I THOR: A D'Appolito Transmission Line

uring CES 2000 I met with
Norwegian and US representa-
tives of SEAS. They described
their new Excel line of drivers
to me and asked whether I could design

a flagship loudspeaker using these driv- -

ers that would highlight their extraordi-
nary capabilities. They wanted some-
thing other than a vanilla sealed or
vented box.

I suggested a transmission line,

pointing out that the non-resonant be- :

havior of this enclosure assured that we
would hear the full ilities of these

cal literature! and in audioXpress®3* :
that, while not providing a complete :

theory of design, has given us an excel-
lent starting point. This, coupled with
modern PC-based acoustic measure-
ment systems, allowed me to converge
quickly to an optimum design for the
new Excel W18EX001 woofers.

The present design uses an MTM '
: driver configuration in a tapered, fold-

ed line uniformly filled with Dacton pil

low stuffing. Tapering the line greatly -

increases the frequency range of bass
i by the line.

drivers free of “boxy” coloration. The :
SEAS folks agreed enthusiastically, :

and the THOR transmission-line project
was born.

THE THOR-EXCEL TRANSMISSION-
LINE LOUDSPEAKER

Ly ission-line (TL) loud
have long enjoyed a small but dedicat-

kers

ed following, especially in the DIY com- |
munity. The advantages of TLs are well |

known. They are essentially non-reso-
nant enclosures, producing a deep,
well-controlled bass response. For a
given driver, bass response can often

extend well below that produced with :

either a vented or sealed enclosure

using the same driver. Above a few hun- |

dred Hz, the line-filling material com-
pletely absorbs the driver back wave,

giving the TL an open, non-boxy sound. :

Unfortunately, the TL has not en-

joyed wide commercial popularity due

to the lack of a good design theory and
the additional complexity of enclosure

fabrication relative to the more conven- :

tional vented and sealed enclosures.
Recently, however, work by G.L.
Augspurger has appeared in the techni-
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Using two mid-bass drivers exciting the
line at slightly different points reduces
‘mid-bass ripple.

The resulting line produces a uniform

| 3-4dB bass response lift from 110Hz all
 the way down to 20Hz with less than

1dB ripple. The ~3dB point is 44Hz Con-
trast this against 65Hz for a similarly

) : damped sealed enclosure. Below 45Hz

TL bass response falls off at 12dB per oc-
: tave, compared to the 24dBfoctave fall-
| off rate of a vented system. In most
rooms useful bass response extends
well down into the 30Hz region.

Above 2500Hz the system crosses
over to an Excel T25CF002 tweeter. Sev-
: eral hundred hours of laboratory test-

ing and listening have gone into pro-

ducing a seamless transition between
| the mid-bass and tweeter drivers. You
literally cannot tell where the woofers
leave off and the tweeter begins.

The Excel product line from SEAS
was introduced in 1994 as a showcase
for the company's best ideas and tech-
nologies. Originally comprised of only
five models, the Excel line has expand-
ed to ten products, with additional de-
signs in continuous development.

THE W18E001 WOOFER

Building a “better” mid/woofer re-
quired a complete rethinking of nearly
every component in the driver: the
cone, the magnet system, the suiround,
and the basket.

PHOTO 1: In the lab, ready to test and trim the line.
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The Magnesium Cone

T’he advantages of metal cones are well
Latown, They remain virtually pistonic
Waroughout their passband, and do not
suffer from midband cone edge reso-
nance problems so common in paper
and other soft cones. Prior to the devel-
opment of the magmesium cone, virtual-
ly all metal cones used some [orm of
aluminum alloy. While aluminum is an
easy material to form either by stamp-
ing or spinning. it also suffers from its
share of acoustic drawhacks.

To keep the moving mass reasonably
low. the cone must be quite thin. For an
18em woofer, the nominal thickness is
approximately .18mm. This, unfortu-
nately, results in & cone with numerous
high Q breakup modes starting at about
5kHz and extending beyond 10kHz.

SEAS therefore decided to search for
& material with a potential for greater
stiffness than aluminum. Magnesium
was attractive beeausc its specific gravi-
1y was only 1.7 versus 2.7 for aluminum.
This meant that, for the same cone
mass, & magnesium diaphragm could
contain almost 60% mare material by
volume than aluminum. This gave the
potential for much greater stiffncss and.
internal damping of the cone with no
increase in mass. Acoustic testing of
prololype magnesium cones immedi-
ately revealed the benefits over the alu-
minum cone: the breakup medes had
boon largoly reduced 1o & single, woll-
defined peals that could easily be sup-
pressed via simple notch filtering.

The question was how 1o produce the
cone? Magnesium does not lend itself
to bending or shaping in the thickness
required for a loudspeaker cone. That
left the only option of die-casting, Fortu-
nately, a small magnesium foundry

close to the faciory was able to cast the
rough cone. But getting to the finished
cone would require Ual the remaining
processes be developed in-house

SEAS developed a special machin-
ing process to remove the precise
amount of maierial necessary to shape
the cone and achieve the proper mass.
Through much experimentation, a
cone of varying thickness between
26mm and .33mm was found to be the
ideal solution.

Al that remained was the finishing
process to give the cone an attractive
look and prevent I from corroding over
time. For this, a chemical etehing
process was developed. followed by a
coat of protective lacquer on the front
and rear surface, giving the cone its
unique appearance.

The Excel Motor
To gain the greatest advantage from the
magnesium conc, an cxcoptional mag:
net system was required. The lsey design
goals of the Excel motor were to: 1) Re-
duce the levels of eddy current distor-
tion and flux modulation, thereby reduc-
ing harmonic and intermodulation dis-
tortion, 2) Stabilize the inductance of the
vaice coil under all excursion conditions
10 reduce modulation distortion, and 3)
Improve the heat transfer from the coil
and pole piece to the outside air to xe-
duce voice-coil temperature and subse-
quent voltage scnsitivity modulation.
These goals were accomplished by
incorporating two heavy copper Tings
litted above and below the magnet gap
defined by a T-shaped pole piece, which
was pressdit into & bumped back plate.
To further enhance the heat transfer ca:
pability, a solid copper phuse plug was
fitted to the top of the upper ring, The

TABLE 1

EXCEL WOOFER SPECIFICATIONS
Norinal impedance £ Voice coi “esistance 610
Fragency rarge 40-2500Hz Voice col rductance a4mH
Shot4eink maximum poirer 250M° Bifaclor 72NiA
Long-nm ma mum power 100W" Free-air rsonence 517
Characteiisfic sensitity 36508 SPL Moving mass 1650
Vaige-cofl diameter 39mmn Suspension compliance 1.8mmMN
Vooe il he ght 16mm Suspension resistance 1.4Nsim
Air ga2 height B.0mm Effective cone area 126cm2
Linear gol tavel p-p) 100mm Vig 7ol
Magneic gap fux density 0887 Cys 25
Wagnet neight 0.42kg Gee ]
Tolalweigh 1.75kg s o3
*EC2685

stationary phase plug replaces a con-
ventional dust cap and thereby elimi-
nates the acouslic resonator behind the
dust cap. At the same time, the excel-
lent thermal conductivity of the phase
plug aids tremendously in heat dissipa-
tion, while the air movement from the
cone over the phase plug also serves to
ool the motor.

