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Perfect Harmony 

WBT 
WBT-USA - 2752 South 1900 West - Ogden Utah 84401 801-621-1500 - Fax 801-627-6980 - www.wbtusa.com 

The dream of a wonderful "bi-wire" system is now reality 

WBT has a perfect contact system! 

Searching for the perfect loudspeaker connectors to comply 
with CE regulations can be a tiring - often futile endeavor. 
Relax and discover perfect harmony with the complete WBT 
CE bi-wire connector systems. 

WBT is an authority on CE compatible audio connectors 
and has long been recognized as a leader in connector design 
technology. Now, WBT is proud to announce the release of 
a complete connection system for bi-wire speakers. 

The WBT-0725 power bridge is available in either pure 
copper or fine silver and, when used with insulated WBT 
bonding posts, will allow use of both banana and spade 
(1/4" or 5/16" size) connectors. 

Exceptional sonic performance combined with the versatility 
of the complete safety system make WBT the only choice 
for perfect harmony. 

A loudspeaker begins with an idea - a treasure from the mind of a designer. In the production phase, the finest components and materials 
are chosen: drivers, internal wiring, cabinet materials and finishes. But when it comes to the binding posts, compromises are made 

for no good reason. Good ideas should be followed through completely and quality speakers deserve quality binding posts. 

WBT is well known for producing some of the highest-quality connectors in the 
audio industry and are specialists in binding post design and construction. 

Notable features on WBT binding posts include: 
-High machining tolerances -Innovative two-piece tightening knobs -Crimp or solder termination options 

•Durable gold-plated finishes • Topline, Midline and Economy versions -CE compatible versions 

Please contact us tor more information, we have 7 models of binding posts without compromises to suit your every need and nearly every budget. 

- 2752 South l900West - Ogden Utah 84401 - 80l-621-l5(X) - Fax 801-627-6980 - www.wbtusa.com 



Fostex 
NTS 

Horn Super Tweeter_ 
The horn super tweeter features Alnico magnets and delivers high 
efficiency and high transient response. 

models: FT 66H - 70 watts, FT 96H - 50 watts, T 90A - 50 watts, T 925A - 50 watts 

Over the years, Fostex has earned a reputation for engi¬ 
neering innovative speaker systems. Now, for the first 
time, the same high quality components that comprise 
these systems are available direct from Fostex on-line at 
www.store.yahoo.com/fostex. 

KILTweeter_ 
The RP tweeter family employs a Regulated Phase Full Surface Drive 
diaphragm, which offers wide dynamic range and superb frequency response. 

models: FT 7RP - 80 watts, FT 33RP - 60 watts 

Dome Tweeter_ 
Fostex’s FT27D offers a sealed magnet dome tweeter with excellent 
high frequency response, while the FT48D features a state-of-the-
art soft dome tweeter employing a UFLC diaphragm. The FT27D 
is suitable for AV applications. 

models: FT 27D - 40 watts, FT 48D - 50 watts 

_ FE Scries r
The FE Series offers a line of full-range speakers designed specifically for 
AV applications. Their super-low magnet leakage of 0.15 gauss eliminates 

video noise when placed in close proximity to video monitors 

models: FE 87: 3" - 5 watts, FE 107: 4" - 5 watts, FE 127: 4" - 22 watts, 
FE 167: 6.5" - 33 watts, FE 207:8" - 45 watts 

_FW Series 
FW Series woofers feature die-cast aluminum frames and large ferrite magnets. Fite FW 208N and 

FW 800N use composite cones, the FW 108 and FW 168 use pulp, and the FW 127, 
FW 187 and FW 227 use pohpropvlene, which are particularly well-suited for AV use. 

models: FW 108:4" -17 watts, FW 168:6.5" ■ 34 watts, FW208N: 8" - 34 watts, 
FW 800N: 31.5" -150 watts, FW 127:4.5" - 50 watts, FW 187:7" - 100 watts, FW227:8.5" -100 watts 

_Sigma Series 
The Sigma Series is highly suitable for horn-loaded speaker systems. These 

full-range speakers provide high efficiency with excellent sonic performance. 

models: FE 108'- 4" - 5 watts, FE 168'- 6.5" - 27 watts, FE 208'- 8" - 34 watts 

Fostexwww.fostex.co m 
Fostex C'-orp. Of America • 15431 Blackbum Ave.* Norwalk, ('A 90650 • Tel: 562 921 1112 Fax: 562 802 1964 
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O SPEAKER STAND 

The RB1 A/H is a speaker stand designed for satellite and surround-sound speakers of unusual shapes and sizes, such as the 

Bose® Cubes, Boston Acoustics® Micros, Klipsch® Quintets. Infinity® Minuettes. Polk Audio® RM Satellites, and Energy® 

Take Systems. The stand assembles quickly and easily and features adjustable height ranging from 31" to 45" and a hollow 

core for cable management. OmniMount Systems, Inc., 1-800-MOUNT-IT, or www.omnimount.com. 

C TESTING SPEAKERS 
The ASC 588-B is a loudspeaker parameter meter (LPM) that mea¬ 
sures terminal impedance vs. frequency to help you calculate values 
of loudspeaker parameters. The LPM consists of a decade frequen¬ 
cy oscillator, decade frequency dividers, digital sine synthesizer, AC 
current source, AC to DC converter, and frequency to DC converter. 
Used with any digital multimeter, this tool-box size device offers 
portability for audio and speaker work both in the field and on the 
bench. Audio Specialties Company, 2230 East State St., Hermitage, 
PA 16148-2726. 

Good News 

■ THEATER SPEAKERS 

The MC-6CT is a three-way, freestanding tower loudspeaker that uses a 1" aluminum 
dome tweeter and three 6.5" aluminum drivers. The MC-6CT is constructed using 
MDF (medium density fiberboard) and is internally braced to minimize cabinet reso¬ 
nance at all frequencies and prevent excess sonic radiation. You can use the MC-6CT 
as a stereo pair or combine them with a trio of MC-414C LCR speakers for a home¬ 
theater setup. RBH Sound, Inc., 976 N. Marshall, Bldg. 2, Unit 4, Layton, UT 84041, 
800-543-2205, FAX 801-543-3300, Website www.rbhsound.com. 

■ WALL-MOUNTED SPEAKER 

B&W Loudspeakers has introduced the new Nautilus " SCM1 On-Wall Mounting Loud¬ 
speaker for applications that require an on-wall, low-profile speaker. You can use the 
SCM1, at only 4'^" deep, to complete a surround system or as rear-channel speakers, 
and other applications. The SCM1 uses the company's Nautilus tweeter and bass/ 
midrange driver housed in a low-profile cabinet enclosure in your choice of finishes— 
black ash, natural cherrywood, or red cherrywood. 

■ SONANCE SYMPHONY 

Sonance has introduced a line of rectangular in-wall and round in-ceiling sound 
systems. These 6’/z" speakers feature dome tweeters, two-piece baffles to reduce 
unwanted resonance, glass-reinforced vented ABS baskets, high-end cosmetics, 
rear-mounted drivers, and improved crossover networks, for a smooth on- and off-
axis response. For more information, contact Sonance, 212 Avenida Fabricante, San 
Clemente, CA 92672-7531,800-582-7777, FAX 800-538-5151, www.sonance.com. 
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The Parts Connection - The Ai Hobbyist’s Definitive Parts Source 

PARTS 

VISA 

Get your copy of 

MultiCap 

xierIz 

CADDOCK 

Overstock & Clearance Items! 
features “Specially Fmcefc¡tty 
Svetlana, AudioCap. Inf miCap. 
and many many more. Nearly 
Prices discounted from 25% t 

well, we have an updated product line-up. ^ 
copy of The Parts Connection’s Catalog Vol. 5 j 
www.partsconnection.on.ca and then click on 

id Quarterly, this issue 
Golden Dragon, Sovtek, 
Nichicon, ALPS, Noble 
fferent parts in all. 
Dmloadacopyofthe 

+ pageskTo download the FREE 
) our Web site's main home page at: 
ZZZ3B <0 button. 

D2D-1 
Sample Raw Converter 
Up-samples from as low as 32 kHz to 96 kHz, 
Interpolates Ward Lengths from 16-bit to 24-bit, 
State-af-the-Art Jitter Attenuator - Begins at 10 Hz with 
Intrinsic Jitter less than 2ps (pico-seconds), 
Digital Transmission Format Converter 5 Digita Inputs 

(4-S/PDF; 1-AES/EBU) into 5 concurrent Digital Outputs (2-S/PDIF; 

AES/E3U; PS (Audio Alchemy type); and ^^enhanced^-

* Buy our A S S E M B L II G E D2D-1 Sample Rate Converter and 
SAVE $100 on the purchase of either our 
A S S E M B L A G F DAC-2.6 or DAC-3.0 ORDER NOW1

DH LABS 
Discovery 
/]udio(ap 

THE PARTS CONNECTION’S CATALOG Volume 5 is heie, packed with our regular 
selection of high quality component parts, tubes, wire and cable, connectors, dozens 
of audio related construttion and design books, capacitors, resistors and more. As 

<4| 'n 
ELECTROSWITÜH'^' 

G 
m ï 

V U S I C A P • 

H I ® -CIIÆER KABLE 

Vampire Pokier 

December ‘99 edition of the Breatfe^rimm 

www.partsconnection.wta and then click on Dutton. 

Serving Speaker. Builders Since 1988 
The Parts Connection has been providing Speaker Builders with the highest quality audiophile parts for more than 12 years. 
Below is a small sample of our 1000’s of available products: 

ONLY * 
$699 
USD 

MHHXIMOAI 

EXotita _ 
NOBLE Svetlana 

The Parts Connection Catalog 
» S0L™^ The Definitive Parts Source 

V VOLUME i ¿ ¿«lAD BOARD SUPPLEMENT 

MasterCard. CONNECTION 

IM wx newt» redeugned Web »rt» http://wwwpartsconnection.on.ca 
2790 Brighton Road, Oakville, Ontario, CANADA L6H 5T4 

Telephone (905) 829-5858 Facsimile (905) 829-5388 
Toll Free Order Line 1-800-769-0747 (U.S. & Canada only) 

E-Mail: TPC@partsconnection.on.ca 



About This Issue 
What happens when one audiophile (Ray Alden) sets out to build the 

speaker system of his dreams? With a little help from his friend (Joe 
D’Appolito), the result is an excellent research, design, and construction 
project by noted experts ("The Bella Voce, Pt. 1,” p. 8). 

For another expert viewpoint, consider G. L. Augspurger’s third part of 
his work on transmission lines. He demonstrates how to deliver greater effi¬ 
ciency to your system with alternate pipe geometries (“Transmission Lines 
Updated," p. 24). 

The design of your listening room greatly affects how your loudspeaker 
will sound. To help you get a handle on the bounces that standing waves 
take, John Sebring provides some help in determining room size and room 
dimension ratio ("Optimum Room-Dimension Ratios,” p. 20). 

What do you do when the woofers are shot in a classic loudspeaker such 
as the Advent? No need to deep-six the unit. You can bring these beauties 
back to life, as Tom Yeago shows you in "Refurbishing the Advent 10" 
Woofer” (p. 30). 
Justus V. Verhagen presents an unusual construction solution to address 

diffraction, resonances, and through-the-wall transmissions. His spherical 
speaker design uses a Dynaudio woofer (“A Novel Cabinet Construction 
Method," p. 34). 
Jesse W. Knight reviews a new product from Audio Specialties. This com¬ 

pany’s multipurpose, portable loudspeaker meter determines T/S parameters 
(“Product Review,” p. 40). 

Reader Service #27 

The Staff 
Editor and Publisher 

Edward T. Dell, Jr. 
Regular Contributors 

Joseph D’Appolito Robert Bullock 
Richard Campbell John Cockroft 
David Davenport Vance Dickason 
Bill Fitzmaurice Gary Galo 

G.R. Koonce Richard Pierce 
Bill Waslo 

Vice President 
Karen Hebert 

Dennis Brisson Assistant Publisher 
Swain Pratt Associate Editor 

Marianne Conway Editorial Assistant 
Tina Hoppock Graphics Director 
Melinda Taylor Production Assistant 

laurel Humphrey Marketing Director 
Kelly Bennett Customer Service 
Kim cloutier Customer Service 

Advertising 
National Sales Office 
Nelson & Associates 
Ken Nelson 914476-3157 
Dan Nelson 914476-1225 

62 Wendover Road. Yonkers, NY 10765 
Fax: 914-969-2746, E-mail: dknskn23@aol.com 

Beverly Poirier Special Projects 
Account Manager 

Laura Tremblay Account Coordinator 

The peculiar evil of silencing the expression of 
an opinion is, that it is robbing the human race; 

posterity as well as the existing generation; 
those who dissent from the opinion, 
still more than those who hold it. 

John Stuart Mill 

LEGAL NOTICE 
Each design published in Speaker Builder is the intellectual property of its 
author and is offered to readers for their personal use only. Any commercial 

use of such ideas or designs without prior written permission is an infringe¬ 

ment of the copyright protection of the work of each contributing author. 

SUBSCRIPTION/CUSTOMER SERVICE INQUIRIES 
A one year subscription costs $32. Canada please add $8. Over¬ 
seas rate is $52 per year. 
To subscribe, renew or change address write to the Circulation De¬ 
partment (P0 Box 876, Peterborough, NH 03458-0876) or tele¬ 
phone (603) 924-9464 or FAX (603) 924-9467 for MCAflsa/Dis-
cover charge card orders. E-mail: custserv@audioXpress.com. 
For gift subscriptions please include gift recipient’s name and 
your own. with remittance. A gift card will be sent. 

EDITORIAL INQUIRIES 
Send editorial correspondence and manuscripts to Speaker 
Builder. Editorial Dept., P0 Box 876, Peterborough, NH 03458-
0876. E-mail: editorial@audioXpress.com. No responsibility is 
assumed for unsolicited manuscripts. Include a self-addressed 
envelope with return postage. The staff will not answer technical 
queries by telephone. 

ADVERTISING RATES Er SCHEDULES 
Contact Advertising Department, Speaker Builder, P0 Box 876, 
Peterborough. NH 03458. 603-924-7292, FAX 603-924-9467, 
E-mail advertising@audioXpress.com. 
Printed in the USA. Copyright © 2000 by Audio Amateur Corporation. 
All rights reserved. 

Speaker Builder (US USSN 0199-7920) is published every six weeks 
(eight times a year), at $32 per year. $58 lor two years: Canada 

add $8 per year: overseas rates $52 one year. $93 two years: by 

Audio Amateur Corporation. Edward T. Dell. Jr., President, at 305 

Union Street. PO Box 876. Peterborough. NH 03458-0876. Periodicals 

postage paid at Peterborough. NH and an additional mailing office. 

POSTMASTER: 
Send address change to: 

Speaker Builder, 305 Union St. 
Peterborough, NH 03458-0876 

6 Speaker Builder 4/00 



Speaker Builder 
THE LOU D SPEA KER JOURNAL 
VOLUME 21 NUMBER 4 JUNE 2000 

page 8 

page 40 

FEATURES 
Part 1 
The Bella Voce 
BY RAY ALDEN & JOSEPH D’APPOLITO._.-. 8 
Optimum Room-Dimension Ratios 
BY JOHN SEHRING .20 
Part 3 
Transmission Lines Updated 
BY G. L. AUGSPURGER .24 
Refurbishing the Advent 10" Woofer 
BYTOMYEAGO .30 
A Novel Cabinet Construction Method 
BY JUSTUS V. VERHAGEN .34 

DEPARTMENTS 
GOOD NEWS.4 
PRODUCT REVIEW 
ASC Loudspeaker Parameter Meter 
REVIEWED BY JESSE W. KNIGHT.40 
SB MAILBOX.42 

BOOK REVIEW 
The Joy of Audio Electronics 
REVIEWED BY BILL CHATER .48 

TOOLS, TIPS & TECHNIQUES 
Quickie Box 
BY RICK OAKLEY .54 

IN EVERY ISSUE 
CLASSIFIEDS.52 

AD INDEX .52 
YARD SALE...53 

KEEP IN TOUCH 
EDITORIAL— Send fettere, questions, and comments to: Speaker Builder, Editorial Dept., PO Box 876. Pe¬ 
terborough, NH 03458 USA, FAX (603) 924-9467, E-mail: editorial@audioXpress.com. 

Be sure to reference the issue, title, author, and page number of the article or letter in question; and if 
you request ar answer from an author, please include a self-addressed envelope (and your FAX number 
and/or E-mail address, if applicabe), with a loose stamp or postal coupon. 

Due to the volume of correspondence, we cannot personally acknowledge or respond to each letter or 
query. All letters to the editor will be considered for publication unless you indicate otherwise. Speaker 
Builder reserves the right to edit your letters or technical queries for length and clarity. 
Author guidelines are avaladle by sending a self-addressed envelope with loose postage to the 

above address. 

CIRCULATION— For subscriptions, renewals, back issues or address changes, write to the Circulation De¬ 
partment (PO Box 876, Peterborough. NH 03458) or call (603) 924-9464 or FAX (603) 924-9467. E-mail: 
custserv@audioXpress.com 

ADVERTISING — Address advertising inquiries and information requests to the Advertising Department. 
Audio Amateur Corporation, PO Box 876, Peterborough, NH 03458-0876, voice (603) 924-7292, FAX (603) 
924-9467, E-mail: advertising@audioXpress.com. 

OLD COLONY SOUND LAB— For product information and ordering, contact Old Colony Sound Laboratory. 
PO Box 876, Peterborough, NH C3458-0876, voice (603) 924-6371 and (603) 924-6526, FAX (603) 924-
9467, E-mail: custserv@audioXpress.com. 

Speaker Builder 4/00 7 



Set sail on the first of this two-part adventure with noted experts in the areas of speaker¬ 

building design, measurement, and construction. The goal is to produce a top-quality 

speaker. 

Parti 

The Bella Voce 
By Ray Alden and Joseph D’Appolito 

“Ships at a distance have every man’s 
wish on board. For some they come in 
with the tide. For others they sail forever 
on the horizon, never out of sight, never 
landing until the Watcher turns his eyes 
away in resignation, his dreams mocked 
to death by Time.” From Their Eyes 
Were Watching God, by Zora Neale 
Hurston 

I
 heard this passage from a cassette 
reading of Ms. Hurston’s book 
while driving up to Joe D ’Appoli-
to’s house in New Hampshire. In 

the van with me was the prototype of a 
speaker design I had named the “Bella 
Voce,” which means “beautiful voice” in 
Italian. This prototype {Photo 1) con¬ 
tained my dreams for a singularly de¬ 
signed speaker par excellence. 

For years I had harbored dreams, as 
do many speaker builders, of construct-

ABOUT THE AUTHORS 
Ray Alden is the author of the book Advanced 
Speaker Systems. He studied at NYU's Courant In¬ 
stitute of Mathematics. He wrote “Building Speakers 
at Stuyvesant’ (SB 1/91, p. 10). based on 11 years 
of experience teaching speaker design and building 
at New York’s Stuyvesant High School. He currently 
runs the Chubby Dragon Compact Disc label, is a 
music coordinator for Clearwater's Hudson River Re¬ 
vival, and plays square dances and concerts. You 
can find parts of his book and samples of his CDs on 
www.bestweb.net/~rgamusic/. 
Joseph D’Appolito, SB regular contributor and author 
of many papers on loudspeaker-system design, 
holds four degrees in electrical and systems engi¬ 
neering, including a Ph.D. Previously, he developed 
acoustic propagation models and advanced sonar 
signal-processing techniques at an analytical ser¬ 
vices company. He now runs his own consulting firm 
specializing in audio, acoustics, and loudspeaker 
system design. A long-time audio enthusiast, he now 
designs loudspeaker systems for several small com¬ 
panies in the US and Europe. 

ing a speaker to rival those costing sev¬ 
eral thousand dollars. Over the years I 
had built many speaker designs, but al¬ 
ways used the best low-cost drivers I 
could locate. I imagine that, in so doing, 
many of us doom ourselves to never 
achieving our personal Holy Grail of 
sound, suffering this ship containing our 
dreams to remain only a vision on the 
horizon. Something in me sensed that 
this was the time to have my ship come 
in with the tide. 

COMPLEMENTARY SKILLS 
Perhaps confidence in completing a diffi¬ 
cult task comes of knowing both your 
abilities and the forces you can muster to 
support areas that are lacking. This trip 
to Joe in the Spring of 1998 came as he 
was in the middle of writing his book, 
Testing Loudspeakers, a field in which I 
am inexperienced, but in which Joe ex¬ 
cels. 1 was fortunate to come to know 
him in 1994, when he served as techni¬ 
cal advisor for my book, Advanced 
Speaker Systems (Prompt Books). 

My desire for high-quality speakers 
arose from musical interests, leading me 
to speaker building in the mid-1970s. I 
currently am proprietor of a small CD 
label on which I record traditional Amer¬ 
ican music, ranging from Appalachian 
string-band, blues, and ethnic music to 
Cajun and Zydeco. After recording on an 
8-track digital ADAT recorder, I then mix 
the eight channels down to 2-track 
stereo format on a DAT machine. 

This process involves many decisions 
of equalization, panning, and adjusting 
vocal and instrumental balances while 
listening carefully through a set of speak¬ 
ers. I use headphones only occasionally 
to check for low-level distortions, know¬ 

ing it is primarily through speakers that 
the world will hear these recordings. It is 
obviously critical that the set of speakers 
I use to monitor these recordings be ac¬ 
curate. However, more than just a super-
analytical near-field monitor, I also need 
in my listening room a speaker that is 
musical. 

Aside from mixing recordings, I sim¬ 
ply wished to enjoy a full range of music, 
from jazz to classical to occasional pop. 
From a recording-studio point of view, I 
found myself trying to design a set of 
speakers with first-class resolution and 
clarity, excellent pinpoint imaging, and a 
relatively flat, full frequency spectrum. 
This implied that I needed the first arrival 
of the sound spectrum to be relatively 

PHOTO 1 : Prototype of the Bella Voce. 
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free of room reflections. On the other 
hand, from a musical point of view, I 
wished to avoid a speaker design so dry 
as to be stripped of any possible sonic 
benefits from the room’s natural rever¬ 
berant field. Could I design a balance 
through some sort of compromise, or 
was I, in fact, trying to have my cake and 
eat it too? 

DRIVER CHOICES 
Although willing to purchase relatively 
expensive drivers, I avoided being swept 
into a money-is-no-object delirium, re¬ 
stricting myself to individual drivers cost¬ 
ing no more than $250. This limitation al¬ 
lowed me to use two of the same drivers 
per speaker, knowing this could increase 
sensitivity, more easily control acoustic 
radiation patterns, and often provide a 
distortion rating below that of a single 
more expensive driver. 

I hoped that a persistent search might 
be rewarded. It was necessary to start 
somewhere, but simply looking at fre¬ 
quency-response graphs on specification 
sheets was not going to do it. Luckily, I 
had an experience that gave me a start¬ 
ing point. I occasionally visit the Zalytron 
store in Mineola, New York, to pick up 
speaker supplies from Elliot Zalayet. El¬ 
liot almost always has newly constructed 
speaker systems hooked up, often com¬ 
posites commissioned by Kimon Bellas 
of Orca Design, using crossovers de¬ 
signed by Joe D’Appolito. 
On one visit, I heard an MTM 

(midrange-tweeter-midrange) speaker 
using a Raven RI ribbon tweeter nestled 
between two white-coned Cabasse mid¬ 
bass drivers. Initially, I was stunned by 
the sound, but the more I listened some¬ 
thing chafed, preventing nearly ideal 
sound. I make no claims of having a 
“golden ear,” but perhaps when some¬ 
thing approaches that level of excel¬ 
lence, irregularities stand out. 

I sensed that the otherwise excellent 
Cabasse drivers were beginning to run 
out of steam in the upper midrange. 
However, the higher frequencies cov¬ 
ered by the Raven tweeter reminded me 
of the same kind of phenomenal clarity 
that the original Quad electrostatics gave 
to the midrange. I concluded that the 
Raven RI ribbon tweeter was to be the 
starting point in my driver selection. 

QUOTH THE RAVEN 
The Raven RI is a very high-efficiency 
ribbon design, obtaining 95dB/lW/lm 
using the 6Q transformer tap. This high 
efficiency results from using a pure con¬ 
ductive ribbon of incredibly low moving 

FIGURE 1 : Three vertical acoustic radiation patterns 
(A, B, and C) resulting from an MTM-configured 
speaker combined with three different filter shapes. 

mass (.0061 grams), light¬ 
ly suspended and im¬ 
mersed in the powerful 
field of an NeFeB magnet. 

There are four genera¬ 
tions of the Raven RI. 
The first had a separate 
transformer with two 
taps, a 6Q and a 12Í1 The 
second integrated the 
transformer with the 
body of the tweeter and 
provided one 6Q tap. The 
third and fourth genera¬ 
tions use a brass piece to 
strengthen the coupling 
between the tweeter 
body and the transformer. 
The last two designs have 
increased sensitivity, al¬ 
beit achieved by lowering 
impedance. 

The Raven RI units I purchased were 
second generation. At home, I was star¬ 
tled by the RI suspension system. When 
I held the Raven up for a closer look, my 
breath actually set the ribbon into mo¬ 
tion! Everything about this tweeter 
seemed to say, “I challenge you to find a 
midrange counterpart to match my effi¬ 
ciency, clarity, and transient response.” 

Finding an exceptionally fast 4" or 5" 
driver required searching for one with a 
low moving mass, and probably a strong 
magnet as well. Furthermore, I needed 
either a woofer or separate subwoofer to 
relieve this small, quick midrange from 
the necessity to perform large excur¬ 
sions stemming from bass duty. The Eton 
4-300/25Hex, a 4" bass-midrange unit 
made in Germany, caught my attention. 

The Eton’s cone, made of a propri¬ 
etary “hexacone” material, has a moving 
mass (including the pushed air) of 5g. It 
is fashioned from two thin outer layers of 
Kevlar® placed over a honeycomb struc¬ 
ture of Nomex. This fusion of materials 
provides both a high degree of stiffness 
and excellent internal damping. When 
compared to conventional materials 
such as treated paper or bextrene, this 
amalgam reduces mass up to 30%, while 
increasing rigidity by 70%. 

Furthermore, the Eton 4-3OO/25Hex 
spec sheet shows a smooth frequency re¬ 
sponse up to 5kHz. I intended to set the 
upper-frequency crossover point at 
3kHz, which would give a crossover op¬ 
timizer nearly an octave of usable re¬ 
sponse to achieve an appropriate filter 
shape. Further advantages of using a 4" 
unit will become clear as I pursue an 
analysis prescribed by Siegfried Linkwitz 
and Joe D’Appolito. 

D'APPOLITO CONFIGURATION 
As you probably well know, Joe D’Ap¬ 
polito made a major contribution to the 
field of speaker engineering by describ¬ 
ing a method that could control and 
shape the vertical lobing pattern of a 
speaker’s acoustic radiation (Fig. 1). 
While he calls this the 3/2 geometry 
(three drivers in a two-way system) or 
sometimes MTM, speaker manufacturers 
informally use the term “D’Appolito 
configuration.” 

This symmetrical driver placement of¬ 
fers stability to the speaker’s vertical 
polar-response pattern, providing a de¬ 
fense against image-damaging frequency¬ 
contingent shifts attributable to interdriv¬ 
er phase differences and crossover char¬ 
acteristics. Joe’s system emerged after 
he scrutinized Siegfried Linkwitz’s 1978 
efforts to control acoustic radiation 
patterns through a combination of 
crossover order, cone diameter, driver 
placement, and box proportions. 

As Linkwitz observed, “Wide disper¬ 
sion can only be obtained from a small 
drive unit which will also have higher 
distortion than a larger unit. It appears 
that psychoacoustically the increased dis¬ 
tortion is outweighed by an improved 
sound perspective which gives a greater 
sense of realism.”1 By using two Eton 4" 
units in the MTM configuration, distor¬ 
tion is reduced. 

