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Physical modelling of an Acoustic Leaky Wave Antenna (ALWA) is presented and validated through 
measurements on a developed prototype. For the prototype investigated here, it is shown that the second 
mode can be efficiently excited using a dipole source and that this mode is preferable for practical appli-
cations due to its better controllability of directivity and leakage. Conventional acoustic direction‑finding 
systems rely on multiple electro‑acoustic components and substantial signal processing, leading to high 
cost and energy consumption. ALWAs, by contrast, achieve beam steering through the dispersive properties 
of a leaky‑wave structure, enabling frequency‑dependent radiation angles with minimal hardware. 
A theoretical model for a rectangular ALWA with periodically spaced circular holes is used, based on 
impedance formulations for waveguides and perforated surfaces. The model predicts the mode‑dependent 
propagation constant, leakage factor, and radiation angle. These predictions were assessed using Finite 
Element (FE) method simulations in Comsol Multiphysics and subsequently validated through experiments 
on a physical aluminium‑tube prototype. Directivity measurements were conducted in an anechoic chamber 
using a rotating table and free‑field microphones. Both monopole and dipole excitations were employed to 
isolate and examine the two lowest modes of the antenna. The results show good agreement between the 
theoretical model, numerical simulations, and measurements. The antenna exhibits clear frequency 
scanning behaviour, with radiation emerging above the mode‑dependent cut‑off frequencies. The second 
mode, excited by a dipole source, demonstrates a clear and controllable directivity, making it preferable for 
practical applications such as single‑sensor direction finding or modulated ALWA designs, e.g., with 
varying perforation. These findings confirm the feasibility of rectangular natural‑material ALWAs and 
provide a validated modelling framework for future work on parameter variation, side‑lobe suppression, 
and adaptive leaky‑wave radiation control. 

1 Introduction 

The ability to detect and localize sound sources, as well as sound-scattering objects, is of significant interest in a wide 
range of applications, including industrial monitoring, robotics, environmental sensing, and underwater systems. 
Conventional solutions typically rely on transducer arrays, which provide good performance but at the cost of increased 
system complexity, hardware requirements, and expense. 
Acoustic leaky-wave antennas (ALWAs) offer an attractive alternative. An acoustic leaky-wave antenna is a waveguiding 
structure that supports a guided acoustic mode which is intentionally made leaky, such that acoustic energy radiates 
continuously along the propagation direction. By appropriate design, the leakage rate can be prescribed, and the beam 
angle can be controlled as a function of frequency, using the dispersive character, i.e., that the wavenumber component 
along the antenna changes with frequency. More advanced radiation characteristics, such as beam focusing and sidelobe 
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suppression, can also be achieved through tailored geometries. Due to their simple and robust construction, ALWAs have 
the potential to enable compact, low-cost, and hardware-efficient solutions for acoustic sensing and communication. 
In the electromagnetic domain, leaky-wave antennas (LWAs) have been extensively investigated as progressive-wave 
structures capable of generating directive radiation patterns with simple source arrangements and frequency-dependent 
beam scanning [1-3]. Initially developed for microwave and radiofrequency applications, they were later extended to 
optics, where similar dispersive mechanisms enabled beam steering in integrated waveguides. More recently, these 
principles have been adapted to acoustics, giving rise to acoustic leaky-wave antennas (ALWAs), which exploit 
dispersion‑based frequency‑to‑angle mapping to enable beam steering with minimal hardware.  
Several types of ALWAs have been investigated. The simplest reported designs use uniform slits or regularly perforated 
waveguides (i.e., uniform and quasi-uniform antennas, respectively), where energy leaks continuously along the aperture 
[4,5]. The modelling of these basic antenna designs can be made using formulations of a transverse equivalent network 
(TEN) in combination with the transverse resonance equation (TRE) developed for the electromagnetic domain [6,7]. 
However, their application to acoustics requires adaptation of interior boundary conditions, impedance modelling of 
openings, and viscous friction. 
ALWAs enable angular estimation with a single transducer (loudspeaker or microphone) instead of typical multielement 
arrays of sources or receivers [8-11]. Thereby they are attractive for scenarios where compactness, low cost, sustainability, 
and reduced hardware complexity are important, which may include fields of robotics, autonomous vehicles, and 
industrial inspection and safety monitoring. Since ALWAs can operate directionally as both transmitters and receivers 
(i.e. transceivers) they offer a compact and energy‑efficient solution for Integrated Sensing and Communication (ISAC), 
e.g., for application to devices of Internet of Things (IoT) [12,13]. ALWAs also show promise for underwater acoustics, 
to supporting both localization and communication, e.g., for autonomous underwater vehicles, distributed sensor 
networks, and environmental monitoring tasks [14]. 

