Efficiency of Direct-Radiator
Loudspeakers

VINCENT SALMON-

An analysis of the factors affecting the efficiency of the type of
speaker most commonly employed in sound reproduction installations.
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FREQUENGCY

is the direct-radiator, moying-coil,

mass-controlled type. In this note are
disenssed some of the factors influencing
its available-power efficiency, and espe-
cially that in the piston-range

In any speaker the response is com-
monly unierstood to be the acoustic oul-
put as a funetion of frequency for some
constant electrical input. On the other
hand, the efficiency is usually a single
value, a sort of figure of merit, so that
the speaker may be compared with
others, As may be expected, there arc
many types of efficiencies, depending on
which combination of elecirical input,
acoustical output, or test signal is used.

l'or the purposes of this disenssion,
we shall consider the efficiency that is
related to the program energy output of
a speaker used indoors. Thus the
measure of acoustic output is the tota!
radiated power, and especially that near
400 cps, where the program energy
peaks. Consider next where this {re-
quency region lies with respect to those
ohserved an g pressure-response Curve.

11 the iree-space axial sound pressure
response of a direct-radiator speake: in
an infinite hafile (chosen because it is 2
reproducible mowmiting) s taken as a
function of frequency, it is found that
there are at least tive regions of interest,
starting at the low-frequency end. As
shown considerably smombed in Fig. 1,
the frst is centered about the funda-
mental resonance of the speaker. At very
low frequencies the response rises 12
db foctave, shows a peak at resonance
(for the usual speaker), and then falls
off. In region 2 (he response is practi-
cally constant; this i1s the piston range
where we shall calculate the efficiency.
The program energy spectrum usually
maximizes in this range In region 3
the response peaks at the edge rise,
wlere the cone is about a quarter wave

TIIE MOST WIDELY UseED loudspeaker
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long. Waves in the cone material are re-
flected from the ouster termination and
arrive back at the wvoice coil so as to
lower the mechanical driving-point im-
pedance, thus increasmg the velocity
and hence the energy radinted. With in-
increasing frequency, the half-wave
condition is next approached, and in
region 4 the resulting edge hole is seen,
arising from the high nnpedance re-
flected into the voice coil from the cone
edge. Beyond this region the wave pat-
tern in the cone becomes more compli-
cated, the riving-point imperdance
tluetnates considerahly, and the speaker
Lbecomes  more  directional.  All  of
these adil up to the ragged, bulged re-
sponse of region §, that of cone vibration
in parts. Only in region 2 is there any-
thing approaching a level response; in
addition, the program energy the speaker
must l1a.mlle is greatest in this range,
about 50 per cent lying hetween 200
and 600 cps,

In this region a number of phenomena
cooperate nicely to simplify the an-
alytical treatment. First, the cone is
moving practically as a rigid piston in
an infinite baffle; hence the Ravleigh
raciation impedance may be nsed. Also
in the piston range the mechanical
driving-point impedance is principally
that of a mass, since the speaker is
working well above the fundamental
resonance and well below vibration in
parts. Third. the speaker is not yet too
directioual, so that the sound pressure
varies little with angle, pernutting the
total radiation to be caleulated quite
simply from the sound pressure. Fourth,
for most speakers the frequency is still
maderate so that the (series) radiation
resistance varies as the square of the
frequency. And finally, in this frequency
range the inductance of the voice coil
may Le neglected. All this makes pos-
sible a simple expression for the piston-
range efficiency.

LEfficiency is expressed as a ratio of
acoustic output to electrical input. To
be uselul, the mensure of acoustic out-
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put shounld correspond te what the ear
hears. Since for indoor use the total
acoustic  power radiated plus room
etfects determines the sound pressure at
the ear, we choose power radiated rather
than the axial sound pressure (which
serves for outdoor listening). As a
measure of electrical input the most
suitable for the present purpose is that
power which the vepresentative test
amplifier used will deliver to its rated
load. Note that this is not the power to
a tatched load (one equal to source
impedance), since amplifiers ave not
operated that way. This rated load is
siunply (hat given by the nummber on the
output terminals: if they are marked
16 ohms and the amplifier is adjusted

me g 4 om,
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Fig. 2. Equivalent piston-range circuit of
speaker with amplifier connected, See text for
symbals.

for one watt into a 16-ohm load, the
power avaitible f¢ the speaker (not
power avatlable frem the source) is said
to be one watt. It is necessary to tse this
criterion, since the maximum power
from the amplifier is of no use to us; it
is the maximum "undistorted” power
delivered to the optimum load that is
useful, The speaker efficiency on this
basis is then the number which when
multiplied by the power available to the
speaker gives (as closely as possible)
the awcoustic power from the speaker,
under the infmite-hafile condition. In the
frequency range considered, a cabinet
will give a somewhat rougher response,
fuctuating about that of the baffle.

