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Sound-level measurements in rooms containing speaker systems provide interesting and impor-

tant data not obtainable from electrical measurements or listening tests alone.

This paper discusses

techniques of obtaining relatively smooth and reproducible frequency-response curves under typical

home room conditions, using a new ultra-miniature sound-level meter.

Curves thus taken will

be presented for an adjustable bass reflex unit with and without absorbent material.

THE OBJECT of this paper is to describe techniques of

making acoustic frequency-response measurements on
speaker systems in the rooms where they are to be used.
These techniques are illustrated by results of measurements
on several typical speakers, and the effects of certain vari-
ables are demonstrated.

Frequency response is, of course, only one of several
factors important to good sound reproduction, Nevertheless,
there is no substitute for good frequency response, and it is
important in evaluating a reproduction system to have
accurate frequency-response data. Listening tests by trained
listeners can be very useful in evaluating the overall quality
of a speaker system and can to a small extent evaluate indi-
vidual factors, including frequency response, but listening
tests give very rough data only, and results are subject to
differences of opinion, often strong. Wholly electrical meas-
urements, using the speaker voice-coil voltage developed
by a constant current as a measure of impedance magnitude,
are sometimes helpful, but they are difficult for most people
to interpret and only give part of the desired information.
For example, the characteristics of the typical listening room
have no appreciable effect on voice-coil impedance, yet they
do have an important influence on response. The only way
to obtain accurate quantitative data on overall acoustic fre-
quency response is to measure sound-pressure level directly
by means of a sound-level meter or its equivalent.

Factors affecting overall response are acoustic power out-
put, total room losses (absorption and transmission to out-
side), speaker system directivity, and room reflections pro-
ducing standing-wave patterns. The average sound-intensity
level in the room is primarily determined by the first two
factors, and the sound distribution, or the manner in which
sound-pressure level varies from point to point within the
room, is primarily determined by the second two factors. To
illustrate the foregoing statements, the listening room can
be thought of as being a reservoir for acoustic energy, This
reservoir is being supplied with acoustic energy by the
speaker, and the rate of supply is, of course, equal to the
acoustic power output of the speaker. If the room walls,
floor, and ceiling did not allow any energy to be transmitted
through them to the outside and if they were, in addition,

lossless and did not absorb any of the acoustic energy by
converting it to heat through friction, then the reservoir
would have no leakage, and the energy level would build up
without any limit. Such a lossless room is, of course, im-
possible to achieve and is also undesirable. All rooms allow
some degree of transmission to the outside and some degree
of absorption. The total rate of energy loss through trans-
mission and absorption is proportional to the energy level
within the room, to the total area of the room surfaces, and
to the transmission and absorption coefficients, respectively,
of these surfaces. It can be seen that with a given speaker
power output the acoustic-energy level in the room builds up
until the rate of energy loss equals the rate of energy supply,
at which point the energy level is stabilized. With this
picture in mind it is easy to see why a given amount of
speaker power will produce a higher sound level in a “live”
room (low losses) than in a “dead” room (high losses).
Also, since total losses for a given type of wall material go
up as total surface area increases, it is clear why a given
amount of speaker power will set up a higher sound level in a
small room than in a large room of the same type.

To continue the reservoir analogy, the directivity char-
acteristics of the speaker determine the manner in which the
“stream’ of acoustic energy enters the reservoir, and stand-
ing-wave patterns are set up by multiple wall reflections
of this energy stream, which is a pulsating stream.

The above description is clearly greatly simplified. Pos-
sible interacting effects, such as the influence of the standing-
wave pattern on the acoustic impedance presented by the
room to the speaker and the consequent effect on acoustic
power output, are omitted. However, the simplified picture
is helpful in explaining observed effects during measurements.

