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1 Basic considerations 

1.1 Sources for measurements 

For different measurements in acoustics loud-
speaker sources are required. Mainly in room-
acoustics and building acoustics it is commonplace 
to excite the room with random noise, MLS-signals 
r swept-sine signals (ISO 18233) to achieve a re-
producible and stable measuring situation. The 
most common source is the so-called dodecahe-
dron loudspeaker which is an almost spherical 
cabinet comprising 12 individual speaker systems 
that are driven identically. The resulting sound-
field is considered to be spherical which unfortu-
nately is only valid up to a cutoff-frequency de-
pending on the outer diameter of the cabinet. For 
building acoustics loudspeakers a cabinet size with 
40 – 50 cm diameter is common and hence the 
omni-directional cutoff-frequency lies below 1 
kHz.  

The reliability of the measurements above this 
frequency becomes significantly poor [1,2]. Even 
with room-acoustical parameters like reverbera-
tion time, but much more with time and direc-
tional dependent parameters like clarity, centre-
time or lateral energy fraction the quality of the 
derived parameters is strongly affected. Thinking 
of the detailed room impulse-response or the re-
lated room transfer function, the amplitude and 
frequency contents of a single reflection may be-
come an arbitrary result above this frequency, 
strongly depending on the orientation of the 
source. 

For other applications like reciprocal measurement 
of transfer paths (where source and receiver are 
exchanged) the calibration of the source becomes a 
significant issue and it is definitively not possible 
to give a proper volume velocity figure for a 
source producing a non-uniform directional pat-
tern.  

Another application is measuring wideband im-
pulse responses for auralisation purpose. In this 
case the frequency range shall cover the audible 
range of the human ear and the response shall be 
flat (if possible not only for the magnitude, but 
even for the group delay).  

For all these applications a much better loud-
speaker than the well-known building-acoustics 
dodecahedron is required.  

1.2 A new loudspeaker concept 

A single source is not able to reproduce the entire 
range from lowest (like 35 Hz) up to the highest 
frequencies required (i.e. 15 kHz). It is therefore 
essential to split the frequency range and to use a 
multi-way loudspeaker concept as it is common 
for most commercial loudspeakers in HiFi and PA 
systems. As a consequence, additional demands, 
like improved and optimized directivity for each 
frequency range may be accomplished. With re-
spect to some other demands like power handling 
and overall performance, a three-way design was 
considered to be suitable. A disadvantage, how-
ever, the side-by-side arrangement of the different 
loudspeakers would lead to an unwanted fre-
quency dependent shift of the source position. To 
avoid this, a special arrangement was invented 
that provides the option to make the sources coin-
cident for the mid and high-frequency range. At 
the crossover between the low- and the mid-
frequency unit (below 200 Hz) the wavelength is 
> 1.7 m and the claim is not to exceed ¼ of a wave-
length for the distance of the subwoofer’s radiating 
opening to the mid-frequency unit.  

1.2.1 The technical realization 

For the bass-range a bandpass-cabinet was chosen 
that radiates the sound from one 
single opening. Though this design 
has some slight disadvantages 
(mainly a lower sensitivity) com-
pared to a bass reflex cabinet, the 
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goal of having one radiating opening as close as 
possible to the mid-frequency unit is reached. The 
radiating port lies 30 cm below the centre of the 
mid-frequency source which is less than 1/6 of a 
wavelength at the crossover frequency of 177 Hz.  

 

Fig. 1: ITA measuring loudspeaker set up in the 
orderly way with coincident placement for mid- 
and high-frequency unit  

The mid- and high-frequency units are of dodeca-
hedron type with a smallest as possible overall 
diameter. To maintain coincident operation of the 
mid- and high-frequency units they should be 
interchangeable at the same centre position. The 
final construction is shown in Fig. 1. 

Both, mid- and high-frequency units are spheri-
cally shaped which gives it a more appealing look 
and reduces the largest diameter. All loudspeakers 
are equipped with high efficiency motor units us-
ing Neodymium magnets. The connection for the 
two units is integrated into the mechanical support 
and provides independent wiring for both with a 
4-pole Neutrik speakon connector. The main con-
nector at the bass-cabinet therefore provides inde-
pendent connection for all three units with an 8-
pole Neutrik speakon connector.  