The Excel Basket

A bigh-performance motor and cone
should not be mechanically or acousti-
cally limited by a less than optimal bas-
ket. For the W18E001, an entirely new
stateofthe-art, diecast zinc basket was
developed. The casting is extremely
stiff, maintaining precisc alignment of
all mechanical parts, and providing a
stable und secure mounting surface for
the cabinet.

At the same time the rear of the bas-
ket is designed to be as open as possi-
ble, using thin but strong “arms” that
minimize early reflections at the rear of
the cone. The area behind the spider is
completely open as well, eliminating
air compression and “chuffing noise.”

Complete specifications for the Excel
‘woofer are listed in Table I.

WHICH TL GEOMETRY?

After describing the performance of
straight TLs in the first two parts of his
series for Speaker Builder. Augspurger
details five alternate geometries in Part
3* that provide certain benefits over a
straight pipe. Of these, two will be used
in the THOR system, and the benefits of
2 third will be obtained by alternate
means. The particular geometries are
the tapered line, the offsct driver line,
and the coupling chamber line. The
benefits of each are us follows.

1. Tapering the line broadens its fun-
damental resonance and thereby in-
creases the frequency range of con-
structive pipc output. The f, value is
typically 0.8 times t,. Attenuation of
upper harmonics Is comparable to a
straight line. Augspurger recommends
tapers in the range of 3:1 to 4:1.

2. Offsetting the driver from tho
closed end of the line by one-itth its
length reduces the first passband dip.
thus smoothing low-frequency response.
However, [, must be set about 20% high-
erthan , for the flatest response.
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2. A coupling chamber between the
driver and the pipe inlet lowers the
fundamental frequency of the combi-
nation. The coupling chamber compl
ance combines with the resistive
acoustic impedance of the damped
line to produce a lirst-order low-pass
filter that increases high-frequency
attenuation.

It was clear to me at the outset that I
wanted to uso a tapered line to get a

Low [, with fairly broad low-frequency
reinforcement. Additionally, with the
MTM driver configuralion one driver is
automatically offset Irom the closed
end of the line. This driver offset will
mitigate somewhat against he low-fre-
quency extension provided by the
 taper, but will help to reduce midbass
i response ripple.

Finally. folding the line provides ad-
ditional highfrequency attenuation,

somewhat like that obtained with the
chambered line. With these considera-
tions in mind, T describe the initial lay-
out and sizing of the THOR TL.

SIZING THOR

A big advantage of sealod and vented
box dosign is thut Thiele and Small,
among others, have established strict
relationships between driver parame-
tors and hox volume and, in the case of
vented designs. box funing. for a speci-
ficd frequency response. This greatly

TABLE 2 .
EXCEL TWEETER SPECIFICATIONS simplifies the design process for these
b systems.
Narinal maedaice 602 Vaoe oilresistance 470 i
Frequoncy range 225Kz Vooeioul ingutnos: Q05mH
Sroftterm max mum power 2000 B lactor. S1NA TABLE 3 .
LongHerm: T mum aawer 9N Freé aif resorianz 800H2 Dosn ~ Qpe Ty iy
Characzeristic sensitivity 8846 SPL Moving m 0379 Taoered - 0.3 1€ 160
Voioe-coil diamater 26mm Linear voice ool ravel 1.9 MNer.4dy 036 1626 089
Veioe col he\ght 1.5mm Effective piron area 7’ a4 18 0E0
Ait gap heignt 2z Magnetweight 269
Magnetic gap flux density 88 Toal#:zigh ) 3ekg Offset 288 16 074 100
*IEC 2885 using 12dE’r:c\aveEJHerwmhh\g —pass ifer at 2500Hz Spedker 035 155 080 080
04t 13 03 080
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FIGURE 1: Front haffle layout for the prototype transmission line
and view through centerline.

FIGURE 1B: Diagrams of bottam
views of cabinet and base.
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The significance of Augspurger's
worlk is that for the first time we now :
have relationships between the driver
parameters £y, Qg Ve, and the TL fre-
quency, f,, and volume, Vp. Strictly
speaking. his T ips are not |

attained.

EXCEL MILLENNIUM TWEETER

The history of dome tweeter dovelopment at SEAS has been a long
and successful one, going back more than 30 yoars. SEAS’ fixst
dome tweeter Was also one of its best known and most produced.
This was the original type HOB7, 113" dome lweeter, used in the leg
endary Dynaco A25 This Jandmark
manufactured by SEAS, was sold in the hundseds of thousands.
and served as many & budding sudiophilc’s introduction to true
-fidelity sound,

Producing the early dome tweeters was labor intensive, and
considorable skill on the assembly line was required io produce a
product with consistent quality. 4 sticky “doping compound,
used fo both seal and damp the dome diaphragm, was applied by
hand after ihe treeter was assembled. Obviousty, the amount o
the material and the evenmess of application were oritical to ob
taining the desired frequency response.