For example, the standing-wave pattern is a rapidly vary-
ing function of frequency, and if sound-pressure level is
measured at a fixed point in the room as frequency is
changed, it is well known that the response curve so obtained
will be very irregular, even in regions of frequency where
the system response is supposed to be flat. The irregulari-
ties are so large that they often completely obscure signifi-
cant characteristics of the system response curve, such as a
“notch™ produced by an improperly adjusted crossover net-
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work. After experiencing this type of result, an experi-
menter is apt to look for permission to use a nearby anechoic
chamber, thus effectively eliminating standing waves, but he
will find that this approach has its difficulties. The effects of
speaker directivity become important, for one example. A
response curve taken with the sound-level meter at a fixed
point in an anechoic chamber will generally show large
irregularities, particularly at high frequencies, that are due
to combinations of in-phase and out-of-phase waves from
different parts of the speaker assembly, on which mechanical
standing waves can exist. In the case of a bass reflex
speaker, waves from the port opening can cancel waves from
the speaker opening at low frequencies. These irregulari-
ties, which show up in an anechoic chamber, do not have
the same significance in a normal listening room with re-
~ flecting walls, because multiple reflections from the walls
help greatly in distributing the sound energy and thus par-
tially compensate for directivity effects.’ Therefore, in
order to obtain a representative result for an overall response
measurement in an anechoic chamber, it is necessary to
average out these directivity effects by making measurements
at a number of points, equidistant but at different angles
from the speaker, and to average the results. If the speaker
to be measured is of the corner-horn type, in which the walls
of the listening room provide the final part of the horn,
there is the problem of simulating room conditions properly
in the anechoic chamber. Presumably this can be done by
erecting two walls and the floor of hard, reflecting material
in one corner of the chamber, but it can be seen that having
an anechoic chamber available does not necessarily simplify
the measurement problem. If anything, it is an invitation
to spend a lot more time preparing for and making measure-
ments, although certainly more information can be obtained
in the long run.

Returning our attention to response measurements made
in normal rooms, and with reference to the irregularities
caused by the shifting of standing-wave patterns and speaker
directivity, it is desirable to eliminate these irregularities
from the measurement. Thus one can obtain results in the
form of a relatively smooth curve that represents correctly
the average sound level as a function of frequency and that
illustrates the combined effects of speaker acoustic power
output and total room losses, Such a result represents the
performance of the speaker system and room as a whole.
It has been found that the effects of standing waves and
speaker directivity in normal rooms can largely be eliminated
from response curves if at each frequency sound-level read-
ings are taken at several points distributed within the room
and the average of these readings is used for plotting the

1 H. F. Hopkins and N. R. Stryker, A Proposed Loudness-Efficiency
Rating for Loudspeakers and the Determination of System Power
Requirements for Enclosures, Proc. Inst. Radio Engrs., 36, 315-335
(1938).

F16. 1. Sonnd-survey meter.

curve. The exact number of points and their exact location
are not at all critical, a number of points between five and
ten being satisfactory. The larger number will give some-
what smoother response curves and better reproducibility
of data. In all the following measurements ten points were
used, since a small adding machine was available, and th~
average could be obtained by moving the decimal point i
the total. Another simple method of averaging if, say, five
points were used would be to plot the totals on one scale
and then to label the resulting curve with a scale related to
the first by a factor of 5. Curves taken by this method are
fairly smooth and are reproducible to a highly satisfactory,
almost surprising degree,

MEASURING EQUIPMENT

The instrument used to measure sound levels in the meas-
urements reported below is called a sound-survey meter
because its small size (6" % 314" < 224") and light weight
(175 1b) are particularly welcome in sound-survey work.”

Figure 1 shows the instrument held as it would be held
in actual use, with the thumb in position to adjust the
“level” attenuator so as to obtain an on-scale meter reading
for the sound being measured. The readings are in decibels
referred to 0.0002 pbar, the standard reference level for
sound-level meters. The only other control, on the left side,
turns the instrument on and off, selects the frequency char-
acteristic desired, and permits the condition of the plate
and filament batteries to be checked by means of the panel
meter. The microphone is flush-mounted in the small side
of the case at the upper left corner of the photograph. The

menter, XXVI, 11, (April, 1952).

2 Arnold Peterson, The Sound-Survey Meter, General Radio E;vpeb
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in the New Jersey suburbs at least, is fairly high, owing to
frequent airplanes, power lawnmowers, and delivery trucks;
and there is a limit to how loud the test tones can be made
without overloading the speaker at low frequencies and,
incidentally, without annoying one’s neighbors. It was for
these reasons that the measurements of Fig. 5 were made
with the sound-survey meter so undesirably close to the
speaker, and these reasons are felt to be a major and im-
portant disadvantage of outdoor measurements. Also, there
is no easy way to make outdoor measurements on a corner-
horn type of speaker,

The measurements reported in this paper were of neces-
sity made on speakers that were available on loan to the
author. The large bass reflex speaker cabinet already men-
tioned had an adjustable partition between the main volume
and the port volume, as shown in Fig. 6. The “throat”
opening between the two volumes could be adjusted by
removing the back of the cabinet and loosening the three
wing nuts that held the sliding part of the partition in place.
The interior of the cabinet was lined with about an inch
of absorbing material. The speaker was a General Electric

1201D, a 12-in. speaker with a resonant frequency of about
70 cycles. )

Most of the curves to be presented were taken in the
author’s living-room, the nature of which is shown by Fig. 7.
An average amount of furniture, draperies, and rugs were
present, and the speakers were located as shown. Three
windows are indicated, and a few tests were made with
these first open, then shut; but no significant difference was
found. At each frequency sound-level readings were taken
at the ten locations indicated by the crosses.

