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The design of a loudspeaker is approached, 1n practice,
from the standpoint of frequenc{ response and area ol sound
coverage rather than from the standpoint of The characteristics
of the loudspeaker as an lmpedance load, A study of the
advertising maverial published on many types of loudapsakers has
shown the primary selling features to bey rfirst, the frequency
- response characterlsiicsy second, angle of sound projéctiony and
third, physical appearance, size, and cost, The manulacturers
neglect to include details of how the test results were obtalned
in the description of characteristics ol a loudspeaker,
Furthermore, sufficlent information regarding power handling
ecapacity,; operaitional efficiency, and load impedance character-
istics are not supplied by most manufacturers,

In a mathematical analysis of a moving-coll motor element
it is possible to account for thé acoustical and mechanical
impedances of the unit, These acoustical and mechanical
impedance parameters can be segregated and measured in practice
only with great difficulty and in some cases not at all,

The study and measuremeéent of the dynamic lmpedance
characteristics of a moving-coll loudspeaker motor element show
the motor element impedance to ve & variable load over the
operating frequency range for any audio amplifier, gha nominal
impedance presented by a loudspeaker 1s, Z = 20 418 or
Z = 19,02 4 j6,18, The variation of the motor element lupedance
4s form ten to forty ohms with a change in impedance angle of
from plus thirty degrees (+50°) to minus tuirty degress (-30°),
This makes the loudspeaker lmpedance both inductive and capacltive
in character over the operating frequency range of the unit,

The motor elements are over rated by the manmulacturers
at twenty-five watis, Investigation shows that the motor elemens
will absorb only seventeen watis before permanent damage 1s done
to both the volce-coll ana diaphragm, The average power input
at the point of over drive is thirtesn watis,

A change in ascoustic lmpedance occurs al each fold of a
re-entrant horn causing wave reflections which affect the load
on the diaphragm causing the lmpedance characteristics of any
motor element with which a re-éntrant horn is used to be



extremely erratic over the frequency range of the unit, This
W of sound wave reflection was reaffirmed by measuring
the lengths of the air column¢ in the horms used during the
tests and calculating the resomant [requencles of the various
air columns, <4his information is one of the contributions of

: this ‘ﬁld?-o | i
‘ » the constant-current test methods and procedures

developed la thls paper are an ¢asy and accurate means of
determining ihe operational impedance characteristics of a
loudspeaker, The measureéd motor clement ilmpedance indicates
also the acoustical guallty of the loudspeaker, It is belisved
that the constant-current method of loudspeaker testing
develoged in this paper and th information on loudaspeaker
impedance characteristica presented will lead to the lumprovement
in the design of hornetype loudspeakers,



DYNAMIC IMPEDANCE CHARACTLRISTICS
OF A
MOVING - COIL LOUDSPEAKER MOTOR LELuMENT

by
HARRY LYLE THURMAN

A THESIS
submitted to

OREGON STATE COLLLGE

in partial fulfillment of
the requirements for the
degree of
MASTLR OF SCILNCH

June 1949



APPROVED:

Redacted for privacy

Professor of Communication ingineering

In Charge of Major

Redacted for privacy

Head of Department of Electrical Engineering

Redacted for privacy

-

d
Chairman of School Graduate Committee

Redacted for privacy

Dean of Graduate bchoof7



TABLE OF CONT&NTS

PRENACE ¢ ¢ o v 0 60 6 0 6 & 0 o o0
INTRODUCTION o o o o ¢ o o ¢ s o o o o
ANALYSIS OF MOTOR BELEMENT o+ o o o o o
ANALYSIS OF LOULSPHAKER HOEN 4 o o o o
DESCRIPTION OF EQUIPMLNT ToSTED o, o
DISCUSSION OF TiST CIRCUIT o @@ s 8
PERFORMANCE OF TESTS o o o o o o o o o
DISCUSSION OF TEST RESULTS o o o o o o
CONCLUSION U ST S T R T T AR
APPENDIX I

Bibliography and References , .
APPENDIX II

Test Curves PO SRR R T SR SR S

page

15
22
30
59
47
52

54

56



1.

2,

4o

SA,

SB.

Oe

FIGURES

SCHWMATIC DIAGRAM OF MOVING-COIL MOTOR

EL“E‘MLNT ° L] L] . . . . .

KQUIVALGNT wLoeCTRICAL NETWORK OF A MOTOR

BELEMENT HAVING A DIAPHRAGM WITH A SINGLW

DEGREL OF FREEDOM o o o

.

