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Designing a Prototype Acoustic Leaky Wave Antenna
MATTHEW POLIDANO

Department of Architecture and Civil Engineering
Chalmers University of Technology

Abstract

Acoustic direction finding is a useful tool for navigational applications. Current techniques
for achieving this rely on the use of many electro-acoustic components, which are expensive
to produce and consume a lot of power. Acoustic Leaky Wave Antennas (ALWAs) offer a
potential for a low-cost alternative, using much fewer electro-acoustic components and the
inherent directionality of the geometrical structure to produce a similar effect. ALWAs
possess a directionality which changes with frequency due to their dispersive properties,
hence allowing for frequency scanning. Natural material ALWAs can scan angles from
broadside (perpendicular to the length of the antenna) to endfire (parallel to the length
of the antenna). Metamaterials may be used to extend the range to backfire (180° from
endfire).

This thesis focuses on deriving a model for a rectangular natural material ALWA with
either a long slit or a series of periodically spaced circular holes. The theoretical model
was tested using Finite Element Method (FEM) simulations in Comsol and experimental
measurements of a physical prototype. First, the theoretical model was tested with Com-
sol simulations. When the model was verified by the simulations, two particular designs
with circular holes were chosen for the manufacture of physical prototypes. The directiv-
ity of the prototypes was measured using a rotating table and a microphone. Monopole
and dipole sources were used to investigate different modes of the ALWA.

The results obtained for the ALWA with holes showed good agreement between the the-
oretical model, the FEM simulation and the experimental measurements. For the slit
ALWA the results were also satisfactory. However, the model may be improved, partic-
ularly at lower frequencies.

Keywords: Acoustic Leaky Wave Antenna, Frequency Scanning, Theoretical Model, Ex-
perimental Measurements, Finite Element Method Simulations.
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1

Introduction

Acoustic waves have useful properties for navigation. One such classical application is
echolocation, used by some animals such as bats, wherein the time delay between the
emission of a sound and the arrival of its reflection can be used to determine the distance
between the source and the object which scatters the sound. However, it is not possible to
obtain information about the direction to an object from a single omnidirectional source-
receiver pair. To achieve this, one must either use multiple receiver-source pairs or a
structure with an inherent directionality [1].

Current acoustic localization applications typically use microphone arrays, which use ar-
ray processing that applies phase delays such that the desired directivity is obtained.
This technique is complex and requires multiple components; hence, research is being
conducted on Acoustic Leaky Wave Antennas (ALWAs) as a potential alternative for
acoustic localization applications with size and energy constraints [1]. Achieving acous-
tic direction finding with less components would lead to lower-cost and more sustainable
designs, further incentivizing the use of acoustic antennas for various applications.

1.1 Research Aim

This study aims to determine a theoretical model for the design of rectangular natural
material ALWAs. The model considers ALWA designs with either a slit or periodically
spaced circular holes as the radiating orifice. The two lowest frequency modes of the
ALWA are considered in this study.

The developed theoretical model is tested using Finite Element Method (FEM) simula-
tions and experimental measurements of physical prototypes. The results of these methods
are then compared to assess the validity of the theoretical model.

This study is performed as a basis for researching the possibility of modulating the ra-
diation properties of an ALWA along its length. By characterizing the behavior of the
ALWA with different combinations of dimensions of the cavity and radiating orifices,
future studies on modulation become possible.
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1.2 Research Questions

The main questions this study seeks to answer are as follows.

e Is it possible to create a theoretical model which can describe the behavior of a
rectangular natural-material ALWA?

o Can the model make accurate predictions of the properties of ALWAs with different
dimensions when validated by FEM simulations?

o Can a physical prototype be manufactured that demonstrates the properties pre-
dicted by the theoretical model and/or the FEM simulations?

1.3 Structure of this Thesis

This thesis is structured in four further chapters as follows:

Chapter 2: Theory describes the relevant background information required to un-
derstand ALWA physics. The theory developed for the characterization of rectangular
ALWAs is derived and presented in this section. A brief summary of research on meta-
material ALWAs and ALWA applications is also presented.

Chapter 3: Methodology describes the procedure used to calculate a numerical solu-
tion of the theoretical model, the set-up of the FEM simulations and the method used for
the experimental measurements. A detailed overview of the manufacturing process of the
prototypes and the measurement set-up is provided.

Chapter 4: Results and Discussion shows the results of the theoretical model com-
pared to the FEM simulation and experimental measurements. Plots of the variation of
the key design parameters with frequency are shown for different dimensions of the ALWA
cavity and radiating orifice. Other useful plots, such as directivity plots and sound pres-
sure surface plots are also presented and discussed.

Chapter 5: Conclusion summarizes the findings of this study and discusses its limita-
tions. Suggestions for further research are given.

Appendix A introduces a proposal for an extension of the theoretical model to include
a Helmholtz resonator.
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Theory

This chapter discusses the background information and theory needed to understand
Acoustic Leaky Wave Antennas (ALWAs). The theoretical model for rectangular natural
material ALWASs is derived in this chapter, including a description of the impedance of a
long slit and a series of circular holes as required for the calculation of the model. Finally,
a summary of metamaterial ALWAs and applications of ALWAs is given.

2.1 Historical Overview

The concept of a Leaky Wave Antenna (LWA) first emerged for electromagnetic applica-
tions in the 1940s, when a patent was filed for an antenna consisting of a slotted waveguide
with a suggested application in aviation [2]. Research on LWAs stalled until the 1950s,
when several different designs and methods of analysis were proposed [3]. Many of the
initial designs used a continuous slit in a waveguide to generate radiation. However, this
design could not create sufficiently narrow beams due to the effects of the perturbations
in the electric field caused by the slit [3]. As a solution, Hines and Upson proposed a
LWA design with a series of closely spaced holes instead of the continuous slit allowing
for narrow beam radiation [3]. The introduction of metamaterials has further increased
the interest in the research of LWAs, allowing for the introduction of novel designs such
as the CRLH (Composite Right/Left-Handed) LWA [4]. This design uses metamaterial
properties to achieve continuous scanning from the backward quadrant to the forward
quadrant [4].

The success of the LWA in electromagnetism was sought to be replicated for acoustic
applications. In 2010, Bongard et al. [5] proposed a design for a Transmission Line (TL)
based acoustic metamaterials using unit cells composed of membranes and open channels.
With this design, it was theoretically possible to achieve a negative refractive index band
as well as a zero index frequency. In 2013, Naify et al. [6] realized an Acoustic Leaky
Wave Antenna (ALWA) using this metamaterial design and tested it with simulations
and experimental measurements. This ALWA demonstrated the ability to radiate sound
in the direction normal to the antenna and at angles on both sides of the normal.

Following the initial success of Naify et al., more studies have been conducted on ALWAs
for different applications, including acoustic dispersive prisms [7] and single microphone
direction finding [8]. Other studies have also investigated ALWAs for underwater appli-
cations [9, 10].
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2.2 ALWA Physical Principles

2.2.1 Acoustic Waveguides

In a cavity, sound waves can form standing wave patterns in a number of modes. A
waveguide is a cavity which is open in one or two of the dimensions. The rigid walls of
the waveguide impose the condition that the particle velocity normal to the walls is zero.
For a rectangular waveguide that is open in the z-dimension, the wave equation solution
with these boundary conditions is [11]

Prm = Apm €08 (kzpnx) cos (k;ymy)ej(“t_kzz)

ke = [(‘;)2 — (k2 + kjm)] 2

L (2.1)
k:cnzi, :0,1,2,...

W n

mm
kym:?, m:O,l,Q,...

where A, is the amplitude of the mode (n,m), W and H are the lengths of the cavity
in the x and y dimensions respectively, w is the angular frequency and c is the speed of
sound. The terms labeled k represent the wavenumbers, in the axis and mode specified
by the subscript. The waves can propagate inside the waveguide in various modes with
different combinations of values of n and m.

Consider the expression for k.; if kg = ¢ is larger than k., = ,/k2, + k7, then the
value of k. is real. In this case, the wave propagates in the +z direction and is called a
propagating mode. The frequency below which £, is no longer real is called the cut-off

frequency of the mode (n,m) and is given by [11]:
Wnm = Ckpm = c\[k2, + k2, (2.2)

If the frequency is below the cut-off frequency for a given mode, the exponential term in
the pressure equation becomes an exponential decay. This is called an evanescent wave
and decays with distance inside the waveguide. Hence, if the waveguide is excited by a
certain driving frequency, all modes with a cut-off frequency below the driving frequency
will propagate in the waveguide, but all modes with a cut-off frequency higher than the
driving frequency will be evanescent [11].

2.2.2 Leaky Waves

Putting a slit on one of the waveguide walls parallel to the z-direction allows some waves
to leak and radiate to the outside. For an ALWA with a sound source placed inside, the
pressure field of the radiated waves has the form [8, 12]

p(w, 2) = poe THoTeIZ el (2.3)

where z is the direction of propagation of the traveling waves in the ALWA, x is the
direction normal to the slit and k, and k. are the propagation constants in the x and z
directions respectively, as shown in Figure 2.1.

4
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6 =0°
x (Broadside)

At

Backfire I Endfire

Figure 2.1: Defining the directions for the ALWA.

The wave number k., will in general be complex and can be defined as k, = § — ja [12],
where o and 3 are the leakage factor and the propagation constant, respectively. The
wavenumber components in the orthogonal directions are related by [11]

ko= K2+ K2+ k2 = k.= /K2 — k2 — k2 (2.4)

Now, since the waveguide is closed in the y-direction and the frequency of operation of
the ALWA is here assumed to be less than the cut-off of the first mode in this direction,

whereby:
ky=0 and k,=/ki— k2. (2.5)

If & < 1, the propagation constant k, can be approximated by the expression [8]:

ke~ k2 — g2, (2.6)

This equation gives rise to two distinct cases. If § > kg, then k, is purely imaginary and
there is no radiation, that is, the wave is guided in the waveguide. If | 5| < kg, k, becomes
real and radiation occurs, that is, the wave is a leaky wave. [8, 13]

2.2.3 ALWA Fundamental Parameters

The real and imaginary parts of k, are the two fundamental parameters for designing an
LWA and hence, also for an ALWA[13].

The Propagation Constant

The real part § is the propagation constant which determines the angle of radiation.
The angle of radiation can be calculated in terms of the propagation constant as [8, 12,

13]
0, =sin™! (5{)) (2.7)

Furthermore, the half-power bandwidth of the main lobe can be approximated as [12,
13]:
A

AN — 2.
¢ Lcos (6,) (28)

where L is the length of the antenna.
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The Leakage Factor

The imaginary part « is the leakage factor which determines the amount of radiation
per unit length [13]. In the case of a lossless ALWA with no reflection at the end of the
antenna, the leakage factor can be calculated from [§]

1 vy
U, = e 202 —— — 1 2.9
2 1€ o = 2[12 1 <\112> ( )
where W, and W, are the average power through an interior cross-section of the ALWA
separated by a distance [;5.

