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Introduction and Summary 
The Head-Related Transfer Functions (HRTFs) are filters that 
reflect the changes in the sound on its way from the source to 
a point in the ear canal, due to the reflective and diffractive 
aspects of the human body and especially the pinnae. The 
anthropometric properties of the human body highly influence 
these filters and, hence, the HRTFs are highly individualized. 
Measuring HRTFs is usually a tedious procedure, requiring 
the subject to stay still for long periods to accurately capture 
impulse responses from different positions. To circumvent the 
measurement, different HRTF estimation methods have been 
proposed, either based on subjective evaluations [1] or 
derived from anthropometric features [2]. The best practice 
for investigating the HRTF estimation method would be to 
evaluate, e.g., localization and timbre subjectively  against 
real sources or individually measured HRTFs on the same 
subjects [3] using a test environment such as [4]. This 
underscores the need for an efficient HRTF measurement 
system capable of accurately capturing the HRTFs of subjects 
participating in subjective evaluations, while also addressing 
the key challenge of achieving high-resolution measurements 
in a short period of time without compromising the accuracy. 
Numerous studies have aimed to improve the accuracy of 
HRTF measurements; however, only a few investigated 
designing a measurement hardware setup tailored towards 
reducing the measurement time and motion artefacts while 
giving flexibility for different measurement scenarios.  
One approach used a symmetric loudspeaker arc setup to 
reduce the measurement time by halving the needed azimuthal 
rotation from 360° to 180° [5]. With exponential sweeps of 
500 ms and 180 ms intervals 793 unique directions could be 
measured in approximately 5 minutes. Richter and Fels [4] 
showed that by continuously rotating the subject with the 
speed of 3.8° per second or slower, no audible differences 
were found in a listening test compared to HRTFs obtained 
from a step-wise measurement. The rotation approach 
reduced the measurement time for 4096 directions from seven 
to two minutes; however, post-processing and interpolation 
steps were needed to correct for the rotation effects. In the 
same lab, a continuous HRTF measurement with a rotating 
subject at a speed of 1.38° per second was shown to measure 
8256 directions in approximately 15 minutes [6]. In a different 
lab, an HRTF measurement of 648 positional directions with 
uniform 5° azimuth and 15° elevation resolution was achieved 
using a rotating subject approach in approximately 11 minutes 
[7]. An HRTF measurement of 440 uniformly distributed 
directional points was accomplished in 4.75 minutes, again 
during a continuous rotation of the subject; also, a peak-to-tail 
ratio of 80 dB as the signal quality measure for headphone 
transfer functions was reported [8]. An alternative to mitigate 

the effects associated with subject rotation is to rotate the 
loudspeaker arc, which could preserve measurement accuracy 
while reducing the need for interpolation or post-processing 
steps. The Multiple Exponential Sweep Method (MESM) was  
introduced as an optimization method that by overlapping and 
interleaving the exponential sine sweeps (ESS) and by 
considering the higher-order harmonics, the measurement 
time could be decreased to approximately 10 minutes for 1550 
spatial directions, a 76% reduction [9].  
In this study, we devised a new rotary arc measurement setup 
for a fast and flexible HRTF measurement system. The system 
has been designed and installed in the anechoic chamber 
(AEC) of the Audio Information Processing (AIP) group at 
the Technical University of Munich (TUM). We propose to 
use a rotational mechanism for the loudspeaker arc to 
minimize the motion artefacts due to possible subject head 
movements during subject rotation while offering flexibility 
in the speed and motion profile for different measurement 
scenarios, with minimal impact on the subject's positioning. 
We designed a rotary arc to avoid unnecessary sound 
reflections in the AEC, without sacrificing the rotation 
mechanism. The arc was designed with a modular approach 
for ease of installation and replicability. Custom loudspeakers 
were developed and are mounted on the arc. A MATLAB 
toolbox was developed to control the HRTF measurement 
mechanism. Using overlapping sine-sweeps, a measurement 
time of about 12 minutes for a HRTF grid of 2304 directions 
can be achieved.  

