application
notes

Relevant loudspeaker tests .

In studios

in Hi-Fi dealers’ demo rooms

In the home etc.

— using 1/3 octave, pink-weighted, random noise
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Relevant loudspeaker tests in studios

In Hi-Fi dealers’ demo rooms

In the home etc.,

— using 1/3 octave, pink weighted, random noise

Abstract

The “sound” of a Hi-Fi set is to a
great extent room dependent. Very
often, the final result is determined
by the room rather than by the ac-
tual equipment. Fortunately, these
influences may readily be mea-
sured.

The objective test method, which
seems to correspond bhest with sub-
jective judgment, is the “1/3 oc-
tave, pink-weighted random noise
method™ carried out in the listening

room. From measurements made ac-
cording to this method, it is possible
to say which Hi-Fi equipment will
ive the best result in the actual lis-
tening room. In practice, the method
can be carried out in many ways.

The simplest and least expensive
method, uses a pink noise test re-
cord and a precision sound level me-
ter. The most sophisticated and ac-
curate technique (also the most ex-
pensive), uses a pink noise genera-
tor and a real-time, third octave

By Henning Maller, Bruel & Kjaer
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analyzer. The results of such meas-
urements show the frequency re-
sponse characteristics of the loud-
speaker/listening room c¢ombina-
tion.

This application note will describe
the measurement possibilities, and
it will show some results of the
methods and compare them with re-
sults obtained by listening tests.
Five loudspeakers in three different
rooms and a test team consisting of
five critical listeners were used.



Introduction

Too often, people are disap-
pointed when having brought home
a new hi-fi set. Although it
sounded good at the dealer’'s, and
the high price paid should be some
sort of guarantee of quality, the
sound at home is not as good as
had been hoped for. The reason is
often that the influence of the listen-
Ing room has not been taken into ac-
count.

It 1s well known that the output
voltage of an electric circuit is very
dependent upon the actual loading.
Likewise the output of an acoustic
system s dependent upon the
acoustic loading — i.e. the listen-
Ing room. Thus, a measurement of
the complete system must be made
under normal acoustic working con-
ditions, those that exist in the ac-
tual histening room.

If a manufacturer produces loud-
speakers to suit standard measure-
ments 1IN anechoic chambers, he
can sell an ideal transducer and let
the customer change his room ac-
cordingly. He can make it a little
easier for the customer if he builds-
IN a correction network, but the opti-
mal result can normally first be ob-
tained after a measurement in the
actual hstening room. In fact, It can
be very difficult, by ear alone, to de-
cide exactly what is wrong. If, for in-
stance, there IS a resonance be-
tween 100 and 200 Hz, one could
say, that there i1s something wrong
INn the bass, but not exactly where it
s wrong. Normally, neither loud-
speakers nor rooms are ideal, and
therefore the problem is often to

find a reasonable combination. Usu-
ally, this can be achieved by select-
ing the best suited eqguipment
rather than by paying a higher
price.

l.ately, a great many investiga-
tions have been made to find suit-
able measuring methods in listen-
ing rooms. In Denmark, the so-
called "Hgjttalerundersggelse™ (loud-
speaker investigation, Ref. 1) has
been made in order to try to find
connections between objective
measurements and subjective judg-
ments. The objective measurement
that seems to correspond best with
results from listening tests, is as
mentioned the "1/3" octave, pink-
weighted random noise method”
carried out in the listening room.
Also, phase measurements and
power characteristics seem to corre-
spond reasonably well, although to
a lesser degree. (Ref. 3 and 4).

Three Rooms and
Five Loudspeakers

This Application Note deals with
two types of loudspeaker tests
made at Bruel & Kjeer: 1) Main Lis-
tening tests and statistical treat-
ments of the results. 2) Measure-
ments using both expensive and in-
expensive measuring equipment.
The results of the subjective and ob-
jective evaluations were then com-
pared and supplemented by addi-
tional listening tests and measure-
ments.

As mentioned, three rooms and
five loudspeakers were used.

The rooms are shown in Figs. 1,
2 and 3.