1.2.2 Cabinet design 

Cabinets should be as small and as lightweight as 
possible. This can become difficult to get since 
loudspeakers on the other hand must be robust 

with respect to the inner forces and the vibro-
acoustical behavior. Furthermore, to become flexi-
ble with respect to the cabinet shape a wooden 
cabinet was ruled out and a glass-fiber-compound 
construction was chosen for the bass- and mid-
frequency cabinet. This allowed giving the mid-
frequency dodecahedron the spherical shape with 
a diameter of only 30. The cabinet wall is a four-
layer glass-fiber compound and is acoustically 
totally inert. All mounting parts (screwing posts 
for the drivers, mounting rods etc.) are inherent 
parts of the cabinet which makes it very robust.  

An even stiffer but nevertheless light glass-fiber 
assembly is used for the bass-cabinet, having 3 
inner and outer layers of glass-fiber lining and one 
honeycomb structure layer in-between them. The 
achieved result is a very light cabinet with quite 
stiff and highly damped walls. Investigations us-
ing scanning Laser-Doppler-Vibrometry showed 
that all resonances of higher order are located well 
above 300 Hz and thus being out of the usable 
frequency range for the subwoofer. Below this 
range the cabinet only acts as a monopole source of 
very low efficiency 

The shape of the subwoofer and the overall height 
of the combination make it possible to place them 
on an automobile seat with the centre of the mid- 
or high-frequency unit in the position of a person's 
head, which was one of the basic requirements for 
the design. This permits the performance of recip-
rocal measurements of transfer paths in cars with 
only one source position in the location of the re-
ceiving point and microphones at the source posi-
tions and even multiple transducers (i.e. velocity 
and/or acceleration) at the locations of the junction 
points between drive line and chassis and the ex-
haust system and the auto body. The advantages 
of this method are not restricted to time saving 
only [3,4]. 
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2 System Controller 

A three-way loudspeaker system requires a cross-
over, which supplies each range-loudspeaker with 
the appropriate frequency band. Different de-
mands for the measuring application like fre-
quency independent magnitude response and 
linear phase response (constant response of the 
group delay time) within the range of application 
must be taken into account when designing the 
crossover. In room and building acoustics the 
evaluation of the impulse response for the deriva-
tion of single number ratings is made within oc-
tave bands. Therefore the crossover frequencies 
should be selected so that one single octave band is 
radiated from one single loudspeaker. With re-
spect to wide band impulse response measure-
ments this consideration does not introduce a re-
striction since crossover frequencies are required, 
anyways.  

Two principle solutions to the three-way operation 
problem are possible: A crossover realized in 
hardware that allows applying any kind of signal 
for measurements on one hand and on the other 
hand a software solution that requires pre- or post-
processing for the signals to get seamless align-
ment between the frequency bands. The latter so-
lution definitively requires more knowledge in 
signal processing and includes a higher potential 
for errors.  

To meet the basic equalization requirements with 
hardware, passive crossovers will not be possible. 
Moreover, the overall linear phase response can 
not be realized using analog filters of any feasible 
complexity. In contrast, digital FIR filters offering 
independent adjustments for magnitude and phase 
(within certain limits) are a possible solution [5].  

It is obvious that the most flexible solution is the 
use of a dedicated controller hardware that enables 
feeding the loudspeakers with any kind of signal 
without restrictions. Beyond this, other features 
included in the controller like limiters and gain 

controls assure safe operation of the system even 
with amplifiers of high output power. The latter is 
a requirement to fully utilize the power handling 
capabilities of the loudspeakers. 

 

Fig. 2: Controller FourAudio HD2 and power-
amplifier Camco Vortex 3 mounted in a com-
mon 19" rack  

Fig. 2 shows the combination of the digital loud-
speaker controller HD2 from four-audio Company 
in combination with a professional 4-channel 
power amplifier CAMCO Vortex 3. The combina-
tion is quite portable and can be stored into a stan-
dard flight case.  

3 Technical Properties 

3.1 Bass Cabinet 

The target for the lower limiting frequency was set 
to 35 Hz, which is a very ambitious figure for a 
small cabinet like this. Therefore, a tradeoff be-
tween lower limiting frequency and sensitivity had 
to be made and the resulting output power at the 
lower end is relatively low as can be seen in Fig. 4.  

