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A NOVEL APPROACH TO LINEAR PHASE forms of audible distortion are removed.

LOUDSPEAKERS USING PASSIVE CROSSOVER Hansen and Madsen [1], [2] have shown that one form
NETWORKS of distortion that is audible is phase distortion, and that

this affects transient performance. Thus it is not sufficient,
ERIKB,,EKGAARD as was previously believed, to be content with a flat

amplitude-frequency characteristic and low harmonic and

Bang & Olufsen A/S, Struer, Denmark intermodulation distortion, which is achieved by the better
designs with steep cut crossover networks, but also low

Assuming equal electroacoustic transducer efficiencies in a phase distortion. All these qualities can be included in a
multiway loudspeaker system, the vector sum of the voltages to common test specification, which will be called "voltage
the individual drivers must be equal to the input voltage for the transfer error function."

accurate transfer of amplitude and phase characteristics of the This paper describes multiway loudspeaker systems, the
signal. It has been shown that this is achievable using 6-dB per
octave passive filters or higher slope active filters at a low signal .2-drivers of which will, for theoretical analysis, be assumed
stage to avoid unacceptable loss of power. Passive filters of 6-dB to be perfect within the frequency range in which they are
per octave slope require transducers with a power bandwidth not used. Thus the descdPti0n .will mainly cover crossover
achievable with today's technology, while active filters requiring networks arid, to limit its length, two-way systems consist-
multiple amplifier systems are still too expensive to beprovided ing of bass and treble drivers only. The theory can
commercially, especially in multichannel sound systems.

Passive filters are described using one or more auxiliary obviously be extended to multiway systems, with each
loudspeakers, "the missing link," in 12-dB per octave and crossover point being regarded as a two-way combination
higher degree crossover networks, which at the same time fulfill of high- and low-pass filter.
the requirement that the vector sum of the part voltages be equal
to the input, theoretically without loss of power in the crossover
network. Linearity of phase and amplitude are thus assured in the STATEMENT OF ASSUMPTIONS AND DEFINI-
electrical circuit. Other requirements for linear phase loudspeak- TIONS
ers are also described. Comparisons between computer calcu-
lated transfer functions and results from a practical high- To permit the comparison of the amplitude, phase, and
performance low-distortion loudspeaker are shown, impulse characteristics of loudspeakers with various

crossover networks, it is useful to record the following
INTRODUCTION: Over the last few years, dictated by assumptions made in the development of the argument.
increasing knowledge of the physiology of hearing and the 1) Each driver is assumed to be perfect, that is, it gives

recognition of sound signals by the human ear, develop- a sound pressure level proportional to the input voltage at
ment of high-fidelity loudspeakers and loudspeaker sys- the voice coil terminals throughout the frequency range in
tems with good transient response has had increasing which it is used.

interest for researchers. Further, one of the goals of audio 2) All drivers used in a particular loudspeaker system
products must be to reproduce sound signals as correctly give the same sound pressure level for the same input
and accurately as possible, at least to the extent that all voltage, independent of its impedance.
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3) All drivers have a pure resistive load characteristic. VTE(s) = 1 - Fl(s) - Fh(s)
4) All drivers are mounted so that there is no difference

in the path length of sound signals from any driver to the -- 1 I s.:
listener. Sn2 + X/_'sn + 1 s. 2 + X/affs. + 1

Only when these requirements are met, can one assume X/_'sn
that the voltage received at the voice coil terminals of a - (9)s. _ + X/_'s. + 1'
driver is also an expression for the sound pressure output
from that driver.

We now define a new function, the voltage transfer The analysis shows that a loudspeaker with two drivers
error function VTE(s): operating in phase, fed from a second crossover network,

does not fulfill the condition for constant voltage transfer.