The radiation efficiency of an ALWA can be calculated as [8]:
Nrag = 1 — e 2L, (2.10)

Hence, the length of the ALWA needed to achieve a radiation efficiency of e.g. 90% is

8]
L 018

oNOé/ko'

(2.11)

Decomposing the leakage factor into active and reactive parts

Using complex-valued powers, the leakage factor can be divided into two parts to describe
the attenuation of the real (active) and imaginary (reactive) components. The active
attenuation is associated with the radiated power and material losses while the reactive
attenuation is related to energy storage. Reactive power is associated with power that is
reflected back to the source instead of being delivered to the antenna and contributing to
the leaky wave radiation [14, 15].

The instantaneous acoustic power in a cross-section of the ALWA cavity can be calculated
for a single-frequency sound field as [16]

V= / L.2dS T— —pu’ (2.12)
s 2
where S is the surface of the cross-section of the ALWA lying on the x-y-plane, z is the
unit vector in the z-direction, I.(x,y) is the instantaneous complex intensity, p is the
complex pressure, u is the complex velocity and * denotes the complex conjugate. When
the time-average of I. is taken, the imaginary part vanishes, leaving only the contribution
of the active intensity [16].

Now, from the definition of the specific acoustic impedance:

A N : _ P (Btia) (2.13)
u-z k, pow pow
Therefore the instantaneous power at the source can be calculated as
1 2 '
2Js 2p w
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From Eq. (2.9), the power at the distance z from the source can be expressed as [15]
U(z) = U(0)e 2 = |W(0)]|e 2*el? (2.15)

where ¢ = arctan (%) and |W(0)| are the phase and magnitude of the complex power at
the source respectively, obtained from Eq. (2.14).

The leakage factor can be found by differentiating the power with respect to z as fol-
lows [15]:
d¥(z)
dz

Separating this into its real and imaginary components, we obtain the active and reactive
components [14]:

= 20|V (0)]e 2** e/ = 20e’?|W(2)| = 2a|¥(2)| (cos(¢) + jsin(¢)). (2.16)

e[ m[ ]
Qg — W = QCOS(¢), lreact — W = OZSIH(Qb). (217)

2.3 Natural Material Rectangular ALWA Designs

A simple design of a uniform ALWA is a rectangular waveguide with a slit on one side.
The cross-section of such an ALWA design is shown in Figure 2.2. The direction of
propagation of the waves in the ALWA is the z-direction, which extends perpendicular to
the zy-plane. The source is located at one end of the ALWA (z = 0) and at the opposite
end (z = L) an absorber is placed, such that no waves are reflected back. The length of
the ALWA in the z-direction is L, which must be significantly larger than the wavelength
of the lowest operating frequency. A quasi-uniform design can also be made by replacing
the slit with a series of periodically spaced circular holes, with a period b < A [17].

4

y W

1=

Figure 2.2: The cross-section of a Uniform Rectangular ALWA.

Now, to obtain an expression for the ALWA design parameters, we must solve a Transfer
Resonance Equation (TRE) for the Transfer Equivalent Network in the x-direction, TEN,,
hence obtaining the value of k,, which can be used to find k..
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2.3.1 Deriving and Solving the Transfer Resonance Equation

The pressure of the sound waves in the xz-direction of the ALWA as shown in Figure 2.2
can be modeled as a linear combination of harmonic waves traveling in the positive and
negative directions, that is [11]:

p(z,t) = AedWithe(W=a)l o Beilwt=ke(W-a)] (2.18)

where k, is the wavenumber of the ALWA in the z-direction, and A and B are the
amplitudes of the forwards and backwards traveling waves respectively.

The Velocity is related to the pressure by [11]:

dp 1 ap 1 ” _ ,
t) = —— dt = Ake?teW=2) _ BE e=ke(W=2)| ciwt (919
u(z, ) = o jwpo Oz wpo { ¢ ]6 (2.19)

The specific acoustic impedance is defined as the ratio of the pressure and the velocity,
that is, Z = (m ) Let 2 = 0 be the position of the left internal wall of the ALWA cavity
and x = W be the position of the internal wall of the ALWA cavity that contains the
radiating orifice. Suppose that the impedances of the left and right walls are Z; and Zp,
respectively. Then these boundary conditions can be used to find the amplitudes A and
B as follows:

) pr (Ae]kf”w -+ Be_]kzw)w
) ky  (AelkW — BeikeW) giet

t

t
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, (2.20)
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Let Zy ., = pow/k, represent the characteristic impedance of the ALWA in the z-direction.
Then,

A+ B T+ Zoa
D= Ty 208 o g_p. 2R 200
=20 4B 71 — Zoa
gf+§§z€jka+Be ke W (221)
and Zp = Zow * 57t cikeW _ Bo—ikeW
Z1—Zox

Zr+ jZoq tan (k, W)
1+j% ZR - tan (kW)

— 7 = (2.22)

This equation is similar to the equation for translatlng impedance in a pipe along its
length (as given, e.g., by Kinsler et al. [11]), however, the characteristic impedance used
must be Zy, = pow/k, instead of Zy = pyc.

If the left wall is closed and rigid, the boundary condition at = = 0 must be replaced by
u(0,t) = 0. Hence:

w(0,t) = ky (AW — BeikaW) = = A = Be~2heW
Ble k=W 1 1) e—ikaW | gikeW

BlemW —1) O W — W

= k, = i {arctan(
7

Hence, Zr = Zy 4 -

= ZO,I COt(ka) (223)
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2. Theory

This equation for k, is similar to the case of the closed waveguide, but it contains an
additional term due to the influence of the slit. This additional arc-tangent term allows
for a non-zero value of k, for the case when n = 0 and hence this would allow leaky
wave radiation for the (0,0) mode. Furthermore, since Z;, depends on the wavenumber
k., this equation cannot be solved analytically and instead, numerical methods must be
used.

Expressions for the real and imaginary parts of k, can be obtained by expressing the
result in terms of the reflection coefficient, p,,, of the radiating orifice:

Zi - ZO,z

| elPro —
Zi+ 2o

Pro = |Pro (2.24)

where ¢,, is the phase of p.,.

Starting from the definition of the arc-tangent [18], we get the following:

M. - 'ZOz .
1 J JTJ Z 1 J Zz_'_ZOac
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Therefore, separate equations can be obtained for the real and imaginary parts of k,:

bro + 207 1 1
Relk,| = ——— d Imlk,|=—-1 . 2.26

Finally, k., and, therefore, a and f can be determined by substituting the complex value

of k, into the expression k, = \/kZ — k2.

Predicting the Mode Shape

The mode shape of the waves traveling inside the antenna can be found by substituting
the expression found for A in Eq. (2.23) into Eq. (2.18). The resulting equation for the
mode shape of mode (n,0) is

pn(z,t) = B (e‘jkxﬂ”(wﬂ) + e‘jkw’"(w_z)) eIt = Apme %W cos (ky ) (2.27)

where k, , denotes k, evaluated for mode (n,0) and A,,, is the amplitude of mode (n,m).
The mode shape for the modes in the y-direction are the same as for a closed waveguide,
since the walls are rigid on both ends in this direction. The total pressure is given by the
sum of all the modes excited in the waveguide, that is

mm

. 1 Zou
plz,y) = %Anmeﬂk”’”w cos (W arctan (j ZOI; ) + %x) cos (Hy) (2.28)
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2.3.2 Calculating the Slit Impedance

The surface impedance of a long slit can be expressed as [19, 20]

& Hg
2

12 -1
: tan (%)
Zs = jwWsp. pe=po |l — —F7= (2.29)

where Wg is the width of the slit as shown in Figure 2.2 and k' = ,/%, where pq is the
density of air and p is the coefficient of viscosity of air, which provides friction losses.

The general form of the radiation impedance of a long narrow slit excited by a plane wave
with angle © from the normal and an azimuthal angle of ® = 0 to the slit axis can be
formulated as [21]:

Z H (kHy) 2j
2 — kyHg { HY (kHg) — =22 ¢
Z(] 041S { 0 ( S) kHS T (kHS)2
m
5 [HY (kHs) - So(kHs) — Hg? (kHs) - sl<kHs>]} - (2:30)

where H?(z) is the Hankel function of the second kind, S,(z) is the Struve function,
k= ko (1 —sin?0©) and Zy, = pycy is the characteristic impedance of a plane wave in free
air.

The complex impedance can be decomposed in terms of its real and imaginary parts as
Z. = 7!+ jZ!. The real part of this equation can be approximated for a small value of
kHg as [21]:

(; - (’“ZS)Z + (k£;)4) (1 — (kHs)® + (kg5)4>] : (2.32)

This expression can be simplified further for values of kHg < 1 to the expression derived
by Lord Rayleigh in 1904 as [22]:

r

Zy 2

Z! koHs

, (2.33)

The imaginary part of the radiation impedance is related to the mass of air which oscillates
along with the mass inside the slit. Hence, Z” can be expressed in terms of an end
correction, Ad, representing the length of the prism containing this oscillating mass as
[21]:

Z!" = wpyAd. (2.34)

For a rectangular slit in a baffle wall, the end correction can be approximated by [21,
23]
H
Ad=—-"S1n [sin (geﬂ (2.35)

™
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2. Theory

where € = % is the perforation ratio. Since the slit has two openings (inside and outside),
the end correction must be multiplied by two to account for the mass oscillating on both
sides of the slit.

To obtain the specific impedance of the slit the impedances must be normalised by the per-
foration ratio, € [19].Therefore the total normalised input slit impedance can be expressed
as the sum of the surface impedance, Zg, and the radiation impedance, Z,, as

1

€

1. ZokoH, .
Z; (Zs+ Z,) = - <ijSpe + 22 20 5 —I—jwp02Ad> ) (2.36)

2.3.3 Calculating the Impedance of Periodically Spaced Holes

The surface impedance of a circular hole is given by [20]

B ) 2 i(sv=)]"
Zs = jwpel  pe = po ll sv—j JU(S\/__j)]

where s = r, /% and [ is the length of the cylindrical hole.

(2.37)

The radiation impedance of a circular hole at the end of a long tube for values of kr < 0.5
can be approximated as [24]:

1
Zy = ZpockST’Q + 0.61345 pocokr. (2.38)

The impedance at the end of a tube was chosen since for low frequencies, the baffle formed
by the antenna is small compared to the wavelength and behaves similarly to a long tube
[24]. Furthermore, to account for both ends of the hole, the imaginary part of Z;; must
be multiplied by two [25].

To obtain the specific impedance of the linear array of circular holes, the impedance must
be normalized by the porosity, ¢ [25]. This can be calculated as the ratio of the area of a
single hole and the closed area of the surface corresponding to that hole, that is

7'("/’2

0= e (2.39)

where b is the hole separation and H is the height of the ALWA cavity as shown in
Figure 2.3.

