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I. Introduction 
Abstract – Finding the spatial location of an acoustic source is a challenging area of digital signal 

processing. Localization of sources has been applied to different fields including ecological (animal 
tracking), civil (traffic monitoring), medical (ultrasound) and military applications (radar, sonar, 
vehicle tracking, and sniper localization). The advancements in hardware design and technologies 
allow for sensor-level implementation of more sophisticated algorithms. Specifically, wireless sensor 
nodes can benefit from these miniaturized but highly integrated systems as they can significantly 
enhance the computational capabilities of each node. In this paper an outlook on the available 
systems for and the most common issues with acoustic localization is provided. 

II. The common approach to localization 
The frequency spectra of acoustic sources typically lie within the 20 Hz – 20 kHz range. When 

localizing, knowing the signal frequency is important since it has to be inferred in geometry setup 
and algorithm design. Assuming the sound propagates at constant speed from the source 
concentrically, the wavefront reaches the sensing elements (microphones) of other nodes at different 
times [1]. It is possible to locate an acoustic source based on these delay values. However, there are 
several effects which cause difficulties in accurate localization due to physical backgrounds of sound 
propagation, including echoes, reverbs, ground reflection, etc. 

III. Existing hardware platforms 

Numerous attempts have been made to design and develop wireless sensor network systems highly 
suitable to accomplish acoustic source localization [2][3]. These systems use FPGAs as their primary 
processing unit supported by other components such as multiple analog input channels, memories, 
communication interfaces, and on-board radio. They usually rely on and expand the capabilities of 
existing wireless sensor nodes, such as Crossbow MicaZ or Telos-B [5]. The idea behind using high 
performance nodes is to reduce the amount of data to be transmitted among nodes or to the base 
station to optimally utilize the bandwidth. These systems are typically used to perform acoustic 
transient localization and/or vehicle tracking outdoors [2][3][4][7]. 

IV. Source and node localization 

In order to perform acoustic localization with distributed wireless sensor networks, the location of 
each node should be known. 

Self localization – or node localization – can be performed in different ways. The most common 
methods use RF as a support for acoustic localization since delays are not introduced in the range of 
acoustic domains. The sensor nodes are capable of determining their relative locations [8]. In some 
cases, for example when localizing indoors this is sufficient. However, when absolute position is a 
requirement the use of anchor nodes in inevitable and makes it a more difficult scenario. Deployment 
cannot be carried out random as at least some of the nodes should be equipped with GPS units or 
should be placed at known positions and within range at the same time. 
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Source localization can either be active or passive depending on whether the object of interest 
emits sound itself or has to be triggered in some way. We can differentiate between transient and 
continuous localization – tracking – tasks. In the first case the localization can be based on the onset 
and end detection. This is not true for the second case since no onset and end of signal are available, 
extraction of features or usage of beamforming-like algorithm is required. 

V. Difficulties with cross-correlation 
Assume the case when all the nodes are already deployed, the positions are known and passive 

transient localization is to be performed. Measurements show that in some cases cross-correlation 
based TDOA estimates are not accurate due to physical principles of wave propagation. The ground 
reflections and lack of coherency distorts the measurements. Application of matched filtering would 
have the same problem. Applying the cross-correlation on the resampled version of time series shows 
the peak correlation coefficient are at resample ratios of a few percents. This phenomenon could also 
result from nonlinear behavior of microphone in case of very high amplitude excitation. 

VI. Node collaboration 
Localization needs the wireless sensor network nodes to be synchronized. A beacon based global 

timestamping which is simple and easy to implement yet might be adequate for the purpose. Other 
methods like precision time synchronization protocol (PTP, IEEE1588) can be used. PTP takes into 
account compensates for the transfer delays. 

