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A k;udspeaker system of only (1.025 nr'internal volume capable ol'rlrdiriing art

acoustic po*er in excess oi l,iri W iLt 32.'1 Hz in pairs is deseriberi. .Each er:;tltrictf; $yst.:fi]
eonsiste of th* ioudsg»aker in ir: *nclosure together r+ith a conrplemenlary iiiler of tlre
*ype dercribed by'l'hiele as his alignment l5- tJnusual features include a rrnt suhstltute
appreciably largel than the niain radiator-

§{TBASUCTION: The repubiication ot fhiele's eiegant

' Bepsr on vented:trox loudspeaker systelils [l] has caused

th$ wdter to take particul&r note oi the possibilities in-
. irer*nt in propedy executed systenr$ clf this type' T'ltrs

I §6pB{ ioitialiy present:i a review of the efficiency and

.l egns excursion eharacteristics of direct-radiato'r loud-
speaker systems and some of the ways in which these

ruatters affecr design. These considerations lead to the

desiga of a specifc sy§tefi1 having a sixth-srder Butter-
wsrth cless I response.'lhe resultant sy$teln is of ii srnall-

sigc:farn:at particularly suited to dönrestic use.

EFf,t§l§!,|§Y Af*s coNH §x§un§10,{
e&§sl§gnATtoNs

Thiele describes 28 s*lected sreth<xis of properly co-
6ldinading loudspeaker and box variables so äs to perniit
the fabrieation *f vented"box system$ tc achitvc s1:ecilic

rssi)§nss eharar:teristics" 8y rhis tims it is irssumed that
mart individuals eoncetted with electroacoustic trans-
dueer desigtr are acquainted with thil iuformation. lnir"o-

ducad in the articie are relations describing dircct-rarliator
convesion efficiency as * function oL lourlspeaker päram-
eters and also cone excursion as a function of peiwcr

, + Presented September 12, 197X, at the 43rd (.onventirirr oI
the Audio Engineering Society, New York.
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output, !.rcqllrncy. loud*peiLki:r siae, anii ;iligiil.ilr. r, . ' r ':r.
Jics. 'lhese rfixtt*rs are ol v*n, special inl*reri , ,i ,:-,

signcr af loudtpeakcrs l:er.:iirtr,r ih*y art: at thl: '*ur::tiri.
tions of c{erigning a syritsnl ,.-rt:cc t:-:ax-irt}ulin +iii ,r,i lq,rfi
anrJ cutoff l}equenc-; are est.rhli:hed ir': th* iirle:'.iii,..l *r',

vironment. ln this rnaflner :in ifiip{.}rtant r;åla:tl r*ir.,.-i::;
outpui power (and hcnce souni{ prersure 1e'"'cri: i,, ., Ii ,

listening environmtn: ) io recluireii input lr)q)i,ii'Ei: c{}iri:
excul'sion. and sy:itcm typr r.i:a,v bg esi;.rhiirir*il.

(lonsirlcr first the cllicier:r.:1 relationlihip 1i:r
r*dii.rtor §-i'stcrlc Fresented in'l hir:le 1i, tti" lTl:l !.1'

T,.,0 
: 8 X l(j -l: i.ri/ 1sf {.J;.

whcrc

r!*t, basic effieieriiv i'ur raeli;rli+tr irtfr:;ir stcff,r.

dians (atl sllar*.\ i:rf frequen*ies i$; "s'iir:ii thi:
wavelcngth is iungtr thaa the 9q.wrr1 ''it'r:åitri'
lerenee (lickrw irl:.:rrt ?{J$ trdv, I,-'i;,rii i-';,.itq:i:

loudspcak*rj

j,,

f,.tr

froe-air resonänce of loudsp'*aker.

air vr:lume equivalu*t of. :'rct:tt;ti* 
'tiiJ';:ri:!c

loudsperrkti', ir: cuhi* irche*

p of ioudipeaker c+n:;ideri*g elec{r+;rr
darnping r;rtly,
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Wi{h certairr a§*umptions it is pos'sible to recå§t Eq' ( 1)

irt,-, a forrn gore directly related to the paråm§ters oi

the loudspeaker system rather thän to those tli the loud-

$peaker alone. Small [2] anrl morc recently the writer

hav*::usecl a fOrm thal may be li/ritten as

: :':,
t:.

::,
l.o

i2)

€xcuRst oN

rto- L6X 10-1s f,,ttVuK

w,here

.r To efficiency for rarliation into 2z' §teradian§

(half sPace)

f* haif-power (-3 dB) frequency ol sy§teil r*l-

ative to its constanl rrlrtpttt rcgiotr

V B i$lernal §ysfem volume' in cuhic inches

K efficiency factor depcndent on sy§tellt typc'