Figure 2.3: Section of the ALWA surface containing the circular holes.
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Furthermore, the mutual impedance of adjacent holes needs to be considered. The mutual
impedance of two identical holes with the same phase and amplitude is given by [26]

(2.40)

sin kb cos kb
le—Rn[ b + b ]

where Ry, is the real part of the radiation impedance of a single hole and k is the wavenum-
ber. Considering a single hole with N holes on either side with a hole spacing of b, the
total impedance of this hole would be:

(2.41)

N .
Z =7, 12, Z Ri, lsmnkb .COS nkb] ‘
n=1

kb ) Tk

Since this equation is only valid if the radiators all have the same phase and amplitude,
we will consider only the influence of the closest 2 holes. Hence, the total impedance of
each hole becomes:

z,= 0 [1 _ 2 JI(S\/—_J')]1

¢ sv/=Jj Jo(sv'—J)
poc (kor)? 2 (sinnkb  cosnkb
122\ T T

n=1

40

)1 +2x 0.6134jp;fkr. (2.42)

2.4 Metamaterial ALWASs

The negative refractive index, made possible by the use of metamaterials, allows the
ALWA to radiate not only in the endfire quadrant, but also in the backfire quadrant. In
2010, Bongard et al. [5] proposed a design for a Transmission Line (TL) metamaterial
with negative, zero and positive refractive indices. This metamaterial was used to design
an ALWA and tested experimentally by Naify et al. in 2013 [6].

2.4.1 Using Electroacoustic Analogies for Modeling ALWASs

Acoustic components can be modeled with analogies to the three main lumped elements
of electromagnetic elements. Acoustic masses can be modeled as an inductance and an
acoustic compliance is analogous to a capacitance. Losses and radiation can be modeled
using a resistance element. [27]

The components of a metamaterial ALWA can be modeled using combinations of these
elements. A section of waveguide can be modeled as a series mass with a parallel compli-
ance. An open duct that is short compared to the wavelength can be modeled as a shunt
mass and resistance. Finally, a membrane that is clamped at the edges is modeled as a
mass or compliance, for lower or higher frequencies respectively [27].

2.4.2 Obtaining Negative Refractive Index

A natural material with a positive refractive index can be modeled in TL theory as a mass
element in series with a compliance element in parallel. The dual topology of this set-up,

12
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Figure 2.4: Equivalent circuits of the different metamaterial ALWA components.

that is, a compliance element in series with a mass element in parallel produces a negative
refractive index. It should be noted that the dual topology can only be achieved by using
a periodic loading of shunt masses and series compliances. By combining the elements of
the natural material and the dual topology into a single unit cell, a Composite Right /Left
Hand (CRLH) TL can be achieved, that is a material which can have either positive or
negative refractive indices depending on the frequency. At low frequencies, the elements
of the dual topology dominate and produce a negative refractive index (Left Hand band),
while at higher frequencies, the natural material elements dominate, resulting in a positive
refractive index (Right Hand band). Using this design, it is possible to achieve a smooth
transition between the left and right hand bands. [5]

The physical design suggested by Bongard et al. [5] and tested by Naify et al. [6] consisted
of a cylindical waveguide operating in its dominant mode region (plane waves). The unit
cells of the metamaterial were composed of a membrane surrounded by narrow open
channels on both sides.

2.4.3 Metamaterial ALWA Properties

The ALWA parameters for the metamaterial structure can be calculated using Bloch
theory. This theory states that the propagation constant is given by [6]:

X2
v = a + jfBp = arccos (1 — >, Xx=2 v (2.43)
2 WR w

where wgr and wy, are the right and left hand cut-off frequencies, respectively, defined by

[6]:
1 1

) vy = —F/——.
\/(Mshunt + MTL) (Cshunt + CTL) \% MTLCmem

Here, the terms labeled M and C' are the mass and compliance of the shunt, TL and
membrane components (as indicated by the subscripts) which depend on the geometry
of the ALWA unit cell [5, 6]. Below w; and above wg, no propagation can occur in the
waveguide [6]. Tt is possible to have a band gap between the positive and negative index
regions; however, by tuning the parameters of the ALWA, this gap can be closed [6].

WR =

(2.44)
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Between fr = wy /27 and fr = wr/27, Bongard et al. [5] identified three key frequencies
of the metamaterial structure important for ALWA applications. They used a dispersion
diagram to demonstrate these frequencies and denoted them as fy, fi and f,. The dis-
persion diagram is a plot of the Bloch parameter, Sz multiplied by the lattice constant,
d, which represents the length of a single unit cell, plotted against the frequency. The
frequency fy is the transition frequency at which the refractive index goes from nega-
tive to positive. This frequency occurs when Sgd = 0 and for ALWA applications, this
corresponds to radiation at broadside.

The frequencies f; and f5 are the frequencies where the dispersion curve intersects with
the light lines (the dispersion curve in free air, K = £%). In the range f1 < f < fs, the
waves propagating within the waveguide satisfy the condition —ky < 8 < k¢, and therefore
leaky wave radiation can occur in this frequency range. The frequency f; is associated
with radiation at backfire while f; is associated with radiation at endfire. Outside of this
range, Bongard et al. [5] predicted that there should be very little radiation.

2.5 Applications of ALWAs

2.5.1 Acoustic Dispersive Prism

In 2016, Esfahlani et al. [7] created an ALWA which could act as an acoustic prism, anal-
ogous to the optical prisms which can split light into its different frequency components.
Designing such an acoustic dispersive prism is difficult compared to an optical prism due
to the two requirements that need to be met. The prism must be both dispersive and
have a low reflectivity. While these conditions are easily met in optics by shaped glass in
air, in acoustics, dispersion is typically negligible and there is often a large difference in
the impedance of a material and its surrounding medium.

Esfahlani et al. [7] noticed that with the use of a metamaterial ALWA, these problems
can be overcome. The CRLH TL metamaterial provides dispersion characteristics with
refractive indices ranging from negative to positive values. The impedance mismatch
is overcome due to the leaky wave nature of the ALWA. The matching of the parallel
components of the wavenumbers in the antenna and the surrounding medium causes waves
to leak from the waveguide and radiate at different angles according to the frequency.

The design for the dispersive acoustic prism proposed by Esfahlani et al. [7] achieved
results comparable to a superprism in the near-field with a compact design that is only
about twice the length of the wavelength. A superprism separates the frequency compo-
nents of a wave into significantly different angles. Esfahlani et al. also note that in the
far-field, the same ALWA design operated in the receiving mode leads to another useful
application as a direction finding device.

2.5.2 Single Microphone Direction Finding

Esfahlani et al. [8] used a metamaterial ALWA design similar to the design proposed
by Bongard et al. [5] to demonstrate single microphone direction finding. The design of
Esfahlani et al. differs from Bongard et al. by using flanged cylindrical ducts instead of

14



2. Theory

axisymmetric open channels. This was done to limit the radiation and sound detection
to a single half-space. The ALWA was also placed in a wooden baffle for the measure-
ments.

Esfahlani et al. [8] tested this antenna in both the radiating mode and the receiving
mode with FEM simulations and experimental measurements and found good agreement
between these and their theoretical model. The receiving mode uses a microphone placed
inside the ALWA to detect the direction of an external sound source. The conclusion
of the study was that the ALWA design possesses a monotonically increasing direction
with frequency, which is suitable for single microphone direction finding in the receiving
mode.

In 2016, Woolfe et al. [9] conducted a study about adapting metamaterial ALWAs for
underwater applications. Due to the small difference between the impedance of the water
and the walls of the waveguide, the walls of the antenna can no longer be considered
rigid. This can be used as a part of the design, since the walls will radiate leaky waves
without requiring holes in the ALWA. It is important to consider that in this case, the
impedance of the material chosen to construct the walls will have a considerable effect
on the properties of the ALWA. Woolfe et al. proposed the use of the wall thickness for
tuning the radiation pattern. If the thickness is varied along the length of the antenna
with a constant gradient, the radiation angle will move towards the side with the thinner
wall. This is due to the lower impedance of the thin wall, and hence the greater radiation.
The design proposed by Woolfe et al. is limited to radiation in the endfire quadrant, since
it does not incorporate metamaterials.

2.6 Modulation of the Design Parameters for Prac-
tical Applications

Modulating the parameters of the ALWA along its length can be used for various appli-
cations. One such application is the suppression of side-lobes for improved directional
radiation capabilities. In 2019, Lan et al. [28] designed a gradient amplitude ALWA con-
sisting of 39 unit cells chosen from 9 different designs. Each unit cell was composed of
a straight pipe with a clamped membrane, open channel and side-mounted Helmholtz
resonator. The width of the channel was tuned to achieve the desired radiation profile,
however such a modulation would introduce a phase change. To compensate for this Lan
et al. used Helmholtz resonators with tuned sizes to counteract the phase shift. They ver-
ified their design using Finite Element Method (FEM) simulations, achieving successful
suppression of the side-lobes while preserving the quality of the main-lobe.

In the electromagnetic domain, modulated LWAs have been successfully used for achiev-
ing novel radiation patterns. One such radiation pattern is the radiation of broad-beam
patterns as presented by Gomez-Tornero et al. [29]. The design presented utilized modula-
tion of the slot width and the slot position from the edge of the LWA to tune the scanning
range and broad beam shape. Using tapering of the same parameters, Gomez-Tornero
et al. [30] achieved a focusing of the radiation to a specific point in the near-field, hence
acting as a Leaky Wave Lens. The focal region of the Leaky Wave Lens could be scanned
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by changing the frequency.

By obtaining a TRE from the TEN for a particular type of ALWA, it becomes possible
to determine the modulations required to achieve specific radiation patterns. This was
demonstrated by Martinez-Ros et al. [31] for substrate integrated waveguide line-source
LWAs. Martinez-Ros et al. successfully manufactured and measured LWAs with reduced
side-lobes for frequency scanning, broad-beam radiation, radiation nulls and near-field
focusing using the TRE presented in their work.
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Methodology

This chapter discusses the methods employed for calculating numerical solutions of the
theoretical model and the procedures employed for the verification of this model. A de-
tailed description of the set-up of the Finite Element Method model in Comsol is provided.
Finally, the construction and measurement of the physical prototypes are described and
discussed.

3.1 Numerical Solution of the Theoretical Model

Since the equation for the complex propagation constant in the z-direction, k,, cannot be
solved analytically, a numerical solution is used instead. First, an estimate for the model
was calculated by solving the equation

1 Z
ky = W [arctan (Z(Z) + mr} (3.1)

where Zy = poc was used instead of Z;, = pow/k, to obtain an initial estimate.

This estimate was used as the starting point for the fminsearch command in Matlab.
This command uses the Nelder-Mead simplex algorithm to find a local minimum of the
given function [32]. The Nelder-Mead simplex algorithm iteratively modifies the value of
the variable until the stopping criteria are met [33].

A function was defined that would calculate the error between the estimate of the pre-
vious iteration, ki, and the result of the model calculated with Zy, = pow/kyimi- The
impedance of the radiating orifice, Z;, was assumed to not vary significantly with k,.
Hence, Z; was not recalculated within the optimization algorithm. A loop was constructed
to minimize the error function using the fminsearch command at every frequency, which
yields the values of k, that satisfy the TRE (i.e. Eq. 2.23) for all frequencies.

