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ABSTRACT

The far-field acoustical transfer function of an electroacoustic device, such as a loudspeaker, is of fundamental
importance in acoustic modelling software to predict the resulting sound field produced by multiple devices in
3D space. This dataset, commonly known as a directivity balloon, is usually acquired through time-consuming,
sophisticated measurement techniques involving extensive hardware and dedicated post-processing algorithms.
Additionally, such dataset is usually compensated for the effect of acoustical propagation to reference the magnitude
and phase values to conventional distances. This works investigates the effects of propagation compensation within
the cylinder measurement method for directivity balloons, specifically considering the use of improper sound
speed values relative to the ambient conditions during the measurement process. The importance of employing
environmental parameter-dependent models for the propagation speed of sound in this type of measurement is
emphasized, as to maintain high accuracy in the final directivity data phase response.

1 Introduction are performed in large anechoic rooms as to elude the
effect of reflections; however, several techniques have
emerged to obtain direct sound field components even

The inherent 3D directivity of sound sources is critical
! iy " ¥ ! in the absence of free-field conditions [6], [7].

for acoustic modeling software to predict the result-

ing sound field in specific areas accurately, or alterna-
tively to determine the right DSP settings for a particu-
lar device [1]. The significance of acquiring accurate,
complex-valued acoustical transfer functions measure-
ments of real sources has been underlined from the
very beginning of acoustic simulation software devel-
opment [2], [3], and over the years, standards for high
angular and frequency resolution requirements have
been established [4], [5]. Usually, those measurements

Typically, 3D acoustical measurements of an electro-
acoustic source aim to obtain complex-valued far-field
[6] frequency responses on the surface of a sphere sur-
rounding the loudspeaker. Such measurement datasets,
commonly referred to as directivity balloons, allow to
model the actual devices as point sources with com-
plex directivity [8] at the receiver’s distance. However,
for sources that are large with respect to the smallest
considered wavelength, this necessitates measurement
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distances in the order of 5-10 meters, which may not
always be practical either in anechoic or standard re-
verberant rooms. To overcome these limitations, holog-
raphy techniques [9], [10] could be utilized to extrapo-
late far-field radiation behavior from nearfield measure-
ments.

Nevertheless, capturing a measurement dataset on the
surface of a sphere presents non-trivial difficulties. Var-
ious solutions have been proposed to tackle this issue,
such as spherical [10] or arched [11] microphone arrays,
and single microphone techniques employing turnta-
bles with two rotation-axes [7], [12]. More recently,
a novel technique has been introduced by Bru [13],
which makes use of two microphones and an elevating
turntable only. Regardless of the measurement proce-
dure adopted, the contribution of sound propagation
is usually removed from directivity balloons using a
spherical propagation law. This involves normalizing
the magnitude of the dataset to a sphere of unitary ra-
dius, while the phase term is usually referenced to 0
meters instead.

Although it is well known that the propagation speed
of sound depends on environmental parameters such as
temperature [14], the importance of employing accurate
sound-speed models with respect to the propagation
compensation has not always been highlighted. Pre-
vious studies [7] discouraged outdoor measurements
due to changes in environmental variables; in [11], a
faster measurement setup was developed in order to
reduce the impact of temperature variations on the final
measurement data, while the effect of temperature gra-
dients within the measurement room was evaluated; in
[11] and [15], it was recommended to monitor air tem-
perature variations between measurements, although
little attention was given to relative humidity and other
ambient factors.

The objective of this paper is to present the errors in-
troduced by neglecting an environmental parameter
dependent sound-speed model when computing direc-
tivity balloons using the cylindrical method introduced
in [13]. In Section 2, a theoretical model that makes use
of the directivity represented by balloon datasets with a
sound-speed propagation term is introduced. The exper-
imental setup and post-processing required to compute
the final balloon dataset are illustrated in Section 3;
Section 4 presents the results followed by conclusions
in Section 5.

2 Theoretical Model

Assuming that far field conditions (i.e., receiver dis-
tances that are large compared to the spatial extent of
the source), and free-field conditions are met, the acous-
tical transfer function p, due to the pressure radiated
at any point in space 7 by a loudspeaker located at the
origin of a reference frame, can be expressed in the
frequency domain and spherical coordinates as [8]:

A(B,0,0) _i.
p(r,exp,w):we ‘ (M

wherein r = |7, A (6, ¢, ®) is the complex-valued di-
rectional factor, known as the far-field directivity, 6
and ¢ denote the elevation and azimuthal coordinates
respectively, @ is the angular frequency and k = ®/c
is the wavenumber, given that ¢ represents the prop-
agation speed of sound in the propagation medium
(air). By trivial manipulation, the directivity can be
rearranged as:

A(B,(p,a)):p(r,&(p,a))-reikr (2)

That is, given a complex pressure value at a specified
point in space, the corresponding directivity factor can
be obtained by compensating the measured transfer
function value for the attenuation and phase-shift intro-
duced by the spherical wave propagator.