A crucial element of each sensor network is communication among nodes. The network bandwidth 
provided by the almost industry-standard Zigbee (IEEE 802.15.4) wireless personal area network can 
be insufficient and not intended to be used for high volume time series transfers. One option is to use 
sensor-level time series compression which can be fine-tuned being signal characteristics know, or 
sensor-level feature extraction. Both of these requires the nodes to be capable of fast computation 
since huge amount of time required for preprocessing is disadvantageous for real-time applications. 

Wireless sensor networks always face the problem of low power versus high computational 
capability. An optimum solution can be found using the on-board power management features of the 
board. 

VII. Indoor challenges 
Indoor localization faces much more issues than outdoor localization because of the following 

phenomena [9]. 
Reverberation is unavoidable at indoor localization [6]. The source signal is reflected from the 

surface of different objects which results in a complex signal containing the direct path and its 
delayed and attenuated copies, it can be written as: 
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where s(t) is the source signal, ak is an attenuation coefficient, n(t) is additive Gaussian white noise 
and L is the number of multipath components. It can be seen, that apart from the direct path delay, 
several other delays appear which leads to the necessity of sophisticated algorithms capable of 
separating direct path from reverberations. There is also a chance that an obstacle prevents direct 
wave propagation from source to the sensor which results in non-line of sight problem and makes it 
difficult to create a measure for reliability. 

Most localization methods are TDE (Time Delay Estimation) algorithms, based on TOAs (Time of 
Arrivals) and TDOAs (Time Difference of Arrivals). The first refers to the time at which a defined 
event happens at the sensor side with global clock reference, the second is the difference among the 
first ones. The propagation speed of sound is inherent when working with TOAs and TDOAs. 
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Temperature changes affect localization accuracy. Temperature change can be a disadvantageous 
effect at indoor setups as well. The temperature dependency can be written as [9]: 
 θ..θ..θc - ⋅+≈⋅⋅+= 6043311066314331)( 3 . (2) 
where c is measured in sm , θ  is in °C. For example assuming 10 meters sensor separation 30 degrees 
difference of temperature leads to 60 cm ambiguity on a single TOA or TDOA, which error 
accumulates at localization resulting in remarkable error. The microphone directivity also becomes 
an issue at higher frequencies [9]. 

 
Figure I: TDOA error surface, sensor network of three nodes (black dots), right: contours of the 

surface projected on the x-y axis (distance) 

 

Figure II: TDOA error surface, sensor network of five nodes, contours are concentric circles around 
localization source (minimum of the surface) 

 
Figure III: Disadvantageous arrangement of nodes (big black dots), the minimum is not a distinct 

point but spans over a huge region (small black dots forming a vertical line in the middle) 
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VIII. Localization with accurate TDOA estimates 
Consider a distributed wireless sensor network consisting of several nodes deployed at known 

positions each of them equipped with microphones. Simulations show despite having fairly accurate 
TDOA estimates localization performance can be poor. 

The true TDOAs are calculated for an object moving on a specified trajectory. Then, with the 
knowledge of these a surface (S) is created on a predefined grid in the proximity of the sensor 
network. Point shows what would be the error of TDOA, if (x,y) were chosen as the 
coordinates of the localizable source. The shape of S visualizes the achievable localization 
performance. As the object keeps on moving S represents how well the location can be determined 
based on the true TDOAs. The simulation (Fig I.) shows angular accuracy (direction of arrival 
estimation) to appear much better than radial (ranging). Usage of more sensor network elements can 
overcome the issue, but far from the network the effect is inevitable. 

SyxP ∈),(

The sensor network on both Fig. II. and Fig. III. consists of five nodes although in different 
geometry. The first one provides a good minimum at the true location resulting in accurate 
localization. The second can only determine the direction, the range information is ambiguous. This 
visualization technique helps finding the weak points of different arrangements. 

IX. Conclusion 
Crucial issues on acoustic localization with distributed wireless sensor network were provided 

along with available systems and error analysis of TDOA based localization. Further studies include 
a detailed description of the developed system along with the error analysis in several distinct 
measurement environment conditions. Ideas on how to optimize algorithms for robustness against 
reverberation and echoes will be provided. 
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