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TECHNICAL LETTER NO, 183

COMMENTS ON DIRECTIVITY OF LOUDSPEAKERS AND MICROPHONES

Don Davis®

Loudspeaker directivity is expressed in two ways; first as the
directivity index (D]) and second as a directivity factor (Q) .
The Dyis the SPLin dB of a 100% efficient loudspeaker at a
given angle of radiation minus the SPL in dB of the same loud-
speaker for a perfectly spherical radiation pattern at the same
distance. These two parameters can be expressed by the follow-
ing equations:

(eq 1) D1 =10 logjg Q
(eq2) Q =antilog g D1
T0

The formula for finding critical distance (D.) canalsobe ex-
pressed with this directivity factor Q:

(eq3) D, =0.14 VQR

The Q of a loudspeaker is therefore the parameter of most use
in Acousta-Voicing® work.

The Q of a directional array can be found when the true hori-
zontal and vertical angles of coverage are known. Mr. Andrew
Hannon of Hannon Engineering, Los Angeles, California, has
devised a very-easy-to-use formula for deriving Q from the
coverage angles:

o
o

(eq 4) Q = 3

@sin

M'.e_

Where @ is the horizontal angle
@is the vertical angle

Unfortunately, real loudspeakers do not behave this predictably .
Figure 1 shows the results of some really marvelous basic work
back in 1947 by two members of the Bell Telephone Laboratories,
H. F. Hopkins and N. R. Stryker, and published asa paper
(pp 315-335) in the Proceedings of the Institute of Radio Engi-
neers in March, 1948, Entitled "A Proposed Loudness Efficiency
Rating for Loudspeakersand the Determination of System Power
Requirements for Enclosures", this paper contained an appendix,
starting on page 329, captioned "Derivation of Loudness-Direc~
tivity Index."

In studying this paper, it quickly becomes evident that the D1
and Q ratings for the sound sources shown in Table | can be

assumed .

Table |. D1 and Q Rating for Typical Sound Sources

Type of Sound Source DI Q
; — —
Person talking {no sound system) 3 dB 2
Coaxial loudspeaker in infinite baffle | 7 dB 5
Cone woofers 7 dB 5
Multicellular horns 7-12dB | 5-15
Sectoral horns 7-9dB | 5-9.5

Several of the charts in Figure 1 illustrate the Q of combined
arrays in the crossoverregion that consist of sectoral horns and
cone woofers and some show the Q for arrays consisting of
multicellular horns and cone woofers.
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Figure 1. Loudness-Directivity Indexes for Various Sound Systems

2



It is possible to verify the Q of a loudspeakerarray in the field
by applying the following procedure:

1. Calculate the total surface area (S) in £2.

2. Calculate the total volume (V) in ft3.

3. Measure the RTgq for a band of noise from 200 to 5000
Hz.

4. Calculate @ in accordance with equation 5.

Measure actual D .

6. Calculate Q in accordance with equation 6.

w

0.05v
- SiRTéo)
(eq 5) a=1l-e

Where e.is the natual log base 2.71828, and

__|9.05V lisanegative exponentof e
SzRTéo)

2

a6 q- Co)
0.0196 Sa

When evaluating a new arrangement of loudspeakers inanarray,
it is advisable to measure the Q of the array as a whole.

Figure 2 shows the correct way to arrange a loudspeaker array
to increase horizontal distribution. If the arrangement of Figure
3isused, the frequency response off axis can double its
irregularities as compared to frequency response measurements
obtained on axis. In the future, for even greater accuracy in
the use of D asa limiton D1, D, Dgand D2, itwould be best
to first calculate D with a Q of 2 for unamplified talker's Dg
and then calculate D¢ with a Q of 5 for use in sound system
analysis. Use Table Il and Figure 4 in conjunctionwith equa-
tions 1, 2, 4, 6 and 7 to calculate these Q factors with ease.

(eq7) 107.40dB = SPL generated by a 100% efficient
loudspeaker at 4 feet over a spheri~
cal surface area from 1 watt input

Table II. SPL in dB at 4 Feet from 1 Watt fora 100% Efficient
Loudspeaker Radiating into Various Angles
Angle | dB-SPL D1 Q
— |

360° 107.40 0 dB 1.00

180° 110.41 3.01dB 2.00

160° 111.24 3.84 dB 2.42

120° 113.42 6.02 dB 4.00

106° 114.41 7.01 dB 5.00

90° 115.74 8.34 dB 6.82
60° 119.14 11.74 dB 14.92
45¢ 121.59 14.19 dB 26.26
30° 125.08 17.68 dB 58.66
15° 131.09 23.69 dB . 233.65
10° 134.60 27.20 dB 525.30
5° 140.62 33.22 dB 2100.21

1° 154,60 47.20 dB 52,497 .21
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Figure 2. Proper Method for Increasing Horizontal
Distribution of a Loudspeaker Array

Figure 3. Improper Method for Increasing Horizontal
Distribution of a Loudspeaker Array

Figure 4. Converting Directivity Advantage in dB into Q
MEASURING MICROPHONE DIRECTIVITY EFFECTS

The size of the microphone used to make an acoustic measurement
can cause anappreciable effect at frequenciesabove 5000 Hz.
Figures 5andé show the change in response of 1" and 1/2"
condenser microphones whenused in free field and indiffuse or
reverberant field measurements.

To determine whether to use the 0° incidence curves given in
Letter CE 29 or the random incidence curve, you must know if
you are in the direct or reverberant sound field. The best test .
for this is to place a 1/3-octave band of noise centered at
10,000 Hz on the loudspeaker and take a reading with the sound
level meter at 0° incidence (the microphone of thesound level
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Figure 6. Effect of Microphone Directivity on Sen.sitivity
with 1/2-Inch Microphone

meter pointed at the loudspeaker array) and then take a 90°
incidence reading (the microphone of the sound level meter
pointed at a rightangle to the loudspeaker array). If the read-
ings are different, assume you are in the directsound field and
use 0° incidence readings. If thereadingsare not different, you
may safely assume you are in the reverberant sound field. The
high-frequency rolloff due to random incidence must therefore
be added to whatever rolloff is required due to air absorption.

CONCLUSION

These figures, tablesand equations can serve asaccurate guides
in the realistic assessment of the directional assistance to be
expected from varying types of loudspeaker arrays.

THE PAPER REPRINTED BELOW IS EXCEPTIONAL FOR ITS
CONCISE, FUNDAMENTAL APPROACH TO THE MEASURE-
MENT OF IMPORTANT SOUND SYSTEM PARAMETERS.

Reprinted from The March 19,8 Edition of
The Proceedings of The I. R. E.

A Proposed Loudness-Efficiency Rating for Loud-
speakers and the Determination of System Power

Requirements for Enclosures”
H. F. HOPKINST AND N. R. STRYKERT

Summary—Experimental and computed data relating to the loud-
ness contribution of various ranges of the frequency spectra of speech
and music are correlated with the corresponding energy distribution.
A relatively simple measurement of sound pressure and a knowledge
of certain acoustic radiation phenomena are applied to this correla-
tion to form the basis of a method for predicting the loudness estab-
lished by loudspeakers in enclosures. A loudness-efficiency rating
for loudspeakers is suggested, and its application to sound-system
engineering problems is described.

* Decimal classification: R265.2. Original manuscript received by
the Institute, May 11, 1947; revised manuscript received, Septem-
ber 19, 1947, Presented, Chicago Convention, Society of Motion
Picture Engineers, Chicago, Ill., April 21-25, 1947.

t Bell Telephone Laboratories, Inc., Murray Hill Laboratory,
Murray Hill, N. J.

INTRODUCTION

OR SOME TIME those associated with the in-

dustrial application of acoustics have expressed

the need for a loudspeaker rating directly related
to the loudness that the instrument can produce under
specified acoustic conditions. Assuming that the suit-
ability of a loudspeaker for its intended use has been
determined on the basis of a full appraisal of its various
attributes, this paper is confined to the problem of de-
fining its loudness, discussing in detail a study of factors
involved in establishing a practical loudness rating, and
presenting a method for applying it.



Certain factors based on the theory of loudness!:?
are used in developing the relationships involved in this
study. Loudness is a subjective function, and requires
considerable experimental data before it can be quanti-
tatively expressed. Such data have been compiled,
although not all are available in published form. Sound
intensity, on the other hand, is very generally under-
stood, and is commonly obtained from a measurement of
sound pressure. The relationship of loudness and in-
tensity is complex, but is readily derived using physical
factors which have been determined experimentally.
Since the energy spectrum of the reproduced sound
must be known in determining the loudness contribu-
tion of specified frequency bands, the present discus-
sion will be limited to speech and music, for which such
data are available. These are, of course, the most com-
monly reproduced sound spectra.

The conclusion is that a relatively simple measure-
ment of sound pressure can be used to determine the
loudness efficiency of a loudspeaker. This measurement
must be related to the total acoustic output of the in-
strument, and, therefore, the directivity must be de-
termined. The loudness-efficiency factor thus obtained
can be used to determine the loudness per available elec-
trical watt in any enclosure for which the acoustic con-
stants are known. Sound levels, necessary for ade-
quate reproduction of speech and music, are established,
and the power requirements for any specified enclosure
are readily determined. Certain simplifications have
been introduced in the interests of practicability.