VTE(s)- V_n(S)- Vo(S)= 1 Vo(S)
Win(S) Win(S)

n t"Y"4'x

= 1 -- ZFi(s)i_1 (1) L i _IRI

C Vol(S}
where Vi,(s) is the voltage delivered to the terminals of
the loudspeaker system, Fi(s) the transfer function of each
driver's crossover filter, and Vo(s) the vector-sum of c

voltages to the individual drivers and thus an expression ) I_ - T _for the total sound pressure generated. In the case where Vin{S} J

there is constant total voltage transfer, this function L _Rh _ I V°hfSJ

becomes a constant.

For a two-way loudspeaker system consisting of bass
and treble drivers which are driven from the crossover

with transfer functions Fl(s) and Fh(S), respectively, Eq. - a
(1) can be simplified to

VTE(s) = 1 - Fl(s) Fh(S) (2) 6.FI i ._,o

where 1 and h represent the low- and high-pass sections, _ o I____ .leo

respectively. If the crossover network consists solely of -" _ -_-_'_ /_ _g+[ -
loss-free passive LC filters, one can put down the condi- _ _ / Fhl _

I,,.- 6- ,_ ..._ +90
tion for constant total voltage transfer, which is i .. ]

VTE(s) 0. (3) g - ' '--+h --'-' °01
<

...... .....

In a practical case the preceding assumptions will not be '-.. i
valid,andthiswillbediscussedlater. ,8- -9o

Transfer functions are denoted as functions in the [ II
complex frequency domain operating normalized, for l
example, s, = s/6oowhere 6o0 = 2z'f0,fo being the nominal 2,- J , _8o·1 .125 .25 .5 I 2 4 8 10

crossover frequency. Butterworth filters are used in all ' NORMALIZED FREOUENCY(fTo)

examples, as they give maximallyflat amplitudecharac- b
teristic for each driver.

SECOND ORDER CROSSOVER (12 dB PER OC- Vl
TAVE) IN PHASE o ,,

-1

A typical circuit diagramfor a second-ordercrossover .2
network is shown in Fig. la.

Vo_(S) _ 1 (4) -,° ' ir/"-'- Vh ,-tFl(S) -- Win(S) Sn';' + X/2 Sn "}- 1 '_'_d--- :

gf
i

Voh(S)_ s._ -_
Fh(S) -- Win(S) Sn 2 + X/r_ Sn + 1 (5:) -,k---:_ [t----_

R,=Rh=R (6) _,j [/____, _/ ___ _,1

C - _o (7) e

YEa
L - -- (8) Fig. 1. Typical circuit diagram for second-order crossover

6oo network.
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This can easily be seen in its amplitude, phase, and In this case the required transfer characteristic is easily
square-wave characteristics (Fig. lb and c). The ampli- achieved by a single filler driver Re connected in series
tude response has a null at the crossover frequency fo, through a series LC circuit. The complete crossover
which can also be seen from the total transfer function in network is shown in Fig. 3a, with amplitude and phase
the frequency plane: characteristics shown in Fig. 3b. Fig. 3c shows that the

amplitude, phase, and transient characeristics are correct,
V°(Jw) - Fl(jbJ) + Fh(j_o) = 1 -- co.2
Vin(jto ) I -- tons + j X/_-tOn as expected.

(lO)
where Ri = Rh = R (14)

x/TR
(o L - (15)

co. =--. (11) Wo
60 0

Rc
Lc - (16)

SECOND-ORDER CROSSOVER (12 dB PER DC- _/_°Oo

TAVE) REVERSED PHASE t
C - -- (17)

The circuit diagram for this case is the same as that of N/_-R (%

Fig. la, but with one of the drivers connected with _ (18)
reserved polarity: Cc -- R_ _o0

2 s, 2 + X/_-s,
VTE(s) = 1 - Fi (s) - (- Fh(s) ) --

Sn 2 + X/_-Sn + 1

(12) 6.... 270Y/- rhJ

Thus a loudspeaker with two drivers operating out of -_ ° ----_ _- +lad_

phase also does not fulfill the condition for constant _ /_

voltagetransfer,ascanbeseenfromtheamplitude,phase, _ 6- +Qo
and square-wave characteristics (Fig. 2a and b). In this _ o_.

case there is a 3-dB peak at the crossover point, besides { _2-...... ... __ -_ o

