linear output from the phono preamp  parisons are made W‘lth complex source mate
and avoid overloading it. rial while si:n}?ly Pstemng for any differences.
Crossovers require reverse equalization But the setup is dn":Ef:renb‘:'il o that vl handle

unless you limit the input signal to their linear .;’1?&1 will need a sw.:ln ” bes};n o e

band. Alternatively, you can mix the si cant power and, if

E:;ls)- and low-pass secu?c;ns to see how well systemmé, 1tmus;oh?sdler:1gh§1§ie:ﬁ;you

tch the straight wire. absolutely must tortion s
mmg the ﬁltersgihntmduces two variables It has been my experience 'that all som:ajdilf
in that you have two different amplifiers at ferences in properly operav::lng,dl-ugh-g_ti ty
work (unless the crossover is passive). amplifiers are due to 'Ovil?soa - conT; C?er;si

However, this does not necessarily void the which drive them into high to;uoni:hat .

test, bec;use you will be using them together ~with tl;;ls, Yg&? mustﬁl;nowinfg :n );m:ttype of)é?s

i peaks ider them never drive the amplifiers : -

o yool:)rr; nej:; ystem and can consider tortion. Obviously, an amplif'!er that is grossly

cm‘(;ou mﬂbe very careful when drawing con-  distorting is going to sound different from one

clusions from this or any other testing. The tests  that is not.

You will be surprised by how easily (and
often) you distort amplifiers at the levels at
which you listen. You will be amazed by how
quietly you must listen to moderate-power
amplifiers to ensure that you are truly com-
paring amplifiers and not distortion products.

LOUDSPEAKER TESTING. Loudspeaker
testing is difficult to do in a scientifically valid
manner because the only “perfect” reference is
a live performance. But between the sound of
live performers and the sound from a loud-
speaker are vast numbers of variables that can-
not be isolated. While no objective test exists
that defines absolute loudspeaker perfor-
mance, there are tests that can define certain
aspects. You can compare ESL-stator-constriic-
tion techniques, for instance.

Many ESL audiophiles believe that different
stator-construction techniques produce differ-
ent sounding ESLs. Theory suggests that the
stator should not affect the sound if there is
adequate open area.

To settle this question, I devised a test to
compare a perforated-metal to a wire stator
using double-blind, immediate-AB-compari-
son techniques. The cells were identical in
every way except for material.

The test was difficult, although theoretical-
ly it should have been easy. I needed a switch-
box which could directly switch the high-volt-
age drive from one cell to the other, while the
cells were hidden from the listening panel by
either a curtain or darkness.

When I did this, the panel immediately
noted obvious differences. Analysis showed
several causes. First, the perforated cell was
less efficient than the wire one. Only a little,
but even a fraction of a decibel is easily
detectable in AB testing. Therefore, I had to
add an attenuator.

Using an attenuator on only one. cell intro-
duced another unpermitted variable, so I had
to add an attenuator to both cells. To control
the variables, it was necessary to use the same
attenuator, which was then switched to differ-
ent levels when I switched from cell to cell.

This required a relay and fixed resistors at
the amplifier input, as high-voltage-drive-sig-
nal attenuation was not practical. The high-
voltage drive also bad to be switched with

relays so the entire change could be instantly
made. In short, the switchbox became compli-
cated and expensive.

Additionally, output levels had to be taken
with an SPL meter rather than with an audio

voltmeter. This could not be casually done,
because room acoustics caused marked output
differences in different locations at any steady-
state frequency. I found it necessary to use
white noise with the bass filtered out (“A-
weighted” frequency response) to obtain a
steady reading which was not significantly
influenced by room acoustics. The SPL meter
had to be placed in the listening location,
untouched, with the person reading it always
standing in the same position.

Further testing still showed obvious sonic
differences which were easily detected by all
members of the listening panel. Now, most
audiophiles would stop here, describe the
sound in some nebulous, subjective way, and
draw conclusions about which type of stator
construction is best.

This would be a serious mistake, for
although the test appears to be valid, it is not.
I stll did not control all the variables! Yes,
there was a sound difference, but it was not
caused by stator construction.

The true cause was easy to find. Since the
cells could not occupy the same physical space,
the room acoustics were different for each,

! tried to solve the problem by putting one
cell immediately in front of the other but dif-
ferences persisted, although to a lesser degree.
This led me to believe that I was at least on the
right track.

Finally, I decided the test would have to be
conducted outdoors in an open field. To blind
the listeners, it would have to be conducted in
the dark.

This was quite a task. I had to string power
cords and haul tape recorders, switching net-
works, speakers, chairs, speaker stands, and
amplifiers out in a field. Some light was need-
ed after sunset while everybody found their
seats and began their duties, so the speakers
had to be hidden from view until the actual
testing commenced. I had t6 wait for suitable
weather and a new moon. Arrangements
were made with some neighbors to turn off
outdoor lighting. Are we having fun yets

There were still differences! But this time, at
least, they were very slight.

The test was repeated with the cells sepa-
rated rather than with their edges close

together. 1 thought that putting the cells
together effectively put a baffle on one side of
one cell in one switch position, which would
have been reversed on the other. Sure
enough, with that correction the sound was
finally identical.
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ize you may not believe what I am say-
m;.r‘(:’z]ilzeari certau): you have heard differences
in components and see nO reason to go through
a scientifically controlled testing program to
pick a good one. You are sure I'm exaggerating
the problems. You are sure I'm wrong. an{v;re
thinking, “All amplifiers sound the same! h o
does he think he's kidding? What nonsense: |
Good, that's what 1 want you to thmk :
don't want you to believe my conclusions.
want to turn you into a skeptic. I want to plant
the seed of doubt in your mind so you under-

stand that you cannot trust uncontrolled test-
ing. The responsibility is now yours to prt:n.*::l
me wrong—but not with assumptions and
guesses. You have no choice but to devise an
use controlled-testing techniques.