 

Fig. 3: Frequency response of the bass-unit at a 
distance of 1 m and 1 V input, the curve above 
700 Hz was deleted.  
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Fig. 4: Maximum sound pressure output for the 
bass-unit at a given distortion limit (1% THD 
and 3% THD), measurements made under an-
echoic conditions in a distance of 1 m. 

At frequencies above 100 Hz the sound pressure 
for the 3% curve is limited due to the maximum of 
the permitted amplifier output power of 880 Watts. 
The 3% distortion limit was not reached. The 
sound power output can be calculated from the 
omni-directional sound pressure level at 1 m dis-
tance by adding 11 dB. Hence the output power 
reached in the range from 70 Hz to 200 Hz exceeds 
125 dB which finally is a satisfying result. 

Cabinet design: 6th order band pass 
cabinet  

Frequency band covered 
by the cabinet layout 30 Hz – 180 Hz 

driver type /  
manufacturer 

12" bass driver /  
RCF L12P540 

Power handling 300 Watts Sinus / 
600 Watts Impulse 

Sound power capability 
(70 Hz – 200 Hz) >125 dB re 10-12 W 

nominal impedance 8 Ohms 

Table 1: summary of the bass cabinet properties 

3.2 Mid-frequency unit 

The main targets for the mid-frequency unit are 
spherical radiation and output power. Therefore 
the diameter must be chosen as small as possible 
and the drivers as efficient as available.  

The directivity was 
investigated using 5° 
spatial resolution in 
both, horizontal and 
vertical direction. For 
each direction a com-
plete frequency re-
sponse was recorded, 
in total a number of 
2736 spectra have been 
stored and analyzed. 

72 measured 
frequency re-
sponse curves 
for the equatorial 
plane and the 
average are 
shown here: 

Fig. 5 shows the area-weighted standard deviation 
as defined in [6]. The error is very low below 
2 kHz and the omni-directional limit can be de-
fined with good safety clearance at about 1.5 kHz.  

 

Fig. 5: Area-weighted standard deviation for the 
mid-frequency unit showing the root-mean-
square error depicted as standard deviation 
from the average calculated from all 2736 meas-
ured spectra of the full sphere.  

The deviation with respect to ISO 3382 standard is 
shown in Fig. 6. Even in the 8 kHz octave band the 
deviation according to this standard is less than 
2 dB. This is due to the measuring method applied 
as defined in ISO 140. However, the maximum 
deviation in a certain direction can become much 
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higher, as can be seen in Fig. 5, and it is not rec-
ommended to use the loudspeaker above 2 kHz if 
the radiation pattern is of any importance.  

 

Fig. 6: Deviation from the omni-directional ra-
diation as defined in ISO 3382.  

The frequency response shown in Fig. 7 is typical 
for a spherical arrangement of loudspeaker sys-
tems like the dodecahedron type used here. It is 
due to the mutual coupling at low frequencies, 
where the directivity of a single membrane is 
rather wide, that the sensitivity is high and the 
overall performance shows a roll-off to higher 
frequencies, where the coupling declines. The ad-
vantage is a higher sensitivity compared to that 
expected for a single driver.  

 

Fig. 7: Frequency response for the mid-
frequency unit at a distance of 1 m and 1 V in-
put, the curve above 10 kHz was deleted. 

Fig. 8 shows the same relation for the mid-
frequency unit as was already shown for the bass-
unit in Fig. 4. It is interesting to see that the loud-
speaker has a very high potential of acoustical 

output power, which for frequencies above 200 Hz 
reaches as much as a sound power level of 
137 dB re. 10-12 Watts.  

 

Fig. 8: Maximum sound pressure output for the 
mid-frequency unit at given distortion limits 
(1% THD and 3% THD), measurements made 
under anechoic conditions in a distance of 1 m.  