Materials and Methods 

Hardware and Software 

The rotary arc structure consists of three main parts: the top 
and bottom holders, the arc pipe holding loudspeakers, and 
the rotation mechanism. To install the rotary arc in the 
anechoic chamber and to distribute the forces while 
restraining the arc from the bending moment, multiple 
mounting points on the AEC ceiling and floor are used. The 
holders were made of aluminium profile simulated and 
designed in the ITEM online Engineering tool [10].  
Connection parts, made of stainless steel, were designed in 
FreeCAD [11] and manufactured externally. FreeCAD was 
also used for merging the 3D models of all components for 
compatibility checks prior to manufacturing. The arc itself is 
a 33.7mm diameter stainless steel pipe bent to a half circle 
with an outer radius of 1590mm. For the rotation mechanism, 
to minimize the moment and load on the ceiling connection, a 
crossed-roller bearing was incorporated that can handle both 
axial and radial forces. The turn-table gearbox MDT360150-
SG from MMEngineering (Baiern – Berganger, Germany) 
was used at the bottom, which can also handle the radial and 
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axial forces from the arc. For rotating the turn table, the 
NEMA23 PD57-2-1260-TMCL stepper motor from Analog 
Devices was used, which provides a maximum of 1.01Nm 
holding torque at the gearbox input. The commands to control 
the stepper motor are generated in the Trinamic Motion 
Control Language (TMCL). The stepper motor parameters 
were tuned based on mechanical calculations, stepper motor 
characteristics,driver specifications as well as monitoring 
motor behavior to achieve smooth and timely rotation.  

For the measurement hardware interface, the RME MADIface 
USB was used as soundcard interface through which an 
Innosonix MA32D2 32-channel digital power amplifier was 
connected to drive the loudspeakers and an RME 12Mic 
microphone preamp with AD-converter was connected to 
provide the input channels. As microphone for the 
loudspeaker equalization, a MM210 (Microtech Gefell, 
Gefell, Germany) ½” condenser measurement microphone 
was used. For the In-The-Ear (ITE) measurement of HRTFs, 
two Sennheiser electret microphones KE4-211-2 were used 
with custom microphone preamp and power supply.  

Seven different loudspeakers from Bose, Biamp, and 
VISATON were selected considering the dimensions of the 
arc structure and evaluated. Loudspeaker enclosures with a 
cylindrical shape were designed in FreeCAD [11] following 
the guidelines in [12] and produced by 3D printing. After 
evaluation, the loudspeaker model VISATON FRS8M was 
selected based on its frequency response properties. In order 
to have a more concentrated HRTF measurement distribution 
around the horizontal plane, where the human localization is 
more sensitive [13], the 32 loudspeakers are placed on the arc 
(ranging from −77° to 88°) with equi-latitudinal positioning, 
so that closer to the center (0° elevation) the loudspeaker 
placements are denser and the loudspeakers’ latitudinal 
relative position stays constant, except for the top and bottom 
loudspeakers that needed to be shifted back due to the arc 
construction (Figure 1).  

The AIP HRTF measurement toolbox v4.0, to control the 
measurement procedure and calculate the HRTFs, was revised 
using MATLAB 2022b App Designer toolkit. This toolbox is 
based on the previous version (3.1) and includes a new object-
oriented user interface design, arc rotation control, and sine-
sweep-based HRTF calculation algorithms to match the new 
rotary arc HRTF measurement system, while the subject 
management, calibration, and equalization parts were kept 
from the previous version. In this toolbox, it is possible to 
modify the measurement excitation signal as needed. In the 
case of using Maximum-Length-Sequences (MLS), their 
length and the number of repetitions can be defined, and in the 
case of sine-sweep methods, the duration and the amount of 
overlaps of consecutive sweeps can be tuned to meet 
experiment measurement needs.  

The Head-Related Impulse Responses (HRIRs) of the left and 
right ear are then calculated using custom functions in 
MATLAB, maintaining the timing of record channels to keep 
the Interaural Time-Differences (ITDs). The HRIRs are then 
truncated using a rectangular window of length 256. It is 
constrained to the time interval to the next excitation signal 
either overlapping or non-overlapping.  

 
Figure 1: The rotary arc in the anechoic chamber at AIP. 

