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Background

Head-Related Transfer Functions (HRTFs) are widely
used for binaural reproduction of spatial sound in virtual
auditory displays. HRTFs describe the acoustic effects,
i.e. sound reflection, diffraction, and head shadowing,
caused by our head, torso, and pinnae, and they inher-
ently contain the key binaural and monaural cues for
human listeners to localize spatial sound.

HRTFs are functions of the relative position of the sound
source and the listener. When the sound source is far
away, the HRTF spectrum variation with the source-
receiver distance is neglectable, and the name “far-field
HRTFE” applies in such circumstances. As the source-
listener distance decreases, head shadowing becomes
prominent. Usually, when the source-receiver distance
is smaller than 1m, some features of HRTF's, especially
the low-frequency Interaural Level Difference (ILD), vary
with distance [1], and thus have an impact on sound local-
ization. These HRTFs are defined as near-field HRTFs.

The EU-funded project, Virtual Reality Audio for Cyber
Environments (VRACE) [2], aims at raising VR audio
to a next level and enabling a true world simulation for
virtual testing and engineering, with research into phys-
ically correct representation of audio events in virtual
reality. The acquisition of near-field HRTFs is an impor-
tant research aspect for the VRACE project, as binaural
rendering of nearby sound sources is one of the major
project topics.

HRTFs can be measured with a pair of miniature mi-
crophones placed at the opening of the ear canals of a
dummy head or a human subject. Due to the spatial vari-
ation of near-field HRTF spectra, measurements need to
be taken at multiple distances as well as directions. With
spatial interpolation and extrapolation, it is then possible
to represent virtual sound sources at desired positions.

The ideal sound source for measuring near-field HRTFs
should be an infinitesimally small, monopole point
source, which doesn’t exist in real life. Therefore, an
alternative must be found. Considering the impact of
the sound source’s physical and acoustical properties on
measurement accuracy, some specific features should be
aimed for. The selected sound source should be small
enough to avoid multiple reflections between the sound
source and the subject’s head as the source-receiver dis-
tance becomes small. It should be omni-directional so
that an equal amount of energy is emitted to all spatial
directions. It also should be as full-range as possible, for
capturing enough spectral information in the HRTF.

Some sound sources that have been used in near-field

HRTF measurements are displayed in Figure 1. They
suffer from different drawbacks. In particular, the low-
frequency behavior of the probe source and the dodec-
ahedrons are limited by the small size of their drivers.
Even for the latest improved design in Figure 1(d), the
radiated power below 200Hz is very poor. Another draw-
back of the dodecahedron loudspeakers is that they get
fairly directional at high frequencies due to the interfer-
ence between the individual drivers.

Therefore, we aim at designing a sound source which
is small enough in size but can provide sufficient low-
frequency power, for accurately measuring near-field
HRTFs.

Figure 1: Existing sound sources for near-field HRTF mea-
surement. (a) Probe sound source [1], (b) micro dodecahedron
[4], (c) spherical dodecahedron [5], (d) improved spherical do-
decahedron [6].

Design and Construction

The primary limitation of decreasing the source size is
that the smaller the driver’s diaphragm, the less low-
frequency power it can radiate. According to [3], the
radiated sound power from a driver is proportional to its
surface area, the diaphragm displacement, and the wave
number. However, small drivers are usually not capable
of making large excursion distances.

Therefore, we propose a loudspeaker-tube system as a
solution, which is a modified version of the probe source
in [1] as shown in Figure 1(a). The sound source in [1]
consists of a long tube connected to a small electrody-
namic horn driver, so that the relatively small opening
of the tube acts like an acoustic point source, and the-
oretically it is relatively nondirectional even at high fre-
quencies, although the directivity of this sound source
was not reported. In this work, we utilize a larger loud-
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speaker driver instead for producing more low-frequency
sound energy, and we seal it in an enclosure for higher
efficiency.

The designed sound source has three main components:
- a driver sealed in a cylindrical enclosure,

- a reduction cone placed on top of the driver to
smoothly reduce the diameter of sound propagation
path,

- a 3m-long PVC tube with a diameter of 1.2cm,
sound is emitted at the tube’s nozzle.

In our work, the driver’s enclosure and the reduction cone
are 3D-printed, the material used is PLA.

When pursuing optimal performance of the driver, the
back volume of the enclosure needs to be carefully cal-
culated with the aid of some of the driver’s Thiele-Small
parameters, which are available from the product sheet.
Thiele-Small parameters are a set of electromechanical
parameters that can be generally used to predict the low-
frequency behavior of closed-box loudspeakers [7]. For
our design, the key parameter obtained from the cal-
culation is the back volume Vg, which then determines
the resonance frequency f. of the driver-enclosure sys-
tem. By controlling the overall quality factor Q¢ of the
designed enclosure, an appropriate Vg can be deduced.
The quality factor @ implies the amount of damping. A
smaller () means more damping and thus a higher reso-
nance frequency, and a large Q would make the system
underdamped and thus a resonance peak appears. There-
fore, a balance must be found. It has been shown that
when Qr¢c = %, the loudspeaker produces the flattest
response [7]. Therefore, a Qrc of 0.71 was chosen, and
the required enclosure volume was deduced according to

Equations 1 and 2. The relevant parameters are shown
in Table 1.