Since thosg tirst designs, much research has been done to sitm-
plify and stabilize the process for produeing soft domes. Other, non-
Cloth materials, such as supronyl (polyamid) plastic, were success:
fully used as substitutes. But these, too. were far from ideal. bocause
‘their performance was highly depeadent on ambient humidity and
temperature. By the jate 18805, promising new cloth materials wers
becoming aveilable which allowed the cloth to be treated prior to
forming the dome. In this way, the advantages of cloth cowld be real-
ized without the need to coat the dome after assembly,

gl

unique, but they do represent an excel- §
lent starting point and give us con-
fidence that a good design can be

The starting point for TL sizing i
‘s Lable of exventled system

alignments given in Part 3 of his series.
| Portions of that table are reproduced
here in Table 2, These alignments are
optimum in the sense that they approxi-
{ mate the response of an equal volume
closed box. but with reduced cone ox-

has remained basically unchanged for many years. The lwoeter's
‘Imagmel system perforTus wo separate fnnetions:

1. Sugply the propor amount of magnetio flux to the voice coil
2. Allow the acoustic energy generated from the rear of the dome,
the surrnund, and the voice coll to be fully absorbed witain the
twceter body without reflections, resonance, or pressure build-up.

Coramic magnet systems are exsily ablo to supply the necessary
‘magmetic energy. But they also get in the way of the rearward radi-
ated energy. The construction of the system with a ring magnet
covered by top and bk plates produces a large oavity in the area
Detween the pole plece and the inside of the magnet.

This cavity. when excited by the movement of the voice coil, pro-
duces resonance and pumping etfects that will directly impact the
performance of the fweter. Another socondary cavity sits berween
the dome surround and the magnet system's top plate. With such
an enclosed ceramic system, (e energy buildup directly bebind
the vibrating surround cannot be vented awsy from e magnet
systen’s top plate.

The new, patented Hexadym magnet system in the Hxcel Mil
lenniwm tweeter completely eliminates any enolosed cavities with-
in the tweeter structura (Photos A and B). Instead of a single ring
maguiet, ma Hexadym system uses six radially magnetized

Today. SEAS allof ils dome di in house.
using special vacuum-forming equipment also designed and built
by SEAS. Cloth diaphragms are produced [rom a proprietary maler-
ial called “SONOTEX.” The SONOTEX prooess pre-coats the fabric
four titmes with @ damping/sealing material, giving  nealy ideal

of acoustic high

For the Millennium tweeter. SEAS designed u special fwo-pie
disphragm consisting of a SONOTEX dome with a SONOMAX(

ac magnels mounted on a hexagonal pole piece. This
compact cunngumuon produces large openings around the pole
piecs, allowing virtually all air movomont generated by the di-
aphragm and voice enil fo be vented directly into the rear cham:
ber. The Headym magnet syslem also allows airflow produced di-
vectly behind the dome’s sursound to he vented into the rear chaan-
ber through four generous openings in the top plate.

The i ion of the Mi tweeter also re-

plastic surround. This results in a with
very linear behavior and large excursion capability.

THE HEXADYM® MAGNET SYSTEM

The veramicmagnethased magnet system found in most tweeters

flecis the approach used in the dome and magnet
assemblies. The front ylale and rear chamber ars cobstructed of
extremely Tigid. die-cast zinc. This provides & virtoally non-reso-
nant enciosure for the tweeter, while simulianeously conducting
heat away from the magnet systor.  John Stone

PHOTO A: The Hexadym magnet system, bottom view.

PHOTO B: Hexadym pole piece, tap view.
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cursion when the damping is adjusted
for a =1dB passband ripple. Fortunately.
the TL is a nonzesonant system so that
the optima are broad. s you will shortly
see, significant departure from the align-
ments Augspurger recommends can be
made with litele loss of performance.

The driver parameters needed to
enter Table 3 are I, Qpg, and Vg, Val-
ues of those parameters for the Excel |
W1SE001 woofer are given in Table 1. |

The line Qg = 0.35 (which includes the !

effect of the crogsover coil resistance
on driver Q) in Table 3 has been inter-

polated from the Qg values of 0.33 and
0.41 given in Augspurger's Table 2 of

reference [4]. Notice that the columns
headed f,/f; and VgV, are the same
for both the tapered and offset speakcr
configurations for the same Q. Thus
, and V,, will be the same for both, but
the line lengths will differ.

From Table 3, tho predicted £ is:

1.525fg = 1.525 x 31Hz - 47.311z

For the tapered line, f_p is calculated to
be:

vt ol triven

erted

FIGURE 2: Near-field measurements on an MTM speaker.

3102

FIGURE 3: Unfilled transmission-line impedance comparison.
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LISTENING CRITIQUE

BY DENNIS COLIN

Here is » loudspeaker that appears to be without audible col-
oration; that's how it sounded to me. Now that's guite & statement,
deserving of infense soruiiny. After al, foo D'Apglito designed

don't know the speakers' f; or the bass room gain. bus I do know T
heard powertul and clean output to at least 25Hz, very surprising
from & pair of %" woofers per channel,

Second, the bass quality was even more impressive. For esam-

these speakers, so of cowrse T thonght they should b
“Jiddu Krishnamorti, tho (oss than should be) famous abserver of
the human condition, taught that Lhoughit itself is a corruption of
froe observation. You must instantly forget ll the past—beliefs, men
ory. atbilude, and so o, 4s you do when surprised by somothing
new-in order to ireely and completely see the new, the prasent.

T have no troublé doing this when listening to' (not analyzing)
music I like. When reviewing an audio component, T listen: i 1
hear a sonic snomaly I focus on it. then call on the analysis tool
called thought to attempt u description, e.g., “SdB dip &t 2.5kl1z"

“blown woofer,” and so lorth. But then 1 shut this off and just fisten

ple. with Jacinth “Georgia on My Mind,” the bass viol was
the most natural and present sounding Tve heard (not ta mention
Jacintha’s voice and all else on the recording).

5. Transient Response and Image Clarity. A very good test is
“Peroussion Fantastic” (Fimeo 017).

On these spealers, every detail of every percussion instrument
was there with pristioe immediacy and focus, With large tubular
bells, for example. I clearly heard the subtle but lush midrange
“lmock” sound just before the blossoming resonance of the hell over-
tones, all spatially and temporally correctsounding, Frorm the deep-
st drums 10 wha sounded lke tiny (1) tlangles (whose funds

ugain, After each piece of music, I write down my

You may still question whether I have & subconscious desire to
believe a Joe D'Appolito-designed sposker must be good, or a s
ple desire to please a master. To this I mention that T've also de-
sigmed speakers, including one I want to be the world’s best, So my
biases include a competitive factor that would incline me to go'the
cxiza mile to find failt with anyone else’s speaker, ineluding Joe's.

But I was able o disregard all biases—positive and negative—ss
1 sat down and just listened.