The dcrivation of this equation is detailed in Appcntlix

I" This relati§.n§hip ha-s been notcd by several authors

[3]*t5.1 4nd wao recently commented upon in some dctail

by Small [61.'Perhap* 
tLe nrost striking matter inciicated l:y Eq' (2)

is the e,rtrsme penalty incurred in reaching Ior low fru-

rylcnsist \Årfth ; §iven yolunre iinct K: every oc[ave of

respsr!äs is paid for with 9 rlB of conversion efficiency'

geäus extenrled low-frcquency I'espÖn$e coupled with

snnderate ry,*tenl size is urrlalll of high desirability in

,dsrne*tis 4ppiirati*ns, it is of sp;cial interest to nrini-
'rnizs 

the S.ÅU p"r octå!'$ penalty' Eventuall,v the pay-

itre"t of ,,,iåis penalty leads to etxccssiYe input power

,recuirements anr-l possible burnoLtt of the loutlspeaker'- 
in examination-oi the K factol' indicates that unequal-

igaA waled §y§tem§'usualiy have values of I to 2' anil

unequalized vented sy§tem§ ('rhicie's- aiignments I

it t u& 9) bave values of about 3 to 4' However' Thiele's

sixth-Irder class I alignnrents (15 through 19) can have

(x*lues in the ratge of 9 to l8' These alignments re-

quire the u§* of auxiliary filter* as ir part. ot their concept

*i*t t* fflter chiefly functioning in the sy*tem's first

s*arre. Peak boost valu*s of 6 to 13 <18 are rcquired

dependi4g on ths alignnrent used' lt is this boost' which

irr*r***efumplifier powpr outpul to comP€nsate for fall-

lns loud}p€äler $y§t]6rn efficiency irr the first octave' that

#iouxtcior high effective K vaiues i-rf these alignments'

§mall ,[e] pÅnts out severiril rrreful ways of utilizing

the X advaniage of a fourth-'crder Butterworth venrerl

§y$elrr (Thiele's alignrnent 5) as cunparrrd to a seconll-

order Butterworth sealed $Ystcni:

(1) For the same I/; anrJ /,', cfficiencl may brr in-

sre:tsed bY a bit over 4 dB'

{}) For the sar,rle efficiency antl f,,, tss rnay be rethrced

hv a factor oI alm st 3'

{3) Fo,r:the sarre efffrciency a*t] V ,,, f', may be retluced

by a fa*sq of 0.?3 or about onc half oclave'

If a similar cämparison is n:ra<le between a sixth-order

§uJterworth ventecl §y§tern (alignment l-5) and ii secoltd-

order sealed §y§tem1 the efficiency inctt:rae is about U dB'

the volurne redtrction factor is ahot.tt {r' ancl the reduction

ia l* is a factor of about 0'55 or 7t octave' The aLldi"

tlonal advantäge§ that are g:rired over alignment 5 in

these e.teås o." due to the increased K value of alrgn"

ment 15 which is made possibla try th* use of thr: re-

quir*d nuxiliary filter'
'Thiele's. alignment 19 oflcrs the greate$t differential

JUIYIAUBU§T t973. VOtU'vrE 2,I, NU^4EER 6
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Fig. i, Relatite cone excursion.l'er§B§ frcque::cy felt ;"'iic:'
rvort[-atgncd sealerl and veoted lÖu{i§peäker §}'§tcfi'l'd'

in a comparison of this iype with rrn efli;;ieory ilr'"tL:\ri

o{ li dl}. a voluate reduction factor of 13l änd rr i:1:::-

sible l3 reducrion of a factor of 0.'tr'1 ot 11'h or'iäl'*"r 
'f 

i:ls

additional bonus in advancing fri::m aiigxr**rrl t5 r;: ii]
comes at the expense of an increase in maxirurxnl r:irtii-

iarv uircrtit gain which musi risg fram 6 t(, §l'*ri' l : ':iil'
Also, .rlignment 19 (anrJ several irlignnlelrts Bre.c*tiil';r ii;
reeluirus maxinrtlm auxiliary eirguit toest i{r L!;'llrrr:' ;r!r-

;:rcciablt, below the enclosure res$nä:lce frgqutnl:'t ';h'*lr:
cone cxcursion§ ars rapidl-r' cliinlri*g. 'Il:e:i* $;:.'::-iti*::

rre perhirps räther sgvere in view rf thg relui:;:'

The potential offered by increased X is re*dr:r:'rj i*':
valuable if a correspondir':g rcduc{i*n in ti.t* ct:i:e 'i*-

cursion necressirry to radi*te a dssircd afii$rllrl L]l 'ri;\or"'

at a given lor'v frequencf is nr:i aiso i'ortt'ic+t'nir:g' li'" i!:r

etamplc, an opportunity to lcducc f:r leaiir i6 6*t'": ';"1-

cursioos thut are not attainable (oi: the r*q!'lirc'l' !:\{:{li:-

sr.)ns learl to urräcceptabie.iist':tticu }*'vels) :1 i'tr*lil

dilcntma is posed,

Forturiirtely relief is at hanii as iriiJiclrted in .fi":iel* I
cquation fot peak eone excur-rion [], eq. {8d;]:

r,,r: ll.3l X lO'(W,,'tti/J,,gSp]
| (ltt f\r - ( l"ifj' l : Iij") { }l

wherc

rr r. irltlf rhc lt)lal peak trl ire'tk ct)ne etcltr'\i'Il-i-' 't
irrches

LN,, ar:ott§tic output, in w*tls

I r bu.r tuning frcqtr*acY, in He

5r, pisron areir of speiiker, in ;quare i:'l'-''

Ii{!o,) l"t}§ponP,* chtr'artcii:tir.: giv** 1:i1' li:*: ri"::'i;':il
system aligam*nt.