To a first approximation, the propagation speed of
sound ¢ can be modelled as a temperature-only de-
pendent value, as expressed by [14]:

t
=3314-4/1+ =
c=33 + 73 3)

where t represents the ambient temperature in °C. As-
suming a temperature value of 20°C, the equation
above yields the commonly used, approximated value
of 343m/s at standard ambient conditions (see for ex-
ample [16]). More sophisticated models account for the
non-ideal gas nature of air, including the contribution
of relative humidity levels (RH) [17], and other envi-
ronmental parameters such as atmospheric pressure and
CO; concentration [18]. Fig.1 illustrates the variation
of the sound speed value while keeping relative humid-
ity and atmospheric pressure as additional parameters.
The spreading of the values along the vertical axis, seen
as the temperature rises, is due to the variation of RH
from 10% to 100% (left graph) and atmospheric pres-
sure from 95kPa to 105kPa (right graph), according to

AES 155th Convention, New York, USA, 2023 October 25-27
Page 2 of 8



Desantis

Sound speed impact in the cylinder method for directivity balloons

5 Sound speed [m/s] - RH 10-100% Sound speed [m/s] - 95-105kPa
355 o

350 RE-100% 95kPa 350
/ 105kPa
4 0
345 RH 10% 345

340 340

335 335

10 20 30 10 20 30
Temperature [°C] Temperature [°C|

Fig. 1: Sound speed profile as a function of tempera-
ture. RH range 10-100% (left), atmospheric
pressure range 95-105kPa (right).

the model proposed in [18]; this same model will be
employed in the remaining of this paper.

The dependance of the final sound speed value on CO;
concentration (not shown) and atmospheric pressure
appears to be of reduced effect compared to the influ-
ence of RH and temperature, therefore the impact due
to changes of the first two variables will be neglected in
the following. A constant atmospheric pressure value
of latm = 101.325kPa and a CO, molar fraction of
0.0004 will be assumed.

3 Measurement Setup and
Post-Processing

The aim of the measurement procedure and further
post-processing is to obtain the full audio-range direc-
tivity of a loudspeaker on the surface of a sphere of
normalized radius. As explained in detail in [13], the
balloon is computed from two distinguished anechoic
measurement datasets, which are acquired on the sur-
faces of two orthogonal cylinders. The loudspeaker
is located at their center, and in this work the cylin-
ders’ radius is constant and set to 2m. The cylindrical
measurements are eventually projected on the surface
of the sphere, and then interpolated to the desired az-
imuth and elevation coordinates by means of spherical
interpolation techniques [19]. Additionally, a dedicated
weighting strategy is applied to penalize the most dis-
tant measurement points, which might be more prone
to errors due to microphone polar patterns and reduced
signal-to-noise ratios.

One advantage of this method, as described in [13],
is that only two microphones are required instead of
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Fig. 2: Positions assumed by the top microphone
(black dots) with respect to the loudspeaker in
one cylinder measurement. XY plane projec-
tion.

spherical [10] or arched microphone arrays [11]. Fur-
thermore, the loudspeaker needs to be rotated on a
single plane only and translated on the direction nor-
mal to the rotation plane. Thus, two-axes rotations of
the device under test (DUT) are avoided, and the data
is acquired in a reduced amount of time compared to
one-microphone based techniques [7]. An insight into
the cylindrical measurement process is found in Fig.2,
wherein black dots represent YZ-plane projections of
all the positions assumed by the top microphone on a
single cylinder with respect to the center of the loud-
speaker’s grille. The spherical surface represents the
unit sphere, and the projection procedure from one of
the cylinders to the unit sphere is illustrated in Fig.3.
Some different projection distances D, (R, h) are high-
lighted by the colored lines.

It follows easily that the terms deyr (R, h) = Doy (R, h) —
R depend on the cylinder radius R and on the height
h of the measurement positions. Using a spherical
propagator, the compensation factors are given by:

E(Rh,@,¢) = [R+depy (R, h)] - &€ R derr (R (g

wherein the dependence of the phase-correction term
on the sound speed value has also been made explicit.
Fig.4 shows the impact of changes of such value on
the phase of the error terms E(R,h, ®,c) at different
heights on the cylinder, compared to what would be
obtained if the sound speed was assumed to be fixed
at 343m/s. In this example, the temperature is varied
from 10°C to 20°C and 30°C and RH is set to 50%.
Each group of curves (represented in different colors)
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Fig. 3: Projection process from the surface of one
cylinder (not in scale) to the unitary sphere.
Coloured lines D,,-(R,h) represent the projec-
tion distances (from speaker to sphere hidden).

highlights the spread of the phase errors due to multiple
projection distances.

