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The design o' a loudspeaker is approached, in raotice, 
from the stand,ojnt of frequeno response and. area oi sounu 
covøre rather tAlan froizi the stancioint of the haraeteristics 
of the louuspeaker ai ai impedanc iotui A std u the 
adv6rtis1n nateriai puDiisheã on iaai td)e8 o loud3peakers has 
shown the rimar seLLin, Leatures to be; rir'st, the frequnc 
response characteristics; soonì, an1 of iound projection and 
thiru, physieai apearance, size, and coste h? zuanuftu.rorB 
neglect to inolude details of ho test x'suita were obtained 
in th a.ecription oX eharacteitioa o a lou.dspeaker. 
?u.rtìwrmore , su.fficint itito.'ination regardiri poer haì1izì 
oaaciti , operaitional iioincy, anu baa impedanoe oharaoter- 
istics are not supplied by niost anuZaoturera 

In a nathe1iaLioai ana1eis 01 a movin-coii zaotor e.tint 
it is ossibie to account for the aooustieai ad mchanioa1 
impethnces of the unite These aooustioa1 and iaeckianical 
impe(anoe paralneter8 oaIL be eegregatud anu measured in practiec 
on1 with great aiii.aut.t ai1( in soin cases not at all. 

The study and measurenaent or t;im dynamic Lnpedanoe 
characteristics of a -iiovin-.coil loudepoaker motor iement show 
the motor elenient impedance to e a variable ..oad over the 
operating 1requenc rane Lor any audio axap1iJ.ir ho noiina1 
irn.pedanoe presenteu by a louts,keeaker is, ? - 20 +18" or 
z - L.O2 .4. JÖ.ló. The variatiun or tae mor element im.pedanoe 
is form ten to lorty ohms with a ohane in iuiedanoe anale of 
from ,)lu3 thirty 1eeeB (+Q°) to minus tirty degrees (_3Q0) 

This makes the loudsj.oaker ixzied.ance both inductive ano capacitive 
in oharctor over the operating frequency ranbe of the unit. 

'i1ho nobor elmtnts are ovr rated br the manufacturers 
at twnty-1ive Invotigation aliowa that ttì& motor elemeits 
will absorb only seventeen watts before permanent damage is dcnie 

to both thi voice-oil unu diapuiram. he average poder input 
at thz point of over drive is thirteen watts. 

A ciane in acoustic impedance occurs at each fuld of a 
re...entrant horn causing iiave z'fiections which affect the load 
on th diahrani causing the iniedarìoe o ractristio of any 
motor element with which a reentrant horn is used to be 



extremely erratic over tue frequune ran oi thu unit. Thia 
kienoiuna oi 8OUflã vav refi(otiun vías rearriruwu b nasurin 

the lengtha of ti air ooiuiniio in the uiorn U8ÛU during the 
testa ai eaiìatizi th tuaut riiì o.L tW» variu 
air coJumns. his iztîormatin ia of thu oontriution of 
thi3 8t:ii, 

Finaily, the on3tant-curent test zaetiioìs and r3cdurea dev1od i tLiLi ac' ar a a. aoura ma f 
uett'rminin ihe oerationa1 inipance charaoteritica of a 
1oud8Aar. Thc rt?i motor iiaxc iniocte 
also t;hb acoutioa1 qua1it of the 1oud3eakez', It i believed 
that Li c%.n3tarit-currnt ietiid 1oudeaker teti 
dev1oed in this aer and Ui tn.L'orratiozi on ioudaeaicer 
imeano rLa)'aeteri$tiea ßntetL Iil1 JeO.0 to he rovtuez 
in tht dtaibn oÍ horntt 1oueakepa. 
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DYNAMIC IMPiANCi CHA ACLITIOS 

OF A 

MOVING - COIL WUi)P.A.R MOTOR TNT 

INThOiUCTIN 

The impeuance cbaracteristics o1 the horntyje loud- 

seaker as a bau for an amplifier has not been given suffi- 

cient study. This statement is based on information ob- 

taineu from bouuspeaker manufacturers 

The design of a boudseaker is approached, in practice 

irom the standpoint of frequency response and area 01' sound 

coverage rather than from the standpoint of the character- 

istics oi: tne boud eaker as an impedanoe load, A study of 

the auvertisin material published on amny types of bouu- 

speaKers bas shown the primary selling features to 'oc; 

first, the frequency response characteristics; seconu, angle 

of souna. rojection; anu tnird, physical appearance, size 

ana coste The manui.'accurer neglects to inc1uit details of 

how tile test results were obtained in the description o the 

characteristics oi a boudspea1er. Thi,s renuers a comparison 

of operational charactcristics of several louaspeakers use- 

ICSS, since it is not knovn whether the test data were ob- 

taineo. under similar oDnitions. furthermore, sufficient 

information regaruing the power an.lin capacity, opera- 

tional eX'I'iciencj, ana load impeaance characteristics are 

not supulied by most m.anufactuers 
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The purpose of the foi1o'.ing study an series of tests 

is to sain information regaruin tne optration of the loud- 

seaktr as an inipeuance Loau and of its characteristics as 

an acoustical transo.ucer, The inut, or baa, iinpeaance is 

not a simple function uue to the inter-relation of electri- 

cal, mecnanical, an acoustical impeuance iiat go to make 

up the e.juivaient electrical input impea.ance of a oud- 

seaker 

The experimental teckmiques developed for the follow- 

ing stuo.ies present anu accurate means by which it is pos- 

sible to obtain operational data on louuspeakers It is 

believeu that the information presented in this paper will 

assist manufacturers in the improvement in design of horn- 

tipe loudspeakers. 



