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LOW-FREQUENCY HORN DESIGN ﬁHIHG THIELE/SMALL DRIVER PARAMETERS

0. B, Xeals, Jr.
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)

1;Thl dlsign fnrmu!ll fnr IuH'fruqunnny horns which yield various
. physlcal and parformance relatad horn data can be recast In a
. form which utiilzes. the Thiele/Smal] dlrect-radiator driver para-
 meters. This conversion-simplifles computations of items such as
. required back cavity volume and throat area for desired performance.
. Performance dats such as operating bandwidth, upper rolloff fre-
- quencles and Inu*fr-quun:? ﬂlxinum acoustlc output power are easily
- calculated., - _

INTROBUCTION

For purposes of dlrect~radlator loudspeaker system analysis and design, it has been found
advantageous to describe the driver In terms of four basic parameters used by Thiele f1J

and Small /27 which are related to the fundamental electromechanical driver parameters

but are easier to measure snd work with. These advantages can be extended to the design and
analysis of low-frequency exponential horn systems if the appropriate equations are re-
written In a form which utillzes the Thiele/Small driver parameters,

nLnssARv.oF'svunuLs -

B .magnetlc flux densltv In drlver alr gap

c .t vulncitf of sound ln alr (-?#3 m/s)

T acoustic compllance of alr In enclosure

EHES _ ul::trl:!T caplcitancn due to drlver mass Including rear air load

tHET a!uctrl:a! :apa:lt n:e h varlns wlth frequency due to horn throat alr

- load mass (=3¢ 5 f{!'lB fnr infinite exponential horn, valid

for £2f, only)

CHS - muchanical :umpllanca nf drlver suspension

fin.. | vultaga :pplled tu driver__.termlnals

f | _frequan:y | _.

ft i "-hnrn cutnff fr:quencf

fue | uppur rnllnff corner { 3 dB} frequency due to the effects of front cavity

H Eumpllancu acting alnnu

fHH | upper rn]Tnff :urner |~ 3 dﬂ) frequencf due to the effects of driver moving
mass actlng alone .

fH 'upp r frequen:y bnund nf tha driver's resistance controlled region when operated

: in.free air

upper rolloff corner (-3 dB) frequency due to the effects of driver voice
coil Inductance acting alone

lower rolloff corner {~3 dB) frequency ".c to driver suspenslion and back
cavity compllance when driving infinite rube

tower rolloff corner (-3 dB) frequency due to driver suspension compliance
alone when driving Infinite tube

Inw':;:I:qyan:v bound of the driver's resistance controlled region when operateid
resonance frequency of driver In free-air

length of volice=-coil conductor In magnciic field

electrical inductance due to compliance of alr In back cavirr(-ﬂzlzvﬁf[ﬁ cESHEH
electrical Inductance due to compliance of air in front cavivr(-BzfvaﬂfUEEESDzl}
electrical inductance due to driver suspension cumplianme{iﬂzfz CHS}

inductance of driver volce-coil

mechanical mass of driver diaphragm assembly including back air load
acoustic output power

displacement~timited acoustlc power rating

nominal electrical Input power {-eiHZK(ZHE} }

ratio of reactance to resistance (series circuit) or resistance to
reactance (parallel circuit)

Q of driver at f5 cnnsldering electrical resistance RE only

Q of driver at fS considering mechanical losses only

total Q of driver at f¢ including all system resistances (=Qye QEEKfQH5+Q55] }
dc resistance of driver voice coll

electrical resistance which varles with frequency due to power radiated into
horn (proportional! to horn throat conductance)

effectIve projected surface area of driver diaphragm

throat area of horn
net interna} volume of rear cavity (= /e ¢2 Cag)

of
peak displacement volumetdriver diaphragm (=Sp xyay)

_2-




a® f;
Vag volume of alrzhavlng some acoustlc compliance as driver suspension
(=63 c% Cyg Sp°)
Vee net Internal volume of front cavity
2y peak displacement of driver dlaphragm
XMAX maximum peak llnear dlsplacement of driver diaphragm
d " compllianca ratlo batween driver suspenslon compliance and ¢ompliance of air in
rear cavity {al:ufvﬁsfvﬂ}
}5) - compllance ratlo between driver suspenslon compliance and compliance of air
in front cavity {a!sn-uhsfvﬂ;]
}? efficlency {

(e

PZ reference efficiency (=acoustic output power/nominal electrical input power)

density of (=1.21 kg/m3} air

1

REV!EW
Briver Parameters

The fundamental electromechanical driver parameters which control system low-frequency
performance are [2, p. 3877 Rg, (B1), Sp, Cue, Mugs Ryg, and xuay which are defined in
the glossary of symbols., These parameters are directly related to the drivers' physical
characteristics such as dlaphragm suspension compliance, total moving mass, the strength
of the magnetic fleld, etc.