Linkwitz specified that the ratio of pis¬ 
ton diameter to crossover-frequency 
wavelength should be less than or equal 
to 1 for wide dispersion. The Eton units 
fall within this range since, with piston 
diameter D = 8.368cm and at my 
planned 3kHz crossover frequency, 
wavelength (y) = 11.433cm, giving the 
ratio D/y = .73. 
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FINDING THE FREQUENCY 
For use in his original Swan satellite 
speakers, Joe D’Appolito specified an 
exact horizontal polar response that 
falls -3dB at the end points of a 90° hori¬ 
zontal beamwidth (Fig. 2) 2 This state 
exists at a certain drive frequency f (Hz) 
only when the driver’s piston circumfer¬ 
ence is twice the wavelength of this fre¬ 
quency. This places the D/y ratio close 
to .64 and, using the following formula, 
you can find the frequency that corre¬ 
sponds to this ratio for a driver of given 
diameter D: 

f 68600 
nD 

where 68,600 equals twice the speed of 
sound in cm/s. The Eton midrange, with 
an effective piston D = 8.368cm, falls 
short of my cited crossover frequency, 
since, after substituting, f = 2609.5Hz. 

Tlie Raven RI tweeter will fill in some 
missing off-axis response, but in using a 
24dB/octave crossover, I could expect 
perhaps only 12% more at best. This 
brings the frequency up to 2922.6Hz for 
a horizontal -3dB beamwidth of 90°, 
close enough to my crossover point. 
There is one last consideration. The 
Raven RI is capable of 105dB (with a 
long-term power burst of 10W RMS pro¬ 
ducing less than 1% distortion), but can a 
pair of 4" Eton units reach that SPL level 
at the intended low-frequency crossover 
of 250Hz? The following approximation 
formula applies: 

SPL =-86 + 401ogf + 
+ 201ogApp- 12] 

For one Eton 4" 4-3OO/25Hex unit, 
Diam = piston diameter = 83.68mm; App = 
pk-pk excursion = 4mm; and f = 
crossover frequency = 250Hz. This yields 
SPL = -86 + 184.86 = 98.86dB. However, 
using two Eton 4" units in parallel gives a 
combined increase of +6dB, or, in this 
case, SPL = 104.86dB. Combining all 
these considerations, and seeing a step¬ 
response graph from an Eton brochure 
forecasting excellent transient response, 
I purchased four units. 

WOOFER CHOICE 
Finally, I selected the SEAS P21 RF/P 8" 
polypropylene-cone woofer with an in¬ 
jection-molded magnesium frame. It has 
a smooth frequency response, even 60° 
off-axis, up to 1.5kHz. This was impor¬ 
tant to my design for, as you shall see, I 
intended to use the woofer off-axis. 

The P21 RF/P is not a well-known 
woofer, but a more recent development 
of SEAS’s classic P21 REX. It has a 2" 
voice coil, a bullet-shaped phase plug, a 
high-loss rubber surround, and a low Q 
that is suitable for bass-reflex designs. The 
magnet system attempts to lower distor¬ 
tion through use of optimal magnetic-field 
symmetry, simultaneously using a progres¬ 
sive suspension stiftness to reduce the de¬ 
layed excursions occurring in bass-reflex 
designs. 

However, nothing in all this technical 
talk is quite as satisfying to me as hooking 
up a raw driver and simply playing some 
music and vocals through it. I was partic¬ 
ularly impressed with the clarity of the 
human voice heard through the Eton 4" 
driver, and hoped this was a precursor of 
good things to come. However, it was 
necessary to delay the satisfaction of hear¬ 

ing the complete speaker design until a 
much later time. 

SPEAKER GEOMETRY 
The Raven RI has a sensitivity of 
95dB/2.83V/lm. The Eton and SEAS 
units both have a rated sensitivity of 
88dB/2.83V/lm. Rather than use larger 
resistors to bring down the sensitivity of 
the Raven, it clearly makes sense to raise 
the midrange sensitivity by using two 
drivers in parallel. As I have already men¬ 
tioned, using two Eton midrange units 
wired in parallel will raise the sensitivity 
of each by +3dB, so that the pair sums to 
a value just ldB below that of the Raven 
RI. One Eton unit is placed above the 
Raven, and the other directly below. 

In addition to increased sensitivity, the 
frequencies above 250Hz benefit from 
having a controlled acoustic-radiation 
pattern by using the MTM geometry with 
the appropriate crossover filter. Since 
my intent was to achieve a 24dB/octave 
acoustic filter rate at the 3kHz crossover 
between the Raven RI and the two Eton 
midrange units, I hoped to obtain the 
vertical acoustic-radiation pattern labeled 
B in Fig. 1. By reducing off-axis SPLs, this 
crossover promises a first signal arrival 
largely free of room reflections. 

Ken Kantor3 identified three impor¬ 
tant features for a loudspeaker: “First and 
foremost, you need a flat first-arrival sig¬ 
nal. This relates to a good anechoic-
chamber response. The second thing is a 
speaker design that preserves the flat re¬ 
sponse...that is, a speaker that minimizes 
room reflections. Third, you need a sen¬ 
sible way of dealing with the long-term 
reverberant field in the listening room.” 

I planned to use the rear waves of the 

FIGURE 2: The conditions required for a horizontal polar 
response to fall 3dB at the endpoints of a 90° beam 
width. 

Front View 

FIGURE 3: Layout and proportions of the Bella Voce 
speaker. 
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BI-POLAR ELECTROLYTIC CAPACITORS, 100 Volt, Low DF 
Tolerance Range 
Leakage 
Temp. Range 
Surge Volt 
Lead Length 
Max D.F. 

Color 

:+/- 10% @ I KHz 
:Maximum 0.04 CV + 3 pA After Charge 5 Minutes 
:-40°C to +85°C 
:125 for 100WV 
:40 mm minimum 
:Maximum 5% @lKHz Values 12mfd to 140mfd 
Maximum 10% @lKHz Values 165mfd to lOOOmfd 
:Blue Radial 

Value mfd D / L mm Price Each Value mfd D / L mm Price Each 
12 12/31 $0.75 140 22/45 $2.95 
22 12/31 $0.95 165 16/42 $2.80 
31 16/34 $1.10 180 22/45 $2.90 
40 16/34 $1.30 200 16/42 $3.10 
50 16/34 $1.45 250 18/42 $3.80 
65 16/34 $1.60 280 22/45 $4.25 
80 16/42 $1.85 330 22/45 $4.60 
100 18/42 $2.05 1000 25/60 $9.00 
125 22/45 $2.50 

Solen Fast Cap and Bennie Electrolytic Cap 
Price Reduction m 

SHATZAUPOUX Polypropylene Solen Fast Cops 
We are pleased to announce that we now have in stock ËIIA7CA UKOUX METALLIZED POLYPROPYLENE CAPACITORS 

of exceptional quality and excellent price. This type of dielectric has been characterized by Walter Jung as “outstanding” when com¬ 
pared with all other dielectrics in the areas of: 

DISSIPATION FACTOR PERCENTAGE-DIELECTRIC ABSORPTION PERCENTAGE-STABILITY 

Low dissipation factor 
Low dielectric absorption factor 
High insulation resistance 
High frequency and temperature stability 

S* Good self healing characteristics of polypropylene 
dialectic 

5* High Current Capacity 
Excellent Over voltage and Pulse handling capability 
Low self inductance 
Low equivalent scries resistance 
Excellent stability 

Leads: Tinned pure copper multi strand insulated sleeves. 
Superior high frequency characteristics 

>- High Ionization level 
Dissipation factor @ 20o C: Less than .01 %. 

>- Dielectric absorption factor at 20o C: Less than .01%. 
>»• Insulation resistance @ 20o C:Morc than 100 K mcgohms/mfd 
5* Temperature range: -25o C to+85o C. 

Dielectric: Polypropylene Film. 
>- Working Voltage: 250 VDC or higher. 

Test Voltage: 2.15 times rated voltage 
Capacitance tolerance: +/- 5% 

Dimensions in mm: 12 pfd: 27 D, 46 L 50 pfd: 39 D, 71 L 100 pfd:54 D, 71 L 
2 pfd: 18 D, 28 L 15 pfd: 28 D, 45 L 60 pfd: 39 D, 84 L 120pfd:54D, 83 L 
4 pfd: 18 D, 33 L 25 pfd: 34 D, 53 L 70 pfd: 43 D, 84 L 150pfd:60D, 83 L 
8 pfd: 21 D, 45 L 35 pfd: 35 D, 65 L 80 pfd: 49 D, 70 L 200 pfd:60 D, HOL 

Audioohile Prices 
1.0 ufd $1.40 
1.5 160 
2.0 1.75 
2.5 1.85 
3.0 1.95 
3.3 2.00 
4.0 2.20 
4.7 2.35 

5.0 ufd $2.45 
5.6 2.55 
6.0 2.65 
6.8 2.90 
7.0 2.95 
8.0 3.55 
10.0 3.80 
12.0 4.40 
15.0 4.95 

18.0 ufd $5.65 
20.0 6.05 
22.0 6.70 
25.0 7.55 
30.0 8.65 
35.0 9.85 
40.0 10.65 
45.0 11.70 
50.0 12.90 

60.0 ufd $14.20 
70.0 16.85 
80.0 17.75 
100.0 24.55 
120.0 29.35 
150.0 34.90 
200.0 44.95 

Pairs matched to within 1% of each 
other; add 10%. 

Madisound Speaker Components, Inc.; P.O. Box 44283, Madison WI 53744-4283 
Tel: 608-831-3433 Fax: 608-831-3771 Email: info@madisound.com 

www.madisound.com 



Eton 4" midrange units to produce a 
more balanced reverberant field re¬ 
sponse. Hidden behind the Bella Voce 
are the openings of three 4" PVC tubes. 
Two of the three, shown schematically 
in the side view of the Bella Voce in Fig. 
3, exist to vent the rear waves of the two 
midranges. One such tube is shown at 
the bottom of the prototype in Photo 1. 

midrange was approximately 52". If the 
4" PVC tubes are stuffed with dacron 
material, which both slows and attenu¬ 
ates the rear signal, cancellation should 
be marginal. 

While I would address the first two of 
Kantor s three speaker virtues head-on 
through the crossover and driver place¬ 
ment, I hoped the midrange venting 

think it was called the AR-9.” While I did 
not intend to reinvent the wheel, 1 
hoped this combination of carefully se¬ 
lected drivers, crossover, and cabinet di¬ 
mensions would at least assemble into a 
clear, cohesive, and musical-sounding 
speaker system. 

MODELING THE SPEAKER CABINET 

UNENCLOSED MIDRANGES 
Some of my reasons for doing this stem 

would qualify as an economical leverage 
towards the third point. At the very least, 
the midrange would not 

After making your driver choices, the 
next order of business is to minister to 

from hearing the first Dahlquist speaker, 
the DQ-10, well known in the 1970s. ’Illis 
speaker, with unenclosed midranges, and 
tweeters mounted on small flat panels, 
each in a different plane, had a refreshing¬ 
ly clear sound despite the use of an inex¬ 
pensive piezoelectric super tweeter and a 
10" sealed woofer that provided bantam¬ 
weight bass. I suspected this clarity was 
due to reduced midrange colorations re¬ 
sulting from a lack of enclosure reflec¬ 
tions, rather than company emphasis on 
the “time-domain” coherence of 

have a rear pressure wave 
reflecting back to cause 
cone perturbations. 

RAISING SENSITIVITY 
You can also raise the sen¬ 
sitivity of the woofer sec¬ 
tion by using a pair of SEAS 
P21 RF/P woofers wired in 
parallel. Using this combi¬ 
nation for each speaker 
raises the sensitivity to a 

the signal. 
Ralph Gonzalez, in fashioning 

his BRI speaker, was also at¬ 
tempting to deal with Kantor’s 
third point. The three-way BRI 
had a large baffle at the top 
housing the higher frequency 
units. Tlte midrange units were 
not enclosed. In his Speaker 
Builder article,4 Gonzalez said, 

PARAMETERS 
Resonant frequency (Hz) 
Electrical Q 
Mechanical Q 
VAS (liters) 
DC resistance (ohms) 
Voice-coil inductance (mH) 
Power rating (watts) 
^max (mm ) 
Piston area (Sd) (cm2) 

TABLE 1 

ONE SEAS P21 RF/P 
40.9 
0.41 
2.04 
41.5 
6.61 
0.52 
50 
4 
194 

RESONANT FREgUENCT (Fs) 19.3 
ELECTRICAL g (Qe) .41 
NECHANICAL g ig») 2 91 
EQLIll MOL (Uas) liters 83 
D C. RESISTANCE (Re) 3.3 
COU IMDUCTAHCE (lac) ah .253 
EOUER RATING watts 108 
FEAR THROW as 1 
PISTON AREA (Sd) sq C» 388 

- I0X RESIGN -

Opila«» Boa Ooi. liters 57.3 
OptiRua 3 dB Freq, Hz 45.4 
Box Uolune (Ub) liters 108 
3 dB Frequency (F3) Hz 34.5 
Box Frequency (Fb) Hz 35.7 
Sensitivity (2.83 U) dB 36.3 
Besponse Peak. dB -1.56 

FOB! DESIGH 

COHHAHD 
Nunber of Ports 1 
Diaweter, ca 10.2 

Length, ca 7.12 
Allowable Throw, an 7.37 
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TWO IN PARALLEL 
40.9 
0.41 
2.04 
83 
3.3 
0.26 
100 
4 
388 

FIGURE 4: The box-design dialog 
window appearing in the TOP¬ 
BOX modeling program. 

the low end of the loudspeak¬ 
er spectrum through box de¬ 
sign. While this has become 
an increasingly prosaic part of 
speaker building, it nonethe¬ 
less determines to what de-

“When a box speaker with a flat 
axial response is reproducing the music, 
the frequency balance of the in-room re¬ 
verberant response is usually very differ¬ 
ent from that of the original venue. I be¬ 
lieve this makes a you-are-there sound¬ 
stage very difficult to achieve. A near-om¬ 
nidirectional speaker would appear to be 
a much better compromise than a con¬ 
ventional forward-firing one.” 

I would need to stuff each midrange 
tube of the Bella Voce to damp pipe res¬ 
onances. Therefore, the SPLs of these 
rear waves will be attenuated. Nonethe¬ 
less, these rear waves will contribute to 
making a “somewhat” omnidirectional 
speaker in the 25OHz-3kHz range. Since 
the rear wave is 180° out of phase with 
the front wave, 1 must be concerned 
with cancellations occurring at the low¬ 
est wavelength. At 250Hz, 

velocity 13,5037s wavelength=-— =-— = 54 . 
frequency 250Hz 

[3] 

Measuring, 1 found the minimum path 
length that the midrange rear signal 
must travel to reach the front of the 

value of 94dB/lW/lm. In my design 
geometry, I decided to use one on each 
side, placed near the fl<x>r. 

Placing the Bella Voce near a wall will 
provide a more favorable air load to the 
woofers. Roy Allison5 observed that con¬ 
siderable improvement in the low-fre¬ 
quency power output of a speaker oc¬ 
curs when you place one woofer close 
to two intersecting boundaries (each of 
substantial size with respect to the wave¬ 
length of the drive frequency) and sever¬ 
al feet from the other. Located at the bot¬ 
tom and placed near a wall, all four of 
my woofers would be close to the floor 
and wall, and far from the ceiling. Final¬ 
ly, I hoped that a brace placed between 
the reverse-facing woofers would cancel 
symmetrically opposing forces of voice¬ 
coil motion. The precise driver place¬ 
ment of this multidriver three-way sys¬ 
tem is shown in Fig. 3-

Upon arrival with the prototype to Joe 
D’Appolito’s house, I was quickly dis¬ 
abused of any notion that the speaker 
had a singular three-way geometry. After 
one look at the prototype, Joe said, “Oh 
yes, similar to a model that AR had; I 

gree the selected woofers can 
provide a deep, visceral bass impact. 

The equations with which you can 
calculate bass-reflex box volume, low-
end cutoff Fj, and tuning frequency Fb 
are well known. Alternatively, any num¬ 
ber of software programs can predict the 
optimum box volume that provides the 
flattest bass response for a given set of 
woofer parameters. These same pro¬ 
grams can also predict another bass re¬ 
sponse if you choose to use a custom 
cabinet volume. 

After you have made these determina¬ 
tions, virtually any of these programs will 
also calculate the port length. More than 
any other variable, port length seems 
typically to vary from one software pro¬ 
gram to another. Sometimes, to exploit 
each program’s strength, it is helpful to 
use one program for certain parts of the 
design, and another for other portions, 
as I have done in this case. 

I prefer to begin cabinet design by 
measuring woofer parameters, using 
Brian Smith's Woofer Tester rather than 
relying on generalized specification 
sheets. The Woofer Tester consists of a 
software program coupled with an out-
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FIGURE 5: TOPBOX's prediction of the low-frequency 
response. (The 96.3dB/2.83V/m on top gives a refer¬ 
ential measure to the OdB midband efficiency line on 
the graph.) 

board box, from which wires are then 
connected to the woofer in question. 
Based upon use of this device, the pa¬ 
rameters for one SEAS P21RF/P and two 
wired in parallel are listed in Table 1. 

TOPBOX VIRTUES 
The numbers in the second column of 
Table 1 follow well-known precepts 
(voice-coil inductance and DC resistance 
are halved, VAS and piston area are dou¬ 
bled) for a pair of identical drivers wired 
in parallel. For the pair of SEAS P21RF/Ps 
in the Bella Voce, I use the numbers in 
the second column for box-modeling. 
Figure 4 shows these numbers placed in 
the driver-specification dialog window of 
TOPBOX, a DOS-based loudspeaker-box-
modeling program. 

The first two lines of the box-design 
window in the upper-right comer show 
TOPBOX’s optimum box suggestion of 
57 Itr. Since I opt instead for a 108-ltr 
cabinet, TOPBOX predicts this will give 
a lower F3 of 34.5Hz, at the slight ex¬ 
pense of a 1,6dB dip below the midband 
reference sensitivity (Fig. 5). 

Although the PC version works exclu¬ 
sively in the metric system, TOPBOX has 
several excellent features, one of which 
is the calculation of voltage sensitivity, 
which also appears in the box-design dia¬ 
log window. The port-design feature, 
among the most accurate of all box-de¬ 
sign programs, incorporates calculations 
of the interior and exterior air-mass load 
on the system. Converting from metric 
units, TOPBOX specifies that a 2.8"-long, 
4"-diameter port will tune a 3.8ft3 box to 
the required 36Hz. 

I then switched to HarrisTech’s Bass-
Box 5.1 to refine box size. While TOP¬ 
BOX runs under DOS, BassBox 5.1 runs 

under Windows 3.1 (the 
current version of Bass-
Box runs under Win¬ 
dows 95 and 98). One of 
its wonderful features is 
the ability to account for 
the many parts (“sub-vol¬ 
umes ”) that exist in a 
speaker cabinet. Bass-
Box 5.1 can calculate 
each of these and then 
subtract them from a 
proposed cabinet. 
For example, subtract¬ 

ing all sub-volumes in 
Fig. 6 shows that interior 
dimensions of 40" x 20" 
X 9.5" (i.e., a 4.4ft3 inter¬ 
nal cabinet volume) are 
needed to provide the 
actual 3.8ft3 volume of 

air required to produce the predicted 
low-frequency curve. The two midrange 
tubes, the crossover, ports, braces, the 
pair of woofers, and the Raven tweeter 
are all treated as sub-volumes, and sub¬ 
tracting all of these from 4.4ft3 demon¬ 
strates that you will indeed have 3.8ft3 of 
actual air enclosed. 

CROSSOVER CHOICE 
I desired a crossover topology that 

would permit the direct sound field to ar¬ 
rive relatively free from room reflections 
and, at the same time, protect the Raven 
RI from potentially damaging low fre¬ 
quencies. Room reflections can be con¬ 
fusing in a critical “mix-down’’ session, 
causing unevenness in both frequency 
response and imaging. 

In order to realize both of these goals, 
my design called for a Linkwitz-Riley 
24dB/octave final acoustic rolloff at the 
upper 3kHz crossover. This produces an 
on-axis forward-focused “balloon”-
shaped lobing pattern (curve B, Fig. /), 
which, unlike the “quasispherical” shape 
(curve A, Fig. /) of the 18dB/octave odd¬ 
order Butterworth crossover, greatly at¬ 
tenuates vertical off-axis sound-pressure 
levels and hence many room reflections. 

In addition, the sharper filtering action 
of the fourth-order crossover offers the 
Raven RI increased protection from low 
frequencies. I hoped to achieve the de¬ 
sign of the electrical crossover using 
“state-of-the-art” techniques. 

Some words regarding “state-of-the-
art” crossover design might be in order 
for new subscribers to Speaker Builder. 
Some readers may be unfamiliar with the 
older articles and letters probing and ad¬ 
vancing this difficult area of design. 
Crossover design has been a bête noire 

Loudspeaker Parameters 
-General Information-
Company: Seas 
Model: P21 
Note/SN: 
-Mechanical Parameters-
Fs ■ 40.9 hertz 
Qms = 
Vas = 2.930 cu.ft 
Cms = 
Mms = 
Rms = 
Xmax = 
Sd = 
Dia = 
-Electrical Parameters-
Qes = 
Re = 
Le = 
Z = 
BL = 
Pe = 
-Combination Parameters-
Qts = 0.430 
qo = 2.570% 
Sens = 96.30 dB (1 watt) 
-Multiple Dnvers-
Number = 1 
Single 
Wiring: single 
NetZ = 
NetRe = 
NetSens = 

Single Driver 
Custom Vented Box 
Parameters 
Vb = 3.800 cu.ft 
Fb = 34 I hertz 
F3= 34.1 hertz 
QL = 7.0 
Fill = normal 

Frequency 

Internal Box Dimensions 
-Bella Voce Box-
Vol = 4.398 cu.ft 
Shape: Square Prism(s) 
h = 40.00 in 
w = 20.00 in 
d = 9.50 in 
no = 1 

-Seas P21 Pair-
Vol = -0.056 cu.ft 
Shape: Loudspeaker(s) 
w1 = 7.00 in 
w2 = 2.00 in 
w3 = 4.25 in 
d1 = 1.75 in 
d2= 1.25 in 
no = 2 

-Horiztal Braces-
Vol = -0.008 cu.ft 
Shape: Square Prism(s) 
h ■ 0.50 in 
w = 0.75 in 
d = 19.00 in 
no = 2 

-Vertical Braces-
Vol = -0.021 cu.ft 
Shape. Square Prism(s) 
h x 0.50 in 
w = 0.75 in 
d x 24.00 in 
no x 4 

-2 Midrge Tubes -
Vol = -0.455 cu.ft 
Shape: Cylinder(s) 
h = 20.00 in 
d = 5.00 in 
no = 2 

-Port-
Vol X -0.020 cu.ft 
Shape: Cylinder(s) 
h = 2.80 in 
d x 4.00 in 
no = 1 

-Crossover-
Vol X -0.020 cu.ft 
Shape: Known Volume 

-Raven Tweeter-
Vol = -0.025 cu.ft 
Shape: Known Volume 

B-1303-6 

FIGURE 6: The ability of BassBox software to subtract (or add) the sub-volumes 
that occupy space within a speaker in order to find the actual box volume 
required. 
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in the speaker infrastructure for ama¬ 
teurs not privy to the equipment of pro¬ 
fessional designers and builders. 

Many of us who began building speak¬ 
ers in the 1970s first used store-bought 
“one-size-fits-all” crossovers. In most 
cases, this was due to a lack of informa¬ 
tion about formulas and parts to con¬ 
struct filters. When authors such as 

David Weems6 informed us of first- and 
second-order filter formulas, we were fi¬ 
nally free to build our own. As informa¬ 
tion became available, we were treated 
to formulas for higher-order crossovers, 
series notch filters, impedance compen¬ 
sation, and attenuation networks. 

Sophisticated mathematical treatment 
of crossovers followed, such as that by 

B-1303-7 

FIGURE 7: The crossover-design dialog box in PXO soft¬ 
ware. Notice that the midrange section of this 3-way 
second-order crossover uses a "transformation-band¬ 
pass" section instead of a cascade bandpass. 

Robert Bullock, taking 
numerous factors into 
account. For example, 
made aware of several 
filters with low input 
impedance, Dr. Bullock 
informed us of correc¬ 
tive ladder-topology 
bandpass circuits" (i.e., 
transformation-band¬ 
pass filters) to replace 
ordinary cascade-band-
pass filters. Figure 7 
shows this type of filter, 
taken from Dr. Bullock's 
PXO software and used 
to obtain a midrange 
bandpass section. 
You may notice that 

a second-order cross¬ 
over was selected, but 
recall that I required 

fourth-order results. Often an electrical 
second-order filter gives fourth-order 
acoustic results, an appropriate result 
when a driver’s natural acoustic rolloff is 
taken into account. 

LINKWITZ'S REALIZATION 
As far back as 1978, Siegried Linkwitz8 
realized that to achieve a final acoustic 
crossover slope of 24dB/octave, he need¬ 
ed to take into account driver Q, fre¬ 
quency-response rolloff, and crossover 
phase shift. He correctly realized that 
blindly applying the formula for an elec¬ 
trical 24dB/octave filter could lead to 
final acoustic rolloffs as sharp as 
36db/octave. In his case, he used a 
12dB/octave electrical filter, giving his 
tweeter the desired 24dB/octave 
acoustic rolloff. 

Over the years, several articles dealing 
with “real world” crossover problems 
have appeared. Techniques range from 
making variations in the Q in second-order 
crossovers9 to accounting for phase shifts 
arising from driver offset. 10 Each sopltisti-
cation approaches inch-by-inch the build¬ 
ing of superior filters, but real-world-driver 
frequency response, impedance varia¬ 
tions, and complex phase changes all add 
up to prevent theoretical formulas from 
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producing state-of-the-art crossovers. 
Early rescue ships that came to offer 

us deliverance from rough seas were 
Ted Telesky’s Computer Aided 
Crossover Design (CACD) and Peter 
Schuck’s XOPT crossover-optimization 
software. These were the first affordable 
programs obtainable. CACD, demon¬ 
strated in Audio magazine 11 by speaker 
designer Ken Kantor of NHT, became 
my choice in the later 1980s. 

Into this program you could enter the 
impedance, Thiele/Small parameters, and 
frequency-response data. CACD then gen¬ 
erated an electrical circuit devised to be¬ 
an “equivalent impedance model” of the 
driver itself. When a crossover network 
with given starting values was combined 
with the equivalent impedance model's 
circuit, the program could predict the 
driver’s final acoustic response. 

Optimization was a routine in which 
you could calculate a best-case final re¬ 
sult after selecting a target response 
(e.g., an ideal 24dB/octave high pass at a 
specified sensitivity rating). The soft¬ 
ware would repeatedly change the be¬ 
ginning crossover values, then calculate 
the resulting driver’s response and com¬ 
pare it with the target response until 
they closely matched. 

After the error between calculated 
and ideal responses was significantly re¬ 
duced, the program was said to have op¬ 
timized the crossover values. While opti-

Y AXIS 

mization software such as CALSOD and 
LEAP are currently available, CACD and 
XOPT are no longer sold or supported. 

UNDERPINNINGS FOR A STATE-OF-
THE-ART CROSSOVER 
While I still use CACD, I realized that it 
was not suited to give a state-of-the-art 
crossover for the complex three-way 
geometry of the Bella Voce. CACD does 
not incorporate phase or driver offset, 
nor does it do an optimization of the 
crossover simultaneously using all driv¬ 
ers. Hence, you cannot realize a frequen¬ 
cy-response summation at the system 
level, which means, for example, that 
CACD can optimize a bandpass network, 
but without regard to how the associat¬ 
ed parallel high-pass and low-pass net¬ 
works impact on input impedance. 