ANALYSIS OF IiOTOh LMiNT 

The priiaar function of any louaspeaker is to trans- 

form electrical sina1s into acoustic energy without a 

cnane in wave shape. The horn-type louu.seakcr is made up 

of two primary comionents; 

(A) The motor element, often cailed a driver, 

or driving element. 

() The nom, or acoustical transrormer and 

radiator. 
The moving-coil motor element is as shown in Figure 1. 

It consists of three principal uarts, a movable coil of 5ev- 

eral turns of wire which carry the electrical 
rents, a large permanent magnet that provides a field in 

which the moving coil operates, and lastly a movable dia- 

phragm, attached to the coil, nich imparts motion to the 

air surrounding it. The current variaticns in the coil, 

reacting with tne strong magnetic field in which the coil is 

Locateu, cause tile Cl and. diaphragm to move in accordance 

witti tnese variatiuns. The motion of the diaphra creates 

sounu waves which are a replica or the electrical signal 

applied to the motor element. 

The folloing qualitative analysis of the moving-coil 

motor element is beinß presenteu in this paper to indicate 

the general theor' so that the electrical impedance measure- 

ments resenteu herein can be more clearly understood and 
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inter.ireted. 
Consiaer first a motor element with a aiahram havin 

a single degree of freedom in whicn the diahran is not 

stretchea. or dinpeu in an' wa Figure 2 shows the elec- 

trical equivalent of such a motor elenent, where; 

FeJ(Üt the alternatin force operating on 

the diahrai 
Id0 = ef.cective mass of the diahra&n 

= diahragu stiffness 
R0 = mechanical resistance of the dia- 

phra n. 

The absolute value of velocity of the ciahra is exressed 

b the equation, 

V 

= 

F 

and the amplitu.e of moveiritzit of the iahrau is iven b 

the equation, 

A = 
w 

where, 

A = R0 , the damping factor 
2M0 

Wo = = 

the resonant frequency of the motor 

element uiahragm, 

B' plotting equations i and 2 for different values of 
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damping factor () curves similar to those shown in Figure 

5 will result. It will be noted that there is a great 

change in both the amplitude ano. velocity of the moving dia- 

b.ragm as the damping factor of the motor element is changea 

Figure snows further that tui resonant frequency of the 

equivalent electrical circuit ano. the damping factor must 

be nigh to obtain nstant amplituae veiocit over a 

large frequency range. 

It can be reauii uncierstood tflt a motor element de- 

signed with a high damping factor ano. high resonant £requen 

cy would be insensitive to lo' signal levels because of the 

weight and size of the uiaphra, y changing the mechan- 

ical construction of the motor element diaphra&n so that it 
is no longer a simple vibrating sstem it is possible to 

alter materially the characteristics of the motor element, 

In the ctesign of wide-banu electrical networks for 

transmission s'stems combinations of resonant electrical 
circuits are connected together to attain the desired re- 

suits, ihis, in effect, is accomplished in .touuspeaker 

motor elements when a mechanical rearrangement of the maguet 

ano. diaphran are macte, i3 making the apropriate mechan- 

leal cnanes in the motor element an equivalent electrical 

network similar to that shown in Figure 4 ma be obtainea. 

The absolute value of impeo.ance at the input terminals 

of the network wiil be; 
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where, 
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Izi = V/R2+X2 

SR1 
+ R0 ¿1 

R 
R! w2 + M! (w! - w2)2 

Siw[M(W! -w) - R! 
+ M0w - 4 

= 22 R1w + M(w! - w2) 
w 

w2 = S _____ 5 
:i. M1 

The parameters of the coupled network shown in Figure 4 are: 

stiffness of coujled network 

M1 = mass of couplea. network 

R1 = resistance of coupled network. 

Figure 5 shows the "Annular" type of moving-coil motor 

element used during a portion of the loud.speaker tests, The 

conventional tjpe of moving-coil motor element shown in fig- 

ure o also was used during the series of impedance measure- 

ments. Construction details ano. operationai characteristics 

of these units will be discussed in other sections to fol- 

low. 

The efficiency of a loudspeaker as defined by the 

"American Recommendea. Practice for Loudspeaker Testing," is 

the ratio of the total acoustical power raaiated into the 
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Fig. 5A Disassembled view of "Armular" te motor element showing from left to 
right; Permanent rnanet, Diahra&n with 
Voice-Coil attached, and Cover Piece. 

L?io. 5B - Assembled view of ttAnnularU te motor e1emnt, 

FIGURE 5 



Fig. 6 - Model SAH moving-coil motor 
element with a short tubular section 
a t t a che d. 