Once you've discovered its accuracy, you
will refuse to believe any other results. When
everybody refuses to place crechl?llxty w111111
uncontrolled tests, controlled testing
become the norm and we will be free from the
scourge of inaccurate, misleading, and confus-
ing opinion that plagues us.

CHAPTER 16:
FURTHER RESEARCH

SANDWICHED CELLS. Much work is
required to fully understand the operation of
membrane speakers. The most pressing need
is to develop larger excursions so we can build
speakers with smaller radiating areas which
produce high output. One approach I don't
think has been fully explored is stacking (sand-
wiching) cells,

Consider an ESL that is six-layers thick, as
shown in Fig. 16-1. You can use common sta-
tors if alternating diaphragms have opposite
polarizing supply voltages. Compared with a
single-diaphragm ESL of otherwise identical
design, the sandwiched cell would have ten
times the output for the same drive voltage.

Here Murphy's Law nails us: the speaker
would also have ten times the excursion, We
will need to increase the D/S spacing to com-
pensate, which will reduce output substantially.
To find out how much, we must experiment.

Increasing the D/S spacing will reduce the
output for a given set of voltages. Having more
diaphragms, however, would only increase
the output more than the reduction of the
electrostatic force would decrease it.

The same is true of the speaker's capaci-
tance. For a given D/S spacing, the capacitance
will increase ten times. However, increasing
the D/S spacing will decrease it. Again, not as
much as six diaphragms will increase it, but it
will help keep it within reason.

If a multi-diaphragm ESL can produce high
outputs, it could be made much smaller than
the usual ESLs. I envision a multi-diaphragm
ESL perhaps 12” across in a transmission line.
This would settle the issue of hybrid versus
full-range ESL operation once and for all.

BETTER TRANSFORMERS. Step-up trans-
formers that could maintain linear frequency
response at higher turns ratios would be very
helpful. They would also need to sustain high-
er voltages.

Current transformer design is apparently
incapable of better performance. Perhaps a rad-
ically new transformer design that can solve
this problem has not yet been discovered.

The basic problem is that the wires making
up the windings are physically separated. A
promising solution is in the area of high-tem-
perature superconductors. This would permit
extremely small wire and windings as well as

very-low-leakage inductance, the main cause
of high-frequency resonance that limits
response.

D/D AMPLIFIERS. A breakthrough in direct-
coupled amplifiers could relegate step-up
transformers to the junk pile. But will anyone
ever design one¢ Serious barriers exist to mak-
ing them acceptable to most ESL users.
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FIGURE 16-1: Compound ESL.

As a start, an acceptable amplifier can't use
vacuum tubes. Tubes deteriorate, are large and
bulky, and produce much waste heat. In addi-
tion, the multiple power supplies they require
drive up the amplifier's cost. A satisfactory
D/D amplifier must use transistors.

Furthermore, it must be efficient. A Class A
amp which dissipates several kilowatts of
power is totally unacceptable for most ESL
owners.

I am optimistic, however. I believe a suitable
D/D amp design is possible. All we need is suf-
ficient demand for a manufacturer to put the
necessary resources into designing one.

HYBRID AMPLIFIERS. Better step-up trans-
formers and D/D amplifiers involve major engi-
neering problems that make their development
impractical or impossible. But one solution to
audio-drive problems that is well within the
grasp of current technology is the hybrid-ampli-
fier system. A conventional power amplifier
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and step-up transformer could be specially
modified to perform ideally with ESLs.

The hybrid would be a conventional-design
Class AB power amplifier modified to produce
higher than normal voltage. Instead of the
100200V power supply as in the typical high
power amplifier, it would use a 500-1kV
power supply. The current capability could be
reduced to make the amplifier smaller and
more economical.

The step-p transformer would have a Jower
tumns ratio than we are now forced to use,
perhaps 20:1 instead of 50:1. This would
greatly improve high-requency response and
bandwidth.

The hybrid amplifier's higher voltage would
more than compensate for the transformer's
lower step-up ratio. For example, if the ampli-
fier had a 500V power supply, it could drive a
20:1 step-up ratio transformer to 10kV. If the
amplifier had a 1kV power supply, the trans-
former would deliver 20kV!
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FIGURE 16-2: Focus is infinitely small despite
wide beam.

This represents many kilovolts more drive
than the best existing amplifier/transformer
systems, and it would have better frequency
response as well. The ESL could use wider
D/S spacing to take advantage of the addi-
tional voltage.

Drive voltage of this level might make elec-
trostatic bass a practical proposition. It might
be possible to develop a full-range electrostatic
of reasonable size that could produce high out-

put. Combining this hybrid amplifier with a
sandwiched-cell design could produce fabulous
results. The hybrid amplifier is an exciting idea.
No technological breakthrough is needed—ijust
a designer who will sit down and do it.

RUGGED CELLS. Current construction
techniques are barely adequate. ESLs should
be more rugged. Another great disadvantage is
they are not portable. Better cell construction
would help.

