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Intensity Measurement using a Tape Recorder

Introduction

The Sound Intensity Analysing
System Type 3360 enables intensity
measurements to be made in situ
and in real time. However, the use of
an analogue tape recorder can be
convenient for certain applications,
e.g.

1. For measurements in restricted
spaces

2. For use with a three microphone
probe in order to measure over
an extended frequency range

3. For use with four microphones in
order to measure the three or-

Part 1: Theory

The errors in the measured inten-
sity levels due to the different sec-
tions of an intensity measuring sys-
tem (e.g. a tape recorder, a probe or
a filter) can be related to phase-mis-
matching and to amplitude errors.

Intensity
mismatch

A one degree phase-mismatch be-
tween the two channels might be in-
significant or disastrous depending
on frequency f, the difference be-
tween intensity and pressure level L,
- L,, and the microphone spacing
Ar. The relationship between these
three parameters and the phase ¢
between the pressures at the two mi-
crophone positions is given in the
phase-reactivity nomogram shown

error versus phase-

thogonal components of intensity
simultaneously.

Use of a tape recorder, however,
introduces a phase-mismatch into
the measurement. This can be mini-
mized and compensated, but cannot
be totally neglected for all types of
measurements. This subject will be
discussed in the following.

This application note Is divided
into three parts. Part 1 describes
phase-mismatch in analogue tape

in Fig.1. If the phase-mismatch in a
sound intensity measuring system is
known then this nomogram enables
the resulting intensity error to be
found.

L, - L, is in practice determined by
two tfactors:

1. The angle v between the measur-
ing direction and the direction of
the maximum intensity.

2. The reactivity of the sound field.

When the measuring direction and
the maximum intensity direction are
coincident (i.e. L, = L, ax), then L, —
L, can be used as a measure for the
reactivity of the sound field.

by Michael Brock
Briet & Kjaer

recorders and relates this phase-
mismatch to the intensity errors.
Part 2 describes the tape recording
of intensity measurements in prac-
tice. Finally Part 3 presents the re-
suits from a practical intensity mea-
surement performed with and with-
out a tape recorder. All resuits are
referred to the B& K Tape Recorder
Type 7005 and the Sound Intensity
Measuring System Type 3360, but
the theory, of course, is valid in
general.

In a free-field where there is prop-
agation of plane waves in only one
direction, L, — L, = 0dB as the refer-
ence levels for pressure and intensi-
ty in air have been so chosen.

he reference pressure for sound
pressure level is 20 X 10° N/ m*. On
substituting this value in the free-
field relationship between pressure
and intensity |=p/pc, and setting
the specific acoustic impedance of
air pc to 400rayls, one obtains an
intensity of 107'“W / m?® which is used
as the reference intensity for sound
intensity level measurements. On us-
ing the more precise value of
pc =415 which is the value of the
specific acoustic impedance of air at
20°C and 1013 mbar, one obtains the
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relationship L, — L, = 0,16dB. In most
practical applications this small dif-
ference is ignored.

In a reactive field where waves
propagate in more than one direc-
tion, L, - L, <0dB, and the bigger
the difference, the more reactive the
field.

It should be noted, that the phase-
reactivity nomogram relates the ac-
tual phase difference between the
two microphone positions Iin any
sound field as a function of frequen-
cy and the difference between pres-
sure and true intensity. Thus the ap-
proximation error which occurs at
high frequencies due to the two-mi-
crophone method, is not taken into
account by the phase-reactivity
nomogram.

Two examples will help clarify
these ideas. Consider how a phase-
mismatch of 0,3° in a sound intensity
analysing system, would influence an
intensity measurement firstly in a
free-field and secondly in a reactive
field, using Ar=12mm at 800 Hz,

1. Free-field L, = L,.
From the phase-reactivity nomo-
gram (Fig.1) it can be seen that
the phase between the two chan-
nels in this case is 10° and that
+ 3dB intensity error corre-
sponds to 10° phase-mismatch.
Thus 0,3° phase-mismatch corre-
sponds to an overestimation of
the measured intensity by ap-
proximately 0,1 dB. A -3 dB inten-
sity error corresponds to 5°
phase-mismatch. Thus 0,3°
phase-mismatch corresponds to
an underestimation of approx-
iamtely 0,2dB. Therefore a sys-
tem which is specified to be
phase-matched to within 0,3°
would give a maximum error in
the measured intensity of + 0,1 dB
or —0,2dB depending on the sign
of the phase-mismatch.