FIGURE 

t-J 
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surrounding medium to the electrical power supplied. A 

prediction of the efficiency of the loudspeaker unit can 

be made b measuring the major loss in the motor element, 

this loss being the so-called blocked diaphragm resistance 

loss of' the voice coil, The efficiency calculated in tnis 

manner will not result in the exact efficiency of the loud- 

speaker since the losses one to air friction and mechanical 

vibration are not inciuded, Compare to the effective 

resistance loss in the voice coil of the motor element the 

mechanical vibration and air friction losses are small and 

can be neglected. The power supplied to the loudspeaker 

is ex.ressea by the equation, 

P8 = i2 (R) 

and th losses within the motor element are, 

where, 

P1 = i2 (Re) 

= voice coil motional resistance 

blocked diaplu'agm resistance, 

The efficiency of the loudspeaker is determined from the 

equation, 

.kfficiency = Pg - P1 

P 
s 
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ubstituting and simplifying, 

fficienc = - 
lid.) 

= - 

The proceuure folioweL in obtaining the damped diaphran 

resistance of the Anotor element will be discussed. in a 

later sections 
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ANALYI O±' LOUPAiìi HO11' 

The loudspeaker horn is employed to match properly 

the impedance of tn air to that of tìie jnovin diapbrai of 

the motor element anta to raaiate ana direct the sound ener- 

. The abiiit of the horn to present a proper impedance 

match between the air and the motor element over a wia.e 

range of frequencies is a measure or the fideliti of repro- 

duction of the horn. 

The qualitative analysis of the louaspeaker horn is 

being reviewed here so that a clear understanding of horn 

characteristics can be gainec. without the necessity of con- 

suiting the references listed at the end of this paper, 

.urtherA1ore, comparisons of theory and test results as they 

affect the electrical impedance of the loudspeaker will be 

made and discus sede 

The equatins for the general soluti3n of the horn of 

a 1ouupeaker are based on the following assumptions: 

1. All fundamental acoustical oquatins are 

applicable. 

2. The diameter of the horn at any point along 

the horn is sa11 compared to the wave 

length of the hiest frequency of sound 

transmit ted., 

. The wave must be a plane wave and air par- 

tide displacement occurs only 
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1onitudina11 a1on the axis of' the horn. 

4 The pressure ano. veiocit of the sound wave 

are small so that second order ano. higher 

terms ma be nelected 
1)efinition ox.' terms: 

= incremental distance along axis of nom, 

= area of' horn at oint X. 

= uensit, o1 uieaiuni (air), 
= comnonent velocity of air article along 

axis of' horn. 

C = vlocit of sound, 

s = ratio of the ineremnt of density chanje 

to the oriinal air density, 

= comonnt of souno. wave along axis oí 

horn. 

ieferin to iure 7, it can be seen that the differ- 

ence between the flovi into, and flow out of, the elemental 

volume (Ax)B will be equal to the ,rowth of' the mass of bhe 

element of air as it moves from the throat of the horn to 

the mouth of the horn. onsierin the influx ano. eff lux 

through eacn pair of faces the difference betveei the two 

becomes, 

-X )P1i) 6 

Aquating the time rate of' rowth of the elemental mass of 



Horn 
/ 

THROAT 

FIGURE 7 

Horn 

BELL 

I-, 



air to equati.i six gives, 

° CX) = -AX 7 

+ jj = O o 

.quation eigit shows the continuitr of the sound wave as it 

moves through the horn. 

The funuaauntal theor of wave propagation gives the 

following twol expressions, 

and 

= -c2(s) 9 

__ :io 

cX 

ubstituting equations nine ana ten into ecjuation eight a 

differential equation is developed, 

c2 (log 0) - e2 = n 

which expresses the general wave equation for axial motion 

of a nedia along a tube of varying cross sectiun, 

Oince this study if of the finite exponential horn 

the generai wave equation nia be aiiei to this te 01' 

horn, The equation l'or the exonential horn is, 
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S = S0E1x 12 

where, 

= throat area of horn 

S = area o horn at any point ( along the 

axis of the nom 

m = flare constant of th horn, 

substitution of the exponential horn equation into the gen- 

erai wave equation (equatiun eleven) gives, 

o = c2J + c2ìnj_ - , io 

ii1rom the basic principles of differential equations a gen- 

eral solution for equation thirteen can be written in the 

fo rin, 

where 

[A cos bx + B sin bxj Ej(it 14 

a = -m 
2 

b = J4k - 

2 

A = wave length 

(1) = 2irf 

f = frequenej in ccies 

The 1ressure, P, at any point along the horn can be 
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expressed by the equations, 

P = - = - 

P = cos bx + B sin bx]E_Jt. 15 

The volume current at any point along the horn may be 

expressed by the equation, 

U= 

u = s La (A cos bx + A sin bx) + 

b (B cos bx - A sin bxiJ 
Jti)t 16 

With the expression for the wave pressure anö. volume 

current along the nom it is now possible to determine the 

acoustical impedance at any point along the axis of the 

horn. The expression for the impedance at any point be- 

comes, 

Za _L 
u 

17 

If equations are written expressing the acoustical 

impeaance at the throat of the horn, and at the bell of 

the horn, it can be seen that the exponential horn is a 

step-down transformer. That is, the pressure (P) is ae- 

creased while the volume current (V) is increased as a 

sound wave travels from the throat to the bell of the 

horn. 
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'vhen tue ratio w/c is verb' 1are comparea to the rate 

of taper of the nom (ni) the impeô.ance of he horn re.iuces 

to o, the characteristic inipedance of air. Near the cut- 

off frequency o1 the horn, 

or, 

w=m 
C 

18 

f = 19 

2ir 

the irnpeance Affers corìsiwrao1y from this anu 1are 

interaction peaks occur, causing the horn to introuuce an 

uneven response over the operating range. 
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QOi-tIPTION Ox UIPMx.NT TT.i) 

Amone tne factors that determine the electrical and 

acoustical er1orxuance of a louuseaker are: 

L requenc response. 