'''-.. . . _ iF/the phase shift in the region of the crossover frequency. _ }Fhi'/ .. 1t

18- / ' , ,., ._._ -90ADDING, THE MISSING LINK ¢/-_..
Wecannowlookat analternativemethodfor achieving 24- _so.1 .125 .25 .5 I 4 8 10

constant voltage transfer. The theory is based on the NORMALIZED FREOUENCY(_-o)

principle_that insteadof attemptingto correct the electri- a
cal transfer function in the crossover networks for one or

both existing drivers, the error from the ideal transfer

characteristic can be corrected by adding a compensating +' t--- ;.>"x _----:,','-,

electroacoustic signal with a transfer characteristic such o ri/':\, _'_---/:\:/ i '_ Vl .,that the total transfer characteristic is a constant.

In practice a straightforward method of achieving this
· 2t l,

goal is to add one, ormore, filler drivers to the normal [__'_--/L; r-....

bass and treble drivers. These, when fed from an altered +__ , Vh
crossover network to reproduce the transfer characteristic, o ' ' _t

Fo(s) = VTE (s), will together with the transfer functions -1 _ L_.... 4/ t- .....

for the bass and treble drivers, Fi(s) and Fh(S), give the ' /-2_

required constant total transfer function.

SECOND-ORDER CROSSOVER WITH FILLER +2.
DRIVER IN PHASE +_ -- _ r--- -_

I i ; V 0

For this crossover network with Butterworth response, o , , , ,t

as shown earlier, X/_s. (13) -1_3_2-4 _-__ _/-/_---_-Fc(s) = VTE(s) - s"2 + X/Ts, +
b

Fig. 2. Same as Fig. 1, but with one driver connected with
Patented reversepolarity.
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F¢(s) is a first-order bandpass function for a second- design of a filler driver, with the required bandwidth, is
order crossover network, with a slope of 6 dB per octave within easily achievable limits.
and a -3-dB bandwidth of two octaves, that is, the signal The preceding loudspeaker system would be near per-
is attenuated to both sides of a single peak frequency, to a feet but for the fact that the total input impedance is no
-12-dB bandwidth of five octaves. Because of this, the longer constant. It will vary from

- Pin = R forf>>foandf<<fo to

T..ll..IRi it Vol(S) Rin = RHR c for f = fo . (19)
-- Conditions for constant input impedanceare shown in

Appendix A.

_. 4 tc Cc A PRACTICAL LOUDSPEAKER SYSTEM

Rc V°c(S) A loudspeaker was constructed to verify the theoretical
n(s analysis presented in the preceding and to see the extent to

which a practical loudspeaker could be made to reproduce

i 6,c square waves in an anechoic room. The setup consisted of

L Rh Voh(SJ a cabinet fitted with the necessary drivers, and external
second-order crossover networks operating at a crossover

_- frequency of 500 Hz. The crossovers could be switched to
reproduce either with bass and treble drivers only, in

a phase or opposedphase, or with bass, treble, and filler

6"ii i _ drivers.

The response to a square-wave input, and the theoretical

responsesin allthreecases,are shownin Figs.4, 5, and6.o , -- '_ - The closeresemblanceof the theoreticalandactualcurves

_ _2_- leaves no doubt that practical loudspeaker systems can be2 6.... made which reduce phase distortionto levels below
i i ifad/ [/ x_ audibility, using the methods explained.

_ _2i_ 1_// IFii____ The input level in all cases was S volts into 4 ohms, that

_l/ is, 16 watts, at the crossover frequency.
tlc

18

PRACTICAL CONSIDERATIONS

24 It maybeusefultonotesomeof thedeviationsbetween._ .12s .2s .s _ 2 4 8 lo
,oau^uz[r_ FaEOUt,CV(L) theory and practice, and to point out some of the practical

b problems that must be solved in the design of a
loudspeaker system. As far as drivers are concerned, these