A pltrt. ol nol'rnalizerl cone eriitrsion vcr')u\ 111'-'''1r'i"-3

frequlnry lor constant power input is shovvn it: i-rig' i

fsr Ilutterworth !'entcd-box ulignments isoij*t ::rf*.'{:å'i

and also for a sscond-order ll'-ittcrrrycrrth sealeal x}'§io!'rl

(dashed curve ). Note thnt f ,' equals lc f':'i ltl*:r;"'

re$p(Jnses.
i-he following observtticn:!' rrra!' L'e ntade ir':r:r !L;:

excurtion infornration in thc parsbaEti res;r6'ntr rlgi"r'
rbove /n:

t I ) Thc sealed syltern has its l*arirnuilr *''i{::rtirt§ iri

lu while tt!§ vglltsd §y$telfi hus ll': inilrirrtufi't ltl;:l:r'; tr ij:l r

iroint (thc vontiid. §y§t§m fiäriniLrrrr {}ccur$ lå1 l'"{:i ji'{!'

(? ) 'l'ht] vetrted $ystem trra.rttilttlrl €:i*ursi*:l itr tirr:
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EAYMOND J. NTWMAN

parsband is only 0.35 that ot rlre seal*il systenr I'ol ihe
sarne acoustic output.

(3) Above about 3 fu the vent beccn;,:r inopcrutivc
cauoing the excursions for both syste& ty1!*:i io become
the §äme for squal ecoustic r-lutputs.

The irnplications of ihe i].35 ratio firr :rraximuir: ,;orre

exc$rsion in the loudspeaker system's passband is i.,ery

important. Because of t}is ihe vcnted system ca$ pi'o-
duce 9 eLB n:cre a§oustic output [r.rr a given speukcr srze,

l*, and excursion fimi[ or il:e spciiker cone r.lianretcr l-,ri

th* yentcd system ean be {).6 tinres that lirr the rea}cil
s)1stsm for th* sårrre /r, acousric output, arrc} *xcurrion
limit; qr f*rther the /,, for thc venterl sys*n1 crr'' be ().r';

tirnes lower for a given rpcahcr size, exc*rsion iiinit,
ä'}iJ scoilsfic c,ut.put.

It is an inte*resting coincicience that the 1:otential re-
duction of ls by a iactor r:f fi.55 at constant systetn
volume *.nd ellicieacy describect earlicr {in conrparing
a ?hieie alignmeut 15 to a second-orde,: l§utterworth
syste.n,) is almost exactiy maiched by 1.irc ability to re-
duce ls by a factar *f 0.6, baserJ oa core excursion corr-
sideratioos alone. lJre illi;lication clearly is that the use

of a ve*ted systsflr with it sixrh-order Buttenvorth char-
acterislic to achisve a substantial rcduction in l3 not oniy
dog* so withoul volunrc or: rlliciency penallies, but also
maintains power oulput capability with{}ut any change
in cone excu.rsion requirenrents.

§S{Jä''* FRESSURE LEVEL REQUIHEMENTS
F*fi HO&'IE LIS?§IIIING ENVIRO}.IMENTS

Just how much ,acoustic i:ower is requircd for satis-
f*§töry listeniog leveis in dornestic euviro*rnerrs? Thc
llrst step in seeking an answer to this question is to note
that peak values of sound pressure level (SPL) t,vpical
*f many rnusical performances appear to he of the order
r;f l0{e-120 dB. Olson [7] notes a value of abotrr 100 dB
"to render full ;rrtistic appeal." Srark l8l, [9] suggests that
ievels apprcaching 1i5*110 ctB nray ocrur on high
pswer tfanslents and i?r*t** actriiil m{rasurefitenls oll .l
pipc orgm i&at are just *hy sf I0"5 ctB on luw-frequilncy
peak preusures" Ma*ra 110] suggests levels of the orrlr.yr
o-f 110 dB (or 100 dyn/cnrz) for rcalistic reproduedon"

It may be vcri§ed thr*r.rgh information available in
Epr*rnek [l1, eq. {10.66)] tlrirt ilt}-rJ8 S}rL in the rcvcr-
trerånt iield ol' a roonr with a rösm constänr of 2(i0 ftr
requires aboul 0.4,acoustic wätt $f loudspeaker outpuf.
Such a room could have a volurne of thc q:nler of 3000
f{B and night reprercnt a "typical" living rrrom environ-
rnent for home listening.

Åssrmre thät o*easionälly atrl of a I 10-dB peak Ievel
rnåy bs rcquired uear thc regii:n ol peak cone exeursion
{admittedly a wor§t ca.,}e typc situati'rn). Thiele [1, eq.

Norninal
lrrutl*peaker

l)irmeter
iiacbes)

Frequency ai Whirh *.?-ln Perk }irrtrrsion
(.)gcurs ior $eakd §ystent§

t1()-dB sr)l. Iti5-(tti $t'I-

{8t)} derives iiu expressi*n filr peak {one e,x{lrr*lr;ii .r:,,1

(in in,:hesi fsrr a sealed-bri)i sy§tem *on*ir}erixg rarliatilrt:l
into +r; rtcradians or a.il spiri:c given nr

r1r1 : 1"-1 I X 1(J; \-rilti, S, {.'ii

If jt rs further &ssurneci itrat typically ver-tr iox-frrqucrrc;",
rirdiliion fr*m a pair of systei*s $§.]r;r$ ixtc} * r* te
sleradia.ns (14 to 1rä sp:ice, ftveragc<I her,* ar i,,t ;Ftir:;:
radialion) and tllat 0.4-!Y totai sutilui is s*quir*rå *,ili.i
abour {J.?-in peak (i}.4-in totai} exrursiorr i:t--.ing a,.,.ijabj,.
lrrur each systen'l l:efore the on,rct oI si:ri+*s iål'i';tr tiil-
trfi.ion, then l1q. (4) rnai' he s$lved i*r rll, -!ä'h*rr. .,: i,
the ircrluency at which thc 0.2-irt peak ex*ursirli {};*i.i}'ir
:rnd rJ l:, the piston rii,arne*er in inch*s. "Ihis *rrit";:li*r'r
is d*lailcd in Åppendix Jl.