2. iirectional cnaracteristics. 

, Power hanuling caabilit, 

4, Uprational efficiency. 

jIe riiaar, criterion uon which ioua.sjeaker manu- 

Lacturers jucte all types o1 loudspeacer units for quality 

ana faitlitumness of resionse is to measure the frequency 

res.)onse and directinal characteristics of the combined 

motor element and. horn by urivin the motor elemwit with a 

sine-wave input anu nieasureing the sounã output by means of 

a calibrateci microphone ano. amplifier system or by other 

suitable means, 

It niiht b v;eil to cumnent here upon the fact that 

the otner characturistics of a loudspeaker unit are not 

cunsiucreci to oe oi great importance by most manufacturs 

of acoustical equipment, A study of the auvertisin mate- 

ria]. published on amn types ano. idnus of iou..speakers has 

shovi that a response characturistic, angle of sound raui- 

ation, and cost are the primar selling features presented. 

usuaily little inrormation is given on the power nanuling 

capacit or operational efficiency of the unit, 

Inquiries were acio.resseu to the leading loudspeaker 
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inanutacturtrs to gain more information upon the operational 

characteris cies or loudspeakers. evral of the manufactu- 

rers ignored the inquiry and failed to ansv;er the letters 
addressed to them. Those who did ansver phrased their re- 

plies in such a hazy anu general manner that no infori1a- 

tian of value was fortncoming, hen more direct questions 

were askod. regarding the impeuance characteristics and ef- 

liciency of loudspeakers the manufacturers saia that the 

did not have such information. 

±equests for equipment were answereci by two manufac- 

turers, Universit ouspeakers Incorporated, and the 

Jensen ianufacturing Company. With the equipment already 

available in the laboratory a total of two driving units 

and three horns were used for study ana. testing. For the 

sake of convenience tile various uriver units ana. horns will 

be a.esignated. by an iuentifying letter as follows: 

1. Driver UUH - This motor element is the mod- 

el SAH unit manufactured b University 

Loudspeakers Incorporated. The inanufac- 

turer has publisneu the following inrorina- 

tion on tile unit - A.iaximum power output = 

2o watts; Nominal impedance = lo onms 

£requency range = 90 to o,000 cps, 

2, i)river HJH - This motor element is iuent- 

if ied as a U-20 motor element, designed and 



24 

manu.Vactured bj the Jensen ianufacturing 

ConlanT. The characteristics of the unit 

as ubiisne b the ianufactrer are as fol- 

lows; iaxim power outut = watts; Nom- 

thai iinpeciance = id ohms; Frequency range 

= UO to ,OOO cps. 

3. Horn 11U' - The mouel GH, reflex horn unit 

is manufactureci b the University Loud- 

seakrs Incorporated.. The horn is de- 

scribed. as having a bell diameter of thirt' 

inches and. ari air column of seventy-two 

inches, The disersian angle is ninet 

ciegrees. The cutoff frequency was not 

specified b the manufacturer. 

4. Horn - This horn is manufactured by the 

acon mlectric Company, It is described as 

a storm proof type acoustic trumpet with 

the code designation of RIDR. The total 

length of the unit is seventy-two inches 

having a thirty-four inch cast aluminum 

throat with the remaining length being con- 

structed of a patentea. non-vibrating acous- 

tic material. This nom is not of the re- 

entrant variety as can be seen from Figure 

9. The diameter of the bell is thirty 



25 

inches. No operational data were available 

on this particular model of horn. The test 
curves inuicate that the low frequency cut- 

off of the horn is near two hundred cycles. 

5. Horn "J" - This is the model H-24 ttHypexvl 

horn macic by the Jensen Manufacturing Corn- 

pany. The unit has an acoustical length 

of five feet and the bell diameter is twen- 

ty four ano. seventy five hundreths inches 
The mociel H-24 is or the conventional re- 

entrant te of unit used. in most outdoor 

public aciuress installations The nominal 

acoustical cutoff for the horn at low 

frequencies is 140 cps. In the literature 
publisheci by the manufacturer it has been 

stateu that the "ifypex" horn is not an 

exponential but is an exclusive development 

by the company. A picture of the "Hrpex" 

horn is shown in Figure 10. 

The possible combinations of motor elements and horns 

wtre limited uue to the ciifferences in construction of the 

various units. The motor element anu horn combinations 

that were used during the tests are indicated below: 

1. Horn "U" - .üriver "U", This comb inatin is 

shown in Figure 8. 
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2. Horn "kr - riv6r 'lull iiiure 9 shows tais 

unit read tor teste 

Horn "J" - iriver "J", It will bt notea in 

±igure 10 that the motor element is an mt- 

egral art of the horn, This type of de- 

sign is termed "Annular" louaspeaker con- 

structn .Lhe notor element anu horn are 

integrated into a single unit that cannot 

be separatea for use with other units. The 

test results ino.icateu that the "Annular" 

type of design gives better operational 

characteristics. 