Another set ﬁf dflver:dﬁscriptnrs thch.arc related to those above have been gaining
increased usage because they are sasier to measure and s{mglify the system degi?n Process.
These are the parameters fS’ Vagr Qrs (=Qgs Qus/ (Qps+ins and Vp used by Thiele /17 and

Small 727 and defined in the symbol glossary. These parameters are more closely associated
with directly measurably quantities such as resonance frequency and . The conversion
between these two sets of parameters is outlined in Appendix .

o

]

Low Frequency Horn Design:

Traditional Iuw.fr&ﬁu&nn? expuﬁenflli horn design and analysls using cone type drivers deals

with such Items as /%7, /%W, /%, N, [17; 07, [y, naoJ:

. Selection of horn cutoff frequency and flare rate for desired performance.
Selection of throat area to maximiza efficiency.

- Selection of mouth area for best response, -

- Selectlon of back ‘cavity volume for reactance annulling at horn cutoff,

- Computation of Tow=frequency maximum acoustic output power.

. Computation of high frequency rolloff corner frequencies due to driver

moving mass, driver voice coll [nductance and front cavity compliance.
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This paper will deal only with ttems 2, 4, S, and 6 with emphasis on designs where a horn

m?st be designed for a given driver. For item 5, only displacement limited maximum out)ut
will be analyzed.

Horn Equivalent Clircuit

The simplified electrical equivalent circuit of the horn-driver system of Fig. ! is shoo.n

in Fig, 2 [ 3, p. 2637. Symbols correspond to that used by Small /27. Driver and box
resistive losses are neglected, |

Efficiency

The method used in this paper to compute efflciency is similar to that used by Beranck
£3, p. 2627 and Small f27 and is defined as the acou« 1o output power divided by the
nominal electrical input power delivered by the sgurcﬂ into a resistor having a value
twice the rated DC voice-coll resistance {Pintfﬁn /(2Rg) ).

For midband operation, the efficliency is maximized at a value of 50% when the reflected
load resistance equals the driver's volce coil resistance ie R.-=R.. This situation can
be attained for a specific throat area given by /6, p. 2797, )ﬁg, eq. 3 if natJ:

2
51"'" ,{?: HE SD
g2 22

(1)

It must be noted that the widest bandwidth may not be obtained for this maxImum efficicncy
situation.

Frequency Response

As Beranek indicates /3, pp. 263-26687, the frequency response of a horn system can be
divided into three distinct regions: low, mid, and high frequencies. |If the throat
impedance of the horn is assumed to be purely resistive and constant with frequency
(simulates a horn with very low cutoff or iInfinite tube load) the response or nominal
efficiency versus frequency can be modeled as shown in Fig. 3. The three freguency bands
along with indicated corner points are clearly shown. The three regions indicate respec-
tively compliance, resistance and mass controlled portions of horn operation.

As an aid to later analysis, it helps to define two driver related corner frequencies
which indicate respectively the approximate upper and lower bounds of the resistance
controlled region of the ummounted driver:

Upper bound,

n: . and (2)

: (3)
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HORN

!:!1533 . B Ii = '1'f.ﬁ
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Fig. 1. Duplutinn of Ibu-fruqunn:v horn~drlvyer system. Back cavity Vg, front
cavity Vgo, diaphragm area Sp, and horn throat Area St are indicated.
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Flg. 2. -Simplified Tumped electrical equivalent circuft of the low-frequency horn-
driver system deplicted in Flg. 1. Symbols are defined in glossary of symbols. The
effects of driver mechanlcal resistive losses have been neglected (QH?? Qpg). The horn's

throat .1oad appears . as “ET and EHET whl:h are both non-constant functions of frequency
in the general :asu.;.
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low Frequencles

At low frequencles, the simplifled electrical equivalent circuit reduces to the form shown
in Fig. 4a. Examination reveals that the response rolls off at 6 dB per octave below a

frequency set by certain driver parameters including suspension compllance, effective circuit
resistance, and back cavity compliance,

If the efficlency 1s maxImized by setting the throat area to the value In eq. (1}, and the
effects of back cavity compliance are neglected (U —» &, the lower driver compliance
corner frequency is glven by:

4 7T p4f Cus

- fi$/2. (&)

For a finite back cavity, the lower corner frequency is Increased to:

< R (1+0l)
Flec™ —& - = Fo (b +h)s fg (1vox) (5)
II'.ITBZQ EHS 3

Hhere:iftﬂaftnﬂ. the ratio between the driver suspension compliance and the box compliznc..