The zuluiion for i10-dB {0..{-\,Vi *utpi:! i.l

d/ : 48tt" r 5.1

The ex1:res.iion may rirnilailv ir+ siliv{:d lcr 1{}5 d§i i{i.il
W requircrl), yielding

c{: 3{i{}. iril

iVorking liom thesc expressioru, "lalk 1 gives tl:. cai,-:.r.
lated cutoi'l' frequ*ncies irtlainai)lc 5br pcak lriir.:r'iil':11.

ievels of li}5 and 110 dtl using p*ir; i-.{ sealeri rJ:i,ri'riL
with 8-. l0-, or 1?-in loudspc;rk*rs, h;ivi*g il.4-ie ,.t*,!-rr-r-"
peak conc c\dursi()rl.

Otitllv enough ttre ii0-dB levei resuib;rre: r*r,,rr*ahi'i
iypical ol' thc rssoniince t{(:qi}r}t'l€les oi trian.r, -ir-.;i,...i :,!r'
tems. Additionally the 1(ii-dB levcls arc tairi'; !:,:;.t"::rr'ii-
tative of sevcral more recent seaied l,v'st*:;;s th rl. eii-vi:
had their low-frequency limir: pusheri ;r hir !,:rv;; rh;r.;i
is perhaps usua!. Conversit:,n eflicien*ies *l ;,+ tr; i !:i;:l-
cent for ),ä space raciiatioq äre {r{teti tt,J,ica;1 io.' ;rir.iii-,
form svsterns requiling 40-160-W pe*.k irrpur ii: :::,:-li*,i+
{}.4 W Ior the dl : 480 slsterns. Th* ,ij : 3h,i,i ,,'iåx.ijru1

can be c.xpectcd to be ie.rri than hal.f a* etllcient &;.,.i ilr:ii{u
require a similar input pnwer to *chii:vr: iii*j: l*rr:l:
mi§iimum rlutpu[ for th* s*irri: ca*to*rrr* v*illlner.

It will ilc reculle* frun:! r,t *;rrliur iliscus{i, i:r iI.ir
switching f r(}r'!i a u,e{jrrrid-oftlt',.. iSutt*r+ oflh jejrl(:iIi,i.ri{,i1i1 l
to a fourth-ordar r:r sixih-crdcr {ela:;s I} Blrit -.,'..,,ii.
ventcd s,vstenr would yielei a p$t*n!.iai r*ilrl<-:tir-.i ir1

fact*r t:f 0,73 t:r {t.55 in f,,, rcspe*tiv*lr', ba*eii r t;r,..1)-

i;rg systenr viiluffre and eflicierrcy the sal:l:*, agliJ i: t**1.§{:..

t.ion by & få.:tor erf {J.6 iu 1,, bnreii *rl ke+pirlg }r-}1}drp{l:k4ri
size lnd cxcursien the sarn*. 1'aking tlie nei i-r{.r.r..ih!* ri.r-

d.uction factor as i).6 lur rh,: sixtlr-r"rrrjer låutrr,*,r;r:l-t::r
aligr:nient rsrluces th* cff erpressioils t$ ?S$ i*r 110-rji,i
SPl. and to about ?15 I'or l0i"d8 SPI-, K*.*p i:.r:-.iri:eli
that peak passtrand excursi*ri ilecurs ;11 t,4-§ f" f*r. th,:
vented systL}llr so thiit 1fi6: / in thc d/ erpresti,:rr fui:q-,{.ri..}*r

§talucl-Syotem FL*q reil*ii:ii'!- in:es
fi.6 tiis §lay i1e ]nf*rr*:<! frii;lr: ;r
/J. Sealet! ro #,, V*$t*lJ 5!:;rx*rr

Cr:nr*ra.i*r.t )

( ra^)
Table 1' Frequencies irt uhich ti.Z-in peak e.rcursion occurs tbr paired seiiied systems of virrior-rs rqrnrinai siii** fqrr ljt]^ lr;d
105-dB SPL. Ålso shorvn jr the eflert of a å, sealed 1o lJu ventej system conr,eisian it,Lhe se;:ierl syrtem lriquehcifis,jfc rni§*

strcd to be low-frequency linrits for a 0.2-in peak passijanJ excur;ion.
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A LOUB§PEÅKER SYSTEM DESIGN UIITIZINS A'

rlctails ol lortdspcaker syslettr u ilh main
shown ifl parlial ,rssenlbly tt' rllrtsrrirte in-

ån equilelent low-frequenc,v limit for rhe sarirc penk pass-

i b*ed exctrrsion posse§§ed by tlie sealcd systtm' Thc last
,,,two columns in Table I list a new set of frequcrtcics re-

.'*ottirrgito* the 0'6 reduction factor heing applict'l to the

, ixo' precedrng sealed-systenr cutolT {requency colunr ns'

,Å §B§Clrrc IOU§§P§AKEH §VSTEM DE§IGN

Examin*ti,p* of the prec*ding int'r-trntation ierl tri un

i&terect in creating a system capable of racliating rcason-

ably.higb.§Ftr"s in tlomestic cnvironmeilts la C' i32'7
. *lx) ,ia'a,glsdest si&* envelol:e (of thr: order oI I lin) at
I s ås{tsr,åto but generally rrsabl* eflicicn*y ievel. "llhe ap-