AFFECT OF DAMPING FACTOR ON AMPLITUDE AND

VLLOCITY OF A MOTOR bLEMENT DIAPHRAGM

BQUIVALLNT BLiCTRICAL NuTWORK OF A

MOVING=-COIL MOTOR LILLMoNT

DISASSEMBLED VIEW OF "ANNULAR" TYPa& MOTOR

BLEMENT SHOWING FROM LuFT TO RIGHT:
PERMANENT MAGNLT, DIAPHRAGM WITH VOICk-

COIL ATTACH&D, AND COVLER PILCE o ¢ o o o

ASSEMBLED VIEW OF "ANNULAR" TYPL

MOTOR SLuMLNT

MODEL SAH MOVING-COIL MOTOR BLBMoNT WITH

SHORT TUBULAR SECTION ATTACHLD .,

SCHEMATIC DIAGRAM OF HORN

LOUDSPEAKER UNIT COMPOSED OF DRIVLR "U"

A

AND HORN "U" IN POSITION ANv HuADY rOR TEST,

DRIVER "U" AND HORN "R" ASSLUBLED

AND READY FOR OPERATION

page

11

iEi S

12
17

=27

28



10.

1l.
12,

13,

144,

14B,

154,

15B.

16,

i 7 4%

LOUDSPBAKER UNIT DRIVER "J" AND HORN "J" page
MOUNTLy IN THE TLST RACK AND RBADY FOR

OPERADION . & o o 5 @ie el wite e » Wiy o o ' 29
SCHSMATIC DIAGRAM OF LOUDSPuLAKER TEST CIRCUIT, 31
TW0 PICTURLS OF TESTING POSITION SHOWING

THE ARRANGEMENT OF THu TLSTING CIRCUIT

COMPONENTS ¢ o« o« © ¢ © o s o © o o ¢ o o o o o 55
DETERMINATION OF PHASE ANGLE FROM

A LISSATOUS FIGURE § o o o o o ¢ ¢ o o o o & 35
A LISSAJOUS FIGUR& SHOWING A SMALL

PHASL ANGLE BETWLLN THE VOLTAGE

AND OURRENT o o o @ o 6 o & o & & 5 & % % 8.8 37
A LISSAJOUS FIGURE SHOWING A LARGE PHASL

ANGLE BETWELN VOLTAGE AND CURRENT o o o o o @ 37
A LISSAJOUS FIGURE SHOWING DISTORTION

INTRODUCED AT HIGH AUDIO FREQUENCIES o o o o @ 38
A LISSAJOUS FIGURE SHOWING DISTORTION

INTRODUCED AT LOW AUDIO FREQUENCIES o o o o o 38
TWO PICTURLS OF THe LOUDSPBAKWR TESTING

LOCATION SHOWING DRIVER "U" AND HORN "U"

EXTENDED ON THe APPARATUS BOOM AND READY

FOR TEST o o 0 o o 6 6 o o @ @ & & @ /o o »aie 45
TWO PICTURES OF THe LOUDSPRAKER TaSTING

LOCATION SHOWING DRIVER "U" AND HORN "R" IN

POSITION AND KEAUY FOR OPLRATIUN ¢ o o o o o o 46



PREFACL

The author wishes to express his gratitude to Pro-
fessors A, L, Albert and F, O, McMillan for the guidance
that was glven to him during the preparation of this paper
"and for the priviledge of working in cooperation with them,

The author is also indebted to his wife who offered
encouragement when the golng was difficult and successful
completion ol the thesis seemed unattainable, Furthermore,
the manual labor unselfishly donated to help assemble this
paper in its final form is deeply appreciated,

Thanks is also extended to Dean G, W, Gleeson, Dean d
the School of Lkngineering, who helped pacify those people
who were inconvenienced by the nerve shattering noise that
resulted during the tests,

H, L. Thurman

June 1949



DYNAMIC IMPEDANCE CHARACTLRISTICS
OF A

MOVING - COIL LOUDSPBAKmR MOTOR LLEMwNT

INTRODUCTION

The impedance characteristics of the horn-type loud-
speaker as a load for an amplifier has not been given suffi-
cient study., This statement is based on information ob-
tained from loudspeaker manufacturers,

The design of a loudspeaker is approached, in practice
from the standpoint of frequency response and area of sound
coverage rather than from the standpoint of the character-
istics of the loudsp eaker as an impedance load, A study of
the advertising material published on amny types of loud-
speakers has shown the primary selling features to be;
first, the frequency response characteristics; second, angle
of sound projection; and third, physical appearance, size
and cost, The manufacturer neglects to include details of
how the test results were obtained in the description of the
characteristics of a loudspeaker, This renders a comparison
of operational characteristics of several louaspeakers use-
less, since it 1s not known whether the test data were ob-
tained under similar conditions, Furthermore, sufficient
information regarding the power handling capacity, opera-
tional efficiency, and load impedanceé characteristics are

not supplied by most manufactuers,



The purpose of the following study and series of tests
is to gein information regarding the operation of the loud-
speaker as an impedance load and of its characteristics as
an acoustical transducer, The input, or load, impedance is
not a simple function due to the inter-relation of electri-
cal, mechanical, and acoustical impedance that go to make
up the equivalent electrical input impedance of a loud-
speaker,