The solid response curve of Fig. 8 was obtained by the
averaging method for the bass reflex speaker with the throat
opening set arbitrarily at 4 in. Each point of this curve is
the simple average of ten readings taken around the room,
and these points have been joined by straight lines. Below
400 cycles the points are very closely spaced so that no
significant features have been skipped, but the spacing is
greater above 400 cycles, and irregularities have undoubtedly
been missed. The primary interest in these measurements
however, was at lower frequencies.

7

91

Note that this curvegy,

is relatively smooth compared to the curve previously shown
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for indoor response with the sound-survey meter at a fixed
location. It is evident that this procedure is effective in
obtaining the average level in the room at each frequency
in spite of the presencc of standing waves. The result is only
what one would expect, of course; but it is always reassuring
to see an expected result confirmed by experiment. As previ-
ously explained, this average curve is determined primarily
by speaker acoustic power output and total room-loss char-
acteristics as functions of frequency. The various peaks
and valleys that are greater than 1 or 2 db indicate char-
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Fi16. 6. Large bass reflex cabinet.
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Fig. 7. Measurement room,

acteristics either of the speaker or of the room, because
reproducibility of data is that good, as is demonstrated below.

Several curves, to be shown below, were taken with the
throat of the large bass reflex cabinet set at different openings
ranging from 1 to 6 in. It was intended thus to determine
experimentally the optimum setting giving the best If re-
sponse. Also, one curve was taken with the entire partition
removed, including the fixed part as well as the sliding part.
Since it is difficult to compare two curves of this type unless
they are plotted together, the solid curve of Fig. 8, with a
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frequencies, measurements were taken only up to 400 cycles.
In all these curves the reference condition (throat opening
set at 4 in.) is represented by the solid curve.

Figure 9 was taken with the partition completely removed.
Other than the valley between 85 and 160 cycles referred to
previously, the major differences between this condition and
the reference condition are that the reference is less smooth
below 70 cycles and is about 5 db higher. The impedance
curve, by contrast, shows a drastic difference. It appears
difficult, if at all possible, to predict response characteristics
from impedance-magnitude curves alone, In this case, with
a major peak at 50 cycles instead of 70 cycles, the response
below 50 cycles was poorer. The difficulty of interpreting
impedance-magnitude curves is that the acoustic power out-
put for a given voice-coil voltage depends not only on imped-
ance magnitude but also on the resistance (real part of im-
pedance) and on the efficiency of conversion from electric
to acoustic energy. All these quantities vary with frequency.
Furthermore, the resistance and efficiency are both difficult,
if not impractical, to measure without more diversified
equipment.

Proceeding toward smaller throat openings, we next con-
sider a 6-in. opening, with the results shown in Fig. 10. The
only. deviation from the reference curve is slight and occurs
between 60 and 70 cycles. The two curves follow each
other very closely otherwise.

Results for a throat opening of 3 in. are shown in Fig. 11.
Nearly every detail of one curve can be seen in the other.

Figure 12 corresponds to a throat opening of 2 in. The
curves are still nearly identical. The impedance curve was
not taken because of an oversight, but it would not be ex-
pected to show afly marked difference from the reference
shown.

Figure 13 was taken with a 1-in. throat opening. The
curves are again very close, except for the rise above 300
cycles. The peak in the impedance curve at 45 cycles is
in this case definitely lower than the reference, whereas it
is progressively higher for larger throat openings.

Figure 14 is a comparison between the indoor response
curve obtained with the sound-survey meter in a fixed loca-
tion and the reference curve. The average of the rapid
variations appears to follow the reference fairly well, except
for the regions around 30 cycles and 230 cycles. One might
well ask why it is necessary to go to the trouble of averaging
with respect to position in the room at each frequency if
one can get the same result by averaging with respect to fre-
quency at a single position in the room. The answer is, in
the first place, that the variations are so fast and large at
a single point that a recorder is needed to do a reasonable
job, and, in the second place, that important characteristics
(peaks or valleys) of the speaker or room would be indis-
tinguishable from the peaks and valleys caused by standing

waves. ~ Also, the variations due to standing waves are so
large that it is difficult to draw a good average curve.