DETERMINATION OF LOUDNESsS-EFFICIENCY RATING

Theory

The intensity-versus-frequency distribution in aver-
age speech for men and women has been published by
French and Steinberg.? The data are shown in curve A,
Fig. 1, in the form of the intensity per cycle throughout
the frequency range for a maximum r.m.s. intensity
level of 78 db over 0.25-second intervals. This is a rep-
resentative level* existing at a distance of 2.5 feet from
the lips of a person talking conversationally. Curves B
and C indicate the intensity-versus-frequency distribu-
tion for music played by a 15- to 18-piece and by 75-
piece orchestras at intensity levels of 96 and 106 db,
respectively.®¢ These levels” are representative and
exist at a distance of 30 feet from the source. As shown

1 H. Fletcher and W. A. Munson, “Relation between loudness and
masking,” Jour. Acous. Soc. Amer., vol. 9, pp. 1-10; July, 1937.

* H. Fletcher and W. A. Munson, “Loudness, its definition, meas-
urement, and calculation,” Jour. Acous. Soc. Amer., vol. 5, pp. 82—
108; October, 1933.

3 N. R. French and J. C. Steinberg, “Factors governing the intel-
ligibility of speech,” presented May, 1945. Jour. Acous. Soc. Amer.,
vol. 19, pp. 90-120; January, 1947.

¢ 76 db at a distance of 1 meter.

§ L. J. Sivian, H. K. Dunn, and S. D. White, “Absolute ampli-
tudes and spectra of certain musical insiruments and orchestras,”
Jour. Acous. Soc. Amer., vol. 2, pp. 330-371; January, 1931.

¢ H. Fletcher, “Hearing, the determining factor for high-fidelity
mission,” Proc. I.R.E., vol. 30, pp. 266-277; June, 1942.

7 104 and 94 db at a distance of 10 meters.

later, the sound meter and volume indicator, which
integrate over 0.25-second intervals, will indicate levels
10 db below those given above, when used to indicate

k() = ]
B3 "N
e p NJIT
8 ™ ™\
gyl |1 N M\
8 \
zgss \
d2s0 g -
Ep 7 N \‘ A
gh" nE \(t i
£, \\
s0 h,
s TN
20536100200 300 506 1566 3000 _‘% 000
FREQUENCY IN CYCLES PER SECOND

Fig. 1—Intensity-versus-frequency distribution for
speech and music.

long r.m.s. intensity levels over intervals much greater
than 0.25 second. On Fig. 2 the data for speech and
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Fig. 2—Percentage of intensity and loudness below any frequency in
the spectrum for speech or music.

music are replotted in terms of the percentage of in-
tensity in the frequency band below each frequency of
the abscissa. An average curve which is assumed to be
sufficiently representative for either speech or music is
also shown. The data for speech are more comprehen-
sive than those for music, but, because of the similarity
of the two spectra, it is believed that the average should
provide a good compromise on which to base an over-all
loudness rating.

Experimental speech data from unpublished work of
W. A. Munson and given very briefly by Fletcher® are
shown by the dots on Fig. 2 in terms of the percentage
of loudness in the frequency band below each frequency
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of the abscissa. Employing curve A of Fig. 1 and the
methods outlined by Fletcher and Munson,! loudness
computations for speech were made. The results are
plotted on Fig. 2. The computed and experimental
data for speech agree quite closely. Therefore, it may
be assumed with reasonable confidence that the same
method of calculating loudness may be applied to other
sound spectra such as those indicated for music. Apply-
ing this method to curves B and C of Fig. 1, an average
curve for music is shown on Fig. 2. A representative
average of the curves for speech and music is also
shown. It is observed that the average curve for in-
tensity differs greatly from that for loudness. The
loudness-versus-frequency distribution will vary some-
what with intensity. Between intensity levels of 90 to
110 db for music and 70 to 90 db for speech, however, the
maximum variation is only 2 per cent. The intensity
levels employed in this analysis are 78 db for speech
and 101 db for music.

If the relationship between loudness and intensity for
these typical high-level sound spectra can be estab-
lished, a simple acoustic measurement involving the
intensity may be made indicative of the loudness. The
intensity of any part of a sound spectrum is equal to the
product of the frequency bandwidth and the average
intensity per cycle within that band. Thus, for a flat
sound spectrum, equal frequency increments would
contribute equal proportions of the total intensity.
The loudness contributions for the various frequency

increments, as indicated on Fig. 2, however, differ

materially from the intensity contributions in the same
frequency increments. Therefore, an intensity measure-
ment will be proportional to loudness only if the in-
tensity contributions of the frequency bands are prop-
erly weighted.

Complicated relationships between sound intensity
and loudness exist for complex, intermittent sounds
such as those involved in speech and music. Since we
are here concerned with a limited range of sound levels
and loudspeakers having relatively uniform response,
some simplification can be attained by neglecting cer-
tain factors in the general loudness theory. This leads
to the conclusion that, within certain limits, a sufficient
approximation of loudness may be determined from a
loudness-versus-intensity relationship involving only
frequency weighting. This relationship may be derived
from the curves of Fig. 2, establishing a frequency-
weighting factor which, when applied to a sweep-fre-
quency band, reduces equal sweep-time intervals to
equal proportions of the total loudness. Applying this
sweep-frequency band to a loudspeaker, a single meas-
urement of the resulting sound pressure can be used as
a measure of loudness for the intensity-level ranges
specified above. Experimental verification of this pro-
cedure is presented later.

A frequency band having a range of 100 to 6000
cycles includes 96 per cent of the loudness spectrum.
Ten frequency bands in this range which contribute

equal loudness increments may be selected, as shown
on the abscissa of Fig. 3, with midfrequencies as indi-
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Fig. 3—Midfrequencies of ten equal loudness bands.

cated on the curve. The data from this curve may be
utilized to establish the time rate of frequency change
for a weighted sweep-frequency band, since the fre-
quency sweep in each of these ten loudness increments
should occur during an equal time interval. This rela-
tionship is shown by the curve of Fig. 4, the slope of

el

/
g .//;
z, P

| =4

: ,

o o 20 30 40 %0 L T 80 0 00

TIME INTERVAL FOR ONE FREQUENCY SWEEP IN PERCENT

Fig. 4—Frequency-versus-time modulation for loudness
weighting.

which indicates the rate of frequency change in a sweep-
frequency band which, when applied to a loudspeaker,
will permit a pressure measurement to be made that is
representative of loudness. This measurement of pres-
sure must be related to the total acoustic output of the
loudspeaker.

The total acoustic power radiated from a loudspeaker
is a function of the size and shape of the radiating area
as well as of the frequency. If the radiating area is a
point source the total power is easily derived, because
the spatial energy distribution is uniform throughout a
solid angle of 47 steradians. As the size of the radiating
area of the practical loudspeaker is increased, it becomes
more directional. Other investigators® ! have derived

8 Lord Rayleigh, “Theory of Sound,” Macmillan Publishing Co.,
New York, N. Y., vol. 11, 1896.
92°7H. O. Stenzel, Elec. Nach. Tech., vol. 6, pp. 165-181; August,
1 .
16 H, O. Stenzel, Elec. Nach. Tech., vol. 4, pp. 239-253; June, 1927,
1 I, Wolff and L. Malter, “Directional radiation of sound,” Jour.
Acous. Soc. Amer., vol. 2, pp. 201-241; October, 1930.



the means for the determination of the total power
radiation from a line or a rigid disk radiator located in
an infinite baffle. Since all types of loudspeakers are not
located in an infinite bafile, the total power radiation
must be obtained for other boundary conformations.
For a given electrical input, the axial pressure is a func-
tion of the efficiency of the loudspeaker as well as of its
boundary conformation. Consequently, pressure meas-
urements on the zxis of a loudspeaker are indicative of
the total acoustic power radiated only if a proper cor-
rection factor for the directivity of the device can be
determined.

Considering these facts, let us assume first that the
loudspeaker is a point source of sound located in free
space. An electrical power W, is supplied over the
loudness-weighted sweep-frequency range of 100 to
6000 cycles. The rate of frequency change is assumed to
be in accordance with the slope of the characteristic of
Fig. 4. The axial sound pressure p., in dynes per square
centimeter, as indicated by a thermal meter, is de-
termined at a distance of 30 feet from the source. The

reason for choosing a test distance of 30 feet will be

made evident later.
The sound intensity in watts/cm.% for an electrical
power of W, watts, is

pas
=

pc

loz

X 1077, (1)
The intensity level in db relative to reference intensity
(10~® watts/cm.?) is
Lr.. = 10 log I.; + 160 )
or the pressure level in decibels
L,.. = 20 log p.. + 74. 3)

Then the total loudness-weighted acoustic power radi-
ated, in watts, is

WL = Su X Iaz (4)

or, if the pressure p,; is used,

Sipas’
Wi = X 10~7 watts (5)
pe
in which
S, =surface of a sphere in ¢cm.? having a radius of 30
feet.

