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ABSTRACT

This dissertation investigates the leaky wave properties of planar periodic corrugated

metallic antennas with novel analysis and design techniques, as well as novel antennas of

this type with improved farfield performance. For the first time, the dispersion analysis

of one-dimensional corrugated metallic designs with gaps larger than half-wavelength is

presented. A novel analytical periodic method based on a transverse resonance is devel-

oped. Additionally, a full-wave unit cell dispersion analysis tool and the matrix pencil

method are employed for the leaky wave analysis of a standard corrugated design. The

analytical calculation of the radiation patterns of a finite size antenna evaluates the leaky

wave analysis when compared to simulated patterns. Subsequently, the improvement of

the farfield performance of a practical corrugated antenna is achieved with novel antenna

design techniques. The matching bandwidth of a corrugated antenna at the low THz

spectrum is extended with the substitution of the typical subwavelength feeding aperture

with an open-ended and, next, a tapered waveguide aperture. The 3-dB gain bandwidth

of such an antenna at low THz is also enhanced, by introducing a dual-depth corrugation

concept. A suitable leaky wave analysis reveals the expected characteristics of a finite size

dual-depth antenna in the farfield region. Fabricated prototypes and measured results are

available for the aforementioned proposed models. The final part of this thesis introduces

new corrugation types at microwave frequencies towards the goal of antenna bandwidth

enhancement. Such corrugations are able to produce on their own extraordinary radiation

characteristics, namely flat high gain response, extended 3-dB bandwidth and improved

radiation patterns.
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Chapter 1

Introduction

This Chapter presents a brief introduction of the background and motivation of the re-

search work in this Thesis. A summary of leaky wave fundamental concepts is given. A

special phenomenon known as enhanced transmission of light is described, which inspired

many aspects of the present research. The Chapter concludes with the motivations and

objectives of the thesis, along with the outline of Chapters.

1.1 Context of the Study

A class of antennas that has been of particular interest in recent decades is leaky wave

antennas, which support a travelling wave on a guiding structure as the main radiat-

ing mechanism. Their main advantages are their typical high gain performance, beam

scanning capability with frequency, low cost and simple design requirements [1].

The inherent beam-scanning capabilities and low profile structure of leaky wave anten-

nas allow their easy integration with microwave and millimeter-wave systems and feeding

networks. They can reduce the complexity of many systems that require high gain and low
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cost beam-scanning mechanisms, such as automotive radar systems, multi-point commu-

nications (multi-beam requirements), and surveillance applications [2–4]. In particular,

leaky wave antennas are suitable candidates for meeting the demands of modern and

emerging mass mobile communications systems (5G) which typically require high gain,

high antenna efficiency and dynamic coverage. Additionally, the easy incorporation of

tuning technologies in the antenna design paves the way for the development of active

beam-steerable leaky wave antennas for such mobile networks [5, 6].

With respect to their physics formalism, leaky wave antennas launch a wave that

is characterized by a longitudinal complex wavenumber kLW , with its phase constant β

smaller than the free space wavenumber k0 (characterized as fast wave) [1, 7, 8]. Leaky

wave antennas can be classified either as one-dimensional (1D) or two-dimensional (2D),

or characterized between uniform, quasi-uniform and periodic [1].

An open rectangular waveguide with a long slit across its length is an example of a

1D uniform leaky wave antenna, which is the first known leaky wave antenna, introduced

by Hansen in 1940 [9]. The term "uniform" is justified by the fact that the geometry is

constant along the length of the structure. The fundamental mode is a fast wave (β < k0)

which radiates (leaks) in free space.

In 1D periodic leaky wave antennas, a periodic modulation along the length of the

structure was introduced. An example of such an antenna was the proposed by Hines and

Upson "holey waveguide" filled with dielectric material, which was a replacement of the

long longitudinal slit with closely spaced holes, achieving a narrow radiating beam [10].

The periodic discontinuities convert the slow guided mode, which is a non-radiating wave

with β > k0, into a radiating (leaky) mode. This guided mode consists of an infinite
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number of n space harmonics, known as Floquet waves, one of which is designed to be a

fast wave (usually the n = −1), while the fundamental mode (n = 0) is a non-radiating

surface wave [11].

The case of the 1D quasi uniform leaky wave antenna is similar to the uniform leaky

wave antenna, except that it consists of a periodic modulation. Quasi-uniform leaky wave

antennas support a fundamental mode which is a fast wave, in contrast to 1D periodic

antennas. An example of such an antenna is the holey waveguide of [10], when the

waveguide is air filled, therefore the fundamental TE10 mode is a fast, radiating wave.

Although 1D geometries have been initially studied for microwave frequencies, in recent

years 2D implementations have gathered research interest that can reach up to optical

frequencies. A 2D planar leaky wave antenna implementation is a very simple solution to

the problem of radiation at broadside which exhibit most 1D implementations [1, 12, 13].

They can produce a pencil beam at broadside when the phase constant and the attenuation

constant of the leaky mode are nearly equal, as further discussed in Chapter 2.

Leaky waves on periodic surfaces were first investigated by Oliner and Hessel on

sinusoidally-modulated reactance surfaces [14]. Later, a 2D leaky wave antenna was in-

vestigated in [15], consisting of a high permittivity dielectric superstrate over a substrate

and studied as a leaky wave antenna in [16]. The research on planar leaky wave antennas

has been facilitated in the past decades due to the advent of metamaterial engineering

technology [1, 4, 17].
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1.1.1 Metamaterial-Based Leaky Wave Antennas

Metamaterials are artificial periodic electromagnetic structures that offer properties not

found in nature. The size of their unit cell is usually subwavelength, and the desired prop-

erties can be obtained by engineering accordingly their shape, geometry, orientation and

overall size [18]. The planarized version of metamaterials forms periodically modulated

surfaces, known as metasurfaces [19, 20]. The investigation of such artificial materials

has inspired a variety of applications on leaky wave antennas, with the advantages of low

profile, ease of fabrication and clear design guidelines. Such developments have facilitated

research in microwave and millimeter wave frequencies, as well as in optical frequencies

(optical waveguides, optical antennas).