MHid Frequencies:

At mid frequencies the equivalent clrcuit reduces to Fig. 4b. Analysis yields a maxiniun
midband nominal efficlency of

n=2le (6)
(Re+Rer)

where Rpr= St 8 zf{"'f t 5[]2)-

which is maximized whent%T-HE by setting ST according to eq. (1).

High Fregquencles:

At high frequencies the equivalent circuit takes the form shown In Fig. e which Is a
ird~order low-pass filter, Three individual rolloff mechanisms are exhibited which are

.

b
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dependent on driver moving mass, driver volice coil inductance, and front alr-chamber
compl iance.
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If the relationship of eq. (1) holds, analysis reveals individuval breakpoint frequencics
of: -

MR

AR 1. Driver moving mass corner,

E
K p Ly
. I LN I R LI
arb T e ot T g AL

F

F 3
- L i
a{'.r ol A . -

— f = B2§2

R I = 2fys; (7)
| o -' 'F L 'f | f_ f " TRe Moo " ’
S Lc"“'.’”IZI_DG P HM  wre ‘Hc

Fig.. 3. . Idealized frequency response of horn-driver system. Horn cutoff frequency
f. Is assumed to be very much lower than f (CH very large). The midrange band is 2. Driver voice coil inductance corner,
défined primarily by driver and back cavithCcomfilance rolloff on the low end (F<f,c) "
and driver effective moving mass rolloff on the high end (f}*fHH]. Secondary high-end fuyc= S S ; and | (8)

:gllzig?b?::dff drIvar_vulcannIILlnduannca (fJ*fHu)anq Frnvt cavity compliance {f;thﬁj Tie
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3. Front cavity compiliance corner,

. 2%2'¢? Rg $p° (9)
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Flg. 4. Reductions of the horn~driver system simplifled electrical equivalent
circult of Fig. 2 In each frequency band indicated in Fig. 3. It is assumed that fef, . where V__ Is the volume of the front cavity.
as Ia Fig. 3. -~ . . . FG
e T L - In a real world horn design, the composite high frequency rolloff is a complex combination
of all three corner frequencies taken together. These three frequencies do give a designer

a rough fdea of the high frequency behavior of the system, however. tn a practical
situation these breakpoints are often ordered as f < fuyce<fyc.
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The tow frequency efficiency of a horn loaded system at frequencles near horn cutoff may
?RFT be increased somewhat by minlmizing the effects of the horn's throat air mass reactance by

a process known as reactance annulling. This method, which was first used by Klipsch /)
and ltater refined by Plach and Williams [87 [7.7, uses the compliance reactance of the
combined effects of the driver's suspension and rear cavity compliances to offset the horn's

throat mass reactance.

+ g

TR,
2 ek

Fig. 5. Reduction of the simplifted horn~driver system electrical equivalent
cireuit of Flg. 2 In the low frequency band =~ . . but considering the effects
of horn cutoff. Note that In this reglion both Luer and Rpy are non-constant functions
of frequency. . For the case of an Inflinlte exponential horn however, Cypr Is constant
and positive above cutoff (f>f.). Note that Ly=Lcep Leps/{Lepptlces)-
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Analysis of the equivalent clrcuit at low frequencles, with the appropriate throat

resistive and reactive values substituted for an infinite exponential horn /9, eq. k.27 {shown
in Fig. 5), reveals that reactance annulling is the same as equating the lower bound of

the resistance controlled reglon of the driver mounted in Its closed-box rear cavity
to the horn's cutoff frequency:

With the information that o = BHS"’CAB and

¢
£ 2 5p2

where "JB Is the effective rear cavity vnlm. eq. (10) may be solved forVp yielding:

{12)

,. .u-_!nz__us_ﬁlﬂzszc
SNL N T 1S L '

- =~ .

[f the total &nﬁ;liin:n Is set primarily by the box le FAB‘?:CHS' eq {12) reduces to:

vl Vo 62 Rp 8p? L
SRUEEIIE N S -7

Eqs. [13) and'fI)fmar:bu':nmblnuﬁ'£u yi£IJ=

P
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where ).c- wavelength at cutoff,: Joliy oy e
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L

which is a simple practical form first derived by Klipsch in 1941 /5, eq. 37.