3.2 Simulating the ALWA in Comsol

To validate the theoretical model, simulations were carried out in Comsol Multiphysics
version 6.2, a simulation software that can perform Finite Element Method (FEM) cal-
culations.
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3.2.1 Constructing the Geometry

The geometry of the ALWA was defined in Comsol by creating the shape of the air inside
the antenna and in a small volume surrounding it. The solid material of the ALWA was
assumed to be a perfectly rigid material. The shape of the air inside the ALWA was
created using rectangles and difference functions. The region of air outside the ALWA
was created by using a sphere which was truncated at the top, bottom and backside to
reduce computation time. It was ensured by trial and error that not too much volume
was truncated or that the sphere was not made so small that the results of the simulation
would be significantly affected.

The dimensions of the ALWA model were parametrized, so that simulations can be run
for different sets of parameters. The parameters used are shown in Table 3.1.

Table 3.1: Table of parameters for the ALWA model

’ General Dimensions \ Slit Dimensions \ Hole Dimensions ‘

H - ALWA Cavity Height | Hg - Slit Height r - Hole Radius

W - ALWA Cavity Width | Og - Slit Offset | b - Hole Separation
L - ALWA Length Op - Hole Offset
d - Wall Thickness

Two sizes of ALWA were chosen to simulate the two modes under consideration. The
small antenna chosen for simulating the (0,0) mode has the dimensions

H = 16 mm, W = 46 mm, L =1.75m, d =2 mm, O =20 mm
and the large antenna chosen for simulating the (1,0) mode has the dimensions
H = 35 mm, W =95 mm, L =1.5m, d = 2.5 mm, O =20 mm.

These dimensions were chosen since they would result in a cut-off frequency that is low
enough for reasonably fast computation time. Another consideration was that material
was available for purchase in these dimensions for experimental verification. The length of
the antenna, L, was chosen such that it is around five times the wavelength corresponding
to the cut-off frequency in free air. The slit/hole offset, O, defines the distance between the
source and the start of the slit/holes. This was chosen to be small enough that there are
no resonances that can occur along this length below the cut-off of the (0,0) mode.

3.2.2 Setting the Boundary Conditions

The external boundaries of the truncated sphere were set with the Perfectly Matched
Boundary (PMB) condition. This condition applies the classical Perfectly Matched Layer
(PML) to a surface, which prevents strong reflections from occurring at this boundary
[34]. These external surfaces were also set with the External Field Calculation setting,
which allows for the extrapolation of the sound field outside the boundaries of the model
[35]. This was used to calculate the directivity of the ALWA in the far-field, at a dis-
tance of 10 m. The walls of the ALWA, except the source and termination walls, were
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(a) Perfectly Matched Boundary. (b) Sound Hard Boundary.

Figure 3.1: Boundary condition imposed on the different surfaces.

modeled as solid reflective boundaries. This imposes the rigid wall condition on these
surfaces [36].

In the ideal case, there should not be any reflections at the termination wall. This
was modeled in Comsol using a PMB at the wall of the termination. In practice, the
termination may be created by putting mineral wool in the end of the antenna to absorb
most of the sound energy.

Simulating the (0,0) Mode

For exciting the (0,0) mode in the ALWA, a velocity source condition was imposed on the
source wall such that this has a velocity of 0.1 m s~!. In practice, this is equivalent to

using a single loudspeaker or two loudspeakers operating in phase with each other.

Simulating the (1,0) Mode

Using a monopole source like for simulating the (0,0) mode in the frequency range of the
(1,0) mode results in the formation of two lobes simultaneously. Hence, to excite the (1,0)
mode in the ALWA to a larger extent than the (0,0) mode, the source wall was split into
two halves. One half was set with a velocity of 0.1 m s~ and the other half was set with a
velocity of —0.1 m s~!. In practice, this is equivalent to using two loudspeakers operating
with a 180° phase difference.

3.2.3 Setting the Mesh Size

The mesh size should ideally be about 1/6 of a wavelength [37]. If a constant mesh
size were used, corresponding to the mesh size needed for the highest frequency, the
computation time would be very long. Therefore, the mesh size was set to vary in size
with the frequency so that the simulations at lower frequencies are faster. In practice, a
mesh size of 1/5 of the frequency was found to be sufficient to obtain satisfactory results
that matched theoretical predictions, allowing shorter computation times. The mesh was
constructed from free tetrahedral quadratic Lagrange elements.
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3.2.4 Determining the Design Parameters from the Simulations

Post-processing was required to determine the design parameters from the results of the
simulations, which can be compared to the predictions of the theory model.

Angle of Radiation

A directivity plot was generated in Comsol from the External Field Calculation sound
pressure level data and exported as a text file. This file was loaded into Matlab and the
max command was used to find the angle corresponding to the maximum value of the
sound pressure level. This maximum would correspond to the position of the main lobe
of the radiation pattern. The input of the max command was restricted so that only data
between 0° and 90° were used to avoid capturing the lobe on the back of the antenna.

Leakage Rate

The leakage rate was estimated by calculating a surface integral of the active intensity
on a plane inside the cavity of the ALWA at a position close to the source and a position
close to the termination. This integration gives the power flowing through that surface.
The distance between the two planes was noted and the value of the leakage rate was
then calculated using Eq. (2.9).

3.3 Measuring Two Prototype ALWA Designs

3.3.1 Manufacturing the ALWAs

The ALWA was manufactured from rectangular aluminum tubes. Due to limitations on
the procurement of the necessary materials, only ALWA designs with circular holes were
tested. Two sets of dimensions were chosen for the experimental measurements. A small
antenna was constructed from a tube with inner dimensions of 16 mm x 46 mm and a
wall thickness of 2 mm. This antenna was cut to a length of 1.75 m. Holes were cut on
one face of the tube with a radius of » = 2 mm and a center-to-center hole separation of
b =15 mm. The dimensions of this antenna were chosen such that the cut-off frequency
of the (0,0) mode would lie around 1 kHz.

The holes of the small antenna were cut using a water pressure cutter as shown in Figure
3.2a. This cutting method was chosen since it is fast and precise. Also, this method leaves
less burrs on the inside of the ALWA compared with drilling, which would be difficult to
remove due to the length of the tube. The bed of the water pressure cutter was smaller
than the length of the ALWA, whereby it was cut into two smaller pieces that were treated
separately. The two pieces were aligned using an aluminum support and metal wires and
the gap was sealed with tape.

A large antenna was constructed from a tube with inner dimensions of 35 mm x 95 mm
and a wall thickness of 2.5 mm. The large antenna was cut to a length of 1.5 m. Holes
were cut on one face of the tube with a radius of » = 4 mm and a center-to-center hole
separation of b = 30 mm. The dimensions of this antenna were chosen such that the
cut-off frequency of the (1,0) mode would lie around 2 kHz.
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A &

(a) Water Cutting. (b) Drilling.

Figure 3.2: Cutting techniques for making the holes in the aluminum tube.

The holes of the large antenna were drilled using a milling machine as shown in Figure
3.2b. This method was chosen since the smaller number of holes meant that drilling would
be more efficient for manufacturing than by using the water cutter. The larger size of the
holes also allowed for the holes to be deburred from the outside.

A sound source is needed for the ALWA to operate in the radiating mode. Plastic fixtures
were manufactured using 3D-printing to hold the loudspeakers in place at the source
end. The fixtures were attached to the ALWAs and sealed using tape. Two different
terminations were made to test different conditions. An absorbing termination was made
by folding a sample of mineral wool and placing this inside the end of the ALWA. A
reflecting termination was made by cutting a plate of aluminum that was attached using
tape to cover the end of the ALWA. The ALWA prototypes, loudspeaker fittings and
terminations are shown in Figure 3.3.

> Small ALWA

Absorber

(b) Loudspeaker Fittings. (c) Terminations.

Figure 3.3: The manufactured ALWAs, loudspeaker fittings and terminations.
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3.3.2 Apparatus and Set-up

Audio Interface

A Focusrite Scarlett 4i4 Audio Interface, shown in Figure 3.4, was used to connect the
audio devices to the measurement computer. The audio interface was connected to the
computer using a USB connector. The computer supplied the output signal for the loud-
speakers and received the measurement data from the microphone. The input channel of
the audio interface was connected to the microphones (via the power module), and the
output channel was connected to the loudspeakers (via the power amplifier). A loop-back
was connected from one of the output channels to an input channel to directly measure
the loudspeaker’s input signal.

To Microphones
(via Power Module)

Loop-back

(a) Front Panel. (b) Back Panel.

Figure 3.4: The Focusrite 4i4 Audio Interface.

Power Module and Measurement Microphone

A GRAS Power Module Type 12AA (Figure 3.5a) was used to supply the GRAS 46AF
free-field measurment microphone (Figure 3.5b) with the required voltage. The input
channel was connected to the microphone, while the output channel was connected to
the Audio Interface. A free-field microphone was chosen, since the anechoic chamber is
designed to simulate free-field conditions. A second microphone of the same model was
used for repeated readings.

(a) Microphone Power Module. (b) Microphone.

Figure 3.5: The GRAS Power Module Type 12AA and GRAS 46AF Free-Field

measurement microphone.

22
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Power Amplifier

A Fosi Audio ZA3 Power Amplifier, shown in Figure 3.6 was used to amplify and supply
the signal for the loudspeakers. The output was set in Mono mode, since only one loud-
speaker signal was needed. The output channels were connected to a phase switch inside
the anechoic chamber. The input signal was supplied from the Audio Interface.

i e s e

(a) Front Panel. (b) Back Panel.
Figure 3.6: The Fosi Audio ZA3 Power Amplifier.

Phase Switch

The phase switch is a in-house built switch which takes a single input signal and provides
two output signals for powering two loudspeakers. The switch has two settings. In the 0°
setting, the two loudspeakers are fed with the same signal in phase. In the 180° setting,
one of the loudspeakers is fed with the original input signal while a phase difference of
180° is applied to the other. The phase switch is shown in Figure 3.7.

Loudspeakers

Figure 3.7: The ALWA placed on the rotating table with the loudspeakers attached
and connected to the phase switch.

Rotating Table

A Varisphear rotating table, shown in Figure 3.7, was used to rotate the ALWA so that
the frequency response function could be measured at different angles. The rotating table
was controlled by the measurement computer via a network cable. The rotating table was
powered by a Power Supply Unit placed outside the anechoic chamber.
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3. Methodology

Loudspeakers

Two different models of loudspeakers were used for the two sizes of antennas. For the
small antenna, a pair of Visaton K-16 loudspeakers were used. These loudspeakers have
a diameter of 16 mm and fit inside the cross-section of the small antenna. For the large
antenna, a pair of Visaton BF 32 S WP loudspeakers were used. These loudspeakers have
a flange with dimensions 32 x 32 mm and fit within the large antenna. The loudspeakers
were attached to each respective fitting as shown in Figure 3.3b, and the fitting was
attached to the ALWA and secured with tape. The loudspeakers were connected to the
two outputs of the phase switch, allowing these to be operated in or out of phase.