A recent development related to the concept of metasurface leaky wave antenna is that

of a high-impedance surface (HIS), proposed by Sievenpiper et al. in [21]. This surface

typically consists of a periodic texture on a metallic surface behaving as an artificial mag-

netic conductor (AMC). A proposed design in [21] is the mushroom type HIS (Fig. 1.1.a).

Based on the concept and special properties of HIS, several antennas have been proposed

(static or reconfigurable), including reflectarrays [22], electronically tunable surfaces and

leaky wave antennas [23–26]. The concept of holography, combined with the principle

of high impedance surfaces, has produced high gain beam steerable leaky wave antennas

with very low profile [27–29]. An example of a holographic antenna inspired structure can

be viewed in Fig. 1.1.b.

Fabry-Perot (FP) cavity type antennas are another popular family of high gain planar

leaky wave antennas (Fig. 1.2). Their principle of operation derives from the typical

Fabry-Perot interferometer cavities, used in optical frequencies. An FP antenna typically
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(a)

(b)

Figure 1.1: Examples of high impedance surface applications. (a) Schematic of the mushroom
type HIS (cross-section). (b) Prototype of holographic antenna excited by a microstrip patch
antenna (from [28]).

consists of a Partially Reflective Surface (PRS) placed at a distance h from a metallic

or, as more recently presented, a High Impedance Surface. These antennas were initially

investigated by von Trentini, who used a PRS over a ground plane [30], and proposed

design guidelines for such antennas based on the phase profile of the PRS. In later research,

the characteristics of PRSs were investigated towards the bandwidth enhancement of FP

antennas by associating the PRS phase to linearly increase with frequency [31, 32], and

multi-layer configurations were later proposed for this purpose [33–35]. FP cavity antennas

have been studied as leaky wave antennas in recent work [36, 37], as they are capable of

scanning the beam with frequency.

Other metamaterial-inspired leaky wave antennas include the application of compos-

ite right/left handed metamaterials (CRLH), first introduced in [38–40], that tackle the
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ground plane

PRS

h

(a)

(b)

Figure 1.2: Fabry-Perot cavity antenna. (a) Schematic of single layer antenna. (b) Fabricated
multi-layer prototype at 14 GHz (from [35]).

inherent incapability of leaky wave antennas of continuously scanning towards broadside

without beam degradation [41]. The CRLH metamaterial design consists of a periodic ar-

rangement of inductor and capacitor elements within a transmission line unit cell. Some

implementations can be found in [42, 43], while tunable versions of CRLH leaky wave

antennas are available [44].

1.1.2 Enhanced Transmission of Light

In the optics community, one of the most popular breakthrough in research in the past

few decades has been the observation of extraordinary transmission of light through a

subwavelength aperture on a metallic film, such as silver or gold [45, 46]. Early studies

in the past had shown that the percentage of power transmitted through a hole on an

infinite metallic film is usually very small, due to diffraction [47]. However, Ebbesen et al.
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plane wave incidence

direct beam

leaky mode

Figure 1.3: Corrugated metallic surface.

demonstrated experimentally that when an aperture is surrounded by a periodic array of

corrugations on the exit face of the film, the power transmission is dramatically enhanced

by several orders of magnitude [46, 48]. This effect, known as enhanced transmission of

light, has been also observed for a periodic array of subwavelength holes [49–51].

At optical frequencies, a highly conducting metallic film (silver or gold) behaves like a

plasmonic material, meaning that it is characterized by a dispersive permittivity with a

negative real part and can be modeled by a lossless Drude equation. An air/metal interface

at these frequencies supports a TM surface wave, known as surface plasmon [54], with

direction normal to the interface and a longitudinal wavenumber kp given by

kp = k0

√
εr

1 + εr
(1.1)

where k0 is the free space wavenumber and εr is the relative permittivity of the metal

with Drude dispersion [55]. From (1.1), it is obvious that for any εr < −1, the surface

plasmon mode is a slow wave with kp > k0 and therefore does not radiate.

In later years, it has been demonstrated that this effect can be observed not only in

optical frequencies but also in microwave and millimetre-wave frequencies [52,53]. It was
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discovered that a surface plasmon mode is responsible for the enhanced power transmission

and the consequent directive beaming phenomenon. Leaky wave theory was then intro-

duced by Oliner and Jackson for the explanation of the directive beaming effect [56–59].

In the context of leaky wave antennas, a periodic modulation on the metallic interface

can convert the aforementioned surface plasmon (slow) mode into a leaky (fast) mode [1].

The surface mode consists of an infinite set of space harmonics (Floquet harmonics),

only one of which is engineered to be a fast wave, therefore producing the leaky wave

radiation [11]. Design guidelines can be deduced from the wavenumber of the leaky

mode, such as the elevation angle of the main beam, the beamwidth and the size of the

antenna [1].

An early 1D implementation with periodic narrow slits over a dielectric substrate was

introduced in [60], inspired by the enhanced transmission of light phenomenon. A popular

2D implementation of a periodically corrugated metallic plane is the Bull’s Eye antenna

[61]. It typically consists of a subwavelength aperture on a metallic film, surrounded by

a number of rings etched off the film (Fig. 1.4). The rings are modulated with period d,

at the order of the free space wavelength. The shape of corrugations can be the standard

rectangular shape, or even wedge [62] or V-type [63]. Such antennas exhibit high gain

and broadside radiation in the microwave and millimetre wave spectrum [64]. Reported

antennas of this type can consist of sinusoidal corrugations [65], achieve off-axis beaming

with the use of 3-D printing technology [66] and can also be used as feeders [67] or

superimposed with dielectric layers for CubeSat applications [68]. Morever, Bull’s Eye

antennas in printed substrate technology have been introduced recently, which consist of

annular metallic strips printed onto a dielectric substrate [69–71].
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(a) (b)

Figure 1.4: Popular corrugated antenna implementations (a) a 16 GHz Bull’s Eye antenna (from
[61]), (b) a 60 GHz Bull’s Eye antenna with high aperture efficiency (from [64]).