Low=Frequency Maximum Acoustic Output .

The maximum acoustic output of the horn system at low frequencies is primarily set by
the maximum displacement capabilitlies of the driver, the maximum thermal capabilities
of the driver, and non-linear alr compression distortion in the back cavity.

Consldering only the driver's displacement 1Imi{tations, the powaer radlated into an

infinite tube of area St by a flat piston of area S undergoing sinusoidal oscillations
of peak amplitude NP is given by Otson /%, eq. ?.219:

Pe 22 fo ¢ Snz wp? f2 . (15)
S
T .

This expression can be rewritten In terms of the horn's cutoff frequency fe and the
maximum low-frequency displacement limlted output power Pan, by noting that for a
well designed finite exponential horn with optimum mouth sjze {47, the iow-frequency
efficiency Is down no more than 0.3 dB from the maximum midband efficiency at 1.256 fe.

Therefore:

ar 32 sp? xp? fc2 . (16)

Sy

This equation may be combined with eq. (1) to yield:

P '3p2 3212 xpl fc?. . (17)

CONVERSION -

The relationships noted In Appendix [ can be used to rewrite eqs. {1}-{5}, (?})-{9), H2), ...

(16} in terms of the Thiele/Small driver parameters. In all cases Qre, due to the
assumptlon that Qug > Qgs. Qs =S
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Efflcinnh?;§ o  5;.;.u',
The expression givlnﬁ the midband nominal efficiency eq. (6) remains the same, but the
value of horn throst area to maximize this functlon eq. (1) may be written as:

- . roo-od . 4 +
1 1 t'.lt LAY "-‘I-I B ."'r..-'_.l: L l':‘ :I-I.
: ’ F o,
- r
B T

o Srafsas Vg (18)

G .

whl:ﬁ is thﬁmdeslred result.

Frequency Hﬁspnnsa ' S RET AL
The driver related corner frequencies which indicate the bounds of resistance controlled
operation can be shows.as:~.. . .. -

N : | Fus™ fszTﬁ; and (19)

'fLS- QTS fE | - {ZU}

These bounds roughly indicate the rhnga over which a driver will be suitable for use
as a horn drlver considering small-signal operation only.

It Is In:tru:t!ﬁ; to form the ratlo of these two expressions le ngfng'lfQngp which
Indicates that a tow value of Qyg (high motor strength, large magnets, Efﬂ-}'5 deslrable
for loudspeakers used as horn drfuars_lf the wldest operating bandwidth is deslred.

Low Frequencles

Eqs. (4) and (5) can be rawflttan gui

ch- fLS’?&-QTSUFSIZ' and (2]}
fLBc= . (144)= Q¢ fg
Lc _ _LT: (146) (22)
s fs e Vas)
o 2 B
-11=-

TN

volurme and the rear

T

whered, =V /v
cavity buﬁ volume.

Mid Frequencles

The efficiency expression eq. (6) remains the same as noted before.

High Frequencies

The three HF breakpoint frequencies eqs. (7)~{(9) can be shown In the form:

1. Driver moving mass corner,

Fime 2fyse 2fF5/Qrs, {23)

2. Driver volce coll inductance corner remains as before eq. {8); an.

\

3. Front cavity compliance corner,
(&) and

fuc™ 2f cf = 20 f £

= 2Qrc Fs Vas
TS
7

(24)

where A= “AS’"FE the ratio between the driver's compliance equivalent volume and
the front cavity volume.

Reactance Annuliing

The correct rear cavity volume for reactance annulling eq. (12) can be changed to:

B .l = - | . {25)  (fchls)=1or
N CH N
is fs Qs
which Is a relatively direct compact form. It must be noted that normally {FC!fLS}__j

fLstle which makes VH finite and positive. If fobe or FLS;}FC' the driver is noi .
suited for operatlon in a horn at that specific cutoff frequency. ;fffff

Low=Frequency Maximum Acoustic Output: is not well

The expression for the displacement 1imited low-frequency output power eq. (16} c.u -
combined with eq. {(18) yielding: \

PAR"/ 3y 2) ‘
(TTT oS (?s Qrs Vace Fe? ”nz '

For computation In SI metric units 31?'*’:‘7-21’2* 6.7 x '.IDS.

(16) can be

(26)

—‘Iz-

the ratio between the driver's compllance equivalent volume and the o .
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A comparative 11sting of some of the_horn design equatlons considered and developed
in this paper are shown In Table I.

