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Introduction 

Multichannel audio playback systems, e.g. for sound field 

synthesis, often utilise elementary geometric loudspeaker 

arrangements (circle, rectangle). In order to realise the cor-

rect spatial synthesis of the desired sound fields, the coordi-

nates of the loudspeakers must be determined very precisely 

and transmitted to the renderer. If the coordinates still need 

to be determined, e.g. because they are not known due to the 

installation situation, the TDOA method (time difference of 

arrival) can be used, in which the sound propagation be-

tween loudspeakers and several microphones is analysed. 

Theoretically, only four microphones are required to localise 

a sound source in 3D space [1]. To increase accuracy, more 

than four are often used in different configurations (square, 

spiral, pyramidal, etc.) [2]. 

For the optimisation of the electroacoustic TDOA method, 

microphone configurations are systematically simulated in 

this work and optimal configurations are determined and 

verified in electroacoustic measurements. The determined 

loudspeaker positions are compared with high-resolution 3D 

LIDAR scans. 

Liu et. al. pointed out: “There is no array structure that can 

achieve good localisation performance under any kinds of 

scenarios and algorithms” [2]. There, an optimisation of 

different microphone arrays for sound source localisation via 

TDOA with the Particle Swarm Algorithm is theoretically 

investigated and simulated and in [3] four spatial micro-

phone configurations are investigated for the localisation of 

loudspeakers placed on a surface. This work focusses on the 

localisation of an arrangement of loudspeakers that is uni-

form in the horizontal plane (linear, circular), which is often 

encountered in practice. For the investigation, findings on 

fundamentally suitable microphone configurations are taken 

into account a priori and assessed in a real setup, taking into 

account the electroacoustics used and the real acoustic con-

ditions, in which the approach differs from the previously 

mentioned work. The basic requirements for the positioning 

of microphones for loudspeaker localisation via TDOA, such 

as the maximum distance between the microphones, are 

taken into account. 

In the largely interference-free measurement environment, 

matched microphones and an audio interface with constant 

latency for all channels were used. 

The electroacoustic application of the TDOA 

method 

To localise a loudspeaker electroacoustically, the TDOA 

method can be used as follows: An excitation signal emitted 

by the loudspeaker is picked up by an array of microphones. 

Due to the configuration of the microphones, time differ-

ences can be determined between the microphones (Fig. 1: 

TDOA measurement). These in turn can be used to geometri-

cally determine the speaker position (Fig. 2: hyperbolic 

navigation). 
 

 

Figure 1: Representation of the measurement system with a 

model configuration of five microphones within a circular 

loudspeaker arrangement 

 

 
 

Figure 2: Hyperbolic navigation in 3D space by intersect-

ing hyperboloids resulting from TDOAs; (a) two hyperbo-

loids intersect in a hyperbola, (b) four hyperboloids inter-

sect in a point (green) corresponding to the spatial position 

of the loudspeaker 

 

The electroacoustic application of the TDOA method offers 

several advantages for the localisation of loudspeakers com-

pared to, for example, optical or electromagnetic localisation 

methods. Among other things, there is no need to remove 

any loudspeaker grilles or covers for the measurement. Fur-

thermore, no additional transmitters or receivers need to be 

attached to the speaker’s diaphragm as the speakers them-

selves are capable of emitting an excitation signal. 

Origin and propagation of measurement devia-

tions 

Measurement deviations occur during TDOA measurement 

due to room-acoustical, electroacoustical, geometric and 

digitisation-related influences which can be minimised, but 

not completely eliminated. 

In contrast, no relevant new deviations are added to the lo-

calisation during hyperbolic navigation. Rather, the devia-
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tions resulting from the TDOA measurement are multiplied 

to varying degrees, considerably influencing the precision of 

the TDOA localisation. The crucial influencing factor here is 

the geometric arrangement of the microphones in relation to 

each other, which is referred to below as the configuration. 

Changing even a single microphone position can strongly 

influence the accuracy of the results. 

Therefore, the aim of the following investigation is to find a 

microphone configuration which is as insensitive as possible 

to measurement deviations due to its geometry. This insensi-

tivity is referred to below as resilience. 

Method for optimising microphone configura-

tions 

An empirical-numerical simulation is used to optimise con-

figurations: Using a measurement and simulation environ-

ment developed in MATLAB, a large number of microphone 

configurations are first randomly generated within prede-

fined spatial boundaries. These configurations are used in 

simulated TDOA measurements to determine the positions 

of different loudspeakers in a horizontal plane. 

Simulating realistic deviations in the signal propagation 

times results in localisation deviations in the calculated 

speaker positions. The size of these deviations determines 

the resilience of each configuration. 

Detailed evaluation of simulation results 

Microphone configurations exhibit different resilience levels 

depending on the direction of the localised object. If the 

loudspeakers are arranged in a circle and the specific locali-

sation deviations are displayed simultaneously, the resilience 

can be determined visually, as resilient configurations show 

smaller deviations from the circular shape of the loudspeaker 

array than less resilient configurations. This visualisation of 

the directional pattern of precision is referred to below as the 

directional pattern of a configuration (Fig. 4). 