The interesting performance features of corrugated antennas, which include higher

gain radiation patterns and narrower beams compared to standard horn antennas, have

attracted a variety of applications in communications and sensing. A mm-wave Bull’s

Eye antenna has been proposed in literature due its very low profile for integration into

a CubeSat device, which is a small satellite to be used in swarms for point-to-point and

multipoint-to-point communications [72]. Corrugated structures have also been used along

with lenses in higher frequency (THz) applications, in particular, fiber coupling, imaging

and laser collimation with improved signal-to-noise ratio [73].

Corrugated structures have been proposed in the field of renewable energies, as heat

harvesting devices for the photosensitive cells arranged in photovoltaic panels [74]. To-

wards the visible and infrared spectrum, such structures have found application in mul-

ticolor sensing devices, due to their selective conversion between free-space waves and

spatially confined modes [75].
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1.2 Motivation and Contribution

Periodically corrugated low-profile antennas, in microwave and millimetre wave frequen-

cies, have recently attracted significant research interest due to the simplicity of their

design, simple feeding network and high gain performance. This dissertation is focused

on the analysis of such periodic surfaces and antennas as leaky wave structures and in-

troduces new techniques for the improvement of their performance.

The electromagnetic analysis of corrugated metallic surfaces has been a complex prob-

lem due to the strong mathematical background it involves. The study of such structures

as leaky wave antennas and the extraction of their longitudinal complex wavenumber

is available in classic electromagnetic books [76, 77], however it only involves structures

composed of corrugations with narrow gaps compared to the resonant free space wave-

length [76–78]. The associated analysis considers only the fundamental supported mode

inside the gaps, while practical corrugated antennas with narrow gaps exhibit low realized

gain. Although most published implementations use large gaps as a high gain prerequi-

site [61, 72], their dispersion analysis hasn’t been realized so far.

In this thesis, the first contribution is the leaky wave analysis of periodically cor-

rugated surfaces with both narrow and large gaps, with the use of novel analysis tools.

These tools involve the solution of numerical equations based on transverse resonance

techniques, reciprocity and eigenmode analysis. Also, an inspection of the electromag-

netic fields in the near field of the antennas assists in the analytical calculation of the

radiation patterns of the antenna.

The second contribution of this dissertation is to enhance the performance of the

standard Bull’s Eye antenna, in terms of input impedance matching performance. De-
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spite the highly directive performance of antennas which use the typical subwavelength

slot aperture, the matching bandwidth, and thus the achievable realized gain, is lim-

ited. A broadband performance in S11 is required for the improvement of gain and/or

for situations where a superimposed dielectric layer would affect the matching. For this

purpose, novel feeding techniques are proposed in this thesis which improve the antenna

S11 parameters.

Another common problem met with Bull’s Eye antennas is their typically limited 3-

dB gain (or directivity) bandwidth. The third contribution of this work is to offer a

novel design technique towards the gain bandwidth enhancement of corrugated antennas.

A novel Bull’s Eye antenna at low THz is introduced, that outperforms known realiza-

tions in this frequency spectrum. The antenna achieves a broadband performance while

maintaining a high realized gain, and its operation is explained from leaky wave analysis.

The fourth contribution of this work is the development of novel types of complex-

shape periodic corrugations that not only enhance the 3-dB gain bandwidth, but also

achieve a nearly flat gain response with a broad 1-dB bandwidth. The operation of this

design is also explained using leaky wave analysis. To the author’s knowledge, this is the

first time that optimised complex shaped corrugations achieve a significant improvement

in the bandwidth of Bull’s eye type antennas.

1.3 Outline of Chapters

The outline of this dissertation is briefly described in this Section. This Chapter is the

first, introductory Chapter of the thesis, with the classification of leaky wave antennas

along with recent implementations inspired by metamaterial concepts. Special focus is
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given to the phenomenon of enhanced transmission of light, which led to the development

of numerous high gain leaky wave antennas.

Chapter 2 offers the mathematical background of the dissertation. The mathematical

formalization of leaky waves allows the comprehension of their radiation characteristics

such as main beam angle, width and antenna size. Known dispersion analysis tools

are described, including a Finite-Difference Time-Domain (FDTD) analysis for the full-

wave calculation of the leaky mode from a setup of periodic unit cells and an eigenmode

methodology of the near radiating fields of a finite size antenna. Special attention is given

on the leaky wave analysis of periodically corrugated metal surfaces with narrow gaps,

along with design guidelines for the corresponding 1D and 2D implementations.

Chapter 3 presents a novel analytical periodic method for the dispersion analysis of

1D periodically corrugated surfaces with large gaps. This method considers a higher order

mode propagation inside the gaps. In addition, a full-wave dispersion analysis technique

and a known eigenmode dispersion analysis technique are applied for the first time on

this type of corrugated antennas. Results for optimized designs of both narrow and wide

gaps are presented, and the accuracy of the three methods is discussed. The farfield

behaviour of the infinite size symmetrically-fed antennas is then calculated with the array

factor approach. An analytical investigation of the electric and magnetic fields near the

corrugations assists towards this goal. The theoretically calculated radiation patterns of

finite size antennas for both narrow and wide gap cases are compared with simulated

models and a very good agreement is observed.