Cabinet design: closed box  
common volume 

Frequency band cov-
ered by the cabinet 
layout 

150 Hz – 5 kHz 

driver type /  
manufacturer 

12 low-mid driver  
BMS  

Power handling 1200 Watts Sinus / 
1800 Watts Impulse 

Sound power capabil-
ity (200 Hz – 2000 Hz) >137 dB re 10-12 W 

nominal impedance 6 Ohms 

Table 2: summary of the mid-frequency loud-
speaker properties 

The measured maximum sound pressure level for 
the 3% curve at frequencies above 300 Hz is not 
limited due to the distortion reached, but due to 
the limitation of the amplifier output power to 
2200 Watts, which was not sufficient to drive the 
loudspeakers into the rated distortion limit. It is 
nevertheless not recommended to use such high 
power for any length of time, since the heat up of 
the loudspeaker voice coils may cause a reduction 
in the overall sensitivity (in general called 'power 
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compression') and finally may damage the loud-
speaker. Whereas the first alternative ‘only’ deliv-
ers incorrect measurement results, the second will 
cause the end of the measurement. 

3.3 High-frequency unit 

The mid-frequency 
dodecahedron causes 
rather high errors in 
the spherical radiation 
above 2 kHz, which is 
a disadvantage for 
measurement accuracy 
especially when either 
the sound power must 
be calibrated or a 

smooth radiation pattern is needed, for instance 
for recording uncolored wide-band room-impulse 
responses for auralization purpose. The first being 
a demand in vehicle acoustics for the reciprocal 
measurement of air-borne transfer paths, the latter 
being a wish for room acousticians. Unfortunately, 
building acousticians do not require either of both 
but only sound power output. In this case the mid 
frequency unit may be the better choice since the 
sound power output up to 5 kHz is about ten times 
greater.  

The biggest challenge 
was to reduce the 
size of the sphere. A 
diameter of only 
85 mm was achieved 
using silk dome tweeters with Neodymium centre 
magnets. The upper limit for omni-directional 
radiation therefore is extended to almost 5 kHz. 
For protection purpose the membranes are covered 
with thin perforated metal sheets and to prevent 

inadvertent roll-
ing the sphere 
wears 19 spikes 
like a medieval 
‘morning star’.  

The frequency response and sensitivity of the high-
frequency unit is shown in Fig. 9 with a similar 
shape of the curve as has been shown for the mid-
frequency unit in Fig. 7. However, the most impor-
tant information of this frequency response is that 
the acoustical loading and the mechanical reso-
nance allow using the system above 1.4 kHz which 
is good news since the mid-frequency unit radia-
tion pattern becomes worse above 1.5 kHz.  

 

Fig. 9: Frequency response for the high-
frequency unit, distance of 1 m and 1 V input 

Unfortunately due to power handling limitations 
and due to the lower sensitivity, the high fre-
quency unit is the weakest part of the whole sys-
tem, which can be seen from Fig. 10. 

 

Fig. 10: Maximum sound pressure output for the 
high-frequency unit at given distortion limits 
(0.5% THD and 1% THD), measurements made 
under anechoic conditions in a distance of 1 m. 

However, with respect to THD the high-frequency 
unit puts up a good fight and the distance is less 
than 10 dB for the 1% THD figure in the same fre-



Brochure ITA-Measuring Loudspeaker 
 

8 
 

quency range. It is nevertheless a question of ap-
plication whether to use the mid- or the high-
frequency unit. In building acoustics, when omni-
directionality is not a first place requirement, the 
higher overall output of the mid-frequency unit 
makes it the better choice.  

Cabinet design: closed box indi-
vidually sealed 

Frequency band covered 
by the cabinet layout 1400 Hz – 20 kHz 

driver type /  
manufacturer 

12 dome tweeters / 
Föön  

Power handling 120 W Sinus /  
360 W Impulse 

Sound power capability 
(1500 Hz – 10.000 Hz) >116 dB re 10-12 W 

nominal impedance 8 Ohms 

Table 3: summary of the mid-frequency loud-
speaker properties 

3.4 Overall System Performance 

Some considerations regarding the combination 
and the simultaneous operation are required. 

 

Fig. 11: Input impedance curves fort he three 
units. Except the mid-frequency unit, which 
shows 6 Ohms impedance, both, low- and high-
frequency unit are of 8 Ohms impedance 

The input impedances for the three cabinets iden-
tify the bass- and high-frequency unit to have 

nominal impedance of 8 Ohms whereas the mid-
frequency unit has an input impedance of 6 Ohms.  

 

Fig. 12: Sensitivity of the three units recorded 
for 1 V input voltage and 1 m distance.  