The experimental techniques developed for the follow-
ing studies present and accurate means by which it is pos=-
sible to obtain operational data on loudspeakers, It is
believed thatrthe information presented in this paper will
assist manufacturers in the improvement in design of horn-

type loudspeakers,



ANALYSIS OF MOTOR mLLMLNT

The primary function of any loudspeaker 1s to trans-
form electrical signals into acoustic energy without a
change in wave shape, The horn-type loudspeaker 1s made up
of two primary components:

(A) The motor element, often called a driver,
or driving element,
(B) The horn, or acoustical transformer and
radiator,

The moving-colil motor element is as shown in Figure 1,
It consists of three principal parts, a movable coll of sev=
eral turns of wire which carry the electrical signal cur-
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, which imparts motion to the
air surrounding it, The current variations in the coil,
reacting with the strong magnetic field in which the coll is
located, cause the coil and diaphragm to move in accordance
with these variations, The motion of the diaphragm creates
sound waves which are a replica of the electrical signal
applied to the motor element,

The following qualitative analysis of the moving-coil
motor element is being presented in this paper to indicate
the general theory so that the electrical impedance measure-

ments presented herein can be more clearly understood and
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interpreted,
Consider first a motor element with a diaphragm having
a single degree of freedom in which the diaphragm is not
stretched or damped in any way, Figure 2 shows the elec-
trical equivalent of such a motor element, where;
Ebtfjwt = the alternating force operating on

the diaphragm

M, = effective mass of the dlaphragm
o = diaphragm stiffness
Ro = mechanical resistance of the dia-

phragnm,
The absolute value of velocity of the diaphragm is expressed

by the equation,
= F ~ 1
M [4&2 + (wz - wjg)z:]"']‘
w

and the amplitude of movement of the diaphragm is given by

the equation,

ST e 2
w
where,
A = _Bo , the damping factor
2o
f, = the resonant frequency of the motor

element aiaphragm,

By plotting equations 1 and 2 for different values of
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Equivalent electrical network of motor element having a

diaphragm with a single degree of freedom.

FIGURE 2



damping factor (A) curves similar to those shown in Figure

3 will result, It will be noted that there 1is a great
change in both the amplitude and velocity of the moving dia-
phragm as the damping factor of the motor element is changed
Figure 3 shows further that the resonant frequency of the
equivalent electrical circuit and the damping factor must

be high to obtain constant amplitude anda veloclity over a
large frequency range,

It can be reaaily understood that a motor element de-
signed with a high damping factor and high resonant frequen-
cy would be insensitive to low signal levels because of the
weight and size of the diaphragm, By changing the mechan-
ical construction of the motor element diaphragm so that it
is no longer a simple vibrating system it 1s possible to
alter materially the characteristics of the motor element,

In the design of wide-band electrical networks for
transmission systems combinations of resonant electrical
circuits are connected together to attain the desired re-
sults, This, in effect, is accomplished in louaspeaker
motor elements when a mechanical rearrangement of the magnet
and diaphragm are made, By making the appropriate mechan-
ical changes in the motor element an equivalent electrical
network similar to that shown in Figure 4 may be obtained,

The absolute value of impedance at the input terminals

of the network will be:
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where,

)
X = + Mw - "0 4
Yo W

The parameters of the coupled network shown in Figure 4 are;
Sl = stiffness of coupled network
li;j = mass of coupled network

R resistance of coupled network,

1

Figure 5 shows the "Annular" type of moving-coil motor
element used during a portion of the loudspeaker tests, The
conventional type of moving-coil motor element shown in Fig-
ure 6 also was used during the series of impedance measure-
ments, Construction details and operational characteristics
of these units will be discussed in other sections to fol-
low,

The efficiency of a loudspeaker as defined by the
"american Recommended Practice for Loudspeaker Testing," is

the ratio of the total acoustical power raaiated into the



Fig. S5A - Disassembled view of "Annular"
type motor element showing from left to
right; Permanent magnet, Diaphragm with
Voice-Coil attached, and Cover Piece,

type motor element,

FIGURE 65

1l



Fig. 6 - Model SAH moving-coll motor
slement with a short tubular section
attached.

FIGURE 6

el
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surrounding medium to the electrical power supplied, A
prediction of the efficiency of the loudspeaker unit can
be made by 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 this
manner will not result in the exact efficiency of the loud-
speaker since the losses due to air friction and mechanical
vibration are not included, Compared 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 expressed by the eguation,

- 12
B e TR

and the losses within the motor element are,

P, = I? (Ry)

where,
R, = volce coil motional resistance
Ry = blocked diaphragm resistance,

The efficiency of the loudspeaker is determined from the

equation,

mfficiency = Pg - Pp



Substituting and simplifying,

Efficiency = I°(R, - Ry) = By - Rg

T8, Ry

The procedure followed in obtaining the damped diaphragm
resistance of the motor element will be discussed in a

later section,

14
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ANALYSIS OF LOUUSPeAKER HORN

The loudspeaker horn is employed to match properly
the impedance of the air to that of the moving diaphragm of
the motor e€lement and to radiate and direct the sound ener-
gy. The ability of the horn to present a proper impedance
mateh between the air and the motor e¢lement over a wide
range of frequencies is a measure of the fidelity of repro-
duction of the horn,

The qualitative analysis of the loudspeaker horn is
being reviewed here so that a clear understanding of horn
characteristics can be gained without the necessity of con-
sulting the references listed at the end of this paper,
Furthermore, comparisons of theory and test results as they
affect the electrical impedance of the loudspeaker will be
made and discussed,

The equations for the general solution ol the horn of
a loudspeaker are based on the following assumptions:

1, All fundamental acoustical equatlons are

applicable,

o
.