2 Method 

2.1 Modelling of the acoustic leaky-wave antenna 

The antenna investigated in this work is a quasi-uniform acoustic leaky-wave antenna formed by a rectangular waveguide 
with a longitudinal array of circular perforations as shown in Figure 1. Radiation occurs as a guided acoustic mode 
propagating along the waveguide couples gradually to the surrounding medium through the perforations. When the 
perforations are sufficiently small and closely spaced, the structure can be treated as quasi-uniform, supporting a 
continuous leaky mode rather than discrete spatial harmonics associated with periodic structures. 
To efficiently analyze this type of antenna, a Transverse Equivalent Network (TEN) formulation is employed. The TEN 
models the transverse cross-section of the waveguide as an equivalent acoustic network, allowing the three-dimensional 
radiation problem to be reduced to a transverse resonance condition. This approach provides direct access to the complex 
propagation constant of the leaky mode and enables evaluation of dispersion and leakage as functions of frequency. 
In the TEN representation, the rigid waveguide walls are represented as acoustically hard boundaries, while the perforated 
wall is modeled by an effective surface acoustic impedance that accounts for radiation, inertia, and viscous losses 
associated with sound transmission through the apertures. This impedance depends on the geometry of the perforations 
(including hole radius, spacing, wall thickness), the ratio of perforation to wall area, and the fluid properties of the 
surrounding medium. 
The perforated waveguide supports a leaky mode whose complex longitudinal wavenumber (along the antenna) is 
determined by enforcing the transverse resonance condition, which sets a requirement on the phase accumulation across 
the waveguide with respect to the reflections at the rigid wall and the perforated boundary. Solving this condition, 
formulated as the transverse resonance equation (TRE), yields both the phase constant and the leakage rate of the leaky 
mode. The phase constant governs the frequency-dependent radiation angle through dispersion, while the leakage rate 
controls radiation efficiency, beamwidth, and effective aperture utilization. 
Because the antenna is quasi-uniform, its radiation characteristics can be directly inferred from the dispersion curves of 
the leaky mode. The beam scanning behavior follows from the frequency variation of the phase constant, while the leakage 
factor determines how rapidly energy is radiated along the aperture for a given antenna length. As a result, key radiation 
properties, including scanning range, beamwidth, and efficiency, can be predicted. 
The TEN-based framework thus provides a physically transparent and efficient modelling approach for perforated 
acoustic leaky-wave antennas. It captures the essential physics of aperture radiation, including viscous losses and 
aperture-induced dispersion, while avoiding the high computational cost associated with full-wave simulations. This 
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makes it well suited for parametric studies, design optimization, and future extensions to non-uniform or spatially 
modulated acoustic leaky-wave antennas. A more detailed theoretical description can be found in [5,15]. In addition to 
the theoretical model, a finite element (FE) frequency-domain model was made in Comsol Multiphysics (version 6.2). 

2.2 Measurement of the acoustic leaky-wave antenna 

For the measurement studied here, a quasi-uniform ALWAs was used, designed from an aluminium tube with rectangular 
cross-section, perforated with a series of circular holes on one side (see Figure 1). The length of the antenna is 1.5 m, with 
95 mm inner width and 35 mm inner height. For the circular perforation, a hole radius of 4 mm was used, and a centre-
to-centre distance between openings of 30 mm. The material thickness of the tube is 2.5 mm, which becomes the neck-
length of the openings.  
The sound field inside the antenna is excited by two loudspeakers placed at one end whereas the other end either has an 
absorber termination or a hard termination: the former for normal operation and the latter for measuring the leakage rate 
by using the relative strength of the created back-lobe. The loudspeakers were either working as a monopole or as a dipole 
by having a phase-shift switch on the input mono signal; the monopole to excite the lowest mode (the so-called static 
mode) and the dipole to mainly excite the second mode. 
By exciting the antenna with the loudspeakers and measure the resulting sound pressure with a free-field measurement 
microphone placed at about 5 m distance, the radiation pattern is captured by rotating the antenna in angular steps of 1°. 
The measurements were performed using a swept-sine technique, with the results provided as frequency response 
functions. A more detailed description of the measurements can be found in [5]. 