=10.5X10%m.2 or 70.2 db relative to 1 cm.?

pc=characteristic plane-wave impedance of air in
mechanical ohms/cm.% If a reference pressure p,
of 0.0002 dynes per square centimeter is assumed
at a reference intensity I, of 10~ watts/cm.?, a
value of 40 mechanical ohms per square centi-
meter follows for pc. pc does not actually attain
this value for typical atmospheric conditions, but
the error due to this assumption is only a few
tenths of a decibel.

Defining W,, as the power capacity'? of the loud-
speaker in watts, the total loudness-weighted acoustic
power per available electrical watt input is

S‘Iaz
Moo=

Then L., the loudness-weighted acoustic power level in
db relative to 1 acoustic watt per available electrical
watt, is

(6)

Selaz

L., = 10logy W, = 10 loguo

éc

= L, — 160 + 70.2 — %
= L5, — 89.8 — k (7
where k=10 logy We..
In terms of the pressure paz,
L. = 20 logi paz — 15.8 — k. (8)

Equations (7) and (8) apply to a point source, which
is a convenient reference because maximum power is
radiated throughout the entire frequency range for a
given axial intensity. The acoustic power radiated
from a loudspeaker, which is a source of finite size, can
be expressed in terms of its ratio to that radiated from a
point source. This ratio, K, expressed in db, may be
termed the loudness-directivity index, and can be ap-
plied as a correction factor in (7) or (8). Since loudness-
weighted sweep-frequency power has been assumed in
determining the effective pressure, either of these equa-
tions may be used to derive a loudness rating for loud-
speakers. Thus L,, the intensity level in db relative to 1
acoustic watt per available electrical watt, is

L,=L,—89.8—k— K, 9)

12 Considerable thought has been given to an appropriate rating
for electrical power input to a loudspeaker. Recently the available-
power method has been gaining wide acceptance because of certain
simplifications in measurement which result from its use. By this
method, the power is defined as that delivered to a resistance R
equal to the rating impedance of the loudspeaker from a source of
constant voltage E in series with a resistance also equal to the rating
impedance. The power available is then E?/4R, and when power to
the loudspeaker is referred to, this quantity is meant.

The power capacity of a loudspeaker is then the maximum avail-
able power at which satisfactory operation of the instrument may
be obtained. Depending upon the type of loudspeaker, the power
capacity may be limited, due to distortion or mechanical breakage.
Tolerable distortion may be determined by listening tests or meas-
urements, and the value will depend on the requirements involved in
the specific type of application. There appears to be no standardized
procedure for determining the safe operating point from the stand-
goint of mechanical failure. At Bell Telephone Laboratories, we have

een testing in a manner which appears to insure mechanical stability
but which may result in a conservative rating as compared to other
methods. For direct-radiator devices, a uniform sweep-frequency
band from 50 to 1000 cycles is applied to the loudspeaker set up in
the recommended operating concition. The power capacity of the
loudspeaker is then considered to be the maximum available power
at which no failures occur in a continuous testing period of 100 hours.
No ambient temperature is specified except where special applications
are involved. For horn-driver units, a sweep frequency 2000 cycles
wide whose lowest frequency is 100 cycles below the lowest resonant
frequency of the loudspeaker is used. This assumes that the unit is
equipped with a recommended horn. Since no standardized method
for determining the power capacity of loudspeakers exists at the
present time, W,. may be considered to be the manufacturer’s rating
of his product.
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or the total loudness-weighted acoustic power per avail-
able electrical watt is
Le
Wie = 10i0 - (10)
The term loudness-efficiency factor LR has been se-

lected as a suitable expression for rating the loudness of
a loudspeaker. Thus,

LR = 100W ., in per cent. (11)

This factor provides an expression for the loudness
efficiency of a loudspeaker which may be obtained from
a simple measurement of the axial sound pressure in a
free field for a weighted sweep-frequency power supply,
and is suitable for determining the amplifier power and
the number of loudspeakers required for a specified
sound-system installation. .

The correction factor K, used in (9) has been termed
the loudness-directivity index, and may be defined as
the ratio, expressed in decibels, of the total loudness-
weighted power radiated by a loudspeaker to that radi-
ated by a point source producing the same axial pres-
sure. It is possible to compute the total acoustic power
from most radiating devices at any specific frequency.
The ratio of this power to that radiated by a point source
producing the same axial pressure, expressed in decibels,
may be defined as the directivity index. Since the direc-
tivity index of a loudspeaker is a function of the shape
of the radiating area and its boundary conditions, as
well as of the frequency, these factors must be taken
into account in determining the loudness-directivity
index. If the directivity index of a given radiating device
be computed for each of the ten midfrequencies of the
equal loudness bands shown on Fig. 3, the loudness-
directivity index may be computed as shown by (53) in
the Appendix.

Although loudspeakers exist in a wide variety of
shapes, the radiating areas, in general, are simple geo-
metric forms, either baffled or unbaffled, most of which
lend themselves to theoretical analysis. Various types
of loudspeakers used in practice are described in the
Appendix, and derivations of their loudness-directivity
indexes are given.

Determination of Test Sweep-Frequency Power

The test-frequency range of 100 to 6000 cycles, which
includes 96 per cent of the loudness range, was used for
accuracy in computing the loudness-directivity index K.
In order to attain simplicity in the measuring equip-
ment, a modification in the width of the test sweep-fre-
quency band can be made without materially affecting
the results. Fig. 2 indicates that 75 per cent of the loud-
ness as well as the intensity of speech and music occurs
between 300 and 3300 cycles (only 1.3 db less than the
total). A sweep-frequency band of this width would
appear to provide a range adequate for a pressure
measurementindicating loudness. The frequency-versus-

time relation providing a loudness-weighted sweep band
is indicated by the “NORMAL?” curve of Fig. 5. The
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Fig. 5—Frequency-versus-time relations of 300- to 3300-
cycle sweep band.

rate of frequency change is not linear and would re-
quire a specially shaped capacitor plate in a frequency-
modulated generator. It appears desirable from a prac-
tical standpoint to make this frequency variation linear
throughout the range, as indicated by the “LINEAR”
curve of Fig. 5. A linear frequency sweep can be made
to produce the same pressure or intensity level as the
“NORMAL?” frequency sweep if the proper corrective
electrical network is inserted in the output circuit of
the generator. Equalization for this purpose was com-
puted using the average curve of loudness for speech
and music shown on Fig. 2. The computed curve as well
as the frequency characteristic of a suitable equalizer
providing a close approximation are shown on Fig. 6.
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Fig. 6—Loudness-weighting equalization for a linear frequency-
versus-time sweep band,

A schematic of this equalizer is also shown on the figure.
A possible alternative source of power might be a flat
noise spectrum equalized in this manner.

A sweep-frequency band is a frequency-modulated
signal in which discrete frequency components result
throughout the entire bandwidth, as pointed out by



other investigators.13-1 The amplitude and the number
of components are dependent on the modulation index,
which is a function of bandwidth and the rate at which
the carrier is modulated. The form of the envelope of
the components is of great importance in this problem.
The most uniform amplitude envelope and the maxi-
mum number of components occur for a linear fre-
quency-versus-time relation having a unidirectional fre-
quency sweep, a sawtooth envelope, and a high modula-
tion index. A reciprocating frequency sweep such as that
shown on Fig. 7(a), with a sweep rate of 6 per second,
produces 500 components having an envelope of the
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Fig. 7—(a) Frequency-versus-time relation for a linear reciprocating
sweep, (b) Envelope of the components of the sweep band ef (a).
(c) Envelope of the components of the sweep band of (a) with
loudness-weighting equalization.

1 ], R. Carson, “Notes on the theory of modulation,” Proc.
I.R.E., vol. 10, pp. 57-66; February, 1922.

14 Balth van der Pol, “Frequency modulation,” Proc. I.R.E., vol.
18, pp. 1194-1205; July, 1930.

% W. R. Bennett, unpublished memorandum, Bell Telephone
Laboratories, Inc.

form shown on Fig. 7(b). With the equalizer in circuit,
the envelope is modified as shown by Fig. 7(c).

Experimental

In order to justify the validity of this method, the
loudness rating of a series of loudspeakers representing
a wide range of response-versus-frequency character-
istics was determined experimentally. The loudness of
these loudspeakers relative to that of a reference condi-
tion as judged by a number of observers was also de-
termined for comparison with the measured loudness
ratings.

A Western Electric 728-B loudspeaker was used as
a reference instrument. The loudspeaker system shown
on Fig. 8, in which various test conditions could be ob-
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Fig. 8—Test circuit for loudness observations.

tained by the use of networks, was used for these tests.
The networks employed consisted of low- and high-pass
filters and a network producing a 6-db-per-octave rise
in the response of the test loudspeaker. This loudspeaker
system consisted of a 6-db pad, the networks, a variable-
gain amplifier, and a 728-B loudspeaker having prac-
tically the same response-versus-frequency character-
istic as that of the reference unit. The system was con-
sidered as an individual loudspeaker for each circuit
condition. The gain settings of the amplifier were dif-
ferent for each condition, to provide a range of effi-
ciencies. A D-173181 Western Electric loudspeaker, de-
veloped to provide high intelligibility under noisy con-
ditions, was included as an additional test unit.