Electromechanical Cireuit

In the frequency range considered,
usually 200 to 600 cps for 8- to 153-in.
speakers, the output (source) impedance
of most satisfactory amplifiers may be
considered to be a constant resistance.
With this assumption, plus the others
obtaining in the piston range, the equiva-
lent electromechanical circuit will be as
in Fig. 2, where the force-voltage
analogy is used. Here E; and R, are
the source open-circuit voltage and im-
pedance, respectively; K, is the dc.
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Fig. 3. Measurcment of power available 1o
amplifier load.

resistance of the speaker in ohms; 57
is the product of flux density in gauss
and conductor length in am: m is the
total moving mass, including the speaker
mass m, anel the rudiation mass m, =
6.8 10°% (m, is in grams, 4 is ef-
fective cone diameter in inches); and
the series radiation resistance is given
by r,= 3.6 10-5f4d¢ in mechanical ohms,
where f is the frequency in cps. Ii the
r.ms. cone velocity is z {in cm./sec.),
then the racdiated acoustic power in watts
is P, = J(-edr

The power available to the load is
obtained by replacing the speaker hy
£y, the rated load 1mpedance of the
amphfier, as i Fig. 3. Tt is easily shown
that the power n the load is

E,t 1

Pi="E — s
TR 1o B2’
TR

To digress a moment, note that 2,2 K,
is the load power il the source ini-
pedance R, were zero; hence ihe second
factor on the right expresses the devia-
tion from this condition causerd by finite
source impedance, and lience is also a
measure of the damping efiect of the
amplilier on a speaker load. The term
regulation has heen given 1o the quantity

R
D=20I0g19(1+-f‘,—g). (2)
i

(1)

For properly loaded push-pull 616,
the regulation is about 155 db;, while a
pair of 6B4's will have a reguiation neay
3.5 db. If sufticient feedback is used, D
can he rednced to as little as 1.0 b, al-
though 3 to 5 b is nearer average
commercigl practice  in high-quality
souiil system amplifiers. To neasure
D, simply load the amplifier properly
and read the output voltage. Then re-
move the load; D is the b rise in out-
put voltage. In the so-called constant-
voltage audio (listribution system,
15 3 db or less.
To return to the main topic, it is seen
that the efficiency is given by
( R,)'
1070t Ry 740
R PR N
Py i

By calculating the cone velocity to be
expected when the connections of Fig. 2
are used, the following expression finally
results:

- ‘E' R+ R; P
Wb
y R+ R+ 160 (BI)
- {(r2 + dnfftut )
(BU’] . -
’ [ Ry (v +4="fm) R
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Now we e begin to introduce the
piston-riange approximations. In prac-
rically all direct-radliator speakers, the
last denominater term in the first
Lrackets can he neglected, because of
the low cfiiciency. Since the speuker is
mass controtled, the tirst denominator
ternt w the Jast hrackets can Le neg-
lected, and since the frequency is not ton
high. r, =56 x 10-%[2* For nwost prop-
erly used divect-radiator speakers K,/R,
is near (.83, Finally, let us examine the
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Fig. 4. Geometry of voice coil and gap volume.

term in the secomd hrackets at length.

since this term contains much of the
information which determines the eifi-
cleney, its algebraic manipulatien will
he deseribed 1n some detail. Resistance
miuy be expressed i lerms of conductor
length ! and cross section area A hy /2 =
wl/Ad, where 5 is the resistivity. Thus
BiR=BA/l=14/p. But 14 is (he
volume of e conductor, Set tli1s volume
equal 1o a fraction a of the total gap vol-
ume ¥, which is defined in Fig. 4 to in-
clude that 1n the voice coil overhang. The
fracton g 1s the space factor, and is a
measure of how efhciently the wvoice
coil makes use of the magnetic flux den-
sity available. Now suppose that the
magnetic energy W in the gap is ile-
termined by the measured fux (ensity,
using the relation W = 8V /8~ Then
Bt =& /V. Thus after all substitu-
tions B2 /R, becomes Sxall’/p, where
W is the gap magnetic cnergy in ergs
and p is the voice coil resistivity in
ehint-cin.