 
Figure 1: The studied prototype acoustic leaky wave antenna on the turntable in the anechoic chamber. 

3 Results 

The results will be studied focusing on the second mode when using the dipole excitation. In Figure 2, the resulting 
radiation angle is plotted as function of frequency, based on measurements, theoretical modelling, and numerical 
modelling using finite elements, for the designed prototype leaky-wave antenna. In comparison with the measured results, 
the radiation angle from both theory and numerical results show very small deviation. 
To further study the radiation performance of the acoustic leaky-wave antenna, the level response as a function of angle 
and frequency is plotted in Figure 3, where the radiation angle calculated from the theoretical model is shown as a dashed 
line in the plot. A distinct directivity is shown from approximately 1900~Hz, in agreement with the theoretical solution 
for the second mode. At higher frequencies sidelobes are visible at angles beside the main lobe. It is also interesting to 
note that there is an increase in response at all angles that starts at about 1900~Hz, which may be explained by an increased 
radiation impedance of the source at the onset of the mode. 
Figure 4 shows directivity plots from the measurements, theory, and numerical modelling at the frequency 2.5 kHz. The 
plotted directivity is the response as function of angle, plotted in dB after normalization with the maximum value for each 
frequency. The results show excellent agreement in both the direction and the beamwidth of the main lobe. Concerning 
the first sidelobes, the results can be seen to agree in angle but show some offsets in relative strength. For the second 
sidelobes, the angular agreement is visible to some extent. The measured data show additional sidelobes, not predicted 
by the theoretical or numerical solutions, of which the strongest ones are concluded to be due to the reflection at the 
termination of the antenna, expected to be reducible with improved absorbers.   
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The measured results overall support the idea of using the second mode, with dipole-like excitation, for a frequency-
scanning leaky-wave antenna, as it provides good controllability of the radiation angle. In addition, the strong agreement 
between the measured results and the theoretical and numerical predictions of the designed antenna demonstrates a 
successful validation of the modelling. 

 
Figure 2: Radiation angle as function of frequency from measurements, theoretical 

modelling and numerical modelling (FE model). 

 
Figure 3: Measured sound pressure level at a receiving microphone from the radiating antenna (dB re arb.), plotted as a 

function of frequency and radiation angle. The radiation angle from theory is added (dashed black curve). 

 
Figure 4: Radiation pattern at 2500 Hz from measurements, theoretical 

modelling and numerical modelling (FE model). 

4 Conclusion 

The paper presents consistent theoretical modeling, numerical modeling, and measurements of a designed and built 
acoustic leaky-wave antenna. The results show proof of concept of the acoustic leaky-wave antenna with frequency 
scanning capability, i.e., that the radiation angle can be controlled by the frequency of the source.  
Based on the theoretical solution, the second mode, excited by a dipole-like source, was indicated to provide good 
frequency scanning capability. Wave-based modeling was performed using the finite element method, with validity 
supported by good agreement with the results from the theoretical model 
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Based on the theoretical and numerical results for the second mode, a prototype antenna was designed and built for use 
in validating measurements. The measured data, targeting the second mode by using the dipole-like source, showed 
excellent agreement in radiation angle compared with the modeled results. 
Taken together, the measurement results confirm the validity of the theoretical and numerical modeling, as well as the 
good frequency-scanning capability of the designed prototype acoustic leaky-wave antenna for the second mode. For 
future work, investigations of more complex ALWA designs are of interest, including modulated or tapered geometries, 
for controlling, e.g., sidelobe levels and beam shape, as well as the incorporation of resonant (metamaterial) elements to 
enable backward-to-forward beam scanning. 
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