Deduced Parameters of the
Closed-box Loudspeaker

Thiele-Small Parameters of
the Driver

fs: open air resonance fe: installation resonance

Vas: equivalent volume | Vp: volume enclosed in the

housing
Qrs: overall quality of the | Qrc: overall quality of the
driver loudspeaker

Table 1: Design parameters

. [Vas
fc—fs V7B+1 (1)

Qrc = EQTS (2)

The inner diameter of the reduction cone is reduced ex-
ponentially from 10cm to 1cm.

Figure 2 shows the dimensions and frequency response
of the selected driver. It is full range, with a very low

resonance frequency of 75Hz. The CAD model of the de-
signed enclosure and the cone are shown on the left-hand
side in Figure 3, with dimensions specified. The upper
interior of the enclosure includes a section of smooth ra-
dius transition for manufacturing convenience. The cone,
the driver, and the enclosure were screwed together (the
assembly is referred to as “the loudspeaker part” from
now on), and the PVC tube was connected to the small
mouth of the reduction cone. On the right in Figure 3 is
a photo of the loudspeaker part of the constructed sound
source.
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Figure 2: Selected driver [8].
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Figure 3: The CAD model and photo of the driver’s enclo-
sure and the reduction cone.

Evaluation on the Sound Source
Frequency Response

The free-field frequency response of the developed sound
source was measured in the anechoic chamber of IKT,
Leibniz Universitdt Hannover. It was excited with a 5
s log sine-sweep from 20Hz to 20kHz, which first fed
through and amplified by an SMSL SA-36A Pro Power
Amplifier. The distance between the tube nozzle and
the microphone was set to 1 m. A 3D-printed sleeve was
used to provide support to the end of the tube, which
wa fixed by clamps to a tripod arm (Figure 4). To avoid
direct sound radiated from the back of the diver to reach
the measurement microphone, the loudspeaker part was
placed in a storage box, and the gap between the box and
the loudspeaker was filled by sound-absorbing materials.
To improve signal-to-noise ratio (SNR), measurements
were repeated 10 times and an average was taken. The
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resulted frequency-independent SNR was 49dB. The To-
tal Harmonic Distortion (THD) up to the 5th harmonic
was 2.05%.

Figure 4: Measurement setup for sound source evaluation.

The measurement results in time and frequency domain
are shown in Figure 5. The most prominent feature in
the impulse response plot is that there are subsequent
peaks after the first one. The intervals between each peak
are approximately equal to 18 ms, which corresponds to
the time needed for traveling twice from the driver’s di-
aphragm to the opening of the tube, because the subse-
quent peaks are caused by standing waves in the tube. If
desired, this effect can be diminished by inserting some
damping material to the end of the tube. These reflec-
tions introduce small fluctuations in the frequency re-
sponse, but generally, energy is concentrated at low to
mid frequencies around 500 Hz, and a sufficient SNR is
retained down to about 100 Hz. Above 500 Hz, the mag-
nitude drops at an approximately 10dB/octave rate to
about 2kHz. It then keeps a relatively constant level
except for 2 valleys at 3.6 kHz and 7.2kHz, respectively.
For frequencies over 12kHz, the magnitude response be-
comes poor.

Directivity

Off-axis responses of the sound source were measured on
the horizontal plane every 5° from —90° to 90°, with the
aid of a turntable controlled by a MATLAB program.
Figure 6 shows the polar magnitude response at differ-
ent frequencies. The sound source can be regarded as
omnidirectional up to 2000 Hz, with a maximum magni-
tude deviation of about 0.5dB compared to the on-axis
response. For frequencies up to 8000 Hz, the magnitude
deviation is within 3dB. Up to 13kHz, the sound source
has a 3dB span of 110°.

Validation

To validate the capability of the developed sound source
for near-field HRTF acquisition, measurements were car-
ried out on the G.R.A.S KEMAR with a pair of Sound
Professionals in-ear binaural microphones, for 2 source
distances, 50 cm and 1m, at 4 different azimuthal direc-
tions, 0°, 30°, 60°, and 90°.

Expected features appear in the results as shown in Fig-
ure 7 and 8, for example, the increase in magnitude at the
ipsilateral ear for a lateral source compared to a frontal
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Figure 5: Impulse response and frequency response.
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Figure 6: Polar magnitude plot.

source, and the decrease in magnitude for the contralat-
eral ear at the same time. Particularly, the change in
magnitude at the contralateral ear with the azimuth an-
gle is slightly larger when the source is at 50cm than
1m, as a result of enhanced head shadowing for a nearby
sound source.

ILDs were calculated by subtracting the HRTF magni-
tude at the contralateral ear from that at the ipsilateral
ear. Figure 9 shows that for a lateral source, when the
sound source is closer, the ILD is larger, especially at low
frequencies. This is a characteristic property for near-
field HRTFs as mentioned before.

Conclusion

This work introduces the design and construction with
the aid of 3D-printing of a point sound source, to be used
in near-field HRTF measurements. The low-frequency
behavior and directivity of the developed sound source
are particularly evaluated. Preliminary measurement re-
sults validate the developed sound source to be used for
near-field HRTF acquisition.
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Figure 7: HRTFs measured at 50 cm.
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Figure 8: HRTFs measured at 100 cm.
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