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In an active noise control or in sound reproduction, it is important to know self and

mutual radiation impedances of sound sources.

Since the total radiated power from

sound sources is determined by self and mutual radiation resistances and velocities of
the radiating surfaces, it is possible to determine the radiation resistances from the

measurement of radiated power and velocities.

Radiation resistances of two loud-

speakers measured in a large meeting room are on the same order of a rigid piston in an

infinite baffle, but show large irregularities due to complex radiation conditions.

The

mutual radiation resistance decreases significantly by increasing the distance between

the loudspeakers.
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1. INTRODUCTION

It is possible to theoretically calculate seif and
mutual radiation impedances of a very simple sound
source model, for example, a rigid piston in an
infinite baffle.’? However, those of a source in a
real environment is almost impossible to calculate.
In this paper, a method of obtaining radiation resist-
ances of a sound source in a real environment is
proposed.

For a two-loudspeaker source, the unknown
parameters that determine total radiated power are
two self radiation resistances and one mutual radia-
tion resistance, Ri:, Re» and Riq, respectively. If we
can measure radiated power W; for three different
drive conditions (i=1,2, and 3) and diaphragm
velocities, we can determine the above three un-
knowns. If once Rui, R:: and Ri: are known and if
a vibration of one speaker is fixed, it is possible to
control so that the total radiated power may be
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minimum by selecting the amplitude and phase of
the other speaker.

The present paper proposes at first a method used
to obtain radiation resistances from measurements of
radiated power and diaphragm velocities of a two-
loudspeaker source. A sound intensity method
used to measure the radiated power is also reviewed
briefly. Then, results of three experiments at
different locations in a large meeting room, are
reported. A comparison of these results makes it
possible to evaluated the influence of the environ-
ment upon radiation characteristics of sources.

2. THEORY

2.1 Self and Mutual Radiation Impedances and
Radiated Power of a Two-Loudspeaker Source
Forces F, and F, acting on two rigid discs, are
given, respectively, by?
F1=ZuV1+leVz, (1)

and
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F2=ZmV1+Z22V2, (2)

where Z,; and Z,, are the self-radiation impedances
and Z,, (=Z,) is the mutual radiation impedance.
The total radiation impedance Z; and Z, of the discs
I and II are given, respectively, by

21=F1/V1=ZH+Z12(V2/V1)9 (3)

and
Zz=F2/V2=Zzz+Z12(V1/ Vz) . (4)

The individual power radiated by disks I and II
are given, respectively, by

(ADRV*=1/2)Zu| V[*+ 12D ZuVi*V: - (5)

and
ADEV* =1/ Zu|Val*+ (/) Zy VI V* (6)

where the asterisk denotes a complex conjugate.
The total complex power is then given by

We=(12)Zu| Vi|* +(1/2)Z5s| V3|* + Zs| V1 V3| cos(D)
(7)
where | | denotes an absolute value and 0 is the
phase difference between V, and Vi (arg (V/V2)).

The effective power is given by taking a real part of
W, such that
W= (1/2) Ru| Vi|*+ (1/2) Ros| Vo2 + Ryu| V1 V2] cos(8)
(8)
where Ri1, Re: and R,; are real parts (resistances) of
Zy, Zy, and Z,, respectively. The last term of Eq.
(8) is the power due to the acoustical coupling be-
tween the disks. If 0= +90° this term becomes
zero and there is no coupling in terms of the total
power. It should be noted, however, that there is
an acoustical coupling as long as |V, V;]30 even
if 8= +90°, since the second term of Eq. (5) or (6)
never becomes zero unless Z,=0. This means
that one disk must radiate more energy than the
other to maintain the same output.

2.2 Method of Determining Self and Mutual
Radiation Resistances
At least three independent conditions are neces-
sary in order to determine Rii, Rs2 and Ri:. From
three independent measurements, following three
equations are obtained,

Wi=1/2)Ru|Vii|* + (1/2)Ron| Va2 + R} Vi V| cos(0;)
(i=1,2and 3) (9)

where i represents the number of measurement con-
ditions.
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Using a matrix notation, Eq. (9) is rewritten as

AB=C 10)
with

A/DVul* D[ Vul* |VuVulcos(@)
A= A/D[Vul* A2)[V]* [ViaValcos(0)
A/DVul* A/ Vasl® | VieVasl cos(0y)

Ry W,

B=< Ry and C=4 W,

-R12 W«)

If det(4)=:0 one can solve a set of simultaneous
equations and determine Ri:, R:: and Ry».