You might try to mitigate these effects 
by using starting values in a standard CACD 
crossover circuit obtained from Robert Bul¬ 
lock’s PXO software (Fig. 7), which does 

5. weight applied to this point (usually 
left as 1.0). 

Also important in producing a state-of-
the-art crossover, you should gather data 
with drivers mounted on a prototype 
that closely mimics the final cabinet pro¬ 
portions. Measured in this enclosure, the 
impedance and frequency response of 
the drivers will accurately reflect those fi¬ 
nally interacting with the crossover. 

Using an extremely accurate micro¬ 
phone and loudspeaker-measurement 
software such as MLSSA and CLIO, Joe 
D’Appolito gathers data that forms a true 
image of the eventual speaker. Subtle is¬ 
sues such as diffraction losses, driver off¬ 
set, and the additional interdriver phase 
difference that complicates crossover de¬ 
sign can all be accounted for. For these 
reasons, Joe recommends that measure¬ 
ments be taken on a prototype built for 
this purpose. “It doesn’t have to be built 
like a battleship,” Joe said in the months 

before my planned visit. 
Once I arrived, the difficulty of 

taking these measurements accu¬ 
rately was soon revealed. The time 
it took for data collection was sig¬ 
nificantly longer than entering all 
the data into XOPT and perform¬ 
ing a system-level optimization. 
The next five sections comprise 
Joe’s description of the measure¬ 
ments made on the prototype. 

DRIVER MEASUREMENTS 
The reverberant field is a func¬ 
tion of driver polar response, 

room geometry, and system placement 
in the room. This article has already dealt 
with reverberant response by selecting 
the drivers for acceptable polar cover¬ 
age. The goal in the crossover-design 
process is to obtain the flattest possible 
first-arrival response within the limita¬ 
tions imposed by the selected drivers. To 
do this, it is necessary to have the follow¬ 
ing data for each driver: 

• on-axis, anechoic frequency and phase 
response; 

• acoustic phase center; and 
• impedance magnitude and phase. 

Since baffle geometry and enclosure 
loading strongly influence driver re¬ 
sponse and impedance, you must ac¬ 
quire this data with the drivers mounted 
in the final enclosure or a prototype en¬ 
closure that closely approximates the 
final design. I acquired the data with a 
prototype enclosure and the PC-based 
MLSSA and CLIO acoustic data-acquisi-

FICURE 9: RI tweeter and midrange-pair 
frequency responses. 

FIGURE 8: A side view of the Bella Voce with micro¬ 
phone measuring frequency response at a distance 
of 1m. In this three-dimensional scheme, the X-axis 
is not visible to inhabitants of Flatland, since it 
comes out of the plane of the page at right angles 
through the origin. 

take these effects into ac¬ 
count. Or, you could use 
Ralph Gonzalez’s LMP soft¬ 
ware to include driver offset 
and diffraction loss. 
Even so, aspiring to a 

state-of-the-art crossover sys¬ 
tem this way is a gamble if 
not plain impracticable. 
XOPT, one of the programs 
Joe D’Appolito uses, can 
perform a complete system 
optimization. Unlike CACD, 
it does not generate a driver 
model, but rather works 
from the driver data direct¬ 
ly. XOPT accepts five col¬ 
umns of data: 

1. frequency (Hz); 
2. driver impedance (ohms); 
3. phase angle of imped¬ 
ance (degrees); 
4. acoustic output (dB); 
and 
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tion and analysis systems. 
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— 

FIGURE 11: Midrange driver-pair minimum 
phase response. 

FIGURE 13: Determining midrange acoustic 
phase center. 

tive slope when plotted on a linear fre¬ 
quency scale. The phase slope in this re¬ 
gion is used to compute the fly time, 
which is then used together with the 
speed of sound to compute a distance 
from the microphone to the driver’s 
acoustic center. Finally, the FFT of the 

MIDRANGE & TWEETER 
FREQUENCY-RESPONSE 
MEASUREMENTS 
The basic acoustic mea¬ 
surement performed by 
MLSSA or CLIO is the loud¬ 
speaker impulse response, 
a time-domain measure¬ 
ment. Frequency response 
is computed from the im¬ 
pulse response via the Fast 
Fourier Transform (FFT). 

Because these systems 

MIDRANGE AND TWEETER PHASE 
RESPONSE AND ACOUSTIC-CENTER 
MEASUREMENTS 
The processes of determining a driver’s 
phase response and acoustic-phase cen¬ 
ter are intimately connected. The mea¬ 
sured phase response consists of two 
components: the driver phase response, 
and the additional buildup in phase 
caused by the time it takes for the driver 
output to reach the microphone. Fortu¬ 
nately, the two components have very 
different characters, so you can easily 

separate them with the appropri¬ 
ate post-processing algorithms. 

Driver response is minimum 
phase, at least over the frequen¬ 
cy range of concern here. For 
minimum-phase systems, phase 
response is related to frequency 
response by a mathematical op¬ 
eration called the Hilbert Trans¬ 
form. 13 Time delay, on the other 
hand, produces a phase re¬ 
sponse that builds up linearly 
with frequency. 14

When plotted on a linear fre¬ 
quency scale, time-delay-induced 
phase is a straight line with a con¬ 
stant negative slope proportional 
to the time delay. (Frequency re¬ 
sponse and phase data are nor¬ 
mally plotted on logarithmic fre¬ 
quency scales.) This is what is 
meant by the term “linear phase.” 
Minimum-phase systems are not 
linear phase, and a pure time 
delay is never minimum phase. 

With that brief explanation, 
the process of determining driver 
acoustic center and phase re¬ 
sponse with MLSSA goes some¬ 
thing like this. First, the program 
uses the Hilbert Transform to 
compute the minimum-phase re¬ 
sponse associated with the mea¬ 
sured frequency response. This 
phase response is then subtract¬ 
ed from the total measured 
phase. What is left is the excess 
phase due to the signal fly time. 

A central frequency region ex¬ 
ists where the excess phase plot 
is linear; that is, the excess phase 
angle is a straight line with nega-

work in the time domain, you can accu¬ 
rately synchronize the measured impulse 
response to the test stimulus, enabling 
measurement of both frequency and 
phase response. A further advantage of 
working in the time domain is that late-
arriving reflections from the floor, ceil¬ 
ing, and walls can be windowed out of 
the impulse-response measurement. 

Since the windowed impulse response 
is free of almost all reflections, its FFT 
produces a response that is nearly ane¬ 
choic. For this reason, it is called the 
quasi-anechoic response. You can find a 
detailed description of the theory of op¬ 
eration of these systems, together with 
many real-life examples, in my book, 
Testing Loudspeakers. 12

The test setup used to measure 
midrange and tweeter driver responses is 
shown in Fig. 8. I placed the micro¬ 
phone on the tweeter centerline at a dis¬ 
tance of Im. Figure 9 shows the mea¬ 
sured frequency responses of the 
midrange pair and the ribbon tweeter. 
The responses overlap between 1 and 
7kHz, which is more than one octave on 
either side of the desired 3kHz crossover 
frequency. This overlap is more than ad¬ 
equate with 24dB/octave acoustic 
crossover slopes. Note that the measured 
midrange response represents the sum 
of two electrically paralleled drivers. The 
response of each midrange driver is 6dB 
below the measured level. 

impulse response is recalculated with the 
fly time zeroed out to obtain the correct 
driver phase response. 

This last step is necessary for two rea¬ 
sons. First, because of cone breakup, 
drivers often are not minimum phase 
over the full frequency range of the 
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FIGURE 10: Midrange total phase 
response. 

log Frequency Hz B-1303-14 

FIGURE 14: Midrange driver-pair phase 
response. 



Io« Frequency Hz 
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FIGURE 15: Woofer-pair responses: 
(a) ground plane, (b) on tweeter axis, 
(c) average of both. 

measurement. The second reason re¬ 
quires a bit more explanation. MLSSA 
(and CLIO) will accept reference files 
that are used to correct errors in the 
measurement chain. Typical reference 
files contain the frequency and phase re¬ 
sponse of the test amplifier, the mea¬ 
surement microphone, and the antialias¬ 
ing filters in the system. These are all 
minimum-phase devices. 

However, to achieve the most accu¬ 
rate measure of excess phase, and thus 
the fly time, MLSSA ignores the reference 
files when computing minimum phase. 
The computation includes the minimum¬ 
phase response of all components in the 
measurement chain. Once the fly time 
has been determined, the reference files 
are used to correct the computed fre¬ 
quency and phase responses for all 
known magnitude and phase errors in 
the measurement chain. 

Determining the acoustic center and 
phase response of the midrange driver 
pair is illustrated in Figs. 10-14. Figure 
10 is a plot of the total measured phase 
response of the midrange pair on a loga¬ 
rithmic frequency scale. The total phase 
shift exceeds 20,000° at 20kHz. 

The minimum-phase response corre¬ 
sponding to the measured midrange fre¬ 
quency response is shown in Fig. 11. 
The total minimum phase at 20kHz is 
roughly 356°, but this includes phase 
shift from the test amplifier, micro¬ 
phone, and other elements of the signal¬ 
processing chain. The minimum-phase 
plot is now subtracted from the total¬ 
phase plot to get the excess phase, 
which appears in Fig. 12 on a linear fre¬ 
quency scale. You can see that the plot is 
a straight line with negative slope. 

From the slope, MLSSA calculates a fly 
time of 3.091ms over the frequency 
range of 200Hz-6kHz. This places the 
midrange acoustic centers at 105.8cm 
from the microphone. With the fly time 
removed, excess phase is now essentially 
zeroed in this frequency range. This is 

shown in Fig. 13. (The excess¬ 
phase plot shows a value of 
-360° in this frequency range, 
but this is the same as 0°.) 
Notice that excess phase builds 

up again beyond 10kHz. This indi¬ 
cates a shift in the driver’s 
acoustic-phase center, probably 
because of apex decoupling. 
With the fly time removed and 
the reference files included, the 
true phase response of the 
midrange pair is shown in Fig. 14. 

DETERMINING ACOUSTIC¬ 
CENTER OFFSETS 
The crossover optimization software 
needs the acoustic-center offset of each 
driver relative to a reference plane. A 
plane passing through the tweeter 
acoustic phase center and parallel to the 
front baffle is chosen as the reference 
plane for the design. This sets the tweet¬ 
er’s phase center to zero. All other driv¬ 
er offsets are then relative to the tweeter 
location. 

Distances from the microphone to the 
acoustic centers of all of the other driv¬ 
ers were measured using MLSSA. Each 
distance represents the hypotenuse of a 
right triangle, with the height of each 
one simply the known vertical distance 
between a driver and the tweeter. The 
base of each triangle represents the hori¬ 
zontal distance from the microphone to 
the driver acoustic center. This distance 
is easily computed and then subtracted 
from the tweeter distance to get the driv¬ 
er offset relative to the reference tweeter 
location. Details of this computation are 
given in my book. 15

WOOFER FREQUENCY 
RESPONSE 
At this point you have 
the on-axis response 
data and acoustic-center 
locations relative to the 
microphone for the 
midrange and tweeter 
drivers, for which the 
on-axis response is rep¬ 
resentative of the first¬ 
arrival response. With 
side-mounted woofers, 
there is the question of 
what data should be 
used in the design 
process. 

Figure 15 shows the 
woofer response for two 
microphone locations. 
Curve (b) is the woofer¬ 
pair response at the orig¬ 

inal microphone location, Im out along 
the tweeter axis. For the second measure¬ 
ment, curve (a), the microphone location 
was on the floor, aligned with the vertical 
plane passing through a woofer center-
line. This is a ground-plane measure¬ 
ment. 16 Both measurements on the plot 
are referenced to Im for direct compari¬ 
son. Microphone locations for these mea¬ 
surements are shown in Fig. 16. 

Notice that the woofer responses for 
both locations are identical up to about 
300Hz. Thus, the woofers are essentially 
omnidirectional up to this frequency. 
Above 300Hz, however, more high-fre¬ 
quency energy is radiated to the sides 
than to the front of the enclosure. Using 
curve (b) rolls off high frequencies on 
the design axis too quickly. If you use 
curve (a), the opposite will be true. For 
the purpose of crossover design, the de¬ 
cision was to use curve (c), which is the 
average of the two response curves. [The 
D’Appolito section ends here. —Ed.] 

DRIVER OFFSET 
After XOPT optimizes each section of 
the crossover network, it then allows 
you to enter more information so it can 
perform a complete system optimization. 
Coordinates (x,y,z) are used to specify 
the location of each driver in three-di¬ 
mensional space (Figure 8). The tweeter 
is set at the origin (0,0,0), and each of 
the other driver’s coordinates is refer¬ 
enced relative to the tweeter’s position. 
While the X, Y and Z axes are all mutual¬ 
ly perpendicular lines, only the X and Y 
axes are located on the plane containing 
the speaker’s front baffle. 

The microphone is placed on the Z 
axis, Im away from the tweeter. The Y 
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axis goes through the center axis of the 
MTM, as shown in Fig. 8. The X axis 
comes out of the page (perpendicular to 
it) and, as with the Z axis, passes 
through the origin. One of MLSSA’s spe¬ 
cialties is location of the driver’s 
acoustic center, which is used to deter¬ 
mine each driver’s “offset" from the 
tweeter’s acoustic center. For example, 
in Fig. 8, notice the upper midrange’s 
coordinates (0, +11.5, -1). The z coordi¬ 
nate (-1) means the midrange’s acoustic 
center is located 1cm behind the tweet¬ 
er, whereas the x coordinate (0) means 
it is neither right nor left of the tweeter. 
The y coordinate (+11.5) means the 
midrange’s center is 11.5cm above the 
tweeter’s center. 

PORTS, BRACES, AND OTHER 
PROBLEMS 
All did not go smoothly with bass mea¬ 
surements on the prototype. I had per¬ 
haps taken Joe’s caveat, “You don’t need 
to build it like a battleship,” a bit too 
loosely. Although I used W particleboard 
for several sides of the prototype, I had 
used two 4Y'-thick wafer-boards to con¬ 
struct the large 40" x 20" side panels. On 
each of these side panels I mounted one 
of the two 8" SEAS P21 woofers. In addi¬ 
tion, there was no internal bracing. Also, 
as shown on the prototype’s front panel 
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in Photo 1, 1 had used four small 1 "-diam¬ 
eter ports instead of one large 4" port. 

When Joe used CLIO to measure the 
impedance of the two woofers (both 
wired in parallel and screwed into the 
vented cabinet), he said, “We’re not get¬ 
ting bass-reflex action.” We tried placing 
clay-like Mortite around the woofers and 
midrange tubes, trying to seal any leaks, 
but when Joe ran the impedance curves 
again, they still lacked a deep impedance 
notch at the 34Hz tuning frequency. 

We considered several possibilities: 
air leaks from the space around the bul¬ 
let-nosed phase plug; or maybe the 
small-diameter ports had too much resis¬ 
tance to allow free air flow. In addition, 
there was a slight but bizarre wiggle in 
the impedance curve of the mounted 
speakers, a wiggle that did not appear in 
the free-air impedance measurement of 
the woofer. 

In his book. Testing Loudspeakers 3 2 

Joe writes about “anomalous imped¬ 
ance” occurrences: “Acoustical or me¬ 
chanical energy coupled from a driver 
into the enclosure walls or the enclosed 
volume can produce cabinet-wall vibra¬ 
tions, internal reflections, and internal 
standing waves...all mechanical and 
acoustical loading on a driver will be re¬ 
flected back to its impedance data.” 
There were several lessons I would take 
from the possible meanings of these 
measurements, and these, in addition to 
Joe’s cautions regarding the final speak¬ 
er, led me to consider the following: 

1. Build the cabinet to successfully with¬ 
stand cabinet-wall vibrations through 
use of thick nonresonant walls and ap¬ 
propriate bracing. 

2. Use “egg-crate” foam to provide some 
damping material to attenuate internal 
reflections and standing waves, but not 
so much as to block port air motion 
that permits the bass reflex action. 

3. Use as large a diameter pipe as a rea¬ 
sonable length permits instead of 
using several smaller diameter ports 
that may restrict air flow. 

4. Set the axis of the front MTM driver 
section so it is not in the center of the 
panel. This will suppress maximum in¬ 
terference to the original wave caused 
by edge-diffraction waves. Offsetting 
the entire MTM axis avoids two identi¬ 
cal out-of-phase waves created at each 
edge. Edge diffraction waves result 
when the original surface wave en¬ 
counters a pressure drop at the edges. 

5. In order to ensure the best possible 
working of the port, create a reason¬ 
ably sized baffle for the inside port 

edge to match the baffle surrounding 
the port’s outside edge. (This interior 
baffle is shown in Fig. 3, which incor¬ 
porates several of the foregoing 
ideas.) 

1 also realized, after Joe mentioned 
some examples, that the type of bracing 
used inside a bass-reflex speaker could 
be of particular concern. For example, 
look at the common commercial bracing 
technique shown on page 80 of Vance 
Dickason’s The Loudspeaker Design 
Cookbook. The brace is a solid panel 
with large cutouts connecting four sides 
of the speaker. It is possible that hole 
cutouts, particularly if you use an unfor¬ 
tunate diameter, would actually form a 
double-tuned bass-reflex enclosure. 

I would need to think carefully about 
how to have effective bracing, maintain¬ 
ing free air flow, yet not resulting in a 
second tuned bass-reflex action inside 
the final speaker. With all these 
thoughts in mind and some trepidation, 
I went home to work on modifications 
to the final speaker design. Part 2 of this 
article will conclude with the final de¬ 
sign. I had called my ship into port and, 
before deciding to again put out on a 
sometimes cruel sea, I meant to prevent 
the Bella Voce from becoming an An¬ 
drea Doria. b 
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With standing waves bouncing 'round the room, it's not easy to determine what's happen¬ 

ing. This author shows how to get a handle on room size and shape that gives best sound. 

Optimum Room-Dimension 
Ratios 
By John Sehring 

T
here is no doubt that standing 
waves are strong determinants 
of how a loudspeaker will 
sound to a listener in a given 

room. It is astonishing how long ago this 
was known—as early as 1930. 1 It’s impor¬ 
tant to know that in rooms, at low fre¬ 
quencies, both sound produced (depen¬ 
dent on loudspeaker location) and 
sound perceived (dependent on listener 
location) are strongly affected by these 
waves. 

STANDING-WAVE GEOMETRY 
Briefly, standing waves are set up by 
sound energy bouncing back and forth 
between the various surfaces of a room. 
The collection of standing waves is 
called a “room mode.” 

The most basic bounce geometry in 
volves two parallel surfaces, e.g., oppo¬ 
site walls of a room. In a rectangular 
room there are three sets of such sur¬ 
faces, including ceiling and floor. The 
distance between those surfaces is de¬ 
scribed by the length, width, and height 
dimensions of the room. (This discussion 
is confined to rectangular rooms. I am 
not aware of room-mode theory being 
routinely applied to describe the modal 
behavior of other shapes of rooms.) 

The lowest-frequency standing wave 
in a room involves a half-wavelength of 
sound energy bouncing back and forth 
between the opposite walls that are far¬ 
thest apart. To obtain the size of a half¬ 
wavelength, you can use this formula: 

Half-wavelength [feet] = 565 + 
frequency [Hz] [1] 

This shows, for example, that a half¬ 
wavelength standing wave with a fre-
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quency of 30Hz could be supported by 
a room dimension of 18.8'. The larger 
the room dimension, the lower the fre¬ 
quency of the standing waves associated 
with it. 

This particular room would boost loud¬ 
ness at (and around) this mode frequency 
of 30Hz. And because of harmonics, it 
would also increase loudness at frequen¬ 
cies of twice, three times, four times, and 
so on, the fundamental 30Hz frequency, 
(i.e., 60, 90, and 120Hz). Since there are 
two other pairs of parallel walls, these 
add their own set of modal frequencies, 
once again based on their distance from 
one another. 

Sound is squirrely stuff. It can 
bounce off walls at angles other than 
90°. So four walls of a room can be in¬ 
volved, the sound going around in a 
complete circuit like a ball on a pool 
table that hits all four surfaces. The 
same is true for bounces off the floor, 
ceiling, and end walls. Furthermore, 
sound-wave bounces can involve all six 
surfaces of the room, taking a really 
complex trip! 

The combinations of all these different 
kinds of room modes and their harmon¬ 
ics quickly complicates the standing¬ 
wave geometry of a room. 

ROOM-MODE FREQUENCIES 
You can use the following formula to cal¬ 
culate the frequency of each individual 
room mode: 

Mode frequency [Hz] = 
565 X \(L X i)2 + (W X j)2 + (H x k)2 [2], 

Where L, W, and H are the room’s 
length, width, and height, measured in 
feet. The integers i, j, and k (zero or 

positive) are associated, respectively, 
with the length, width, and height 
dimensions. 

To get all the modes in a nxan, set the 
values i, j, and k separately to all permu¬ 
tations and combinations of integers 
from zero up to some maximum value. 
For example, you might calculate the 
room-mode frequency associated with 
0,0,1; 1,2,0; 3,3,1. and so on. This is ob¬ 
viously very tedious to do by hand, so a 
computer is needed to calculate all the 
modes (Table /). 

A lot of data for a room is generated 
by all this arithmetic. The most impor¬ 
tant question for an audiophile is what to 
do with it? 

Room-mode information will certainly 
tell you at what frequencies the room 
will boost loudness. Also, examining 
standing-wave geometry will tell you 
which loudspeaker and listener locations 
will give the most and least amount of 
room-mode boost. 

Briefly, a loudspeaker (or listener) lo¬ 
cated at a room mode’s peak will pro¬ 
duce more sound (or will hear a louder 
sound) at and around that mode’s fre¬ 
quency. When a loudspeaker (or listen¬ 
er) is located at a mode’s null, it’s much 
harder to generate (or hear) loud sound 
at and around that mode's frequency. 
So, moving either the loudspeaker or lis¬ 
tener (or both) in a room will have a 
large effect on perceived low frequency 
loudness. 

It’s important to know that low-fre¬ 
quency room reinforcement does not 
cease below the lowest-frequency room 
mode. Room-mode standing-wave effects 
essentially cease at about one-half the fre¬ 
quency of a room’s lowest-frequency 
mode. So-called boundary effects,” 



brought to popular attention by Roy Alli¬ 
son2, provide increased boost as the fre¬ 
quency goes down to almost OHz. 

ROOM-DIMENSION RATIOS 
There are many opinions about which di¬ 
mensions and ratios of dimensions pro¬ 
vide for an “optimum” listening room. 
Since room modes so strongly affect the 
low-frequency behavior of a room, it 
makes sense to look at them for some 
guidance. 

Since there are an infinite number of 
different combinations of loudspeaker 
and listener locations in a room, how can 
you use room-mode data to help design 
the best room? It would require plowing 
through an infinity of room-mode data to 
even begin to answer that question. 

An interesting way of evaluating room 
size and dimension ratios based on low-
frequency room modes was described by 
Oscar Bonello about 20 years ago.3 Being 

TABLE 1 
ROOM MODE FREQUENCIES 

Room size: L = 134.4" W = 182.4" H = 96" 

Room volume: 1362 ft3
Schroeder frequency = 214Hz 
Average room damping = -3dB Mode bandwidth = 5Hz 

Fundamental axial modes (i, j, k): 1,0,0 = 50Hz; 0,1,0 = 

37Hz; 0,0,1 =71Hz 
Maximum mode indexes (i, j, k) used for L, W, and H: 

4,5,3 
Total number of modes used: 62 

I J K FREQ [HZ] 

0 1 0 37** 

1 1 0 63* 
0 2 0 +74** 
1 0 1 87* 
1 1 1 +94 

0 2 1 +103* 
0 3 0 +112** 
1 3 0 122* 

2 2 0 +125* 

0 3 1 +132* 
1 3 1 +141 

0 1 2 +146* 
1 0 2 +150* 

3 0 0 +151** 
3 1 0 +156* 

0 2 2 +160* 

2 3 1 +166 
1 2 2 +167 

3 1 1 +171 
2 0 2 +174* 
2 4 0 +180* 

3 2 1 +183 
1 3 2 +187 
2 2 2 +189 
2 4 1 +193 

3 3 1 +201 
0 4 2 +205* 

4 1 0 +205* 
3 0 2 +207* 

1 4 2 +211 

0 0 3 +212" 

I J K FREQ [HZ] 

1 0 0 50" 

0 0 1 71** 
0 1 1 80* 

1 2 0 +90* 
2 0 0 101" 

2 1 0 +108* 
1 2 1 +114 

2 0 1 +123* 
2 1 1 +129 

0 0 2 141" 
2 2 1 +144 

0 4 0 +149” 

2 3 0 +150* 
1 1 2 +155 

1 4 0 +157* 
0 4 1 +165* 

3 0 1 +167* 

3 2 0 +169* 
1 4 1 +172 

2 1 2 +178 
0 3 2 +180* 
050 +186" 

3 3 0 +188* 
1 5 0 +193* 

0 5 1 199* 
4 0 0 +202" 
1 5 1 +205 

2 3 2 +206 

3 1 2 +210 
2 5 0 +211* 

3 4 0 212* 

Notes: + = Adjacent modes are less than or equal to 

5Hz apart. 
** = axial, * = tangential modes; remainder are oblique. 

relatively simple in concept and intuitive 
in its logic, his idea is to make both a 
room’s size and ratios of its dimensions 
such that its mode frequencies are prop¬ 
erly distributed. 

Bonello’s important conclusion is that 
the optimum room-dimension ratios of 
length to width to height depend on the 
room’s volume. So there is no single best 
dimension ratio for listening rooms—it 
depends on their volumes. 

I find an interesting similarity of room¬ 
volume dependence in another area of 
room acoustic theory. It comes from cal¬ 
culating a room’s “Schroeder fre¬ 
quency,”4 which depends on a room’s 
volume (and its reverberation time, T^: 

Schroeder frequency [Hz] =_ 
11844 X [seconds] + Volume of Room 

[cu. ft.] 
[3] 

The Schroeder frequency marks the 
dividing line in nx>m acoustic theory' be¬ 
tween wave and statistical mathematical 
modeling. Below this frequency, discrete 
room modes (or equivalent wave mod¬ 
els)5 accurately describe a room’s steady¬ 
state acoustic behavior (but they' do not 
describe early-time boundary effects). 

Above this frequency, statistical meth¬ 
ods are used. The higher-frequency room 
modes become so densely overlapped 
that they form a continuum. The effects 
of individual modes are then no longer 
discernible. 

The Schroeder frequency is useful 
since it tells you how high you must take 
the values of i, j, and k in equation (2) 
when calculating room modes. Only 
those modes with frequency below the 
Schroeder frequency need be considered 
for a particular room’s modal analysis, 
because here you are interested only in 
the effects of discrete room modes. 

REVERBERATION TIME AND 
DAMPING 
T^ in equation [3], often defined as the 

TABLE 2 

REVERBERATION TIME (T60) VS. 
MODAL FREQUENCY BANDWIDTH 

(AT -3DB POINTS) 

ROOM TM  (SECONDS) BANDWIDTH 

DAMPING (HZ) 

Light 0.73 3 
Average 0.43 5 
Heavy 0.31 7 

Very heavy 0.24 9 
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“reverberation time,” is the time re¬ 
quired for a sound to fade to 60dB (one¬ 
millionth) of its original strength. This 
discussion assumes T60 to be constant 
with frequency, which is not strictly true 
in actual rooms. 

Room “damping” describes how fast a 
room soaks up sound energy. (Those fa¬ 
miliar with electronic-circuit theory may 
recognize that damping is the inverse of 
Q.) The heavier a room’s damping, the 
faster sound energy is absorbed and the 
more quickly a sound dies away. In such 
a room, the reverberation time, T^, will 
be shorter. Conversely, a room with 
lighter damping soaks up energy' more 
slowly, so sounds last longer before 
dying away and T^ is longer. 

