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Theory
Sound intensity is a vector quantity with both a 
magnitude and direction. The vector indicates 
the amount of acoustical power transmitted 
through a unit area and the direction of this 
power transmission. Sound pressure, on the 
other hand, is a scalar quantity, and as such has 
no directional information. While sound pres-
sure is used to quantify the perceived sensa-
tion, many practical measurements are based 
on power flow principles. Sound radiation, 
sound propagation and sound absorption are all 
related to acoustical power flow. 

In simple sound fields, e.g. in a free field, one 
can assume a simple relationship between the 
pressure and sound intensity, and the sound in-
tensity can be estimated from the sound pres-
sure measurements. In more complex sound 

fields, e.g. in the near field of complex sound 
sources or inside closed compartments, there is 
no simple relationship between the measured 
sound pressure level and the intensity flow. In 
these cases the measurement of the full three 
dimensional intensity vector may give valuable 
information about the sound field, source distri-
bution and source interaction.

The intensity vector is a direct physical quantity 
and the measurement does not make any as-
sumptions about the sound field. In many types 
of acoustical measurements, the principle is 
based on some basic assumptions about the 
sound field, such as that the sound sources are 
located in special locations or that the sound 
sources can be considered as uncorrelated 
monopole sources. 

An improved Method for 3D Vector Intensity Measurements:  
The G.R.A.S. Intensity Sphere 

Per Rasmussen

3D sound intensity measurements have traditionally been made by using a 3D vector intensity probe 
with three sets of two-microphone intensity probes mounted perpendicular to each other. However, 
the practical implementation of such a structure is complicated, and reflections and diffraction effects 
from the microphones, preamplifiers and mounting structure tend to distort the measurements. Also, 
the probe head of such a 3D vector intensity probe is bulky and not usable in confined spaces. 

To overcome these limitations, G.R.A.S. has developed a Sound Intensity Sphere. It is based on four ¼” 
high quality measurement microphones build into a stainless steel sphere in a tetrahedral configuration. 
The microphones have been selected for amplitude and phase match and calibrated using internation-
ally traceable references. As a sphere is a well-defined and simple geometrical object, it is possible to 
accurately calculate the diffraction effects and thereby compensate for them. 

In addition to the improved performance, the spherical probe head is much smaller and less vulnerable 
than a traditional 3D vector intensity probe head. In combination with the simplified cabling, these 
advantages expands 3D intensity vector measurements to many new practical applications.
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Fig. 1.  The principle of a  3-D probe based on 3 pairs of intensity microphones mounted perpendicular to each other.   
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Fig. 2. The principle of a 3-D probe based on 4 microphones mounted in a tetrahedron.

Principle
Measurement of the full three dimensional 
intensity vector involves the measurement of 
the intensity in the three orthogonal directions. 
This can be accomplished with three sets of in-
tensity two-microphone probes mounted per-
pendicular to each other as shown in fig 1.

The practical implementation of such a struc-
ture is however complicated as reflections and 
diffraction effects from the microphones, pre-
amplifiers and mounting structure tends to 
distort the measurements. An alternative ap-
proach is to use a four microphone structure, 
where the microphones are mounted in a tetra-
hedron configuration as shown in fig 2.
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As this has fewer microphones, the reflections 
and diffractions effects are lower, but still a 
considerable influence with adverse effects at 
mid and high frequencies. 

In the G.R.A.S. four microphone spherical in-
tensity probe, the four microphone principle is 
maintained, but instead of trying to eliminate 

the reflections and diffractions, these effects 
have been made well-defined and controlled. 
This is obtained by incorporating the four mi-
crophones inside an acoustical hard sphere. As 
a sphere is a well-defined and simple geometri-
cal object, it is possible to accurately calculate 
the diffraction effects and thereby compensate 
for these.  
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Fig. 3. The implementation of the 4-microphone principle.

Intensity calculation
The instantaneous sound intensity I(t) is de-
fined as the product between the instantaneous 
pressure p(t) and the particle velocity u(t):

 
While the pressure is a scalar quantity with no 
directional information, the particle velocity is a 
3 dimensional vector. The particle velocity can 
be measured directly by using special particle 
velocity measuring techniques, but the main 
problem with such techniques is that there are 
no reliable, standardized and traceable tech-
niques for calibrating such transducers. Alter-
natively, the particle velocity can be calculated 
from sound pressure gradient measurements. 
Pressure gradients can be accurately measured 
by using several closely spaced pressure mi-
crophones, and pressure microphones can be 
accurately and traceably calibrated according to 
international standards. To accurately estimate 

the pressure gradient and thereby the particle 
velocity, it is necessary to know the precise lo-
cation of the microphones relative to each oth-
er, and the magnitude and phase response of 
the individual microphones should be identical. 