2. Reactive field L, = L, — 10dB.

The phase between the two chan-
nels is now only 1° and +3dB
intensity error corresponds to 1°
phase-mismatch. Thus 0,3°
phase-mismatch corresponds {o
an overestimation of the mea-
sured intensity by approximately
1dB. A -3dB intensity error cor-

responds to 0,5° phase-mis-
match. Thus 0,3° phase-mis-
match corresponds to to an un-
derestimation of the measured
intensity by approximately 2,0 dB.
Therefore 0,3° phase-mismatch
corresponds to an error in the
measured intensity of +1dB or
-2,0dB depending on the sign of
the phase-mismatch.

These examples clearly illustrate

that the influence of a given phase-
mismatch is very dependent on the
type of field in which the measure-
ments are performed. The resulting
intensity error may be evaluated in
each case by means of the phase-
reactivity nomogram.

Intensity error versus amplitude
error

The error in the measured intensi-

ty caused by gain errors in the two
channels is much easier to estimate
than that due to phase-mismatch.
The following expression can be
used:

Intensity error (dB) = 0,5 X Gain
error (dB) in channel A or B

Thus if channel A is correctly cali-

brated while the gain in channel B is
1dB re channel A, the resulting In-
tensity error will be 0,5dB.

Phase mismatch in tape
recorders

The phase shift or the phase-mis-
match between the channels of a
tape recorder is caused by four inde-
pendent factors:

1. Deviations in the phase charac-
teristics of the record and repro-
duce amplifiers and filters.

2. Unequal geometry around the re-
cord head gap, €.g. deviations In
gap width and gap shape and
tape irregularities.

3. Time shift due to unequal dis-
tances from record head gap to
reproduce head gap. (Azimuth
adjustment).

4. Irregularities in the tape trans-
port.

Broadly speaking, the first three
factors are referred to as static
phase-mismatch and the fourth as
dynamic phase-mismatch; the es-
sential ditference being that any
static phase-mismatch is relatively
constant with time,

These four factors are discussed
in the following as well as techniques
to reduce the influence of them on
the relative phase response.
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Fig.2. Typical relative phase-mismatch in two record — reproduce amplifiers

a) Direct Unit ZE 0299
b} AC-coupled FM-unit ZM 0053
c) DC-coupled FM-unit ZM 0053



1. Phase characteristics of re-
cord and reproduce amplifiers

A typical phase deviation re-
sponse between two Direct Units (ZE
0299) is shown on Fig.2a for the B&K
Tape Recorder Type 7005 and the
corresponding curves for two FM-
units (ZM 0053) (AC-coupled) and
(DC-coupled) are shown on Fig.2b
and Fig.2c respectively.

The high frequency relative phase
response is obviously best for the
direct units, because the upper limit-
ing frequency is higher. However,
the FM-units are better phase
matched at low frequencies because
they are DC-coupled. Even the AC-
coupled FM-units are in general bet-
ter phase matched than the direct
units because they have a lower cut-
off frequency.

2. Phase response of the mag-
netic recording process

The magnetic imprint on the tape
does not take place right at the mid-
dle of the record head gap. As the
magnetic field strength at this point
is much higher than the coercive
force of the tape, the imprint is
erased by the high frequency bias.
Therefore, the actual magnetization
of the tape takes place at a certain
distance from the gap. This distance
depends on frequency and also on
the geometry of the gap (width and
shape) as well as the tape thickness
and position relative to the gap.

Furthermore direct analogue mag-
netic recording cannot be employed
down to DC because only dynamic
variations in the magnetic flux from
the tape are registered during the
reproduction procedure. Apart from
the lower limiting frequency inherent
in the direct analogue recording
method, there is also the limit set by
the highpass filters in the direct
plug-in units which Increases the
lower limiting frequency even
further.