To give you a sense for this, T^ for a 
room of average damping is about 0.43 
second. See the first two columns of 
Table 2 for more on this. 

FREQUENCY/TIME EQUIVALENCE 
Room modes are described in terms of 
frequency, but damping and the result¬ 
ing reverberation time are described in 
terms of time, so you must relate one to 
the other to discuss them both. 

You can describe a room mode’s re¬ 
sponse by specify ing how wide a range 
of frequencies around its center frequen¬ 
cy' that mode affects. This is done by giv¬ 
ing the plus-to-minus frequency range 
(bandwidth) at which the mode’s re¬ 
sponse drops by 3dB (half-peak response) 
above and below its center frequency. 
Table 2 shows the relationship between 
reverberation time and modal band¬ 
width for rooms of different damping.6

In a room of average damping, which 
has a T^ of 0.43s, the room modes will 
have a bandwidth of 5Hz or ±2.5Hz 
around their center frequency. Heavier 
damping gives shorter T6o times and 
wider room-mode bandwidths. The con¬ 
verse is true for lighter damping. The rea¬ 
son for this is that heavier damping dissi¬ 
pates sound energy faster, preventing 
room modes from building up very 
much. Damping flattens out the peak 
and widens the skirts of the response of 
each mode, which then affects a wider 
band of frequencies. 

This time-frequency equivalence 
means you can discover a room’s damp¬ 
ing by measuring either its reverberation 
time or the bandwidth of its modes. In 
the frequency domain, modal band¬ 
widths are easier to measure for the low¬ 
est frequency modes of the room. These 
three fundamental axial modes have val¬ 
ues for i,j,k of 1,0,0; 0,1,0; and 0,0,1. 

TABLE 3 

ROOM MODE THIRD-OCTAVE 
STATISTICS 

/□-OCTAVE 

CENTER BAND (HZ) 
FREQ. 
32.0 28.3-35.7 

40.3 35.7-45.0 
50.8 45.0-56.7 

64.0 56.7-71.4 

80.6 71.4-90.0 
101.6 90.0-113.4 

128.0 113.4-142.8 
161.3 142.8-179.9 

203.2 179.9-226.7 

Notes: It# = decline or, # = no increase, in number of 
modes from previous band. 
+=2 to 4 modes in this Vá-octave band. Check for 

double modes less than =5Hz apart 

ROOM OPTIMIZATION 
Bonello's work is based on looking at the 
number and distribution (with frequen¬ 
cy) of a room’s low-frequency modes. 
Using room-mode theory as described by 
equation [2], he calculates and plots die 
number of modes that fall into each 
third-octave band, up to the room’s 
Schroeder frequency. 

He uses two criteria to evaluate these 
results for gauging listening-room perfor¬ 
mance: First, the number of modes in 
each third-octave frequency band 
should increase monotonically or, less 
ideally, have at least as many modes as 
the preceding one, as frequency increas¬ 
es (thus ensuring there are enough 
modes in each band). 

Second, there should be no double 
modes, i.e„ modes having the same or 
close frequencies in any band. Or, at 
most, double modes should be tolerated 
only in third-octave bands where there 
are at least a total of five modes present. 
(This ensures there won’t be an excess 
of closely' spaced modes in any' one 
band.) 

Bonello's basic assumption is that it is 
the amount of sound energy within a fre¬ 
quency band—rather than frequency' 
spacing—which makes his criterion plau¬ 
sible. Note that Bonello makes no dis¬ 
tinction among types of room modes 
(axial, tangential, and oblique) for his 
analysis. 

He chooses to use third-octave fre¬ 
quency' bands since they use a relative 
bandwidth, not an absolute one, taking 
into account the logarithmic characteris¬ 
tic of auditory perception and the ear’s 
response to musical intervals” and “we 
are also influenced by the electroacousti¬ 
cal experience that indicates the useful¬ 
ness of one-third octave as a minimum 

unit of bandwidth.”7
From his first criterion, if low-frequen¬ 

cy room modes are too widely spaced, 
you’ll get holes in the room’s modal fre¬ 
quency response. From his second crite¬ 
rion, if you have too many room modes 
that are close together (double modes), 
you’ll get peaks in the room’s response. 
Both effects may occur simultaneously, 
which is especially undesirable. 

Double modes are those whose fre¬ 
quencies differ by less than their band¬ 
width, i.e. they are too close together to 
act as separate modes. The two closely 
spaced modes then combine into a 
“super mode," which gives excess boost 
at one frequency—not at all what you in¬ 
tend. The minimum allowable frequency 
spacing between two modes depends on 
the room damping, which affects the 
modal bandwidth, as Table 2 shows. 

For a room of average damping, modal 
bandwidths are 5Hz. So two modes 
whose frequencies differ by 5Hz or less 
will combine their effects in such a 
room. Altering room damping will 
change the modal bandwidths, and 
therefore how close in frequency modes 
must be to act as double modes. This 
may alter a room’s Bonello statistics. 

The goal is to have the right number 
of properly distributed room-mode fre¬ 
quencies to produce the smoothest pos¬ 
sible room-mode frequency response. 

EXAMPLES 
Among examples of room designs, 
Bonello notes the work of Knudsen and 
Harris, where the ratio of 1:1.5:2.4 is rec¬ 
ommended for a “large” studio.8 For a 
room volume of 60m5, this ratio is not 
acceptable by Bonello’s criteria, but for 
2000m5, he describes it as “satisfactory'.” 

Another of Knudsen’s suggested ratios, 
1:1.45:3.27, is acceptable for neither 60 
nor 2000m5. Bonello writes, “Neverthe¬ 
less, and rather unexpectedly, if dimen¬ 
sions are increased to 4850m5, which cor¬ 
responds exactly to the studio described 
by Knudsen, those dimensions become 
the best.” (Bonello reports on the analysis 
of 23 different rooms in his article.) 

Using Bonello’s concept, 1 analyzed 
the room size and shape recommended 
by Louden as quoted by Weinberg and 
Ferstler9, which is 8' x 11.2' x 15.2', giv¬ 
ing a dimensional ratio of 1:1.4:1.9. 

To do this more easily, I incorporated 
Bonello’s ideas into a computer program 
that does all the hard work, computing, 
counting, and displaying room modes. 
This freeware program is available for 
download at no charge only at Old 
Colony’s web site in the demo area, 

It MODES 
PER BAND 

0 
1 

11t 
+2 
+4 

5 

8 
20 
21 
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www.audioXpress.com. I wrote this MS-
DOS-based program to run on virtually 
any PC running MS-DOS 2.1 or later, in¬ 
cluding the very oldest computers. It’s 
based on work described in an Audio ar¬ 
ticle of mine. 10

(I’m sad to relate that this reference 
has an important error of omission of 
which I was not aware when I wrote it: 
it neither describes nor accounts for im¬ 
portant low-frequency room “boundary 
effects,” well described by Allison.2) 

When all modes were calculated for 
this room and sorted into third-octave 
frequency bands, I obtained the follow¬ 
ing statistics with the help of the com¬ 
puter program. It shows the number of 
modes in each successively higher-fre¬ 
quency, third-octave band: 

0,1,1,2,4,5,8,20,21 
-> frequency-> 

According to Bonello’s criteria, this 
room is quite good, but not perfect, 
since there is a double mode in the fifth 
third-octave band that contains a total of 
only four modes. This violates the sec¬ 
ond criterion. Table 3 shows a printout 
of the computer-program results that 
provide more detail for this room. 

REVIEW RESULTS 
I’ve previously referred to the computer 
printout in Table 1, the actual mode fre¬ 
quencies for this room. Specifically, there 
are two modes in the third-octave band 
centered on 80.6Hz that are only 3Hz 
apart. This is less than the modal band 
width of 5Hz for this room with average 
damping, so they qualify as double modes 
and violate Bonello’s second criterion. 

Note that even with computer assis 
tance, you need to review the results 
carefully to pick out all potential prob 
lems. As they may not get counted to 
gether in the same band, it’s important 
to look for modes that are too close to¬ 
gether in frequency, but are located in 
adjacent third-octave bands. 

There is nothing sacred about the 
third-octave center frequencies used 
here—they are arbitrary. Choosing a dif¬ 
ferent set of third-octave center frequen¬ 
cies will occasionally give slightly differ¬ 
ent third-octave-band mode counts for 
the same room. 

It’s useful to see a room shape that’s 
dreadful from an acoustic point of view. 
I computed the stats of a room having 
exactly the same volume as that de¬ 
scribed before, but with equal dimen¬ 
sions of length, width, and height—a per¬ 
fect cube shape, 133" on each side. 
Room-mode theory strongly hints that 
this should be a terrible-sounding room, 

since too many modes are going to wind 
up at the same frequencies! 

The third-octave mode counts are: 
0, 3,0, 4, 3,9, 19, 24 
-> frequency-> 

You can see that criterion 1 is repeatedly 
and strongly violated in the third and 
fifth bands. Also, all of the room’s axial 
modes gang up to produce triple modes 
with exactly the same frequencies in the 
second, fourth, and fifth bands, thus vio¬ 
lating criterion 2. Remember, having all 
room dimensions equal means that the 
mode frequencies are not spread out, so 
many fall at exactly the same frequen¬ 
cies, giving both deep holes and high 
peaks in this room’s response. Bad! 

CONCLUSION 
I believe that looking at listening-room 
design using Bonello’s concept and crite¬ 
ria gives fundamental insight beyond the 
modal frequency versus amplitude re¬ 
sponse of a listening room. The latter is 
always specific to a particular loudspeak¬ 
er and listener location, and so cannot 
easily provide information on the room’s 
performance as a whole. 

Download the freeware program and 
try exploring this for yourself! 
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How to improve transmission-line efficiency with a configuration other than a simple 

straight pipe. 

Part 3: Pipe Geometry and Optimized Alignments 

Transmission Lines Undated 
By G. L. Augspurger 

A
fter I was satisfied that my com¬ 
puter analog could match real-
world test results, I used it to 
experiment with all sorts of 

modifications to the basic stuffed pipe. 
Five of these seemed to deliver greater 
efficiency without sacrificing traditional 
transmission-line performance. Figure 
13 shows these designs: 

1. Tapering the pipe lowers the funda¬ 
mental resonance with almost no effect 
on upper harmonics; it also broadens the 
frequency range of constructive pipe 
output. 
2. A constricted exit effectively increases 
air mass, which again lowers the funda¬ 
mental resonance with less effect on 
upper harmonics. 
3. A coupling chamber between the driv¬ 
er and the pipe throat not only lowers 
the fundamental resonance, but also 
serves to increase the pipe’s high-
frequency attenuation. 
4. A sudden reduction in cross-sectional 
area at Vs of the total pipe length pro¬ 
duces a secondary reflection that tends 
to cancel the first-passband response dip. 
5. Mounting the driver at Vs the length of 
the pipe is even more effective in reduc¬ 
ing the first-passband dip. 

I decided that the tapered pipe, cou¬ 
pling chamber, and offset speaker 
showed the most promise, so I subject¬ 
ed these to additional computer analy¬ 
sis. I built and tested at least one example 
of each. 

Tapered Pipe 
A pipe of gradually decreasing cross sec¬ 
tion (reverse flare) is a common trans¬ 
mission-line variant. It may have been 
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borrowed from experiments with un¬ 
damped pipes in the 1950s. The theory 
usually given is that since internal ener¬ 
gy gradually decreases from loudspeaker 
to exit, you can make the pipe corre¬ 
spondingly smaller with no change in 
performance. 

In fact, there is a dramatic change. The 
fundamental resonance moves down in 
frequency, while the upper harmonics are 
almost unchanged. As a result, pipe out¬ 
put reinforces cone output over a broader 
frequency range, and less damping is re¬ 
quired for given passband ripple. (Accord¬ 
ing to some loudspeaker advertisements, 
the nonparallel sides of a tapered pipe 
should “eliminate standing waves.” How¬ 
ever, this is true neither in listening rooms 
nor loudspeaker enclosures.) 

A reduction in area between 1:3 and 
1:4 seems to work best. If the exit is too 

FIGURE 13: Alternate pipe geometries 
(top to bottom): tapered, vented, cham¬ 
ber, stepped, offset speaker. 

small, then excessive air turbulence may 
result. The taper can be linear, or conic, 
or approximated by straight sections. 
These variations slightly affect pipe out¬ 
put, but not enough to change overall 
system response. Stuffing density should 
be the same from one end to the other. 

Figure 14 shows the performance of a 
4:1 tapered line normalized to a low-fre¬ 
quency cutoff of 100Hz. This scaling 
makes it easy to visualize what would 
happen with any other cutoff frequency. 
For example, if you wish to design a 
40Hz system, then multiply everything 
by 0.4; response will be down lOdB at 
about 24Hz, and the first passband dip 
will be centered at 160Hz. In this partic¬ 
ular alignment, the cutoff frequency f> is 
0.8 times fp. 

Pipe with Coupling Chamber 
Many successful transmission-line de¬ 
signs have also used coupling chambers. 
Technical explanations range from bet¬ 
ter impedance matching to suppression 
of pipe resonances. However, what real¬ 
ly happens is not hard to understand. At 
mid and high frequencies the acoustic-
impedance of a damped pipe is resis¬ 
tive. Since the speaker cone is coupled 
to the pipe by the chamber’s air springi¬ 
ness, the resulting R/C lowpass filter 
adds another 6dB per octave of high-fre¬ 
quency rolloff. You can clearly see this 
in Fig. 15. 

Again, less damping is required to con¬ 
trol passband ripple. However, for the 
system to work as described, there must 
be a clear demarcation between pipe and 
chamber, and the chamber must be boxy 
in shape. If the chamber is too small, 
then it is more like a stepped pipe. If you 
use a large chamber, then you have rc-
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stored the resonant cavity that the trans¬ 
mission line was supposed to eliminate. 
A safe rule is to make chamber volume % 
of the total volume, as in Fig. 15. 

You might think that any damping ma¬ 
terial in the chamber would interfere 
with its role as pure acoustic capaci¬ 
tance. However, computer simulations 
and actual measurements confirm that 
the pipe and chamber should both be 
stuffed. Low-frequency performance is 
not affected one way or the other, but 
mid range response is smoother when 
the chamber is damped. 

Offset Speaker 
In Voigt’s original comer horn, the back 
of the driver was loaded by a flared pipe 
driven at % its length. He did this to sup¬ 
press the resonance at three times the 
fundamental frequency. The idea was 
picked up by Ralph West in a 1949 cor¬ 
ner-speaker design for the Decca Record 
Company. West pointedly contrasted his 
cut-down horn against a damped pipe: 
“The very wide-open end damps the sys¬ 
tem by turning energy into sound. This is 
better than merely wasting the energy 
with layers of felt.” 12

With a properly matched loudspeak¬ 
er, the Decca enclosure is able to deliver 
smooth bass response up to about four 
times its fundamental resonance. As 
with all undamped pipes, however, mid¬ 
band response is a series of abrupt peaks 
and dips. 

The reason for this digression is that 
you can also improve the performance 
of a damped pipe by mounting the driver 
some distance away from the closed end. 
In this case, you should center the driver 
at % the length of the pipe to smooth out 
the first-passband dip. Unlike the other 
systems described, f3 is set about 20% 
higher than fp for flattest low-frequency 
response. 

Figure 16 shows the response of such 
a transmission line. The system has the 
same pipe volume, the same stuffing 
density, and the same cutoff frequency 
as Figs. 14 and 15, but the pipe is longer 
and thinner. 

Combinations 
It is possible to combine various pipe 
geometries, but any additional benefits 
range from slight to nonexistent. For ex¬ 
ample, adding a coupling chamber to an 
offset speaker largely negates the value 
of either one used alone. 

The combination of a coupling cham¬ 
ber and tapered pipe has often been 
used in successful transmission-line de¬ 
signs, but a straight pipe is more effi¬ 

cient. In this case, the taper gives no re¬ 
duction in pipe volume and actually de¬ 
grades low-frequency performance. 

You can taper a pipe driven by an off¬ 
set driver, with perhaps a tiny extension 
of low-frequency bandwidth, but this is 
accompanied by greater cone excursion. 
The net result is a decrease in maximum 
low-frequency output. 

To summarize, all three geometries 

I’ve described are capable of comparable 
performance and can be specified by 
simple system alignments. Hybrids are 
not recommended. 

OPTIMIZED ALIGNMENTS 
You can scale the performance graphed 
in Figs. 14, 15, and 16 to any desired fre¬ 
quency7 and any reasonable efficiency by 
establishing appropriate relationships be-

B-1606-14 

B-1606-15 

B-1606-16 

FIGURE 16: Off¬ 
set speaker opti¬ 
mized alignment 
response: cone 
output, pipe out¬ 
put and system 
response (bold). 

FIGURE 15: Cou¬ 
pling chamber op¬ 
timized alignment 
response: cone 
output pipe out¬ 
put and system 
response (bold). 

FIGURE 14: 
Tapered pipe opti 
mized alignment 
response: cone 
output pipe out¬ 
put and system 
response (bold). 
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TABLE 1 

PACKING DENSITY IN LB/FT3 VS PIPE LENGTH FOR TAPERED, OFFSET, 
AND COUPLING-CHAMBER ALIGNMENTS. 

LENGTH Fp ACOUSTA-STUF® POLYESTER FIBERGLASS MICROFIBER 

INCHES HZ 

24 140 1.70 1.8 0.90 0.65 
36 94 1.30 1.40 0.70 0.55 
48 71 1.00 1.10 0.60 0.45 
72 48 0.75 0.85 - 0.35 
96 36 0.50 0.65 ■ 0.27 

tween pipe geometry, stuffing character¬ 
istics, and driver parameters. This is 
shown in Tables 1 and 2. 

Table 1 is a cross-reference of stuffing 
densities versus pipe length. It is appro¬ 
priate for all three geometries presented 
here, but not for simple, straight pipes. 
The values listed are derived from sever¬ 
al sets of measurements for each materi¬ 
al. I have a high degree of confidence in 
the listings for fiberglass, Acousta-Stuf®, 
and polyester. I made fewer tests with 
microfiber, and a fair amount of interpo¬ 
lation is included. Also, tests made with 
low packing densities show appreciable 

deviations from the norm. 
Table 2 sets forth relationships be¬ 

tween driver parameters and pipe geom¬ 
etry. I have shown three sets of values 
for each design to provide a practical 
spread of driver choices. In reality, all 
three alternatives describe the same 
speaker mechanism with different cone¬ 
suspension compliances. 

First, look at the optimized align¬ 
ments referenced as a, b, and c. I have 
restricted QTS to values less than 0.6 
and, as a result, f3 is always higher than 
fs. Note also that f3 is set at 0.8fp for the 
tapered pipe and coupling chamber, 
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and at 1.2fp for the offset speaker. There 
is nothing magic about these numbers, 
but they make efficient use of pipe vol¬ 
ume without requiring unrealistic driver 
parameters. Even so, it is a little discour¬ 
aging to see that f3 is 30% higher than fs 
at best, and this ratio requires QTS to be 
at least 0.5. 

In many cases you might be willing to 
increase pipe volume in exchange for a 
lower cutoff frequency. This is what I 
have done in the corresponding “extend¬ 
ed" alignments referenced as d, e, and f. 
For the tapered pipe and offset driver, I 
simply doubled pipe volume and then 
adjusted Q rs until I achieved the desired 
response. However, the coupling-cham¬ 
ber alignments did not respond well to 
this technique. For these, I repeated the 
values for QTS and then adjusted other 
relationships as needed. 

For a given driver, the extended align¬ 
ments push f\ down by about % octave 
for the coupling chamber, and by more 
than % octave for the tapered and offset 
designs. For both sets of alignments, 
packing density can vary by ±15% with 
only a small change in system response. 
The tapered line is slightly less sensitive 
to changes in damping than the other 
two designs. When in doubt, a little too 
much stuffing is better than too little. 

GENERAL COMMENTS 
The optimized alignments listed above 
are characterized by second-order low-

TABLE 2 

ALIGNMENTS FOR SIX 
PRACTICAL SYSTEMS 

Optimized System Alignments 

Design fyig fyfp fs/fp VAS/Vp QTS

Tapered a) 2.0 0.8 0.40 3.10 0.36 

(Norn. 4:1) b) 1.6 0.8 0.50 2.00 0.46 

c) 1.3 0.8 0.63 1.20 0.58 

Coupling a) 2.0 0.8 0.40 2.14 0.31 

Chamber b) 1.6 0.8 0.50 1.35 0.39 

c) 1.3 0.8 0.63 0.84 0.50 

Offset a) 2.0 1.2 0.60 3.10 0.36 

Speaker b) 1.6 1.2 0.74 2.00 0.46 

C) 1.3 1.2 0.94 1.20 0.58 

Extended System Alignments 

Design f/fg fyfp fs/fp

Tapered d) 2.0 0.8 0.40 

(Norn. 4:1) e) 1.6 0.8 0.50 

f) 1.3 0.8 0.63 

Coupling d) 1.75 0.7 0.40 

Chamber e) 1.40 0.7 0.50 

f) 1.10 0.7 0.63 

Offset d) 2.0 1.2 0.60 

Speaker e) 1.6 1.2 0.74 

f) 1.3 1.2 0.94 

^AS^P $TS 

1.50 0.25 

1.00 0.33 

0.60 0.41 

1.10 0.31 

0.68 0.39 

0.42 0.50 

1.50 0.25 

1.00 0.33 

0.60 0.41 

frequency rolloff, with nominal ±ldB 
passband ripple. The efficiency matches 
that of an equivalent closed-box system; 
however, pipe output contributes 
2-3dB in the low-frequency range. Since 
loudspeakers are displacement-limited 
at low frequencies, the net result is a 
corresponding increase in maximum 
output. 

As a point of interest, it is possible to 
design a transmission-line system in 
which fs, fp, and f, are all equal. Bailey’s 
1972 design (Fig. 77) is inefficient, but 
delivers very good performance. 

(His design was available in kit form and 
was tested by Letts as part of his thesis proj¬ 
ect. 13 Using this information, the frequen¬ 
cy response graphed in Fig. 77 is a best-fit 
computer simulation. is 0.6, and VAS is 
about 2ft3; fp, and f, are all 35Hz. 

The 8' folded line consisted of three 
sections approximating a 2.3:1 taper. Vp 
was close to 3.3ft3. The line was stuffed 
with long-fiber acetate at a density of 1 
lb/ft3, which seems to be roughly equiva¬ 
lent to Acousta-Stuf at 0.5-lb density.) 

By using a driver with QTS greater 

than 0.707, it is also possible to extend 
low-frequency response below f3, as in 
Fig. 18. This automotive woofer has a 
63Hz free-air resonance; Q IS = 0.95, and 
VÆS = 0.4ft3. 

PRACTICAL EXAMPLE 
As a practical test, I decided to design a 
transmission-line enclosure for the Vifa 
P17WJ. This popular driver is intended 
for use in vented boxes, but is also a fa¬ 
vorite with transmission-line builders. Its 
cone resonance is listed as 37Hz, Q™ = 
0.35, VAS = 1.23ft3, and its rated sensitivi¬ 
ty is 88dB(lW/lm). 

Looking first at the optimized align¬ 
ments and doing a little rough interpola¬ 
tion, it appears that f, must be at least 
67Hz. The latter figure is achieved with a 
coupling-chamber design having a total 
volume of about 0.7ft3. 

I had hoped for something nearer to 
55Hz, which suggests that one of the ex¬ 
tended alignments would be a better 
choice. Tapered alignment (e) is close 
enough to use without interpolation. 
Using this, f3 works out to be 59Hz, with 
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Vp = 1.23ft5, and fp = 74Hz. These fig¬ 
ures seem reasonable. Figure 19 shows 
the predicted response with 0.5 lb of 
Acousta-Stuf. 

At this point, I was ready to construct 
and test the system, but Murphy’s Law 
intervened. The cone resonance of my 
recently acquired P17WJ was closer to 
50Hz than 37Hz. Even after a strenuous 
break-in period, fs settled in at 48Hz. 

This is not an unusual situation. To 
keep the Sales Department happy, a new 
loudspeaker prototype was built with a 
very floppy suspension and correspond¬ 
ingly low cone resonance. Once in pro¬ 
duction however, it became obvious that 
it needed a stiffer centering spider to 
keep the voice coil from nibbing and the 
cone from bottoming out. The infinite-
baffle response is about the same, and 
the buyer is really getting a more rugged 
loudspeaker, right? 

What the higher resonance implied 
was that Q ls was actually about 0.4, and 
VAS had decreased to 0.75ft5. If I had 
built a vented box for the P17WJ, I 
would have been very upset, but trans¬ 
mission lines are much more forgiving. 
In this case, the best-fit tapered align¬ 
ment simply moved from (e) to (f). Pipe 

dimensions and passband performance 
were the same. 

Figure /9 is a computer cune, but 
you can compare it directly with the 
measured response of Fig. 20. Below 
500Hz, the system-response curves track 
within 0.5dB. The correspondence is 
even more impressive when I confess 
that 1 did not build the pipe described. 
Instead, 1 used one of my existing test 
pipes: fp was 68Hz instead of 74Hz, Vp 
was 1.0 instead of 1.23ft5, and the taper 
was only 2.5:1. 

SUMMARY 
I restricted this project to a particular 
class of drivers on damped pipes, stuffed 
with tangled, fibrous material of uniform 
density. The damping is sufficient to 
control passband ripple, yet it allows 
useful reinforcement of cone output at 
low frequencies. 

• With practical damping materials, the 
result is a nonresonant system, not a 
tuned pipe. 

• For a pipe of given length, different 
materials require different packing 
densities to achieve desired damping. 
Once this is done, system perfor¬ 

mance is essentially the same for any 
of the materials tested. 

• Pipe length establishes a usable range 
of cutoff frequencies, typically a one-
octave band centered at fp. 

• Within that range, fA is controlled by 
driver parameters in relation to pipe 
length and volume. Damping remains 
unchanged. 

• Systems can be scaled to any cutoff 
frequency and any practical efficiency 
by using simple alignment tables. 

• In contrast to a basic cylindrical pipe, 
at least four alternate geometries allow 
lighter damping, which results in high¬ 
er efficiency. 

• Allowing for ±ldB passband ripple, 
optimized alignments approximate 
the response of an equal-volume 
closed box, but with reduced cone 
excursion. 

REFERENCES 
12. Ralph West, “The Decca Comer Speaker,’ Five 
Speakers. Miles Henslow Year Books Ltd., London, 
(1964?). 

13. Geoffrey Letts. “A Study of Transmission Line 
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of Sydney-School of Electrical Engineering, (1975). 

MANGER 
Finally: the perfect representation of music. 

Manger drivers are simply the best available. Operating from 170Hz to 33kHz as a tme point source bending wave driver, the Manger is 
renowned throughout Europe for its utterly natural sound and transient perfection Manger drivers, speaker kits, and finished speakers are 

now distributed in North America by B&R Acoustique, 

The Manger driver is extremely simple to use, requiring only a subwoofer to round out the bottom end. It requires no crossovers in the 
midrange and treble . so even beginning speaker builders can achieve better time, transient, and phase response than with any other 
multiway loudspeaker. Two decades and millions of dollars of research have “built-in “ perfection into these drivers. 

The concept is simple, the result extraordinarily satisfying. Finished Manger systems and kits show the same exacting attention to 
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For further information on these extraordinary transducers, please contact the address below. 
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This author's hands-on approach to remodeling the Advent woofer provides us a deep in¬ 

side look at this classic unit. 

Refurbishing the Advent 
10 woofer 
By Tom Yeago 

A
 friend approached me with 
some old Advents having the 
usual malady, i.e„ foam rot. Fix 
it? “Sure, an easy little chore, 

happy to do it for the cost of materials,” 
say I. Besides. I’d never really examined 
this important speaker, and this would 
satisfy my curiosity. So I pulled out the 
woofers, scoped out the box, and went 
to work. For an appreciation and diluted 
technical analysis, go to the sidebar. For 
the blow-by-blow, read on. 