The diameter of the horn at any point aslong
the norn is small compared to the wave
length of the highest frequency of sound
trgnsmitted,

3, The wave must be a plane wave and air par-

ticle displacement occurs only



1o

longitudinally along the axis of the horn,
4, The pressure and veloclty of the sound wave
are small so that second order and higher
terms may be neglected,
Definition of terms:
AX = incremental distance along axis of horn,

S = area of horn at point X,

(D

density of medium (aif).
= component velocity of alr particle along

axis of horn,

(e} = velocity of sound,

s = ratio of the increment of density change
to the original air density,

ﬂ = component of sound wave along axls of
horn,

Refering to Figure 7, it can be seen that the differ-
ence between the flow into, and flow out of, the elemental
volume (AX)S will be equal to the growth of the mass of the
element of air as it moves from the throat of the horn %o
the mouth of the horn, Considering the influx and efflux
through each pair of faces the difference between the two

becomes ,

-8X stiﬁl 5 6

Equating the time rate of growth of the elemental mass of
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air to equation six gives,

9P S(AX) = -AX 2(Seu) 7
ot X

JC_ S + J(sen) = 0 8
ot ax

Bquation eight shows the continuity of the sound wave as it
moves through the horn,
The fundamental theory of wave propagatlion gives the

following twol expressions,

_cz(s) 9

¢
and

K — a@_ . 10

X

Substituting equations nine and ten into equation eight a
differential eguation is developed,

2 a4 . 2 25
c QQ leog bz - C Py Qi = 0 1401
o A o X o i

which expresses the general wave equation for axial motion
of a media along a tube of varying cross section,

Since this study if of the Tinite exponential horn
the general wave equation may be applied to this type of

horn, The equation for the exponential horn is,
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where,
S = throat area of horn
S5 = area of horn at any point X along the
axis of the horn
m = flare constant of the horn,
Substitution of the exponential horn equation into the gen-

eral wave equation (equation eleven) gives,
0 = o g 4+ Ea g -} . 13
X X

From the basic principles of differential equations a gen-

eral solution for equation thirteen can be wrltten in the

form,

;6 - B E& cos bx + B sin bx] ijt 14
where

a = =-m

2
b = V4k® - n?
2
k = 2m
A

A = wave length
w = 2gf
5 4

frequency in cycles,

The pressure, P, at any point along the horn can be



expressed by the egquations,

—023 = -¢

d
]

Lae
]

-jwf’gax[zl. cos bx + B sin bx] £-jwt. 15

The volume current at any point along the horn may be

expressed by the equation,

T = 899
A
U = S [éax (A cos bx + A sin bX) + ceee

vee b(B cOs bx = A sin belé‘jwt .

With the expression for the wave pressure and volume

current along the horn 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 ,
G, = 0T 17

If equations are written expressing the acoustical
impedance 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 de-
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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When the ratio w/c is very large compared to the rate
of taper of the horn (m) the impedance of the horn reduces
to ¢, the characteristic impedance of air, Near the cut-

off frequency of the horn,

w = m 18
c
or,
f = % ) 19
er

the impedance differs consideraply from this and large
interaction peaks occur, causing the horn to introcuce an

uneven response over the operating range,
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DESCRIPTION OF sQUIPMENT ToSThD

Among the factors that determine the electrical and

acoustical performance of a loudspeaker are;
l, Frequency response,
2. DLirectional characteristics,
S, Power handling capability,
4, Operational efficiency,

The primary criterion upon which loudspeaker manu-
facturers judge all types of loudspeaker units for quality
and faithfulness of response is to measure the frequency
response and directional characteristics of the combined
motor element and horn by driving the motor element with a
sine-wave input and measureing the sound output by means of
a calibrated microphone ana amplifier system or by other
sulitable means,

It might be well to comment here upon the fact that
the other characteristics of a loudspeaker unit are not
consicered to be of great importance by most manufactucrs
of acoustical egquipment, A study of the advertising mate-
rial published on amny types and kinds of loudspeakers has
shown that a response characteristic, angle of sound radi-
ation, and cost are the primary selling features presented,
Usually little information is given on the power handling

capacity or operational efficiency ol the unit,

Inquiries were addressed to the leading loudspeaker
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manufacturers to gain more information upon the operational
characteristics of loudspeakers, Several of the manufactu-
rers ignored the inquiry and failed to answer the letters
addressed to them, Those who did answer phrased their re-
plies in such a hazy and general manner that no informa-
tion of value was forthcoming, When more direct questions
were asked regarding the impedance characteristics and ef-
ficiency of loudspeakers the manufacturers said that they
did not have such information,