3.3.3 Measurement Procedure

After all the equipment was set up and connected as described above, the ALWA was
mounted on the rotating table using double-sided tape. The initial angle, 6;, was mea-
sured before starting the directivity measurements. This was done by measuring the
perpendicular distances x,, and y,, as shown in Figure 3.8a from the microphone to the
center of the ALWA. The initial angle can then be determined as:

0; = arctan Jm (3.2)
J;m

The uncertainty of the measurement of the perpendicular distances was estimated to
be +10 cm due to the movement of the net while standing at different positions. The
uncertainty of the initial angle can be calculated as [38]

agz ? 8‘91 ? ymAxm ? xmAym ?
A@i_«axmm) (2 00) _J(_M) ()

where Az, and Ay, are the uncertainty of z,, and y,, respectively.

Rotating
Table
ALWA [ . Lo
N i
o/ .
. !
\\\ :
\ 1
\\ Ym :
Ay 1
\\ :
\\ .
\ 1
\ 1
\\\ :
AL <
Microphone b 25
(a) Geometry of the set-up. (b) Photo of the Set-up.

Figure 3.8: The measurement set-up.
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A Matlab program was used to generate sine sweep signals and perform linear decon-
volution to obtain the frequency response function of the system. This method can be
performed efficiently by padding the signal with zeros to double the Fast Fourier Trans-
form (FFR) block length and then applying the FF'T to both the input and output signals.
The output spectrum is divided by the input spectrum and the impulse response can be
obtained using an inverse FFT [39].

The Matlab program was configured to rotate the ALWA in intervals of 1° and perform the
sweep measurement at each angle, saving each of the resulting impulse response functions.
An FFT was performed on the measured impulse response for each measured angle to
obtain the directivity of the antenna, which is the magnitude of the frequency response
function.

The measurement was repeated for different microphone positions, measuring up to two
positions simultaneously. The two ALWAs were measured in four different microphone
positions for all possible combinations of termination (absorber or reflector) and source
(monopole or dipole). The measurements taken are summarized in Table 3.2.

Table 3.2: Summary of measurements.

’ ALWA \ Termination \ Source \ Positions ‘

Monopole
Absorber —p
Dipole
Large 1-4
Monopole
Reflector ———"
Dipole
Monopole
Absorber Divole (i)le
Small P 5-8
Monopole
Reflector +——"—
Dipole

The microphone positions were recorded and are listed in Table 3.3.

Table 3.3: Microphone Positions.

| Position | , /cm |y fem | 6]
1 240+ 10 | 450 £10 | 62° £ 1°
210 £ 10 | 210 + 10 | 45° £ 2°
240 £ 10 | 260 4+ 10 | 47° £ 2°
230 £10 | 360 & 10 | 57° £ 1°
250 £10 | 450 10 | 61° £ 1°
250 £10 | 230 10 | 43° £ 2°
2404+ 10 | 370 £10 | B7° £ 1°
240410 | 300 £10 | b1° £ 1°

QO | O T = W N

The measured directivities were used to determine the radiation angle by finding the angle
of the maximum magnitude. This was made using the max command in Matlab in the
same way as for the Comsol simulation results. The directivity was then normalized with
respect to the maximum value for each frequency and converted to a decibel scale.
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3. Methodology

The leakage rate was estimated from the magnitude of the reflected lobe in the backfire
quadrant, using the measurements terminated with the reflector, as [40]

0% . wad(dB> - bed(dB)

- = 3.4
ko ko - 20L logy,(e) (3.4)

where G yi(dB) and Gpue(dB) are the gains of the forward and backward lobes in dB,
respectively, and L is the length of the antenna.

The radiation angle and leakage rate obtained from each microphone position were aver-

aged. The uncertainty of the averaged values was calculated using the following formula
[41]

s

Uncertainty = ¢ ne1 X —= 3.5

y 0.025,n—1 \/ﬁ (3.5)

where s is the standard deviation, n is the number of measurements and #p 9253 = 3.18

is determined form Student’s ¢ distribution such that the uncertainty represents a 95 %

confidence interval.
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4

Results and Discussion

This chapter presents the results of the theoretical model, the FEM simulations and the
experimental measurements. Plots of the radiation angle and leakage factor are shown
for different dimensions of the ALWA. Directivity plots, sound pressure plots and sound
pressure level plots are also shown for the FEM simulation. Finally, the experimental
measurements, the Comsol simulations and the theoretical model are compared for the
ALWA with holes in two different sizes.

4.1 Predicted Properties of the ALWA

The theory predicts that the antenna should produce radiation for different modes (n,0)
in the z-direction. Each mode has a cut-off frequency, below which the ALWA radiates at
a constant angle close to broadside. Above the cut-off, the radiation angle increases with
frequency non-linearly as shown in Figure 4.1a. When the ALWA is excited by a source
that has equal velocity along the cross-section of the cavity, all modes that have a cut-off

frequency lower than the excitation frequency are excited simultaneously. In Figure 4.1a,
the (0,0) and (1,0) modes are plotted.

90 0.5

0451

0.4r

03

O (deg)

¢l£0.25

02r

01 A

005 7

0 T
0 1000 2000 3000 4000 5000 6000 500 1000 1500 2000 2500 3000
[/ Hz F / Ha

(a) Radiation Angle. (b) Leakage Factor.

Figure 4.1: Trends of the Radiation Angle and leakage factor predicted by the theory.
The total normalized leakage factor and its active and reactive components are shown
in Figure 4.1b. The total leakage factor below the cut-off is high and decreases as it

approaches the cut-off frequency. The reactive component of & dominates in this frequency
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4. Results and Discussion

range. Above the cut-off frequency, the total leakage factor decreases. At frequencies
significantly above the cut-off, the change of the leakage factor with frequency is very
small. Above the cut-off frequency, the active component of o dominates. At the cut-off
frequency, the active and reactive components of « are of equal size.

4.2 Plots of the Comsol simulation results

From the Comsol simulation, directivity plots and surface plots are made of the pres-
sure and sound pressure level (SPL) on the plane parallel to the length of the antenna
intersecting through the midpoint of the antenna along its height.

4.2.1 Directivity Plots

The directivity plots shown in this section were exported from Comsol, normalized with
respect to the maximum SPL and truncated to show only data which is within 20 dB of the
maximum. The plots on the left side in this section depict the directivity for frequencies
below the cut-off frequency of the mode (n,0), f.,, and the simulated frequency that is
closest to the cut-off. The figures on the right show the directivity for the frequencies
above the cut-off frequency.

(0,0) Mode

The directivity plots for the small antenna with a slit with H;, = 3 mm and with holes
with » = 2 mm and b = 15 mm, operated in the (0,0) mode with a monopole source,
are shown in Figures 4.2 and 4.3 respectively. The cut-off frequency of the (0,0) mode
predicted by the theoretical model is f,.o ~ 1230 Hz for the slit ALWA and f.o ~ 780 Hz
for the ALWA with holes.

For frequencies significantly below f., the directivity is almost omnidirectional. As the
frequency approaches f.o, the directivity becomes more elliptical with the major axis
pointing at 0°. Above f.o, lobes start to appear whose angle increases with increasing
frequency. For frequencies just above the cut-off, the beam-width is larger.

-

/=500 Hz 330° 0 30° ———— /=1300 Hz
F=1700 Hz F=1500 Hz

f=900 Hz
——— /=1100 Hx
f=1200 Hz

f=1700 Hz
f=1900 Hz

300° 60°

90° 270° 90°

240°

210°

180°

(a) Slit ALWA, f < f.o. (b) Slit ALWA, f > f.o.

Figure 4.2: Directivity plots of the slit ALWA operated in the (0,0) mode.
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——— /=500 Hz
/=600 Hz
J=T700 Hz
f=800 Hz

——— /=900 Hz
/=110 Hy
7=1300 Tz
f=1500 Hz
f=1700 Hz
f=1900 Hz

330°

300°

90° 270° 90°

240°

210°

180°

(a) Holes ALWA, f < feo- (b) Holes ALWA, f > f.o.

Figure 4.3: Directivity plots of the ALWA with circular holes operated in the (0,0)
mode.

(1,0) Mode

The directivity plots for the large antenna with a slit with H; = 3 mm and with holes with
r =4 mm and b = 30 mm, operated in the (1,0) mode with a dipole source are shown in
Figures 4.4 and 4.5 respectively. The cut-off frequency of the (1,0) mode predicted by the
theoretical model is f.; ~ 2000 Hz for the slit ALWA and f.; ~ 1910 Hz for the ALWA
with holes.

Below f. 1, the directivity is partly elliptical with the major axis pointing toward 0°.
However, a small lobe can be detected near endfire which corresponds to the radiation
angle of the (0,0) mode. The magnitude of this lobe becomes smaller relative to the
maximum as the frequency approaches f.; and the (1,0) mode becomes dominant. Hence,
it can be concluded that the dipole source successfully isolates the (1,0) mode from the
(0,0) mode. Above f,. 1, distinct main lobes appear whose angle increases with increasing
frequency. The beam-width of the lobes in this mode is narrower than for the (0,0) mode
for both the case of the slit and the circular holes.

f=1500 Hz 330°
F=1600 Hz
F=1700 Hz
F=1800 Hz
[=1900 Tz
£=2000 Hz

——— f=2100 Hz
f=2300 Hz
£=2500 Hz
f=2700 Hz
£=2900 Hz

300° 300°

270° 270° 90°

240° 240° 120°

210° 150° 210° 150°
180° 180°

(a) Slit ALWA, f < 1. (b) Slit ALWA, f > f.1.

Figure 4.4: Directivity plots of the ALWA operated in the (1,0) mode from Comsol
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J=1500 Hz 330° 7=2000 Hz
—— f=1600 Hz f=2200 Hz
F=1700 Tz F=2400 Tz
F=1800 Hz F=2600 Hz
300° f=1900 Hy 300° 60° ?jéggg e
270° 90° 270° 90°
240° 240° 120°
210° 150°
180°
(a) Holes ALWA, f < fe1. (b) Holes ALWA, f > f.;.

Figure 4.5: Directivity plots of the ALWA operated in the (1,0) mode from Comsol.

4.2.2 Pressure Plots

Pressure plots for the small antenna with circular holes with » = 2 mm and b = 15 mm,
operated with a monopole source, are shown for different frequencies in Figure 4.6. The
cut-off frequency for this antenna in the (0,0) mode is about 780 Hz. Hence, Figure 4.6a
shows the behavior of the antenna below the cut-off frequency of the (0,0) mode. It can
be seen that the sound pressure inside the ALWA decays quickly along the length of the
antenna. The radiation pattern is similar to a point source at this frequency.

Figures 4.6b and 4.6¢ show the pressure field of the ALWA when it is operated above
the cut-off of the (0,0) mode. A wave can be clearly observed to propagate inside the
ALWA with a decreasing wavelength as the frequency increases. The radiation shown is
clearly directional, forming a series of wavefronts with a consistent angle that increases
with frequency.