In Table I , you will see separate 
“stock” and "modified" line entries. From 
this you may rightly assume I was unable 
to restrain my impulses to modify. It’s 
true that I’ve never encountered a woofer 
that didn’t make me grouse and mutter. 
“Why in the world did they do that!” 

I did manage to control myself here. 
None of the wholesale redesign suffered 
by the AR 12" woofers (see "Rebuilding 
the AR-3«,” SB 6/97 to 3/98) for these 
Advents. After all, they didn't belong to 
me. So the changes I made were modest, 
for simplicity’s sake and also because I 
was reluctant to pull the cone and sus-

PHOTO 2>: The aluminum insert held in 
place with a foam plug. Arrayed to the 
rear are a doped dust cap, another 
doped dust cap with felt "donut" in 
place, and-barely visible because of 
the overexposure-another prepared 
aluminum strip. 

PHOTO 1 < : The Advent woofer 
with new surround and dust cap 
removed, ready for work to begin. 

pension out of the frame. We re talking 
low octane here, small and tentative 
steps down the wide and easy path that 
leads to wholesale modification. 

STRUCTURAL CHANGES 
First, I replaced the surrounds with new 
ones from a kit. I customarily give foam 

surrounds a couple of coats of black RIA 
silicone on both sides. This seals any 
leaks, adds to the structural integrity o 
the surround (which ought to help mar 
ginally with keeping the noise inside the 
box from leaking out through the sur 
round), and presumably helps the sur 
round resist whatever it is that causes 

TABLE 1 

DATA AND CALCULATED PARAMETERS 

Stock 
Modified 

Stock 
Modified 

50g 1.4mm/N 19Hz 
55g 1.4mm/N 18Hz 
0 3 Q, 4 V, 
m uts ’box 

4.0 0.47-0.52 66 Itr 
3.9 0.36-0.39 66 Itr 

VAS 
240 Itr 4.5-5Q 
240 Itr 4.5-5Q 

°cb *cb 

1.0-1.1 41 Hz 
0.77-0.84 38Hz 

Bl 

6.7-7.5Tm 
8.3-8.6Tm 

*MAX 
±4mm 
±4mm 

Qe 
0.53-0.6 
0.4-04Z 
SENS. 5 

88-89dB 
88.5-89 5dB 

1. As noted in the text, I didn't disassemble and weigh the assembly. This is an educated guess, based on my 
experience with similar woofers. 

2. As with my 3a project, I get this figure by weighting the cone and measuring deflection—not the usual procedure. 
3. This is another educated guess, but Qm isn't a critical factor. 
4. This figure is calculated from formula, not measured, but it’s much as I expected. 
5. Assuming half-space radiation and that the amplifier sees the woofers as 5-5.5Q loads. 

foam rot. Titis means using RTV to glue 
the surround, but that’s okay. I also 
caulked the underside of the masonite 
reducer ring and frame flange with DAP 
Alex Plus. Advent didn't do a very thor¬ 
ough job here, so I fixed it. 

All my structural changes were made 
with the goal of stiffening the former¬ 
cone joint, and modestly stiffening the 
center of the cone. Henry' Kloss went 
the porous-dust-cap route with this unit. 
That is, the dust cap serves no structural 
purpose but to bleed the pesky' air-pres¬ 
sure buildup between it and the top of 
the pole piece (neglecting leakage from 
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the inside of the box through the 
magnetic gap). I took pains to gent¬ 
ly tease and cut the dust cap and 
flange free from the cone with mini¬ 
mal damage. See Photo 1 for a look 
down the throat. 

I think dust caps are an excellent 
opportunity to increase the struc¬ 
tural integrity of the motor/cone 
joint. My idea was to use a stiff dust 
cap to add essentially another glue 
joint between the motor former 
and the cone. So I stiffened and 
sealed the dust cap by cleaning it 
with a pencil eraser and then work¬ 
ing some epoxy into the fabric on 
the underside. Don’t dope the 
flange, just the dome part, and concen¬ 
trate on the periphery, since that’s what 
counts here. 

Apply two coats, and when the sec 
ond coat is starting to set, press a 
' donut" of felt (2" diameter, 1" hole) 
onto the tacky epoxy. Don't put any 
epoxy on the felt; just let the tacky 
epoxy hold it to the underside of the 
dome. It’s a good practice to cut this felt 
■'donut” a little large, then trim it flush 

PHOTO 3: Insert glued in place. Also visi¬ 
ble are the tabs bent in at the rim, and 
two of the four vent holes. 

former. On this woofer, it’s made of a 
cuprous alloy (phosphor bronze?) and is 
unusually long. I've never seen another 
woofer with so much former showing 
between the suspension and the 
cone/former joint. I wished to beef this 
up and extend it forward: beef it up so 1 
could file venting holes in it, and extend 
it so as to glue it to the underside of the 
stiffened dust cap. I did this using a strip 
of aluminum from a soda can, which I 

with the flange after this epoxy sets. I 
stiffened this felt with epoxy later. Photo 
2 shows a doped dust cap and one with 
a felt ‘donut’’ attached sitting on the ma¬ 
sonite ring at the rear. 

THE MOTOR FORMER 

scrubbed free of ink using isopropyl al¬ 
cohol and Bon Ami. 

First trim the strip so it fits snugly 
against the inside of the former with a 
gap of about 2mm. Start with a strip 
4.77" long by 1.25" wide. To hold this 
snug against the Advent former as you fit 

I next turned my attention to the motor it, use a foam plug as in Photo 2, or, 

FIGURE 1 : Before and after, all in one figure. The idea is to drive the cone through the 
beefed-up dust cap as well as the former/cone joint. Stiffening the central cone area 
by doping it with epoxy adds yet more rigidity. Not as good as a 3" motor, but it sure 
beats the stock arrangement for strength, with only a 5g penalty. The dust cap is 
sealed with coats of epoxy, making necessary the oblong vent holes. 

SECOND-GUESSING 
HENRY KLOSS 
Advent was Henry Kloss’ third compa¬ 
ny, and looking back, it’s clear the Ad¬ 
vent loudspeaker’s direct ancestors 
were the KLH 6 and AR-2. I didn’t even 
trace out the crossover, so I can't com¬ 
ment on the design in its entirety. But 1 
know the woofer pretty weB now, and 
some of the decisions Mr. Kloss made 
are interesting, even instructive. 

First, some context: Mr. Kloss had 
been there at the beginning of AR and 
carried on with more high-value air sus¬ 
pension designs at KLH. He’s reported 
to dislike three-way speakers as need¬ 
lessly complicated, so it should surprise 
no one that the first, and for years, only-
product of his new company was a 
two-way air suspension loudspeaker 
whose chief calling card was great bass 
for the money. 

Today it's interesting to note that Mr. 
Kloss maintained at the time (the early 
’70s) that it just didn't make sense to 
build a more expensive speaker. He ad 
vised customers who insisted on spend 
ing more to buy another pair of Advents 
and stack them up, tweeter-to-tweeter. 
Anticipating D'Appolito and Dunlavy? 
Maybe. After all, this is the same guy 
who prodded Ray Dolby into devising a 
simplified noise-reduction circuit for 
consumer use (Dolby B) and otherwise 
made the cassette a viable, pretty-hi-fi 
format. 

His successor and long-time associ¬ 
ate, Andy Kotsatos, produced a bi¬ 
amped loudspeaker (the Powered Ad¬ 
vent) long before anyone else consid¬ 
ered that a rational approach. Henry 
Kloss has a long history of being ahead 
of his time, and he’s still knocking 
around, kicking ideas to see what 
precipitates. 

ADVENT DETAILS 
But I digress. The Advent loudspeaker is 
a two-way design with a 10" woofer 
mounted in a 12" frame and mated to a 
big. sealed, stuffed box. The tweeter's 
one of those neither-fish-nor-fowl deals 
with a 0.75" motor driving a hard-paper-
dome and curvilinear cone that sweeps 
back to attach rigidly to the frame. The 
diameter of the moving surface is 1 to 
2", depending on where it flexes, 
which depends on frequency. 

Wily mount the woofer in an over¬ 
size frame? At first I thought maybe it 
was to accommodate the cone, which 
is unusually deep. I was half right. It 
also allows the use of a large-diameter, 
unusually compliant spider. This spider, 
or suspension, is slightly more compli¬ 
ant than the one AR used with their 12" 
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woofer (1.4mm/N versus 1.3mm/N; typi¬ 
cal). Also interesting is that this box is 
considerably larger than AR used with 
their 12" woofer (55 Itr versus 40 hr). 
Throw in the usual 20% fudge-factor to 
account for stuffing, and the woofer's 
looking at 66 Itr. 

Now recall that the 10" woofer will 
have a smaller VAS (about 240 Itr). and 
you begin to see what Mr. Kloss was up 
to. Instead of a bigger w<x>fcr in a smaller 
box, where the pneumatic spring will 
push up the woofer’s resonance consid¬ 
erably (from about 15Hz to about 45Hz in 
the 12" ARs), he went the other way. He 
used a larger box and a smaller woofer, 
so the pneumatic component of the 
spring is considerably more compliant, 
barely above infinite-baffle territory. Reso¬ 
nance rises from about 19Hz to about 
41 Hz—just over double. 

Mr. Kloss, like AR, seems to prefer a 
system Q of about 1.0. With his new loud¬ 
speaker, he outperformed the best AR 
had to offer by a handful of hertz, so it’s 
no wonder he made such an impression 
on listeners. He had the extension, but AR 
had him beat when it came to output. An 
AR 12" wtxrfer can displace almost exact¬ 
ly twice as much as the Advent 10" unit 
before the motors go nonlinear, giving 
the bigger woofer a 6dB advantage. 

FURTHER WOOFER FEATURES 
Other features of the woofer hark back to 
precedents. The cone itself is interesting. 
It s one of those thick felt jobs that were 
something of a Kloss specialty. But the 
angle is unusually steep; the included 
angle is about 105°, which gives a deep¬ 
er, stronger cone than the approximately 

even better, lids from plastic 35mm film 
canisters shimmed out with about eight 
turns of masking tape. 

Once you have the length right, cut 
die edge of the strip into little tabs about 
W wide and about 2mm deep, with 
1mm gaps between them, as shown in 
Photos 2 and 3 and less clearly in Fig. 
1. These tabs, thanks to the 1mm gaps, 
will bend inward to conform to the 
bottom of the now fortified dust cap, 
forming a strong joint when you even¬ 
tually glue it all up. 

Now fit for width, i.e., how far down 
into the stock former the addition will 
reach. It should go down as far as the 
point where the suspension (or spider) 
is attached, but no further. First, immo¬ 
bilize the cone by inserting some shims 
into the magnetic gap between the pole 
piece and former. Then insert the alu¬ 
minum strip, held snugly against the stock 
former with a foam plug or plastic lids. 

Bend those little tabs at the edge to 
about a 45° angle. Now press the alu-
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120° that's typical. Another Kloss hall¬ 
mark is the fiat flange at the rim, where 
the surround attaches. Throw in the ribs 
to discourage bell modes, and you're 
looking at a stiff unit—which is exactly 
what’s needed if you intend to use it well 
past 1kHz. Heavy? Sure. But that’s an 
asset in a sealed-box design. 

The only problem is the depth of the 
cone, which will lead to cavity effects; 
but I’m sure they did their homework 
there, too. Remember what I said about 
precedents? 'Illis cone looks very like the 
one in a KLH 6. Ilie only real difference 
is the textile half-roll surround, which 
doesn't seem to deteriorate and probably 
contributes to a lower Qm for that 
wixifer. 

Another very clever thing about this 
speaker is that Henry Kloss beat 
Dahlquist to the punch on the diffraction 
question. The frame for the grille cloth 
isn’t a frame at all. It’s a solid panel ex¬ 
cept for a small hole just big enough for 
the tweeter screen, and, of course, a big¬ 
ger hole to match the woofer. This panel 
is attached with velcro to blocks that 
hold it flush with the front trim. The 
tweeter itself is designed to stand proud, 
protruding (lush with the front of the 
grille panel, ’liiere you have it: diffraction 
control in the early ’70s. But that's Henn-
Kloss’ history: always thinking. 

The Advent loudspeaker's an impor¬ 
tant, interesting, and in many ways re¬ 
markable example of intelligent speaker 
building. You could do worse for sub¬ 
woofers. And since the going yard-sale 
price seems to he in the $40 range, it’s 
hard to see how you could do much bet¬ 
ter for the buck. — T Y 

minum addition to proper depth using 
the dust cap. The tabs will press against 
the felt on the cap, showing you have 
full contact. With a fine-point marker, 
put a dot on the aluminum addition 
through the gap in the stock former, just 
above the suspension joint. Now take 

everything apart and cut the strip to the 
width indicated by the dot. 

GLUING THE ADDITION 
Now it’s time to glue the former addi¬ 
tion to the stock motor former. Clean 
and degrease it, then slip it into place, 
pressing it snug against the stock motor 
former with foam or film-canister lids. 
Then tamp the addition to proper 
depth, using the dust cap as before. I 
tried using epoxy for this joint, but it 
wouldn’t take to the copper alloy. So I 
used a cyano-type "instant” glue, which 
actually is better for this application. It'll 
withstand 300°F plus, which is fine 
here, but more important, it’s a thin 
glue, so capillary action pulls it down 
between the two pieces. 
Apply glue around the top and 

through the former gap in the side. Let it 
set a couple of hours for good measure, 
then remove the foam or lids and dab a 
little glue on the joint at the bottom and 
through the aluminum’s gap, again let¬ 
ting capillary action pull it up inside the 
joint. Replace the foam or lids, and let it 
set overnight. 

TRAPPED AIR 
Now address the problem of the air 
trapped in this chamber formed by the 
now impermeable dust cap, motor for¬ 
mer, and pole piece. Drilling a hole the 
length of the pole would have helped, 
but that is a truly foolhardy undertaking 
with the cone still in place. Even I would 
not try that on my own speakers, which 
these weren't, so I contented myself with 
filing oblong holes (approximately 14" x 
!4") using needle files. 

This is a fairly ticklish operation. I filed 
four of these holes, starting them by 
twisting the tip of a round needle file 
against the former until it burrowed its 
way through. Then 1 slowly filed away 

PHOTO 4: Structural modifications com¬ 
plete. The cone has a good coat of epoxy 
at the apex, and the hard, nonporous 
dust cap is securely glued, making for a 
much stiffened assembly. 

PHOTO 5: It looks silly, but this is how I 
determine the relative strength of same¬ 
size magnets. I just slide on the washers 
until the rod trips. See text. 



until I’d enlarged the vent holes to my in¬ 
tended dimensions. I also sealed off the 
magnetic gap with a piece of mortite, 
even though no ferrous metal is in¬ 
volved, so there’s no danger of bits 
falling into the gap. It takes some pa¬ 
tience to produce decent-looking holes 
without distorting the metal, so take 
your time. 

When you’re finished, clear out any 
debris using a vacuum nozzle and mask¬ 
ing tape; then daub some instant glue on 
the edges of the holes, again taking ad¬ 
vantage of capillary action to draw the 
adhesive in. Photo 3 is a view down the 
bore at this stage. I blackened the alu¬ 
minum with a “Sharpie” marker to help 
it radiate heat more efficiently; or that's 
the theory, anyway. Actually, I black¬ 
ened pretty much everything I could get 
to. Couldn’t hurt. 

FINAL GLUING 
For final gluing, I mixed up some epoxy 
and used it to dope the cone about 
halfway to the ribs—a purely arbitrary dis¬ 
tance. Then I daubed some on the alu¬ 
minum tabs, saturated the epoxy into 
the felt on the bottom of the dust cap, 
and then into the dust-cap flange. I care¬ 
fully positioned the cap exactly where it 
belonged, with the motor-coil wires in 
their original grooves, and held it in 
place with a 2"-diameter can that fitted 
nicely into the crease. 

As the epoxy became tacky, I began 
pressing the flange against the cone until 
it stayed tolerably flush. Later, I filled in 
any remaining gaps with more epoxy. 
Photo 4 shows tlie completed woofer, 
looking completely stock except for the 
glossy patch at the cone’s apex and the 
rubber-like appearance of the surround. 

Finally, since the four new vent holes 
allow contamination of the gap with 
dust, motes of fiberglass, and other offen¬ 
sive particles, I cut some pieces of poly¬ 
ester batting into large rectangles and 
pasted them over the woofer-frame 
cutouts with DAP caulk. This should ade¬ 
quately keep debris at bay, along with 
the canvas lining Advent included in its 
boxes between the woofer and the fiber¬ 
glass stuffing. 

I generally weigh the cone assembly to 
determine moving mass (Mms) hut since I 
had never taken these units apart, I made 
an educated guess. I peg Mms at about 
50g, and figure the above changes added 
5g at tlie very most. Not a bad tariff, con¬ 
sidering the structural improvements. 

MOTOR CHANGES 
A pretty modest effort here, all things 

PHOTO 6: Backsides of tie two woofers, complete except for the filters pasted over 
the frame cutouts. Note the more extensive bucking magnet coverage on the right, 
used to equalize motor strength. And you thought your workbench was cluttered? 

considered. See Table 1 for the summa¬ 
ry. Improvements in the Bl figure came 
entirely from adding backing (or buck¬ 
ing) magnets to the back plate to stifle 
flux leakage. From the Bl figures on the 
stock units, I decided to try bringing the 
two woofers into closer tolerance by ap¬ 
plying more and stronger magnets to the 
weaker motor. It wasn’t a complete suc¬ 
cess. but it brought the two units within 
about 5%, which is about V/dB, all things 
being equal. 

As a curiosity, Photo 5 shows my 
method of determining the relative 
strength of two magnets of the same 
size. I lay a steel rod with a stop at its far 
end across the magnet, and keep adding 
weights (washers in this case) to the end 
of the rod until it pulls free. This particu¬ 
lar magnet will support ten washers, but 
one more will trip it. This quaint little ex¬ 
ercise yields only relative figures, and 
only for magnets with the same diameter 
and (to a lesser extent) hole size. But it’s 
better than nothing. 
Photo 6 shows the backsides of the 

two woofers, barely discernible against 
the clutter of the workbench. The 
woofer on the right has the stronger 
backing (or bucking) magnet, plus odd 
chunks I broke to cover more of the 
square back plate and, I hope, stifle 
more stray flux. For more on this tech¬ 
nique, see “Tour de Magnetic Force,” by 
Richard Pierce (SB 4/90, p. 68), and “Ad¬ 
justing Woofers for High Performance,” 
by Brian Smith (SB 6/89, p. 22). 

Also in this photo, but barely visible, 
is the nylon twine saturated with glue 
(Titebond) that I wound into the 
crevice between the front plate of the 
magnet structure and the stamped 
frame—another marginal structural 
improvement. 

END OF STORY 
With a little fresh mortite and careful 
tightening of the four woodscrews, each 
woofer was hack home. Another pair of 
veteran loudspeakers is returned to ser¬ 
vice. 1 figure they’re good for at least an¬ 
other 20 years, or until something goes 
wrong with the tweeters, or the elec¬ 
trolytic crossover caps dry up. 

HEAR FOR YOURSELF 
The film capacitors chosen by many 
highly acclaimed manufacturers for 

use in their very best designs. 

—H—e— V— t— A— N— D 

MusiCap ® 
'If you want see-thru, high definition, 

detail and listenability, try the MusiCaps. ' 
Joe Roberts, SOUND PRACTICES, Issue 6 

THE ULTIMATE CAP 
The most naturally revealing capacitor. Film 
and foil polypropylene construction. 
Optimized for critical speakers and vacuum 
tube electronics. Silver-plated leads. Values 
from .01 to lOpF. Precision made in USA. 

To experience MusiCaps for yourself, contact: 
• Welborne Labs 303-470-6585 
• Madisound Speaker Components 608-831-3433 
• Antique Elect-onic Supply 480820-5411 
• Michael Percy Audio Products 415669-7181 
• The Parts Connection 800-769-0747 
• Anchor Cross Co.Tokyo. Japan 81-3-3203-5606 
• Trevor Lees Audio. Australia 61-3-9853-2315 
• Wilmslow Audio, England 44-01455286603 
• Tang Hill Intemcrional Ltd., Taiwan 8862-2-5813605 
• Hong Kong Bush. Hong Kong 852-25253227 
• Audio Parts. Korea 82-23272-2704 
• Well Audio Lab, Singapore 65-3380368 
• Knopf Hi-Fi. Germany 4932113517-76 
• OEMs contact Hovland Company at : 

ph 209-9654377 • fax 209-9654632 

www.hovlandcompany.com 
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This article presents a new way of making loudspeaker cabinets of any desired shape. It 

can be used to minimize various problems that tend to plague speaker cabinets. 

A Novel Cabinet Construction 
Method 
By Justus V. Verhagen 

I
n my experience, both planar-type 
and dynamic speakers have prob¬ 
lems associated with the low-fre¬ 
quency part of the audio spec¬ 

trum. The planars’ bass (including such 
types as electrostats, magnetostats, and 
ribbons) seems too shallow to me and 
has several audible resonance modes (I 
own Apogee Duettas). They usually 
tend to bundle their higher-frequency 
energy, and require quite a large surface 
area (at the extreme are the multipanel 
Magnepans). 

ABOUT THE AUTHOR 
Justus Verhagen, 28, is Dutch and has been working 
on speakers since high school. He hopes to get his 
Ph.D. in neuroscience this year. He has made amplifier 
modifications, an active crossover, and several dynam¬ 
ic and planar-type speakers (including ribbons), but 
fhds the planar ones less useful than dynamic speak¬ 
ers for low-frequency systems. 

The dynamic systems (woofers) are 
usually installed in cabinets (although 
not necessarily so). That’s where I think 
part of the trouble starts: diffraction, res¬ 
onances (produced by the three pairs of 
usually parallel sides), and noise appear¬ 
ing through the cabinets' walls all con¬ 
tribute to degeneration of the quality of 
speaker performance. 

However, Gallo’s speaker cabinets are 
aluminum spheres, which you should 
generally avoid because of their domi¬ 
nant radial-mode standing waves.3

You can make cabinet-enclosure reso¬ 
nances less audible by bracing or by-
using golden-ratio proportions or non¬ 
perpendicular shapes. This last is by no 
means easy, especially in combination 

DESIGN APPROACHES 
My design addresses all three problems to a 
large extent, allowing you to design a 
woofer cabinet of the shape you wish, 
both inside and out, with few constraints. It 

with a rounded exterior. Also, by using 
thick, high-damping materials such as 
MDF, bitumen/asphalt plates, concrete, 
sand, aluminum sandwiches, and so on, 
builders have tried to make the cabinets 
more acoustically dead. 

is done by individually stacking cut plates 
of medium-density fiberboard (MDF). A NEW DESIGN 

Harry Olson 1 showed that in order to 
minimize diffraction where the sound 
wave interacts with the cabinets' shape, 
the cabinet should approach a spherical 
shape. Rion Dudley2 came up with a 
novel solution for fabricating a cabinet of 
such shape. The egg-shaped cabinet’s 
construction resembles the slices of an 
orange glued together. It seems to me, 
however, that this construction is some¬ 
what problematic, since it requires spe-

To my knowledge there are no designs 
published that take care of all three prob¬ 
lems I have mentioned: diffraction, reso¬ 
nance, and through-the-wall-transmis-
sion. I believe the design I describe here 
does take care of the better part of these. 
Ever seen a 3-D puzzle? You stack plates 
of certain shapes on top of each other, 
thereby forming a face, or other shape. 
That’s how this works, but you'll be its 

cial tools (especially a band saw), a high 
degree of accuracy, and may not 
allow for much freedom in the de¬ 
sign. But it probably did solve the 
problem Olson pointed out. 

Currently there is a commer¬ 
cial speaker designed by David 
Gallo that seems to have taken 
the diffraction into account. 

PHOTO 1: The side plates glued 
stackwise to the bottom plate 
(front, top view); make sure you 
have the front and back plate handy 
while gluing. 
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Swans /Ki kit 

Great news from Swans! 
New beautifully cabinets for Swans M1 kits 
are available in three finishes: piano black, 
solid walnut and rosewood veneer. 
Totally irresistible! 

The Swans M1 speaker system is a two-way bass-reflex design. 
The front baffle is very narrow with rounded edges to reduce 
cabinet diffraction ‘or better clarity and imaging. The internal 
panel and comer reinforcement substantially reduce unwanted 
cabinet vibrations. A flared port is mounted on the rear baff e for 
smooth transition from the port to cabinet boundaries. This pro¬ 
vides linear bass performance and absence of port noise. The 
heavy-duty gold plated binding posts are mounted directly on 
the rear panel to enable easy cable connection. 

The 5-inch paper/Kevlar cone woofer has a rubber surround, 
cast aluminum frame and a magnetically shielded motor system. 
This driver utilizes a central phase plug to avoid air compres¬ 
sion, improving frequency response and dispersion. These key 
features greatly contribute to the M" s clear transparent sound 
and effortless dynamic performance 

The tweeter is a high-tech planar isodynamic design that 
emp'oys Neodymium magnets and extremely light Kapton film, 
with flat aluminum conductors. 

This unit provides an immediate and precise response to any 
transients in original signal, and gives the M1 an exceptional 
ability to reveal the true dynamics of instruments with a complex 
high frequency spectrum. 

The crossover is a second order Linkwitz-Riley type resulting in 
an in-phase connection of the drive units. The crossover fre¬ 
quency between the two drivers is 3.3 kHz and only high quali¬ 
ty polypropylene capacitors are used. Each filter has it s own 
dedicated board mounted on a special rubber interface to 
reduce vibrations and microphonie phenomenon. The filter 
boards are spaced inside the loudspeaker with the inductors 
positioned at right angles to minimize the interaction. 

Swans M1 kit includes: 
- 2x F5 paper/Kevlar bass-midrange drivers, 
- 2x RT1C isodynamic tweeters with sealing gaskets. 
- 2x dedicated tweeter crossovers, 
- 2x dedicated bass-midrange crossovers. 
- two flared ports. 
- two pairs of heavy duty gold plated terminals 
The drawings of the cabinet shown here represent general 
dimensions required for optimum bass performance. Rounded 
comers are advisable as they improve imaging and carity. 
Actual finish and appearance is a matter of personal taste 

Price: $410 delivered without cabinets: 
$660 delivered wth cabinets. 

Warranty 3 years. We accept VISA. 

...explicit, easy to listen to, effort¬ 
less, seamless and stunning. 
Ernie Fisher 
Swans M1 Speaker Systems Review 
INNER EAR REPORT 
VolumelO, #3 1998 

The step beyond the limits 

I 0 âf-'r 
RT1C Tweeter F5 Bass-midrange Filter 

for more info please 

Call:(323)-881-0606 

SPECIFICATIONS 

8 ohms 
(7.2 ohms minimum at 250 Hz) 
Power handling 

Dimensions,HxWxD 

Amplifier requirements: 
30W recommended minimum. 

Frequency response 
(1m,half space) 
Sensitivity, 1W/1m 
(100Hz-8kHz averaged) 
Nominal impedance 

60Hz-35kHz,12dB 
55Hz-40kHz,-3dB 
86 dB 

50W nominal, 
90W music 
310x180x250 mm 

///^ SWANS SPEAKER SYSTEM,INC.(USA) C1O3, 2550 Corporate Place, Monterey Park.CA 91754 USA 
(C/ Tel: (323)-881-0606 Fax: (323)-881 -0957 www.dulcet.com 
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designer: you control the outside and in¬ 
side contours by cutting out each plate 
in whatever shape works for you. 