+, ,----- r ..... Vi are seldom as perfect as assumed for the theoretical

I ____-;"x,_L__--__....I,_ · t analysis, even within their nominal frequency limits. They
o

tend to show limitations in their power-handling ability,
-1J

amplitude response, and dispersion characteristic, .but

+' _---_ Vc these, to some extent, may be compensated or corrected in
:z "F---4- ,_ · t the crossover network. These limitations have been de-O_

_,i L_7_ L___ scribed in variouspapers [3], [4], and we will not discuss

·2...__ _,, ____[ themhereanyfurther.

i Anotherproblemis to ensurethe sameacousticpath
, , , Vh length [5] from the acoustic axis of each driver to the

o ,,t listener. Differences in this respect will destroy otherwise

..... _ .... correct transientresponse, eventhough it mustbe stressed
-2 _ vw try that phase errors of this kind are small compared to those

generated in incorrect crossovers. Drivers should be

·ici[ _ V° -,t mounted as close to each other as possible, but differencesin depth of the individual drivers make this insufficient by
-_ [ itself. One methodof compensatingfor differencesin

c depth is to positionthe loudspeakerson an angledmount-
ing panel, as shown in Fig. 7. One can take advantage of

Fig. 3. Second-order crossover with filler drivers, the fact that a bass driver has a comparatively large
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dispersion angle, so that angling its axis has no effect on from the acoustic axis of each driver to the listener is the
the sound received by the listener. The loudspeakers are same. It should be noted, that this method is a satisfactory
thus effectively staggered a distance A, and the path length solution for the horizontal plane, hut is ineffective in the

vertical.

Fig. 8 shows the on-axis response and the effect of
moving 15 and 30 degrees, respectively, on a horizontal
plane in front of a prototype loudspeaker system built on
the proposed principles. The input in all the examples is a
square wave at the crossover frequency. It can be seen that
there is almost no effect on transient performance.

Fig. 9a shows the calculated and actual responses,

which are altered due to the time delay introduced, as
would be the case if all the drivers were mounted on a flat

panel. The delay introduced is 200/as (6.8 cm) for the bass
Fig. 4. With filler driver, driver and 100/as (3.4 em) for the filler driver.

For the purpose of this test, the microphone is

positioned 15 degrees above the intended listening height

-----_ to give the same results. There is now an effect on the

_..___ [_--,'_____x_ performance, but this is still better than a conventional
second-order crossover. It will be noticed that the

loudspeaker system accurately follows the theoretically
calculated response.

The effect of moving below the intended listening
height is shown in Fig. 9b. Again the similarity between
the predicted and actual responses is seen.

CONCLUSION

This paper has shown a way to design a multiway
loudspeaker system free from amplitude and phase distor-
tion, using inexpensive passive LC filters with crossover
slopes of more than 6 dB per octave. Examples shown use
the best known types of crossover, but the principles can
obviously be used in conjunction with any other type of
crossover. It has also been shown that loudspeaker sys-

Fig. 5. In phase, tems do, in practice, closely follow theoretically predicta-
ble responses.

__ __/_ APPENDIX A

I

· Input Impedance for Second-Order Crossover
with Filler Driver

,

li_/ i__-_- The conditions necessary for constant input impedance,

for this crossover, can be calculated as follows. The

general transfer functions for VTE(s) = 0 are

1 (20)
Fl(s)- sff + asn + 1

j J --.-----

Fig. 6. Outofphase. Fig. 7..Loudspeakersonangledmountingpanel.
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Fo(s)- as.
sn2 + as. + 1 (21) E Y_n(S)= s"2 + (2/aR(sff++a as_'R/Re)+1)s,, + i (26)

$n2 $n2 +aSn + 1
Fh(S) -- s_2 + as. + 1 (22) Z4n(S)= R (27)s_2 + (2/a + a. R/t_) s.+ _

The input impedanceswill be If the input impedance may be allowed to vary between
limits, say R and X ·R, one gets the following conditions:

Zl(s) = R s_2 + as. + 1 (23) a d 2X
1 + (i/a) s_ X - 2/a + a. R/R_ or a -- v 1 - (R/-/R_)X'

Z_(s) - s_2 + as_ + 1 (24) (28)
(a/Re) s.