4 Results

All the presented results are obtained from the same
initial measurement dataset, consisting of two orthogo-
nal cylindrical measurements of a NEXO ID24 cabinet
acquired in the company’s anechoic chamber. This
speaker has two lines of symmetry perpendicular with
each other, lying on a plane normal to the on-axis direc-
tion of the cabinet. Therefore, its radiation behaviour

Unwrapped phase response terms differences

——Errors at 10°C
——Errors at 20°C
500 Errors at 30°C

e

-500 \

. . .
10? 10% 10*
Frequency [Hz]

Phase [°]
j=}

Fig. 4: Changes in the phase shifts introduced by the
derr(R,h) terms between a fixed sound speed
and a temperature-dependent model.

is equally expected to exhibit symmetry axes on the
vertical and horizontal planes.

The measurement data was then post-processed to com-
pute the final directivity balloons. At first, the effect
of propagation was compensated at measurement time
using the environmental parameter-dependent model.
Temperature, RH and atmospheric pressure values in-
side the anechoic chamber were also acquired through-
out the whole measurement process.

Subsequently, alternative configurations of the envi-
ronmental parameters were defined. Their effect was
applied to the compensated cylinders using the spheri-
cal propagator with the recomputed sound speed values,
as to emulate the measurement process under different
conditions.

Finally, the effect of propagation was again removed
assuming a fixed sound speed of 343m/s, for all ambi-
ent parameters configuration, as to underline the effect
of unproper compensation on the processed result. Sev-
eral scenarios are investigated.

4.1 Both cylinders measured under the same
ambient conditions

In this section, the same processing is applied to both
the cylindrical datasets, thus assuming that the data
acquisition was operated under the same temperature
and RH conditions. The effects are evaluated for tem-
peratures of 10°C and 30°C, and for humidity levels of
30% and 70%.

4.1.1 Effect of temperature variations

At first, the simulated environmental parameters were
set to 30°C and 50% RH. To evaluate the impact of such
changes, the directivity balloon obtained with those
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Fig. 5: @on—ax(f) difference at 30°C between balloons

computed with fixed speed and a temperature

dependent model.

parameters was normalized to the dataset compensated
using the ambient-dependent model and the ambient
parameters’ values recorded during the measurement.

The results show that a phase shift is observed on the
entire balloon, which can be modelled as:

Bror (1,6, 9) = Pon—ax(f) + Pair(f.0,0)  (5)

wherein the observed phase shift ¢, (f,0,¢) is de-
composed into a direction-independent, constant term
Oon—ax (f) and a directive component @ ;,(f,0, ¢). Ad-
ditionally, ¢,,—a.(f) can be further expressed as a lin-
ear phase term given by:

¢0n7ax(f) = 727tfts (6)

in which #; > 0 represents the time-delay associated
with the linear phase shift shown in Fig.5. If the omni-
directional term @, (f) is removed from the direc-
tivity balloon by means of the complex exponential:

q)(f) — e*i‘z’on—ax(f) — e+i2”ﬂ5 (7)

the directional phase error term ¢y;,(f,0,¢) can be
highlighted, especially in the very high frequency
(Fig.6). The black arrow on the balloon-phase plot
represents the on-axis direction of the cabinet.

Similar results can be observed in Fig.7- 8 when the
temperature is set to 10°C instead.

It appears clearly that although the entity of the di-
rectional dependent phase shift is of reduced amount
compared to the omnidirectional component (the lat-
ter being non-negligeable), the biggest errors in the
directional phase response of the complex directiv-
ity balloon are located at the edges of the projected-
cylinder datasets, where the distance being compen-
sated is larger. As a mitigating effect, at very high
frequencies the cabinet shows high-directivity towards
the on-axis direction, which reduces the impact of off-
axis phase-inaccuracies.

Fig. 6: ¢,4;,(f,0,¢) difference at 30°C between bal-
loons computed with fixed speed and a temper-
ature dependent model, f = 16.8kHz.

On-axis phase response difference

100 -

Phase [°]

-100 -

. . l .
10% 10% 10*
Frequency [Hz|

Fig. 7: @on—ax(f) difference at 10°C between balloons
computed with fixed speed and a temperature
dependent model.

4.1.2 Effect of relative humidity variations

As the effect of RH variations is of minor impact on the
sound speed model, reduced phase shifts are expected
compared to temperature variations. Fig.9 shows the
omnidirectional component @,,_4(f) for ambient pa-
rameters given by 20°C and RH values set to 30% and
70%, compared to what is obtained assuming the sound
speed being fixed to 343m/s.