Chapter 4 discusses the effects of the feeding structure on Bull’s Eye antennas. The

typically limited matching performance of the feeding slot aperture is overcome via its
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substitution by an open ended waveguide aperture. An even better matching performance

is achieved with the outward tapering of the waveguide aperture. A prototype at a low-

THz frequencies has been fabricated and measured results are available.

In Chapter 5, the problem of the limited 3-dB bandwidth of most Bull’s Eye antennas

is addressed. A design technique is proposed which exploits the depth qualities of the

corrugations. The design process of a dual-depth corrugated antenna at 300 GHz is

explained and a suitable leaky wave analysis gives further insight into the performance of

such a design. The optimum model was fabricated and measured results are presented.

Chapter 6 offers another approach to the problem of limited 3-dB bandwidth of Bull’s

Eye antennas, by introducing novel types of complex shaped corrugations. These corruga-

tions are applied directly on planar designs at microwave frequencies. For the optimum 2D

model at 15 GHz, the 3-dB gain bandwidth is enhanced and a very large 1-dB gain band-

width is observed (flat gain response). A leaky wave analysis reveals two existing leaky

modes on this type of complex shaped antenna. A second optimum model is presented,

which achieves a significant enhancement in 3-dB gain bandwidth, along with highly di-

rective radiation patterns. The optimum prototype with flat gain response was fabricated,

however measurements could not be performed due to restricted campus operations.

Chapter 7 is the conclusion of this work. The findings of this research are briefly

discussed and guidelines for future work are suggested.
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Chapter 2

Theoretical Background

This chapter presents the theoretical background of the dissertation. The fundamentals of

leaky wave physics and mathematic formulations are reported. These include the Floquet

theory for one-dimensional periodic leaky wave antennas, the explanation of the basic

properties of leaky wave antennas, and an array factor approach of the derivation of

the far field patterns of such antennas. Section 2.2 describes a Finite-Difference Time-

Domain (FDTD) dispersion analysis tool for a periodic structure terminated with periodic

boundary conditions. This tool is implemented in the following Chapters on both novel

and classic corrugated antenna designs. The matrix pencil method is briefly described in

Section 2.3 for the approximation of the near field of an antenna by a sum of complex

exponentials. The final Sections demonstrate the mathematical formalism of periodically

corrugated metallic surfaces, along with design configurations for optimum transmission of

power from such structures. An analytical dispersion analysis methodology for corrugated

surfaces with narrow gaps is described, which inspires a novel algorithm to be presented

in Chapter 3 for the leaky wave analysis of corrugated metallic surfaces with large gaps.
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Chapter 2. Theoretical Background

2.1 Fundamentals of Leaky Waves

Leaky wave antennas belong to a class of antennas that support a travelling wave on the

guiding structure as the main radiating mechanism. The travelling wave is characterized

by a complex longitudinal wavenumber ky = β− jα, where β is the propagation or phase

constant and α is the attenuation constant, or leakage rate (Fig. 2.1). The leaky wave

propagates (leaks) on the guiding structure, in contrast to slow-type antennas which are

characterized by a surface wave that does not radiate until it reaches the end of the

structure [1].

An infinite guiding structure on the xy plane is considered (Fig. 2.1), with the feeding

source at the one end (z = 0) of the structure (unidirectional case). The structure supports

a wave with a complex longitudinal wavenumber ky = β − jα. It is further assumed that

the electromagnetic problem is invariant along x. The electric field distribution form on

the structure is assumed as

Ex(y, 0) = Ce−jkyy (2.1)

where C is a constant. The attenuation constant α refers to losses due to leakage of power

along the structure, however if dielectric or conductor losses are present, then these losses

much be included in the attenuation constant as well.

In the air region above the structure (z > 0), the electric field takes the form of

Ex(y, z) = Ce−jkyye−jkzz (2.2)

with the vertical wavenumber of the propagating wave kz related to the longitudinal

wavenumber ky as
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z

y
ky=β-jα

guiding structure

θ

β>0

source

Figure 2.1: A unidirectional leaky wave antenna of infinite size on the xy plane.

kz = ±
√
k20 − k2y = βz − jαz (2.3)

where k0 is the free space wavenumber. As the structure is passive, for the leaky wave it

is compulsory that α > 0, meaning that the leaky wave should decay in the longitudinal

y direction.

The nature of the wave propagation can be determined by the values of the phase

constant β. When |β| > k0 , then the wave supported on the guiding structure is a surface

wave, which does not radiate unless it reaches the end of the structure. Equivalently,

the group velocity υg is related to the speed of light c as υg < c, which justifies the

characterization of surface waves as slow waves. When |β| < k0 (or υg > c ), the leaky

wave phenomenon takes effect. A surface wave converts into a travelling (fast) wave as it

propagates across the longitudinal direction of the structure. This wave is characterized

as leaky wave.

When 0 < β < k0, the phase propagation is characterized as forward, flowing in the

same direction as the power flow, therefore the leaky wave is classified as forward (as
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in Fig. 2.1). The emerging main beam points at an angle θ0 between 0o and 90o, with

respect to the z axis. From (2.3) it is determined that αz < 0, which means that the

wave in the air region is exponentially increasing (improper leaky wave). This initially

looks like a paradox, since it violates the radiation condition at infinity for the Helmholtz

equation. The explanation of this phenomenon lies in the fact that these findings refer

to infinite size leaky wave antennas. In reality, a finite size leaky wave antenna launches

a leaky mode that increases exponentially towards the z direction up to a boundary, and

then decreases above this boundary.

In the case of −k0 < β < 0 the leaky mode is characterized as backward, meaning

that the phase constant and the power flow in opposite directions. The main beam scans

between the angles −90o and 0o. In (2.3) it is indicated that αz > 0, thus the leaky wave

decays properly towards infinity (proper leaky wave).