DIAPHRAGM EVAPORATION. With time
(fortunately, several years), ESL diaphragms
develop large holes. The cause is unclear,
although it seems as though the diaphragm
material literally evaporates. The process may
start with a tiny hole, but I haven't seen pin
holes grow larger. Even if a pin hole is the ini-
tial cause, why would it continue to enlargeé

More study into this problem could lead to
diaphragms which last indefinitely. The same
material or techniques that resulted in perma-
nent diaphragms could be used to make them
thinner and lighter.

BEAM SPLITTER. Beam-splitter technology
is only in its infancy. The idea has great
untapped potential, but needs much more
refinement. Experimenting with beam split-
ters is relatively cheap and easy. An industri-
ous amateur could make significant contribu-
tions to the art and science of ESLs in this area.

PSYCHOACOUSTICS. While physical
parameters are important, I find the subject of
psychoacoustics intriguing. Several observa-
tions have no clear-cut scientific answers, but
I would like to know more about them:

o A single planar speaker has a tweeter
beam as wide as the speaker. When
you cross the beams from two ESLs
during stereo listening, they subjective-
ly become infinitely narrow (Fig. 16-2).

e Planar ESLs sound subjectively louder
than wide-dispersion ones, although
they are radiating identical energies.

e Phase relationships seem different
between planar cells, curved planes,
and domes/cones.

If we could understand why crossed beams
sound infinitely narrow, perhaps we could
develop a speaker which seemed to have wide
dispersion while keeping the beams confined
enough to minimize room acoustics.

If we could understand why narrow-disper-

sion speakers seem louder than wide-disper-

sion_ones, perhaps we could maki ide-di
persion speaker that see e ot o

ms to have more out-
put. In other words, we could improve spe:k-

er efficiency, which would reduce both di
tion and amplifier requirements, dstor

If we could understand the ph, i
erences between different fypf: :F I:':;ior
tors, perhaps we could modify inferior driy -
to 1.'na.'ke them sound better. Few would co:nm
pla{n if we could make a conventional m, i
netic speaker sound like an ESL, ©

FURTHER
RESEARCH




APPENDIX A:

SOURCES

Acoustic Instruments, Inc. ii()flﬁnﬁne A\'re'

1730 Hamlet Dr. Philadelphia, PA 19134-1187

Ypsilanti, MI 48198-3609
« ESL electronics

B & F Enterprises

Pea Fosmm 01960

Peabody, ‘ '

e Various high voltage power supplies and associated

parts

ouse
R. Sanders
Talfs 6gR 97834
o L step-up transformers, and

ine Mylar film, ES ‘ _ _
) S;?t:lcr::s thr?:')ugh the ESL Clearinghouse for informa

tion, parts, and exchange of ideas

« High voltage power supplies, transformers, and associ-

ated parts

0ld Colony Sound Laboratory

PO Box 243
Peterborough, NH 03458-0243

o Crossover & amplifier kits

APPEDIX B:
SUMMARY OF GUIDELINES

GUIDELINE: Charging resistor value
20-200MK2. Use the higher values for small cells and low

frequencies. The value is not critical. 20V €2 works well in
large ESLs.

GUIDELINE: Fundamental resonant frequency
100Hz (+50) for large ESLs in midsized rooms—higher for
small ESLs and lower for very large ones.

GUIDELINE: Maximum polarizing voltage
50V/mil of diaphragm-to-stator spacing.

GUIDELINE: Spacer ratio
60:1 to 100:1

GUIDELINE: D/S spacing
o Tiveeters: 30~40 mil

o Midrange/tweeters: 70~90 mil
o Woofers: 120-260 mil

GUIDELINE: Hole size limit
Perforations should be at least twice the stator thickuess.

GUIDELINE: Open area percentage
More than 40%

GUIDELINE: High field density stators
o Use thin stators with tiny openings.

o Openings should be no larger than the D/S spacing.
o Maintain at least 40% open area.
o Make openings at least twice the stator’s thickness.

GUIDELINE: Stator opening size
Perforations should be no larger than the D/S spacing,

GUIDELINE: Audio drive voltage
100V/mil of diaphtagm-to-stator spacing.

GUILDLINE: ESL capaci
200-250pF/ft apacly

GUIDELINE: Stator current

_VxC
I= 185
Where:

I = Current as mA

V = Drive voltage as £V

C = Capacitance as pF

GUIDELINE: Crossovers
o Use as few as possible.

o Use them only below 600Hz.

GUIDELINE: Magnetic drivers

o Use the largest drivers possible consistent with other
design parameters. ‘

o Do not use drivers which have hygroscopic (water absorb-
ing) cones, because they change stiffness and mass with
humidity. In short, don't use faper cone drivers. Baxtrene,
carbon fibet, Kevlar, and other cone materials are better, b

o The frequency response of your driver should extend lin- |
early for two octaves above your crossover frequency. If the
manufacturer can't supply frequency response curves,
find one who will. g

o Buy the highest quality drivers that meet the above criteria. ' §

o What constitutes high quality? Some cues are: Cast E
magnesium instead of stamped sheet steel baskers. §
Hexagonal or ribbon voice coil wire instead of round wire.  §
Large spiders. Synthetic instead of paper cones. Flat fre-  §
quency tesponse. First class fit and finish. §

o Pay whatever you must to meet the above recommendations. -
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“A weighted” frequency response 191