I designed what I thought would be 
an acoustically favorable inside and out¬ 
side shape for a Dynaudio 17W75ext 
speaker. I chose these woofers because I 
think of them as among the most uncol¬ 
ored-sounding speakers I know. (I’m a 
Dynaudio-freak and am especially im¬ 
pressed with their Geminis.) I also ex¬ 
pected them to blend well with my pro¬ 
jected ribbon speakers because of their 
well-known good transient behavior. 

I decided on a closed cabinet, again 
for its good transient behavior. I needed 
the system’s Q to be about 0.9-1, a com¬ 
promise between bass response and im¬ 
pulse behavior. My design programs indi¬ 
cated a volume of about 1ft3. To further 
improve the transient behavior, I decid¬ 
ed to add a Dynaudio variovent (aperiod¬ 
ic damping), and I also added a simple R-
C impedance-compensation network. 

To minimize diffraction, I decided to 
make a spherical-like outside shape, and 
to reduce the chances of standing waves, 
I decided on nonparallel interior walls, 
except for the top and bottom. To re¬ 
duce the noise radiating from the inside 
to the outside of the enclosure, I decided 
on a very thick cabinet (4-5" on aver-

FIGURE 1: Top view and dimensions of the plates needed. Indicated are the outer 
roundings, the inner borders of the side plates, and the square to be cut out of the 
speaker stand's lowest two plates. Note how the centers of the circles that outline 
the roundings of the corners are defined. 

age). Finally, I designed this speaker to 
rest on an integrated, acoustically trans¬ 
parent, adjustable-height stand. 

1 must warn you that this project takes 
a lot of wood (hence becoming very 
heavy and somewhat pricey), and it 
takes a lot of cutting (this is the ultimate 
test of your jigsaw). 

CONSTRUCTION 
The construction consists of making the 
cabinet, the integrated stand, and the 
front and back panels (to hold the 
woofer, variovent, and binding posts). 
In addition, you need to round off the 
top and bottom of the cabinet, smooth 

it, and mount the woofer, ca-

saw and a bunch of fast, sharp blades, 
which will make somewhat rough edges, 
but you’ll see that accuracy is not critical 
at all with this project. Table 1 is the 
parts list. 

THE CABINET 
These instructions are for one cabinet 

TABLE 1 

PARTS LIST FOR ONE SPEAKER CABINET 

ITEM NUMBER NEEDED TOTAL 
PER SPEAKER COST 

4'x8'MDF, %" thick 4 $60 
Dynaudio 17W75ext4i2 1 $100 
Dynaudio variovent 1 S5 
15gF polypropylene 1 $5 
capacitor 
10Q resistor 10W 2 $1 
Elmer's wood glue 1 gallon $10 
Binding posts, damping 2 $10 
materials 
Cardboard sheets for 4 $2 
drawings 
%"-thick, threaded iron 1,4, and 8, respectively $6 
rods 2' long; washers 
and nuts 
Silicone caulk 1 tube $3 
Primer, paint 
P.U. foam, wood putty 1 can, 1 pint, respectively $3 
%" wood drill; %" 
wood drill 

$200 per 
speaker 

bles, variovent, binding post, 
and impedance network. 
For two complete speakers, 

you will need to cut out 72 
pieces. 'Illis requires a gcxxJ jig-

only. Each consists basically of an ap¬ 
proximately cylindrical body with round¬ 
ed top and bottom. Start by cutting out a 
base plate, as shown in Photo 1, 20 side 
plates, and one top plate (44" thick; see 

FIGURE 2: SPL plot of my Apogee Duetta Ils (20 off-axis; dotted lines) and 
the mounted Dynaudio speaker (on-axis; solid line with solid circ es). Note 
the consistency between the two Apogee measurements. The impedance 
of the Dynaudio is also plotted (plus symbols); in-room measurements. 
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Table /). Figure 1 shows the dimensions 
of the plates. Because of the repetitive¬ 
ness, I drew the shapes on cardboard, , 
cut them out, and used them as / 
templates to trace the shapes on 
the wood. Then, when cutting, 
you don’t need to be very accu¬ 
rate; just follow the tracings. 

I did this over several days, since 
it’s quite fatiguing. I found that vi¬ 
bration control on my jigsaw, togeth¬ 
er with a slightly angling “bite” at 
each cutting-cycle (here the lower part 
of the blade moves slightly forward) has¬ 
tened the work a lot. Note that both 
the front and back of each plate is 
notched where the back and front 

PHOTO 3: Underside of the stand's bottom 
plate. Note the two nuts and washers. 

tute the top and bottom panels 
(which do happen to be parallel) 
and make them much thicker. 
First, cut out cardboard templates 

that are 0.35, 1.06, 2.12, and 3 54 
inches smaller than the top and bot¬ 
tom plates, allowing you to trace 
them onto the MDF. Note, however, 
that none of these plates have the 
notches cut out for the front and back 
plates: they will enclose those plates at 

the top and bottom (Photo 5, right 
side). Next, for each size, saw two 

MDF plates, one for the top and one for 
plates will be fitted and glued. Lightly 
sand the plates and dust them off. 

Spread an even, thin coat of (Elmer’s) 
wood glue on two of the side plates and 
carefully place them on the base. Stack 
all of the remaining plates using a little 
glue in between them (the glue should 
hardly ooze from between the plates) 
Titis amounts to ten plates on each side 
of the cabinet. Do not yet glue the top 
plate on the top side plates, just place it 
there. Put something really heavy on top 
of the top plate. 

The side plates have a tendency to 
move a bit, so keep track of the front and 
back notches and the inner alignment by 
using a set square or other rigid L-shaped 
object; the plates should be reasonably 
well lined up. Make sure the front and 
back plates will fit. After about half an 
hour, the plates will become immobile. 1 
found this stacking and gluing the most 
stressful and critical part of the whole 
process, so be well prepared. [Perhaps 
two short finishing nails would stabilize 
each added plate. — Ed.] 

PHOTO 2: Lining the bottom and sides 
with fiberglass. Keep the path between 
front and back open. 

After an overnight drying period, line 
the speaker with acoustically absorbent 
material (Photo 2). Fill the cabinet to 
about 50-75%, keeping the path be¬ 
tween woofer and variovent unobstruct¬ 
ed. Note, by the way, that the opposite 
inner sides of the speaker are not paral¬ 
lel. Start with cutting out the material (I 
used fiberglass) for the top and bottom. 
Cut some away to leave enough breath¬ 
ing space for the woofer. 

Now put a lot of hot glue on the bot¬ 
tom plate and press the fiberglass against 
it. Next cut and glue fiberglass for the 
sides, leaving space for the top layer of 
fiberglass. Finally, glue the top plate to 
the rest of the cabinet overnight and at¬ 
tach the fiberglass (cut some of it away 
from the woofer location). The total vol¬ 
ume of the cabinet is 0.9ft5 (25 Itr) be¬ 
fore adding the damping material. 

THE STAND 
The stand consists of a base plate to 
which you screw a thick, threaded iron 
rod. For this base plate, cut out four 
plates of the same shape and size as the 
cabinet’s top and bottom plate. From 
the two lowest of these, cut out a 
square piece about 4" x 4" to allow 
for the nuts and rod (see Photo 3 
and Fig. 1 for the location). Sand 
and glue the plates and let 
them dry overnight. Then 
prime and paint. Firmly attach 
the bar to the base plate using 
large washers and two nuts on 
each side (Photo 4). 

ROUNDING UP 
At this point, your “cylinder” does 

not exactly appear rounded, so next 
you’ll cut out the plates necessary for 
making the cabinet more so. You add 
four plates of decreasing size to the top. 
and four to the bottom. These also consti-

the bottom. After you’ve cut and sanded 
all eight plates, stack the smaller ones on 
top of the larger ones with a little glue in 
between (Photo 5). I did one side a day. 

Now you need to drill a %" hole 
through the top and bottom plates of the 
cabinet for the stand’s rod to pass 
through (Photo 4 and Fig. 7). Make sure 
this hole is quite a bit larger than the di¬ 
ameter of the rod of the stand. I decided 
the location (front-back) by placing the 
cabinet on the bar in horizontal position 
and getting a sense for the mid-point of 

Exclusive 
Distributor of 

Acoustic Research 
Advent & Jensen 

NHT Parts 

AkSHT 
We can bring your speakers 
and equipment back to life 

using the original components. 

800-225-9847 FAX: 508-478-9816 
17C Airport Drive 

Hopedale, MA 01746 
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its mass. (This is the basis for the 11" dis¬ 
tance in Fig. 1.) 

Because of the heavy weight of the 
speaker, which I’m sure you’ve noticed 
by now, this step is quite crucial. Mark 
the sides of the cabinet, and drill as per¬ 
pendicularly as you can. Remove wood¬ 
chips and dust from the cabinet. 

FRONT AND BACK PLATES 
The front plate will hold the woofer and 
the backplate the variovent and binding 
posts. Cut out the front ( 10'4" x Q'/b ) 
and back (9 x 7%") plates. In the center 
of the front plate cut out a circular hole 
with a diameter of 5*%z" (radius = 2%"). 
In the center of the back plate cut one 
with a diameter of 41%2". 

Drill the holes for the screws that will 
clamp your woofer to the front plate, 
and drill those for the binding posts (1 
prefer the simple bolt-type); now would 
be a good time to mount them on the 
back plate. Make sure that the variovent 
fits well in the back plate; if not, sand 
away the obstacles. 

Now mount the front and back plates 
with silicone caulk. The advantages are 
that with silicone the contact areas do 
not need to be smooth (hence you don’t 
need to work very accurately), and it 
will decouple the woofer from the cabi¬ 
net to some extent, with positive 
acoustical effects. 

With the cabinet lying on its back, de¬ 
posit two lines of silicone next to each 
other on the MDF that will hold the front 
plate (the edge that is now horizontal). 
Put another line on top and in the mid-
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FIGURE 3: Shows little effect of distance (between the Dynaudio speaker and 
the back wall) on the frequency response (on-axis); note dip at 126Hz; in-room 
measurements. 

die of the other two. Lay the plate on the 
silicone, but do not push. Next, fill all 
gaps with silicone until everything is 
flush. Mount the back plate in the same 
manner after the front has hardened 
overnight. 

SMOOTHING THE CABINET 
For this step you’d best mount the cabi¬ 
net on the stand since you’ll need to 
reach all around. It’s advisable to have 
someone help you lift the cabinet. Make 
sure not to lift it by the holes in the front 
and back plates. 

As you see, there’s quite a bit of space 
to be filled for the cabinet to be round¬ 
ed. If you have a cost-effective material 
for it, go right ahead and use it. Dick 
Crawford* used Sculptamold (plaster and 
papier-mâché; American Art Modeling 
Clay Co.) for his dome horn, which may 
be the best way to go. I simply bought 
two cans of polyurethane foam to start 
filling the large gaps, and three pints of 
wood putty to apply on top of the foam. 

The foam is somewhat tricky to work 
with (it’s very sticky). After applying the 
foam to the ridges of the top and base 
plates, cut away the surplus after it has 
hardened. I used a long sharp cook’s 
knife for this (just rest it on the two 
edges of the plates you wish to smooth 
off, and cut away any foam that sticks 
out). Fill in the holes with wood putty 
(several layers will be needed). After all 
has dried, sand the cabinet with rough 
paper and apply a primer. Next, paint as 
you wish. 

PHOTO 4: Frontal view of the unpainted 
speaker on its stand. The stand's rod 
penetrating the top and bottom of the 
cabinet is dearly visible. The front plate 
has been mounted. On another stand, 
the cabinet can easily be mounted in a 
90 rotated fashion, as well. 

PHOTO 5: Side/bottom view of a nearly 
finished cabinet. Only the top plates' 
gaps have been filled with P.U. foam and 
wood putty. The back plate has been 
mounted. 

FINAL ASSEMBLY 
Mount the woofer to the front plate after 
connecting it with speaker cable. After 
mounting the binding posts, put the re¬ 
sistor—in series with the capacitor—paral¬ 
lel over the two binding posts. These 
will smooth out the impedance rise at 
higher frequencies (2kHz and up for the 
4(2 version [5(2 and 15gF], 500Hz and up 
for the 8(2 version [7(2 and 20gF]), but 
may be over the top, depending on your 
crossover. 

Finally, mount the variovent and add 
some silicone if there are leaks. To pre¬ 
vent other air leaks, add cut-out rubber¬ 
sheet rings in between the washers and 
nuts of the stand. Congratulations; you’re 
finished with one of them! If you wish, 
you can add wheels to the stand, which 
greatly improves maneuverability. 



IS IT WORTH THE TROUBLE? 
I think these units sound very good. 
They were designed to blend well with 
the ribbons, and they sound very neutral. 
I also listened to them positioned behind 
the woofer of the Apogee Duetta II. The 
Dynaudios covered the spectrum below 
500Hz, and the Apogee ribbons the rest. 

The largest apparent difference may 
derive from the monopolar character of 
these woofers as compared to the dipo¬ 
lar of the ribbons (a different “spacious¬ 
ness”). Tlte bass was very tight and cer¬ 
tainly deep enough for me. Of course 
this setup does not do justice to the cabi¬ 
nets' shape, but it’s all 1 can do for now. 

Figure 2 shows the in-room responses 
of both my Apogee Dueta Ils and the Dyn¬ 
audio speaker. I located the Apogees in 
their normal listening position (2.5' from 
the back wall; T from a side wall [right 
speaker only]). The Dynaudio I placed 1' 
from the back wall. The measuring mike 
(a Radio Shack analog SPL meter with re¬ 
sponses corrected for its sensitivity) was 
placed at a distance of 10' (T from my 
normal listening position), and the test 
tones were Vs-octave pink noise. The 
units (all 4Q) were driven by 2 V. 

My active crossover (at 500Hz) obvi 

ously pumped a bit more lows than 
highs (relevant for Apogees only). The 
sensitivity of the Dynaudio is 8(xlB/W/m 
at 315Hz. The Dynaudio’s -3dB points 
are at approximately 60Hz and 4kHz, 
close to what Dynaudio published for 
this unit in a 0.5ft3 closed cabinet. 
There’s a gradual 6dB/octave falloff 
below 80-lOOHz, and a steep one 
(30dB/octave) above 4kHz. 

I designed this system to have a total 
system Q of 0.9 to 1.0, but it seems 
smoother than that, which may be due 
to the variovent. There are clear troughs 
in the 100-300HZ region. Since these 
measurements were not done in the 
open-field, these troughs are to be ex¬ 
pected (fluctuations of 10-15dB are 
quite normal for indoor measurements). 
These troughs likely have to do with my 
room acoustics, and may need some 
work. The impedance peaks at around 
60Hz ( 11 £2) and otherwise fluctuates 
smoothly around 3-4Q. 

Figure 3 shows the effect of distance 
to the back wall on the Dynaudio’s fre¬ 
quency' response. As you can see, the dif¬ 
ferences tend to be small. At both 1' and 
2' the response at 50Hz is about 5dB 
higher than that at 5'. The dip at around 

126Hz tends to increase with decreasing 
distance. Overall, as far as I have deter¬ 
mined, these units do not seem very po¬ 
sition-critical. Not shown in Fig. 3 is that 
measuring 25° off-axis decreased ampli¬ 
tude only from about 4kHz onward. 

FINAL SUGGESTIONS 
You can easily mount the cabinets while 
rotated 90° if you make another stand, so 
that now the cabinets’ two holes through 
which the stand’s bar passes lie in a hori¬ 
zontal plane. The advantage is the small¬ 
er cabinet width and vertical-axis adjusta¬ 
bility. A disadvantage could be that the 
stand may have a larger influence on the 
sound. Experiment with it; I haven’t yet. 
I m curious to hear what you find. !t> 

REFERENCES 
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HARDWARE 

CALL TO ORDER THE 2000 SOLEN CROSSOVER 
COMPONENT CATALOG FOR S8.00 PACKAGED J 
WITH THE COMPREHENSIVE 2000 SOLEN XJ 
SPEAKER DRIVER COMPONENTS CATALOG 

SOLEN FAST CAPACITORS 
Fast Capacitors, Metalizad Polypropylene 
Values from 0.10 pF to 330 pF 
Voltage Rating: 630, 400, 250 VDC 

CROSSOVER AND SPEAKER PARTS 
Metalized Polyester Capacitors, 1.0 pF to 47 pF, 160 VDC. Non Polar 
Electrolytic Capacitor, 22 pF to 330 pF, 100 VDC, Power Resistors 
10 W, 1.0 Qto 82 P, 8 Ü L-Pads plus all the hardware and supplies 
to complete any speaker project. à 

SOLEN HEPTA-LITZ INDUCTORS 
Air Cored Inductors, Litz-Wire Perfect Lay Hexagonal Winding 
Values from .10 mH to 30 mH 
Wire Size from 1.3 mm (16AWG) to 2.6 mm (10 AWG) 7 Strands 

INDUCTORS AND 
CAPACITORS - THE 
CHOICE OF MANY 
HIGH-END SPEAKER 
MANUFACTURERS 

POWER RESISTORS, 
L-PADS, CABLE, 
ABSORBING AND 
DAMPING MATERIALS, 
GOLD SPEAKER 
TERMINALS, GOLD 
BANANA PLUGS AND 
BINDING POSTS, GRILL 
FASTENERS, PORT 
TUBES AND TRIM 
RINGS. PAN HEAD 
SCREWS, SPIKES 
AND TEE NUTS WITH 
ALLEN HEAD BOLTS 
AND PLENTY MORE.. 

SOLEN STANDARD INDUCTORS 
Air Cored Inductors, Solid Wire Perfect Lay Hexagonal Winding 

Values from .10 mH to 30mH 
Wire Size from 0.8 mm (20AWG) to 2.6 mm (10 AWG) 

SOLEN INC Tel: 450.656.2759 
Fax: 450.443.4949 

Email: solen@solen.ca 
WEB: http://www.solen.ca 

4470 Avenue Thibault 
St-Huber*, QC 
Canada J3Y 7T9 

Solen crossover components -
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COMPONENTS 
SOLEN HEPTA-LIT 
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Product Review 
ASC LOUDSPEAKER PARAMETER METER 

Reviewed by Jesse W. Knight 

Audio Specialties Company, 2230 East 
State St, Hermitage. PA 16148. Model 
ASC-58&B, $89-

The ASC 588 is probably the smallest 
tester (6" x 2.75" x 2.625") for determin¬ 
ing T/S parameters you are likely to see 
for some time. Powered by a 9V battery, 
it is very portable. Controls are minimal: 
a range switch for frequency, a frequen¬ 
cy control, and a slide switch for select¬ 
ing the function (Z or Hz) to be dis¬ 
played on your digital meter. Ideally, you 
should use the tester with a meter that 
reads down to 0.1 mV, but it will work 
with reduced accuracy with ImV resolu¬ 
tion meters. Its simplicity will appeal to 
the beginner and to the pro who prefers 
to travel lightly. 

In the interest of keeping the price 
low, the signal generator in this unit is de¬ 
signed to produce a 16-step synthesized 
sine wave. This results in high-order har¬ 
monics that can cause errors in imped¬ 
ance readings when measuring drivers at 
high frequencies. Fortunately, the effects 

at frequencies used 
for T/S tests are 
small in general. 
The designer sug¬ 
gests using the 
tester to design the 
Zobel network and 
then do the T/S 
measurements. 

Once the upper 
response of the 
driver has been 

PHOTO 1 : ASC Loudspeaker Parameter Meter. 

leveled for impedance (Z) with a Zobel, 
the harmonics have little effect on Z 
readings. Limited tests suggest this is 
true. One fact is clear: Even if this pre¬ 
caution is not followed, the data ob¬ 
tained will be much better than a driver 
manufacturer’s spec sheet. I did exten¬ 
sive tests without zobels on a Madisound 
10207 DVC woofer, Focal 4V3211 and 
Vifa D75MX-31-08 midranges, and a Peer¬ 
less 811815 tweeter. 

If you are working with large woofers 
with an Fs below 20Hz (as I do), you will 
not be able to measure F low or F res. 

With woofers with an Fs of 20Hz or 
more, you can calculate F low without 
measuring it and obtain reasonable re¬ 
sults. If you choose to measure box qual¬ 
ity, frequencies will be higher However, 
this is not a problem, since most people 
are working with 8" and smaller woofers 
with higher free air resonance Large mu¬ 
sical instrument speakers are stiff 
enough that you will not need to mea¬ 
sure them at less than 20Hz. 

ACCURACY 
I spent most of my review time design-

HEATHKIT DUAL TRACE SPEAKERS TESTED 

HEATH IM 2410 VIFA O75MX31-08 

PEERLESS 811815 

FOCAL 1V3211 

DH120 SINE 

LAG 120B 

R1 .066 OHM 

L PAD 

RADIO SHACK 

MEASURE Z 
L PAD MEASURE OHMS 22-195 

FIGURE 1:Test setup. B-1631-1 

DISTORTION 
ANALYZER 

DIGITAL 
METER 

SW1.2 ARE 7 POLE 
DOUBLE THROW 
PARALLELED FOR 
LOW RESISTANCE 

LEADER AUDIO 
GENERATOR 

FREQUENCY 
COUNTER 

HAFLER 
AMPLIFIER 

OSCILLOSCOPE 
MIC INPUT 
PREAMP 

METER SECTION 
HP 33OB 

MADISOUND 10207 

SCOPE 10-H550 

AUDIO SPECIALTIES 
LOUDSPEAKER 
PARAMETER 

METER ASC-5SS-B 

ing a switching circuit that 
would allow rapid switching be¬ 
tween the ASC tester and my test 
bench. Impedance measurement 
in the presence of strong radio 
signals is not a simple matter In 
this regard, the ASC is more im¬ 
mune to interference than my 
bench because it can be used 
without any connection to AC 
power. For the novice, this gain 
in stability offsets errors due to 
the 16-step waveform. 
Frequency readings were very 

accurate (1%), and I soon con¬ 
centrated on the impedance 
readings. With care, I obtained 
an accuracy of 3% without 
undue difficulty in the T/S fre¬ 
quency range with Zobelled 
woofers, mids, and tweeters. Re¬ 
moving the Zobel caused the F 
high to read about 5 to 6% high 
in impedance. This would not 
harm the design of air-suspen¬ 
sion systems and thus is not a 
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TEST SETUP 
Step 1. Set signal generator and ASC to the same frequency using the frequency 

counter and oscilloscope as verification. Set SW2 to SPKR and SW1 to ASC. 
Step 2. Set output of DH-120 amplifier to match the current output level of the ASC 

as defined by the HP 33OB RMS meter. Only the meter section is used in this test. SW 1 
is switched many times to be sure levels are matched. Occasionally the scope should 
be used to check the frequency match of the ASC and LAG 120 generator, but the ASC 
is never off by more than 1% in frequency, so an occasional check is all that is needed. 
The strong harmonics confuse the frequency counter if it is connected to the ASC. 

Step 3- With SW1 on “sine," adjust RX so the HP meter does not change when SW2 
is switched between SPKR and RX. RX is now the same resistance and impedance as 
die speaker. 

Step 4. Set SW1 to ASC and SW2 to SPKR and use ASC per ASC instructions. Record 
Z reading. 

Step 5. Measure RX while SW2 is set to SPKR and record reading in ohms. 
Step 6. Compare readings. Error is the difference. 
This test procedure is self-calibrating: Error in the VTVM cancels out as we are only 

using it to compare voltage drops across RI. RI is not critical, as it is also common to 
all tests. 

SW1 and 2 are made up of parallel sections of two seven-pole rotary switches for 
low resistance. Single contact pairs are not to be trusted. The ohmmeter is checked 
with 1% resistors. The sine signal is very clean, 0.07% THD max. 

Errors from the transformer are much smaller than those caused by radio interfer¬ 
ence that results from putting RI in the ground line. At worse, this could result in a 
slight change in actual level as SW1 is switched. SW1 is not switched while adjusting 
RX so the only concern is parameter shift in the speaker because of a small level shift. 
This is unlikely to be significant. Phase was not used in these tests.—JK 

concern for the beginner. 1 think that by 
the time you are read)’ to do a ported sys¬ 
tem, you will not have any problem with 
designing the Zobel first. 

The key to good results is to change 
the frequency setting very slowly when 
finding points of maximum and mini¬ 
mum impedance. A digital meter has a 
longer settling time than analog meters. 
In the past 1 have always relied on the in¬ 
stant response of an oscilloscope, which 
also gives you phase information leading 
to greater accuracy than any meter-based 
measurements, provided you include in¬ 
terference traps. Otherwise, the trace 
can be so fuzzy as to be unreadable. 
Poorly designed traps will reduce accura¬ 
cy. Scope techniques are thus quite falli¬ 
ble at times. 

MEASURING CAPACITORS AND 
INDUCTORS 
When testing capacitors and inductors it 
is best to use the resonant frequency 
method. I like to have one inductor of 
around 1 to 5mH to use as a reference. 
Ideally this would be an air core unit 
with a 1% accuracy. From this a standard 
capacitor can be measured by finding its 
resonance with the inductor. To avoid 
confusion from small false peaks that re¬ 
sult from the tester, start at a frequency 
well above the predicted resonance and 
work downward in frequency. The first 
impedance peak will be the real one. ft is 
not hard to achieve 2% accuracy. 

CONCLUSION 
Many fieldwork situations require an 
easy-to-set-up speaker tester. For exam¬ 

ple, if you need to know the impedance 
of a complex speaker array that has a 
transformer in the line, how do you 
know if a low-resistance ohmmeter read¬ 
ing is the transformer or a short? The 
ASC will quickly answer this question. 

We are entering a time when many 
speaker builders may not buy an oscillo¬ 
scope and signal generator right away. 
Many may share my belief that time 
spent trying to build amplifiers and pre¬ 
amps is time better spent on speakers, 
considering that amplifiers are seldom 
the weak link today and cost as much to 
build in many cases as to buy. Speakers 
keep me as busy as I care to be. In this 
light, the ASC tester is a nice addition to 
a basic tool kit. 

Manufacturer’s response: 

The LPM is available in kit form ($89-postal 
money order) by writing to Audio Specialties. 
Please look for Martin Sound Products advertise¬ 
ment to purchase an assembled and tested in¬ 
strument. I know the LPM will increase your abil¬ 
ity to design and build excellent speakers by pro¬ 
viding the necessary electronics affordably. 

Jim Mitchell 
Audio Specialties Company 

Precision Acoustic Measurements 
Require Precision Microphones 

PS9200KIT'$1650 USD 
A complete IEC and ANSI traceable Type 1 Measurement 
Microphone System 2 Hz to 4(1 kHz, 15 dBA to 160 dBSPL 

**/2 inch capsule *4012 Preamp *PS9200 2 Channel PS 
*AC adaptor *WS1 windscreen *SC1 die cut storage case. 
Options: 51 IE Calibrator; 1 & '/> inch mies; and Gain for 

DRA’s MLSSA and other board level products. 

ACO Pacific, Inc. 
2604 Read Ave. Belmont, CA 94002 USA 
Tel: (650) 595-8588 FAX: (650) 591-2891 

e-mail acopac@acopacific.com 

ACOustics Begins With ACO™ 
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SB Mailbox 
ESOTERIC WALLFLOWER 

The end of the century has brought forth 
a very interesting set of articles in SB 
about the TL as well as lively discussions 
in SB Mailbox. I would like to add to this 
cornucopia with a mention of the work 
of Bernd Timmermanns, formerly of the 
magazine Klang & Ton and now of Hob¬ 
ble HIFI, where he has published two 
SOTA designs using Helmholtz cavities to 
control the TL’s low-frequency response. 

Closer to home is the interesting letter 
from G.L. Augspurger (SB 8/99. p. 52), 
with an indication of a series of articles 
to come (SB 2/OO-4/OO). The TL has 
been an esoteric wallflower, and I hope 
that this notoriety does not do it in. How¬ 
ever, my interest is in the data shown in 
Fig. 1 (p. 52), and the following points 
that G. L. Augspurger develops. 

INTRODUCING FERROFLUID 
RETROFIT KITS. 