2.3 Minimizing Radiated Power by an Active
Control
Let us consider one speaker as an original source
of noise. In an active noise conirol, another source
is added to reduce the total radiated power. With
an assumption that the original source (disc I) is
not influenced by the drive condition of the addi-
tional source (disc II), the drive condition for the
additional source to minimize the total radiated
power is found by differentiating Eq. (8) with respect
to V, and 0,

[V1Va]sin(@)=0 (an
and
Ral Vel + Ry} Vi] cos(8)=0 (12)
Equations (11) and (12) give
=0 (R,<0) or =7 (R;,>0) (13)
and
Vel =1V1l| R/ Ran} . (14)

Rewriting Eq. (8) with these conditions, the total
radiated power is given by
W=(1/2)Ru]Vllz_(l/z)Rzlezlz (15)
If once R, Res and Ry are known, it becomes
possible to control so that the total radiated power
would be minimum by selecting the amplitude and
phase of the additional source as given by Egs. (13)
and (14).

3. SOUND INTENSITY TECHNIQUE

The radiated power and the velocities of the source
must be measured in order to experimentally deter-
mine Ri, Re2 and Ri:. A two-microphone sound
intensity measurement technique is used for the
measurement of radiated power. This technique is
briefly described here.®
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A pressure and particle velocity including phase
difference between them must be measured to obtain
the intensity at a measurement point. Since a con-
venient high-accuracy particle velocity/voltage trans-
ducer is not available, the particle velocity is normal-
ly obtained indirectly from pressure measurement.
Two pressure microphones are placed with separa-
tion d. Then, the pressure at the center of the two
microphones is given in the frequency domain by

P(f)y=[P(N)+ P2 (16)
where P.(f) and P,(f) are Fourier transforms of
pressure signals at microphone 1 and 2, respectively,
and fis the frequency. The particle velocity in the
direction from microphone 1 to 2 (i.e. in the measure-
ment direction) is also given by

V(f)=—Q/j2nfpd)lPL f)— P.(f)] a7n
where j is the imaginary unit and p is the air density.
A time-averaged sound intensity spectrum L(f) is
given as the real part of the crosspower spectrum
G,y between the pressure and the particle velocity as

L(f)=Re[G,(/)]
=—(1/2afpd) Im [Gy:] (18)
where Gy, is the crosspower spectrum of the two
microphone signals, which is easily calculated by
use of the FFT (Fast Fourier transform) technique.
The radiated power spectrum through surface S is
given by

W(f)=§slw(f)ds (19)

where 1,,(f) is the normal component of L(f) to
the measurement surface.

4. MEASUREMENT

4.1 Measurement Setup

The self and mutual radiation resistances of two
loudspeakers (Technics SB-MS5) were measured.
Figure 1 shows the arrangement of the loudspeakers
and measurement surfaces from S1 to S5. The two
loudspeakers, when they are put together, have the
dimensions of 605hx760wx295d. In the first
two experiments, the two loudspeakers were placed
as close as possible (380 mm from center-to-center).
In the third experiment, the distance between the
loudspeakers was increased by 150 mm. A block
diagram of the measurement devices is shown in
Fig. 2. A sound intensity analyzer (Ono Sokki SI-
100) was used for the sound intensity measurement.
In order to measure the radiation resistances of the

Fig. 1 Closely located loudspeakers and

measurement surfaces.

i

(Technics SB —M5)

SIG. GEN | POWER AMP
CF-350 AX -900
(Ono Sokki) (YAMAHA)

Work Station | __ ST ANALYZER
Model 810 SI—100

(Hewlet Packard) (Ono Sokki)

Fig. 2 Measurement setup.

low frequency units with a 200 mm diameter, only
the low frequency units were driven. The upper limit
of the measurement frequency range was 800 Hz.
An FFT analyzer (Ono Sokki CF-350) was used as
a signal generator to produce a pseudo-random
signal.