THE SGUND

Compared to any farward-onlyfacing spealer, I like the extra sense
of ambience that a bipolar can provide, even if synthetically derived.
To me, this can satisfactorily compensate the loss of origiaal hall
ambience in two- {and even 5.1) chaxmel format Emitations. This,
however. 1 find true only in a highly damped room, such as my v
ing room, In Joe's room, where I auditioned his speakers, there's
more liveness (although very smoolh), and T think a forwardonly-
facing spealer i thie best. My impressions are:

1. Ambience. While desiring the presence of surround spoakcrs
(which Joe provided momentarily, resulting in astonishingly good
3D ambience), this feview is meant to be in pure two-channel
stereo only. And as'such, T heard an absolutely seamléss, smooth,
and deep stereo soundstage, even well offaxis. Kot a hint.of gaps,
phasiness, ar loss of tonal naturalness.

2. Tonal naturalness (“Presence” in the sonic ratings chart). 1
could simply hear no flaws, not even subile colorationst Tho spoal:
ers are so acoustically transparent, though, that. ] had no trouble
hearing many recording deficiencies, including those of the 16/44
CD medium. But, mind you that Iree of the usval speaker anomr
alies, ] thoroughly enjoyed the music.

One recording, even though a CD, is remarkably clean in detail
and resolution; the Turtle Crezk Chorele (I've mentioned iis
“goosebump factor” previously). On these spealsers, F'vo never
heard more naturaksounding voice reproduction. Teriod. The per-
formers sounded right there in front of me, yet the vooal fadés into
reverberation sounded infiuitely far off. For a while I wanted to be
aTibetan monk 5o [ could hear this all dayt

3. Bass, midrange, treble, and balance. Sorry, nothing to com-
‘ment on except personl percepinal flawlessniess.

4. Bass. Now here’s an area for comment: These are transinis-
sionline (TT) speakers after all; TL.s are supposed to have “différ
ent” bass. Befove hearing thesc, T used to think “What's the big
deal? TLs are jusi basically highly-dumped openback cabinets,
aren’t they?” Weil, nol

Ficst of all, the bass I heaxd was superbly damped not a trace of
“hangover” ox emphasis. But the bass was also very deép.and pow-
erful. At one point, I was startlcd to hear a lrge bass drum impact
shake me and the Toom down to at least 25Kz as of (his writing T
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mental was probably 5IHz), the sp any confusion,

6. Overall Impression, The speakers appear to reproduce what:
ever is fed them with flawless transparency, So well, they ruthless:
1y reveal any recording or medium deficiency. At one point, after
criticizing some of Joe's recordings (which ate much better than
the averagé CD, nind you), 1 astempted to remove any sense of por-
sonal offense by, saying “Joe, these speaiers must be firstrate 1o
roveal such fine details of recording imperfectiont”

Now, how uan you argue witl that if you've designed the speak-
ers? 1 felt like a politician making that statement, but nevertheless
iv’s my true feeling.

. Oné More-Comment—To Sub or Not to Sub. Not! First, these
speakers don't need any. unloss you need response down to 5Hz.
Second, I don't ke separate sub (or any) woolers~T'm aware of a
1ack of coberence on wellrecorded bass transients.

Withs Uiese speakers, thers was no audible separation or lack of
coherence anywhere in the audio spectrum; the response in Joo's
voom sounded flat down to 2511z Of course. Joe could install oight
18" woofers (per channel) nto the walls and design it W extend the
response {lat to 3Hz at 130dB SPL

OTHER SPECIFIC-RECORDING IMPRESSIONS
A Chorus Line—Extellent including bass; opening percussion with
great depth estimated to 25Hz (with possible Tom-gain contribii-

Carmen-Reproduced very clearly at peaks above 100dB SPL:
speakers had no problem with the 200W/per channel amplifier
probably driven neur clipping.

Beethaven “Pastoral’~Tonality good, but Tecording seemed to
Hiave constricted ambience.

Fantare for the Common Man—Very natural. deep, and spacious.

Chapin/ltubenstein—Hauntingly good music; piano Tecording
teckinique sponded somewhat distant and dull. Not from speakers,
other pieno recordings could be firstrate.

Tannoy Hi-Fi Sound Sampler-One of the best recordings of
string bass. Speakers delivered perfect-sounding tonality and
space/time coherence. The overtone structure. instrument reso-
nance, und sense cf live tring pulsine sounced not just sepur

herent live i

Dvorak Sympb #9, Solt—Absalutely excellent in ull vegards.

BSO, von Stade~Very good instruments, voice somewhat over-
laaded in recording (present at any playback level, plus if it were
the speakers, the instrument sound would have been intermodu-
laled with the voice; it wasn't).

Dvorak Piano Quartet-No problem with this pinno recording
and reproduction thorcoft One of the most analog-sounding (o1
maore correctly, nor-digital-sounding) CDs I've heard

Up to thie point, I hadn’t seen any measurements. But now it's
litme (o open the secret envelope. o page 10)
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ofawavelength al L.

In this equation, ¢, the speed of
sound in air, is taken to be 13584 injsce.
A similar caleulation for the offset line
gives a line frequency of 39.2Hz and a
line length of 86.6”. The total line

length actually used is 81". With this : twice the Vg of a single driver or 74L.
length an , of 44Hz is achieved. | Solving for V,, you get:

Column 4 of Table 3tells how to com-
pute the TL internal volume as & func-
tion of V¢, From Table 3 you find that

- 82.2L=2.905f% =302 1in*

09 " 0n

‘\'ifn 9 You must establish at least two di-
mensions of the enclosure before you
can use the volume calculation to get

Now Vg for the MTM coufiguration is | the final dimenslon. Fere some practi-

o ‘

i FIGURE 4: TLine woofer impedance with 13 oz filling.

o FIGURE 5: TLine responses with 13 oz filling.




cal considerations entered.

I knew I wanted a tweeter height of |
34-35" to match ear height at my fa-
vorite listening position. I also knew
from earlier experience with woofers of
this size thal a front baffle width should

i be mo greater than 9" lor uniform hori-

zoutal polar response. Finally, 1 wanted
10 isolatc the crossover from the main
acoustic volume by placing it in the
base of the enclosure.