The exact numerical values of β and α of the longitudinal wavenumber ky can deter-

mine the far field behaviour of most practical 1D leaky wave antennas. If the attenuation

constant α is small and the structure can be considered sufficiently long, then β controls

the radiation angle θ measured from z = 0 as

θ = sin−1
β

k0
(2.4)

Eq. (2.4) demonstrates the beam-scanning capabilities of leaky wave antennas as a vari-

ation of phase constant with frequency. It also evident that a unidirectional leaky-wave

antenna can’t scan too close to broadside, as for radiation at θ ≈ 0 an operation close to

the cutoff frequency of the waveguide would be needed. This is an inherent problem of

most unidirectional leaky wave antennas fed by a single source at their end.
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The angular width of the main beam ABW pointing at an angle θ in the farfield

is determined by the values the attenuation constant α with the approximate formula

measured between half-power points as

ABW = 2csc(θ)
α

k0
(2.5)

A small attenuation constant α implies a narrow directive beam at the farfield (in-

creased directivity), when the antenna is considered long enough. When α is fixed to a

certain value, then the total length L of the unidirectional leaky wave antenna can be

calculated, for a typically selected 90% transmission of radiated power

L

λ0
=

0.18

α/k0
(2.6)

where λ0 is the wavelength in free space. The formula (2.6), along with (2.4) and (2.5)

can provide a rough estimation guide for the design of the practical leaky wave antennas,

with respect to their scanning angle, beamwidth and size.

2.1.1 One-Dimensional Periodic Leaky Wave Antennas

A special class of leaky wave antennas are the one dimensional (1D) antennas which are

periodically modulated with period d in the longitudinal y direction (Fig. 2.2). Such

periodic structures can be studied with Floquet theory, by considering the formation of a

Bloch wave while it propagates on the periodic structure [2].

Let’s consider a Bloch wave with complex longitudinal wavenumber ky = β + jα

while it propagates on a periodic structure. The vector field values (E, H) of this wave
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εr, μr

d z

y

Figure 2.2: One-dimensional periodic leaky wave antenna.

have exactly the same values at every point of each unit cell expect for an exponential

propagation factor e−ky d. Therefore, within a unit cell 0 < y < d the values of the electric

and magnetic field can be written as [2, 3]

E(x, y, z) = e−ky dEp(x, y, z)

H(x, y, z) = e−ky dHp(x, y, z)

(2.7)

where the vectors Ep and Hp are periodic functions of y with period d

Ep(x, y + kd, z) = Ep(x, y, z)

Hp(x, y + kd, z) = Hp(x, y, z)

(2.8)

where k is an integer. This expression of fields in a periodic structure is often referred to

as Floquet theorem.

In addition, any periodic function of Ep, Hp, can be expanded into infinite Fourier

series as

Ep(x, y, z) =
∞∑

k=−∞

Epk(x, z)e
−j 2 k π y/d dy

Hp(x, y, z) =
∞∑

k=−∞

Hpk(x, z)e
−j 2 k π y/d dy

(2.9)

where Epk, Hpk are vector functions of x and z. Integration within the boundaries of a
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unit cell 0 ≤ y ≤ d gives

Epm(x, z) =
1

d

∫ d

0

Ep(x, y, z)e−j 2mπ y/d dy

Hpm(x, z) =
1

d

∫ d

0

Hp(x, y, z)e−j 2mπ y/d dy

(2.10)

with m an integer, which leads to the expression for the field in the periodic structure

E(x, y, z) =

∫ ∞
k=−∞

Epk(x, z)e
−αy−j (β+2 k π/d) dy

H(x, y, z) =

∫ ∞
k=−∞

Hpk(x, z)e
−αy−j (β+2 k π/d) dy

(2.11)

where the phase constant can be written as βk = β+2 k π/d. Each term is this expansion is

called a space harmonic. While the propagation constant β consists of an infinite number

of space harmonics, the attenuation constant α is the same for the harmonics of the Bloch

wave.

The longitudinal complex wavenumber of the guided mode can therefore be written

as a sum of infinite n space harmonics according to [1]

ky,n = ky,0 + 2πn/d (2.12)

where ky,0 is the wavenumber of the fundamental Floquet mode. The fundamental Floquet

mode ky,0 is a slow wave, however one of the space harmonics (usually the n = −1) is

designed to be a fast (leaky) wave. In some practical implementations, higher order

harmonics may be engineered to radiate efficiently with significant contribution to the

overall antenna radiation.
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2.1.2 The Problem of Radiation at Broadside

The problem of leaky wave radiation at broadside (θ = 0) has been a traditional problem

for unidirectional 1-D leaky wave antennas, uniform and periodic. From the standard

leaky wave formula (2.4), the beam cannot be scanned too close to broadside, since radi-

ation is subject to limitations from the pattern of the feeding source (e.g. operation close

to the cut-off of the waveguide).

The problem of broadside radiation in periodic leaky wave antennas is associated with

the presence of an open stopband at the immediate vicinity of θ = 0. For a fundamentally

slow leaky wave antenna, this is encountered when the phase constant of the fast space

harmonic is zero, but then, equally, the attenuation constant drops to zero as well. This

results in a severe degradation when the antenna radiates at broadside [5].

The incapability of broadside radiation of uniform 1D or 2D unidirectional leaky wave

antennas has been discussed in [3]. For a 1D periodic leaky wave structure it has been

found in [4] that a main beam pointing at θ = 0 is achievable by symmetrically feeding

the antenna with a source in the middle of the structure, or with two sources at both ends,

with the first realization being the most popular (Fig. 2.3). The bidirectional antenna

produces two conical beams, pointing at angles ±θ.