Fie. B - Loudspeaker unit composed of Driver "t" and Horn "U" 
in position and ready for test. 

FiGURE 8 



Fig. 9 - Driver "U" and Horn URn assembled and ready for operation. 

FIGURE 



Fig. 10 - Loudspeaker unit Driver "J" and Horn "J" 
mounted in the test rack and ready for operation. 

FIGURE 10 
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DIOUSBI0N O±' TAT CIRCUIT 

The circuit used throughout the entire program of 

loudspeaker testing Is shown in Figure 1].. Briefly, the 

testing circuit makes it possible to determine the voltage 

applied to the motor element, the current flowing through 

the circuit, and by measurement of a Lissajous figure on an 

oscilloscope, the phase anule between voltage ano. current. 

Calculations of power, impedance, resistance, reactance, 

and efficiency can be made from the data taken These 

quantities reflect the operational characteristics of the 

louuspeaker, ano. furthermore, provide information that has 

hitherto been unknown. 

A Hewlett-Packard, model 2000, audio oscillator was 

used. as a variable frequency source in the testing circuit, 

The unit has a tunable range of twenty to twenty-thousand 

cycles. It was found that the output of the oscillator re- 

inained sinuoida1 only when de1iverin ßmall amounts of 

power. A model M14288G, fifty watt, audio power amplifier, 

manufactured by the kadio Corporation of America was used 

to drive the loudspeaker units under test, .txperimentation 

indicated that the amplifier was capable of delivering up 

to thirty watts with negligible distortion, The high input 

impedance of the power amplifier offered an ideal load for 

the audio oscillator while several output impedance taps 

were provided making it possible to match the power 



Loudspeaker 

Schematic diagram of Loudspeaker test circuit. 

FIGURE II 

C)) H 
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ampuiiier to the impeùance o the loudspeaker units 

A ciunimy-antenna loading unit was useci in the test cir- 

cuit to obtain a voltae roortionai to the currunt flow- 

ing in thu circuits This voltae must have the saine phase 

relationship to tne voltabe at tht terminals of the loua.- 

seaker as is ba by the current Ilowing in th circuit. 

The droin resistor, therefore, must be a pure resistance 

iiaving no reactive component. The ordinary wire-wound res- 

istor can not be used clue to a perceptible reactive compo- 

nent of impedance. The a.ummy-antenna unit used has a res- 

istive component of eight ohms an. an in.uctive cononent 

of only three microhenries at one-thousand cicles, 

To make certain that the test circuit was not dis- 

turbed b low impea.ance measuring instruments, vacuum-tube 

voltieters were used to measure ali. voltaes. A model 72òA 

instrument manufactured by the teneral xtadio company was 

used to measure the drop across the series resistor, while 

a General kadio, model l800A vacuum-tube voltmeter vas used 

to measure the voltage at the terminais of the loudspeaker, 

A Du Iviont, type 208, oscilloscope was usto. to measure 

the phase angle between the voltae applie to the loud- 

speaker an the current flowing in the circuit, This os- 

cilloscope v1as used because of its large screen and opera- 

tional stability. Another oscilloscope, XtCA moud lbóC, 

was used to check the wave form of both the current and 
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voltage waves to make certain that no distortion was pres- 

ent durin th tests, Figure 12 snows two pictures of the 

exprirnenta1 circuit, 

To ascertain the reliability anu. accuracy o1 the test 

circuit, imown impedances were inserted into the test cir- 

cuit in place or the motor element ana. the voltae, current 

and phase an1e measured .rom the measureu values the im- 

pedance was calculated and compared ith the iown vaues, 

It was found that measurements w. any given impedance could 

be reac.ily repeated to within a two percent error, xperi- 

mentation indicatea. that most of the error was introuuced 

in measuring the phase angle from the Lissajous figure on 

the oscilloscope. neading the figure on the screen ias 

difficult because of the width of the trace on the screen, 

It was necessary to read the pattern measurements on the 

same side of the trace to maintain good accuracy. 

The angular relationship between th voltage and cur- 

rent aas determined as shown in Figure L3. The sine of the 

angle is the ratio of the minor length (B) to the major 

length (A). An angle of zero degrees is a strait line 

figure lying at an angle on the oscilloscope screen of 

forty-five degrees. A ninety degree hase angle will show 

a circle on the oscilloscope screen, 

Two condenser sections connecteu across the terminals 

of the loudspeaker were used to determine the character of 



Determination of phase 

Lissaous figure. 

FIGURE 

angle from a 

13 
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the reactive com?onent o17 the 1oudseaker impedance. Whe 

chane in the Lissajous figure on the osci11oscoe was not- 

ed as smaLL amounts Di capacitance were placed in parallel 
with the loudseaktr, If the pattern opened, the motor 

element reactance was capacitive in nature, ana conversely, 

1f the pattern closed with the adaition of capacitance the 

motor element impeaance was inuuctive In character1 

igure 14A ShOWS a trace mao.e at a point of small 

anïe between the voltae ana current in the test circuit. 
In Figure 14E is shown a trace inaicating a larde phase 

anale between the voltage ana. current. The traces shown 

in Figure 14 are the exact replica of the patterns that 

appear on the oscilloscope screens The wave shape of both 

the voltae ana. cur?ent are sinusoidal arid no aistortion 
is discernable. 