These considerations led to a trial

layout for the front baffle of the THOR
TL shown in Fig. 1A, Now all that was
needed was to delermine the interior
and exterior depths of the line. A first
cut at line depth wont like this. Assum-
ing 0.75” MDF for the sides and top

leads to an internal width and height of

’7 PHOTO 2:

Prototype crossover.

75" and 41.25", respectively.
The internal depth, d, is then com-
puted as follows:

o get the cxternal depth you must add
the thickness of a 1" front balfle,  0.75"
internal batfle, and a 0.75" rear panel
for an overall depth ot 18.75". This num-
ber was considerahly deeper than 1
wanted and would lead to a rather laxge
and heavy enclosure.

rom page 1)
COMMENTS ON MEASUREMENTS

1. 306 has often said “Horizontal frequency response over a 60° are
is & good measure of perceived trequency responise.” Sullice it to
say that Fig. 16 agrees with my peroeption.

2. Rogarding bass extension—Figure 13 shows an LF -3 of 44Hz,
with an ultimate LF slope of about 12dB/octave (similar to a
closed, not vented box). As previously mentioned, I hesrd what I
estimated to be strong 25Hz output. Figurc 13 is down about 1248
at 25Hz, su [ would say room gain s helping here.

Since room guin (called “cahin gain” in 2 car) boosts LF owtput
(re free air) ak 12dB/octave, this can very well compensate a spoak-
er's 12dB/octave rolloff. This is also true of closed-bux systems, but
tho THOR TL had ssolutely no “box-like” sound; bass was su-
‘perbly nataral

ABOUT ROOM GAIN

Tn free space, a small {re bass wavelengths) source must deliver
constant air acceleration to radiate a constant sound pressure
level versus Irquency, because at lower and lower frequencies,
less and less of a wavelength is “grahbed” by the source. Below f;
of & closed-box speaker, however, the cone excursion (and airvol
ume displacement) s constant: acceleration. (thus SFT) falls off at
12dB/octave. Figure 13 shows THOR to do this also.

But in & confined space (room), below the frequency where the
longest room dimension is sbout half wavelength, the air becomes
pressurized as a whole. Thus, & constant speaker volume displace-
ment produces air pressuze cycles (SPL) of constant amplivude ver-
sus frequency: with no leakage (room and spealer), this would ex-
lend all the way, to DC. So eight 18° woofers mounted in a wall
could produce 130dB SPL sl 3Hz—not Tecommended if you value
your hearing (and walls)!
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At this point I made a number of arbi-

trary decisions, I chosc a linc taper of

3:1 and limited the overall depth to :

135", This led to the internal layous of
the line shown in Fig: 1A Placing the in-
lerior baffle at an angle produces the de-

sired taper. A side, but important, bene- |
fit of the interior baffle is that iL adds }
greatly to enclosure rigidity, effectively |

clamping the side panels together and
largoly eliminating sidewall vibration.

The resulting layout has a throal
area of 61.875 in?, which is roughly 1.6
times the combined diaphragm area of
the two drivers, and an exit area of
20.625 in. As you will see, this depar-
ture from Augspurgor's recommenda-
tion has little effect on f,.

FILLING THE LINE
In Table 1, Part 3, of the Augspurger ar-

f ticle?, the author recommends packing

densities for four filling materials. The
optimum packing density is a function
of line length. For my first trials I used
polyester fiber (“Poly-Cat” polyfill avail-
able at Wal-Mart).

For a line length of 81” the recom-
mended packing density is 0.78
Ibs/tt%. To got the total amount of poly-
ester needed you must calculate the
L internal volume. From Fig. 1A the
internal volume is calculated to be

AT

R
|
L

[

FIGURE 6: TLine woofer impedance with 26 oz filling.

FIGURE 7: TLine responses with 27 oz filling.




1.934ft%, and the Lotal amount of poly-
1ill needed is then 1.93¢ x 0.78 = 1.61
Ibs =24.1 0z,

In the past, some authors have sug-
gested varying the packing density
along the line length, but Augspurger
found no particular advantage to this in
his studies and recommended a uni-
form density. Getting a uniform pack-
ing density is a bit tricly, however, be-
cause the line volume per unil length is
changing due to the taper.

Referring again to Fig. 1A, the vol-
umes of the two line sections, V, and
V,,, are found to be 1.208ft* and 0.725t%,
respectively. These volumes represent
62.5% and 37.5% of the total line vol-
ume, respectively. Now to get a uni-
form packing density, you should
place approximately 15 oz of the poly-

ming of the TL packing density is done
using & sequence of cleetrical impod-
ance and aconstic measurements. [
could jump to the final result, but I
think the various steps in the process
are instructive because they can be
used in general 1o trim any transmis-
sion line. T will also take this opportuni-
ty to compare results from the tapered
line with an equivalent straight line dri-
ven with a single woofer.

The acoustic measurements are simi-
lar to those used by Augspurger in his
article, Nearield wooler and port SPL
measurements are taken using the
CLIO moasurement system in the MLS

mode. The nearfield technique is used
to overcome the effects of lowtrequen-
oy standing waves.

In this technique, the micraphone is
placed very closc to tho drivor di-
aphragm (<0.1%) to swamp out diffrac-
tion and room effects. At low frequen-
cies where the diaphragm acts like a
rigid piston, the measured nearfield
response is directly proportional to the
farfield response and independent of
the environment into which the driver
radiates. Based on the diameter of the
W18 woofers, the near-field wooter
measurements are valid up to about
860Hz.

TABLE 4
THOR SYSTEM SPECIFICATIONS

Frequiency vange(Hz] 40-25000 Sensility &9cBSPL
fillin V, and § oz in V,, Srortem maxiTumpower  400W Recommended amplfier  50-200W
_ong-tem maximum pows”  200W Dimensiosimri 208 1060 % 343
frequency 2500H;
THE APPROACH TO LINE TRIMMING %r::mscre equency i Bass loacing Transeission finc:
Once TL dimensions are set, final trim- { ‘EC2685
\ i T
R Y \
o] NS i w -
\ ird Al L
T T e
L) k L A
Ll ¥ . N L
;  ape . ;
: |
|11 !
FIGURE 8: Woofer-port transfer function comparison. 5202 FIGURE 10: Woofer pair and tweeter impedance. 821020
r
Sousiivtty fagitude - 4B SPLrvatt (8 ohns, 21,85 meters)
e i
H
AN e
T UAR o~
i X e
“
" eetor e
“‘A :
I 3
wea Lot |
log Frequewey  He
s
FIGURE 9: Woofer pair and tweeter frequency responses
above 100Hz.
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FIGURE 11A: Grossover network for THOR and ODIN Mk3.
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CLIO works in the time domain and
produces both amplitude and phase re
sponse data. The woofer and port re-
sponses are measured separately and
then added, taking proper account of
phase and woolcrfport area differences
to get the complete low-frequency re-
sponse of the linc. This process Is de-
soribed in detail in Chapters 4 and 7 of
my book, Testing Loudspealers®. Photo
1 shows the lab setup for testing and
trimming the line.