4.2 Drive Conditions

It was shown in section 2.2 that measurements for
at least three independent drive conditions enables
to calculate the three radiation resistances. The
first condition was to drive the two loudspeakers
with the same voltage and phase. In this case, V;
and ¥V, were almost the same. The second condi-
tion was to drive the loudspeakers with the same
voltage but with a reversed phase. Finally, the third
condition was to drive only the left loudspeaker.
The above three conditions will be refered to as con-
ditions 1, 2, and 3, respectively. Phase differences
for the first two conditions are shown in Fig. 3.
The velocity spectrum of the two diaphragms when
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Fig. 3 Phase differences between the two
speakers when they are driven in phase
(1) and with a reversed phase (2).
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Fig. 4 Velocities of the left (1) and right (2)
diaphragms when the two loudspeakers
are driven in-phase and with the same
voltage (ref, level=10"% m/s).

the two speakers are in phase is shown in Fig. 4.
The velocity spectrum shown in Fig. 4 is normalized
to 10~ m/s. It was confirmed that the velocity
spectrum showed only a slight dependence on the
phase and on the location of the loudspeakers.

4.3 Loudspeaker Locations

Dimensions of the room used for the experiment
and loudspeaker locations are shown in Fig. 5. At
first we located the two loudspeakers closely to each
other and not very close to any of the walls or ceiling.
This will be refered to as experiment I (location 1).
Then, the two loudspeakers were moved to a corner
of the room to see the influence of the walls (experi-
ment IT at location 2). Finally, the loudspeakers
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Fig. 5 Loudspeaker locations 1, 2, and 3 in
a meeting room.

were placed at the same place as experiment I but
with an increased distance between them (530 mm
center-to-center, experiment III at location 1).

4.4 Microphone Probe Positioning

There are two ways of moving a microphone
probe over a measurement surface. A method tried
first was to move the probe point by point (discrete
sampling). However, this method was too time
consuming and, therefore, a continuous scanning
method was tried next. Many times of averaging
were carried out while the probe was moved con-
tinuously on each measurement surfaces. It was
not very easy to move the probe parallel to the en-
closure surfaces and at a constant speed. Howeyver,
the result was in good agreement with that of the
discrete sampling. This scanning method reduced
the measurement time significantly and, therefore,
it was employed through the whole experiment.

5. RESULTS AND DISCUSSION

5.1 Experiment I

The radiated power characteristics when the two
loudspeakers are placed at location 1 are shown in
Fig. 6. Figure 6 shows that the power radiated
from the front surface is dominant in determining
the total radiated power. Radiated power charac-
teristics for three drive conditions are shown in Fig.
7. The power for condition 2 is more than 10 dB
lower than the power for condition 1 below 200 Hz.
However, the levels for condition 1 and 2 are re-
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Fig. 6 Radiated power through S1, S2 and
S3 when the two loudspeakers are driven
in-phase and with the same voltage and
placed at location 1 (ref. level=10"2
W/m?).
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Fig. 7 Total radiated power characteristics
for conditions 1, 2, and 3, when the two
loudspeakers are placed at location 1 (ref.
level =10"12 W/m?),

versed above 450 Hz, indicating that the mutual
radiation resistance changes its sign at around 450
Hz. The self and mutual radiation resistances of
the loudspeakers at location 1 is shown in Fig. 8.
They are normalized to pema?, where c¢ is the velocity
of sound and a is the radius of the speaker. Figures
7 and 8 show that the sign of (W, — W,) corresponds
to the sign of Ri:. Since V; is almost the same for
all drive conditions, Eq. (8) gives the following rela-
tions:

VVl— VVz':-ZRlz‘ VanlI

So, Wi > W, if 2R;;>0 and W, < W, if R;<0.
It is seen in Fig. 8 that from 430 Hz the mutual
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Fig. 8 Normalized self (Ri: and Re) and
mutual (Ry2) radiation resistances when the
two loudspeakers are placed at location 1
(normalization factor is pcmra?).

radiation resistance becomes negative. The mutual
radiation resistance of two small spherical sources is
given by

Ry =ma*cka? sin(kx)[(kx) (21)

where k is the wavenumber and x is the distance
between them. For x=380mm, R,, changes its
sign when

kx=m (22)

or
f=c¢/2x=451Hz 23)

The result of Fig. 8 agrees with that of this simple
model.