For a 1D bidirectional infinite size (uniform or periodic) leaky wave antenna with

complex wavenumber ky = β − jα, the optimum condition to obtain maximum power

density radiated at broadside is |β| = α. This is also the beam-splitting condition between

two maxima off broadside for the radiation pattern of the antenna. Moreover, the two

conical beams merge into a single beam pointing at broadside when |β| < α (or |βn| < α

for the case of a periodic antenna). Whenever |β| > α, a split beam radiation pattern
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z

y

source

Figure 2.3: Bidirectional (symmetrically-fed) leaky wave antenna.

is expected, with each beam deriving from the corresponding half of the structure. For

a finite size leaky wave antenna, this beam-splitting condition can be further relaxed to

|β| < ns α, where ns is a constant related to the percentage of power radiated by the finite

structure [5]. Radiation at broadside is possible, by operating close to the open stopband

frequency (where β ≈ 0). In this case, the beams emerging from each half of the structure

are combined into a symmetrical broadside beam.

These findings can also apply to 2D bidirectional leaky wave antennas with homo-

geneous or quasi-homogeneous geometry, which can produce a directive pencil beam at

broadside, given that |β| = α [4].

2.1.3 Array Factor Approach

The farfield radiation characteristics of a leaky wave antenna can be approximately calcu-

lated via an array factor approach (Fig. 2.4). If the antenna can be considered as an array

of radiating elements, then the array factor is a function of antenna element geometry

and their excitation phase. From known antenna theory [6] the total radiation pattern

can be found by multiplying the array factor by the element factor (the pattern produced
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Figure 2.4: Array factor of a unidirectional leaky wave antenna.

by a single element of the array).

A leaky wave antenna with a longitudinal complex wavenumber ky,n = βn − jα can

be approached as a phased array antenna with a periodic spacing d of m elements very

closely spaced to d → 0. Each element is fed discretely by a phase function ξm(θ0),

where θ0 is the radiation angle, and an exponential magnitude function I(y) = I0e
−αy.

The radiation angle θ0 is calculated by (2.4). Only the nth fast space harmonic of the

propagation constant is considered for the analysis below.

When the medium can be considered effective, then the condition d → 0 is satisfied.

The phase and magnitude functions can then be discretized as [7]

ξm = −(m− 1) k0 d sinθ0

In = I0e
−α (m−1) d

(2.13)

where k0 is the free space wavenumber. Since d→ 0, each element can be considered an

isotropic radiator, therefore the total radiation pattern R(θ) of the leaky wave antenna

can be approximated by a array factor function
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R(θ) = AF (θ) =
M∑
m=1

I0e
j (m−1) k0 d sinθ+jξm (2.14)

where M is the total number of periodically spaced elements in the one-dimensional

antenna.

For a two-dimensional antenna in the xy plane, the total radiation pattern is deter-

mined by the radiation angle θ in each azimuth direction φ as

R(θ, φ) = AF (θ, φ) = [
M∑
m=1

Im1e
j (m−1) k0 dy sinθ cosφ+jξy,m ]·

[
L∑
l=1

Il1e
j l k0 dx sinθ sinφ+jξx,l ] (2.15)

where dy, dx are the periods of a total of M and L spaced elements along the y and x

directions accordingly.

2.2 Periodic Full-Wave Analysis

In this Section, a rigorous full-wave periodic analysis tool is described for the dispersion

characterisation of a periodic structure. The method was first introduced in [10], [13] based

on a Finite-Difference Time-Domain (FDTD) analysis of the unit cell and proposes the

implementation of periodic boundary conditions in the time-domain. However, other full-

wave techniques for simulating the unit cell can be employed together with this method.

Here, a brief overview of the method is given and its application on several antenna designs

is presented in the following Chapters.
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Figure 2.5: A periodic unit cell (a) 2-D lattice (b) corresponding Brillouin zone.

A 2-D periodic structure (unit cell) of periodicities dx and dy is considered, along

x and y respectively (Fig. 2.5.a). Periodic boundary conditions (PBCs) are employed

across the x and y boundaries of the unit cells, achieving a reasonable computational

time. The electromagnetic field components are tracked at sample points spaced a period

apart, and differ only by an exponential term e−jkxdx , e−jkydy , where kx = βxx̃+ αxỹ and

ky = βyx̃+ αyỹ are the corresponding complex wavenumbers across x, y [10, 12].

The lattice vector can be determined as p = dxx̃ + dyỹ and the lattice wave vector is

kp = kxx̃+ kyỹ. Floquet’s conditions on electric and magnetic field phasors Ẽ and H̃ can

be written as

Ẽ(r + p) = Ẽ(r)e−j kp p

H̃(r + p) = H̃(r)e−j kp p
(2.16)

where r is the radial vector. The transformation of (2.16) from the frequency domain to

the time domain is then derived as
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Figure 2.6: Setup of field sampling points for the calculation of the complex wavenumber.

Es(r + p, t) = Es(r, t)cos(kp p)− Ec(r, t)sin(kp p)

Ec(r + p, t) = Es(r, t)sin(kp p) + Ec(r, t)cos(kp p)

(2.17)

The complex propagation constants kx and ky correspond to a point on the Γ −

X−,X − M−,X − Γ axis of the Brillouin diagram (Fig. 2.5.b). For each such point,

the time-domain waveforms of fields are sampled within the unit cells. Therefore, the

resonances that represent the modal frequencies ω(kx, ky) are revealed by the Fourier

transform of these waveforms from the time domain to the frequency domain.

The above analysis is usually implemented for the extraction of the phase constant β

of a unit cell, by assuming the above wavenumbers kx and ky as real [10]. If the structure

exhibits leaky wave behaviour, there is the need to calculate the attenuation constant α

as well.