For constant input impedance, X = 1. It should be noted

Z_(s) = R s"2 + as. + 1 (25) that when Re7R, the efficiency of the filler driver must be
s. 2 + (I/a) s. higher than that of the basic drivers. Component values for

a b c

Fig. 8. Square-wave response, a. On axis. b. 15degrees off axis. c. 30 degrees off axis.

OI._- vt

, t -r-W.

+3 · '_

4-1.- r VO

o ,I :/ :I "

-2

b

Fig. 9. Calculated and actual responses, a. Effect of time delay, b. Effect of moving below intended listening height.
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this filter will then be Lc = .fir (41)
aR tOo

L - (29)
tOo

3R

Lc_ Re (30) /-_- 4<o0 (42)
atO o

_ 1 (31) C_ - 4
C aR tOo 3RtO0 (43)

Cc - a (32)
/_ tOo 1

Fig. 10 shows the resultant amplitude characteristics for Cc :- RtOo (44)
various values of a. Choice of any particular value in a
particular application will depend on the bandwidth

characteristics of the drivers available and the input Ctu- 2 (45)
impedance requirements for the loudspeaker system. 3RtO0

APPENDIX B C2h - 2
RtO0 ' (46)

Third-Order Crossover with Two Filler Drivers
This function can be achieved with a series LC network

For a third-order crossover network, as shown earlier, connected in series to the driver, provided the efficiency of

2 sn2 + 2 sn the filler driver r/c is twice that of the basic drivers _/. The
re(s) = VTE(s) = . (33)

sna + 2 sn2 + 2 Sn + 1 complete crossover network is shown in Fig. 1 la.

This function is easily achieved directly with the help of
two filler drivers with the following transfer characteris- Higher Order Crossovers
tics: In generalit maybe saidthatfor a crossovernetwork

with filters of higher order where
2 Sn2 (34)

Fei(S)= s"a+2s. 2+2sn+ 1 __ ao

Fz(s) N(s) (47)
2 s_ (35)

Fc2(S)= Sns + 2 sn2 + 2 sn + 1 _ an Sn
eh(S)- _ (48)

Third-Order Crossover with Single Filler Driver where

The third-order transfer function derived in the preced- N(s) = ao + als + a2s 2 + ' ' ' + a_s _ (49)
ing belongs to a type that can be achieved easily with a

the sum of signals to the basic lpudspeakers will be
single filler driver. Reducing the expression for Fc(s) we

find ao + a_s _ (50)
N(s)

2 Sn2 + 2 Sn
Fc(s)= s"a+2sn 2+2sn+ 1

(s_+ 1)(sn 2+s.+ 1) sn2+sn+ 1

 36,
_c_ _c_ 2 (38) ,8- -

', ¢5 I/// 2¢
3R 2,_11 I I

Ln 2(Oo (39) ._ .m .25 .s 1 8 lo
NORMALIZED FREQUENCY(_*o)

R (40) Fig. 10. Resultant amplitude characteristics for various val-
/-al -- 2(o° ues ora.
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To achieve VTE(s) = 0, it will be necessary to add an

LI_ ] electroacoustic signal with a transfer characteristic
[_ RI Fo(s)= als + a_s 2+'''+an-Is n-1

I N(s) . (51)
_J_ This signal can be obtained with (n - 1) filler drivers with

+Vin i _Lc Cc '_R theirrespectivetransfercharacteristics,

als 82 s2 an -- 1 Sn -- 1

c N(s)' N(s)''''' N(s) (52)

a. i II

Clh ti- C APPENDIX C
h h ANALYSIS OF CONVENTIONAL CROSSOVERS

First-Order Crossover (6 dB per octave), (Fig.12)

a Vol(S) _ 1 (53)
Fi(s) - V_n(S) S. + 1

Voh(S) _ s. (54)
6. I__" Fh(S) -- l/in(S) Sn q- 1

_= // /_, 1 (56)/5,2-/ VTE(s) = 1- _ Fi(s) = 1-Fl(s)-Fh(s)

la- - 1 1 s. - 0. (57)

IFhl /l 1_ left , s,, + 1 s. + _24 I [

.1 .125 .25 .5 2 4 8 10

NORMALIZED FREQUENCY (_-o)

b Quasi Second-Order Crossover (6 dB per octave),
(Fig. 13)

Vol(S) _ as. + 1

+''---o -_'/_, ,,,r----_ Vi ,t Fi(S) -- Vin(S) s_2+2asn+l (58)
-1 L .... J .....