Requests for equipment were answered by two manufac-
turers, University Loudspeakers Incorporated, and the
Jensen Manufacturing Company, With the equipment already
available in the laboratory a total of two driving units
and three horns were used for study and testing, For the
sake of convenience the various driver units and horns will
be designated by an identifying letter as follows:

1, Driver "U" - This motor ¢lement is the mod-
el SAH unit manufactured by University
Loudspeakers Incorporated, The manufac-
turer has published the following informa-
tion on the unit - Maximum power output =
20 watts; Nominal impedance = 16 ohms;
srequency range = 90 to 0,000 cps,

2, Driver "J" - This motor element is iacent-

ified as a U-20 motor element, designed and
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4,
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manufactured by the Jensen Manufacturing
Company, The characteristics of the unit
as published by the manufactrer are as fol-
lows; Maximum power outgout = 25 watts; Nom-
inal impedance = lo ohmsj; Frequency range

= 200 to 5,000 cps,

Horn "U" - The model GH, reflex horn unit
is manufactured by the University Loud-
speakers Incorporated, The horn is de-
scribed as having a bell diameter of thirty
inches and an air column of seventy-two
inches, The dispersion angle is ninety
degrees, The cutoff frequency was not
specified by the manufacturer,

Horn "R" - This horn is manufactured by the
Racon mlectric Company, It is described as
a storm proof type acoustic trumpet with
the code designation of RIDER, The total
length of the unit is seventy-two inches
having a thirty-four inch cast aluminum
throat with the remeining length being con-
structed of a patented non-vibrating acous-
tic material, This horn is not of tThe re-
entrant variety as can be seen from Figure

9, The diameter of the bell is thirty
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inches, No operationel data were available
on this particular model of horn, The test
curves inaicate that the low frequency cut-
off of the horn is near two hundred cycles,
5, Horn "J" - This is the model H-24 "Hypex"
horn made by the Jensen Manufacturing Com-
pany, The unit has an acoustical length
of five feet and the bell diameter is twen-
ty four and seventy five hundreths inches,
The model H-24 is of the conventional re-
entrant type of unit used in most outdoor
public address installations, The nominal
acoustical cutoff for the horn at low
frequencies is 140 cps, In the literature
published by the manufacturer it has been
stated that the "Hypex" horn is not an
exponential but is an exclusive development
by the company, A picture of the "Hypex"
horn is shown in Figure 10,
The possible combinations of motor elements and horns
were limited due to the differences in construction of the

various units, The motor element and horn combinations

that were used during the tests are indicated below:

1, Horn "U" - Driver "U", This combination is

shown in Figure 8,
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Horn "R" - Driver "U", Figure 9 shows this
unit ready for test,

Horn "J" - Driver "J", It will be noted in
Pigure 10 that the motor element is an int-
egral part of the horn, <his type of de-
sign is termed "Annular" louadspeaker con-
struction, The motor element and horn are
integrated into a single unit that cannot
be separated for use with other units, The
test results indicated that the "Annular"
type of design gives better operational

characteristics,



Fig. 8 = Loudspeaker unit composed of Driver "U" and Horn "U"
in position and ready for test.

FIGURE 8

LS
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Fig, 9 - Driver "U" and Horn "R" gssembled and ready for operation.

FIGURE 9

O



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

FIGURE 10
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DISCUSSION OF Tr3T CIRCUIT

The circuit used throughout the entire program of
loudspeaker testing is shown in Figure 11, 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 angle between voltage ana current,
Calculations of power, impedance, resistance, reactance,
and efficiency can be made from the data taken, These
quantities reflect the operational characteristics of the
loudspeaker, and furthermore, provide information that has
hitherto been unknown,

A Hewlett-Packard, model 200C, 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-
mained sinusoldal only when delivering small amounts of
power, A model M14288G, fifty watt, audio power amplifier,
manufactured by the Radio Corporation of America was used
to drive the loudspeaker units under test, Lxperimentation
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
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Schematic diagram of loudspeaker test circuit.
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amplifier to the impedance of the loudspeaker units,

A dummy-antenna loading unit was used in the test cir-
cuit to obtain a voltage proportional to the current flow=-
ing in the circuit, This voltage must have the same phase
relationship to the voltage at the terminals of the loud-
speaker as is had by the current flowing in the circuit,
The dropping resistor, therefore, must be a pure resistance
having no reactive component, The ordinary wire-wound res-
istor can not be used due to a perceptible reactive compo-
nent of impedance, The dummy-antenna unit used has a res-
istive component of eight ohms and an inductive component
of only three microhenries at one-thousand cycles,