.l!ro*gfo,.invqlved using the smallest kiudspe"iker :rdequate

§arr &e.purg§se bscau&e this helps in n.iaintaining constant

pcw6tt:,.ö'r.rtptit to the highest possihlo frequenct' and fits

raad{p:la*tl *n encl&§rro of modest size. 'l'he smail lorrd-

§psak§{ .aizg lent ite§lf ti} a two-wäy syri'tcrtl elcsign with

å §ro&!sve? sr&qut]§sy. near 150() Hz.
?trg 33-He p§tsntisl +f a 5rlz-in pirtr:n (il-in loud-

speaknr) in a sixf&"srder Buiterworth vented §ystem

rlotedlin the previous tabulatiot åppears to bc a nlost

attractive §olutioo lor dotnestic environnrent SPt's of
$atistsotory value. Årsutning ahout 14*ft3 intcrnul volume,

such a $y§tern prwi4res ?å space conversion *fiiciencies

in excess of Q.|Vq, The previous iuformatiofl §uggests

ihat Thiel*'* sixth.erder Butterworth ciass I alignnrent 1-5

:has the particularly interesting property oI a high l( valrre

coupl*d with modest auxiliary circuit boosr cilaractcris-
tics as well as the excursion aelvant:rges shalcrl hy all

Buttrerworth-type vented-sysitsm aligtrnrcnts. It wiin con-

ridersd desirable to build ;| $ytit$m irased ou this align-

ment .becaqse of these poten tial perfornrancc aclvantagc's.

In adrlition, a by-prodLrct of this alignnrent's rcqLtirod

auxiliary filter is ths 12-dl] per oct.ive electrical reriuc-

JU|"Y/ÅUGUST 1973. YOtUiir 21, NUI{8äR b

sIXTH.CIilDER §UTTERWOETH *T§PÖNSE CHÅi;IÅf,T§*I§ii{

tiun o[ Ic,udspcrtker irrput hck:w i,, This rctiucc': '' ;t":

excursiou in a {requency rcgion wher* ijntit+tl il'i:ir'ii
acousiie $uiput is proiluceel al *re *xpcnse $f disl'iri:rii'ri

thät sirn result irorn an overclrivcn leudsp*ak*l l'ilh"' ;ii"

ler ai:io ireos tire amptifier from expenrling p*:r;'§{:l+ir::r*

such expetriliture$ c&n do littie except a<id t* *1is'ti:i:'r'rn'

Il cau also be shlrwn that u§:*g irlignrnt:nt l i ; ' ' trl-

anunfillcrednttnrirtr5causesiisrr:atrier}i1ä:{lr;i:";:ii
to he reqrtiretl ii en*'lortrr:t s!ze, 11, nntl spfrrrller tie* t're

ihc same, even thoilgll ali;nirrent. i5 is iuppri:rl*u;tr:1" "å

tllJ rttore efliuiunt.
Å ccinrpiete lotu-lsptaker slsteirl tlesigfl.e$ Lllr iili: irii'-rvd

principles is shown ir Fig. 2 toEetlrer inilh t*r:rr: il''ir:;'i;':i
,tctriti of tle 8-in loititrspeaker whieil is shlrrvn in pi'::li;ri

ii.rsrrtrbl,v in fronl of the s.vsfslrlt' ()*e ir:rxurc oi th* i*iiir:
lciucl*ireaker is a jä-in diameter trcle thr+ngh thr: tn'r;'r*t
stlrrcitrre's cenrer pole to reliev* pres§-lrr* hrril'lrrp l.:t'iri;::'c

the .iust cap, 'fhc li:utlspe*ker i* cl>mpietely stlled ir;i;rs'

a solid rlust c;rp and a nonporcus prtlyuret?urite hiiil-;criL

srrrrounC to ilv;id systenl ieiikage i*sre:. Åddirionriliv it
ruay b'e noted tlrat tilt *{:nter polc is untiercut §rLh it'

contiucting sicevc fltteii i.)vcr it§ errtirc icngih, e;'ct"l-; ict
tLrc pole face. l hc sleeve. however, i* iriiiuri*ti a:-' lt r't t;t:t';

oi reducing secoltrl harmr;nic tlir.tort.ion rvhii:h ig {'i-;":'itjii
h1' rloclulati<ln of the spealier':. FrrIrlåi'lc]ii li*lii !"', ii.:t'-:

voicr: coiL signal [11]'
A uomcrvhat unttsual lealurc (!i" tl;* $J,'§lqlit{} i'ri ihl: vL'ii

substitute in the forrn of *, c*nrpiranl rvsigiii{;il }'i1t{ri:
sr-rbstanti:rlty Iarger tharr th* lruitl ,liidiat$I'. !f 11r:'.;i;- a1'':

bc arguetl thar there is littlc n+inf in tlting li:;r:' 'rri:,*
con-tplicatecl drone or vett $Lli]:ititulr; in p1a'*'-: *l ;" r';li
vcnt ,unle$$ port ltngth and tiianrr:tcr irr* :su:h i i r:

uausc e.recssive turhttlence $r ?isrosit:,' I$sscs. Ir ib'l '.'-. ;

.-rf this systu-m tire wriler ilever aclvaifieed i.r:,';'rsii'.;:.
rhesl: n'raiter$ iis the lilrbule nce-iailucetl wiilri :t*r*.-; ' : ' ''
*'ith thc applicatirln tlI sever:rl turbrrlence-ti#'-'*i:.r5

nl(jil.§ure: such a$ llanges and sm<x'th' sttflaierl *{"ii''

juilgecl to br: e.tcessii'e whcn u§i*§ §mtii 1'4;11 r,'11i'1ii""'

Årtditioni-rliy. the vellt verlrtntes neud':tl f or ev*'rl 'l:ti;-+il

vent areas were oi the orclcl r:f 25*'i{,% *:I iirr ':r.';;'.j

hox virlirmc in order tc) tttne th'i *nrall f;§dlls§ljif; t'' "1 ,j.?