For this purpose, a unit cell of the stucture is considered terminated with PBCs

(Fig. 2.6) and absorbing boundary conditions (ABCs) for the calculation of the complex

wavenumber. The phase constant β is the longitudinal x component of the leaky mode.

If w(t, x) is the waveform of an E− of H− component sampled at two chosen points xi
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and xj along the axis of periodicity, then the complex propagation constant k = kx can

be calculated as

k(ω) = j
1

xj − xi
ln
F [w(t, xi)]

F [w(t, xj)]
(2.18)

where F stands for a Fourier transform. The imaginary part of (2.18) is the attenuation

constant of the leaky mode [13].

The effective complex propagation constant within a unit cell can be determined by

fixing the distance between the selected sample points xi and xj in (2.18) as close to one

period d as possible. The periodicity of the unit cell along x can be denoted as ∆x. Then,

the maximum distance between two nonboundary sample points within the domain of one

unit cell is equal to d − 2∆x. This distance tends to d as the unit cell size ∆x tends to

zero.

A more popular alternative approach is the extension of the computational FDTD

domain to include two unit cells as in Fig. 2.7. A double phase difference 2β per unit cell

is imposed at the x- periodic boundaries boundaries, due to the fact that the wave travels

twice the distance. The previously discussed problem of locating the sample points within

the limited space of one unit cell is tackled by choosing the two points exactly one period

apart. With this approach, a significant reduction in the computational time is achieved,

while maintaining the accuracy.

The major disadvantage of this method for the calculation of α is the failure of the

methodology when large values of the leakage rate are expected. This is due to the large

and fast spatial decay of the propagating signal and the fact that two spatial samples that

are spaced a period apart are required for the calculation of the complex wavenumber. It

has been reported that for normalized values of leakage rate to free space wavenumber up
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Figure 2.7: Alternative setup of field sampling points for the calculation of the complex wavenum-
ber.

to 10−1 in a lossy medium, the error rate is smaller than 2% [11].

2.3 The Matrix Pencil Method

The matrix pencil method (or generalized pencil-of-function GPOF) is a known linear one-

step methodology that approximates a function by a sum of complex exponentials [14].

A generalized eigenvalue problem is solved to find the unknown complex propagation

constants for a given total field sampled at constant intervals δx as

Hx(n δx) =
M∑
m=1

Ame
jky,mn δx n = 1, 2..., N (2.19)

where N is the number of samples, M is the number of components and Am and ky,m are

the complex amplitude and phase factors for the mth components. The total field at the

nth sampling point can be written as

Hx(xn) =
M∑
m=1

Amz
n
m n = 1, 2..., N (2.20)
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where zm = ejky,mn δx and xn = xo+n δx. Following the procedure for the MPM extractions

as described in [15,16] and by using the field samples, two matrices are defined as

G1 = (ỹ1 ỹ2 ỹ3 ... ỹP ) (2.21)

G2 = (ỹ2 ỹ3 ỹ4 ... ˜yP+1) (2.22)

with column vectors as

ỹi = (Hi Hi+1 Hi+2 ... H(N−P )+i−1)
T (2.23)

where Hi are field sample points, G1 and G2 are (N − P ) × P matrices and P is the

pencil parameter used to obtain column vectors by windowing the field samples with the

window length N − P .

By using (2.21) and (2.22) it can be shown that the poles zm are the eigenvalues of

the generalized eigenvalue problem

G2ēm = zmG1ēm (2.24)

where ēm are the generalized eigenvectors of the pencil (G2−zmG1). Using singular value

decomposition [17] for G1, it can be expressed as

G1 = UDVH (2.25)

where U and VH are unitary matrices associated with left and right singular vectors
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respectively.

Here, H denotes the conjugate transpose and D is a diagonal matrix with singular

values of G1 on the diagonal in descending order. U,D and VH are (N −P )× (N −P ),

(N − P )× P and P × P respectively. The largest M singular values and the associated

left and right singular vectors are chosen in (2.25). By multiplying the left of (2.24) by

V VH and substituting in (2.25), the generalized eigenvalue problem reduces to a square

matrix

D−1(M×M)U
H

(M×N−P )G2(N−P×P )V(P×M)V
Hēm = zmV(P×M)V

Hēm (2.26)

Therefore, zm are the eigenvalues of the M ×M matrix in (2.26). Once zm are calculated,

the complex propagation factors can be obtained by using

ky,m = − ln zm
δx

, m = 1, 2, ...,M (2.27)

The complex amplitude components Am can be obtained by using zm in (2.20) and solving

the resulting overdetermined linear system of equations by using a least-squares fit. Once

the unknown complex amplitude and phase factors are obtained, the original near field

behavior can be reconstructed.

2.4 Periodically Corrugated Metallic Surfaces

In this Section, the classical electromagnetic analysis of periodically corrugated surfaces

is summarized. This methodology will be later used in the leaky wave analysis of such

structures.
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y

x

Figure 2.8: Front view of a standard Bull’s Eye antenna with a subwavelength slot aperture.

2.4.1 Bull’s Eye Antennas Design Configurations

A perfectly conducting metallic plane with a subwavelength aperture in its middle is con-

sidered. As explained in the introductory Chapter, the transmission of light through the

aperture is significantly enhanced by several orders of magnitude when the metallic plane

is surrounded by a set of concentric periodic rings (Fig. 2.8). Although this enhanced

transmission of power was initially observed in optical frequencies, the same behaviour of

the periodic structure under such conditions was observed in the microwave frequencies

as well.