The room dimensions in meters
are Room L1: 9,2 x 4,6 x 3,3,
Room L2: 5,1x 3,7% 2,6 and Room
1.3: 4. 3x 3, 7%x 2. The reverberation
times as a function of frequency are
shown in Fig. 21.

The loudspeakers used were:

H1: Richard Allan 15"
+ Lowther PM 6
+ B& O Cube 2500 (spec. fil-
ter)

HZ2: Quad Elektrostat.

H3: B & O Beovox 3000.

H4: Wharfedale Super Linton.

H5: Isophon HSB 30/8.

The loudspeaker positions were
chosen partly because the minimum
distance between the speakers is
considered, and partly because the
speakers should have acoustic con-
ditions as equal as possible.

Later the dependence on loud-
speaker positioning will be shown.
It was also important that listening
tests and measurements were
made at the same position.

15 Curves

To get an immediate impression
of the results, look at the 15 curves
(Fig.4) which the 5 speakers, In the
3 rooms gave from measurements
at the listening position, with 1/3
octave bandpass noise. Later, much
more detailed information about the
measurements will be given.

Fig.1. Room L1

Fig.2. Room L2

Fig.3. Room L3
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Fig.4. These curves show how the 5 loudspeaker responses differ in the 3 rooms. The measurements were made by the portable and inexpensive
method. Note that the 3 in-line curves are for the same loudspeaker tested in different rooms
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The three vertical columns repres-
ent, from the left, listening rooms
L1, L2, and L3. The five horizontal
rows represent the five speakers
H1, H2, H3, H4, and H5. Note that
the three top charts give the curves
for the same speaker in three differ-
ent rooms. There certainly is a big
difference. In the large room, L1,
the curve is fairly even, in room L2
It 1Is somewhat worse, and in room
L3 it is very uneven. Room L3 has
too much bass-lift and too many re-
sonances.

Evaluation of the Curves

Now look at the five charts in the
first vertical column — that is the 5
different speakers in the same
room, L1. There is no doubt that
the uppermost chart is the best,
No.2 is next, and the lowest chart
IS clearly the worst. Whether No. 3
or No. 4 is the better, is at first diffi-
cuit to decide, but upon closer exa-
mination — as shown later — we

will see that No. 4 is better than
No. 3.

This order was later found to be
the same as the order of preference
indicated by listening tests.

The closer evaluation of these
curves concern the foliowing two
criteria. First, the curves should be
as smooth and straight as possible,
indicating that all frequencies are
reproduced at approximately equal
level. Secondly, primary emphasis
should be given to the 60Hz to
6 kHz range.

When music is recorded under far-
field conditions, it will contain a suit-
able mixture of direct and reflected
sound, and the curve ought to be ab-
solutely flat in that case. This is
true for recordings, for instance,
made with two B & K condenser mi-
crophones in the far-field.

However, since most recordings
are made as a combination of near-
field and far-field information, the
curve should boost a little at low fre-
guencies and roll off a tittle at high
frequencies. A suitably shaped
curve is shown In Fig.5.

The curve shows only the neces-
sary tendencies. This curve was de-
rived partly as a result of listening
tests and partly by consideration of
curves from average concert halls.
According to Beranek (Ref. 2) the av-
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erage concert hall has a roll off simi-
lar to that in the curve shown, but
at twice the rate. Only half the rate
is chosen because most recordings
are equally distributed between
near-field and far-field recording.

Pratice has shown that this char-
acteristic is absolutely reasonable
for reproduction of most commercial
recordings.

The second consideration when
evaluating the curves in Fig.4 i1s the
average frequency content in nor-
mal music recording. As we will
see later (Fig.20) this 1s typically in
the range from 60 Hz to 6 kHz, and
therefore this range is given more
consideration than the rest of the
audible range.

It should be mentioned, that at
the time of the investigation, no
one was really sure about Fig.5. For
instance, we could not call loud-
speaker H5 in room L3 really bad,
just because it did not roll off at
high frequencies. If we had done,
even better agreement with the lis-
tening tests would have been
achieved, as will be seen later.

From the above mentioned crite-
ria, evaluation of the measured
curves in Fig.4 was as follows:

RoomL 1:- H1-H2-H4-H3-Hb

RoomL 2: H1-H2-H4-H3-Hb

Room L 3 H2Z-H4-Hb5-H1-H3

Pkl

Preference sequence from measurements

— that is, in room L1 loudspeaker
H1 was the best, H2 second, and
SO on.