When measuring the port nearfield
response, you must place the micro-
phone in the plane of the port exit.
The port measurement is then correct-
ed by multiplying it by the square root
of the ratio of port area to the com-
bined area of the two woolers. This
correction is:

portresponsecortections

J20.625/3006 =0.727

After correction, the port response is
added to the two woofer responses
to get the complete near-field TL
responsc.



There is a potential problem with
nearficld measurements of woofer re-
sponse with the MTM conliguration. I
both waofers are driven simultaneous
Iy, the near-ticld rosponse of one woofel

in Fig. 2.

can be contaminated by the output : MTM speaker using two 5.25” woofers
from the second woofer because they | in a sealed enclosure, but the resnlts
are so close together. This is illustrated | will apply equally well to THOK. In this

series of tests, the microphone is

The results shown in Fig, 2 ave foran | placed about 0.1” in front of the upper

wooter dust cap.

Figure 2 has three plots. One plot is

the nearfield data taken at the upper
woofer with the lower woofer terminals
shorted. A sccond plot shows the
acoustic response measured at the
upper woofer with the lower woofer
driven and the upper woofer shortod
Below 60Hz, the lower woofer signal
is only 10dB below the upper wooler
output.

The third curve shows the response
at the upper woofer with both woofers
driven, You see that this plot Is contam-
inated with somo of the output from the
lower woofer. In practice, the near-field
response of each woofer is measured
with the other wootcr short

FIGURE 11B: Crossover layouts.

ed. and then both responses are added
10 get the total lowrequency response
of the woofer pair.

So far ['ve spoken only about acoustic

—
v T g - AU vt vol s 10,20t SensiLiaity T - 4P ) o, 6125 meere) .2 ot
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FIGURE 12: Crossover voltage responses. FIGURE 14: System and individual driver responses.
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FIGURE 15: Horizontal polar response.

LFIGURE 13: Full-range on-axis frequency response.
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measurements, but you cau also tell a
great deal about TL performance from
impedance data. Figure 3 comparcs the
measured woafer impedance of the ta-
pered, folded line with an equivalent
straight line. Both lines are unfilled.
The straightline plot is offset by +442 to
eagse the comparison.

tirst notice that both lines exhibit
the donble-peaked curve of a vented
loudspeaker. Thus, up to first order, the
unfilled line acts much like a bass re-
flex speaker. Ilowever, you also see ad-
ditional impedance peaks due o high-
srorder modes of the line, Beyond the
first two peaks, the straight-line TL
shows four additional peaks with in-
creasing frequency.

Contrast this with the tapered. fold-
ed line where: 1) the minimum be-
tween the two lower peaks occurs at &
lower frequency, 2) the curve about the
minimum is broader and shallower, 3)
all peaks are more highly damped rela-
tive to the straight linc, and 4) only a
total of three peaks are seen in the
folded, tapered line versus six for the
straight line.

These results support the contention
that a tapered line has a lower funda-
mental resonant frequency and a
broader range of support. The absence
of higherfrequency peuks is due to
folding the line. You will see this more
clearly later on when you compare
transfer functions [or oplimally
damped straight and tapered lines in

TRIMMING THE LINE

Rather than going directly to the “opti-
mum” caleulated packing density, T
first pacied the line uniformly to hulf
the recommended density; i.e., 13 oz of
polyfill. The impedance plot for this
condition is shown in Fig: 4. Notice that
the first impedance peak just below
20I1z is almost gone. The same is irue
for the third peal just above 100Hz. The
impedance cwrve looks almost like that
of a closed box spealser.

Responses of the woofer pair, the
port, and their sum are shown in Fig. 5.
The summed response shows a pealsto-
pesk ripple below 500Hz of +1.7dB. The
lowireguency f; point relative to 500Hz
is 41Hz. Below 41Hz response falls off
at 12dBfoctave.

Finally, observe that the port output
augments woofer output by 4-5dF at all
frequencies between 20Hz and 110Hz,
From these results you can conclude
that the lightly damped TL acts like an
undordamped closed box system with
4-5dB increased low-frequency output
capubility.

The impedance curve of the optimal-
Iy filled TL (24 oz) is shown in Fig. 6.
Now all traces of line modes are gone
and the curve is almost purely second-
order like that of a closcd box, The line
is now essentially non-resonant. Re-
sponses of the woofer pair, the port.
and their sum arc shown in Fig. 7. The
summed response ripple is 10.64B and
, is 44Hz, Bass augmentation averages
3-4dB from 20Hz to 100Hz, :

From these resulis you can conclude
that for a fixed line length there is a
trado-off hotween ripple response and 1,
controlled by line damping. You also
see that the line can be damped effec
tively by observing only the impedance
curve. Damping should be adjusted
until all traces of line modes just disap-
pear from the impedance curve,

From the impedance plot you can
compute an equivalent Qu for a sec-
ond-order system with the same imped-
ance curve using any of the procedurcs
outlined in Chapter 2 of reference [5].
The value obtained is Qg = 0.55, indi-
cating that the woofer pair is almost
critically damped.

The wooter/port transter function
plot shows the acoustic output at the
TL port produced by the acoustic input
to the line coming off the rear of the
woofer cones. If you compare the
woofer/port transfer function for an
optimally damped straight line against
an optimally damped tapered and fold-
ed line, you get the plot shown in kig:
8 Between 100 and 400Hz and again
above 700Hz there is much less high-
frequency acoustic output from the
port of the folded. tapered line. This
greatly reduces ripple in the 100 to
400Hz range relative to that of a
straight Tine.

DESIGNING THE CROSSOVER

With the line optimally damped, my ef-
forts now turned 1o the design of the
crossovor. Crossover design for me s &
three-step process. First, I placed all




drivers in the prototype enclosure of
Fig. 1A and made acoustic and electri-
cal measurements on them. The moa-
surements include acoustic frequency
and phase response, acoustic phase
center and electrical impedance. This
process is described in detail in Chap-
ter 7 of reference [5].