¥

SN _fABLE{I .

T P : 1
A comparison of horn design equatlions between those which use the fundamental electro-

mechanical driver parameters and the Thlele/Small driver parameters.

Symbol Description _;;'Ele:trnmechanlcal Thiele/Small
Sr Horn throat arﬁa.f.;; % ¢ Rg sn2 2T fe Qrg Vae
| | vy ”
uE B Ba;k cavity vu1umé "f-/t cl HE SDZ Cys y fc
T F. BZJZ Cys -R AS =1
| e M TR FsQrs
F Vps DV Sp ¢ Vas fs Qpg/fe
| T

HF rolloff corner frequencles

f

HA

Fave

Due tomoving mass . 2 fq
| 7 Re Myp Qrs
Due to volce coll i HEL' Same
inductance . - T
- RN
Due tofront . .. ' . | 5
cavity . . . i 24 ¢ Re Sy 2 Qg fs (UAS )
- Displacement 1imited .+ - 372 6242 xpz f.2 37l 2
-L . max.scoustic output:. - . fcz vnz
B T e et o R s R 2fs Qrs Yas
o R R A PR LR s R T
R T L R e T

DESIGN EXAMPLE

A low-frequency exponential horn system with cutoff f.=50 Hz i5 to be designed for o

typical high-efficlency muslical instrument driver.

Petails of horn flaring

and selueoth: .,

of proper mouth size will not be considered here but are covered in 37, i, g, r4r.

Driver Parameters:

The parameters of the 12 Inch driver to be used in the horn are listed as follows {al’

free-air, unenclosed):

Electromechanical Parameters:

Mechanical Q

31.4 ¢ {inctudes air mass load)

4.0 x 10°% m/N
15.2 Tm
5.6 4L

3.5

3.3 om
5.0 x 1072
3.2 mH

Parameters:

e Hz
8.215%
3.5
0.210

1404 = 0.14 m3
5.8% {half-space)

01664 = 1.66 x 1074 m3

100 Watts

-1h-
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2. Driver volce coll Inductance corner,

Design: fHUC- Re/{rig)= 65.6/{T .0032) 2560 Hz; and

Application of eq. (18) ylelds for throat area

3. Front cavity compliance corner f\JF-].I.l],

Sp- 277 (45) 0.21) 6.(4) 24 x 10°2 2

E . _-l. 1 e AT gy el bl o . o " . T - .
T Ry e e i A g e AN T b 2 1 1 A o At T e

- o » 242 em®, and eq. {25) HE LS v = x 2500 Hz.
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for back cavity volume
o These breakpolnts indicate a & dB/octave rolloff starting atr 430 Hz, 12 dBfoctave at
IR | | B ' 560 Hz, and a 18 dB/octave rolloff above 2,400 Hz.
. B 1
' ;%FfTT el " 32'6‘2 Reactance Annulling:
we w 3,26 x 1072 3,
. ) To check for proper reactance annulling the relationship of eq. {10) can be checked: 3
L B - v é?
—_— : - - + kA
Analysis: . | fLs (1+d9= £ (' AS Ym 9.5 (14 %‘26) 5
Small Signal: ; %i
“~5h0 Hz, g
The upper d lﬂwer bnundl nf the drlvar s resistance controlled region are given by ;a
eq!'-- “9 lﬂg {20} ' ! ' : i{:
L which Is equal to the cutoff frequency as deslred. gg
. . L | :
o e
fhse fo/Qrgm §5/0.21%214 Hz and Large Signal: k
g fLS- Qts_fsu_ﬁ;zt-{#g}::g_g Hz. The displacement !Imited LF acoustlic output power from ~g. (26) Is: ﬂg
9 . L i
T | R P, = 6:1 x 105 (5002 (1.66 x 10742
High I-'reqimncies' BRI RS -_..f L 45 (0.2%) {0.14)

2} |
The three HF rullnff breakpnlntl from eqi- (23), (B), and {2h) are: =35 Watts.

f?@_? Drlver muvlng mas: corner,

| _fHH- ZZ_FHSE‘:on I-Iz..

B T

more dongn

This indicates that the system is capable of generating some 35 acoustic watts ;:Rﬁbrb g
to 1.26 f?£r63 Hz without exceeding the driver's rated maximum displacement of + 3.3 ..

{+ 1/8th Inch). The other 1imiting mechanism of low-frequency output is the driver's
maximum thermal power rating Pant which s not considered in this analysis.
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