The microphones are mounted inside a stain-
less steel sphere, so that the microphone dia-
phragms form part of the surface of the sphere. 
This gives very precise locations for the acousti-
cal centers of the microphones and therefore a 
very precise calculation of the pressure gradi-
ent. The four microphones enable the calcula-
tion of the pressure gradient in three perpen-
dicular directions and thereby the calculation of 
the particle velocity in these three perpendicu-
lar directions. This again enables the calcula-
tion of the three dimensional sound intensity 
vector. 
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Fig. 4. The microphones can be detached for calibration

dard G.R.A.S. ¼” microphones and have prov-
en very high reliability for environmental stress 
factors such as temperature, vibration and me-
chanical shocks. 

For many applications it might not be critical if 
the sensitivity or frequency response of a mi-
crophone changes temporarily or permanent 
due to environmental factors, but for precision 
engineering work this will often be prohibited. 

Especially for the multi-transducer measure-
ments as vector intensity measurements, 
where the magnitude and phase response of 
each transducer relative to the others are high-
ly critical, it is very important to ensure both 
long term and short term stability. Even small 
changes to the magnitude of the frequency re-
sponse of a single microphone at high frequen-
cies, which for other application would not be 
critical, can have adverse effect on the phase 
response at lower frequencies, and thereby 
seriously affect the combined response of the 
vector probe. 

Microphone Requirements
In order to accurately calculate the sound in-
tensity vector based on the sound pressure 
measurements, it is necessary for the micro-
phones to have identical magnitude and phase 
response in the entire frequency range of in-
terest. The four microphones are high precision 
measurement microphones. The microphones 
in each particular probe are computer selected 
from a large population of microphones to have 
the smallest possible phase and magnitude dif-
ferences between all possible pairs of combina-
tions. 

Each microphone can be removed from the 
probe sphere and calibrated with pistonphones 
for level accuracy within 0.06 dB, and the fre-
quency response can be determined with the 
electrostatic actuator method as described in 
IEC standard 61094-6 “Measurement micro-
phones –Part 6: Electrostatic actuators for de-
termination of frequency response”.

The microphones are specially developed pres-
sure microphones with integrated IEPE com-
patible preamplifiers. The microphones are 
based on the same design used for the stan-
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Fig. 6. Shows the results of the same drop test for a 
G.R.A.S. microphone. As can be seen, the G.R.A.S. 
microphone can be dropped more than 42 cm without 
pushing the frequency response and sensitivity outside the 
specifications.

HALT-tested Microphones
The microphone and preamplifier assemblies  
incorporated in the sphere have been devel-
oped and tested to the same rigorous standards 
as all other microphones in the GRAS range of 
measurement microphones. 

This means that they have been specifically de-
signed, optimized and manufactured to with-
stand environmental impacts with minimum 
temporary and permanent changes. 

Factors such as material selection, mechanical 
finishing and assembly techniques have major 
influence on the long term stability of micro-
phones. Although measurement microphones 
are extremely delicate and require extreme 
manufacturing tolerances, they have to be used 
in practical situations, for example harsh work-
shop conditions. This may involve high levels of 
thermal stress, vibrations and accidental me-
chanical shocks.

One typical incidence often encountered in nor-
mal engineering work is accidental dropping of 
the microphones. Even drops from heights as 
low as 20 cm may cause permanent changes 
in the frequency response if the microphone is 
not specifically designed for this. 

This makes the G.R.A.S. microphones compat-
ible with the conditions encountered in real en-
gineering applications, where the microphones 
and equipment have to withstand normal han-
dling.

The full process of our quality assurance and 
HALT programs are described in detail at www.
gras.dk/halt.

Fig. 5. Shows the results of drop tests of a typical non-
optimized microphone design. It can be seen that even a 
drop from a height of 22 cm may change the sensitivity 
and frequency response dramatically. Drops from higher 
heights may result in permanent, destructive changes. 
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Conclusion
A traditional 3-D vector probe with three inten-
sity microphone pairs tends to distort measure-
ment results in mid and high frequencies be-
cause of reflections and diffraction effects. 

With four phase-matched ¼” measurement 
microphones built into a steel sphere, this limi-
tation can be eliminated as it is possible to cal-
culate the reflection effects accurately, and thus 
compensate for them.

Such a probe is dependent on the quality and 
stability of these microphones. Even minor 

changes to the frequency response will jeop-
ardize the phase accuracy and overall perfor-
mance of the probe. The microphones must 
therefore remain stable and must withstand 
environmental impact without changes to their 
specifications. 

G.R.A.S. microphones are designed and man-
ufactured specifically to meet these require-
ments. This is solidly safeguarded by our com-
prehensive quality assurance and HALT testing.