Ftz. Thicle's §{)mrrlents [], sectir:ir Xij ltl+tiv* iÖ rj : 'rtt
rlt*irability r:t vent tcsistance wå5 ills$ tliikinglv {:"'iiir;t}t

at the higir vent nir vl:l*cities flciii'!',, rvlr*rr: *,***t e]:i+l"'*rr-

',1'ire vent coveringr woukl nntit*irhly reel*i;* tr'i:ill irl:LFtll

erriJ incre:rse lotrdspeaker e.T t:ursion,rppr*clab11, it':'i,ilili
thc usage ol grillc cloth e*entilrlly ir-rrpr;xihlr' 'r' !"J'11"

srrbstitute was qui.cklli riutlscritr*il tc havirrll pr+1'*r"tri t'tt'

I;rg. -1. Verrt stlbstiltlle 
'+tr1o\:ed 
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RAYÅ4OND J. NTW$AN
rca$oilablg, §ri)'irrtilll is ttl;iiL: i)Il the reirL (-)l tii''* r;"si*tlt

l.i,rr insttllrrtitn *f a mechanie'li tlteeter <iisci:rlncc'ir-rr tlx":

operafes when iupr-rt t$ either lwe'*itr reiiehe§ ahi--ut S lY'

Sirch a iltvicc mi}y pr+ve prur-1ettt whe* xr:uliiali'r' higl'r

pofver :rrrtpli{iers now h*coitiirrg rtatiiiy a"'ailai:li ar*

uscd, rircrcby avoiclirrg rlilJicuiries inhcrcilt r& it'h't)+:iitl!!:'i

§pectrii cause.l by urpe rtwini"ir x.t high sp=;e(l:; wit!i tl:+

hcatls i:artially down, ii{j{}u§tic leeilirack, *r iu'rl FJ'iii:

*rccs,,ire input. Thr' (hnI ili:teristics rrf lh"* a*ce§sr"'tt'J' iiil-
rofiorjctr)f är* suclt;t5 ri! n(lt af1ecl hrgll p'''ltef l:l'i'!i':' i-"1:

;rrillisecrrnd iiq111{i1rnr bilt t{i evdlitilailr ilitci:nrir:i:i :ri 
':'}!i'

iinurtus i!vtlirgl: sinc: wiivc i*pr.ri's (}{ llr* orrler fli it t!'ii
rllplicati{»] is continueci 1or 1{}"'i ti: l:rll}i:lr;corti-i ' 'ihi i '

1rern,itt,,rg shori-tcrm nru:ici'll trurusie;ii-t tr'r i:q: Jrrr' rifig,;1, kesponsc rtt l5 llil r;i i\"r:eler »itir ivilicl.) "'i:ij
*iiiåut tda:hätt t rlrrectiviti JL'(rc;rt'itts JeYiet'

iow suspensiun stilTttcrr. ioll 5r"!sp!:rt5iLln lus'\tjt' irllJ r
moving'Inass equivaleni. to thr: weight oi thr: lrir th*'t

wouldie containecl in the real vent" With lhc prckno*l-

§dge thål at lca'§t 1'il:r lV coultt l"rc radiatett by the vent

sutstitrrte flerir tuniilg' tht seirlcrl-trox excLlrsion uiluutirrn

§sted eurlicr was usecl tG (lclt:irrline that a l{}-in pisttrn

would be rcquirecl to ftove abouf j4 in 1:cak ltt llcek rrr

more lhirn tz iu it ldo W rvcre lo bc i:tc.ter'le<J'-l'lris pis'

ton siz.c 17r,45 a{6rpttd iis h*ing prudcnt'
-tli8'.}illrrstratcsthev*nlsttlrstiltttercnitrvedi'rrrrnthr

e,rclol,r... 'Ihe centrlrl stt'el tribc §crvo§ as the wcight

än(l confleetor betwecn the tu o sttspettsiotr clenrr:nt:

which lre §§par&Ied try over i in jn ttrdcr to cnsute

oils-dimensional motion without appreciable roching''fhe

re!!l vent that ttris tuhe replaces is l0 in in rliarriuter rind

2o ft lottg' 
at !n;.\'] h§Ånorher cletait tlf the conrplele systeill th-- "' -'-

seen in Fig. 2 is a simple twecter directivity ilccrtii:Lr'
'fhis consists ol an absorber rvith Ii ccntral htric lnri a

care{ully seleclecl absorption chäraLrteri§ti§ which lhsorbr

Iittle in the lower twecter rang§ hLrt rcdttccs tlrc twecter's

*lTrlrtive size at very lrigh lrequcncics throttgh lttr:reasinB

:rbsor;rtitin of energy nrit passing th'rough tirt centriil

hole. Fis. ;i illu§tf,ålte$, tlt* decrtrqi':rl iiircctivity in the

vieinitv of I 5 ktle ciruser.l hf i his device ' Nece§sitr!'