The crossover frequencies are selected with respect 
to the single unit performance and power capabil-
ity on one hand and with respect to measurement 
requirements on the other hand. As can be seen 
from Fig. 12 the crossover frequency between bass- 
and mid-frequency units can be chosen in the 
range of 160 Hz to 200 Hz. However, the power 
handling of the mid-frequency unit becomes better 
for a higher frequency. The centre frequency be-
tween the two octave bands 125 Hz and 250 Hz is 
exactly 176.8 Hz. It is probably useful for room- 
and building acoustics, considering analysis within 
fixed 1/3 octave or even octave bandwidth, to 
maintain that only one single source radiates 
within the band of investigation. Therefore the 
crossover is put exactly to this frequency. For a 
passive crossover this frequency would involve 
quite a bit of effort, since the impedance for both 
units shows a peak (re. to Fig. 11), which makes 
crossover design costly.  

For the crossover between mid- and high-
frequency units the situation is a little more com-
plicated. The radiation pattern of the mid unit 
becomes definitively worse above 2 kHz but the 
power handling of the high unit suggests not to 
use the system below 1.8 kHz. It is this considera-
tion that finally was the main reason for not choos-
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ing the crossover frequency to lie in-between the 
two octave bands of 1 kHz and 2 kHz but 1/3 oc-
tave higher, namely 1.768 kHz. However, this de-
cision is of less importance than for the crossover 
between bass and mid unit, since the mid and high 
unit can be operated fully coincident.  

3.4.1 Controller response 

With the measured frequency response curves the 
coefficients for the FIR-filters are calculated. The 
equalization of the magnitude is shown in Fig. 13. 
For the mid-frequency loudspeaker an overall 
amplitude correction of 20 dB is required to give a 
flat response, even though the shape of the curve 
becomes rather smooth. In the high frequency 
range the curve above 5 kHz shows more details, 
which is a consequence of the radiation conditions 
above the omni-directional radiation limit.  

 

Fig. 13: FIR-filter responses for each band. The 
filter order of 96 dB/octave is only possible due 
to group-delay-time compensation for the over-
all system response 

 

Fig. 14: Theoretically achieved overall frequency 
response. The lower band-pass responses are the 
result of the multiplication of the EQ-FIR-filters 
and the measured loudspeaker response, the 
upper curve is the complex summation of the 
three lower curves. 

4 Application 

Different set-ups can be used that are stored into 
the controller’s memory and may be recalled im-
mediately on site.  

4.1 Coincident, Sequential Operation 

Since the mid- and the high-frequency unit require 
the same position during the measurement it is 
obviously not possible to use them at the same 
time and the measurement must be performed in 
steps. Therefore only measuring systems with re-
producible excitation can be applied for this 
method.  

When using the system with the controller, the 
division of the frequency band is done automati-
cally and without any precautions. Therefore if one 
of the three ways is missing (either mid or high), 
this frequency band is missing in the measured 
time signal or frequency response. However, with 
an identical second transmission of the excitation 
signal after exchanging the units, the previously 
missing band is now radiated whereas the already 
recorded band is missing and the addition of the 
two results (either performed directly in time do-
main or in the complex frequency domain) leads to 
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the wide-band result as desired. Since the bass-unit 
would be used twice during these two measure-
ments it is essential to adjust the level of the bass to 
-6 dB (a controller set-up can be configured for this 
purpose) during both measurements or to mute 
the bass-channel during one of the two measure-
ments. Both methods deliver the same result. The 
only requirement is not to move the system during 
exchange of the units.  

 

Fig. 15: Full range operation supported by the 
flight-case maintains height of the mid-
frequency unit of ca. 1.45 m 

4.2 Wide-band Operation 

As already depicted on the front-picture, the op-
tion to use the entire system at once is possible. 
This creates a very special active HiFi-loudspeaker 
with ultimate performance due to the complex 
equalization and the omni-directional radiation. 
However, there are some applications in room-
acoustics where this set-up might be of interest.  

First off all, to listen to a room during the meas-
urement session may reveal secrets of the room 
acoustics, mainly time-dependent properties like 
flutter-echoes, comb-filters or even real echoes that 
are very difficult to assess with measurements. The 
reason is the possibility to continuously listen to 
the performance of music or test signals when 
walking through the rows in the hall.   

A second application could be a fast measurement 
of any kind of acoustics, when the highest preci-
sion is not required.  
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