T then enter this data into one of the
many crossover optimization pro-
grams 1 have to develop & preliminary
crossover design. Lest you think that
this process is automatic and that the
software does all the work, be warned
that these optimization programs are
quite dumb, They cannot decide on an
optimum crossover topology and they
do not know which components should
be optimized and which should be left
alone. This is where the “art” of
crossover design with optimization soft-
ware comes in. The software saves
many hours of experimentation, pro-
dueing a preliminary design that gets
you quickly into the ballpark, but the
designer must pick the right crossover
topology and guide the optimization

process to a reasonable result.

In the last step T built the pralimi-
nary crossover and auditioned it exten-
sively, and used these listening tests for
the final tailoring of loudspeaker per-
formance.

CROSSOVER DESIGN CRITERIA

In designing a crossover I have two pri-
mary requirements: 1) flat on-axis first
arrival respoase and 2) uniform hori-
zontal polar response. Directional cues
s0 important to imaging are deter-
minod primarily by a loudspeaker’s
first arrival response, which should be
relatively flat to avoid distor

40-50ms. Even if the on-axis response
is flat, poor offasis response can pro-
duce  perceived colored frequency
balance.

For good sterco imaging and proper
speotral balance from side-wall reflec-
tions, the horizontal polar response off
axis curves should be smooth replicas
of the on-axis response with an allow-
able exception for the natural rolloft of
the tweeter at higher frequencies and
larger off-axis angles. (Our earbrain
combination tends to reject higher-re-
quency sidewall reflections)

There are several other important

itati of speaker per-

tion of the directional information.
However, the overall frequency bal-
ance of a loudspeaker as perceivod by
a human listener is a combination of
direct and reflected sound. Off-uxis en-
ergy arrives at the listening position
after reflection off the walls. In typical
listening rooms this energy arrives
well within the Haas fusion zone, a
time intcrval starting just after the
first arrival and extending out to

formance, but these are not controllod
directly by tho crossover network. Ses
1y many loudspeaker test reviews in
audioXpress [or a complete discussion
of these other measures.

INDIVIDUAL DRIVER TESTING

Figure 9 shows the quasi-anechoic fre-
quency response (first arrival response)
of the woofer pair and tweeter with the
microphone placed on the tweeter axis

Sermilivily Py 4D SPLubt (9 chee, G122 notors) (6.33 uct) .

Lo Erequency - e

FIGURE 16: THOR average horizantal respense over £30°.
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FIGURE 18: TLine responses: 13 oz front and 7 oz batting.
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at a distance of 1.25m. The plot scale
covers 100Hz to 20kHz. The data is then
normalized to 1m to get driver sensitivi-
ty. (Woofer pair response below 100Fz
is determined via nearfield techniques
previously discussed.)

Twoeter response averages 90dB
$PL/1m/2.83V above ZkHz. Below 2kHz
tweeter response falls off smoothly with
aslightly over-damped response.

Starting at about 1500Hz the wooler
pair response falls 5dB with decreasing
frequency, reaching a uniform level of
about 904D at and below 400Hz. The
fall-off is due to the spreading loss char-
acteristic of all woofers on narrow baf-
flos ([5], Chapter 4). The woofer peaks to
100dB at 4.4kHz and then falls off at an
average rate of 24dBfoctave one octave
ubove (hal [requency.

Frequency responses of the woofer
pair and tweeter overlap between 1 2kHz
and 5kHz, suggesting that a preliminary
value of 2.5kilz for the crossover fre-
quency would be a good place to start
design. This frequency may be subject to
change depending upon the reswting
horizontal polar response.

Weooler pair and tweeter impedances
are plotted in Fig: 10. The woofer pair
impedance of Fig, 7 has been extended
out to 20kHz,

CROSSOVER TOPOLOGY SELECTION
AND OPTIMIZATION

I favor in-phase, i.6., even-order,
crossovers for most applications be-

cause they are the least sensitive to

inter-driver phuse differences and tim-
ing errors. In the case of the MTM con-
tiguration they also limit oft-axis re-
sponse in the vertical which greatly re-
duces floor and ceiling reflections. For
the TEOR TL the goal was to design a
fourth-order acoustic crossover re-

sponse at a crossover frequency of
2500Hz.

The waofer crossover must accom-
plish three funetions: 1) control the re-
sponse risc botwoen 400Hz and 1.5kHz,
2) suppress the 100dB woofer peak at
4.4kHz, and 8) provide the final high-
frequency rolloff, which, when com-
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FIGURE 19: Enctosure plans.

PHOTO 5: An enclosure version from
Madisound.

bined with the woofer’s natural rc-
sponse, produces the desired 24dB/oc-
tave acoustic decay.

To adequately protect the tweeter the
electrical rolloff of the tweeter
crossover must be at least 12dB/octave
at all frequencies below crossover. The
tweeter's acoustic rollott below 1kHz
begins at a rate of 6dBjoctave and tran-
sitions to 12dB/octave below 300Hz.
The tweeter crossover must therefore
produce an elcetrical attenuation start-
ing at 18dB/octave and then transilion
12dBjoctave to attain the desired over-
all 24dB/octave acoustic rolloff.

With these points in mind the
crossover circuit topologies I finally
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selected are shown in Fig: 11. Lok at
the wooter pair crossover first. There
is a tendency in crossover design to
sepuarate (he basic crossover action
from the specialized functions of
spreading loss correction and re-
sponse peal suppression.

There is also an often-unthinking use
of Zobel impedance compensation
when better performance is often
obtained without one. This leads to
overly complex crossovers. The woofer
crossover topology I finally settled on
combines the three required functions
with an econamy of parts and results in
absolutely astounding and seamloss
driver integration.

Woofer and weeler crossover volt-
age transfer functions after optimiza-
tion are shown in Fig: 12 For those of
you with some circuit theory back
ground, the woofer crossaver is a third-
order slectrical filter with a second-
ordor zero. The woofer crossover volt-
age response is expluined as follows.