If all the piston-range substitutions
and approximations are made in the
cfficiency formula, there results

24 %10
03 | Cuiy

Uk
Ky )

Here C is the ratio of the conductivity
of the voice coil to that of copper. The
coeflicient in brackets has the following
values for these output stages: PPGLG,
no feedback, about 26x10-*: PP:LS,
considerahle feedhack, {6 dly regulation}
2.9x 10-?;: and PI'6BY. 3.1 x 10-°. To re-
peat, a is the space factor. the fraction
of the gap volume used by the voice coil ;
17 is the magnetic gup energy in ergs;
# 1s the toial effective moving mass in
grams; and 4 is the effective cone diam-

{ergs, grams, inches)
(5)

eter il inches. A good approximation to
d is the ¢istanck from the top of the in-
nermost bead on the annvles to the op-
posite outer clamp Jdiameter of the cone,
See Fig. 5.

Analysis of Formula

Let us now examine this expression
more closely. The effect of irequency
lius eanceled out because of the two
main assumptions that the principal
mechanical-impelance component is that
of the moving mass, and that the radia-
tion resistance varies as the square of
the frequency. Two important factors
i the efficiency are seen 1o be (he space
factor and gap energy. Tn the torm
given, the influence of magnet size 1s
easily seen, for magnets are character-
ized hy a guaranteed maximum ex-
ternally available energy. In a well de-
signed PAL speaker, about 40 per cent
of this energy apears in the useful gap,
the remainder being lost in leakage and
fringing. Thus eiliciency mav be in-
creased by using larger magnets only
as long as iron saturation is 1ot a

R |

Fig. 5. Measurement of effective cone di-
ameter d.

litniting factor. Mence the pap-energy
term in the efficiency reilects the eco-
noniics of speaker manufacture, and aids
in coniparing spenkers ; neither the fux
density nor the total Aux will permit
direct comparison. The use of Alnico ¥V
in place of Alnico III is an example of
this: while the cost per pound of V is
greater, it has over ihree times the
energy per pound, so that the cost per
miflion ergs is less, offsciting even some
of the mechanical problems of fastening
Alnico V nagnets in place. It is mag-
netic energy the customer pavs for, not
rauss or maxwells

The space factor a can he improved
hy using a reciangular or ribhon shape
instead of circular for the voice-conl
conductor. However, if a reasonably
high impedance is necded, the rilbhon
must be made quite thin, and then the
inter-turn insulation may be a very
appreciable fraction of the tetal thick-
ness. For ordinary  direct-radiator
speakers, the space factor—which in-
cludes allowances for clearances as well
as insulation and precision of wire lay
(see Fig. 4)—may be ahbout 20 per
cent. Voice coils of edgewound ribbon
sometimes reach 30 per cent by also
omitting the bobbin, but one sturdy
cnough for use in a “woofer” should
offer only a slight advantage. The
theoretical advantage should be that of
the square over the circle, or 27 per
cent gain. The actnal gain cannot be
very great, for the coil-to-pole-piece
clearances required in low-frequency

[Continned on page 42]
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SPEAKER EFFICIENCY

[from puge i4]

speinkers are faicly farge €10 o 15 mils)
and are primacily vesponsitle jor tlhe
spafe fuctor Leiog so low, These facts.
combhiced with the greater manuizctur-
i aliffunlties and costs o edgewound
ils accnunt Bor ke mece widespreard
e b comul-wire waize goils,

The proaluce oF 05 (e magnetic
energy ambraced by the aeing] con-
ozt 0 dlee votes coile Tt can be (-
termiined  for a4 compheiely  agsemblel
speaber by mcaswring the blocked force
produced by le. power i the vuice eoil,
The use of de, is permissible beeause
of  the  piston eange  characteristics
oatertle]d earlior. The foree Fis Bliy,
ad the power P i AR, Thos (he
qIL:n‘ticnt Feil= (BIECR, which by
the relalion developed Bar pap emieoey
is 1lan Bl fp Thus il i

il

- i
alf S

i)
[ the fonce s measured 0 poameds aol
the power in watts, then wie = [i5=
A s, M & spring seale &s
sl Eor nesnring the force, the el -
ity wust be taken with the weodco enidl
restorml teoard inoits ocwlefleeied pest

Cfwsilion 0 oas 0 avoll the andesize)

exlra contribaliom from the cesaring
force of s annealne aod centecinge awem-
Ber. Speciad el devices e easily ade
for measncing or comparing the ped-
uel att,

Vaoica -Coll Winding

[E the vaice ol s woered wifle other
tham copper, but witl e sme dimen-
sions apel apace faetne, then the relative
antcluetivity w411 abivel the eficiency Ly
the Bactor £ 1 alominum s the altee-
nate maberial i copper, s © s {164,
thus Lvwceing the efficiency. Tlowever,
ita dlensiy i only 0,33 thatl of copper.
it @ oanaller ttal qmuss should resele.
increasing the efficiency by the Jnd
faete. 10 tarns ool tlat a change from
capiper fe aliainim well not improve the
viliciency unless the copper woice-coll
inasg iz over 30 per eent of the tatal
g miass, In o moest eases thas coki-
fiwn will oldaine only when the speaker
inspecifcally desipned s the I
frequency mwd of & two-wny sysbein.