Now OEMs who hove already enhanced 
speaker performance with FerroSound can add 
ferrofluid packets to their retrofit kits. 

These small, convenient packets enable ser¬ 
vice centers and retrof¡tiers to apply ferrofluids 
correctly into replaceable diaphragms in the 
field. Results: fewer problems and more profits 
all along the line. 

The frequency response shown by 
Bailey himself in “A Non-Resonant Loud¬ 
speaker Enclosure Design” (Wireless 
World, October 1965, p. 4, Fig. 9) is very 
different from the figure that is given by 
Mr. Augspurger. What is not apparent in 
Fig. 1 is the low-frequency slope 
30-lOHz, which illustrates very well the 
gain of the line at the line-resonant fre¬ 
quency of 30Hz. Thus the implication, as 
I read it, that Fig. 1 is representative of 
the TL’s response is misleading. 

The TL’s optimized response would 
be defined by response at 30Hz and 
below. The response 60Hz and above 
would be primarily defined by the driv¬ 
ers’ T/S response as loaded by the TL’s 
line loading and not by fiber effects. 
This leads to the apparent reliance on 
modeling data to define the TL’s charac¬ 
teristics. 

Each kit contains the right amount and 
type of ferrofluid for your speaker, a wicking 
cloth to extract remaining fluid, instructions, 
and a material safety data sheet. So add per¬ 
formance and profit to your speaker retrofits 
by calling FerroSound today at 603/883-
9800 —or fax 603/883-2308. 

^FerroSound 
The Solution Is Loud And Clear 

Ferrofluidks Corporation, 40 Simon Street, Noshuo, NH 03061 

While Mr. Augspurger may have devel¬ 
oped an excellent theoretical model, that 
has to be proven, and to quote Richard 
P. Feynman, “the principle of science, 
the definition, almost, is the following: 
The test of all knowledge is experiment. ’’ 
Thus instead of giving us the results of a 
simulation, Mr. Augspurger should have 
given us a measured response and com¬ 
pared it to the simulation of Fig. 1. 

The second point concerns his state¬ 
ment, “In terms of sound speed, it also 
turns out that there is no magic stuffing 
material for transmission lines...Once 
packing density has been set for accept¬ 
able passband ripple, sound speed pret¬ 
ty much takes care of itself.” What I find 
very nebulous about this principle is the 
question it raises: What, then, is the defi¬ 
nition of an optimum design for the TL? 
This in my opinion is the crucial ques¬ 
tion, and a clear definition is required. If 
this is not to be a subjective opinion, 
then Mr. Augspurger must provide a de¬ 
finitive answer that needs to pass the 
scrutiny of experimental data. 

E. Jakulis 
Avon, MA 

G.L Augspurger responds: 

Most of Mr. Jakulis’ concerns are addressed in 
my transmission-line article, which includes ta¬ 
bles of 18 practical system alignments. There 
will be plenty of time for discussion after pub¬ 
lication. However, the issue of computer simu¬ 
lation versus measured response deserves 
clarification. 

As I stated, the computer curves were based 
on measurements made by Geoffrey Letts. A copy 
of Letts’ thesis was made available to me through 
the courtesy of Dr. Richard Small (yes, the 
Richard Small). As part of an exhaustive examina¬ 
tion of transmission-line behavior, Letts tested 
several commercial systems, one of which was 
Bailey’s 1972 design as furnished in kit form. 

This was a folded, tapered pipe in which the 
taper was approximated by three linear sections. 
Pipe length was about 8', and internal volume 
was about 3.25ft3. The pipe was stuffed with 3 lb 
of “Wonder Wool,” a long-fiber nylon product. 
The line was driven by a KEF Bl39 woofer. 

© 1997 FerroSound and related graphics are registered trademarks of Ferrofluidks Corporation. 

Reader Service «70 

BIG IMPROVEMENTS 
NOW COME IN SMALL PACKAGES. 

42 Speaker Builder 4/00 



FIGURE 1 : Computer simulation used for 
sound-speed comparisons. 

Letts measured cone output, pipe 
output, and combined system response 
simultaneously using two nearfield mi¬ 
crophones. His results are probably ac¬ 
curate up to 200Hz or so. Moreover, 
he made tests with two different stuff¬ 
ing densities as well as with no stuff¬ 
ing. As a result, 1 was able to compare 
my computer analog with measured 
performance for three different test 
conditions. 

Figure I is the basis for my earlier 
sound-speed comparison. This comput¬ 
er simulation is fairly close to measured 
response. It uses characteristics of 
known stuffing materials as derived 
from my own tests. Relative sound 
speed through the pipe is set at 0.8 in¬ 
dependent of frequency. The graph 
shows cone output, pipe output, and 
combined system response (bold). 

Figure 2 shows a more careful at¬ 
tempt to replicate Letts' test results, yet 
without assigning unrealistic damping 
characteristics to Wonder Wool. Pipe at¬ 
tenuation above 50Hz is steeper than 
with polyester or fiberglass. Also, the 
simulation varies relative sound speed 
from 0.6 at 20Hz to 0.8 at 200Hz. 

From 30 to 200Hz the computer 
simulation closely matches measured 
cone output, pipe output, and system 
response. However, Letts' cunes show 
pipe output to be about 2dB higher in the 50Hz 
region and system response to dip about IdB 
lower at 90Hz. These discrepancies are not sur 
prising. In contrast to idealized computer 
curves, real-world stuffing materials always gen 
erate somewhat lumpy and unpredictable re 
sponse curves. 

Mr. Jakulis is interested in the difference be 
tween cone output and system response (pipe 
gain) at frequencies below cutoff. Below 35Hz 
my computer simulation is overly optimistic. 
Letts' cunes indicate more rapid low-frequency 
rolloff, w ith only 2dB of pipe gain at 20Hz. The 
computer analog predicts 4dB at this frequency . 

To be truly nonresonant, this system obvi 
ously needs more damping. Passband ripple is 
excessive and pipe resonances are apparent in 
both cone output and pipe output. If enough 
stuffing is added to keep passband ripple with 
in ±ldB, then the computer analog predicts 
that maximum pipe gain will be around 3dB. 
which agrees with my own tests of damped, 
tapered pipes. 

CRUISIN' 

Kudos to Mr. Raczy nski on his "Auto Pas¬ 
senger Space As a Listening Room” ani¬ 
de (SB l/OO, p. 20). 

I work in the auto-sound industry, 
and we have innumerable discussions 

of this type, though generally without 
the complex math. Let me also mention 
that some of us are actually’ interested 
in the quality of the sound, not merely 
the quantity! 

While die modeling in the article does 
address the issue of speaker location, 
consider the following. The single largest 
problem with auto sound is speaker loca¬ 
tion, the second being the variety of ab¬ 
sorptive and reflective materials and sur¬ 
faces. Since we have limited control— 
within most budgets, that is—over the 
materials and layout of the interior I will 
address speaker location. 

Most OEM speaker locations produce 
unequal path lengths. This is due to the 
proximity of the speaker locations and 
the fact that passengers rarely sit in the 
middle of the car, equidistant from the 
left and right speakers. The resulting un¬ 
equal arrival times inhibit our brains 
from re-creating the stereo image on 
the recording. The starting point is 
equalization of the path lengths. While 
equal left and right paths are nearly im¬ 
possible, alternate speaker locations can 
even things up greatly over the stock¬ 
type locations. 

Probably the most popular location 
over the last several years is the kick-

Epoxled pulp cone, rubber 231 cm:
surround. Ideal for HT. Price $62.50 each 

Suited for use in sealed, vented and transmission line 
systems. Clean response to 2.5 kHz. 

Response in a 28.3L cabinet tuned to 35 Hz: 

Avatar Audio carries a broad range of complete 
systems, custom drivers, fully engineered speaker kits, 

and other specialty items. 
For more information on the AV8 or our other fine 

products, please contact us at: 

www.avataraudio.com 
PHONE: 206-595-3524 

FAX: 800-437-2613 or 630-839-6192 

Reader Service »49 

Electronic Crossovers 
Tube 

Solid State 
Powered 

Passive Preamps 
46 Step Attenuator 
Power Amps 
100% MOSFET 

XM126 tube xover, available 2,3 and 4 way 

All available as kit also 
Free Catalog: 

Marchand Electronics Inc. 
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panel or the immediate surrounding 
area. While this is not the panacea that 
some believe it to be, it does provide a 
solid base from which to start. 

While my suggestions may seem over¬ 
simplified, they can yield great results in 
a timely fashion. My last installation of 
kick-panel-mounted speakers in my own 
vehicle took about one hour, with a cou¬ 
ple of additional hours of tweaking to 
suit my taste. The foundation provided 
by the alternate speaker locations re¬ 
moved one of the most basic obstacles in 
auto sound. 

A sincere thanks for the fine periodical! 

Jeff Triplett 
Technical Services Manager 
Memphis Car Audio 

Mr. Raczynski responds: 

Thank you for reading my article and for your 
comments. Stereo is obviously greatly affected 
by the Haas Effect, which describes a situation 
where one speaker in a stereo setup is delayed 
by 5-25 milliseconds so that a centrally located 
listener perceives the sound as coming from 
the undelayed speaker. The delayed speaker 
needs to have its level increased by 8-l()dB in 
order to return the “sound image” to its central 
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position. The same effect is produced when the 
listener sits closer to one of the speakers, 
which is the situation most often encountered 
in car audio. 

The kick-panel location has been used be¬ 
cause it seems to minimize the path difference 
or delay, from the left and right front-mounted 
speakers to the driver’s position in many cars, 
so it may be seen as preferable for the frequen¬ 
cy range which carries stereophonic/imaging in¬ 
formation (e.g., above 2()O-.5OOHz). 

To improve imaging, companies such as 
Chrysler, Nissan, Mercedes, and Saab adopted 
a center-channel loudspeaker located in the 
dashboard close to the rear view mirror. The 
speaker, which is fed L+R signals, typically is a 
midrange/tweeter, since this is the frequency 
range that most affects the imaging. Now each 
front-seat passenger gets his/her own center 
image. 

My article is concerned with the lowest end 
of frequency range (e.g., below 200Hz). Low-fre¬ 
quency source tends to be nearly impossible to 
pinpoint because there is a little difference in ei¬ 
ther phase (delay) or intensity for the hearing 
process to pick up. Also, you can add the low-
frequency content of left and right channels and 
reproduce them through one speaker with no 
(or very little) loss of stereo image. The whole 
concept of the subwoofer-satellite system is 
based on this phenomenon. The lower the fre¬ 
quency, the less phase difference is produced 
due to the different path lengths from speakers 
in the car cabin. 

1 will skip the numerical examples of the 
above for the sake of emphasizing that, for the 
low end of the audio range, self-resonance of the 
passenger compartment will play a dominant 
role in the sound-pressure distribution within 
the compartment. The aim of the article is there¬ 
fore to provide a somewhat simplified view of 
this problem using available FEM techniques. 

I chose the location of sound sources and mi¬ 
crophones only as examples, and they are far 
from being optimal for the FEM mesh (e.g., car) 
used in my example. 

DRIVER UPGRADE 

MCM 514", rubber surround, part #55-
1505 is a fiberglass drop-in replacement 
for Radio Shack Pro LX5, and I think it 
gives better performance. 

D.W. Platt 
Springdale, PA 

BASS-DAMPING FACTORS 

If you are using a tube amp that drives 
the bass in your system, you can greatly 
improve the bass quality by closing off 
the ports (vents) so designed in speakers. 

The higher output impedance of the 
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amp does not afford the good damping 
required in a ported speaker. The air 
spring of a closed box does a much bet¬ 
ter job of this. Although the port action 
itself is supposed to accomplish speaker 
damping, it seems that the amp has a 
share in this. 

Some solid-state amps with little or no 
negative (loop) feedback may also quali¬ 
fy. Using amps with high damping fac¬ 
tors, the vent(s) should be left open. 
However, since ported speaker drivers 
usually have shorter excursion capabili¬ 
ties, closing off the ports may not be rec¬ 
ommended, if the bass driver is normally 
played at higher volumes. 

Some amps with two sets of speaker 
switching allow four speakers to play at 
the same time. Most amps connect these 
sets in parallel, which retains good 
damping. Some, however, connect the 
sets in series, which destroys the amp’s 
damping ability. In this case I’ve found 
that closing off the ports will improve 
the bass. To determine whether the amp 
connects in a series fashion, the speaker 
volumes will decrease when switched in 
as pairs. 

Some speakers have two ports; in 
these cases, close both. Stuffing towels 
in the ports or taping the ports closed 
will not qualify. Use something solid that 
fits snugly. 

Roger Floth 
Waterloo, 1A 

Dick Pierce responds: 

While it might seem like a good idea, and your 
reasons are sound, there are some misconcep¬ 
tions about what is “damping” and what is 
being “damped” in the speakers. 

First, despite the prevalent myth to the con¬ 
trary, higher output impedance of tube ampli¬ 
fiers does not change the damping of speaker 
systems in a significant way, with very few ex¬ 
ceptions. Despite its pervasive use, “damping 
factor” really is anything but. The electrical 
damping of the woofer is dependent on the en¬ 
tire source resistance the voice coil experi¬ 
ences; that includes the amplifier, the speaker 
cables, the crossover components, and the 
voice coil itself. 

Of all these, the amplifier’s output imped¬ 
ance is among the most significant contributor 
to that series resistance. The largest contributor 
by far is the very DC resistance of the voice coil 
itself. Unless the output impedance of the ampti 
fier starts to approach that of the voice-coil re¬ 
sistance, increased amplifier-output impedance 
will not materially affect damping. 

In one sense, the so-called damping factor is 
a useful figure, but one that is somewhat mis¬ 

named. What the damping factor number tells 
you is not what the contribution of the amplifier 
to system damping is, but how much more im¬ 
portant the voice-coil resistance is when com¬ 
pared to the amplifier. Another way to look at it 
is the higher the damping factor, the less the 
amplifier influences the damping of the system. 
An amplifier advertised as having a damping 
factor of 100 shows clearly that the voice-coil re¬ 
sistance is 100 times more significant in damp¬ 
ing the speaker than the amplifier. 

The amplifier’s contribution to damping is 
less dian 1% that of the voice coil. If it had a 
damping factor of 10,000, less than 0.01% of 
the damping would be contributed by the ampli¬ 
fier. Unfortunately, it may seem counterintuitive, 
but we’ve been led by advertising and market¬ 
ing to believe that damping factor means some¬ 
thing very different than what it really is. 

Another incorrect assumption is that the port 
is “damping” the speaker. Damping is a very 
specific mechanism: it is the removal of energy 
from a resonant system so that it can no longer 
participate in the resonance. That is not what a 
port is doing. The port itself, along with the vol¬ 
ume of air in the enclosure, makes up a reso¬ 
nant system of its own. 

At the resonant frequency of the enclosure/ 
port system, the load provided to the driver is 
such that the driver can very easily couple en¬ 
ergy to it. At that point, the port takes over the 
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job of radiating sound via the port and out into 
the room. Because the enclosure is easier to 
drive (since it is resonant at that frequency), 
the excursion of the cone is substantially re¬ 
duced as well. But it is most definitely not 
“damped.” 

A third incorrect assumption is that drivers 
for vented enclosures generally have reduced 
excursion capability. This may be true for very 
specific examples, but there is no general rule 
that says that drivers used in vented systems 
have reduced excursion capabilities. The excur¬ 
sion limits of drivers are determined by several 
factors: relative size of magnet gap-to-voice coil 
winding length and the linearity limits of the 
suspension and centering spider. There is no 
inherent property of drivers for vented enclo¬ 
sure that would require that these factors be 
different. 

So, in the face of all this you still claim that 
plugging the ports makes a difference in the 
sound, a difference that you believe is positive. 
1 am not surprised in the least that it does make 
a difference, but it’s not for the reasons you 
might think. 

Obviously, plugging the ports will dramatical¬ 
ly change the low-end frequency response of 
any vented loudspeaker system, maybe for the 
better, maybe not. In general, woofers for vent¬ 
ed enclosure have larger magnet assemblies be¬ 
cause a vented driver requires a lower than 
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a driver intended for sealed or acoustic-suspen¬ 
sion systems. Sealing the ports eliminates the 
enclosure resonance, and the enclosure compli¬ 
ance and suspension compliance will now work 
together as a single-system compliance. If you’re 
either lucky, or the system designer was suffi 
ciendy clever or competent, you could end up 
with a sealed box system that has a reasonable 
low-end frequency response. 

But that still, in and of itself, doesn’t ac¬ 
count for your observation that it makes a sub¬ 
stantial contributive difference, when using a 
tube amplifier. There is another amplifier-de¬ 
pendent mechanism that we haven’t explored. 
Assume, for the moment, that the output im¬ 
pedance of the amplifier is substantial, let’s say 
around IQ (a damping factor of 8). Also let's 
assume that our vented speaker system has a 
typical vented-speaker system impedance curve 
showing two substantial peaks in the bass 
spaced (roughly) even on either side of the sys¬ 
tem’s driver resonance. The impedance at the 
peaks could easily reach 30, 40Q, or more. 
And between the two, the impedance could 
easily drop to near the DC resistance of the 
voice coil. 

The result, not surprisingly, is a frequency-de¬ 
pendent attenuator (an accidental equalizer?) 
whose attenuation is a complex function of the 
impedance. When the speaker impedance is 
very high, the resulting attenuation is low, and 
vice versa. In the present example, at the imped 
anee peaks of, say, 40Q, the output impedance 
of the amplifier would provide only a tiny atten¬ 
uation, about 0.2dB. But at the lower imped¬ 
ance, say 8Q, the attenuation is higher, more 
than IdB. And it’s also important to consider 
that the effective output impedance of trans¬ 
former-coupled tube amplifiers is different at 
low frequencies, which could well exacerbate 
the problem. 

By plugging the ports in the speaker, you 
have changed the impedance curve dramatically. 
No longer are there two large impedance peaks 
in the bass, but one broader peak, roughly 
halfway between where the original two were 
(the exact point depends upon the actual driver 
and enclosure, of course). In addition to the 
changes you’ve made to the acoustical frequence 
response by changing die tuning of the system, 
you’ve also changed even further the frequency¬ 
dependent attenuation electrically. 

I have no doubt that these effects can be 
heard, but the reasons above explain the differ¬ 
ences. Whether the improvement you heard is 
universally applicable to all situations of this 
type is doubtful: it’s really going to depend upon 
die specific speaker system itself. 

I can imagine, for example, in a speaker such 
as KEF’s RS-104.2, where the designer has gone 
to great lengths to linearize the impedance, the 
amplifier sees an almost pure resistance with lit¬ 
tle or no frequency dependence, and the effect 
could be negligible. Some systems might end up 
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as a high-Q sealed box, and the effect of your 
change could be to make the system sound un¬ 
derdamped and loose. 

As to your comment about the fact that 
some amplifiers connect multiple speakers in 
series, this is almost always a sign that the de¬ 
signer of the amplifier knew very clearly that 
the amplifier had ven poor low-impedance ca¬ 
pability and severely limited output capability. 
It’s been an unfortunate trend in the last 
decade or so that many amplifiers and re¬ 
ceivers have this inherent design fault. It’s the 
result of skimpy power supplies and inade¬ 
quate output-device capability. 

Sorry to say, but port-stuffing in this context 
is merely applying a band-aid to a much larger 
problem. I would rather see the problem itself 
dealt with. The only real way to do this is for 
consumers to become educated and vote with 
their checkbooks. If there's enough of a negative 
impact in the sales of these defectively designed 
receivers, maybe the manufacturers will get the 
message. 

PIPE DREAM 

I have recently read through some of my 
back issues of Speaker Builder in order 
to find a design idea for a subwoofer proj¬ 
ect using my four Dynaudio 30W54s. In 
two of these issues (5/89, p. 51, and 
3/91, p. 28), Scott Wolf wrote articles in 
which he mounted his woofers at the 
end of an unstuffed tube. He also men¬ 
tioned that he believed his Dynaudio 
3OW54s should sound breathtaking in 
12" diameter, 17' long pipes. 
I do not quite understand how he 

came up with these dimensions, and I 
have tried unsuccessfully to find more in¬ 
formation regarding his design. 

Thomas Gillin 
Palm Coast, FL 

Scott Wolf responds: 

When 1 actually took a 3OW54 to a supply 
house for large-diameter PVC, the 10" pipe 
was a better match. I planned to use soft plas¬ 
tic that when heated in a conventional oven 
can be machined and affixed to the PVC end 
with epoxy to hold the woofers in very rigid 
structures. 

I must agree with the single-ended wave¬ 
guide explanation, as it comes closest to what 
I’ve experienced. Please note that my wave¬ 
guides are partially filled with Acousta-Stuf. Ex¬ 
periment to suit your tastes. 1 used my Stax Mk-
111 Ear speakers and a tube amp for a reference. 

The equation I used is from University 
Physics, p. 428. Fundamental = C/4L. 1 actually 
planned to use greater lengths than 17'. The 
problem was cost. 

In 1989 at the yard that sold me PVC, the 
90° elbows would have cost $800. Expensive, 
yet when you look at the cost of the new Planar 
magnetics and two twelves at the retail level, 
not too bad. Two years later, the cost at the 
yard was $169 per 10" 90° elbow. 

I won’t pay this amount, and recently began 
playing with other materials because I could live 
with my 30W54s loaded in 26' single-ended 
waveguides. My Morel MW16Hs are loaded in 
11.5', 6" ID PVC. My Langs biased at 4As with a 
large filter reservoir in the output stages, and Id 
benefit from deeper bass energy. 
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Book Review 
THE JOY OF AUDIO ELECTRONICS 

The Joy of Audio Electronics, by Charles 
Hansen. Availablefrom Old Colony Sound 
Lab, PO Box 876, Peterborough, NH 
03458, (603) 924-6371, FAX (603) 924-
9467, E-mail custserv@audioXpress.com. 

Reviewed by Bill Chater 

When it comes to hobbies, there can be 
few that combine such an interesting 
pair of enterprises as does an interest in 
audio, because it fuses the very technical 
with the very artistic—something about 

THE JOY OF 
AUDIO ELECTRONICS 

right-brain/left-brain comes to mind in 
this. Certainly there is great satisfaction 
in building with your hands an instru¬ 
ment that is to a certain extent unique— 
and thus not trivial-and at the same time 
you can get another level of satisfaction, 
for the instrument makes it possible to 
enjoy your favorite music, whatever 
form that might take. Thus you can feel 
you’re a craftsperson as well as artistic. 

If that is the basis of your interest in 
audio electronics, to the uninitiated it 
can be discouraging. Like a lot of other 
pastimes, it needs a certain level of un¬ 
derstanding before you can play the 
game, and this is where you can appreci¬ 
ate the book Mr. Hansen has written. 
The fact that there are so many books 
“for dummies” tells us that there is a 
large audience in need of help in many 
subjects. 

But this book is not for “dummies,” 
even though it is pitched to the begin¬ 
ner. If you have ever wished to try your 
hand at the actual construction of some¬ 
thing electronic, audio is a good place to 
start. It is presumed at the outset that 
you have some knowledge you may not 
even know you have, for by now many 
have experienced the challenges of com¬ 
ing up to speed with the modem com¬ 
puter, and have needed to learn a few 
things electrical, such as voltage and cur¬ 
rent, power and speed in an electronic 
sense, and many other words that have 
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become part of the modem vernacular. 
In this book, concepts like these are 
used and described in context. 

FIRST PROJECT 
For some hands-on learning, start with 
Chapter One, which contains a simple, 
build-it-yourself project of practical utili¬ 
ty, fully described with a lot of emphasis 
on the basics that a beginner might en¬ 
counter. At some point in the text, 
though, the author has fallen into a trap 
of his own making, since there are some 
things that in my opinion might be in 
need of explanation first. It is harder 
than you might think to introduce a 
new—or nearly new—subject like this 
from the very basic. In the manner of 
many tale-tellers, it is easy to forget that 
some item of importance to the tale has 
been left until later for description. This 
is a familiar trouble, like the person who 
spills the punch line in a joke before 
telling the first part. 

Therefore it might be desirable to look 
over Chapter Four first to see what you 
are getting into, and how to actually 
build the Chapter One project. And 
maybe even before that, it is probably 
necessary to delve into Chapter Six’s 
look at theory' to find the descriptions of 
several electrical terms used in Chapter 
One. A glossary' of terms in a prominent 
place would have been nice for the be¬ 
ginner to refer to as part of the rest of 
the text. This would have saved the read¬ 
er from having to make a list along the 
way. For example, what is actually 
meant by the terms Q, CR, npn, LED? Or 
oscillation, or “hum”? These are basic 
terms, and demand an understanding (or 
a skip-over until later). 
Mr. Hansen has managed a way 

through these small minefields, and of 
course many readers might take all this 
in stride. Beginners will have a chance to 
work it out as they go. 

SECOND PROJECT 
Once you get past these hurdles, Chapter 
Two opens up the subject of construct¬ 
ing a more complete and functional proj¬ 
ect, the so-called “Quadpod.” Here we 
find an almost Heathkit-like thorough 
ness in how-to detail. Heathkit is a name 
many remember fondly as their own in¬ 
troduction to electronic kits. Newer read¬ 
ers will have to do without this now-his¬ 
toric experience, but will probably get 
the same results here in Chapter Two. I 
hope Mr. Hansen is flattered by the asso¬ 
ciation. He is meant to be. 

The Quadpod project provides the 
reader with a 32-page description of the 

construction of a piece of electronic 
equipment that brings together several 
hands-on projects. First, there is the me¬ 
chanical construction of a chassis box to 
house the unit and make it attractive 
and useful in operation. Then, there is 
the assembly of the printed circuit 
board (not provided; however, it is avail¬ 
able from the publisher). This proce¬ 
dure introduces the builder to the physi¬ 
cal nature of electronic parts, as well as 
soldering them in place. There is that 
moment-of-truth experience when you 
get to turn it on for the first time, and in 
a sense get your examination grade for 
your work. By the time you are through 
with this business, you will very' well be 
able to realize what goes on inside all 
electronic equipment, and you may 
wonder how it is that so much high-
tech equipment can actually be sold for 
so little. There is a lot of work and 
knowledge in it. 

The rest of The Joy of Audio Elec¬ 
tronics supplies a wealth of informa¬ 
tion, exhaustively compiled, about 
parts, retailers, and reference materials. 
This part of the book alone took a lot of 
Mr. Hansen’s attention, and will ensure 
the book a place on your shelf for regu¬ 
lar reference. 

And last, and maybe also least, I did 
find a few confusing typos—equation 
6.34 on page 108 leaves us a little in 
error (the gain is correctly calculated 
only for the part of the circuit following 
resistor R4, and the input resistance is 
not R2 for the circuit shown). Page 7 
uses the capital omega for ohms, where 
instead the text must have meant a capi¬ 
tal W for watts, while on page 9 the capi¬ 
tal omega for ohms is needed instead of 
the W (two places). These small items 
can be easily' corrected, except for the 
possible turmoil they might cause in the 
mind of a beginner. 

I wonder if Mr. Hansen has any more 
up his sleeve? Maybe there is an interest 
in “Project Three”? We can hope for a 
second edition. 
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Visit us On-Line at www.audioXpress.com 

Old Colony Sound Lab, PO Box 876 Dept BO, Peterborough, NH 03458-0876 USA 
Phone: USA (603) 924-9464 Fax: (603) 924-9467 E-mail: custserv@audioXpress.com 

Announcing a collection of articles by Bill Fitzmaurice! 

Speaker Builder's 

Loudspeakers For Musicians 
This affordable do-it-yourself book features 10 projects including build.ng speakers for 

guitar and bass, keyboards and PA, mains and monitors and a unique project for 
home stereo. It teaches the average working musicians how speakers work, and how 
to build speaker cabinets that are smaller, cheaper, louder and better. Information in¬ 

cluded on tools, materials and techniques. 1999, 80pp., 8" x W', saddlestiched, 

ISBN 1-882580-22-2. 