Considerations regarding the directional term
@qir(f,0,¢) with respect to RH changes are akin to
those mentioned in the case of temperature variations
and are omitted for the sake of conciseness.
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Fig. 8: ¢, (f, 0, ) difference at 10°C between bal-
loons computed with fixed speed and a temper-
ature dependent model, f = 16.8kHz.

On-axis phase response difference

100

100} \

. . .
10? 10° 10*
Frequency [Hz]

Phase [°]

On-axis phase response difference

100 -

-100 b \

10? 10° 10*
Frequency [Hz|

Phase [°]

Fig. 9: @p_qx(f) difference at 30%RH (top) and
70%RH (bottom) between balloons computed
with fixed speed and a temperature dependent
model.

4.2 Cylinders measured under different ambient
conditions

It is also interesting to illustrate the effect of employing
an improper sound speed value when the two cylindri-
cal datasets are measured under different environmental
conditions. For instance, this could be the case of two
high-resolution datasets, which may take several hours

150 150
100 100
50 50

) 0 : 0
-50 -50
-100 -100
-150 -150

(b) 2250 Hz

(a) 205 Hz
150 150
100 ) 100
50 % 50

) 0 ) 0
-50 -50
-100 -100
-150 -150

(c) 4990 Hz (d) 11500 Hz

—
[ =1
SRS

Polar angle [°]
(=]

10% 10°
Frequency [Hz

150
100
50
0
-50
-100

- -150

104
]

(e) Vertical polar

Fig. 10: ¢,,,(f,0,¢) differences between balloons
computed using a fixed sound speed and
a temperature-dependent model, assuming
5°C difference between the cylinder measure-
ments.

to measure, acquired on different parts of the day or
even consecutive days. In this scenario, even moderate
changes in the sound speed value used in the model
can have dramatic effects on the final phase response of
the balloon. The impact of an uncompensated, 5°C dis-
crepancy between the orthogonal cylindrical datasets
(RH set to 50%, 20°C for the first cylinder and 25°C
for the second) with respect to the datasets compen-
sated using the ambient parameters acquired during the
measurement is shown by ¢, (f, 0, @) in Fig.10. Simi-
larly, Fig.11 show the effects given by 10°C difference
between the measurement conditions of the cylinders.
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Fig. 11: ¢,,,(f,0,¢) differences between balloons
computed using a fixed sound speed and
a temperature-dependent model, assuming
10°C difference between the cylinder measure-
ments.

4.3 Temperature rising between each horizontal
measurement

As a final case study, the temperature is set to rise from
20°C to 25°C in equal steps throughout the whole mea-
surement process (RH fixed to 50%). More specifically,
the speed of sound is unvaried for measurements in
each pair of horizontal disk-datasets recorded by both
microphones at the same time, and it is increased in all
subsequent pairs of measurements that compose each
of the orthogonal cylinders. This also resembles a real-
life scenario in which the environmental parameters
could change continuously as the measurement pro-
gresses. As in the previous case, comparing the phase
response of the so-obtained directivity balloon with
the one compensated employing the measured ambi-
ent parameters underlines that the observed differences
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Fig. 12: ¢,,,(f,0,¢) differences between balloons
computed using a fixed sound speed and a
temperature-dependent model, assuming a uni-
form temperature rise of 5°C throughout the
measurement.

are still direction-dependent. As shown in Fig.12, this
could lead to non-negligeable errors in the proximities
of the on-axis direction, where the magnitude of the
radiated field is usually high.

5 Conclusions

The cylinder measurement method can provide the full-
sphere directivity balloon of a loudspeaker with the
aid of limited equipment, compared to measurement
procedures involving arcs of microphones around the
loudspeaker, and restricts the automated movements
of the DUT to a rotation on the horizontal plane and
a vertical translation only. The two cylindrical mea-
surements are then projected to a unitary-radius sphere
and interpolated by means of spherical interpolation
processes. However, the disk-measurements within
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the cylinders and the cyliders themselves are acquired
sequentially, thus the importance of using a refined am-
bient parameter-dependent model for the propagation
speed of sound is highlighted, as to compute accurate
phase responses of the directivity data. As the sound
speed varies with changes in quantities such as tem-
perature, relative humidity and atmospheric pressure,
careful propagation-compensation methods should be
used, employing ambient parameters values recorded
between each disk-measurement. Such shrewdness is
also demonstrated to be essential in order to grant the
repeatability of the measurement results, if the data
acquisition is performed at different times of the day,
month or year, in changing environmental conditions.
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