Listening Tests

Throughout the listening tests,
the Iloudspeakers were compared
two by two. The person listening
was asked to choose which of the
two loudspeakers, he preferred to
listen to at any given time. All the
loudspeakers were equalised to the
same sound pressure level, using
pink noise. All the speaker cabinets
were covered by a porous cloth, so
that the cabinets could not be seen
during the listening tests.

Throughout the tests, six different
short music pieces were used (See
Fig.20) Wagner Opera, Modern
String Quartet, Organ Music from a
church, Beat, Jazz, and Popular



Music, to ensure that the results
were independent of the type of
music material used.

For each of these two-by-two com-
parisons, the person listening had

to fill out a questionnaire as shown
in Fig.6.

It is seen that there are 35 char-
acteristics and for each characteris-
tic the listener was to select which
of the two speakers, in his opinion,
possessed most of that particular
characteristic. The following code
was used.

1 = Loudspeaker 1 has most of the

characteristic

Loudspeaker 2 has most of the

characteristic

3 = Both speakers have the charac-
teristic in equal degree

4 = Neither of the speakers has the
characteristic

2

]

Using 5 loudspeakers, 5 listen-
ers, 3 rooms and 3b characteristics
a total of (4+ 3+ 2+ 1) x Bx 3 x
35 = b250 comparisons were
made.

Results of Listening Tests

It would not be reasonable to go
into details of the statistical treat-
ment of this material here. Let us
simply examine the main result
(Fig.7).

The three curves show the num-
ber of times a given loudspeaker
has been generally characterised as
being the best one for each room,
the higher the curve the better. It is
seen, as mentioned in the introduc-
tion, that the results are highly de-
pendent upon the room. The result
for loudspeaker H1, for instance, dif-
fers 100% from room L3 to room
L1, and loudspeaker H4 is much
worse in L1 than in the other
rooms.

This is a real problem for a cus-
tomer who hears these five loud-
speakers demonstrated by a dealer,
with a demonstration room similar
to room L1, He decides on loud-
speaker H1, when price is not taken
into consideration. But then he
finds that his own room is similar to
room L3, — he should never have
selected H1, but H4 instead.

ldentification
Listener No.. ..............
Room No. .. ... oo v, L]
Comparisecn No., . .. .. v e v
Actual measurements;
1. Fkirst preference . ... ... ... ]
Overall impression
2. Natural . ... ............ L]
3. Well defined. .. .......... _
General sound quality
4. Detailed resolution .. ..... L]
5. Muddy . ............... ]
6. Presence . . .. .. ... ... |
7. Distant . . . . . . .. ... .. L]
8. Transparent . . .. ... ... ]
Q, Stained. . . ... ... .... [
10. Bright . . . . . ... ... .. L]
1. 0ull . ... ... [
12 Full ... L, e
13. Thin . . . . .. ... .. ... L
Frequency response

# 14, Uniform . . . . . . . . .. .. [
15. Strong bass . . . . . . . . .. L]

16. Weak bass . . . . . . . . . . . . ..,
17. Strong midrange . . . . . . . . ..
18. Weak midrange . . . . . . . . ... [
19. Strong treble . . . . . . ... ...
20. Weak treble . . . . . ... ... ..

Distortion

2. Boomy .., .. ....... . ... ...
22. Hollow . . . . . . . . ... . ...
23.Nasal . . . ... ... ... ....
24, Metallic. . . . . ... ... ....
25. Harsh . . . . . . .. .. .. .... o

26. Cutting . . . . .. ... ... ...
27. Hard
28. Mellow . . . . . . . .. ... ... ]

28 Bass. . . . .. .. 1
30. Midrange. . . . . . . . . . . ...
31. Treble . . . . . . . .. ... ...
32. Orchestra - - - « . . . . « . . . ..
33. Chamber . . . . . . . ... ...
34, Popular - . . . .. .. ...