Response-versus-frequency characteristics for the
reference condition and for each of the test conditions
were made in a dead room at a distance of 3 feet from
and on the speaker axis, and are shown on Fig. 9. The
power supply and the sensitivity of the measuring cir-
cuit were held constant in each case. These data permit
a determination of the efficiency in the passed band for
each condition relative to that for the reference con-
dition.

Using a source of sweep-frequency power having the
characteristics shown on Fig. 7(b) and 7(c), the axial
pressure paz, 3 feet from each speaker, was measured
in the dead room for a range of input power, all measure-
ments being made with thermal meters. Over the range
of power employed, a linear pressure-versus-power rela-
tion existed and, therefore, the effective pressure for 1
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Fig. 9—Response-versus-frequency characteristics of loudspeaker used for the reference and test conditions.

watt input was readily obtained for each test condition. from (9), (10) and (11), are shown in Table I. It will be
These data and the loudness-efficiency factors,computed observed that the effective pressures for the unweighted

10



power supply deviate materially from those for the
weighted conditions as the frequency range is decreased
and the response is made less uniform. This deviation
5 negative for the low-pass and positive for the high-
pass filter conditions. The loudness-efficiency factor for
each of the test conditions relative to that for reference
condition is expressed in decibels in the last column of
the table. If this method of rating loudspeakers is valid,
the relative loudness of the loudspeaker conditions
represented when judged by an observer listening to
speech and music should confirm the data in this
column.

To provide the desired correlation of the measured
data with aural observations, listening tests were con-
ducted in a room 26X18X12 feet. The observer was
located 15 feet away from and in front of the reference
and test loudspeakers, which were placed as closely as
possible to one another at one end of the room. A switch
was provided to permit a quick change to be made from
the reference to the test condition. The source material
consisted of selected speech and orchestral records. For
all tests, the intensity level supplied by the reference
speaker at the observer’s position was maintained at 68
db for speech and 91 db for music, as indicated by a
sound meter. The power in the test loudspeaker was
adjusted until the observer judged that reproduction
from the reference and test loudspeakers was equally
loud. Six observers made judgments for all conditions,
while one judged only a few conditions. The resultant
data are shown in Table II. The variation in loudness
judgment among the observers is surprisingly small
except in the cases where highly distorted systems are
involved. The loudness for speech reproduction is ob-
served to be approximately the same as that for music
for all low-pass filter conditions, but an increasing de-

parture from equality is shown to exist as the cutoff
frequency of the high-pass filter condition is raised.

In order to express the aural data in a form which
permits comparison with the measured data, the ob-
servations for speech and music were averaged together
for each condition. These data and the comparable
measured data from Table I are shown in the last two
columns of Table I1. It is observed that very good agree-
ment exists for all except high-pass filter conditions
having cutoff frequencies above 1100 cycles per second.
It is doubtful if any loudspeaker having distortion as
great as this would ever be used in any normal sound re-
producing system. The reason for the discrepancy that
appears for the high-pass filter conditions will be made
evident in later discussion. This experimental work indi-
cates that, from a practical standpoint, a satisfactory
measure of the relative loudness for a wide range of
loudspeaker conditions may be obtained by the pro-
posed method.
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As indicated by the response curves of Fig. 9, the
relative pass-band efficiencies are different for the vari-

TABLE 1
LoUDNESS MEASUREMENTS OF REFERENCE AND TEST LOUDSPEAKERS
Effective Pressure Intensity level Loudness efficiency
pl,,, (dynef/cm.t) aft 3 feet for Loudness .atd %0 f(iet_L,u Lf%uc_lness fagtor of t(ist

" watt of sweep-frequency Fgpivray in db relative to efficiency condition relative

Loudspeaker condition power dil;gcet;v;éty 10~1¢ watts/cm.? factor to that of the refer-

1 LR—Y, ence condition in

Weighted®*  Unweighted Weighted d
Reference—728-B #1 19 18.6 7.0 79.6 1.89 0
1—728-B #2 17 16.2 7.0 78.6 1.51 - 1.0
2—Condition 143000~LP 14 12.9 7.0 76.9 1.02 - 2.7
3—Condition 1+42100~LP 10 9.0 7.0 74.0 0.525 - 5.6
4—Condition 14+1100~LP 6.0 4.2 7.0 69.9 0.293 —-10.0
§—Condition 1+ 700~LP 4.9 3.5 7.0 67.8 0.126 -—11.8
6—Condition 14 500~LP 4.0 2.6 7.0 66.0 0.0825 —13.5
7—Condition 1+ 230~HP 18 17.6 7.0 79.1 1.69 — 0.5
8—Condition 1+ 500~HP 13.7 14.7 7.0 76.7 0.966 - 2.8
9—Condition 14 800~HP 14.7 15.7 7.0 77 .4 1.14 — 2.2
10—Condition 141100~HP 12.0 14.4 7.0 75.6 0.75 — 4.0
11—Condition 14+1500~HP 9.6 11.3 7.0 73.6 0.475 - 6.0
12—Condition 1+42100~HP 6.2 7.1 7.0 69.8 0.205 - 9.7
13—D-173181 24 27 4.8 81.6 4.98 + 4.2
14—Condition 1+ 6-db-per- 9.2 11.0 7.0 73.3 0.477 - 6.3
octave network

18 Weighted in accordance with equalization of Fig. 6. These values were used in determining loudness-efficiency factors.
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ous test conditions. The system was purposedly ad-
justed to provide these differences so that a range of
loudness efficiencies would be encompassed by the tests.
However, since the loudspeaker response is relatively
flat, a fundamental loudness relationship of consider-
able interest may be shown by correcting the test con-
ditions for equal passed-band efficiencies. This is the
condition that would exist if perfect filters were inserted
in the transmission system. The aural data corrected in

this manner were plotted as shown on Fig. 10 toindicate

this relationship. The ordinates of the curves represent
the power required for a loudspeaker having a limited
frequency range relative to that for a loudspeaker of
the same relative efficiency per cycle reproducing the
complete spectrum of speech and music at equal loud-
ness. Since the response of the system is flat, the
ordinates are also a measure of the relative intensity
levels in the room. For the low-pass filter conditions,
the curves are similar for speech and music. For the
high-pass filter conditions, however, the relative in-

TABLE 11
LoupNEss JUDGMENT TESTs
Ratio in Decibels of Electrical Power in Reference Loudspeaker Relative to that .
in Test Loudspeaker for Equal Loudness Lon;:;isrsgffﬁélses ey
Test condition versus Average condition relative
reference condition Ob- | Ob- | Ob- | Ob- | Ob- | Ob- | Ob- Afveraﬁe Rgnge ofl " for e?czh;tngfitrigﬁeri;
server | server | server | server | server | server | server orba observa-| gneech decibels from
1 2 3 4 5 6 7 ob- jtonsin| apqd ;
servers | decibels | .0 Table I
1. 728-B #2 :
Speech 0 0 0| ~11- -1 1 =11-20.6 1 — 0.4 1.0
Music 0 0 0 -1 -1 0 0 - 0.3 1 o ‘
2. Condition 1+4-3000~LP
Speech -2 | —-25 -4} -3 |- -3 | -3 }-29 2 - 2.8 — 2.7
Music — 4 - 4 -3 -3 —-1“’—2 - 2.7 3 : :
3. Condition 1+2100~LP
Speech -7 |~-4|—-5|-55-65-6|-6|-56]| 3 _so Yy
Music — 4 — 4 - 8 —~ 8 -~ 8 - 8 - 6.2 4 : .
4, Condition 14+1100~LP
Speech -11 -~10 —10 -9 -9 -9 -9 -~ 9.5 2 — 9.7 —~10.0
Music ~11 -9 -9 -—10 -10 —-10 ~10 — 9.8 2 ' ‘
5. Condition 14 700~LP
Speech —12 | ~12 | -13 | -1 | —-12 | -8 | -8 | =104} 5 | 4 .
Music —-12 —11 - 14 —14 —10 —11 -11.75 4 : :
6. gondi}tlion 14+ 500~LP 4 41 )
peec —14 ~15 —15 —14 —-13 —14 | —14. - -
Music —13 | —13 | 16 | —16 | —1& | -13 | -14.0| 3 14.0 13.5
7. (s:ondi}iion 14 230~HP . . )
peec -2 {-1{-17=-21]- 0 |- - _ -
Music ~- 2.5 -1 0 -1 -1 0.85 2.5 0.9 0.5
8. Condition 14 480~HP )
Speech i -1 1 - -3 -3 - 1.9 2 -2 _ 238
Music -2 - -3 =~ 3 - 2.5 1 :
9. Condition 1+ 800~HP
Speech -3 11— -6 | —6 | — 4.2 3 — 25 — 2.2
Music ‘ -1 - -2 -1 — 1.2 1
10, Condition 14-1100~HP
Speech 12 | =10 [ -9 | =5 | —- -1t | -12 | —-7.8] 7 64 40
Music ~7l-6]-2|- -7 | -5 |-53]| 3 -
11. gondi}:ion 1+1500~HP 4 (0.8 6
peec -~10 —11 -9 -9 —15 -1 —~10. _ _
Music —10 | -8 |-10 |-11 | —4& | -4 |=-72] 7 8.6 6.0
12. Condition 1+4-2000~HP .
Speech —15 | =16 | =13 | —13 | —20 | —18 | —15.1 | 7 —11.3 o
Music —~14 - 8 -11 —10 -9 -7 - 9.3 7 . :
B ! 2 | +22] 15
peec +2 | 4+18+2 |+3 | +3|+2 |+ ) .
Music T4 T4 | T2 |fa | Fa0+5 |+a2] 10 |13 + 4.2
14. Condition 1 +46-db-per-
gctave}el network 0 3
peec —10 —-10 —10 - 8 - —-10 -9 - — —-
Music T2 27| Zs | -8 | -4 -4|~55] 4 7 6.3