--- ____ Voh(S) _ Sn2 + as.

+2 Fh(s) -- Vin(S) Sn2 + 2 as. + 1 (59)

.,.1 Vc

0 Jl_ _,t

Ri = gh = R (60)
-1

-2 C- a (61)
Rro0

·....
+" .... -I .... n Vh L- R (62)no) o
o _.t

VTE (s) = 1 - Fl(s) - Fh(S)-1

-2 - 1 as, + 1 _ sd' + as,.,
Sn" + 2 asr, + 1 s,,"' + 2 as,, + 1

vo.t :o , 63,The value of a selected will depend on the limitations
c imposed in a practical application. If one requires

maximum flat response for each driver, it can be shown

Fig. 11. Third-order crossover with single filler driver. [6] that this occurs at a = V'2'/5-. Amplitude and square-
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wave characteristics are shown in Figs. 13b and c. Curves 3R_
for other values of a are shown in Ashley and Kaminsky La - 2_0 (66)

[7]. The crossover network will have constant input Ri
impedance at a = 1. La - 2_0 (67)

Third-Order Crossover (18 dB per octave) (Fig. 3Ri
14) /_- 4o_0 (68)

Vol(S) _ 1 2
Fl(s) - Vin(S) s, a + s,/ + 2 sn + 1 (64) C_h -- 3Rh _00 (69)

Voh(S) _ S_a 2
Fh(S) -- Vin(S) $na + 2S. 2 + 2S. + 1 (65) C2h -- Rh OJo (70)

T_°''' c T_o,_s,

--Il I/in (s) L } %h (si_ Tyon') ! _
a a

6+

_' t ! i
_ 0 _ _ O

12-
_' 12-

la- /, \ / \
I

24 - I [ 24-

.1 .125 .25 .5 I 2 4 8 10 .1 .125 .25 .5 2 4 8 lO

NORMALIZED FREQUENCY(to) NORMALIZED FREQUENCY(fTo)

b b

....... Vi '"' __ _ ,_- __ Vi
1

7 ! .... -_ ---1 +1 .... -1 - - - -_

°I- 7- " °t l/-1 - -1 -

-2 -2

C 12

Fig. 12. First-ordercrossover. Fig. 13. Quasi second-ordercrossover.
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4 zationwithpassiveLCcomponents.
Cl- 3Ri to0 (71) Some work has been done on the design of more

VTE(s) = 1 - Fl(s) - Fh(S) complicated crossover networks [3], [7], [8] in order to
achieve constant total voltage transfer; and at the same

_ 2s.2+ 2s. (72) time have steep attenuation outside the driver's
Sna + 2Sn2 + 2Sn + 1 ' bandwidth. All of these have the drawback that they are

based on active filters with individual amplifiers for each
driver in order to avoid a large amplifier power loss.

Other Types of Crossover Networks Further, attenuation in the crossover region is relatively

We have now analyzed the best known crossover gradual, and therefore they still require drivers with good
networks. Their widespread use is no doubt due to their performance over a large bandwidth. For example, in the
straightforward design principles and suitability for reali- case of one network giving slopes of 18 dB per octave, the

overlap for 12-dB attenuation is over four octaves, which
is not better than that for a first-order network, and

£1_ considerably worse than that for second-order networks
which have an overlap of two octaves.

ct i Kl_lVo/(S/ This may account for the disappointing results with
so-called phase linear loudspeakers observed by some