35. Second preference . . . . . . . ..

Fig.6. The questionnaire
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Fig.7. Curves showing how the subjective quality evaluation of a particular loudspeaker
strongly depends on the actual listening room. The y-axis shows the number of times a
loudspeaker was preferred. These results are based on answers to positively orientated

questions



From the curves in Fig.7, we can
make the following preference se-
gquence:

Room Lt: H1- H2-H4-H3-Hb

Room L2 H1 - H4 -H2-H3 - HbH

Room L3 H4-H2-H1T-H3 - Hb

Preference sequence from listening tests

Similarities Between Measured Re-
sults and Listening Results

Now compare this preference se-
quence from the listening tests with
the one obtained from measure-
ments. it is seen that the only es-
sential difference in the results is
that loudspeaker Hb5 in room L3
was placed as No. 3 from measure-
ments, while from listening tests it
was placed as No. 5. As mentioned
earlier, this was based on the origi-
nal evaluation. Today, Fig.5 would
be considered more important and
the resuit would be even better
than shown here. The difference be-
tween loudspeakers HZ2 and H4 in
rooms L2 and L3 is so smail that it
IS almost impossible to state a pref-
erence, either from listening tests
or from measurements.

An example of how the speakers
were distributed for the different
characteristics is shown in Fig.8.

The curves show the number of
times the different speakers
(H1,.... Hb5) have been character-
Ised as better than the ones they
were compared with, as a function
of the positively oriented questions
in the questionnaire (Fig.6).

This figure (Fig.8) is wvalid for
room L1 but corresponding curves
were also made for the other

rooms, of course, as well as for the
negative characteristics. The results
from the positive and the negative
characteristics were aimost the
same.

An example of how the listeners’
opinions were distributed 1s shown
in Fig.9. There is one curve for
each person. It is seen that for each
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Fig.8. The number of preferences for the speakers as a function of the characteristic
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Fig.9. Example of how the listeners’ opinions were distributed

speaker there was one person who
voted appreciably different from av-
erage. But as it was a different per-
son each time, the listeners can be
considered to be in reasonable
agreement. The average voting
must be considered to be consist-
ent, they were also all experienced
critical listeners.

Real-Time Method

Until now we have only men-
tioned the measuring method as
"the 1/3 octave, pink-weighted,

random noise method”. Now let us
look closer, to see how the method
1S used.

The professional method s
shown in Fig.10. Here the Noise
Generator Type 1405 sends broad-
band "Pink noise’’ through the sys-
tem, and the Real-Time Analyzer is
used as the measuring instrument.
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Fig.10. Measuring set-up with

"Pink Noise”" looks as shown in
Fig.11 when it is sent directly to
the Real-Time Analyzer — each co-
lumn s seen to have about the
same height.

If white noise is introduced to the
analyzer, it appears as shown In
Fig.12. White noise contains all fre-

Fig.11. Spectrum for pink noise

quencies at the same amplitude, ne-
vertheless a slope of + 3 dB/octave
1S seen. This Is because a logarith-
mic frequency scale is used and the
actual bandwidth increases propor-
tionally with frequency, 1/3 octave
at low frequencies is just a few Hz,
while 1/3 octave at high frequen-
cies covers several thousand Hz.
Since the voitage for white noise 1S
nroportional to the square root of
the bandwidth, the increase will be
only 3 dB/octave.

To obtain the flat curve that is
wanted on the screen, we correct
the white noise with a
—3 dB/octave filter. This is the sig-
nal called "'pink noise”. Pink noise
Is nothing but white noise weighted
—3 dB/octave, and it 1S usually
used together with a logarithmic
frequency scale and filters of con-

“pink’’ noise 20 Hz to 20 kHz. The result is immediately read out on the screen

Fig.12. Spectrum for white noise

stant percentage bandwidth. White
noise is most often used with con-
stant bandwidth filters.

Automatic Method Using Succes-
sively Switched 1/3 Octave Filters

A less expensive measuring
method i1s shown in Fig.13. In this

i Power Amplifier
Random Noise Generator

1405 27
= o] T
e . ® - .0 .
@ 00 @

Power Amplifier
2706
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Level Recorder

Measuring Amplifier 2307

173263/1%

Fig.13. Set-up for '"1/3 octave, pink-weighted, random noise method”’




Fig.14. Spectrum for 1/3 octave

case we apply each 1/3 octave
bandwidth individually and take a
broad band level measurement for
each 1/3 octave band. The signal
looks as shown in Fig.14.