Traces showing distortion due to mechanical and a 

coustical resonances in the louaspeaker unit may be seen 

in .'igure 1. i)istortion evident at high frequencies is 
shown in .c'igure 15A. tigure 15E shows a distorted trace 

that occurs at tii lower frequencies. These distorted 
traces are caused by the change in acoustical impedance 

as the current is increased in the moving-coil motor ele- 

ment under test1 The chane in the wave shape of both 

the voltage ana. current b the a.istortion introuucea. gives 

rise to tile unsrnmetricai patterns snown, 



Fig. 14A - A £issajous f iure 
showing a small phase angle 
between the voltage and. current. 

Fig. 14B - A Lissajous figure 
showing a large phase angle 
between voltage ana. currents 

'1. ''1 
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showinß distortion introuuced 

at high audio frequencies. 

Fig. 1ÖB - A Lissajous f igiire 
showing distortion introauced 
at low audio frequencies, 

FIGUi 15 
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P.kRFORWiANC OF ThSTS 

The measurements made on the moving-coil motor ele- 

ment to aetermine its dynamic impedance characteristics are 

briel' outlineu. below; 

1, Interference measurements 

A. Proxiraity of object 

B. Shape of object 

2. Impedance measurements 

A. ,onstant-current operation 

B. Constant-intensity operation 

C. Blockea voice-coil measurements, 

Several quantitative tests were maue to ascertain the 

eíiect that the proximity and snae of sound reflecting 

surfaces nave on the input impedance of a louaspeaker motor 

element, The measurements were mauc at several frequencies 

chosen at ranctom At eacì1 frequenc sound reflecting sur- 

faces anJi bodies of neteroeneous shape were placed in the 

acoustic path of the horn, Any change in the characteris- 

tics of the motor element uue to these obstructions were 

reflected in the Lissajous figure on the test oscilloscope. 

In the case of flat reflecting surfaces placed in the 

path of the horn, it was found that no chane in charac- 

teristics occurred until the surface was wìtruin ten to fif- 

teen feet of the bell of the loudspeaker, The distance 

varied. aepending upon the frequency being usea The 
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higher frequencies were affectec first and. distortion grad- 

uall aearea at the lower frequencies as the surface was 

brought nearer the bell of the loudspeaker, These measure- 

ments were conducted with a constant auaio inut of fifteen 

watts, with the completion of the interference tests a 

location for the remainder of the impedance measurements 

was selectea., A discussion of the test location will be 

found near the end. of this section. 

Three series of impedance measurements were made, 

The first series of tests were based on a constant current 

f lowing in the voice coil oí the motor element. The cur- 

rent was used as a reference because it is roportionai to 

the force acting on the diarira of the motor element, 

In a constant magnetic field. the force acting on a cono.uc- 

tor is: 

f = B(1)ni. 

since B, the magnetic field strength; 1, the conauctor 

length; and n, the number of conductors in the field; are 

all constants, then the force acting on the diaphra of 

the motor eiement is roortional to the current flowing, 

Complete data were taken Ofl the motor element anu. horn com- 

binations listed on page twenty-five using a constant cur- 

rent ol five-tenths ampere. The results of this group of 

tests are shown on curves locatea in the appendix of this 
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gaper. 

The second series or measurements were based on a 

constant intensità at a oint six .teet from the bell of the 

horn. Tile intensity vías measurect by a General Radio, te 
759A, noise meter. The microone of the noise meter was 

attached to a boom so that it coula be moved along the axis 

or the horn. Pictures of the exrirnental arrangement may 

be seen in .igures ló and 17, Uomplete test results using 

a constant intensity of one-hundred decibels ajipear in the 

apenaix or this report. The in.ain purpose of this second 

series ol tests is to obtain iniorrnation that could be coin- 

pared with the results aï the series of tests based on a 

constant curint f 1owin in the circuit. 

The tnira series of measurements were made to deter- 

mine the blocked voice-coil resistance of the motor ele-. 

ment, The b1ocke voice-coLL resistance is determined by 

solidly blocking the diapbran in its proper operating pos- 

ition ana. obtaining the impedance of the blocked motor 

element ovr tne £reuenc range desired olid1y biockin 

the voice-coil is a problem since the cüaphragm traverses 

onl' a short uistance anu the large current ana intense ina 

netic field in hich the voice coil is locatcu cause it to 

move with considerable force. In order not to disturb tue 

magnetic field only non-metalic plasters and glues can be 

used. everai attempts to block the motor element 
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diahram b a mchanica1 means endea in fai1ure It was 

found, also, tnat most resin base glues shrink during drj- 

in tnus ieavin space lor the aiahram to moves 1astr 
of Paris and atehing plaster were tried anu. found to be 