ACS5, 6,87

frequency 82

voltage 82
Acetone 117, 118
Acoustic coupling 31, 133

Acoustic-suspension enclosures 152, 156

Acoustics, room 31, 43-46
Adhesives 110, 114
Alignment 153
Alternating current see AC
Aluminized Mylar 14
Amateur radio operator 74
Amp(s) 5
Amperes 5
Amplifier(s) 56, 57
active equalizer 63, 65
buffer 65
current 56
D\D 57
direct drive 57
feedback loop 68
hybrid 193
output voltage 56
overheating 69
power 5, 56
selection 56
Amplitude 16
Arc(ing) 25,31
Area, cross section of TL 157
Associated electronics 53-75
Attenuator(s) 71
Audio
frequency 6
output 8
power amplifiers 8
terminology 7-9
Audio-drive voltage 15, 36, 56
Autotransformer, variable 73, 74
Baffles 23, 151
Baffling 159
Banana plug 76, 139
Band color table 80
Bands, resistance values 80
Bandwidth 8, 60
Bass-reflex enclosures 153-154
Bass response 59-60
Beam splitter 50-51, 194
Bessel filters 64
Bextrene 159
Biamp 9
Bias 11
reversed 84
voltage 11
Blind testing 189
Bolt contact 113
Bowing 29, 31
Bracing 124-125, 130
Breadboard circuit 78
Buffer 67-68
Building see Constructiott
Butterworth filters 64
Calculations

198

capacitor 82
resistor 13, 81
shunt 56

Capacitance 6, 53

formula 8, 53
measurement 53
shunt 40
stray 40
Capacitive reactance 6, 54-55
Capacitor(s) 4, 80-81
calculations 82
connections 82
DC-blocking 69
electrolytic 82
filter 85
nonpolarized 82
polarized 80
ratings 81
tolerance 81
type 82
voltage 81
Carbon resistors 80
Cell(s) 12, 109

curved electrostatic 132-137, 141-147

resonance 132
rugged 194
sandwiched 193
troubleshooting 121
types 109
Charge 11
Charging resistor 13
Chassis
construction 90-93
deburring 92
drilling 91
high-voltage 94
painting 92-93
parts 90
standoffs 90
Chebychev filters 64
Circuit board(s) 77-78, 90
construction 77-78
standoffs 90
Clearinghouse, ESL vi, 116, 196
Closed box 151
Clysar 28
Coating, diaphragm 116-118
Coefficient, voltage 72, 79
Color band table, resistor 80

Compact/integrated ESL/TL 106, 107, 174

Composite construction 166
Conductive paint 115, 119, 123
Connections 75
parallel 7, 81, 82
series 7, 81, 82
Constant charge 13-14
Construction 109, 136, 160
chassis 90-93
circuit board 77, 78
compact ESL/TL 163
composite 166
curved cells 132-134
curved ESLs 141-147

hot wire 165
low-voltage power supply 84-85

perforated-metal stators 109-112, 115,

144-145
perforated-plastic stators 122-124
rigid-wire stators 124-125
supporting frames 141-144
uniformity 33
Contact, diaphragm
bolt 113, 121
tab 113, 121
Control(s)
center 68, 77, 89
level matching 71-72
tone 68
volume 89, 90
Cormer frequency 54, 66
Corona 37, 109
Crackle finish 93
Critical adjustment 184
Crossover(s) 9, 63
active 9, 64
electronic 9, 64
frequency 40, 63, 105
guideline 63
high-level 9, 63
low-level 9, 64
passband 63
passive 9, 63
points 22, 63, 105
networks 63
slopes 40
Current
alternating 5
direct 5
drive 56
eddy 97
measurement 56
switch ratings 87
Curvature 141
Curved ESL 49, 132-134, 186, 141
construction 136, 141
design considerations 141
diaphragm fabrication 146
final assembly 147
perforated-metal 144
spacer attachment 145
supporting frames 142-144
Curved table 136
Cyanoacrylate 114
Cycles per second §
Dacron 159
Damping 23
material 23, 159
Dayton-Wright ESL 38
dB 9
DC5
blocking capacitor 69
offset 69
offset null circuit 70
offset voltage 69
testing 70
D/D amplifiers 57, 187, 193

INDEX

Deburring 92
Decibels see 4B
Deflection, stator 35
Delay lines, electrical 48
Design
curved ESL 141
factors and goals 99
D?agram, schemagtci'c 13,77
Diaphragm(s) 11, 27
bowing 31
coating 116
collapse 26, 47
contact 112-113, 115, 120
evaporation 194
excursion limitations 31
fabrication 146
heat shrinking 120
instability 26, 72
low tension 27
mass 11, 15
materials 28
open 122
phasing 9
replacement 122
restoring force 26
shorted 121
stretcher 136
stretching 134, 136
tension 27, 132
thickness 29
varied 28
g:aphra.gm-m-ﬁstator see D/S
mensions, effect on ou
Diode(s) 83 P
full-wave bridge 83, 85
zener 84
Dipole radiators 16
Bimr current see DC
irect drive amplifiers see }
Directionality 4l1) DD amplifers
Dispersion 43, 100
effects on output 41
horizontal 43
imaging 44
room acoustics 43
vertical 52
Distance to wall 181
Distortion 7
harmonic 7
intermodulation 7
nonlinear 7
Double blind testing 189
Drilling 92, 113
Drive voltage 32
Drivers 22, 160
magnetic 160
Dry transfer lettering 90, 93
D/S 33
efficiency 33
gluing 118
spacing 12, 31, 53
summary 32
Dust 11