This method i1s slower than the
Real-Time method, because we
must make 30 measurements, one
for each 1/3 octave, while in the
Real-Time method they were all
measured simultaneously.

In practice this principle can be re-
versed, that 1S, we can send out the
broad-band pink noise, and mea-
sure selectively in 1/3 octaves one
at a time. In this case we risk burn-
ing-out the tweeters because the
full spectrum of the noise is applied
to the speakers for quite a long
time.

The optimum signal-to-noise ratio
is obtained by both sending out and
measuring in 1/3 octave bands. In
practice there is no difference iIn
the results from these different
methods.

The Portable and Inexpensive
Method

The same principle as used in the
automatic method is used in the
portable and inexpensive method.

The Test Record QR 2011 is used
on the generator side, and a Sound
Level Meter Type 2206 on the mea-
suring side.

The signals recorded on the test
record are the same as those which

Normal Record Player with
Test Record QR 2011

[al
| 1

>

QO O0OCDO

Tape Recorder

’-—\—I—'
——r—mr Amplifier I'

Sound Level Meter / /
2203 or 2206

— |
-\

a—
| ™ ol

Listening Room

740002

Fig.15. The portable and inexpensive method. The recording is manual with one point for each

1/3 octave

the Noise Generator and the 1/3 oc-
tave filter produced In the automatic
method — that is pink noise in 1/3
octave bands.

The microphone and the measur-
ing amplifier are replaced by the
Sound lLevel Meter and the Level
Recorder i1s replaced by the special
chart paper QP 2011. The curve is
recorded manually.

The only equipment required to
make this measurement, 1S the Test
Record QR 2011 and the Sound Lev-
el Meter Type 2206. Although this
simple method is slightly less accu-
rate than the more sophisticated
methods, it is an excellent alterna-
tive because it is portable and inex-
pensive, it does in fact test the
whole system from pick-up to loud-
speaker/room combination, under
the same working conditions as
when playing normal music re-
cords.

The 15 curves in Fig.4 were in
fact all made using the simple
method. The differences bhetween
the simple method and the more so-
phisticated methods are typically
+ 1 dB, which because of the fluctu-
ations normally found in ordinary
rooms, can be considered negligible.

Supplementary Experiments

To supplement given results, we
will now look at three subjects: {1)
the dependence of the measured re-
sults on the loudspeaker and micro-
phone positions, {2) the relative fre-

quency content of the music exam-
ples used, and {3) the reverberation
time in the three rooms. Finally we
shall suggest methods to improve
the measured characteristic — and
thereby obtain optimum perfor-
mance.

The dependence of microphone
and loudspeaker positions could be
important in normal rooms. Typical
variations of *b5dB fall within the
frequency range 50 to 2000 Hz.
The remark one normally hears —
that the bass increases whenever
the speaker comes close to a corner
— is not completely true. It is only
the upper part of the bass range
and the lower part of the mid range
which increase. This phenomenon
occurs when the wavelength and
the room dimensions are equal.

Figs.16 and 17 show the depen-
dence on microphone and loud-
speaker positions of room L2, and
Figs.18 and 19 show it for room

L3.

The relative frequency content of
the music examples used for the lis-
tening tests is shown in Fig.20. It is
seen, for example, that the organ
music, M3, has a quite wide and
uniform frequency content. The
heat music, M4, exhibits typical
electric bass around 12b5Hz and
brass instruments around 1,25 kHz.
On the Oscar Peterson recording,
M6, we see the bass around
100 Hz, the piano around 400 Hz
and the cymbal around 12,5 kHz.
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Fig.16. The variations in room L2 for three different microphone positions

Fig.18. The variations in room L3 for three different microphone positions

Fig.19. The variations in room L3 for three different loudspeaker positions
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The reverberation time of the
three rooms as a function of fre-
quency is shown in Fig.21. In fact,
it 1s the so-called "Early Decay
Time” (EDT) which is shown, but
this is almost the same as the nor- 0.8
mal reverberation time, the only dif-
ference being that consideration is
placed on the beginning of the re-
verberation decay curve. -r

EDT (sec.)