tensities for speech differ materially from those for
music for cutoff frequencies above 1000 c.p.s. due to the
differences in their energy spectra. The point at which
the high-pass and low-pass curves intetsect represents
the frequency at which the loudness is equally divided.
This intersection point for speech occurs at a frequency
of 1000 c.p.s. The reduction in intensity at this point
is about 5 db, whereas Munson’s earlier data, obtained
with headphone receivers, indicated a value of 10 db.
The only apparent explanation for this difference is
that the acoustic environment existing when listening
to a loudspeaker in a room is quite different from that
existing when headphone receivers are used.
Thesaverage curve from Fig. 10 has been replotted on
Fig. 11 for comparison with similarly treated measured
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Fig. 11—Averaged power input versus spectrum range of speech or
music for equal loudness in a room, as determined by aural, meas-
ured, and computed methods.

data and computed values. The computations were
made using the applicable response-versus-frequency
characteristics of Fig. 9 and the loudness-weighting
characteristic of Fig. 6. The difference between the
computed and measured data is due to the nonuni-
formity of the energy distribution with frequency in
the sweep-frequency power applied as indicated in Fig.
7. From the curves, it may be conclided that the choice
of this type of sweep-frequency power results in meas-
ured values of relative loudness which are in close
agreement with the aural data.

AcousTic POWER REQUIREMENTS IN ENCLOSURES

When a loudspeaker projects sound into an enclosure,
its acoustic performance as determined under open-air
conditions is modified by the acoustic properties of the
space, but the total power radiated is essentially un-
changed. If the enclosure has very high absorption, the
direct energy predominates and the characteristics of
the loudspeaker will be similar to those for open air.
The more live the room becomes, the more the reflected
energy will predominate and, therefore, the greater will
be the effect upon the radiation from the loudspeaker.

When a source of sound is started in a room, the
energy spreads from the source and then strikes the
various wall surfaces, where it is partially absorbed and
partially reflected to other surfaces, where again it is
partially absorbed and partially reflected. This process
continues until the energy in the room builds up to a

steady-state value, when the rate of absorption at the
various surfaces and in the air is equal to the emission
of energy from the source. At any point in the room,
then, the energy density may be conveniently considered
to be made up of two parts. One portion is contributed
by direct radiation from the source and is equal to
that which would be established at the point if the walls
of the room were removed and the source were radiating
into free space. The second portion is made up of energy
which has been reflected one or more times from the
various surfaces of the room. The first will be called
the direct and the second the reverberant energy.
The direct energy is distributed according to the in-
verse square law, while the reverberant may be con-
sidered as random in direction and uniform in distribu-
tion throughout the volume of the room.

The total energy in a room in the steady state is taken
asl'l

4EV
- aSRG

(12)

pavV

in which

V =volume of the room
pa=average energy density
E =rate at which the source emits energy
a=average absorption coefficient for the surfaces of
the room
Sr=the total surface area of the room
c¢=velocity of sound.

This energy is made up of the total reverberant energy,
assumed uniform in distribution, and the total direct
energy. The reverberant energy is obtained by sub-
tracting from (12) the total direct energy which depends
upon the directional characteristics of the source and
the position of the source in the room. Thus, if the source
radiates uniformly in all directions (a point source), the
direct energy will be a maximum when the source is in
the center of the room; while if the radiation is concen-
trated in a relatively small solid angle, the direct
energy will be a maximum when the source is at the side
of the room and the energy radiated toward the center.
Let us assume that the direct energy is that contained
in a sphere having the source at its center and a radius
equal to the mean free path between reflections in the
room.'®2 Such a sphere will have a volume very nearly
equal to that of the room for all rooms of reasonable
proportions. The two volumes will be equal if the mean
free path is taken as 0.63%+/V, while accepted values
of the mean-free-path range from 0.63%\/V to 4V/Sr

17V, O. Knudsen, “Architectural Acoustics,” John Wiley and
Sons, New York, N. Y., 1932, p. 127,

18 E, R. Eyring, “Reverberation time in ‘dead’ rooms,” Jour.
Acous. Soc. Amer., vol. 1, pt. 1, pp. 217-241; January, 1930.

19 See p. 137 of footnote reference 17.

20 E, H. Bedell, unpublished work.
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If we use the value 4V/Sg, the total direct energy con-
tained in such a sphere is

4EV

(13)

paV
RC

where pg is the average direct energy density. The total
reverberant energy in the room is then

4EV  4EV
aSge Sre

p.V = (14)

where the average reverberant energy density? p, is
4E /1 — a>
— )

SRG(
The direct energy density ps due to radiation from a
point source at a point distant r from the source is

pr =

(15)

= (16)
pa= 4wric
If the source does not radiate uniformly,
EQ
= 17
pa 47ric {1n

in which Q=4r/, € being the solid angle of radiation
which is related to the directivity.

The average energy density ps., at any point within
the enclosure is the sum of the direct and reverberant
energy density pg and p,.

E.-Q 4E(1 — o)
Pav = 47ric cha
E[Q 16«
=——4 — 18
4wc[r2 + R] (18)

in which aSgr/1 —a is defined as the room coefficient R
because of its flexible use in practical problems.

From (18) it is possible to determine the manner in
which the average energy density varies with the dis-
tance from the source in enclosures having various room
coefficients. It is also useful to determine this variation
relative to an arbitrary open-air condition (R= ),
using r =1 as a reference since it is intended to refer an
axial-pressure measurement of a loudspeaker made
under open-air conditions to that which would exist in
an enclosure. Thus, the ratio of the average energy
density in an enclosure relative to the reference open-
air condition, expressed in decibels, is

pavm

= 10 lOglo

Pavopensirat r-1

161]
7|

% H. F. Olsen and F. Massa, “Applied Acoustics,” P. Blaki-
ston’s Son and Co., Philadelphia, Pa., second edition, 1939.

= 10 loguo [9; + (19)
r

This relationship for point-source radiation (Q=1) is
plotted on Fig. 12 for various values of room coefficient.
These results are independent of the power radiated by
the source. These curves show that it is possible to ob-
tain a substantial increase in energy density in a room
as compared to that for open air. Since point-source
radiation was assumed in obtaining the curves of Fig. 12,
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the effects of the directivity of the source on these rela-
tionships must be determined before applying the
results to practical conditions.

The effect of the directivity of the source may be de-
termined readily by assuming various values of Q in
(19). Curves illustrating this effect have been plotted on
Fig. 13, for values of Q of 1, 2, and 4 for a range of room
coefficients. Valies of Q greater than 4 are not likely to
be encountered in practice. It will be observed from the
curves that the effect of directivity upon the energy
density is small for distances of 30 feet or more, except
for extremely large enclosures where Ris large.

Consideration of this data indicates the fact that, if
a representative distance from the source is selected, a
gain in energy density over that for open air can be
determined. It is observed that, beyond distances of
10 feet in small rooms and 30 feet in large rooms, the
energy density remains constant and is practically all
reflected energy. This fact is important because it per-
mits the evaluation of the intensity throughout an en-
closure from a single point observation. This suggests
the use of 30 feet as a reference distance from the
source. If the axial-pressure measurement p,. of a loud-
speaker under open-air conditions is made at a distance
of 30 feet or corrected to the value that would exist at
that distance, a room gain factor K;, may be computed
for any enclosure. This factor represents the gain in
intensity level that would exist in an enclosure relative
to that measured in open air at a distance of 30 feet for
a given available power input.

The room gain factor may be computed as a function
of room volume if it is assumed that all enclosures have
an optimum reverberation time. The optimum rever-
beration time of enclosures has been determined by
many investigators.”?~%* Average values of these data
are shown on Fig. 14. It has been established that the
shape of the room will have a negligible effect upon the
results.

The value of K; may be obtained directly from Fig. 12
if the room coefficient R is known, or it may be computed
in the following manner:

According to Eyring,!® the reverberation time T of
an enclosure in seconds is

0.05V
T = (20)

—Sizln(l—a)

in which
V =volume of the room in cubic feet
Sr=the total surface area of the room in square feet
a =the average absorption coefficient.