L1 provides an initial rolloft of
6dbjoctave starting at 400Hz to compen-
sate for rising response of the wooler
pair. The R1, C1, L2 triple forms a series-
resonant shunt that comes into play
around 2500Hz. It produces a 31dB
notch at the woofer pesl and provides
additional high-frequency rofloff. Resis-
tor R1 controls the depth of tho notch,
Finally. beyond 10kHz the woofer
crossover response flattens out, but that
is OK because the woofers are falling off
at 24dBfoctave above the noteh.

With a Zobel, the woofer crossover
response would continue to fall off
above 10kHz at a 6dBfoctave ratc. With-
out a Zobel, however, the rising imped-
ance of L is matched by the rising im-
pedance of the wooler pair voice coils,
resulting in no net electrical rolloff.

Figure 12also shows the 18dB/octave
rolloff required by the tweeter below
1kHz. The tweeter crossover output is
down 3648 at 600Fz, the tweeter's mea-
sured resonant frequency. The transi-
tion to 12dBfoctave occurs below the
scale of the plot.

Crossover parts values are also listed
in Fig. 11A 1t is very important to use
the specified cofl wire sizc for L3. Below
300Hz L3 coil resistance dominates
over coil inductive reactance so that
the crossaver laoks Ifke a double RC fil-

www.audioXpress.com

ter giving the requircd 12dBjoctave at-
tenuation, A larger wire size would re-
duce coil resistance and push the tran-
sition frequency down to & lower valuc
Rosist the urge to use a larger wire size.
Photo 2 shows the prototype crossover.

FREQUENCY AND POLAR

RESPONSE TEST RESULTS

Photo 3 shows the prototype TL ready
for testing in my lab. Figure 15 shows
the fullrange quasi-anecholc frequency
response obtained with the micro
phone placed on the tweeter axis at a
distance of 1.25m. Kesponse is flat with
in =1dB from 200Hz to 20kHz. Low-re-
quency 1, is 44Ha. Sensitivity averages
8B SPI/1m/2.83V.

Figure 14 shows system frequency re-
sponse and response of the individual
drivers on an expanded frecuiency scale.
On this plot the crossover froquency is
highlighted st 2526Fz, satisfyingly close
t0 the target crossover of 2500Hz.

Horizontal palar response is exan
ined in Figs. 15 and 16. Figure 151s &
waterfall plot of horizontal polar re-
sponse in 10° increments from 60° right
(-60°) to 607 left (+60°) when facing the
speaker. All off-axis plots are refer
enced to the on-uxis response, which
appears as a straight line at 0.00%. Thus,
the plotted curves show the change in
response as you move offaxis.

For good stereo imaging the offaxis
curves should be smooth replicas of the
on-uxis response with the possible ex
ception of some tweeter Tolloff at high-
er frequencies and larger offaxis an-
gles. For home theater applications a
more restricted high-frequency re-
sponse muy be desirable.

From Fig. 15 you tind that the ~3dB
boam width ab crossover is £50°. There is
a bit more offaxds droop around 150Kz,
but the -3dR beam width is still +45°
Above 15kHz and at angles greater than
40° there is a faitly steep falloff in re
sponse that is churac
tweeters with a re
indicated carlier, this performance is
perectly acceptable. The ~3dB beam
width at 15kEz s still +25°

The average horizontal froquency re-
sponse over a 60° arc is a good measure
of perceived frequency response. This
average response is plotred in Fig. 16
Relative to 1kHz, rosponse at 10KHz is




down only 0.9dB, At 20kHz the figure is
1.4dB. This plot, in particular, shows
THOR's excellent in-room frequency
balance.

THOR's impedance magnitude and
phase ae plotted in Fig, 17, The mini-
mum impedance of 3.6Q oceurs at
180Hz. The impedance peak of 18.3¢
at 1.5kHz is caused by the interaction
of the woofer and tweeter crossover
networks forming a parallel resonance
at that frequency. The maximum
phase angle of 45° occurs at 2140Hz,
but the impedance magnitude at that

PHOTO

: Madisound's finished crossover.

point is 10Q. The system impedance is
rated at 442,

PRACTICAL CONSIDERATIONS
After many months of operation, the
Dagron pillow filler settled in the sec-
ond half (the rising part) of one of the
lines. This oceurs only in the second
half of the line because it expands to-
ward the bottom of the enclosure giving
little support to the filling material. The
settling did not appear to affect perfor-
mance, but the problem can be avoided
altogether by using either Acousta Stuf
(available from Mahogany
Sound) or Dacron Quilt
padding Iu the secoud hall of
the line. Performance will be
the same with either solution.
In the case of Acousta Stuf
you will need 21 oz of material
divided into 13 oz for the first
half and 8 oz for the second
half of the line. This material
must be thoroughly teased out
to fill each volume.
Alternatively, you can fill the
second half of the line with

Dacron Quils padding, which will retain
its shape when placed in the line. You
will need about § oz of the maerial. Cul
it into three 7.5” wide strips.

The first strip should equal the
length of the last half of the line. The
second and third strips should be two-
thirds and onethird the length of the
first, respectively. The longest strip fills
the second balf of the line, while the
second and third strips fill two-thirds
and onethird of the lower portions of
the line, respectively. Low-trequency
response using the quilt padding is
shown in Fig: 18

CONSTRUCTION

1 will not give detailed instructions for
building the THOR enclosure. Enclo-
sure plans are given at the end of this
article (Fig. 19) and also are available
on the SEAS website al www.seas.no.
We have provided a cutting guide (Fig.
20) that also specifies the total amount
of material needed for each enclosure
Any experienced woodworker should
be able to follow the plans without dif-
fioulty.



For those of you who do not care to
build the cabinets from seratch, enclo-
sures are available [rom the sources
listed at the end of the article. A com-
plste kit of parts including drivers and
crossovers s also available from these
sources. Photo 4 shows the parts kit
provided by Madisound. One version of
the enclosure also available froum
Madisound is shown in Photo 5, filled
and ready for driver installation. Photo
6 shows « finished crossover mounted

Augspurger’s work Tepresents an ex-
cellent starting point for the design of
transmissionine loudspeakers, His
recommendations on packing density
versus line length are right on target
Once a protolype line is built, the opti-
mum packing density is easily deter-
mined experimentally with a se-
quence of acoustic andfor electrical
impedance measurements. Similar
acoustic and impedance measure-
ments on the drivers mounted in the

in the base of the 1

SUMMARY
In this article you have seen that

then provide the
data lor rapid GAD design of mal
crossover network.