_s researchers in listening tests, when compared with con-

Clh C2h ventional loudspeakers.
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ciency. We will examine relationships among small-signal
efficiency, bandwidth, and loudspeaker physical paramet-

Aboutthe Author: ers; we will look at problemscaused by the presence of
high electrical power in the voice coil; we will discuss

Erik Ba_kgaard was born in Mors in Northwest Jutland, problems caused by large cone displacements, velocities,
Denmark, in 1939. After an apprenticeship as a radio and accelerations; and we will consider how these prob-
technician, he studied at the Aarhus Technical College
from 1960 to 1963, from which he received a degree in lems could be avoided in the design of higher performance
electronicengineering, high-powerloudspeakers.

He served with the Royal Danish Air Force for sixteen
months, before joining a hospital in Copenhagen, where SMALL-SIGNAL PERFORMANCE
he worked with medical electronic equipment. In 1966,
he joined Bang & Olufsen A/S, at first as a product Small [1] has derived the reference efficiency _0 of a
development engineer working with transistor radios, and direct-radiator loudspeaker radiating into half-space aslater with advanced instrumentation.

At the present time, he is manager, electronic engineer- poSD2 ( Bl 2
lng of Bang & Olufsen's R & D Section. Mr. Baekgaard _o - 2rrCRE '[MMs / (1)
is a member of the Audio Engineering Society.

where

p0= density of air (1.18 kg/m a)
c= velocity of sound (345 m/s)

Rr = resistance of voice coil (ohms)
B = average magnetic flux density through coil (Teslas)
1= length of voice coil conducter (meters)

MMs= mechanical mass of diaphragm assembly plus air
DESIGN PROBLEMS OF HIGH-LEVEL CONE mass load(kilograms).

LOUDSPEAKERS* The reference efficiency is the mid-frequency acoustic
output power PA, divided by the nominal electrical input

JOHN R. GILLIOM, PAUL L. BOLIVER, power PE, where
AND LUCIA C. BOLIVER

PE - %2 -- %2 (2)
ZN RE

Buchanan Spider Works, Inc., Meridian, MS 39301
Here eg is the open-circuit s'ource voltage and ZN :the

To produce large acoustic power output with acceptable nominal or rating impedance (ohms).
quality, a cone loudspeaker must combine high efficiency, high ' A t the suspension i-esonance frequencyfs .the acoustic
power capacity, and freedom from distortion and spurious OutpUt is usually ._different than at .mid-band, and is
noises. Analysis of loudspeaker operation shows that this set of determined by the deiails of the loudspeaker and the
performance goals imposes many difficult and often conflicting enclosure. In order to compare the effect on efficiency and
requirementsuponthedesigner, bandwidth of various parameter changes, we will assume

that the response shape can be made constant asfs varies.
INTRODUCTION: The music business has demanded For convenience, we will also assume that the response
loudspeakers in recent years that are capable of withstand- shape in the vicinity of fs Will remain constant if the
ing higher and higher power input. The assumption seems electrical damping ratio of the loudspeaker (that is the
to have been made that putting more power into the voice ratio of RE to reflected motional reactance) QEs is held
coil inevitably produces more power in the sound field. In constant. But,
any case, the "more is better" competitive pressure

among system manufacturers has forced loudspeaker de- Q_s - 2*rfsREMMs (3)
signers to solve some formidable reliability problems and B212
to design loudspeakers that can absorb hundreds of watts or
from monster amplifiers and survive for hundreds or

thousandsofhours. QEs B2F _ QEs ( Bl ) _Unfortunately, high power capacity has usually been fs - 2rrRE ' MMs 2_rR----'__ MMS. (4)
achieved through the use of heavy voice coils, cones, and

suspension parts and through large air-gap clearances. Note that if _/0 is forced to remain constant as MMS is
varied, then from Lq. (1) the ratio BI/MMs remains

* Presented November 1, 1976, at the 55th Convention of the constant andfs is proportional to MMS. (This is the result
Audio Engineering Society, New York. of making the suspension compliance CMSproportional to
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