2 Watson Architecture, May, 1927.
3 S, Lifschitz, “Acoustics of large auditoriums,” Jour. Acous. Soc.
Amer vol. 4, pp. 112-121; October, 1932.
up, bine, “Acoustics of sound recording rooms,”
Soc. Mot. Pic. Eng., vol. 12, pp. 809-813; September, 1928,
»W.A. MacNalr, Optlmum reverberation time for auditoriums,”
Jour. Acous. Soc. Amer., vol. 1, pt. 1, pp. 242-248; January, 1930.

Trans.

Letting A=0.05V/Sk and substituting in (20),

= 1 —_— e—A/T. (21)
Since R=aSgr/1—a, by substitution
R = Sp(eAIT — 1). (22)
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Fig. 14.—Optimum reverberation time as a function of room volume
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Fig.
reverberation times.

From Fig. 12, the ratio of the energy density at 30 feet
to that at 1 foot in open air expressed in decibels is
Lo =

10 10g10 (23)

302
= — 29,54 db.

From (19), (22), and (23) it is readily shown that, at
a reference distance of 30 feet, the total gain in the en-
ergy density Ks due to moving the source from open air
to an enclosure is

167

&ww—n]‘%' (24)

K, =10 logm [‘Q“' +

If only the first three terms of the exponential series
for e* are employed, (24) reduces to
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Ky = 10 loguo | & + 10007 Lo.  (25)
= (4] —_— — .
2 Brof s V[l . o.osv] ’

25aT

The error introduced by this approximation will be a
maximum of 10 per cent for a room volume of 108 cubic
feet, and will be only 1 per cent for a room volume of
105 cubic feet. Values of K, computed from (25) for
optimum reverberation time, are shown on Fig. 15. If
the reverberation time differs from optimum by %30
per cent, the error will be 1.4 db. If the reverberation
time is known, an approximate correction of the room
factor may be obtained by assuming the acoustic power
to be inversely proportional to the reverberation time
for a given room volume.

It is now necessary to establish representative sound
levels for the reproduction of speech and music in en-
closures. Since Fletcher® has tabulated the required
data, only a brief summary of this information is given
in Table III.

Asindicated in columns 1, 2, and 3 of this table, maxi-
mum peaks of speech or music are about 20 db above
the long r.m.s. power indicated by a volume indicator
or sound meter, while the maximum r.m.s. power is
about 10 db above the volume-indicator value. Ampli-
fier design is frequently based on the maximum r.m.s.
power since the peaks that exceed this value are of
short duration and occur during a very small percentage
(1 to 5 per cent) of the time. The data for conversational
speech were obtained at a distance of 20 feet and con-
verted to the levels existing at 2} feet, as shown in
columns 4 and 5. An adequate speech level to be estab-
lished within the -enclosure has been selected as the
level existing at 21 feet from the lips of a person talking
conversationally, as indicated in columns 6 and 7. The
levels shown in column 6 of the table are applicable for

amplifier design. From the table it is evident that a
maximum r.m.s. intensity level of 78 db for speech, 96
db for small orchestras, and 106 db for large orchestras
should be established in an enclosure for adequate re-
production.

From the above data, the acoustic power required
for a specified intensity level in any enclosure may be
computed. The maximum acoustic power radiated from
a point source throughout a solid angle of 4x steradians
in open air may be determined from (4) and (§). For
the required intensity levels of 106, 96, and 78 db, the
maximum r.m.s. acoustic power W, is 41.2, 4.12, and
0.065 acoustic watts, respectively. Applying the room
gain factor Ka, the maximum acoustic power W, re-
quired for the desired levels of speech and music for
any room volume having an optimum reverberation
may be obtained from

Way = Woy10¢Ka/10), (26)

Values so computed are shown on Fig. 16. The optimum
reverberation time at a frequency of 512 cycles was
used in order to simplify the computation of power.

However, MacNair® has shown that, for the loudness
of all pure tones to decay at the same rate as the sensa-
tion level at all frequencies, which is our premise, the
optimum reverberation time for a given enclosure must
change with frequency. It is constant between fre-
quencies of 700 and 4000 cycles and about one-half of
this value at a frequency of 100 cycles. Using MacNair’s
data and the midband frequencies of the equal loudness
increments (Fig. 3), the values of K; were recomputed
for various room volumes, and found to be within one-
half of a decibel of the values obtained for a frequency
of 514 cycles. Therefore, the ordinates of Fig. 16 are an
adequate indication of required power based on loud-
ness.

TABLE III
SouNp LEVELS FOR SPEECH AND MusIC

Data Extrapolated to 30 Feet from Measurements at a 20-Foot Distance
Expressed in Decibels Relative to 1071 watts/cm.?

Desired Levels within Enclosure
Maximum Amoplifier Volume Speech Levels Normal for 2.5-Foot Distance
T £ d ki . design indicator
ype ol soun pea lmtinsxty maximum reading Recom- Recom-
eve r.m.s. } second | long r.m.s. | mended for Volume mended for Volume
amplifier indicator amplifier indicator
design design
. ¢y (2) (3 “4) (5) (6 Q)
Conversational speech ]
Men 66.5 56.5 46.5 78 68} 78 68
Women 64.5 54.5 44.5 76 66
Music
1 voice 97 87 77 : 87 77
100 voices 117 107 97 107 97
75-piece orchestra 116 106 96 ‘ 106 96
18-piece orchestra 106 96 86 96 86




In many cases, reproduction may be required in
noisy places. It is always desirable to maintain the
signal-to-noise ratio a maximum. However, when the
noise level is very high (90 to 100 db), a signal-intensity
level of 10 db above the noise level®® is sufficient for
adequate intelligibility of speech, in which case the
78-db noise level assumed for speech reproduction may
have to be increased. The acoustic power required for
this condition will then exceed the values shown on
Fig. 16 by an equivalent amount.
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Fig. 16—Maximum r.m.s. acoustic power as a function of room vol-

ume for intensity levels of 78 db for speech and 96 and 106 db for
music.

The solid curves of Fig. 16 show the computed rela-
tionship between room volume and the acoustic power
required to reproduce speech and music at intensity
levels of 78, 96, and 106 db. The curve indicated.by the
broken line of the figure represents the listening judg-
ment of many observers on the basis of satisfactory or
“pleasing” sound levels. It will be observed that close
agreement between computed and empirical data exists
at larger room volumes. The agreement is found to be
somewhat poorer in the case of small rooms, where a
maximum deviation of 3 db occurs. Since the empirical
data is based on personal judgment, it is difficult to
reconcile these differences. The computed levels of 78,
96, and 106 db for speech and music would appear to be
at least adequate. In determining power requirements,
however, it may be well to bear in mind that in small
rooms a somewhat higher power may be necessary for
satisfactory psychological effects. Fortunately, the de-

# N. R. French, unpublished data.
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viation becomes appreciable only in small rooms where
relatively little power is needed.

Amplifier Power

The amplifier capacity required for various enclosures
determined by converting the ordinate of Fig. 16 to
electrical watts for various values of the loudness-effi-
ciency factor LR are shown on Figs. 17 and 18. The
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Fig. 17—Required amplifier power for speech as a function of room
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number of loudspeakers required may be determined
by dividing the required amplifier power by W.., the
power capacity of the loudspeaker.

Application

The following illustrative example may serve to
clarify the application of the foregoing proposals. A
power source having a sweep-frequency rate of 5 to 10
per second and covering the frequency range from 300 to
3300 cycles, equalized in accordance with the character-
istic shown on Fig. 6, is assumed. An open-circuit volt-
age of 31 volts is applied to the test circuit of a 12-inch
direct-radiator loudspeaker having a rating impedance
of 8 ohms. The available power will then be 30 watts,
which is assumed to be the power-capacity rating of the
loudspeaker. Under this condition, the sound pressure at
6 feet on the axis of the speaker is measured in open air
and found to be 50 dynes per square centimeter. The
intensity level as indicated by a sound-level meter
would be 108 db. From these data it is now possible to
determine the loudness-efficiency factor of the loud-
speaker, the amplifier power necessary for the prescribed
levels of reproduction for speech and music in any en-
closure, and the number of loudspeakers required.

A pressure of 50 dynes per square centimeter ob-
tained at an axial distance of 6 feet corresponds to an
intensity level of 94 db relative to 10~'¢ watts/cm.?
when extrapolated for a distance of 30 feet. Since
W.. is 30 watts, 2=14.78 db relative to 1 watt, and
K, from Fig. 26 in the Appendix is 6.8 db, substituting
in (9), (10), and (11).

L,=L,,—89.8—F%k— K,
=94 —89.8—14.8—-6.8

= — 17.4db
Wy, = 10-17-4/10

= .0183
LR = 100 X .0183

1.83 per cent.

For the reproduction of speech and music in a room
having a volume of 10% cubic feet and an optimum re-
verberation time, Figs. 17 and 18 indicate that, when
LR is 1.83 per cent, an amplifier power of 980 watts is
required for music from large orchestras, 98 watts for
small orchestras, and 1.53 watts for speech. One loud-
speaker is sufficient for the reproduction of speech, three
loudspeakers for music from small orchestras, while 33
loudspeakers are required when music from large orches-
tras is reproduced.