Eddy currents 97
Effective mass 17
Electrical
delay lines 4849
drive system 13
load 12
- parts 79, 86
safety 75-76, 138
set-up 177
Electrocution 75, 138
Electrolytic capacitor 82
Electron(s) 6, 11, 25
leakage paths 13
Electronic
crossovers 8, 63-64
parts types and ratings 79-81
Electronics 53
associated 53-62
ESL 54, 102
construction 77-97
patts 78, 86-89
ratings 79
schematic diagrams 77
solder 86
surges 69
testing instability 70-71
wire 86
Electrostatic force 11
Electrostatic loudspeaker see ESL
Enclosures 17-19, 150
acoustic-suspension 152
bass reflex 153-154
closed-box 151
ESL 17-19
horn 154
in-wall 165
infinite baffle 151-152
passive radiator 153-155
transmission line 155
woofer 149
Epoxy
glue 114
paint 93
Equalization 19-20
bass 21
slopes 20
Equalizers 6, 65-68
active 6, 65
buffer 67-68
designing 65-68
high-level 65
insertion loss 65
low-level 65
notch filter 20
passive 8, 65
shelving 66

Equations see Formula
ESL

compact/integrated 106, 107, 174

construction 109-139
critical adjustment 184
cutrent measurement 56-57

- curved 49, 132-137, 141-147

dimensions 20, 23, 39
distance from wall 181
effective mass 17
efficiency 33
electrical drive system 13
electrical properties 55
electronics 53, 102
enclosures 17-19
equalization 19-20
field density 34-35
high-frequency limits 15
hybrid 22, 170
image width 173
low-frequency limits 15
midrange/tweeters 33
mounting 137-138, 164
multiple-panel cylindrical 47-48
panel 12
parts 11
planar ;16-47, 109
principle of operation 11
push/pull 12 P
sandwiched cells 193
segmentation 21
setup distances 177
single-ended 12
spacer ratio 29, 30-33
wide dispersion 47
ESL Clearinghouse vi, 4, 116

Estimate, transformer frequency response 59

External bracing 130
Farads 6

FET VOM 54, 62
Field density 34-35

Field effect transistor volt-ohmmeter see

FET VOM
Film resistor 79, 80
Filter(s) 8, 64-65, 85
Bessel 64
Butterworth 64
Chebychev 64
high-pass 66
low-pass 66
order 64
Filter capacitor 85
Finish work 162
First-arrival wavefront 42
First-order filters 64
Flat 8
Flux 86
Focal point 43, 51
Focus 43
Force 11
restoring 26, 27
Formica 51
Formula
capacitance 53, 81
corner frequency 66
ESL capacitance 53
ESL transformer power 60, 102
impedance 55, 102
phase cancellation frequency 16
power handling 60, 102
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Formula continued
resistance 72
stator current 55
3dB comer frequency 54, 66
turns ratio by impedance 59
turns ratio by voltage 59
turns for voltage 96
wavelength 20
Frequency 6, 15
crossover 40, 63, 105
measurement 6
power transformer 82
resonant 7, 16, 27
8dB corner 54
Frequency response 8, 15
“A weighted” 191
correcting 17
estimate for transformers 59
falling 8
flat 8
limitation 15, 59
linear 8
nonlinear 8
rsing 8
transducers 8
Full-wave bridge rectifier 83, 85
Full-range ESL 99,167

Fundamental resonance 16, 27, 150

Gain 8, 68
unity 65

Glue bonds 33

Gluing
diaphragm-to-stator 118
perforated metal 112, 115
perforated plastic 122
spacers 113

Graphite 110, 116

Grille cloth testing 134

Ground loop 94

Guideline

audio drive voltage 15, 36, 56

charging resistor value 13
crossovers 63

diaphragm-to-stator spacing 33

ESL capacity 54

fundamental resonant frequency 16

high field density 34
hole size limit 35
- magnetic drivers 160

maximum polarizing voltage 25

percentage of open area 36

spacer ratio 29

stator current 55

stator opening size 36
Ham radio operator 74
Harmonic distortion 7
Heatsink grease 84
Heat shrink 120, 146
Helmholtz resonator 35
Hertz 6
High-frequency limits 15
High-frequency response 59
High-pass filter 66

High-voltage
amplifiers, D/D 57
chassis 94
polarizing power supply 11,72
shunt 72
Hole size limits 36
Horizontal dispersion 43
Hom enclosure 154
Hot Stuff 94, 114
Hot-wire bow 165
Hum 91
Humidity 11
Hybrid amplifiers 193
Hybrid systems 22, 104, 170
Hygroscopic 159
Hz 6
Image 44
Image width 173
Imaging 44, 173
Impedance 6, 55
Impedance matching transformer 55
Inductive reactance 4
Infinite baffle 151
Insertion loss 65
Instability
diaphragm 26, 72
testing 70
turn-on 71
Instability threshold 26, 31
Insulation 12, 34
stator 34, 116
Intermodulation distortion 7
In-wall enclosures 165
Ionization 11
Jacks 86
K5
Kevlar 166
kHz 6
Kilo 6
Kilohertz 6
Kilohm 5
Kilovolt 5
Krazy Glue 94, 114
kv5
Laser holograph 44
Leakage paths 11
Length of transmission line 155
Lettering, dry transfer 93
Level matching controls 71
Lexan 12
Limited bandwidth transformers 60
Lincaine 111
Line-level voltage 8
Line source 39
Linear 8, 12
Load 53
Loudness 9
Low-frequency limits 15
Low-pass filter 66
Low-voltage power supply 84
M35

mA S5
Magnet wire 96, 129

Magnetic
drivers 160
fields 91
saturation 61
tweeters 48
woofers 17, 22, 104, 149
Making circuit boards 77-78
Mark Twain's cat 65
Masonite 51
Mass 7, 16
Measurement
amplifier output voltage 56
capacitance 53
frequency 6
ESL current 56-57
Meg5, 6
Megobm 5
Metal-oxide film resistors 78-81
Micro 6
Microfarads 6
Midrange 32
Mil 7