The factor fursaf) in the dewewmina-
bov s a measure of the surface density
uf thae noving system, It varies {ireunils
ool prraams aml inelws) Prom abpot 015
tes (130 far stnenlord speakers e 8- 1o
18-in- range. In the popular 10- 2ol
12-in. sizes 3t s ahout (W25 Thes tlere
1 rel two mmuch vaviatinn n this faclor,
which leaves the gap coerpy as the
prmciped warialle in the cfficiceey, The
vatue of e omay e oestipeadel by frs
measuring fo, e feoyuency of  ceso-
maece. Then 2l to tle volcs ¢l cegrion
i the cone of the apeaket 3 koew'n ron-
mietallic mass wi,, aoch gy wedeling lay,
whtch will cling 1o and viteate witl the
coe. Alemsure the new resongal Fre-

yuercy £, The niass e is then given hy
=ty (i F 18— T]0 Tt s st to make
#zy Eairly clusc to wi

In Ihe piston cange the frequency s
vaally Tow enotigh so that e soand
prossure will nat ey mueh with angle,
O this basis a apeaker swlhich wordd
aligurle andl convert tnly the acoostical
form all prwer availalle ta it woull
procluce at g dislanee « feet i Teont of
it a sownd pressore level miven by

L=t =20 g, | 925 (7
Here all the culiption iz assomed o Le
contred 1o a Twmisphece i front of the
speaker and infinite haffle, L, is the
sound pressure level o decibiels above
00002 cdvne/em?; the unit = the dbp,
irom analoey with diar Ly s the jnput
available power leved o iecilicls alowve
e malliwatt. amd €hus ks a0 dhne A
non-dircetinmal speaker ol WH por cent
etficieney abwuld thus prodece, with one
witll avaelahle inpol, an axiad  soumdd
pressare evel at tee fect of 1025 dbp.
A zstiuebrd 124 speker will lave a
mistn-range eficiency of ahout 2 per
cent, o it will produce o lovel of 855
dlsp widder (e alove conditions, This
will b necease] by dhirectional eflects
siacling ner e el of the piston cange,
This use vf Tree-space msearenaents of
soutrl pressure boc calouwlatiog the ol
ritsliabion m oo voom s jostifed in the
pimlon mange. where the eifoct of e
run is =1l

[ s An Toe pplec] Hhat this simgple iize
nf efficieney i pressure Fevel caboula-
Liwns 05 vl fussible IE the effiviency 3=
based oo he calio of nwtional o total
irupecdance. The efficimecy shoull reflect
Lwa clutacterislics of the spenker s (he
ahitity 0 glsorlh poswet irom the loacd
withmt eausing dwdoe distoclion; aml
the alality o convert (b Power ab-
sarheed dulo e acomstical form. Fhe
ooy efficiency™  calenlited] by on-
fivnal resislance nwasurewents neglects
e firsl Baelor,

Whon apeakers are muditod praperly,
ther may be rank nedered in terms ot
joudness. Tt owifl be frnwd that this ardere
isn ot noccssarily lme of the piston-
range efficiencies. This arises feam 1lee
tbetermdming imslloence of (he fromuency
e Erent TOKY to 3K ops o1 (e Lossd-
ness, Sipce those froquencics are -
sidle the piston rapge, no coreelation 1s,
of comrse, to be expected. Flowever, bor
sprakets of simtlar ental nuliation te-
spanss sleape the piston-range efficicricy
shoulid be o very goed indicalion of the
Tomnlness rating.

[n elsitgy, it is helicee] izl the o
cicney relatinns Jisenssed provide o ase-
ful means of conparing (he basic per-
tnrmance of lirectoradiator epeakers,
The factoes cntering intw (he expression
ey b pesnces] inileperelently, wrothe
efficicrcy teny b cafoalated from oh-
servi] sodind pressiite levels. The prie-
eipal Tactors ace shown (o he the gap
energy fupd space factor, and theic rela-
tion 0 sape design considerations bas
hizen tentiol.
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