A typical phase response between
two channels using direct recording
IS Hllustrated in Fig.3 where it is seen
that the low frequency phase re-
sponse is worse than for the input-
output amplifiers alone (Fig.2a).
Fig.3 also shows the poor phase re-
sponse at the midrange frequencies
due to direct recording. To summar-
Ise, it is difficult to obtain a good

1 degree
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Fig.3. Typical relative phase-mismatch between two channels using direct recording with optimal
azimuth adjustment
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Fig.4. Typical relative phase-mismatch between two channels using FM recording with optimal
azimuth adjustment
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Fig.5. Record gaps and reproduce gaps in a 4-channel tape recorder
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Fig.6. Relative phase-mismatch between two channels using FM recording with non optimal azi-
muth adjustment

For high frequency recording (as
in FM-recording) these problems do
not exist. Fig.4 shows the measure-

relative phase response between
two channels in an analogue tape re-
corder, using direct recording.



ment which corresponds to Fig.3 us-
ing ZM 0053 FM-Units instead of ZE
0299 Direct Units. On comparing the
FM-recording to the direct record-
ing, the improvement in the relative
phase response is clearly seen.

3. Azimuth adjustment

The phase mismatch between two
channels in an FM tape recording is
mainly due to unequal distance be-
tween record and reproduce gaps.
Fig.5 illustrates this effect.

By adjusting the angle «, azimuth
adjustment, the distance from re-
cord to reproduce gap can be set.
An optimal adjustment, however,
(e.g. AXy = AX,)is only possible be-
tween two channels at one time, be-
cause the gaps in the record and
reproduce heads are not ideally
aligned (see Fig.d).

Fig.4 shows the phase response
with an optimal azimuth adjustment
in two channels being employed
while Fig.6 shows the phase re-
sponse with a non-optimal setting.

The azimuth phase-mismatch is
proportional to frequency and to a
good approximation this is also the
case with the phase mismatch in the
record-reproduce amplifiers for fre-
quencies below 10kHz. It is there-
fore possible to a great extent to
compensate for this electrical
phase-mismatch with the mechani-
cal azimuth adjustment, and special
phase matching of the FM-units is
unnecessary. Hence, an FM tape re-
corder with an optimal setting of the
azimuth possesses a very low overall
phase deviation.

Effect of residual phase-mismatch
at high frequencies

From Fig.4 it is seen that a phase-
mismatch of 1° or less at 10kHz is
obtainable for a tape recorder with
an optimal azimuth adjustment. As
this error is mainly proportional to
the frequency, the resulting intensity
error will be almost constant in al;
the third octave bands.
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Fig.7. Spectrum of relative phase fluctuations between channel 1 and 4 measured by recording a
10kHz signal in both channels at a tape speed 381 mm/sec and passing the outputs through a
phasemeter and frequency analysing the phase fluctuations. The sharp peaks can be related
to the dimensions of the wheels of the tape transport system

Under free field conditions for Ar
= 12mm and where L, = L, - 0,16 dB,
the phase-reactivity diagram in Fig.1
shows that the phase difference In
the two measuring channeis at 8 KHz
is 100 degrees, and that —50° phase
error will result in —3dB intensity er-
ror. Thus the effect of 1,0° phase-
mismatch at 8 kHz has an insignifi-
cant influence on the measured in-
tensity level, giving an error of
approximately 0,06dB.

The more reactive the measuring
field, the more influence the phase-
mismatch has and the more signifi-
cant the errors on the measured in-
tensity level become. If L = L, -
10dB, the phase difference between
the two microphone positions is 10°.
A —5° phase error would correspond
o —-3dB intensity error. Thus 1,0°
corresponds to an underestimation
of approximately 0,6dB. If L, = L, -
20dB, the phase difference between
the two microphone positions is
1,0°. Thus a phase-mismatch of 1,0°
would yield an intensity error of ei-
ther + 3dB or - oo dB, so that in this

very reverberant field, at this fre-

Part 2: Tape Recording of Sound Intensity

In Part 1 the phase-mismatch in an
analogue tape recorder using direct
and FM-recording were discussed.

quency, tape recording of sound in-
tensity measurements 1S not
recommended.

4. Dynamic phase-mismatch

Only static phase-mismatch has
been discussed so far. However, any
irregularities in the tape transport
system and in the tape itself, cause
some phase fluctuations referred to
as dynamic phase-mismatch, which
may also be observed in the tape
recording process. For intensity
measurements this mismatch will
normally be averaged out, but for
transient intensity analysis it can be
significant.