Milli 6
Milli 5
Maodifiers 6

Mounting ESL drivers 137-138, 164
Multiple-panel cylindrical ESL 4748

Murphy's Law 18, 57
Mylar 14, 28, 116
Narrow-strip tweeters 22, 32, 48
Netrwork(s)
crossover 63
RC filter 66, 85
Nonlinear 7
Nonlinear distortion 7
Nonpolarized capacitor 82
Nonuniform
construction 33
glue bonds 33
stators 34
Null circuit, DC offset 70
Ohm 5
Obm's Law 6, 75, 102
Open area, percentage 36
Orange peel, paint 93
Order 64
Output 8, 25
details 42
factors influencing 25
summary 32
Overheating 69, 70
Overshoot 7, 150
Packing material 160
Paint(ing) 92-93, 115
conductive 115, 119, 123
crackle finish 93
epoxy 93
orange peel 93
spray 92
surface analysis 92
" Panels 12, 109-139
Parallel connections 7, 81, 82
Parts, electronics 86-89

S e it e
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Passband 63

Passive-radiator enclosures 153-155

PC board see Circuit boardls,
Peak inverse voltage 83 )
ll:eak-tio-peak voltage 5
ercentage of open area 36
Perforataed-metaﬁ?mmm

construction 109-112, 115, 144-145

gluing 112, 115
Perforated-plastic stators 34
construction 122-124
Perforated spacers 112
Perforation
size limit 36
size 36
pF 4
Phase cancellation 16, 20, 65
baffles 23
bass 66
closed-box enclosures 151
frequency formula 20
midrange 66
output 20
Phasing 9
Pico 6
glg:famds 6
see inverse volt
Plaoebofgict 188 e
Planar ESL 4647, 109
Plexiglas 12
Plug, banana 76, 139
Polarity 5
gO%aﬁRd capacitor 80
olarizing power supply 13, 7
Polarizing voltage 1 :EPZBS’ 2
Poles, switch 89
Polyester fuff 159
Port 153
Potentiometer 67
ratings 72
taper 72
tracking tolerance 89
types 72
VARIAC 73
Pot(s) see Potentiometer
Power 5
Power amplifiers 5, 56
Power handling 60, 102
Power rating, resistors 79
Power supply 84

high-voltage polarizing 11, 72

location 74
low-voltage 84
ripple 85
Power transformers 62, 102
frequency 82
magnetic fields 91
ratings 82, 83
Precision distances 181
Prefix modifiers 6
Prejudice 188

Printed circuit boards see circuit boards

Probe resistor 72

Protons 11
Proximity 42
Proximity effect 185
Psychoacoustic(s) 38, 39, 42, 194
Pulsating cylinder 47
Push/pull 12
Radiation resistance 150
Radiators 15
Ratings 79
RC-filter network 66, 85
Reactance 5
capacitive 6, 54-55
inductive 4
Rectifier, full-wave bridge 83-85
Resistance 5, 80
formula 72
radiation 150
Resistor(s) 13, 80
calculations 13, 82
carbon 69, 80
charging 13
color bands 80
connections 80
film 79, 80
metal-oxide film 78-81
power rating 79, 82
probe 72
ratings 80, 82
tolerance 79
types 79
voltage 79
wattage rating 79
wire-wound 80
Resistor color band table 80
Resonance 7, 16
fundamental 15-16
in cell structure 132
Resonant frequency 16, 27
Restoring force 26, 27
Reverse biased 84
Rigid-wire stators 124
Ringing 7, 150
Ripple 85
RMS 5, 37, 83
Room acoustics 31, 43-46
Root Mean Square see RMS
Rugged cells 194
Safety, electrical 75-76, 138
Sandwiched cells 193
Saran Wrap 115, 145
Saws 160
Schematic diagram 13, 77
Screws 161
Second-order filters 64
Segmentation 21, 22
Semiconductors
diodes 83
heatsink grease 84
PIV 83
reversed bias 84
zener diode 84
Series connections 7, 81, 82
Setup 177

electrical 177
physical 182
precision distances 181
Shape of TL 157
Shelving equalizer 66
Shield 91
Shunt 56, 84
calculation 56, 72
capacitance 40
high-voltage 72
Sine wave 5
Slopes 40, 64
Solder 86
acid-core 86
rosin-core 86
Solvent 116
Sound pressure level see SPL
Spacer frame 112, 114, 115
Spacer ratio 29
Spacers 12
attaching 115
construction 112, 115
gluing 113
guideline 29
perforated 112
thickness 31
Spackle 92
SPL 9
Spray gun 92
cleaning 93
Square wave 5
Stand-offs 90
Static 11
Stator(s) 11
construction 109-112
current 55
deflection 35
design 34, 109
field density 34, 35
guideline 36, 55
hole size limits 35
insulation 34, 116
nonuniform 34
open area 36
painting 115

perforated-metal 109-112, 115, 144-145
perforated-plastic 32, 122-124

perforation size 36
rigid-wire 124
shorting 116, 121
tensioned-wire 110, 128
thickness 35
wire 125
Step-up ratio 55, 59
Step-up transformer 12, 58
Stepper switch 89
Stray capacitance 40, 109
Stretcher, diaphragm 136
Stretching diaphragms 134, 136
Supporting frames 124
Surge 69, 87
Sweet spot 43
Switch(es) 86
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SUPER SOFITWARE