In this pattern, deviations in angles and distances are dis-

played, whereby only the absolute distance deviations are 

considered for the evaluation of resilience (Fig. 3). 

The following comparison of a large number of microphone 

configurations is used to determine geometries that lead to 

high omnidirectional localisation accuracy due to their resil-

ience. 

General conditions for the simulation process 

This research focuses on systems in which the loudspeakers 

are positioned circularly in a horizontal plane. The ad-

vantage of using a circular loudspeaker arrangement for the 

simulation is that every microphone configuration is evalu-

ated at a constant distance in all horizontal directions. It is 

obvious that the findings from the investigation of circular 

loudspeaker arrangements can be transferred to linear ones. 

In theory, the localisation precision of a microphone config-

uration increases with higher proximity to the loudspeakers. 

In practice, specific acoustic boundary conditions must be 

taken into account. 

In the randomised generation of the microphone configura-

tion, a spherical segment within the loudspeaker arrange-

ment is defined as the space in which the microphone posi-

tions are generated (Fig. 5). During the experiment, a total of 

1.6 million configurations in approx. 800 million simulated 

measurements are being analysed. 

 

 

Figure 3: 3D view of the direction-dependent localisation 

errors of an exemplary microphone configuration (●) with 

actual (×) and localised loudspeaker positions (♢) 

 

 

 

 

Figure 4: Top view on different directional patterns representing the localisation errors of different microphone configurations (●) 

with actual (×) and localised speaker positions (♢). The extent of the localisation errors increases from left to right and thus the re-

silience decreases.
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Figure 5: Spatial constraints for generating microphone 

configurations in the shape of a spherical segment (radius: 

2.0 m) within a circular loudspeaker setup (radius: 2.5 m) 

 

Practical evaluation of simulation results 

Subsequent to the simulation, the validity of the results is 

examined by conducting practical measurements. The con-

figuration with the greatest omnidirectional resilience is 

analysed at different distances and angles of incidence to 

linear loudspeaker arrays. In order to minimise the previous-

ly mentioned sources for localisation deviations, several 

measures are taken during the experiment, such as recording 

the signals at a sampling rate of 192 kHz and using matched 

omnidirectional microphones in a vertical orientation. When 

comparing different excitation signals, the different quality 

of the localisation deviations clearly points to MLS as the 

most suitable signal (Fig. 6). 

The most precise measurement using MLS signals achieves 

a localisation deviation of 2.4 mm, the average of the sum of 

all measurements is 9.9 mm. 

 

 

Figure 6: Exemplary comparison of two excitation signals 

in a linear loudspeaker array (top view); ♦: deterministic, 

band-limited noise sequence with high deviations, ♦: MLS 

with very low deviations, ■: actual loudspeaker positions. 

Evaluation of the simulation process 

When analysing the most accurate configurations, the recur-

ring geometric pattern is a triangular bipyramid: 

 

Figure 7: A triangular bipyramid pattern delivers particu-

larly high accuracy 

 

Their upper and lower apices are formed by two micro-

phones (blue in Fig. 9), while the three other microphones 

are evenly distributed on a circular line, forming the bipyra-

mid base (red in Fig. 9). 

As this 3D pattern is found in all particularly resilient con-

figurations, a representative model is constructed by aggre-

gating information from said configurations. Optimised 

configurations are then sought on the basis of this model. 

Optimisation of constellations through succes-

sive approximation 

In a subsequent simulation process, individual microphone 

positions are further optimised by systematically applying 

minimal spatial changes. The resulting microphone configu-

ration (Fig. 8) shows a 9% increase in localisation accuracy 

compared to the previously most resilient one. It can be 

assumed that a similar improvement in the results can also 

be achieved in practice. 

 

 

Figure 8: Top and side view of the optimised configura-

tion. ●: Base microphones, ●: Apex microphones, ×: loud-

speakers (top and side view). 
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Figure 9: Of the 1.6 million simulated configurations, the four most accurate ones always form a triangular bipyramid. 

●: Base microphones, ●: Apex microphones, ×: loudspeakers (top and side view). 

 

Conclusion 

In an extensive series of simulations, the triangular bipyra-

mid proved to be the optimal microphone configuration, 

particularly for localising horizontal loudspeaker arrange-

ments. With this configuration the loudspeaker positions can 

be localised very accurately due to its high resilience to-

wards TDOA measurement errors. The results were con-

firmed in an electroacoustic measurement and are similar to 

the geometric configurations of similar investigations [2]. 

Outlook for further research 

The following steps are promising for further optimisation of 

the localisation accuracy: 

1) TDOA measurement process: 

- Application of GCC-PHAT for more accurate sig-

nal correlation, 

- use of excitation signals precisely adapted to the 

electroacoustic transmission path. 

2) Hyperbolic navigation process: 

- Improvement of the simulation accuracy by adjust-

ing the error range used in the simulation environ-

ment based on the analysis of real errors in practical 

measurements, 

- application of algorithms such as Maximum Likeli-

hood (ML) or Weighted Linear Least Squares 

(WLLS) with regard to their localization accuracy. 
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