To make certain that the test circuit was not dis-
turbed by low impedance measuring instruments, vacuum-tube
voltmeters were used to measure all voltages, A model 7Z20A
instrumént mahnfactured by the General Radio Company was
used to measure the drop across the series resistor, while
a General Radio, model 1800A vacuum-tube voltmeter was used
to measure the voltage at the terminals of the loudspeaker,

A Du Mont, type 208, oscilloscope was used To measure
the phase angle between the voltage applied to the loud-
speaker enc the current flowing in the circuit, This os-
cilloscope was used because of 1ts large screen and opera-

tional stabillity, Another oscilloscope, RCA model 155C,

was used to check the wave form of both the current and
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Fig, 12 - Two pictures of testing position showing
the arrangement of the testing circult components,

FIGURE 12
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voltage waves to make certain that no distortion was pres-
ent during the tests, Figure 12 shows two pictures of the
experimental circuilt,

To ascertain the reliability and accuracy of the test
circuit, known impedances were inserted into the test cir-
cuit in place of the motor element and the voltage, current
and phase angle measured, From the measured values the im-
pedance was calculated and compared with the known values,
It was found that measurements of any given impedance could
be readily repeated to within a two percent error, Lxperi-
mentation indicated that most of the error was ilntroduced
in measuring the phase angle from the Lissajous figure on
the oscilloscope, Heading the figure on the screen was
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 the voltage and cur-
rent was determined as shown in Figure 13, 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 straight line
figure lying at an angle on the oscilloscope screen of
forty-five degrees, A ninety degree phase angle will show
a circle on the oscilloscope screen,

Two condenser sections connected across the terminals

of the loudspeaker were used to determine the character of



Sin 6 =

>l

Determination of phase angle from a

Lissajous figure.
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the reactive component of the loudspeaker impedance, The
change in the Lissajous figure on the oscilloscope was not-
ed as small amounts ol capacitance were placed in parallel
with the loudspeaker, If the pattern opened, the motor
element reactance was capacitive in nature, and conversely,
if the pattern closed with the addition of capacitance the
motor element impedance was inductive in character,

Flgure 14A shows a trace made at a point of small
angle between the voltage and current in the test circuit,
In Figure 14B is shown a trace indicating a large phase
angle between the voltage and current, The traces shown
in Figure 14 are the exact replica of the patterns that
appear on the oscilloscope screen, The wave shape ol both
the voltage and current are sinusoidal and no distortion
is discernable,

Traces showing distortion due to mechanical and a-
coustical resonances in the loudspeaker unit may be seen
in Figure 15, Distortion evident at high frequencies 1s
shown in Figure 10A, Figure 15B shows a distorted trace
that occurs at the lower frequencies, These distorted
traces are caused by the change in acoustical impedance

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

ment under test, The change in the wave shape of both
the voltage and c¢urrent by the distortion introduced gives

rise to the unsymmetrical patterns shown,
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Fig, 14A - A Lissa jous
showlng a small phase angle
between the voltage and current,

Fig.
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Fig, 15A - A Lissajous figure
-

wowing distortion introducead
at high audio frequencies,

Fig, 15B - A Lissajous figure
snowlng distortion
at low audio

e)

introduced
frequencies,
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PERFORMANCE OF TESTS

The measurements made on the moving-coil motor ele-
ment to determine its dynamic impedance characteristics are
briefly outlined below:

1, Interference measurements
A, Proximity of object
B. Shape of object
2. Impedance measurements
A, Constant-current operation
B, Constant-intensity operation
C., Blocked voice-coil measurements,

Several quantitative tests were made to ascertain the
effect that the proximity and shape of sound reflecting
surfaces have on the input impedance of a loudspeaker motor
element, The measurements were made at several frequencies
chosen at random, At each frequency sound reflecting sur-
faces and bodies of heterogeneous shape were placed in the
acoustic path of the horn, Any change in the characteris-
tics of the motor element due 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 change in charac-
teristics occurred until the surface was within ten to fif-

teen feet of the bell of the loudspeaker, The distance

varied depending upon the frequency being used, The
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higher frequencies were affected first and distortion grad-
ually appeared at the lower frequencies as the surface was
brought nearer the bell of the loudspeaker, These measure-
ments were conducted with a constant auaio input of fifteen
watts, With the completion of the interference tests a
location for the remainder of the impedance measurements
was selected, 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
flowing in the voice coil of the motor element, The cur-
rent was used as a reference because 1t is proportional to
the force acting on the diaphragm of the motor element,
In a constant magnetic field the force acting on a conduc-

tor is:
f = B(l)ni.,

Since B, the magnetic field strength; 1, the conductor
length; and n, the number of conductors in the field; are
all constants, then the force acting on the diaphragm of
the motor element is proportional to the current flowing,
Complete data were taken on the motor element and horn com-
binations listed on page twenty-five using a constant cur-
rent of five-tenths ampere, The results of this group of

tests are shown on curves located in the appendix of this
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paper,