The application of these results would require that
manufacturers of loudspeakers make certain measure-
ments to determine the loudness rating of their prod-
uct. Such a determination would require that the fol-
lowing conditions be met:

(1) Tests should be made in open air or in a dead
room without reflections above 300 cycles.
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(2) The pressure measurement should be made on
the geometric axis of the loudspeaker at a distance that
is at least three times the maximum transverse dimen-
sion of the radiating area. The resulting pressure should
be corrected to that which would exist at a distance of
30 feet, employing the inverse-square law.

(3) The electrical supply for the test should be a 300-
to 3300-cycle sweep-frequency tone, with the desig-
nated weighting equalizer in the circuit. The sweep-fre-
quency source should have a reciprocating linear fre-
quency change with time at a rate of 5 to 10 times per
second to obtain an amplitude distribution of the com-
ponents in accordance with that indicated on Fig. 7.

(4) The pressure pqs, or the intensity level L,., should
be obtained on the axis with a power supply sufficient
to drive the loudspeaker at its rated power capacity.
If powers lower than W, are used in making this meas-
urement, the appropriate correction must be made in
the formulas.

(5) The loudness rating LR of the loudspeaker may
then be obtained from (9), (10), and (11).

It must be recognized that, in addition to loudness,
many other factors must be considered in establishing a
true merit rating for loudspeakers. Uniformity of fre-
quency response, harmonic distortion, frequency range,
intermodulation, damping, and uniformity of distribu-
tion all have their effects on the performance of an in-
strument. These factors are controlled by basic instru-
ment design, and their magnitudes are established by
laboratory measurements. Listening tests, if carefully
performed, provide a practical method of evaluating the
extent to which the factors have been controlled and the
suitability of an instrument for its intended use. Instru-
ments for special or scientific uses require, of course,
more careful selection.

In spite of the various compromises and assumptions
which had to made to arrive at a practical and simple
factor for rating loudspeakers, it is believed that the
proposed method should give a reasonably accurate
measure of effective loudness efficiency. Its use in prac-
tice should materially simplify the problems of the
sound-systems engineer.

APPENDIX
DERIVATION OF LOUDNESs-DIRECTIVITY INDEX

Typical loudspeaker systems used in practice and the
shape of their radiating areas are given in Table IV. The
theoretical condition assumed to approximate each
practical condition is also shown.

In the analysis of the theoretical conditions, it is as-
sumed that the radiating surface vibrates axially, and
that the distance from the source at which the acoustic
power is computed is sufficient to insure that the pres-
sure and particle velocity are in phase.

The directivity index may be derived as follows:

Referring to Fig. 19, consider the center of the ra-
diating area to be located at the origin 0. At a given dis-



tance r the effective pressure p and the particle veloc-
ity £ are in phase. For this condition,  is equal to pc§
where p is the density of the medium and cis the velocity
of sound.

Fig. 19—Source of radiation.

TABLE 1V
TYPES OF RADIATION FROM LOUDSPEAKERS

Practical Condition Theoretical condition

- assumed to
Type of Aplprommate shape | approximate practical
loudspeaker of radiating area condition
A. Baffled
Single Unit
Horn Circle Rigid disk in infinite baffle
Direct radiator | Circle Rigid disk in infinite baffle
Direct radiator | Rectangle Rigid rectangular plate in
on horn infinite baffle
Sectoral horn Cylindrical sector | Sectoral radiation in infi-
nite baffle
Mutlticellular Rectangular spher-j Uniform radiation over
horn ical sector equivalent solid angle in
an infinite baffle
Two Unit
Direct radiator | Rectangle+-cylin- | Rigid rectangular plate
on horn+sec- | drical sector +sectoral radiation in in-
toral horn finite baffle
Direct radiator | Circle--cylindri- Rigid disk+sectoral radia-
+sectoral horn | cal sector tion in infinite baffle
Direct radiator | Rectangle-}-rec- Rigid rectangular plate
on horn+mul- | tangular spherical | +uniform radiation over
ticellular horn | sector equivalent solid angle in
infinite baffle
Direct radiator | Circle+rectangu- | Rigid disk+uniform radi-
-+multicellular | lar spherical sector | ation over equivalent solid
horn angle in infinite baffle
B. Unbaffled

Horn or direct | Circle
radiator in

small enclosure

Rigid disk set in sphere

The power radiated from a vibrating area in the XV
plane, located at the center of a sphere, is $?/pc per unit
area of the spherical surface. Then the power flowing
through an elementary area d4 of the spherical surface
is

2
dP = P_ dA.
pc

(27)
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From Fig. 19, the elemental spherical surface is
dA = r sin 0dP-rdb
r? sin 6d0d ®.

(28)

If the radiating area is symmetrical about the Z axis,
the total power transmitted through the spherical sur-

face is then
,2 2r L4
P,=—f dcpf »? sin 8de
pCv o 0

2ar: .
f $? sin 0d0
0

pc
where p is the effective pressure at any angle 0.
Then the directivity index for radiation over a hemi-
sphere (baffled condition) is
x/2
f $? sin 640
]

L
f Pas’ Sin 646
0

(29)

27r?

pc
2xr?

D.I., — 10 logm (30)

pc
where p, is the axial pressure. Since p.. may be consid-
ered constant, the denominator becomes (477%/pcC)pas’.
Let ps be the ratio of the pressure at any angle 8 relative
t0 Paa; then

1 2
D.Ls= = 10 logio— f pe? sin 648, (31)
[

Then the directivity index for radiation over a sphere
(unbaffled condition) is

1 x
D.I, = — 10 logi — f e’ sin 6d8. (32)
0

The directivity index for the types of radiation as-
sumed in Table IV may now be derived.

Rigid Disk in Infinite Baffle

When a rigid disk located in an infinite rigid baffle vi-
brates axially in a free fluid, the pressure ratio ps of the
pressure in space at any angle 8 from the normal to that
existing at an equal distance on the axis, has been shown
by Stenzel®° to be

_ 2J1(ka sin 6)

po = 33)

ka sin @

when the distance from the disk is at least five times the
disk diameter.

J1 = Bessel’s function of the first order
#df
ko = — = 2.32-df-10~*
c

where d =diameter of disk in inches
¢ =velocity of sound in inches per second
f=frequency in cycles per second.
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Substituting (33) in (31) and integrating,?” the direc-
tivity index for a rigid disk in a baffle is

L J1(2ka)

D.I.,
(ka)? ka

— 10 10g10

(349

Rigid Rectangular Plate in Infinite Baffle

In this case, (31) for the directivity index cannot be
used because the pressure is not uniform on a circle
about the axis of the plate in any plane parallel to the
plane of the plate. McLachlan?® has shown that, when a
rigid rectangular plate of length 2a and width 2b vi-
brates axially in an infinitely rigid baffle in the X Z plane,
the pressure p(r, 8, ®) in space at an angle 8 with re-
spect to the Z axis and at an angle ® with respect to the
X axis in the XY plane, at a distance 7 from the origin,

]

ZpEabrsin (ka sin 8 cos ®)
L
[sin (kb cos 0)}
kb cos 6
where p is the density of the medium and £, the accelera-

tion of the plate. The axial pressure p,. on the ¥ axis is
obtained when 6 =7/2 and ®=7/2, and is

(r, 0, ®) =
4 ka sin 6 cos &

(35)

2pkab

r

axr
Therefore, the directivity index is

f f p%(r, 0, ) r?sin dodd
0 0

D.I.}. - 10 logm

4ar2p,,?

1 p~ *[sin (ka sin 6 cos &)
- 10 lOglo _ n
4o Jo ka sin 6 cos &
sin kb cos 677 |
| ————— | sin 8d0d ®.
kb cos 8

]2
(36)

In an unpublished memorandum, C. T. Molloy has
shown that (36) may be transformed into

1 /2
D.I., = — 10logie —f M(ka sin )
ka 0

[sin (kb cos 6)

2
db 37
kb cos 0 ] 37)

27 N. W. McLachlan, “Bessel Functions for Engineers,” Oxford
Press, New York, N. Y., 1934; p. 98.

38 N. W. McLachlan, “Loudspeakers,” Oxford Press, New York,
N. Y., 1934; p. 101.
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in which

29

1 2ka sin 0
M(ka sin 0)=7|:f Jo(\)dA—J(2ka sin 0)].
: 0

The values of D.I., used in this paper were obtained by
a “Simpson’s Rule” numerical integration of (37).