cquaiizatiQn to overcomc *hsorbcr ittss*s is ir'li:orptiritteil

intlt th* aetive ftlter shelwrr in Fig 5' Nut ':t"trlettl irr Fig'

? is a rr"ar-fi-ro(1ilted tweel{}r tt:uil lrrirnaril-1' 1t touctt rt;:

the t.)t&l power oiltpilt of lhe s1'slcnr irr itr '+ippt'r rlcrtu\,r'

to pruvide a n§ärly tlat power tlrrtl)tlt chr'li:acteristic with

low clirectionaiity. Fig, 6 shows lrtti't tht powur r'ospoti§e

ard tlre axial rnechoic respotrsc of tlt'; systtrnl iis llic:!s-

ufe<J. Å sontr()i incofporatrrrt intil th': ctlttlilizcr;rlkrwr
lhe power charucteristic to lrc roll*r'l o[[ to thc c\t{llt t}l

-3 and -*6 dl3 at tit kHz il tlic plc>granr mut*riul

shor,rld vequkc this' .Although tweeter porver handling i:

5i ldo !{

liig. 6. 'fhr' nature ul Iu\'r'cl ltrllr i r;l'1 Fle:5tiii rr'-: ii ' i;
iourlspeirker \Ystenr'

Sh(}wrr irr Fig. 7 is the poncr rlri'L!)t:i :iVirii; ';i lirr' :

tirr: rtnit iu qr-rverli*d hv cither tiie lli:r'r;*':Ltl'r;ii!17:''il
rvoofer ,.,;ri]ursi{ru br:i'ort serious dl:'idrlitrri li'l'r;l 1 lJ :

irr) or thc ttrltxilrtutn lOttg'ierltt Pt)"\'uI jtll']ili r(] !i1r-1 !1':l{iiiri

{atnut 3(, !V) or twt:elcrs i i !{ r"rr:h i ' f i "1:i "l"i ill
rrnphasizcil thal. oiltl)ui: ::!e !itttll slr ';r''-! l"r:t;"'':''ii 

rLi'l':':ii

paii'* rcrrr!ting in pairei'l {}irt}rul§ i'lciiirtll\ hili;-ru I 'rilirii:r'i

irvci lhr di',playtd itilorlii;Ltit)Il in :iri lrl'ritii'l rct:ir' i t
arpt itl llic regiou t)f tlili"iilritrit w'ortiti ctilllfs!{rIr iii'i'i

'lj t'tn), th* s1,'srr;rrt sht:Liirt iirlilrtii.rl;rij.r i:", u;tir "ie '.''i'

hilndling shorr-lernr lnput: r.'t sevcritl llilrfs tii{" i r' ilr' ji'

irtp,rtl clrp:tcitir:s t:l'the li)tldsflcalicrs' ll v;*u:t:ii : lit ':

it .rhulrir.l lr)t kr:llt in ntiritl thll rln ollli)iii (;i'lrhcrti! l' ll'i !i'
l! capitltl( t>l llrotlucir,g lti{}-dl} qlil'! ii:i tht'(l:'t;''i:'
r, lr>nt u:ilrllli i irlll \ l) ftJ:iul1)ilLi c ittl lcr'

ACKIIOWI-EDGM§f{T
-l'his 

trlrp,;r tlwt:s its u:ririe flcC to tfii; ';rutlir'fi1 tr' 'i"k at;

../r. N.'lhiclc. tg rvh6ril we äre glciitl! iil,.lebi.tr-i. i'; :,t"t

irlsr-r ve rv gralciLrl to I i' tlicharci Snrlrll i()i l'!l;i'ty ii*lpftri

lnd graciortsly ollereci s(rggestions itirci'ied 1o['lrt] li!/;

hetteintcnt ol this papcr, anti to i), IJ .li'r'ele" Jr', t+r

l)rooirca(ling. 'fttc su'b:trrrtial t1'pirlg arrd piool rtaCirri:

trllorts ct' Ilt:t Wcgrlcr iir,.: ällo appr*cial',:t1'

App§Nalx I

't'hielt's ctlic:icnc.r- cquiitllIil. nutcil Pt;vi*iirlv *'; 1."r1'

i I 1, givc:. tliu trot'tti.nnl ctltuir:ncf iii r r'jircti"r;diatu;
ItiLrdspr:lii.ci itr tctrns ol the thlot nlcii)ttl'*il qU'lntii.'-'''

i.".1'",r,.rntlQ,..ltist>fturrli:()l-L'c{}il\'(lli'jntiirc{l!1::!-i1!r-
IivLr tö thinll ,r! {.ho i:{}icicaef in teLni: t:i iiitiil:l:':ili:o''i

I
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I
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systern {.{}rantities inslead. '[rr do this it is first a-§sum*rl

that the major contribut$r ii) the ioudspeaker Q1 is tlue
tcr electronragnrric darllping. making it posslble to rt*
plrce Qs bv S5 so that Eq. (1 I may be. rr,rirtcn as

* * ,i1*r:l-:r l,.rs
rlor - **---

Qr
'lhiele's C..",/Cr,, tatrlc entry' lta,o-" 'ne r*piacsd h!'