Call 1-888-924-9465 to Order 
or e-mail to custserv@audioxpress.com 

Old Colony Sound Lab, PO Box 876 Dept BO, Peterborough, NH 03458-0876 USA 
Phone: USA (603) 924-9464 Fax: (603) 924-9467 E-mail: custserv@audioXpress.com 

Visit us online at: www.audioXpress.com 
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http://www.partsconnection.on.ca 

NEW!! Web Shopping Made Easier! 

//WXÍSTECH Functionally Perfect 
Makers of awesome software for Speaker Designers. 

WBT 

www.ht-audio.com or 616-641-5924 

http://www.ht-audio.com http://www.partsexpress.com 

MadisoundSpeaker Components 

www.madisound.com 

http://www.madisound.com http://www.audioXpress.com http://www.partsconnection.on.ca 

Website Resources - Advertiser Site Listings! 

Madisound is a worldwide distributor of high 
end speakers and speaker building components. 

THE PARTS ' 
CONNECTION 

• Focal 

• Gefco 

• Goertz 

• Hovland 

• Keiga 

. Kits 

• Leap 

• LPG 

Can't Find The Info 
That You Need? 

• Audax 

• Bennie 

• Carli 

• Deflex 

• Descant 

• Eminence 

• Dynaudio 

• Eton 

Your internet source of audio, 

video and speaker building 

components for home, office, 

mobile and pro sound. 

• Morel 

• Nordost 

• Peerless 

• Scan-speak 

• Seas 

• Sledgehammer 

• Solen 

. Vifa 

ACO Pacific 
http://www. acopacific. com 

Apex 
http:// www. 2000apex. com 

Avatar Audio 
http://www. avataraudio, com 

Crutchfield Corp. 
http://www.crutchfield.com 

Ferrofluidics Corporation 
http://www.ferrofluidics. com 

Fostex 
http://www.fostex. com 

Gasoline Alley, LLC 
http://www.gasolinealleyLLC.com 

Hovland Company 
http://www. hovlandcompany. com 

Marchand Electronics, Inc. 
http://www. marchandelec, com 

Markertek Video Supply 
http ://www. markertek. com 

McFeelys Square Drive Screws 
http://www.mcfeelys.com 

Meniscus 
http://www.meniscusaudic.com 

MLS Instruments, Inc. 
http://www. mls-instruments.com 

Reliable Capacitor/Finch & Marsh 
http://www. capacitors, com 

Solen, Inc. 
http://www.soten. ca 

Sound Clearing House 
http://www.speakerpage. com 

Speaker City USA 
http://www.speakercity. com 

Technologie MDB 
http://www. techmdb. com 

2790 Brighton Road, 
Oakville, Ontario, 
Canada L6H 5T4 
Telephon. (905)829 5858 I 
Facsímil« (905) «29 5388 ' 
Toll Free 1-800-759-C74 ’ 
■ (U.S & Canada only) 
I E-Mail: TPCÖparfcconrertxjn on.ca 

Look in one place for your favorite sources 
of audio parts, components and more! 

Also find links to these advertisers in the Marketplace section of our website, 
www.audioXpress.com 

BassBox Pro 
Speaker box design software. Include: the 

1 wodd 's largest driver database with 1»00s 
of specs Also available In a lilt' version. 

I X-over Pro 
Passive network design software for ooss-
overs, filters, impedance EO and I-pais. 

try... 

audloXpress.com 
The Internet Home of Audio 
Amateur’s Speaker Builder, 

Audio Electronics, and Voice Coil 
Subscriptions, Media Kit Info, Reviews, and Web 

Resources, Available Online! 

Old Colony Sound Lab Products Avaiable at: 

South 1900 West - Ogden Utah 8 
8C1-621-1500 - Fax 801-627-6980 

www.wbtusa.com 

http://www.kimber.com 
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Classifieds 
VENDOR 

Reader Service #56 

www.codrive.com 

THE ORIGINAL 
DIGIFLEX GOLD INTERCONNECTS 

Your CANAPE SOURCE 

Offering a Complete Line of Audio, Video and 
-► Speaker cables utilizing 

HfK/CANARf Cable & Connectors 

Interested in 
Compound Drivers? 
This new bass driver technology deliv¬ 
ers fast, accurate, deep bass from a 
smaller frame size speaker. A 12" 
CoDriver"* has the cone area and low 
end performance of a 15" speaker! We 
are the source for compound driver 
licensing and technology. Finished sys¬ 
tems, raw drivers, and component parts. 

CoDrive 
18 Johns Lane, Topsfield, MA 01983 

Ph: 978-887-8899 Fx: 978-887-3732 E-Mail: rc@codrive.com 

Electrostatic 
Loudspeaker 
Components & 
Information 

Parts for the DIY ESL 
Enthusiast 

From: Barry Waldron's 
ESL Information exchange 

2820 Miller Way 
Placerville, CA 95667 

(530) 622-1539 
Website: www.jps.net/eslinfo. 

DIALER S. CLUB GROUP INQUIRIES INVITED! 

518-822-8800 «•-mail: sound&videoGhaveinc.com 

IPO 350 Power Avenue 
UV 1 2534-2448 

Premium Grade Parts 
Don’t Pay More! 

Absolutely the best selection of audiophile grade parts 
at fair prices’ Extensive deep in stock inventory featur¬ 
ing these vendors and many more. Free catalog! 
MIT multtcap . . better selection than any other source 
Wonder Cap, Solen, SCR, Rel-Cap, NIchicon Muse, 
Black Gate, Elna, Caddock, Vishay, Mills, Holco, 
Resista, Dale, TKD, ALPS, Noble, Elma, Shall«), EAR 
Deflex Panels - ultimate in speaker enclosure damping 
Cardas, Kimber, Acroteqi„& pure silver chassis wires, 
Hexfred diodes, Solo foil inductors, all types of audio 
connectors, silver contact toggle & rotary switches, 
stepped attenuator kits, hospital grade plugs, tubes, 
tods, IC’s, super selection of damping materials & feet. 
International overseas orders are especially welcome! 
Phone (415) 669-7181 or fax (415) 669-7558 for a catalog 
Michael Percy, Box 526, Inverness, CA 94937 

Reader Service »21 

FORTE ACOUSTICS, INC. 

Affordable Loudspeaker 
Testing for the Hobbyist. 
www.forteacoustics.com 

(516)249-9632 

SILVER SONIC™ 
High Performance Audio Cables 

You can afford the best! 

Silver Sonic T-14 Speaker Cable 
Silver Sonic BL-1 Series 2 Interconnect 
Silver Sonic D-110 AES/EBU Digital 

Silver Sonic D-75 Digital 

D.H. Labs, Inc. 
612 N. Orange Ave.. Suite A-2 

Jupiter, FL 33458 
(561) 745-6406 (phone/fax) 

www.silversonic.com 

>>>>.. 

Pure Silver Cables 
Finest Quality ■ Amazing Prices ■ D.I. Y. Projects 

www.homegrownaudio.com 

AD INDEX 
RS#..ADVERTISER.PAGE 
55.AB Tech Services.37 
90.ACO Pacific, Inc.41 
88.Antique Electronic Supply.47 
39.Apex.53 

Audio Amateur Corp. 
*. Classifieds.52, 53 
*. Loudspeaker Design Cookbook.50 
*. Loudspeakers For Musicians.50 
*. Speaker Builder- Locations.44 
*. Yard Sale Section.53 
*. Web Site.54 
•. Web Site Resources Section.51 
49.Avatar.43 
4.B & R Acoustique.29 
50.Crutchfield Corp.27 
■.Elektor Electronics.48 
70.Ferrofluidics Corporation.42 
46.Fostex Corp, of America.3 
81.Gasoline Alley, LLC.47 
3.Harris Technologies, Inc.CV3 
73.Hovland Company.33 
22.Image Communications.15 
*.Madisound Speaker Components, Inc. .11 
9.Mahogany Sound.45 
28.Marchand Electronics, Inc.43 
10.Markertek Video Supply.53 
18.Martin Sound Products.46 
83.McFeely’s Square Drive Screws.49 
12.Meniscus.23 
52.MLS Instruments, Inc.46 
25.Parts Express Inf I., Inc.CV4 
32.Plitron Manufacturing, Inc.21 
69.Reliable Capacitor.45 
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Solen, Inc. 

43. Crossover Components .39 
24. Speakers & Components.13 
41.Sound Clearing House.49 
27.Speaker City USA.6 
89.Swans Speaker Systems, Inc.35 
26.The Parts Connection.5 
65.WBT-USA.CV2 
45.Zalytron Industries Corp.25 

CLASSIFIEDS_ 

*.Audio Classics Ltd.53 
*.Burnett Associates.53 
*.CoDrive, Inc.52 
*.DHLabs.52 
56.ESL Information Exchange.52 
*.Forte Acoustics.52 
*.HAVE, Inc.52 
*.Homegrown Audio.52 
*.Larissa Mitrofanova.53 
21.Michael Percy Audio Products.52 
*.RCM Akustik.53 
*.Sonny Goldson.53 

GOOD NEWS/NEW PRODUCTS_ 

*.Audio Specialties Company.4 
*.B&W Loudspeakers.4 
*.OmniMount Systems, Inc.4 
*.RHB Sound, Inc.4 
*.Sonance.4 
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Why not the best? World’s finest DIY 
subwoofer amplifiers by RCM Akustik of 
Germany. Adjustable crossover, remote vol¬ 
ume, numerous bells and whistles. BURNETT 
ASSOCIATES, tollfree 877-924-2383. Website 
http://pages.prodigy.net/dear2/audio. 

FOR SALE 
AudioClassics.com buys, sells, trades, repairs 
high-end audio. (607) 766-3501, 3501 Old 
Vestal Rd, Vestal, NY 13850. 

Pair JBL 2395 36" horn lens’ with JBL 45J driv¬ 
ers, in road cabinets, very rare, $1600 plus 
shipping. Ron, 1-703-352-8163. 

Yard Sale 
FOR SALE 
FOCAL TLR pair, $500; WKZ Black Gate caps 
100pF X 100pF 500V pair, $130. All new. Rick, 
(406) 721-9463. 

Marchand XM16 48dB electronic crossover 
w/2k & 3k cards, used for test only, $225; Pr. 
Tannoy Lancaster 12" gold in walnut, superb 
condition, $795 or best offer. David Hancock, 
805-682-0743. 

WANTED 
Vintage/newer speakers: Altec, JBL, EV, Tan¬ 
noy, Rogers, Quad, Jensen, Western, B&W, 
etc. (405) 737-3312, FAX (405) 737-3355. 

AudioClassics.com buys, sells, trades, repairs 
high-end audio. (607) 766-3501, 3501 Old 
Vestal Rd, Vestal, NY 13850. 

visit us at: 
www.8utlioXpress.com 

MLSSA and LMS loudspeaker measurement 
systems, complete with cards, software and 
manuals, LMS also includes a microphone. 
Both are in perfect condition. MLSSA, $1650; 
LMS, $750. I also have a lunch box computer 
available, $295. SpeakerDesign@uswest.net or 
(206) 782-6569. 

Adcom 5800 power amplifier, mint, black, 
box/manual, $850; Dynaco PAT4 preamp, 
$100; single Altec 288-8K, $125; pair Altec 811 
horns, $125; pair Altec 418B 15" woofers, mint, 
$225; pair Lafayette 12" triaxials, $100; single 
Stephens Trusonic 12" woofer, 16Q, $75. 
David, 914-688-5024 before 10 p.m. EST. 

WANTED 
Liberty Instruments "IMP.” John, 508-835-4490. 

Classic Urei 1620 DJ/club mixer. Any condition 
will do. Any leads welcome. Contact Ben Soto 
at (718) 254-0833 or poshpr@aol.com. 

Speaker Builder 
CLASSIFIED INFORMATION 

with your ad and mailed to Speaker Builder, c/o AAC Classified Dept., PO 

HOW TO ORDER AN AD 

[PAYMENT MUST BE ENCLOSED 

wbi.'jmiacK<»]^ A word is any collection of letters or numbers with a space (a slash (/) is counted as a 
space) on either side. All hand-written ads must be block printed on the classified order form (please 
contact us to obtain a form). Please circle or underline all words to appear in bold. Submit copy by mail, 
fax, E-mail or on disc (QuarkXPress, Wordperfect, Microsoft Word 2.0 or 6.0 or Word for DOS). If 
submitting by disc, include a list of fonts and graphics used and a printout of your ad. 

Box 876, 305 Union Street, Peterborough, NH 03458-0876. Ads can also be submitted by 
FAX (603) 924-6230 or by E-mail, advertising@audioXpress.com (faxed and E-mailed ads must include 
MC, Visa, Discover or AmEx payment). 

AAC Classified Dept., PO Box 876,305 Union Street, Peterborough, NH 03458-0876 FAX 603-924-6230 

ALL ADS SUBJECT TO RUN AT DISCRETION OF PUBLISHER / AD DIRECTOR 

REGULAR CLASSIFIED (ads without borders): 
$1.00 per word. $10.00 minimum. 

Deduct 5% for a 8X contract. 

CLASSIFIED DISPLAY (all ads with borders): 
1" $65.00, 2" $115.00, 3" $150.00 

Deduct 10% for a 8X contract 

Three classified advertising categories are available in Speaker Builder 
O VENDORS: For any business or professional private party 

selling equipment, supplies or services for profit. 

@ FOR SALE: For non-subscribers to sell personal equipment or supplies. 

© WANTED: For non-subscribers looking to find equipment or services. 

Ol f d PLUS FREE 
ADHESIVE! 

MARKERF0AM” ACOUSTIC FOAM 
GIANT 54” X 54” 
Immediate Shipping 

2” Reg. $29.95 Now $19.99 * 3" Reg 
S39 95 Now $29.99. KILL NOISE 0UICKI 
High performance, full-size sheets ol 
super high density Markerfoam. EZ 

mount. Blue or gray. Super-effective sound absorption for studios. 
Markerfoam offers best value, looks professional & is proven in studios world¬ 
wide. Request Foam Buyers Guide/Catalog. specs & free samples today. 

MARKERTEK JUMBO 
SOUND ABSORB BLANKETS 

Heavy-duty 72"x80" padded blankets 
absorb sound wherever they’re hung or 

' draped. Fabulous for stage, studio and 
field use. Top professional quality at a super 

saver price! Weight: 6 lbs. Black $19.99 

MARKERTEK BLADE TILES” 
HIGH PERFORMANCE - LOW, LOW COST!!! 

America 's best acoustic tile value 

only from Markertek! 

$3.49 per tile, 16"x16"x2". charcoal or blue 
$4.49 per tile. 16"x16"x3", charcoal or blue 
$5.49 per tile, 16"x16"x4", charcoal. 

MARKERSTIK FOAM ADHESIVE 
FREE with any foam purchase in this ad! 
Limited offer. A $4.00 per tube value. 

SONEX 
AU the colors and sizes 

plus great prices! 

rnrP America's most unique catalog featuring 328 pages of over 
PrFF 6.000 exclusive and hard-to-find supplies for Pro Audio. 
I 11 fa fa Broadcast Video. Audio Visual & Multimedia production 

MARKERTEK 
\VIDEO SUPPLY 

4 High St., Box 397, Saugerties, NY (USA) 12477 
800-522-2025 • Fax: 914-246-1757 

Web: www.markertek.com • E-Mail: markertek@markertek.com 

Reader Service #10 

Available at Last! 
The PHY-HP 8" Driver 
hailed in Europe as the 
"World Best Wideband" 

Now introducing... 
The PHY-HP 12" 
Coaxial featuring a 
bronze potted piezo 
electric tweeter with 
no crossover 

And the PHY-HP 
line of extraordinary 
cables that transmit 
all the harmonics 
with zero memory 

APEX 
Exclusive Importer & Distributor 
for the Canada and the USA 

Tel: 415-897-5616 
Reader Service 039 
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Tools,Tips&Techniques 
QUICKIE BOX 

by R ick Oakley 

PHOTO 1: Inexpensive, 
easy-to-build dual-woofer 
enclosure. 

This design is based on the availability of 
inexpensive vinyl-covered MDF book¬ 
shelves at the local Home Depot store. 
These shelves come in a variety of finish¬ 
es and sizes. My cabinet is 11.25" wide, 
10.75" deep, and 38.75" tall, including 
the 3" base, which I have not yet final¬ 
ized. Two small woofers are face-to-face 
at the bottom of the cabinet and radiate 
out of the base. They combine the bass 
of two channels of an inexpensive three-
piece system. 

I joined the cabinet sides, top, and 
bottom using nominal %" square cleats 
and liberal quantities of sheetrock 
screws. I think you’ll agree the appear-

which stands for “quick (and) dirty 
cheapie dual woofer,” designation. 
With my radial-arm saw buried in the 
shed, the only power tools I used 
were a *4" hand drill and a saber saw. 
b 

anee of this cabinet belies its QDC2W, 

a For More Audio Information, Check Us Out. * 

audioXpress.com 
BOOKS, BACK ISSUES, 
MAGAZINES, SOFTWARE DEMOS 
BARGAINS & CLOSEOUTS 

Plus, you have access to author guidelines, 
advertising rates, information and links 
to the audio world! 

AUDIO AMATEUR CORPORATION 
E-MAIL custserv@audioXpress.com 
P.O. Box 876 • Peterborough. NH 03458-0876 USA 
Phone: (603) 924-9464 • Fax: (603) 924-9467 
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Design Crossover Networks Design Loudspeaker Boxes 

Includes 

WORLD'S 

LARGEST 

Driver 

Database 

with the 

parameters 

and the 

dimensions 

for many 

thousands 

of drivers! 

BassBox Pro 

upgrade. Please contact Harris Tech for details. wish to 

Plot vent "pipe" resonance. 

A 3-D scaled drawing of the 

box redraws automatically 

whenever the box changes. 

Create box drawings with 

dimensions and parts lists. 

An ’Expert" mode helps to 

identity ’bad" parameters. 

A passive network can be 

incorporated into a design. 

Passive networks can be 

imported from X«over Pro. 

Includes a procedure for 

testing driver and passive 

radiator parameters. 

1 Handles multi-driver designs. 

includitg isobare & bessel designs. 

English- and/or rretric units can be used. 

Can be customized with user pretererces. 

Includes an extensive online manual with tutorials 

and sample designs with step-by-step insTJCtions. 

Includes context-sensitive balloon help. 

Includes an illust-ated 204 page printed manual. 

Includes a huge driver database 

with the specs for thousands 

of drivers. (Includes tweeters.) 

Advanced algorithms use the 

driver Thiele-Small and box 

parameters to model the net 

speaker (systam) response. 

Includes 4 performance graphs: 

normalized amplitude response, 

system impecance, phase 

response and group delay. 

■ Graphs can include the driver 

acoustic and box response. 

Print schematics and parts lists. 

Estimate the resistance at capacitors (ESR) and inductors (OCR). 

• Calculate the net va ues at series- or parallel-wired comoonents 

• Decode the value of components from their color stripes. 

• Import and use box data from BassBox Pro and Lite. 

Enter crive- or bex data only once, "hen 

save and re-use it later in new designs. 

8 popular single-chamber tox shapes and 

4 mult-chamber box stapes are supported 

The bass boost of a variety of simple acoustical 

environments can be modeled. 

Includes a full online manual with 'utorials for 

beginners and step-by-step sample designs. 

Can be eas ly customized with user preferences. 

• Includes an extensive illustratec online manual. 

• Includes context-sensitive balloon help. 

• Illustrated 169 page printed manual. 

Runs on Wincows 

95 98, 2000 and NT*. 

tnc udes an innovative Des gn Wizard. 

Incudes a huge driver database with 

the specs for thousands ot drivers 

Models many box types including: 

closed, vented, Be veated couble 

and tri Jle-chamber bsndpass and 

passive radiator boxes. 

Vents can have any shape including 

round, scuare and rectangular and 

can include flared ends. 

18 single-chamber box shapes and 

4 nr ultr-chaTiber shapes are provided 

Acoustic measurementsol both the 

driver and toe listening environment 

can be imported from many popular 

measurement systems, including 

OLIO, IMP, IMS, JBL/SIA Smaart. 

MLSSA and TEF-20. 

■ ncludes 9 performance graphs: 

normalized and custom amplitude 

response, max acoustic power, max 

electric inaut power, care displace¬ 

ment, vent air velocity, impedance, 

ohase response and group delay. 

Runs on Windows 

95, 98, 2000 and NT4. 

Design either 2-way or 3-way 

passive crossover netwe "ks. 

Design separate low-pass, band¬ 

pass and high-bass filters. 

Select from a variety of 1st. 2nd, 

3rd cr 4th-order slopes. 

Filter types and orders can te 

nixed in a crossover network. 

Design ’L-pad" attenuators. 

Design impedance equalization 

networks (Zobels). 

Impedance EQ can inclidie: the 

the resonance peaks of both 

driver and box and the inductive 

reactance of the voice co l. 

Typical shipoingi & handling 
fees are $7 n the U.S.. 

S9 m Canada and 
$23 elsewhere. 

Special Offer for Speaker Builder Readers: During July and August. 2000. purchase a Pro bundie wth 
BassBox P-c and X-over Pro ano receive a ’Tee HT Audio Typeface Collection To redeem your free audio 'onts send a l 
oouy if year dated sales receipt and software registration form to Harns Tech by 30-Sep-00 Refer to code: SBO4009X1 Visit us on the 

worldwide web at 
www.ht-audio.com 

BassBox Lite provides 85% of the 

most powerful featunes of BassBox Fro. 

It offers a streamlined user interface that 

combines the graphs in the main window 

and merges the Driver and tox properties 

in a single window Files are interchangeable 

BassBox 6 Pro: $129°° ’Plus shipping Shandling 

//WXfSTECH 
Harris Technologies, Inc. 

Post Office Box 622 
Edwardsburg, Ml 49112-0622 U.S.A. 

Tel: 616-641-5924 
Fax: 616-641-5738 

Email: sales@ht-audio.com BassBox 6 Lite: S69 c°' •Rus shipping & handling. 

and X>over Pro for 

$199' and save $29! 

Buy a 

Pro Bundle 

with both 

Our internet website includes additional 

information and support for our software: 

Special discount pricing is available for licensed 

users of older versions of BassBox and X«over who 

with BassBox Pro 
State-of-the-art loudspeaker enclosure 
design software that is easy to use and 
has nany professional-strength features. 

with hovera Pro 
Versatile passive network design soft¬ 
ware for crossovers, filters, impedance 

EQ and L-pads with DCR/ESR estimator. 

Also available: BOSSBOX Lite 
BassBox Lite is a streamlined version of BassBox Pro without the driver database. 

X*over 3 Pro: $99 
* Plus shipping 4 handling 
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250 Watt Class D Subwoofer Amplifie 
♦ Perfect mate for Titanic Subwoofer 

¿$249g0

Subwoofer Cabinet 

www.partsexpress.com 1

1-800-338-0531 

This cabinet was designed to make the 
Titanic woofer "Sing ." 3 cu. ft. cabinet with 
a substantial 1 " MDF braces to couple all 
cabinet sides and help eliminate unwanted 
panel resonance. One inch thick MDF 
(medium density fiberboard) is acoustically 
superior to particle board, plywood, and 
OSB. Dado and Slot joinery coupled with 
screws and polyurethane glue (not 
included) make this cabinet virtually 
"Dead." The MDF exterior is easily painted 
or veneered to your liking. (Finishing 
Instructions Included Free). Inside 
dimensions: 17-3/4" cubed ♦Exterior 
dimensions: 19-3/4” cubed ♦Woofer hole: 
11-1/8“ ♦Net weight: 50 lbs. ♦Shipping 
knocked down. 

♦ High efficiency amplifier 
♦ Made in the U.S.A. 
♦ Advanced Class-D Topology 
♦ Reliable/stable operation 
♦ Low distortion 

725 Pleasant Valley Dr., 
Springboro, OH 45066-1158 
Phone: 513/743-3000 ♦ FAX: 513/743-1677 
E-Mail: sales@partsexpress.com 

Try it for 30 days ... If you don 't feel 
this is the best A/V subwoofer 
you've ever heard, we ll refund your 
money! The Titanic 1200 is covered 
by our 5 year warranty. 

FREE 
CATALOG 
CALL TOLL FREE 

Thiel-Small Parameters 
♦Power handling: 350 watts RMS/ 450 watts max. ♦Voice coil diameter: 2" ♦Voice coil mductance 'I 
1.96 mH ♦Nominal impedance: 4 ohms ♦DC resistance: 3.66 ohms ♦Frequency response: 16-400 Hz 
♦Magnet weight: 84 oz. ♦Fs: 16 Hz ♦SPL:90dB 2.83V> 1 m ♦Vas: 9.894 cu. tt. ♦Qms: 6 22 ♦Qes: .42 ♦Qts: 
.407 ♦Xmax: 14.2 mm ♦Net weight: 14.6 lbs. ♦Dimensions: A: 12-1/6", B: 11-1/8", C: 6-9/16 , D: 6 . E: 2-3/4“ 

because of their expertise and pioneering designs 
of long excursion, high output subwoofers. A dozen prototypes were built and rigorously tested 
before we were satisfied with the final design parameters. With specifications like 16Hz Fs. 14mm 
Xmax (linear), 90dB SPL (2.83V) and 350W power handling, we re sure you will agree that this 
subwoofer is truly, Titanic! 

Only the finest components are utilized: a heavy cast aluminum basket, a talc-filled 
polypropylene cone, SantopreneR rubber surround, an ultra high power voice coil assem¬ 
bly with a high temperature resistant ApicaIR former, and quality, high tech adhesives to 
hold it all together. All of these components cost more, but are worth it! 

Lets talk Performance! 
The 12“ Titanic was designed primarily as a sealed box woofer. One possible design is a 3 cubic 

foot sealed box with 50% fill. This design produces deep, accurate bass to 25Hz. You will be over¬ 
whelmed by the incredibly realistic low frequency that this driver will produce. Go ahead, put the T/S 
parameters into your favorite box design program and see for yourself what the Titanic 1200 can do! 

♦ High pass filter for satellite speakers 
All subwoofer amps are not created equal! 
Today you have many choices when it comes 
to an amplifier for your next subwoofer project. 
In our quest, we have seen them al: and tested 
many. The heart of any subwoofer system is 
tne amplifier; do you really want to trust your 
Audiophile grade" subwoofer system to an 
amplifier made in China? This American 
made, TRUE 250 WATT amp produces earth
shaking bass, especially when mated with our 12” Titanic subwoofer Class D 
amps are nearly 96% efficient creating less heat making them more reliable 
and stable while producing less distortion This amp features both high and 
low level inputs, phase reversal switch, level control, auto on/off (activated by 
input signal), and a second order ( 12dB) electronic iow pass filte- tha* is con¬ 
tinuously variable from 40 to 160 Hz. It aiso features a 6dB nigh pass filter 
(90Hz @ 8ohm) output for satellite speakers. The amp has overload and fuse 
protection for years of reliable use. The highly efficient amplifier sums the right 
and left stereo inputs to a mono output, so that only one amp is required per 
system. Rated power output: 250 watts into 4 ohms @ 0.1% THD. S gnal to 
noise ratio: 100dB (A-weighted). Dimensions: 10" W x W H x 2-1/2’’D . Net 
weight: 4 lbs 
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Titanic 1200 Subwoofer 
The Dayton Loudspeaker 

Company assembled a team of 
the best speaker designers in the industry with one 
thought in mind to build the finest A/V subwoofer 
on the market! These engineers were chosen 
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$149“ 
, ASK FOR 
^#295-400 , 

VISIT OUR WEBSITE 
♦ Technical Discussion Board 
♦ Secure On-line Ordering 
♦ Internet Specials 

www.partsexpress.com 

Dayton Loudspeaker Co.® 
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$11980
ASK FOR 

#300-729 
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