0,7

0,6

For room L3, there seems to be
good agreement between the long
reverberation time at low frequen-
cies and the appreciable bass lift
that we saw from measurements
with 1/3 octave noise in this room
(compare with Fig.4). 0,3

0,5

0,4

How can the Sound be Improved 0,2
Of course it is not enough just to

be able to produce a curve from the

1/3 octave measurement indicating

exactly what is wrong with a sys- f (Hz)

tem — something should also be 63 125 250 500 1K 2K 4K 8K

done to 1mprove it. Fortunately 173465

there are many ways of correcting Fig.21.

the measured response and thereby

obtaining an improved sound.

0,1

Reverberation Time (EDT) versus frequency in the three rooms

One possibility is, of course, to se-
lect a Hi-Fi set which, as far as pos-
sible, neutralizes the acoustic defi- | l
ciencies of the room. This can be O—
done at a Hi-Fi dealer’'s who has in
advance measured all the speakers
In his demonstration room at that ] I
position where the customer lis-
tens.

I__.

1

it seems reasonable that the cus-
tomer in the first place, simply lis-
tens and only looks at the curves
when in doubt. He then selects a 750669 |
SYStem, takes It home and Iistens Briiel & Kjaer Diagram paper for Hi-Fi tests with Test Record QR 2011
again. If the sound is the same or 3 2 2 1 . 0 0 0 00 01
even better than at the Hi-Fi deal- i g }_ - - 5
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ered, both acoustical and electrical
corrections are possible.

The acoustical correction can be
made by changing the reverberation
time of the room for different fre-
gquencies, that 1s with furniture, car-
pets, curtains, wood panels and so
on. Often hard ceilings need to be
damped.

The position of the loudspeakers
could also be changed. Normally,
good results are obtained with the
speakers placed in front of a
damped wall, for instance in front
of a book shelf, and if possible at a
reasonable distance from it, the fur-
ther from the wall the better.

The loudspeakers should not be
paraliel to the wall but should point
In towards the listening position. Of
course they should not be hidden
behind a sofa, but be as free-stand-
ing as possible. [t might alsc be
helpful to place them on vibration
dampers.

The acoustical corrections are
made to avoid resonances, and
standing waves which colour the
sound.

The electrical correction can be
made by various, commercially avail-
able spectrum shapers or by build-
ing special filters. Often, a modifica-
tion to the cross-over network will
be the easiest. An example of such
a modification is shown in Fig.23
and is carried out on speaker Hi,
which is the author’'s own construc-
tion. The original speaker used con-
ventional filters which together with
their corresponding curves are
shown in Fig.22.

The corrected filter with corre-
sponding curves s shown In

Fig.23.

The bass I1s corrected In two
steps: first an increasing impedance
for increasing frequencies is intro-
duced by increasing the values of
the original capacitor and inductor
in the bass section. Then the reson-
ance is removed by introducing a
series resonant circuit directly ac-
ross the bass speaker terminails.
The necessary calculations for this
are shown in Fig.24.

The midrange correction is made
by resistors only and the tweeter is
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actually changed from the originally
used B& O 2500 to a Gamma
Horn.

The differences in the system,
measured In room L2, with and
without the series resonant circuit
Is shown in Fig.2b. This gives
much better measurement results
and much better listening results.

When these corrections were orig-
inaily made, the phase response
was not taken into consideration.
Later this was measured and 1t was
shown to be a minimum phase sys-
tem in this range. So, improving the
ampliitude response also improved
the phase response. (Ref.4).

Conclusion

Since the listening room is an ex-
tremely important factor in the eval-
uation of loudspeaker performance,
an objective test method is required
that gives good correlation with sub-
jective listening tests. It is found
that pink-weighted, random noise in
third octave bands, best meets this
requirement.

The measurement may be imple-
mented in several ways of various
degrees of convenience and ex-
pense; (1) Real-time third octave
analysis. (2) Sequential third octave
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This indicates that significant im-
provements are possible and often
quite simple but to make the im-

analysis. (3) Pink noise test record
analysis.
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All three methods show excellent
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