R __—\\,
| | e e e ] .I YV Yy Ty /\
> -7__7-7--/’ . §
(a) f = 600 Hz (b) f = 1000 Hz (c) f = 1500 Hz

Figure 4.6: Pressure plots for the small antenna operated with a monopole source.

Pressure plots for the large ALWA with holes with » = 4 mm and b = 30 mm, oper-
ated with a dipole source, are shown for different frequencies in Figure 4.7. The cut-off
frequency of the (1,0) mode for this antenna is about 1910 Hz. Below the cut-off of the
(1,0) mode, shown in Figure 4.7a, it can be seen that a plane wave propagates inside the
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waveguide corresponding to the (0,0) mode. However, the radiation from this mode is
small and the pressure field outside of the antenna is similar to that of an omnidirectional
source.

Figures 4.7b and 4.7c show the pressure field of the ALWA when it is operated above the
cut-off of the (1,0) mode. Above this cut-off, the directionality of the radiation can be
clearly seen, with the angle increasing with increasing frequency. Inside the antenna, the
pressure field is split into two halves with opposite sign. This indicates that the (1,0) mode
dominates the propagation inside the antenna, when operated with a dipole source.

(a) f = 1500 Hz (b) f = 2000 Hz (c) f = 2500 Hz

Figure 4.7: Pressure plots for the large antenna operated with a dipole source.

4.2.3 Sound Pressure Level Plots

Sound pressure level (SPL) plots for the same antenna as plotted in Figure 4.6 (i.e. with
a monopole excitation), with a cut-off of the (0,0) mode at about 780 Hz, are shown in
Figure 4.8. At 600 Hz, it can be seen that the SPL has decayed to ambient levels about
half-way through the length of the ALWA. Above the cut-off frequency, the SPL is large
in a region in front of and behind the ALWA within a certain angle, which approaches
endfire for higher frequencies.

(a) f =600 Hz (b) f = 1000 Hz (c) f = 1500 Hz

Figure 4.8: SPL plots for the small antenna operated with a monopole source.
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SPL plots for the same antenna as plotted in Figure 4.7 (i.e. with a dipole source), with
a cut-off of the (1,0) mode at about 1910 Hz, are shown in Figure 4.9. Below the cut-off
of the (1,0) mode, the SPL is largest inside the cavity of the ALWA and the radiation is
not very strong. Above this cut-off, there is very strong radiation, which is concentrated
at particular angles, which increase with increasing frequency.

(a) f = 1500 Hz (b) f = 2000 Hz (c) f = 2500 Hz

Figure 4.9: SPL plots for the large antenna operated with a dipole source.

4.3 Comparison of the Theory and the Comsol Sim-
ulations

For the figures shown in this section, the radiation angles predicted by the theory and
simulated in Comsol are shown in the top graph, plotted as a function of frequency. The
bottom graph depicts the active component of the leakage factor predicted by the theory
and simulated in Comsol, normalized by ky = w/c.

4.3.1 ALWA with a Slit
(0,0) Mode

The results of the Comsol simulation and the theory model for the small antenna with
a slit operated in the (0,0) mode are compared in Figure 4.10 for various slit heights.
There is good agreement in the radiation angle between the simulation and the theory
at high frequencies, however, as the frequency approaches the cut-off frequency and be-
low, the radiation angle predicted by the theory is much higher than the result of the
simulation.

The leakage factor predicted by the theory is also much higher than the value estimated
from the Comsol results for all frequencies above the cut-off frequency. Below the cut-off
frequency, the theory and simulation results have opposite trends, wherein the theory
trends downwards with decreasing frequency, while the simulation results trend upwards.
This may be due to the method used to estimate the leakage factor from the Comsol
results. As shown in the SPL plot in Figure 4.8a, the SPL at the termination has decayed
to the noise floor at the measurement point close to the termination for frequencies below
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the cut-off frequency. Hence, the estimation of the leakage factor becomes no longer
accurate.
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Figure 4.10: Results of the Comsol simulation compared to the theoretical model for
the ALWA with a slit operated in the (0,0) mode for different slit heights Hy.

(1,0) Mode

The results of the Comsol simulation and the theory model for the large antenna with a
slit operated in the (1,0) mode are compared in Figure 4.11 for various slit heights. There
is good agreement in the radiation angle between the simulation and the theory at all
frequencies. The radiation angle deviates slightly below the cut-off, but not as much as
in the case of the (0,0) mode.

The leakage factor predicted by the theory agrees closely with the simulation results at
high frequencies, but deviates significantly at frequencies close to the cut-off frequency.
Below the cut-off, the leakage factor seems to decrease with decreasing frequency, as pre-
dicted by the theory. This difference from the (0,0) mode simulation may be because
below the cut-off for the (1,0) mode, a wave propagates in the (0,0) mode inside the an-
tenna even when this is operated by a dipole source, whereby the power at the termination
is above the noise floor and can be estimated correctly.
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Figure 4.11: Results of the Comsol simulation compared to the theoretical model for
the ALWA with a slit operated in the (1,0) mode for different slit heights Hg.

4.3.2 ALWA with Circular Holes
(0,0) Mode

The results of the Comsol simulation and the theory model for the small antenna with
circular holes operated in the (0,0) mode are compared in Figure 4.12 for various hole
radii and hole separations.

The theoretical model and Comsol simulation show good agreement for all of the consid-
ered dimensions, particularly for the radiation angle. The agreement is less good for the
leakage factor, but it is satisfactory above the cut-off frequency. Below the cut-off, the
leakage factor is observed to increase with decreasing frequency in the Comsol model but
the opposite is predicted by the theory. This may be due to the estimation method for
the leakage factor in Comsol as discussed for the slit ALWA.

It can be seen that the error between the theory model and the Comsol simulation in-
creases when the hole separation is decreased and/or the radius is increased. This sug-
gests that there is an error in the function used to model the hole interaction since this
is stronger when the holes are large or more closely spaced.
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Figure 4.12: Results of the Comsol simulation compared to the theoretical model for
the ALWA with circular holes operated in the (0,0) mode for different radii, r, and
hole separations, b.
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(1,0) Mode

The results of the Comsol simulation and the theory model for the large antenna with
circular holes operated in the (1,0) mode are compared in Figure 4.13 for various hole
radii and hole separations. At some frequency below the cut-off frequency, the simulation
results of the radiation angle show a jump to around 70°. This is because the radiation
from the (1,0) mode is so small at these low frequencies that the lobe due to the (0,0)
mode is detected even though the system has very little excitation in this mode due to
the dipole source.

The theory model and the Comsol simulation show very good agreement for all of the
dimensions tested. The opposite trends of the leakage factor below the cut-off frequency
for the simulation and the theory noted for the (0,0) mode is not observed in the results

for the (1,0) mode.
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Figure 4.13: Results of the Comsol simulation compared to the theoretical model for
the ALWA with circular holes operated in the (1,0) mode for different radii, r, and
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4.4 Discussion on the effect of different dimensions
on the behavior of the ALWA

The parameters that affect the properties of the ALWA according to the theoretical model
are the same parameters as shown in Table 3.1, excluding the slit/hole offset and the
ALWA length. The effect of changing these parameters, a predicted by the theoretical
model is demonstrated in this section.

Initial dimensions were chosen as
H=16mm, W=46mm, d=2mm, Hg=3mm, r=4mm, b=30mm,

then, one dimension was changed at a time to evaluate its effect.

4.4.1 Dimensions of the Radiating Orifice
Slit Height

Figure 4.14 shows the effect of changing the slit height on the radiation angle and the
leakage factor of a slit ALWA. Increasing the slit hight results in the cut-off frequency
increasing and a higher leakage factor. The curve of the radiation angle also flattens out
for frequencies close to the cut-off frequency.

——Hs =1 mm - (0,0) Mode

g0 - - =-Hs=1mm- (1,0) Mode

~ Hg =3 mm - (0,0) Mode
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- = =Hg=>5mm - (1,0) Mode

Figure 4.14: Parameter study of the slit height.

Wall Thickness

Figure 4.15a shows the effect of changing the wall thickness on the radiation angle and
the leakage factor of a slit ALWA. Changing the wall thickness does not influence the
results a lot. Decreasing this parameter results in a slight flattening of the radiation angle
curve near the cut-off frequency and a small increase in the cut-off frequency. Increasing
the wall thickness also results in a slightly smaller leakage factor.
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The effect of the wall thickness on the ALWA with circular holes is shown in Figure 4.15b.
Similar to the case of the slit ALWA, this parameter does not affect the radiation angle
or the leakage factor very much.
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Figure 4.15: Parameter study of the wall thickness.

Hole Radius

Figure 4.16 shows the effect of changing the hole radius on the radiation angle and the
leakage factor of a ALWA with circular holes. Increasing the radius of the holes shifts the
cut-off frequency upwards significantly. ALWAs with a small hole radius have a smaller
leakage factor and a steeper increase in the radiation angle for frequencies close to the
cut-off frequency.
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Figure 4.16: Parameter study of the hole radius.

Hole Separation

The effect of the hole separation on ALWAs with circular holes is shown in Figure 4.17. It
can be seen that increasing the hole separation causes the cut-off frequency to decrease.
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The leakage factor is not affected a lot for the (0,0) mode, however, reducing the hole
separation increases the leakage factor for the (1,0) mode. It should be noted, however,
that at high frequency the hole separation is limited by the wavelength, since it must be
significantly shorter than this.
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Figure 4.17: Parameter study of the hole separation.

4.4.2 Dimensions of the ALWA Cavity
Cavity Height

The effect of the cavity height on the slit ALWA and the ALWA with circular holes is
shown in Figure 4.18. In both cases, increasing the height causes the cut-off frequency to
decrease. The leakage factor shows opposite trends for the two different modes, increasing
with the height for the (0,0) mode, but decreasing for the (1,0) mode.
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Figure 4.18: Parameter study of the cavity height.
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Cavity Width

Since the ALWA width does not feature in the equations for the impedance of the slit or
the holes, this parameter should affect both types of ALWA in a similarly. Figure 4.19
shows the effect of the cavity width on the ALWA with circular holes. It is clear that the
width has a large influence on the cut-off frequency of the (1,0) mode, but a much smaller
influence on the cut-off of the (0,0) mode. For both modes, increasing the width causes
the cut-off frequency to decrease.
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Figure 4.19: Parameter study of the cavity width for the ALWA with circular holes.

4.5 Comparison with the Radiation Angle and Leak-
age Factor from the Experimental Measurements

The radiation angle and leakage factor were calculated from the experimental measure-
ments. The radiation angle was calculated from the measurements of the directivity with
an absorber termination while the leakage factor was calculated from the measurements
with a reflector termination using Eq. (3.4). The results presented in this section are the
average values of these parameters calculated from the measurements in four different
microphone positions. The uncertainty shown in the graphs in this section was calculated
according to Eq. (3.5).