U'ÅclYB: a. for cnclosurcr aol cr-lntftinirlg cl;Iorpirlg rrla^
teriais [1 t. q. {5.38}]. Tf -l'lric!c's tuhlc entry' lal1y t'..,t'f . x:

,,3. the eqiilrtior! rtutr lru 'r rilie n ,r.

ij" 8,
and rewriting lor r';rJialirlrr rrtr.r f:r
woui.i givc the Eq. {li l'orru:

lir X^ il] rtl,rji tr'.;§. l9i

'fh* lact()r K n:a-v bc ev:rluateri lilr lln,, cl ihiclc s aligrr-
nt*nts using the valuer ol a. /J. aitrl p, ilrve:r in ll,
'Iahle Il.

In the uase of sealed 5\'sielr.r5 it i: iru:si[:ic rc rviite
i:l .* yla (where l" is tlrc ir",,-tiur riiburan.,ji. Å. rrr.ii'lhrn
he writien out as

I

li
ii

|fr,
Ii

i.-'

Å
I

tlil'll

iiri

i
foP

t

'\r
. - ..-.i-\. ---r

,;\
ll

-:- i '":'i-::: ::
:r:

STfr'-r*?aI: r: l:i li ,.. r i.thet
w-

higtr
are

'--t- --l-
: i i: ,

--:J.*,*,,-^-i-:-^-i
1::

thc
ai&

Cnliing u, g'tQ,y: K
steradians ( l,t sp;rce)

\r: -

It may {'urther bg noted tlr"rt it re\L)ltatrcij fLeqrrcrrcv
ChAng{:§ iu'e prcsulncd to irr: eituse{i oolt by r;tiilr}rss
added by thc enclosrire. arrd il iro dautping nratcrii:ir ale
rlsed, thsn from [1], eq. (r.l.i r l.

frig. ?. Åv:rilahle powcr ij{ili}ui i}l ;rre lorrillpr;i i-:i :r: )r:i1

as ii;rrits,J by exeursion or rery lrrrrg i{riratiilti ir:rilt i''l;r.,.-:
c*pacity. t) <!ts is erlLrivulent lo I W <:$lpr.:t {:;;:,f:,,'i:,:..
l1.t iIt] in rlr* "11 i;i,.rrl" *arvrr'*lntent deseri[:c* :r"; 1i:e :,-,
Note that tlvo loull-'psakcr 1\.,rlerns mäy :ri*ld ;rl:rr:.ri. ,i :iir
ntaltri uill.ptt[.

'! lri:. cqriation iir(§liriirj)i i,i(liatil)'l iniii ,i;r !luf*,r-i i
§is;i-r ll', is ;:rt)p{)riit.rrial 1..-r tiis l'iiiiriitir)rl i',':.:.- :'..-.; : 

.

lij. ct1" (7.5)l rtri'1 lt1, iti cs:e:rli"illy inv":l.. ll i:lrijr.,l1'

tionai t(t thr: soiid irngic ul riri.liar(lrl t'i, tirc 1'::. i:ir.r,i c,;:;i.:-
tion rtlt,,, be writlri; as

r:i.r;.t 
,J,

lJi, rr-litsl-ituling rti':i 4 l'ell iiru lir'.]ii {t,i i; li,l'".,,,,. , r,,...., ;

cllling t'l : :1,, f r {-}r Sllrr(:e iilrl;:lli()rr.! il,i!{.1 1.rili;r;.,. ri.
irl i,.l in. tht: *1ua1.ir-.n illii.y ir* soivcri ii:i {if _..1,,.:ir::,

rii'-'' iri rt',,. ,1':

,L)5.inrinq .r rrr(llf"r Lr{,lI$lti:ri rij' Luii it: ;*cl riii-i ,;lli i :., rr

iiratiot't irl thr tcvcr-bdriu][ sritjn(i ilr:[i. ii I'iiii' i]{,1 ,,;;{i..*,

t.irrr i1 I, cq. I iil.öf).1 I §lli.:,,,ri i:rr ilB :rrri i{.. ,jåJ i-rr';.;:
:L'rlt c!u{l,Ltts lrf {.}.-i arLtl (i.ii,1 W. r*rguctlv*.t';.

il thcr* l()tiil ol.ill)ilt:;iln ilh:"-lri*d i{] 1..

:Jiarer! hi' lw(', ,)i,$te,iiir sil ili;1i. il,,, ir ;'*li:trr:i.,' i

r-J.a)63.i W 1i,,ltri ;in inrliiiii:r:,1 !-!.:!ir:irr :.11{il. ,

;rhiiril il({} {1i{,"ilt-i §i}l.j :ii'i i6{-} { Il;i-;,1tJ,'iir:
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Ii r,i I I I

,[ : -...-.-.- ---
-t:t /,it *t'

i l{r)

/ tr..r I -f __: ii -F(j,.
v" t 't"

where Qr,,: is the systerrr O a1 i, .

Substituting and rearr;uging rhen licld:

{ l_:}

If a > 1 I (a char;rr.:teri-rl je ,)i llril.it\, srllirll ..cirluri r.r. r-
turnr.l . th(r r)

lc Qt'c
--=:'-.:l.s Qr

For Bulturworth rcsponsc :u:iL:ri
t)t.a : | \, 2 ) this lcdrrr.u' t,,

APPHhn§rX l!

It is possiblo to ;rrrive ur thc
and dl E 360 (105-dB Stll.)
[1, eq. {tll rl

".lfi{i r I l{J-{liJ
restillr ht sl;rl'tiilg
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