Sectoral Radiation in an Infinite Baffle

For the case of radiation from a sectoral horn, rigor-
ous analytical treatment is extremely difficult. With cer-
tain assumptions, however, a derivation which approxi-
mates the practical condition can be obtained. A radiat-
ing area in an infinite baffle was assumed to have a ra-
diation pattern in which the pressure throughout the
sectoral angle « is constant over an arc in any given
plane parallel to the X ¥ plane, and is zero outside the
angle « on this arc. In the vertical direction, the radia-
tion pattern was assumed to be that of a line radiator of
length ! lying on the 2 axis with its center at the origin.
Further unpublished work of C. T. Molloy has shown
that the total power P radiated at a distance r from the

source is
*sin ka cos 67?2 |
f l:———-—— sin 646 (38)
) ka cos @

where 6 is the angle between a radius vector from the ori-
gin to a field point, and the Z axis and a=1/2 and the
power from a point source producing the same axial
pressure is

arpast
p ?

pc

47r?

pe

Pa z = Pa 1:2- (39)

The directivity index is, therefore,

41

. " [sin (ka cos 6)7? |
D.I, = — 10 logie — f [—— sin 648,  (40)
dnJ ka cos 6
which has been shown by Molloy to reduce to
D.I.h = — 10 IOgm—

[ (=T

(2ka)

3 Method of Compulation of [**Jo(N)dA: In the interval 0 Sa =<5
this function is tabulated in “Table of Integrals fo*Jo(t)dt and
Jo*Vo(t)dt” by A. N. Lowan and Milton Abramowitz, Jour. Math. and
Phys., vol. 22, May, 1943. In the interval 5 £« <25, [**Jo(A\)dr=

S To(NAN—V2[C(10)+S(10) | +VZ [C(2e) +5(20) ]

where C and S are Fresnel Integrals, and are tabulated in “Functions
and Tables” by E. Jahnke and F. Emde, p. 35, 1943, Dover Publica-
tions. In the interval 25 S, use the same formula as for preceding
interval, but compute C and .S'by the following asymptotic formulas:

[+4

_ _1_ sin (2a) _ cos (2)
€@ = 5+ Ja  tavina

_ i _ cos (2a) _ sin 2a .
SCe) = e T evina

The function J,(2a) may be found in “British Association for the
Advancement of Science Mathematical Tables, vol. VI, Bessel Func-
tions,” University Press, Cambridge, 1937.

% The integral sines, Si, are tabulated in Jahnke and Emde, p. 6.



If o =, the directivity index for a line radiator of length -

2a results; thus,

1

__[2

2

Si (2ka)
(2ka)

sin ka\?
D.I., = — 10 logie - ( ) :I (42)
ka
When a is zero and « is equal to , the radiator becomes
a point source in a baffle. Then D.I., =3 db.

Uniform Radiation Over a Portion of a Spherical Zone

For this case, the pressure is assumed uniform over
an area of a sphere, intercepted by two planes at an an-
gle « passing through the Z axis and two planes at an
angle 8 passing through the X axis.

Referring to(29), the total power transmitted through
this surface is

: 4;272 /2 % /2 8in 0846
P, = f d¢ |cot™(tan (8/2) sin ¢) 43)
pe x/2—a/2
Integration of (43) yields:
4522
P, = ? —-sin~? [sin —a—-sin E] (44)
pC 2 2

The power from a point source producing the same
axial pressure is

4drrp,.?
P,. = 1 Pas”

(45)
pc

Therefore, the directivity index is

[sin % -sin %] . (46)

Itis observed that the directivity index for this case is
independent of frequency.

1
D.I.; = — 10 log;o — sin™!

n

Piston Set in Sphere

In this problem, the directivity index may be obtained
from (32). Morse® has established the equations for the
pressure distribution in space resulting from a rigid pis-
ton vibrating axially, set in a sphere of radius e, and sub-
tending an angle 26,. Molloy has extended this work to
include the actual distribution for a number of specific
cases.

The spatial pressure is

so  (pc)
2

in which po = the maximum radial velocity of the plStOn,
and the maximum axial pressure is

| p(r, 0) | (47)

Mo pC
— —L(0
> 5 O

| Ponas | (48)

# P, M. Morse, “Vlbratlon and Sound,” McGraw-Hill Book Co.,
New York, N. Y., 1936.
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in which
21 & Un
L(o) _- Z _[_{_ el[S,,.-(m+l)r/2].Pm(cos 0)

M0 | mw0 m
Ko

Un="2 [Pn_1(cos 8) — Ppmii(cos 05)]

Dn= i1 { [mjm(ka) — (m + 1)jni1(ka)]®
+ [mnn(ka) — (m + 1) nmia(ka) ]2} 12
(mjm—l(ka’) = (m+ 1)j,,.+1(ka)>

tan é, =

Mnm_1(ka) — (m 4+ nmy1(ka

P,(cosfy) = Legendre Polynomial of m*» order

Jm(ka) = 1/— Jmiv2)(ka)
nm(ka) = — 1m1 —J_(m ka
(ka) Y i +12)(ka)
b= ———L(0)) (49)
o —3 - .
(L(0))
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Fig. 20—Directivity index of a rigid disk vibrating axially
in an infinite baffle and in a sphere.

Then, substituting in (32), the directivity index is

D.I.s = — 10 log;e 20 )f L*9) sin 646  (50)
or, if o(6) =L2(6),
1 x
D.I.s = — 10 logi, — a(6) sin 6d6. (51)
2004 o

Molloy has also shown that this may be reduced to

Spk?
D.I.s = — 10 loglo

oo

in which
S, =npiston area in square centimeters
dynes/cm.?

R, =radiation resistance in
pc cm./sec.

k=w/c.
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Equation (51) may be evaluated by numerical integra-
tion.

The relation between the directivity index and the
argument ka for each of the theoretical radiation con-
ditions is shown on Figs. 20 through 24. These curves
reveal interesting relationships between the various
conditions of radiation.

Referring to Fig. 20, on which the directivity indexes
for a rigid disk in a baffle and in a sphere are plotted, it
is observed that, when ka exceeds unity, the directivity
indexes are approximately the same for the two condi-
tions. For lower values of ka, the directivity indexes for
the rigid disk in a sphere approach those for the baffled
condition when ¢ becomes very small. It is apparent
from Fig. 21 that the curve shape for the rectangular
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Fig. 21—Directivity index for radiation from a rigid rec-
tangular plate in an infinite baffle.

plate is similar to that for the circular disk. The results
of a further investigation of this similarity are shown
on Fig. 22, where the directivity indexes are plotted in
terms of radiating area for both the disk and the plate.
It is observed that the directivity indexes for the circle,
square, and rectangle are approximately the same for a
given area. These data were computed for a frequency
of 1000 c.p.s., but this conclusion applies at any fre-
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Fig. 22—Directivity index for radiation from a rigid disk and a rec-
tangular plate in an infinite bafle as a function of area.

quency. From Fig. 23, which shows the directivity in-
dexes for sectoral radiation, it should be noted that,
when « is equal to 180 degrees, the directivity indexes

apply for radiation from a line of length /. Fig. 24 pre-
sents the directivity indexes for radiation from a portion
of a spherical zone, a condition which approximates the
multicellular horn. Since two variables, « and 8, are in-
volved, some simplification in succeeding computations
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Fig. 23—Directivity index for sectoral radiation
in an infinite baffle.

may be attained by expressing the directivity index in
terms of the equivalent solid angle of radiation, values
for which are shown on the figure.
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Fig. 24—Directivity index from a portion of a spherical
zone m an infinite baffle.
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ness bands.
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The above data provide a basis for determining the
loudness directivity indexes of the various loudspeak-
ers listed in Table IV. The loudness-directivity index of
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Fig. 32—Loudness-directivity index for a dual system involving ra-
diation from a rigid rectangular plate and a portion of a spherical
zone in an infinite baffle (rectangular low-frequency horn and a

multicellular high-frequency horn, baffled).
% N
o
: SRR N
: AN g T~
§ N E" T— \\\\
z 2oe 1121 ~
[ kG X
L NG
g g } \Q%
e z ER FREQUENCY 500 TO 800 CYCLES N
1 S : T
§ A, A, ow maw.gg 30L18 ANGLE 0 1N s'rmm'sw - o
14 ] v L
° EQUVALENT S0LID ANGLE AL FROM FIG.10 IN STERADUANS Fig. 33—Loudness-directivity index for a dual system involving ra-
diation from a rigid disk and a portion of a spherical zone in an
Fig. 29—Loudness-directivity index for radiation from a portion of infinite bafile (circular low-frequency direct radiator and a multi-
aspherical zone in an infinite baffle (multicellular horn, baffled). cellular high-frequency horn, baffled).

23



any radiating device may be defined as the average of
the directivity indexes for the ten midfrequencies of the
equal loudness bands, and may be expressed as follows:

10Dl /104 10—0la/104 . . . 10Dla/10
)(53)

K;=—10lo (
1 g10 10

where f1 to fip are the midfrequencies of the equal-loud-
ness bands shown on Fig. 3. The loudness-directivity in-
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dex may be obtained graphically by making use of curves
such as those shown on Fig. 25 for the rigid disk in an
infinite bafile. Thus, for various types of radiation the
loudness-directivity index may be determined in terms
of the dimensions of the radiating device. The loudness-
directivity indexes for loudspeakers of the types listed
in Table IV have been determined in this manner for a
range of practical sizes, and they are shown graphically
on Figs. 26 through 33.