The second series ol measurements were based on a
constant intensity at a point six feet from the bell of the
horn, The intensity was measured by a General Radio, type
759A, noise meter, The microphone of the noise meter was
attached to a boom so that it could be moved along the axis
of the horn, Pictures of the experimental arrangement may
be seen in rigures lo and 17, Complete test results using
a constant intensity of one-hundred decibels appear in the
appendix of this report., The main purpose of this second
series of tests is to obtain information that cecould be com-
pared with the results of the series of tests based on a
constant current flowing in the circuit,

The third series of measurements were made to deter-
mine the blocked voice-coll resistance of the motor ele-
ment, The blocked voice-coil resistance is determined by
so0lidly blocking the diaphragm in its proper operating pos-
ition and obtaining the impedance of the blocked motor
glement over the frequency range desired, Solidly blocking
the voice-coil is a problem since the diaphragm traverses
only a short distance anu the large current and intense mag
netic field in which the volce coil is located cause it to
move with considerable force, In order not to disturb the
magnetic field only non-metalic plasters and glues can be

used, Several attempts to block the motor element
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diaphragm by a mechanical means ended in failure, It was
found, also, that most resin base glues shrink during dry-
ing thus leaving space for the diaphragm to move, Plaster
of Paris and patching plaster were tried and found to be
satisfactory if only a small amount of water was used in
mixing, The addition of too much water causes the plaster
to shrink during drying leaving space for the voice coil
to move, Plaster of Paris was used to block the diaphragm
of Driver "J" (page eleven), The entire unit, voice-coil,
magnet, and wiring were imbedded in the plaster and allowed
to dry very slowly until hard, A motor element identical
to Driver "U" (page twelve) was supplied by the manufac-
turer already solidly blocked, The means of blocking this
motor element was not divulged by the manufacturer, The
impedance measurements were made on the blocked dlaphragm
motor elements in the same manner as those made on the
complete loudspeaker units, nresults of these blocked dia-
phragm tests can be seen from curves located in the appeéend-
ices of this paper, As previously mentioned, the purpose
of the blocked diaphragm impedance measurements is to det-
ermine the blocked diaphragm resistance of the motor ele-
ment, The blocked diaphragm resistance is used to calcu-
late the efficiency of the loudspeaker unit as inaicatead
on pages ten to fourteen of this paper,

Two miscellaneous tests were performea to determine
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the resonant point of the motor element diaphragm, First,
an attempt was made to measure the displacement oi' the
voice coil but no successful method was found, Any object
fastened to the diaphragm changed the mass and acceleration
characteristics of the diaphragm thus changing the electro-
acoustical properties of the motor element, A light beam
could not be used due to the very small throat opening of
the driver unit, The angle of reflection was so small that
the deflection could not be recorded,

The second series of tests were more successful in
determining the resonant point of the motor element dia-
phragm, Short tubular sections were attached to the throat
of the motor element thus changing slightly the enclosed
volume above the motor element diaphragm, A change in the
enclosed volume will cause resonant points due to the in-
ternal space about the voice coil and diaphragn to be
changed also, The mechanical resonance of the motor ele-
ment diaphragm will not be influenced perceptibly so that
the resonant point due to mechanical resonance will reoccur
at nearly the same frequency, It will be noted from the
test curves in the appendices that the addition of the
small tubular sections caused some of thé resonance points
to be displaced while the large resonant point near two-
thousand cyecles did not change, This would indicate, then,

that this point is the major resonant frequency of the
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motor element, Figure 6 shows a picture of a motor ele-
ment with a tubular section attached,

Theoretically, a loudspeaker should be tested in free
space, However, 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 1o
and 17 was selected because it provided an unobstructed
area into which the test loudspeaker could be operated
as well as glving 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, Although not clearly shown, no interfering object
lies within the area directly in front ol the loudspeaker

for a distance of approximately one-half mile,



Fig, 16 - Two pictures of the loudspeaker testing
location showing Driver "U" and Horn "U" extended
on the apparatus boom and ready for test,

FIGURE 16
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Fig, 17 - Two pictures of the loudspeaker testing
location showing Driver "U" and Horn "R" in
position and ready for operation,

FIGURL 17
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DISCUSSION OF TEST RuSULTS

The results of the dynamic impedance tests of a mov-
ing-coil loudspeaker motor element bring out the following
salient points,

In a mathematical analysis of a moving-coll motor
element it is possible to account for the acoustical and
mechanical impedances of the unit, These acoustical and
mechanical impedance parameters can be segregated and mea-
sured in practice only with great difficulty and in some
cases not at all,

The usual location of a loudspeaker in rooms, audit-
oriums, or out-of-doors apparently does not affect apprec-
iably 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 show that the construction of the loudspeaker
horn affects materially the input impedance of the motor
element,