satisfactory if only a small amount of water was used in 

mixin The addition of too much water causes the 1aster 

to sbrink auring dr'in Ieavin space ror th voice coil 

to iiove. Plaster of Paris was used to block the diahrarn 

of .oriver "J" (page eleven). The entire unit, voice-coil, 

magnet, an.i wiring were imbedd.ed. in tue plaster and alloved 

to ur veri slowl until haru. A motor element iuentical 

to jriver "U" (page twelve) was supilieu b the manufac- 

turer already solidly blocked. The means of blocidn this 

motor element was not ctivulged by the manufacturer. The 

impedance measurements wee rnaae on the blocked diaphragm 

motor elements in the same mannr as those made on trie 

complete loucispeaker units .iesults of these blocked dia- 

phragmn tests can be seen from curves located in the append- 

ices of tliis paper, As previously mentioned, the purpose 

of the blocked aiahrag impedance measurements is to ciet- 

ermine the blocked diahra resistance of the motor ele- 

ment. The blocked diaphrai resistance is used to cacu- 

late the efficiency oi the loudspeaker unit as inLiicatea. 

on pages ten to fourteen oI this paer. 
Two miscellaneous tests were performea. to determine 
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the resonant joint or th motor element diaphrai, .irst, 

an attempt was made to measure the displacement or the 

voice coil but no successful metnou was found. An object 

fastened to the diaphran changed the mass ana acceleration 

characteristics oL the diaphragm thus changing the electro- 

acoustical proerties or tìe motor element, A light beam 

coulu. not be used aue to the very small throat opening of 

the driver unit, The angle of reflection was so small that 

the deflection could not be recoro.ed, 

Thé second series of tests were more successful in 

determining the resonant point ai motor element aia- 

phragin. hort tubular sections were attachea to the tnroat 

of the motor element thus changing slightly the enclosed 

volume above the motor element diaphra A change in the 

enclosed volume will cause resonant points due to the in- 

ternal space about the voice coil ana aìaphragm to be 

changed also The mechanical resonance of the motor ele- 

ment aiaphram will not be influenced perceptibly so that 

the resonant point due to mechanical resonance will reoccur 

at nearl the same frequency, It will be notea from the 

test curves in the appenaices that the addition of the 

small tuUular sections caused some of the resonance points 

to be displaced while the large resonant point near two- 

thousand ccles aid not chane. This would inaicate, then, 

that this point is the major resonant frequency of the 
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motor element Figure 
Ô 

shows a icthre of a motor ele- 

ment with a tubular section attached. 

Theoretically, a loudspeaker should be tested in free 

space. liowever, the interference tests indicate that ob- 

jects over twenty feet away from the horn of the loud-. 

speaker so not affect the impedance characteristics of the 

loudspeaker unit, The test location shown in figures 1 

and 17 was selectea. because it provided an unobstructed 

area into which the test loudspeaker could be operated 

as wel,l as giving access to electrical facilities and e- 

quipment storage. The background foliage shown in the pic- 

tures is more than thirty feet to the side of the loud- 

speaker. A1thouh not clearly shown, no interfering object 

lies within the area directly in Iront or the loudspeaker 

for a aistance of approximately one-half mi1e 
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Fig. 1 - Two ictures of the 1oudseaker testina, 
location showing .ûriver "U" and Horn "u" extended 
on the aparatus boom and ready for teste 

FIGUh 1 
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iIUSSION OF TJST uULTS 

The results of the djnaniic impedance tests of a mov- 

ing-coil louaseaker motor element bring out the following 

salient points. 

In a mathematical analysis or a moving-coil motor 

element it is possible to account for the acoustical and 

mechanical impedances of the unite These acoustical and 

mechanical impedance parameters can be segregated and mea- 

sured in practice only with great difficulty ana in some 

cases not at all. 

The usual location of a loudspeaker in rooms, auuit- 

oriums, or out-of-doors apparently aoes not affect apprec- 

iablï the input impedance of the motor element, The inter- 

ference tests proved that only objects within ten feet of 

the bell of the loudspeaker cause the input impedance of 

the unit to be noticeably altered, Comparison of the test 

curves will snow that the construction of the loudspeaker 

horn afiects materiall the input impeaance of the motor 

element. 

The re-entrant type of horn produces more points of 

resonance because ol' sound reflections at every folu of the 

horn. '1his chanbe in acoustic impeaance of the re-entrant 

horn at each fold, causes wave reflections which affect the 

load on the diaphragm causing the impedance characteristics 

of any motor element with which a re-entrant horn is used 



to be extremely erratic over tne frequency range of the 

unit. This henomena of sound wave reflection was re- 

affirmed b measuring the lengths of the air columns in the 

horns usea. during the tests ana calculating the resonant 

frequencies of tht, various air coluuns Comparison of the 

calculations and the test curves in.icate that most of the 

resonant points on the test curves are due to wave reflec- 

tians within the louaspeaker horn This ixuorination is one 

of the contributions of this study. 

The nominal impedance of the motor element more 

closely aproaches twenty ohms rather than the sixteen ohms 

quoted the manufacturers, The impeaance angle of the 

motor element varies from a plus thirty degrees (+O0) to a 

minus thirty degrees (_300) over the operating rane of 

frequencies. The averae angle is approximately a plus 

eighteen degrees (+1b0). This makes the averae load a 

lagging, or inductive, load for an' vacuum-tube amplifier. 