Figure 15 compares the outdoor response curve obtained
with the sound-survey meter in a fixed location, very close
to the speaker, and the reference curve. The differences can
be ascribed to room absorption characteristics and directivity
and proximity effects. The de-emphasis of the peak near 30
cycles has been mentioned previously.

In summary of the measurements on the large bass reflex
speaker, it is apparent that the speaker and cabinet are
not matched, because the adjustment provided had no sig-
nificant effect on response. However, the curves do indicate
the small effects that can be obtained with this combination
and help to show the very satisfactory reproducibility ob-
tainable in acoustic measurements by the averaging method
described.

MEASUREMENTS ON A SMALLER BASS REFLEX
CABINET

As mentioned before, the object of making measurements
on an adjustable bass reflex cabinet in the first place was to
show that the sound-survey meter could be used to determine
the optimum adjustment, avoiding either a too-rapid cutoff
or an excessively high peak at low frequencies. We have
seen, instead, that the adjustment had no effect and have
concluded from this that the 12-in. speaker used is not suited
to the cabinet, the latter being too large (8.5 ft*). There-
fore, a smaller bass reflex cabinet (5.8 it*) was obtained
with the idea that it might better match the characteristics
of the available speaker. This cabinet also had a sliding
partition, by means of which the throat opening could be
varied. The results of measurements made with the throat
fully open and also fully closed are shown in Fig. 16. The
two curves are practically identical, except for a couple of
points well below cutoff. Once again it appears that speaker
and cabinet are not matched, although the cabinet is causing
a peak at 70 cycles and a dip at 90 cycles. These features
do not appear in the response of the large bass reflex cabinet
using the same speaker. The cabinet has also shifted the
main resonant peak of the impedance curve from 70 cycles
(in the large cabinet) to 80 cycles.

Bass reflex cabinets are frequently described as being
suitable for “any speaker up to 12 in.” or “any speaker up to
15 in.” The foregoing results indicate that such statements
are open to question. Most bass reflex cabinets are not
readily adjustable, yet the measurements on two that are
adjustable, using a very common 12-in. speaker, show that
even the adjustment provided cannot make the cabinet match
the speaker. A bass reflex system involves the relationship
of several resonances with respect to each other, and it is
difficult to understand how “any speaker” up to a certain
specified size can be expected to match a given cabinet, ad-
justable or not. The bass reflex principle has been shown



*~—+ = REFERENGE
90— .
o--0 = RESPONSE
BO—
w ‘
70— RESPONSE
o
wn
w60—~ 5
— o
w (@)
@ '
O —304
W
SR — IMPEDANGE g
/ o
— 204
- =
40— g
= 0SS
w
I I | I [ g
o 30 100 300 1000 3000 BN
FREQUENCY - CYCLES
1. 12. Bass reflex, 2-in, throat, vs reference,
o—e = REFERENCE
90—
o--0 = RESPONSE
80—
70 — RESPONSE
¢
— (7]
mGO =
— T
w (e}
m '
) — 30w
R o
w
4 50— IMPEDANGE o2
>
- (=]
= 20‘%"
»"G/l .
40— ) S .
e — - 5 —10 8
: w
i | | r | =
30— 30 100 300 1000 3000 s

FREQUENCY - CYCLES

F1Gc. 13. Bass reflex, 1-in, throat, vs reference.



ar

!

REFERENCE
90—

?
]

RESPONSE

80—

TA Foe

DEGIBELS

40—

|‘ l i l | |

30— 30 100 300 1000 3000 10000
FREQUENCY - CYGLES

I16. 14, One-point response, indoors, vs reference.
w —e REFERENCE
: b o--0 = RESPONSE OUTDOORS

80—

70—

B —

DECIBELS

40—

I l l | l

‘W 30 — 30 100 300 1000 3000 10000
FREQUENCY - CYCLES

F1a. 15. One-point response, outdoors, vs reference,



JOURNAL OF THE AUDIO ENGINEERING SOCIETY

e—e - THROAT FULLY OPEN
X = THROAT FULLY CLOSED
90—
80—
ro— RESPONSE
4
S Ep= =
= o
w [ ]
= w
o — 30 Q
w x
W o 'MPEDANCE <
a
—203
=
40— =
x — 109
o
| I 2
oS 30 100 300 1000 3000 AR

FREQUENCY - CYCLES

F16. 16. Small bass reflex,

by others to be capable of extraordinary performance when
carefully and properly designed, but experience in this work
has since shown that the characteristics of speakers used in
such systems are very critical and that “any speaker” ob-
tained from “any manufacturer” out of “any production
run” cannot be expected to give proper results automatically
without individual testing.