4.5.1 Large Antenna

Monopole Source

The results of the radiation angle and leakage factor for the large antenna operated with
a monopole source compared to the results of the theoretical model and the Comsol
simulations are shown in Figures 4.20 and 4.21 respectively. There is good agreement
between the measurements, simulations and theory in frequencies above 1500 Hz and
below about 1000 Hz. However, for a small frequency range around 975 Hz, the measured
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results deviate to a large extent from the simulation and the theory. This deviation is
likely due to a resonance within the antenna. The leakage factor agrees closely with
the theory, particularly for frequencies above around 1300 Hz. Below this frequency, the
measured value of « is slightly higher between 1000 Hz and 1300 Hz and slightly lower
below 1000 Hz.

Furthermore, for frequencies below 1000 Hz, deviations with large discrepancies between
the four measurements (as indicated by the large error bars) occur at periodic intervals of
about 100 Hz. The length of the large antenna was primarily designed for operation in the
(1,0) mode, with frequencies above 1500 Hz. Therefore, at lower frequencies, the length of
the antenna may be only a few wavelengths, which could disturb the ALWA’s operation.
The deviations at multiples 100 Hz may correspond to resonances along the length of
the ALWA caused by waves which are not sufficiently absorbed by the termination and
reflected, forming a standing wave pattern.
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Figure 4.20: Comparison of the measured radiation angle with the Comsol simulation
and the theoretical model for the large ALWA operated with a monopole source.
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Figure 4.21: Comparison of the measured leakage factor with the Comsol simulation
and the theoretical model for the large ALWA operated with a monopole source.
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Dipole Source

The results of the radiation angle and leakage factor from the experimental measurement
of the large antenna operated with a dipole source are shown in Figures 4.22 and 4.23
respectively. Very good agreement is observed between the theory, Comsol simulation
and measurements for the radiation angle at all frequencies above the cut-off frequency.
The measured leakage factor was slightly higher than predicted by the theory and the
simulation.
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Figure 4.22: Comparison of the measured radiation angle with the Comsol simulation
and the theoretical model for the large ALWA operated with a dipole source.
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Figure 4.23: Comparison of the measured leakage factor with the Comsol simulation
and the theoretical model for the large ALWA operated with a dipole source.

4.5.2 Small Antenna

Monopole Source

Figures 4.24 and 4.25 show the results of the experimental measurement of the small
ALWA operated with a monopole source. Both the measured radiation angle and the
leakage factor demonstrate good agreement with the theory and FEM simulation, except
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in a small frequency range at about 2050 Hz. In this range, there are large discrepancies
between the measurements at different positions as indicated by the large error bars.
This is similar to the deviation observed for the large antenna operated by a monopole
source, but the frequency range is shifted upwards. This suggests that this effect may be
dependent on the width of the ALWA cavity.
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Figure 4.24: Comparison of the measured radiation angle with the Comsol simulation
and the theoretical model for the small ALWA operated with a monopole source.
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Figure 4.25: Comparison of the measured leakage factor with the Comsol simulation
and the theoretical model for the small ALWA operated with a monopole source.

Dipole Source

The results of the experimental measurements for the small ALWA operated by a dipole
source are shown in Figures 4.26 and 4.27. The results show poor agreement with the the-
ory for both the radiation angle and the leakage factor. The radiation angle follow similar
trends, but the theory is about 5° higher than the measured angle for all frequencies. The
constant offset means that it may be possible that the ALWA is effectively not radiating
from the center but at a location closer to the source. A 5° offset corresponds to radiation
from a quarter of the total length at 0°. The location of the source of radiation which
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produces an offset of 5° moves towards the source as 6, increases. The measured leakage
factor is much higher than predicted by the theory. This might be because most of the
power inside the ALWA was radiated before being reflected at the termination.
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Figure 4.26: Comparison of the measured radiation angle with the Comsol simulation
and the theoretical model for the small ALWA operated with a dipole source.
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Figure 4.27: Comparison of the measured leakage factor with the Comsol simulation
and the theoretical model for the small ALWA operated with a dipole source.

4.6 Directivity Plots of Experimental Results

To investigate the results of the experimental measurements further, directivity plots
can be made to show the whole measurement in a single figure using a 2D surface plot
and to observe the directivity pattern at particular frequencies using polar plots. The
theoretically predicted radiation angle is plotted in black on the 2D surface plots. The
plots shown in this section are taken from the measurements taken in Position 1 (for the
large ALWA) and Position 5 (for the small ALWA). The estimated uncertainty of these
plots is the same as the uncertainty of the initial angle of the microphone position from

Table 3.3.
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4.6.1 Large Antenna

Monopole Source

Figure 4.28 shows the 2D surface directivity plots for the large ALWA operated with a
monopole source. It can be seen that the radiation of the ALWA generally follows the
trend predicted by the theory. In a narrow band around 1000 Hz, the radiation goes
to broadside and increases back to the predicted angle. Beyond the cut-off frequency of
the (1,0) mode, a side-lobe that follows the trend of the theoretically predicted radiation
of this mode appears. It can be seen that when the reflector termination is used, the
radiation increases and decreases with a period of about 100 Hz. This likely corresponds
to the resonance along the length of the ALWA. This periodicity can also be observed for
the measurement with the absorber termination, however, the effect is less pronounced in
this case.

The resonance of a quarter-wave resonator (a closed-open pipe) along the width of the
ALWA can be calculated as:

c 343 m s~ !
fr

T AW T 4x0.09 m

This frequency is lower than the frequency of the disturbance, but it is rather close.

— 903 Hz. (4.1)

The resonance of a half-wave resonator (a closed-closed pipe) along the length of the
ALWA can be calculated as:

c 343 m s~ !
fr -

T 9L 2x15m

This is consistent with the periodic fluctuations of the radiated sound power observed in

the case of the reflector termination.
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Figure 4.28: 2D-surface directivity plot for the experimental measurement of the large
antenna operated with a monopole source

The corresponding polar plots of the directivity are shown in Figure 4.29. Figure 4.29a
shows that below the cut-off frequency of the (0,0) mode, there is no discernible radiation
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pattern, with many random spikes in the measurement. At 300 Hz, closer to the cut-off
frequency, the radiation seems to be approximately omnidirectional. Once the cut-off of
the (0,0) mode is exceeded, distinct lobes become visible as shown in Figure 4.29b. At
the frequency range of the deviation from the theory, shown in Figure 4.29c¢, it can be
seen that there is a strong lobe that forms at broadside, whose radiation angle increases
quickly with frequency, approaching the predicted angle. Above the cut-off of the (1,0)
mode, as shown in Figure 4.29d, the side-lobes corresponding to this mode can be clearly
seen. The angle of the side-lobes increases with frequency, starting close to broadside at
1800 Hz and increasing to around 55° at 3000 Hz.

Comparing Figures 4.29b and 4.29¢, it can be seen that the absorber used does not reduce
the back-lobe significantly for some of the lower frequencies between 600 Hz and 900 Hz.
Comparing Figures 4.29d and 4.29f considerable reduction in the back-lobe can be seen
for the high frequencies above 1300 Hz.
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Figure 4.29: Polar plots of the large ALWA operated with a monopole source
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Dipole Source

The 2D surface directivity plots of the measurements of the large antenna operated with
a dipole source with the absorber and reflector terminations are shown in Figure 4.30.
These plots demonstrate good agreement between the theory and the measurements. A
side lobe at about 2900 Hz can be seen at broadside, but otherwise, no prominent side
lobes are visible in the plots. The measurements with the reflector demonstrate a periodic
fluctuation of the measured sound pressure like in the case of the monopole source.
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Figure 4.30: 2D-surface directivity plot for the experimental measurement of the large
antenna operated with a dipole source

The polar plots showing the directivity at select frequencies are shown for the measure-
ments taken with the absorber and reflector terminations in Figures 4.31 and 4.32 respec-
tively. Figure 4.31a showa that below the cut-off of the (1,0) mode, the lobe of the (0,0)
mode, pointed at around 70°, is about 10 dB stronger than the radiation in the other
directions, however, as the cut-off is surpassed, this lobe becomes much smaller than the
lobe of the (1,0) mode as shown in Figure 4.31b.

Comparing the plots for the different terminations (Figures 4.31 and 4.32), it can be
seen that the absorber significantly reduces the back-lobe at all frequencies, except at
2000 Hz.
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Figure 4.31: Directivity plots for the large ALWA prototype operated by a dipole with
the absorber termination
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Figure 4.32: Directivity plots for the large ALWA prototype operated by a dipole with
the reflector termination

4.6.2 Small Antenna

Monopole Source

The 2D surface plots of the measurement of the small ALWA prototype operated with
a monopole source are shown in Figure 4.33. It can be seen that the radiation pattern
closely follows the theoretical prediction, except at around 2000 Hz. At this frequency, the
front-lobe disappears and a strong back-lobe appears instead. A side-lobe corresponding
to the (1,0) mode also appears above its cut-off. An additional side-lobe appears at
frequencies above 3000 Hz which is not associated with any known modes. This side-lobe
does not appear to be reflected in the measurement with the reflector termination (Figure
4.33b). The periodic fluctuations in the reflector measurement are observed again. The
resonance frequency for the length of the small ALWA prototype is 98 Hz.
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Figure 4.33: 2D-surface directivity plot for the experimental measurement of the small
antenna operated with a monopole source

The frequency of the quarter-wave resonator along the width of the small ALWA is:

e 343 m s !
AW 4% 0.046 m

Again, this frequency is smaller than but close to that of the observed disturbance.

fr = 1864 Hz. (4.3)

48



4. Results and Discussion

F=600 Hz
F=700 Hz
F=775 Hz

-60°

-90°

(a) Up to cut-off frequency of the (0,0)
mode (Absorber)

f=2000 Hz
£=2050 Hz
f=2100 Hz
f=2150 Hz
F=2200 Hz

-30° 30°

-60° 60°

-90° 90°

(c) Frequency Range of Deviation from
Theory and Comsol (Absorber)
o

=500 Hz
£=600 Hz
F=700 Hz
[=775 Hz

-30° 30°

-60°

-90° 90°

20 -
(e) Up to cut-off frequency of the (0,0)
mode (Reflector)

o
(=]

£=2000 Hz
£=2050 Hz
F=2100 Hz
f=2150 Hz
f=2200 Hz

-30° 30°

-60° 60°

-90° 90°

(g) Frequency Range of Deviation from
Theory and Comsol (Reflector)

=500 Hz

-90°

-90°

-30° 30°

—— #=1000 Hz
———— f=1200 Hz

f=1400 Hz
——— /=1600 Hz
/=180 Hz
#=2000 Hz

-60°

(b) Above the cut-off frequency of the
(0,0) mode (Absorber)

0°
-30° 30°

/=3000 Hz
£=3500 Hz
f=4000 Hz
f=4500 Hz
£=5000 Hz
f=5500 Hz
£=6000 Hz

-60° 60°

(d) Above the cut-off frequency of the
(1,0) mode (Absorber)

F=1000 Tiz
#=1200 Hz
#=1400 Hz
—— /=1600 Hz
60° |——— f=1800 Hz
F=2000 Tz

-30° 30°

-60°

90°

(f) Above the cut-off frequency of the
(0,0) mode (Reflector)

0°

-30° 30° f=3000 Hz
———— f=3500 Hz
[=4000 Hz
f=4500 Hz
60° 60° f£=5000 Hz
[=5500 Hz,
f=6000 Hz
AT \
-90° S 90°

-20 -10 0

(h) Above the cut-off frequency of the
(1,0) mode (Reflector)

Figure 4.34: Polar plots of the large ALWA prototype operated with a monopole
source

Polar plots of the directivity for the small ALWA operated with a dipole source are
shown in Figure 4.34. For most frequency ranges, similar directivity to the case of the
large antenna operated with a monopole source is observed. For the small antenna, at
the frequency range of the deviation, a large back-lobe is observed instead of a lobe at
broadside as shown in Figure 4.34c. When the reflector termination was used, the back-
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lobe was stronger than the front lobe in this frequency range (Figure 4.34g). In Figure
4.34b, the back-lobe can be seen to increase in magnitude starting from 1800 Hz with the
absorber termination. The absorber significantly reduces the back-lobe at all frequencies
above the cut-off (except in the range of the deviation).