It il be noted further from the test curves in the appen- 

dices of this report that tile loudspeaker unit appears as a 

resistive load over only a very small percent of the oper- 

ating range. 

The power hanaling capacities of the motor elements 

are overrated b the manufacturers It was found that the 

continuous power input to the loudspeaker coulu not be made 

to exceed seventeen watts The manufacturers rated the 



motor elements at twenty-five watts If the units were 

torced to take more load. errnenant dama6e was done to the 

diahran an voice coil. The concìltion or ttover drivefl 

becomes aparent ions before the maximum power point is 

reaehed In most instances the goint Of flover drivett oc-. 

curred near a power input or fron twelve to fourteen watts 

The point of over drive was taken as the poinb o± ciiane in 

sìnmetry of the Lissajous figure on the oscilloscope, As 

lonb as the Lissajous figure remains undistorted the in1jut 

to the 1ouLLs.,eaker villi be sinusoidal. It was found that 

b' ca1cu1atin the power hand1in capabilities oi the unit 

using maximum instead of effective values of voltae and 

current a value corresponding to the twenty-five watts as 

published b the manufacturers coula ' ce obtained. Inspec- 

tion o1 the test curves inuicate that the output of the 

loudspeaktr units is more constant over the oeratin 

ran.6e of motor elements havin' he more stable input imp- 

edance characteristic. This means that the average oper- 

atin power outut of the unit is reater over the frequen- 

cy rane 

A comparison o the constant-intensity anc. constant- 

current tests show that both approaches give sirniliar re- 

sults. The constant- intensit curves show fewer resonant 

points tnan ao the constant-current curves. This may oe 

due to a nigh noise level masking some of the resonant 
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pOiflt8. The disadvantaes ol' the constant-intensity tests 

are the difficulties in establishing a good tecinique and 

obtaining consistent results It is difficult to find an 

outside location that has a low noise level, a larde unob-. 

structeu area, ari the necessarj electricai conveniences 

Ïne measurements of sound intensities with higa backgrounu 

levels an standing waves make it nearly iniossible to re- 

produce tests at will, The constant-intensity tests can- 

not be conducted in an enclosed space due to the acoustical 

characteristics 01 the enclosure afíectin the operation 

of the noise level meters An enclosed space can be acous- 

ticall' treated to closely aproacn outside conditions but 

no practical amount of acousticai treatment can entirely 

eliminate room reveroeraion ana stanciin& waves completely. 

The constant-current tests as outlinea in this paper 

ano. the results shown in the test curves indicate that the 

testina procedure is rather siIdple and the experimental re- 

suits accurate1 This testinb methou ¿ives th complete e- 

lectrical characteristics as well as inaicatin the acous- 

tical quality of the louusar unit, The Lissajous fig- 

ure shows the introduction of distortion in the loudspeaker 

output due to nw harmonics, resonance points, and over 

drive by a chane in s,'mmetr about the axis of the Lissa- 

jous Ligures, The power limits of the loudspeaker can be 

easii' determined b o.riving the unit with large amounts 
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of power and taking notice of the resulting pattern on the 

oscilloscope screen, 
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The study ana measurement of the d7namic impedance 

characteristics 01' a moving-coil loudspeaker motor element 

show the motor element impedance to be a variable load over 

the operatin frequency range for an audio amplifier, The 

nominal impedance presented by a loudspeaker is, Z 201+18 

or Z = 19.02 + jò.18, The variation of the motor element 

impedance is from ten to fortj ohms with a chane in imp- 

edance angle of from plus thirty degrees to minus thirty 

degrees. This makes the loudspeaker impedance both indue-.. 

tive and capacitive in character over the operating freq- 

uenc range of the unit. 

The amount of impedance variation for a given motor 

element depends upon the type or ìorn usea with the motor 

element, The re-entrant type horn presentect the greatest 

variation of impectance, This is caused b the resonant air 

columns ano. change in acoustical impeanoe due to th folds 

in the horn construction. 

The motor elements are rated by the manufacturers at 

twenty-five watts, The motor elements will absorb only 

seventeen watts before permanent damage is aone to both the 

voice coil and diahrai, The average power input at the 

point of over drive is thirteen watts, 

ïhe average loudspeaker efiiciency of the units 
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tested is thirty-five percent, The efficiency of the loud- 

speaker varied depending upon the character of the input 

impeuance o1 the motor element anu horn. 

Objects in th path oí trie loudspeaker do not chane 

the motor element impeuance unless located within ten feet 

of the bell of the horn. 

finally, the test niethoas and procedures developed in 

this paper are an easy and accurate means of determining 

the operational impeciance characteristics of a loudspeaker. 

The ineasureu motor element impedance incdcates also the 

acoustical qualit of the loudsLeaker. A comparison of the 

constant-intensity and constant-current metnocLs of loud- 

speaker testina snow the constant- intensity method to be 

cumbersome to perform ana to ive inconsistent results, 

It is believed that the constant-current method of 

loudspeaker testing developed in this paper and the infor- 

mation on loudspeaker impedance characteristics resented 

will lead to the improvement in the design of horn-te 
loudspeakers. 
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