The re-entrant type of horn produces more points of
resonance because of sound reflections at every fold of the
horn, This change in acoustic impedance 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
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to be extremely erratic over the frequency range of the
unit, This phenomena of sound wave reflection was re-
affirmed by measuring the lengths of the air columns in the
horns used during the tests and calculating the resonant
frequencies of the various air columns, Comparison of the
calculations and the test curves indicate that most of the
resonant points on the test curves are due to wave reflec-
tions within the loudspeaker horn, This information is one
of the contributions of this study,

The nominal impedance oif the motor element more
closely approaches twenty ohms rather than the sixteen ohms
quoted by the manufacturers, The impedance angle of the
motor element varies from a plus thirty degrees (+30°) to a
minus thirty degrees (-30°) over the operating range of
frequencies, The average angle is approximately a plus
eighteen degrees (+18°), This makes the average load a
lagging, or inductive, load for any vacuum-tube smplifier,
It wil be noted further from the test curves in the appen-
dices of this report that the loudspeaker unit appears as a
resistive load over only a very small percent of the oper-
ating range,

The power handling capacities of the motor elements
are overrated by the manufacturers, It was found that the
continuous power input to the loudspeaker could not be made

to exceed seventeen watts, The manufacturers rated the
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motor elements at twenty-five watts, If the units were
forced to take more load permenant damage was done to the
diapghragm and voice coil, The condition of "over drive"
becomes apparent long before the maximum power point is
reached, In most instances the point of "over drive" oc-
curred near a power input of from twelve to fourteen watts,
The point of over drive was taken as the point of change in
symmetry of the Lissajous figure on the oscilloscope, As
long as the Lissajous figure remains undistorted the input
to the loudspeaker will be sinusoidal, It was found that
by calculating the power handling capabilities of the unit
using maximum instead of effective values of voltage and
current a value corresponding to the twenty-five watts as
published by the manufacturers could be obtained, Inspec=-
tion of the test curves indicate that the output of the
loudspeaker units is moreé constant over the operating
range of motor elements having the more stable input imp-
edance characteristic, This means that the average oper-
ating power output of the unit is greater over the [requen-
cy range,

A comparison oi the constant-intensity and constant-

current tests show that both approaches give similiar re-
sults, The constant- intensity curves show fewer resonant
points than do the constant-current curves, This may Dbe

due to a high noise level masking some of the resonant
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points, The disadvantages of the constant-intensity tests
are the difficulties in establishing a good technique and
obtaining consistent results, It is difficult to find an
outside location that has a low noise level, a large unob-
structed area, and the necessary electrical conveniences,
The measurements of sound intensities with high background
levels and standing waves make it nearly impossible to re-
produce tests at will, The constant-intensity tests can-
not be conducted in an enclosed space due to the acoustical
characteristics of the enclosure affecting the operation
of the noise level meter, An enclosed space can be acous-
tically treated to closely approach outside conditions but
no practical amount of acoustical treatment can entirely
eliminate room reverberation and standing waves completely,
The constant-current tests as outlined in this paper
and the results shown in the test curves indicate that the
testing procedure is rather simple and the experimental re-
sults accurate, This testing method gives the complete e-
lectrical characteristics as well as indicating the acous-
tical quality of the loudspeaker unit, The Lissajous fig-
ure shows the lntroduction of distortion in the loudspeaker
output due to new harmonics, resonance points, and over
drive by a change in symmetry about the axis of the Lissa=-
jous figures, The power limits of the loudspeaker can be

easlly determined by driving 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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CONCLUSION

The study and measurement of the dynamic impedance
characteristics of a moving-coll loudspeaker motor element
show the motor element impedance to be a variable load over
the operating frequency range for any audio amplifier, The
nominal impedance presented by a loudspeaker is, Z = 20 /418
or 2z = 19,02 4+ jo,18, The variation of the motor element
impedance is from ten to forty ohms with a change in imp-
edance angle of from plus thirty degrees to minus thirty
degrees, This makes the loudspeaker impedance both induc-
tive and capacitive in dharacter over the operating freq-
uency range of the unit,

The amount of impedance variation for a given motor
element depends upon the type of horn used with the motor
element, The re-entrant type horn presented the greatest
variation of impedance, This is caused by the resonant air
columns and change 1in acoustical impedance due to the 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 done to both the
voice coil and diaphragm, The average power input at the
point of over drive is thirteen watts,

The 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
impedance of the motor element and horn,

Objects in the path of the loudspeaker do not change
the motor element impedance unless located within ten feet
of the bell of the horn,

Finally, the test methods and procedures developed in
this paper are an easy and accurate means of determining
the operational impedance characteristics of a loudspeaker,
The measured motor element impedance indicates also the
acoustical quality of the loudspeaker, A comparison of the
constant-intensity and constant-current methods of loud-
speaker testing show the constant- intensity method to be
cumbersome to perform and to give inconsistent results,

It is believed that the constant-current method of
loudspeaker testing developed in this paper and the infor-
metion on loudspeaker impedance characteristics presented
will lead to the improvement in the design of horn-type

loudspeakers,
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