Dipole Source

Figure 4.35 shows the 2D surface directivity plot of the measurements taken of the small
ALWA prototype operated with a dipole source. A small shift can be seen between the
theoretical prediction and the measured radiation which was not observed for the side-
lobe corresponding to the (1,0) mode when operated by a monopole source. The trend of
the theoretical prediction and the measurements is similar.

3500 4000 4500 5000 5500 6000 3500 4000 4500 5000 5500 6000
f/Hz f/Hz

(a) Absorber (b) Reflector

Figure 4.35: 2D-surface directivity plot for the experimental measurement of the small
antenna operated with a dipole source

The polar plots of the directivity for the small ALWA operated with a dipole source are
shown in Figures 4.36 and 4.37. For the frequency just above the cutoff, it can be seen that
the lobe is centered at about —5°. This indicates that the radiation may be occurring at a
point closer to the source than the midpoint. The measurement at position 5 shown here
was taken at a distance of about 5 m. This would mean that a 5° offset would correspond
to radiation from a quarter of the length rather than the mid-point. The back-lobes for
the measurements with the reflector termination are small, indicating that most of the
power is radiated before it can be reflected.

Figure 4.38 shows the directivity measured at the different microphone positions. If
the offset is due to radiation closer to the source, this should vary depending on the
perpendicular distance from the center of the ALWA to the microphone. This distance
is 5.15 m (Position 5), 3.37 m (Position 6), 4.4 m (Position 7) and 3.9 m (Position 8).
Hence, if the offset is due to radiation closer to the source, it should be the largest for
Position 6, followed by Position 8 and Position 7, with Position 5 having the smallest
offset. Hence, the results of the measurements are consistent with this hypothesis.
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Figure 4.36: Directivity plots for the large ALWA prototype operated by a dipole with
the absorber termination
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Figure 4.37: Directivity plots for the large ALWA prototype operated by a dipole with
the reflector termination
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Figure 4.38: A polar plot of the directivity measured at different microphone positions
for the small ALWA operated with a dipole source and an absorber termination.

4.6.3 Comparison of the Directivity from Comsol and from the
Experimental Measurements

Figures 4.39 and 4.40 show a comparison of the directivity plots obtained from the Comsol
simulations and from the experimental measurements with the absorber termination for
the large antenna and the small antenna, respectively. Good agreement is observed for
the large ALWA at 800 Hz with a monopole source (Figure 4.39a) and at 2500 Hz with
a dipole source (Figure 4.39¢c). Good agreement is also seen for the small ALWA with a
monopole source at 1500 Hz (Figure 4.40a).
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For the large ALWA at 1000 Hz and the small ALWA at 2000 Hz with a monopole source
(Figures 4.39b and 4.40b), it can be seen that the main lobe predicted by Comsol is present
in the measurement, however, this is eclipsed by much stronger side or back lobes. These
frequencies lie within the frequency range of the deviation which was measured for the
respective antenna when operated with a monopole source.
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Figure 4.39: Comparison of the measured directivity with the simulated directivity for
the large ALWA prototype
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Figure 4.40: Comparison of the measured directivity with the simulated directivity for
the small ALWA prototype
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In the case of the small ALWA operated with a dipole source at 5000 Hz (Figure 4.40d),
a small offset can be seen between the measured directivity and the simulation. The side-
lobes of the simulation are also a lot more prominent than in the measurement for this
frequency. This may be due to errors in the construction of the model for this particular
simulation. At 4000 Hz (Figure 4.40c), the offset is smaller and the side-lobes are less
prominent in the simulation results than at 5000 Hz.
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Conclusion

This chapter summarizes the findings of the study, including a brief description of the
methods used and the results obtained. A discussion of the limitations of the study
is presented, followed by future potential research topics based on the findings of this
study.

5.1 Summary of the Method and Results

A theoretical model that describes the radiation angle and leakage factor of a rectangular
natural material ALWA with either circular holes or a long slit as the radiating orifice
was derived from fundamental principles and expressions for the impedance of different
orifices from literature. This model was tested using FEM simulations in Comsol and
by manufacturing a physical prototype for experimental measurements. Two modes of
interest were identified from the theoretical model. Both modes have a cut-off frequency
beyond which they start to radiate leaky waves. The (0,0) mode has a low cut-off fre-
quency, while the (1,0) mode has a higher cut-off frequency. The (1,0) mode exhibits
properties more suitable for applications which require the modulation of the design pa-
rameters along the length of the antenna. Compared to the (0,0) mode, the (1,0) mode
shows a much larger shift in the cut-off frequency when changing the cavity width and a
greater range of values for the leakage factor can be obtained by varying the dimensions
of the radiating orifice.

Simulations were run for different dimensions of the radiating orifice, varying the slit
height, the hole radius, and hole separation. Different types of sources were used to isolate
the (1,0) mode from the (0,0) mode. Using a monopole source both modes are excited
in for frequencies above their respective cut-off, however, the (0,0) mode dominates with
this source type. Using a dipole mode, the excitation of the (0,0) mode is suppressed,
allowing the (1,0) mode behavior to dominate. The results of the simulations showed
good agreement with the theoretical model for the ALWA with circular holes for all of the
dimensions tested. The results of the simulations for the slit ALWA showed worse but
still satisfactory agreement.

The two designs of ALWAs with circular holes were chosen for experimental validation.
The ALWA prototypes were manufactured from rectangular aluminum tubes and two
loudspeakers were attached at one side using a 3D-printed fitting. The loudspeakers were
operated in phase or with a 180° phase difference to create a monopole or dipole source,
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respectively. At the other end of the antenna two different kinds of termination were
used: an absorber and a reflector. Directivity measurements were made by placing the
ALWA on a rotating table inside an anechoic chamber and exciting it with a sine sweep.
Microphones were placed at different distances and initial angles from the ALWA to
take repeated measurements. The directivity was calculated from the measured impulse
responses as the absolute value of its Fourier Transform at fixed angles in steps of 1°.

The results of the experimental measurements demonstrated good agreement with the
theoretical model and the FEM simulations. The measurements of the large ALWA pro-
totype operated with a dipole source showed excellent results, matching the predicted
radiation angle closely. The measurements of both the large and small ALWA proto-
types operated with a monopole source showed good agreement but with a deviation at
a frequency range around 1 kHz and 2 kHz respectively. It was hypothesized that this
deviation was due to a resonance occurring along the width of the ALWA. The measure-
ment of the small ALWA prototype operated with a dipole source appeared to be shifted
from the theoretically predicted radiation angle. It was hypothesized that the cause of
this shift was that the radiation was occurring at a point closer to the source, rather than
effectively at the mid-point of the ALWA. This hypothesis was supported by comparing
the directivity plots measured at different microphone positions.

5.2 Limitations of the Study

This study was limited by time constraints, which did not allow for more measurements
to be made. It had originally been envisaged that the dimensions of the holes of the
prototypes would be expanded to validate the model for a larger variety of parameters. It
was also not possible to measure the slit ALWA due to manufacturing difficulties.

Additionally, some of the results presented in the parameter study were not validated by
either simulations or measurements; particularly, the variation of the wall thickness and
cavity height and width. While the curves shown in this section were not directly verified,
the model was proven to work for both the small and large ALWA prototypes which had
different combinations of values for these three parameters.

The theoretical model of the slit ALWA showed significant deviation from the simulated
results in the (0,0) mode at frequencies close to and below the cut-off frequency. This
suggests that some assumptions used to characterize the slit impedance are not valid in
this regime. The theoretical model of the ALWA with circular holes, while providing good
results, may also be improved by accounting for the phase and magnitude difference of
the different holes when calculating the mutual impedance.

5.3 Future Research

Future research may be conducted using the theoretical model derived in this study to
design modulated ALWAs with suppressed side-lobes for direction-finding applications.
Other radiation patterns may also be designed using this model.
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The absorber termination used for the physical prototypes did not completely suppress
the back-lobes. The design of this termination could be improved, perhaps by using a
wedge shaped absorber similar to the design used in anechoic chambers. The source could
also be improved by analyzing the mode shapes of the pressure field inside the antenna to
determine the optimal positioning of the loudspeakers for isolating the (1,0) mode from
the (0,0) mode.

Furthermore, further research may be needed to identify the nature of the deviation from
the theoretical model observed in the experimental measurements of the ALWAs operated
with a monopole source.

Finally, a theoretical model for side-mounted Helmholtz resonators was derived and pre-
sented in Appendix A. If this model is validated with FEM simulations and experimental
measurements, Helmholtz resonators may offer an additional parameter for modulation if
the parameters considered in this study are not sufficient for some applications.
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A

Extending the Theoretical Model to
Include a Helmholtz Resonator

The ALWA parameters can be altered by attaching a Helmholtz resonator on the opposite
side of the radiating slit. The TRE for this design can be solved using a similar approach
to the case for the rectangular ALWA without the Helmholtz resonator. In this case, the
left wall is no longer rigid, so the TRE must be derived from Eq. (2.22) as:
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Here, Z;, represents the impedance of the slit leading to the Helmholtz resonator, and Zg
represents the impedance of the radiating orifice. A negative sign is applied to Zj, since
this faces in the opposite direction to Zg.

The impedance of a long rectangular slit leading to a Helmholtz resonator can be written
as [19]

1

71, = —(Zs + jpow2Ad) — jZy cot (hw> : (A.2)

€ Co
Here Zg and Ad are the surface impedance and end correction of the Helmholtz resonator
slit and can be calculated for the dimensions of this slit using Eqs. (2.29) and (2.35),
respectively. The geometry of the proposed ALWA with the Helmholtz resonator is defined
in Figure A.1.

This model has not been validated using either FEM simulations or experimental mea-
surements. Hence, this must first be done, identifying any errors in the model, before it
can be applied to design ALWAs.
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Figure A.1: Proposed geometry for an ALWA with a Helmholtz Resonator
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