'L . ) .
| . e 157 s FROM OLD COLONY
|| Switch(es) continued hybrid system 104 Volur&esc‘:mu‘o )
| ts 87 VTV
ey hyid sy VIV ss SOUND LAB
- curren &8 packing density 160 o rating 79 |
i harming 86 shape 157 Wattage, rating I
§ poles 89 Tolerance Wattless speakers 57 i
i rotary 88 oler. or 81 Wave(s) 5, 85 i AIRR SOUNDBLASTER SOUND CARD SOF-AIR1B3G  parameter estimator; piston approximation for driver models; simulation of the effects
; ‘ slide 88 capaci . sine 5, 56, 71 | SPEAKER RESPONSE SOFTWARE $49.95  of room gain; and much more, IBM—PLEASE SPECIFY DISK SIZE.
i stepper 89 :sxskt;rg o1 89 square 5, 71 | Julian J. Bunn
i throws 88 ac ! Waveform testing 71 I AIRR {Anechoic In-Room Response) offers a cheap altemative to loudspeaker measure- PASS VER
| Symbols 77 Tone control 68 D Wave front 49 | ment for owners of PCs equipped with a SoundBlaster (this brand only) sound card. X0 PASSIVE CROSSOVER CAD SOF-PX03B5G
i ymbo S %9 Total harmonic distortion see TH. <urved 49 | Based on the principle of puise mode excitation of the loudspeaker folowed by Fast Robert M. Bullock lll, Robert White $50
.;.. gystem Tnz 104 Tracking, tolerance 81, 89 first-arrival 42 i Fourier Analysis, AIRR features full color real-time plotting of both the digitized pulse  New PXO version adds improved ease of use, faster performance, and high resolution
p o ysem v 06 Transducers 8 Weight 7' | feceived by the microphone and the frequency response of the loudspeaker system, ~ graphics to six great programs: PASSIVE TWO-WAYS, PASSIVE THREE-WAYS,
| System Three Transformer(s) 58, 82 eight 7' | Reauires PCwith SoundBlaster 16 sound card: VGA screen with a least 640 x 480 reso-  EQUALIZER UTILITY, RADIATION PATTERNS, EX(CURSION)-LIMIT, and
. Systems 22, 99, 104 bass response 59-60 ‘White noise 9 ; lution, preferably color; and microphone {usually supplied with the sound card). CROSSOVER TRANSFER FUNGTION. Also has transient response capability for com-
4 tact 113, 121 PODSE Wide dispersion ESL 47 ! bined crossover sections. 1 x 5-1/47, DS/DD. IBM only.
| Tab con s custom winding 95 di P former 4, 95 f
Table e nse 59 Winding a trans 4 i
curved 136 high Srequeﬁ C'f}f}:" s Wire(s) ' BASSBOX 5.1 FOR WINDOWS SOF-BAS1B3G R -
resistor color band 80 impedance e 680 cleaning 126 ' Hanris Technologies $99 THEPRIVATE FILES OF G.R. KOONCE SOF-KPFNBXG
Taper 81 hm‘ted_ band connecting 128 : BassBox 5.1 is a great program that aids in the design of bass loudspeaker enclosures in G.R Koonce . Each $14.95
Per ¢ cal terminology 5 mounting 95 cobper 86 i o ways. Firsl, it models how a speaker will sound in a variety of boxes, and second, it At long last, we have persuaded Mr. Koonce—one of America’s great computerfioud-
Technical terminology power 60, 82, 102 leliﬁécal 86 models the maximum loudness of the loudspeakenbox combination. Once these tools ~ SPeaker gurus—to make available to the public this 1.7Mb, five-disk set containing 19
Teflon 34 power handling 60, 102 o128 help you decide what size and type of box to use, BassBox will then help you calculate the —UNique programs from his own personal library. As wide-ranging in purpose as they are fun
Tensioned-wire specifications 61 gri dimensions of s port, i the design is vented, and the box itseff. Many other capabilies. 10 use, these handy IBM fies developed over the years for Koonce's personal use can
frames 129 Pe 12 58 magnet 96, 129 , Windows 3.1+, DOS 5.0+ recommended; IBM 3865X+; 4Mb RAM; mouse; 4Mb hard disk  now benefit you! Disk #1: Vented Box Design, Disk #2: Closed Box Design/Testing. Disk
stators 110, 128 step-up 12, making a grid 128 space (cannot be run from fioppy). Also available; #3: Crossover/Padding Design. Disk #4: Miscellaneous Box Design/Testing. Disk #5:
Terminal strips 90, 91 testing 6? mounting 127 Driver Evaluation/Overshoot Function. PLEASE SPECIFY IBM DISK SIZE AND
T:mology ) tumgl ,augsss multi-stranded 86 SOF-BAS1B3G/X BASSBOX 5.1 PLUS XOVER 2.03 (below) $118 EEE;-.&CE@;;L—IE PRODUCT CODE ABOVE WITH THE DISK NUMBER YOU
rmin indi . ; ition 126 ] ]
audio 7, 9 winding 7 105 orientation and position
M Transient response 7, . XOVER 2.03 FOR WINDOWS SOF-X0V1B3G
- t‘:iChgmlcg;' 5 Transmission line see TL ggi éﬁ; 126 Harris Technologies $29 SOF-KPF6BXG KOONCE PRIVATE FILES, 5-DISK SET $69.95
estn; . . . : . .t o
4 Triamp 9 : This package helps in the design of 2-way and 3-way passive dividing networks, as well as
blind 189 - . size 125 ; 1 desIn THE LISTENING ROOM FOR IBM SOF-TLR1BXG
f o bleshooting, ESL cells 121 - simple load compensating circuits, and calculates the component values for many com- o
DC and instability 70 T o imiabitey 71 solid 86 mon first, second-, third, and fourth-order networks. Two-way designs include Bessel, S11ting Duck Software , _ _$4750
double blind 189 o 58 spacing 126 Butterworth, Chebychev, Gaussian, Legendre, Linear-Phase, and Linkwitz-Riey, while 3-  This interesting program predicts standing wave modes in small rooms and is designed for
equipment 188 Turns ra straight 84, 126 Ways include 3- and 3.4-octave spreads between crossover frequencies. Windows 3.1+, Posifioning speakers—and the listener—in such a way as to minimize standing wave
flaws 187 Tweeters 32, 48 stranded 86 DOS 5.0+ recommended; IBM 386SX+; at least 2Mb RAM (4Mb recommended); mouse;  ffects and other room-generated influences. It allows for a full range of speaker and lis-
grille cloth 134 magnetic 48 48 Teflon-coated 86 1.5Mb hard disk space. tener movement in 3D space and continuously updates a standing wave Pressure Versus
loudspeakers 191 6 narrow-strip 22, 32, tensioned 128 L&Gmgﬁggﬂ b%ml?zggz?- 1+, CGA, EGA, VGA, or Hercules graphics
25 1}
placebo effect 188 ity o type 86, 122 CALSOD 1.30 STANDARD WITH GRAPHICS ~ SOF-CAL2
prejudice 189 N e e voltmeter see VIV Wire-wound resistors 80 Witold Waldmany Audiosat seogs  DXG SOF-TLR3M3G THE LISTENING ROOM FOR
procedures 133 Variable autotransformer 73-74 o enanetic 17,22, 104, 149 From Australia, CALSOD (or *Computer-Aided Loudspeaker MACINTOSH $4750
mtormer 62 VARIAC 73, 165 testng 149 s Siwire oncages o oy e Words ot
trans - : i cro or
waveform 71 Venetian blind effect 47 theory 149 design. It combines the transfer function of an LC network with the BOXMODEL VERSION 3.0 WITH GRAPHICS
Vertical dispersion 52 acoustic transfer function of th i SOF-MOD4BXG
woofer 149 Wool 159 oustic transfer function of the loudspeaker, by using some form ,
7 Voltage(s) 5, 11, 69 Work 5 of terative analysis. CALSOD creates, through the process of trial- Robert M. Bullock 11, Robert White $59.95