Excitation Signals 

To evaluate the data recorded from the rotary arc, impulse 
responses were measured using exponential sine sweeps . The 
sweep profile is generated based on the formulas provided in 
[14, 15] implemented in custom functions in MATLAB. The 
sweeps tested here start at 200 Hz and extend to 20,000 Hz. 
The sweep durations were 200 ms, 400 ms, and 1000 ms, each 
followed by a period of relative silence. The signals included 
fade-in and fade-out segments to prevent abrupt transitions, 
with the fade duration adjusted to ensure no impact on the 
target frequency range of 300 Hz to 18,000 Hz. Finally, to 
decrease the measurement time, the sweeps were overlapped 
by 50% for 200 ms and 400 ms durations and 75% for 1000 
ms duration for sequential playback across 32 channels. 
Different exponential sine-sweep durations were evaluated 
for an HRTF measurement set of 2304 directional angles 
corresponding to 32 elevations and 72 steps of 5° azimuth 
angles. The excitation signal was played at 80 dB SPL and the 
impulse responses were acquired from a reference 
measurement microphone (Microtech Gefell MM210) 
positioned precisely at the center of the arc.  

Results and Discussion 

To evaluate the performance of the HRTF measurement 
system with the rotary arc and to assess how efficiently and 
accurately it can capture a dense grid of 2304 HRTF 
measurement directions, we analyze both the elapsed time and 
the signal quality of the recordings from the reference 
measurement microphone. Preliminary SNR analysis of the 
impulse responses from the median plane suggests values of 
about 40 dB across all critical bands for a single ESS 
excitation signal. Also, the deviation between equalized 
loudspeaker channels is relatively small. However, the 
analysis is still ongoing  to assess potential overlap and cross-
channel effects. Furthermore, a complete measurement with 
5° azimuth resolution measurement and 32 elevational 
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loudspeaker channels (2304 measurement points) can be 
completed in nearly 12 minutes (Table 1).  

As observed in other HRTF measurement setups and 
approaches, authors show that they can reduce the HRTF 
measurement time from 41 minutes to 10 minutes while 
improving the SNR by 13.4 dB, with the SNR calculated from 
measurements of a weakly nonlinear system, where 
distortions and nonlinear artifacts are separated using the 
Volterra series [9]. When the measurement is performed 
continuously during the arc rotation [6], it causes 
complexities which make the system identification more 
difficult. For instance, the relative motion of the sound source 
and the microphone introduces frequency shifts (Doppler 
effect), non-stationary impulse responses, motion artifacts, 
requiring complex postprocessing steps to map measurements 
to a fixed directional position. Besides, it has been shown that 
the decrease in measurement time during continuous rotation 
of the subject was at the expense of more spectral distortions 
above 10 kHz [16]. Although the measurement time in [7]  
was comparable to ours, the microphone signal-to-noise ratio 
was provided only broadband at 38.5 dB for a 70 dB SPL sine-
sweep stimulus. Direct comparisons of different systems still 
remain challenging due to variations in hardware 
configurations and signal processing techniques. Further 
refinement of the measurement process, such as optimizing 
overlap ratios and mitigating cross-channel effects, could also  
further enhance the accuracy and applicability of this system. 

Table 1: The measurement time using different sine-sweep 
methods with overlaps measuring HRTFs from 32 channel 
loudspeakers with 5 degrees azimuthal resolution. 

Method Sweep Duration (ms) Time Elapsed  

ESS 1000 (Overlap: 75%) 19’.33’’ 

ESS 400 (Overlap: 50%) 16’:05’’ 

ESS 200 (Overlap: 50%) 12’:06’’ 

 

Conclusion 

In this study, a practical design and implementation of an 
HRTF measurement system with a rotary arc at AIP is 
presented, reducing the likelihood of artifacts from body 
movements or position changes that interfere with HRTF data 
accuracy since the subject is not being moved. The rotation 
mechanism ensures precise control over the arc’s position 
during the measurement. By using an exponential sine-sweep 
excitation signal, a preliminary SNR analysis of impulse 
responses from the reference microphone suggested values 
about 40 dB for all channels across all critical bands in the 
median plane. The overall HRTF acquisition of a dense 2304 
grid can be accomplished in about 12 minutes. Further 
investigations into the optimization of arc movement and the 
evaluation of measured data may reveal additional avenues 
for enhancing measurement accuracy and expanding the 
applicability of this system, which will contribute to a fast, 
adaptable, and reliable method for capturing and analyzing 
individual HRTFs. 
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