A typical spectrum of the relative
phase fluctuations is shown in Fig.7.
This spectrum was measured under
the worst conditions because the
outer channels (1 and 4) were used.
By using two neighbouring channels
the fluctuations will be reduced to
less than 1 degree at 10kHz. Howev-
er, good maintenance of the tape
transport system as well as a high
quality tape is important to keep
within this specification.

The conclusion was that FM-record-
Ing must be used if good phase
matching is required as indeed it is

for intensity measurements. In prac-
tice the phase-mismatch is not infi-
nitely small but can, however, be
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Centre: amplification of the signals from the probe by means of measuring amplifiers. This technique is used for iow level signals.
Right: suppiy to the preamplifiers of the probe by means of a power supply which is the more usual technique

minimized or alternatively a com-
pensation technique can be intro-
duced. These principles and their
practical applications and limitations
for intensity analysis are discussed
in this part.

Switching technique

By averaging over two time peri-
ods of equal duration and changing
the sign of the phase-mismatch be-
tween the two periods, the phase-
mismatch will be practically eliminat-
ed. Therefore, no minimizing of the
phase-mismatch is necessary. How-
ever, this switching technique (ref. 1)
has several disadvantages:

1. The source, as well as the back-
ground noise, has to be stationa-

ry.

2. The technique is more time con-
suming because the probe has to
be turned 180 degrees for each
measurement.

3. One is not sure that the measure-
ment conditions remain constant.

4. Measurements with a 3-micro-
phone or a 4-microphone probe
(for 3-dimensional or broad band
use) are not possible.

Optimal tape recording technique
-for intensity measurements

In this technique, the phase-mis-
match is minimised by adjusting the
azimuth. However, this delicate ad-
justment will not remain optimal for a
longer period of time, and especially
not if the tape recorder is jolted
around or exposed to large changes
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Fig.9. The dynamic range of the analyser alone (without the probe) can be checked by putting the
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Fig.10. Set-up for analysis of the tape recorded Intensity measurement

in temperature, It is worth noting that
only one micron misalignment in the
relative positions of the reproduce
gaps in two channels will result in a
phase-mismatch of 1° at 1kHz at a
tape speed of 381 mm/s. As men-
tioned above, this azimuth adjust-
ment is not stable for a longer period
of time. Therefore the adjustment
should be made immediately before
reproducing the measurement
signals.

To enable the azimuth adjustment
to be perfomed, a high frequency
reference signal must be recorded in
phase in the relevant channels im-
mediately before the measurement,
and, as a check, again after the mea-
surement. In this way, excellent
phase matching is obtained from the
moment when the measurements are
made to the moment they are
reproduced.



Additional phase-mismatch in the tape recorder yieids a smaller
the direct m
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Approximately zero phase-mismatch in the tape recorder yields
the same dynamic r
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A small compensation for phase-mismatch in the tape recorder yields

a greater dynamic range th
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A large compensation for phase-mismatchin the tape recorder vields
a greater dynamic

n the di

most frequencies.
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Fig.11. Pressure, direct intensitly and tape recorded intensity spectrum for 4 different azimuth
adjustments. Dynamic range of the system is in each case the difference between pressure

and intensity leveis

This technique enables all 4 chan-

nels to be used and then to be
phase-matched in pairs before re-
production. The phase matching is
optimal, and the measurements can
be performed without previous ad-
justments, although reference sig-
nals have of course to be recorded.

Practical measuring procedure

A detailed description of the entire

measuring procedure Is described
below:

Recording:

1.

Prior to the recording of the mea-
suring signals, a reference signal
must be recorded simultaneously
in the relevant channels. The ref-
erence signal can be supplied by
the 1kHz internal generator al-
though an external 10kHz or
broad band (pink noise) source is
preferable. At least 60 seconds of
the reference signal must be re-
corded. Some possible calibra-
tion and measuring set-ups are
shown in Fig.8.

The measurement signals from
the Sound Intensity Probe Type
3519 via the Power Supply Type
2804 are recorded on the Tape
Recorder Type 7005.

After recording the measurement
signals, it is preferable to record
a new reference as explained
above. Also, if drastic environ-
mental changes occur during the
measurement, a new reference
should be recorded. In general,
the tape recorder should be han-
dled as carefully as possible after
the reference signal has been
recorded.