THD audio drive 15, 36, 56 or and-error curve fitting, a suitable transfer function model which it ) )

Theory ) bias 11. 25 X 6,54 can then optimize. The program differs considerably from other soft- This worldwide best selier's regular capabilities and features have
of operation 11 breakdown of air 25 X, 6 ware in that it models the entire loudspeaker output of a mult-way included sealed, vented, and passive radiator designs; four concur-
woofer 149 reak 81 Z6,55 system, including the iow-end response, as well as the summed rent design capability; on-line help; 8088 through Pentium support: no

Thermistor 87 capacitor Zener diode 84 fesponses of each system driver. For PC/XT/AT and PS/2 with 512K coprocessor required, but recommended; DOS real-mode applica-

Third-order filters 64 DC offset 69 offree RAM and DOS 2.10 or higher. Hard disk with 1.6Mb free space tion; auto-detect CGA, EGA, VGA display; pull-down menu; inclu-

~or 54 drive 32 recommended (except for demo). 8087/80287/80387 coprocessor rec- sion of atmospheric sffects on design; port length calculations:
i 3dB comer guideline 25 ommended but not necessary. CGA, EGA, VGA, or Hercules graphics inclusion of box, port, and absorption losses in analysis; fiter-
g Throws 88 handling 61 Card required. IBM—PLEASE SPECIFY DISK SIZE. assisted alignments; equalized alignments through 8th ‘order; and
| Time delay 188 line-level 8 automnatic file savefrecall. Graphing capabilities in BoxModel have
| Tiptoes 164 ne-leve 79 included maximum and relative SPL; voice coll impedance mag- _
L TL 155 resistors 83 CALSOD 3.00 PROFESSIONAL WITH GRAPHICS Nitude and phase; acoustic phase response; vent air speed; dri- .
g 139 pesk e & SOF-CAL3gYG o o e s st i o ||
. e -to-pea. . ]
' characteristics 156 pela to-p 11.95 Witold Waidmary, ‘Audiosoft . $269 CALL ORWRITE tion, other new feaures?r}': BoxModel indude series and parallel com-
construction 160 polanzing 11, Nlljough CALSOD Standard 1.30 is an excellent and popular package TODAY pound and isobaric designs; graphics printer dumps, support for over
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THE WHY AND HOW OF GOOD REPRODUCTION $6.95 igics forl m i e e I;n U@gﬁ%ﬁs
vy -to-read and concise introduction to audio basics with special attention to loud- mlggvargﬁbyﬁrmmm s
-I.hs;peakefIs e‘Emcharac:ten'stic;s is something of a classic. Out of print for many years (last revised B e for buing as ey vanedmcaand
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