MEASUREMENTS ON A SIMPLE, CLOSED CABINET

Figure 17 is a sketch of a 6-ft* cabinet. A 1201D
speaker was used here also, but not the same one that was
used in the bass reflex cabinets. Some dislike the bass reflex
speaker cabinet on the grounds that it is a resonant device
and therefore may have poor transient response, although
it is probable that much of the blame heaped on the bass
reflex principle is due to listener experience with cabinets
and speakers that are not suited for each other. One alterna-
tive is the large horn type, but a simpler type is a closed
box filled with absorbing material to damp interior reson-
ances. Figure 18 shows the difference in response of the
cabinet of Fig. 17 with and without the absorbing material.
The material greatly broadens and reduces the resonant

TOTAL VOLUME = 6 GUBIC FEET

IM16. 17, Simple, closed cabinet.

peak of the impedance curve, eliminates the little impedance
peak at 230 cycles, and lowers the response by about 4 db
between 65 and 150 cycles, but otherwise has very little
effect. The hf portion of the curve is less regular than in
the case of the bass reflex cabinet, but more points were

e
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taken for the closed cabinet, and it is quite possible that
more points taken for the bass reflex cabinet would show
similar irregularities. Except for the portions of the curves
differing because of the absorbing material, the agreement
is excellent.

The third curve illustrates the characteristic obtained in
a different room, one with very little furnishings, no draperies
or rug, and all doors and windows closed. A large variation
. of room characteristic with respect to frequency is evident,
In this extreme case, in which room absorption is very low, it
is conceivable that the driving-point impedance of the room,
as seen by the speaker, could vary appreciably with fre-
quency as the standing-wave pattern changed. This effect
might help to explain the large variations noted.

MEASUREMENTS ON A TYPICAL HOME
RADIO-PLAYER CONSOLE

As a matter of interest, measurements were made on the
radio-player console (“family radio”) in the author’s living-
room. The speaker is an 8-in. type, and the cabinet is open
at the rear and bottom. The player uses a General Electric
“variable-reluctance” pickup and a home-built preamplifier
and equalizing network. Measurements were made with
a constant voltage applied to the preamplifier input terminals
in place of the pickup. Figure 19 shows the results. Tt is
clear why record scratch has never been objectionable on
this player. The rise below 300 cycles is caused by the
equalizing network and is intended to compensate for the
recording characteristic of records.

The dip at 90 cycles was checked by repeating points at
90, 100, 140, and 200 cycles with three windows open, but
the results duplicated the original readings very closely
indeed, thus proving that the dip is a speaker-and-cabinet
characteristic,

Since it was easy to do, an additional check was then
made using a constant-tone frequency test record, previ-
ously calibrated independently, with the results shown by
the crosses. Agreement is excellent, except for the 50-cycle
point. At 50 cycles, however, the tone sounded very rough,
and a check with the sound analyzer showed harmonics much

ENGINEERING SOCIETY

higher than the fundamental, which would explain the high
reading at 50 cycles, The agreement otherwise indicates
that the frequency response of the pickup is flat up to at
least 5 kc. )

MEASUREMENTS ON LARGE CORNER-HORN
SPEAKER SYSTEM

Response measurements on this system showed up two
facts that had been suspected by the owner as a result of
many hours of listening. First, the efficiency of the 1f horn
was about 5 db greater than that of the hi speaker, with the
obvious result that there was a “step” downward in the
response curve at the crossover frequency. Second, the
crossover network was too high in frequency, and the output
from the If horn started to drop before the crossover point,
resulting in a dip in the response curve just below the cross-
over frequency. Both of these defects, their nature and
magnitude precisely defined by the sound-survey meter, can
be corrected. The curve itself is not shown, because the
data were unavailable.

CONCLUSION

The method of measuring acoustic response usging the
average of several sound-level readings made at different
points within a room has been found to give satisfactorily

smooth and highly reproducible response curves. The sound- _s

survey meter is useful for making these response measure-
ments. Bass reflex systems can be adjusted for best overall
results, and the suitability of a particular speaker for use in a
particular cabinet can be determined. The optimum amount
of absorbing material required, within the speaker housing,
can be determined. Defects in room absorption character-
istics can be detected and the effects of corrective measures
checked. Other uses include setting correct relative levels
in multiple-speaker systems, including stereophonic systems
and the checking of crossover networks, determination of
speaker placement for best coverage, and setting the initial
reference level in systems using a tone-compensated volume
control.
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