Reproducing:

1.

The same reference signal as was
used prior to the measurement,
must be led simultaneously to the
two channels of the Intensity Ana-
lyzer Type 2134. If the internal
generator in the Tape Recorder
Type 7005 is used, the signal
must be taken from only one of
the record/reproduce units to
avoid any phase-mismatch in the
record/reproduce amplifiers.
(See Fig.9). The pressure level is
noted, and the intensity level
spectrum), averaged over at



least 32 seconds, is stored in the
analyser and read-out to an X-Y
Recorder Type 2308 (see exam-
ples in Fig.11). The intensity level
should in this case theoretically
be zero (— co dB), but because of a
residual phase-mismatch in the
analyser, there will also be a re-
sidual intensity level. An estima-
tion of the phase-mismatch in the
analyser as a function of frequen-
cy can be obtained from the
phase-reactivity nhomogram. The
measurement of the spectrum of
the residual intensity level gives
an excellent description of the
dynamic range of an intensity
analyser.

2. The tape recorded references in
the two channels that are going to
be analysed are connected to
channel A and B on the Sound
Intensity Analyser Type 2134, and
the pressure level in each channel
Is adjusted to the level that was
noted before (see Fig.10).

3. The Sound Intensity Analyzer
Type 2134 is switched to the in-
tensity mode, and 2 or 4 seconds
exponential averaging is select-
ed. By adjustment of the azimuth
during the reproduction of the
reterence signals the same inten-
sity level or spectrum as previ-
ously stored can be tuned in. The
final adjustment should be
checked with 32 seconds linear
averaging. When the direct inten-
sity spectrum and the tape re-
corded intensity spectrum are al-
most identical (see example in

Fig.11), the phase-mismatch in
the tape recorder has been
minimized.

4. The measured signhals can now be
analysed.

5. After the analysis, the azimuth
adjustment should be checked
again by making a 32 seconds lin-
ear averaging on the reference
signal recorded after the mea-
surements.

6. The above procedures must be
repeated when any other pair of
channels are analysed.

Practical azimuth adjustment
The chassis of the Tape Recorder
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Fig.12. Chassis of the Tape Recorder Type 7005 showing the screws which secure the front cover

{ eft Pinch Roller

Left Guide Roller

B
i
r @ & O
@0®,!
N © 2

Capstan 1

Magnetic Head Assembiy

\ Centre Guide

Roller Capstan 2

-

®".r .
'.O

0 2\ @

P l T *
h- L@:::tzm
Erase Head T

Edge Guide

Azimuth adjustment

830560

Fig.13. Tape transport and the magnetic head assembly under the front cover. Azimuth adjustment

iIs performed by gently turning screw Z

Type 7005 is shown in Fig.12. To ad-
just the azimuth, it is necessary to
remove the front cover by unscrew-
ing the two screws C five full turns.
The cover can then be lifted up at the
rear edge to expose the magnetic
head assembly as illustrated In
Fig.13. The azimuth can then be ad-
justed by carefully turning screw Z
with a 2mm allen key.

Practical guidelines

A number of practical tips that can
help Iin making a delicate intensity
recording successful are listed
below.

Phase-mismatch is approximately
ten times lower at the higher tape
speed so 381 mm/s must be
employed.

Neighbouring tracks should pref-
erably be used i.e. 1-2, 2-3 or 3-4.
For multichannel intensity measure-
ments (3-D probe or broad band
probe) ch.2 or 3 must be the com-
mon reference.

High quality tape is essential and
rather new tapes must be used in
order to avoid dynamic phase-mis-
match due to tape sag. The tapes
should always be rewound after use.

The tape transport system and the
magnetic heads should be main-
tained in good condition and regular
service is necessary.

During the reproduction proce-
dure, the tape recorder must not be
moved.
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Part 3: Experimental Results

The results of some practical mea-
surements are given here to demon-
strate the value of the measurement
technique described in Part 2.