Figure 8 shows that Ry; is quite similar to R,, (this
is expected because the conditions are similar for
the two loudspeakers). Figure 8 also shows the
self radiation resistance of a piston mounted in an
infinite baffle which is indicated by “+.” The
measured and calculated results show a similar
trend. The differences may be due to the fact that
the floor and the walls are working as refiecting
surfaces and that the two loudspeakers are finite in
size. In this case the real radiation condition is
much more complex than the case of the rigid piston
in an infinite baffle. A peak at approximately 40
Hz is because of the type of the loudspeaker (phase-
inverted type). Figure 4 shows that the velocities
are very small at this frequency. In order to get a
correct value at 40 Hz, the effect of the enclosure
openings must be taken into account as radiators.

As seen in Fig. 7 there is a 3 dB difference between
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W, (or W,) and W, at frequencies where R, be-
comes zero. This is because only one channel is
driven and roughly only the half power is radiated
for W;.

5.2 Experiment II

Figure 9 shows the radiation resistances when the
two loudspeakers are at location 2. A comparison
of Fig. 9 to Fig. 8 enables one to see the influence of
the environment upon the radiation resistances.
One can sce that at low frequencies R, for experi-
ment II is larger than that of experiment I. This is
due to an increased number of image sources at the
corner position than at other positions. The in-
creased irregularity of Fig. 9 may be also due to the
complex reflections at the corner position.

5.3 Experiment III

In the third experiment, the loudspeaker separa-
tion (placed at approximately the same position as
experiment 1) were increased by 150 mm. The
results are shown in Fig. 10. The zero-cross fre-
quency of the mutual radiation resistance is shifted
lower compared to Fig. 8. Inserting x=(0.380+
0.150) into Eq. (23), zero-cross frequency is estimated
at 324 Hz. The validity of this estimation is con-
firmed by Fig. 10. Another difference between Fig.
8 and Fig. 10is that the maximum value of the mutual
radiation resistance of Fig. 10 in the low frequency
region (below 400 Hz) is approximately half of that
of Fig. 8 indicating that the distance between the two
sources has significant effects on the mutual radia-
tion resistance. For a purpose of active noise con-
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Fig. 9 Normalized self (R and Re2) and
mutual (Ry2) radiation resistances when the
two loudspeakers are placed at location 2
(normalization factor is pcma?).
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Fig. 10 Normalized self (Ry and Rss) and
mutual (Ri2) radiation resistances when
the two loudspeakers are placed at loca-
tion 3 and separated by 150 mm (normali-
zation factor is pcma?).

trol, it is essential to keep the primary and additional
sources as close as possible,

6. CONCLUSION

Firstly, a relation between total radiated power
and self and mutual radiation impedances of two
sources was described. Using this relationship, an
experimental method of determining self and mutual
radiation resistances from measurements of radiated
power and velocities of the sources was proposed.

As an example, radiation resistances of two
loudspeakers located in a large meeting room were
measured at frequencies below 800 Hz. The mea-
sured self radiation resistances were compared to
that of a rigid piston in an infinite baffle. The
measured results show similar trend to that of the
rigid piston, but the fomer is larger than the latter
at most frequencies. When the speakers are placed
at a corner of the room, the self radiation resistances
are larger and more irregular than when the speakers
are placed far from side walls. When the distance
between the speakers is increased, the mutual radia-
tion resistance decreases and the zero-cross frequency
is also shifted lower.

Since it is very difficult to numerically calculate
the radiation impedances of a loudspeaker in an
actual room, the method proposed here is very
useful in evaluating the performance of loudspeakers
and the effect of the room. Measured resistances
of sources can also be used for an active noise con-
trol.

As a future study, a method of determining radia-
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