The sound power level of a refer-
ence sound source was determined
from sound intensity measurements
using the Sound Intensity Analyzing
System Type 3360 and the Tape Re-
corder Type 7005. The measure-
ments were performed directly as
well as recorded on tape using the
set-up shown in Fig.14, so that the
influence of the tape recorder could
be precisely evaluated. The mea-
surements were performed over a
hemispherical measurement surface
with a radius of 1Tm using 10 mea-
surement positions distributed as
described in |SO Standard 3745. The
environment was the most reactive
available, namely a reverberation
room of 215m® with a reverberation
time of 18s at 100 Hz falling to 5s at
3150 Hz. The reactivity of the sound
field as function of frequency was
found from the difference L, - L, av-
eraged over the 10 measuring posi-
tions. Fig.15 shows that the differ-
ence is approximately 10 dB for most
frequencies. From the phase-reac-
tivity nomogram, it can be seen that
this reactivity puts very high de-
mands on the phase-matching of the
system, and these measurement
conditions were thus a severe test
for the instrumentation.

The linear averaging time was 32
seconds in each measuring point,
and channels 2 and 3 equipped with
FM-units ZM 0053 were used. The
FM-units were switched to AC-mode
to avoid low frequency overload of
the input amplifiers. A pistonphone
reference signal was recorded in
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Fig.14. Measurement set-up for simultaneous analysis and tape recording of sound intensity
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Fig.15. L, and L, averaged over 10 measurement positions. The reactivity of the sound field is the

difference between the two spectra

each channel then the procedure
given in Part 2 was precisely foi-
lowed for each tape-reel. Broad
band pink noise was used as a phase
retference on the tapes.

The tape recorded results were
analysed after some days and again,
as a control after some weeks. Once
again the reproducing procedure
given in Part 2 was precisely fol-

4B Hz| 125 | 160 | 200 | 250 | 315 | 400 | 500 | 630 | 800 | 1k |1,25k| 1,6k | 2k | 2,5k (3,15k| 4k | 5k | 6,3k | 8k | 10k | dBA
Tape
recorded | 75.5|74,3|77.1 76,8 |77,1|76,6|76,7177,4]81,0|81,6|82,7|82,1|80,5{77,1|77.7|78.2|77,6|74,6]|70.9]|67,8|91.0
intensity
N
Im';:;:y 751 | 74,4 | 76,9 (76,5 76,6 | 76,2 | 76,3 | 77,0 | 80,7 | 81,4 | 82,5 |81,9|80,3|76,9| 77,6 | 78,1 | 77,6 | 74,5 | 70,8 | 67,7 | 90,8
Calibrati
r:i;r'ear::;" 75.0 | 76,2771 | 77.1 | 77.0| 76,8 | 77,2 | 77,5 | 80,4 | 81,3 | 82,5 | 82,1 | 80,9 | 79,3 | 78,7 | 78,2 | 77,7 | 76,1 | 74,2 | 78,3 | 91,2

Table 1. Reference 1/3 octave sound power levels for sound source compared with results from direct intensity analysis and tape recorded intensity

analysis
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lowed. The difference between these
two results were less than 0,1 dB at
all frequencies. The “spectrum of the
dynamic range” for the system with
and without tape recorder is shown
in Fig.11. It is seen that the dynamic
range is only slightly reduced when
the tape recorder is used. For some

Conclusion

Tape recording of intensity mea-
surements is a delicate undertaking
and should only be performed where
use of the complete Sound Intensity
Analysing System Type 3360 is im-
possible or very inconvenient. The
entire measuring procedure must be
performed with great care and the
tape recorder itself must be main-
tained in exceilent condition. Howev-
er, if these conditions are fulfilled
very good results can be obtained.

In general the “spectrum of the dy-
namic range” as shown in Fig.11, is

frequencies the dynamic range is
even better with the tape recorder.

The 1/3 octave sound power levels
for the tape recorded intensity anal-
ysis, the direct in situ intensity analy-
sis and the calibration reference for
the sound power source are given in

the best way to evaluate the validity
of a sound intensity analysis, wheth-
er or not a tape recorder is em-
ployed. The rule is that the dynamic
range has to be better than the reac-
tivity of the sound field. Fig.11 shows
that tape recording need not neces-
sarily reduce the dynamic range
available and may at some frequen-
cies even increase it. However, me-
ticulous care must be employed to
ontain this result and all the guide-
lines given in this application note
must be foliowed.

Table 1. The influence of the tape
recorder is very small, being less
than 0,2dB at most frequencies.
Thus despite the extremely difficult
measuring conditions, the tape re-
corded analysis proved to be very
successful.
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