Theoretical research at optical frequencies available in [18, 19] extracted the design

parameters for a periodically corrugated metal with respect to the free space wavelength

λ0 as

sx � λ0

t ≈ nλ0
2

d ≈ λ0

h ≈ (2n+ 1)λ0
4

(2.28)
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Figure 2.9: A subwavelength resonant slot on an infinite ground plane.

where n is a non negative integer. The parameters sx, h, d and w refer to Figs. 2.8-2.10

and are subject to optimization for best performance. A proper excitation of the leaky

mode across the corrugations requires the polarization of the excitation wave parallel to

the corrugations (along y) [20]. The radiation is re-emitted in phase for λ0 ∼ d. The two

joint mechanisms (gap cavity mode and in-phase gap reemission) cause the extraordinary

peak in transmittance [19].

The feeding slot design process should ensure a good matching between the feeding

waveguide and the antenna (Fig. 4.3). Typically, its parameters are as

sx ∼ λ0/2

sy � λ0

sz ∼ λ0/2

(2.29)

where sx and sz (or, metal plate thickness t) control the longitudinal and transverse

resonance [21].

43



Chapter 2. Theoretical Background

2.4.2 Leaky Wave Analysis of 1-D Corrugated Metallic Surfaces

with Narrow Gaps

An infinitely long corrugated plane as in Fig. 2.10 is considered, periodic along y with

period d and uniform along x. The plane is perfectly conducting and its design details have

been engineered via the specifications set in Section 2.4.1. The classic electromagnetic

analysis of corrugated slabs with narrow gaps ( [2,22,23]) suggest that the surface of Fig.

2.10 can be viewed as an infinite array of parallel plate waveguides mounted on a ground

plane. From the same analysis, it is obligatory that h < λ0/4 so that the wave above the

metal is a TM wave [22]. This analytical periodic method refers only to designs with gap

widths smaller than w < λ0/2.

The periodic modulation of the metallic surface allows the expression of the E and H

components with the use of Floquet’s theorem, discussed in Section 2.1.1

E(y, z) = e−jkyyEp(y, z) (2.30)

where ky is the fundamental longitudinal wavenumber along the y direction, Ep(y, z) =

Ep(y + nd, z) is a periodic function and n is a non-negative integer. For the unit cell of

Fig. 2.10, it is assumed that the TEM field distribution (Hx,Ey) exists inside the gap

due to w < λ0/2, following the assumptions in [2, 22].

The input admittance Yin looking into the gap (−z) can be written as a function of

the periodic fields (Ep
y , H

p
x) as

Egap
y = V0

Hgap
x = YinV0

(2.31)
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Figure 2.10: 1-D infinite size corrugated metallic plane with w < λ0/2.

and since we are interested in an eigenvalue problem, V0 = 1 is set.

In the region over the surface of the corrugations (z > 0), a TM surface plasmon mode

propagates along z in high frequencies, supported by the interface between the metallic

plane and the air. Due to the periodic texture, Floquet theory suggests that the guided

wave towards y consists of an infinite number n of space harmonics as

kyn = ky + 2πn/d = βn − jα

kzn = ±
√

(k20 − k2yn)

(2.32)

where k0 is the free space wavenumber, βn is the phase or propagation constant of the

n-th harmonic, α is the attenuation constant or leakage rate. Since d ≈ λ0, only the

n = −1 space harmonic lies within the fast wave region (|β−1| < k0), producing the leaky

wave radiation.

The magnetic vector potential Az for the TM mode over the surface can be written

as

Az(y, z) = e−j ky y Apz(y, z) = e−j ky y
∞∑

n=−∞

Cne
−j 2πn

d
y e−j kzn z (2.33)

where Cn is an unknown constant. An analytical expression of E and H fields for z > 0

is
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Ey(y, z) =
−1

jω ε0

∞∑
n=−∞

kyn kznCn e
−j kzn z e−j kyn y

Hx(y, z) =
∞∑

n=−∞

−jkynCn e−j kzn z e−j kyn y
(2.34)

The expression of Cn can be found by forcing continuity of Ey at the level of the gap

openings z = 0 and letting it vanish on the sides of corrugations as

Ep
y(−w

2
< y − nd < w

2
, 0) = Egap

y (2.35)

therefore we can write Cn as

Cn =
−j ω ε0
kyn kzn

sin(π nw/d)

π n
(2.36)

The next step is to determine the values of ky by forcing the continuity of Hx at the

level of the gap openings as

∫ w/2

−w/2
Egap
y Hgap

x =

∫ w/2

−w/2
Egap
y Hp

x(y, 0)dy (2.37)

which after some simplification leads to

Yinw = −dωε0
∞∑
−∞

1

kzn

sin2(π nw/d)

(πn)2
(2.38)

where Yin is the input admittance looking into the gap (-z direction) for a TEM shorted

stub as Yin = −j Y0 cot(k0 h), with Y0 the free space admittance [24].

The right hand of equation (2.38) is proven to be the admittance Ya looking out of the
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gap by examining the power transmitted by the gap per unit length (in x direction). For

our set of periodic field components inside the gap (Hp
x, Ep

y), the total transmitted power

per unit length will be the contribution of the Ep
y component. Using Floquet theory it

can similarly be written as in (2.31)

Ea
y = 1

Ha
x = −Ya

(2.39)

where the negative sign is intended to give the impedance looking out of the aperture,

and from the eigenvalue problem it is set Ea
y = 1.

Using the Parseval’s theorem, the power transmitted is expressed as

P = −
∫ d/2

−d/2
Ep
y(y, 0)Hp∗

x (y, 0)dy = |Ea
y |

2wY ∗a (2.40)

or Ya = P ∗/w. Therefore Parseval’s theorem can be written as

P = −
∞∑

n=−∞

Ep
y(y, 0)Hp∗

x (y, 0)dy = |Ea
y |

2wY ∗a (2.41)

which leads to the expression for Ya as

Ya =
d

w
ωε0

∞∑
n=−∞

1

kzn

sin2(πnw/d)

(πn)2
(2.42)

In conclusion, for the calculation of the fundamental wavenumber ky of the leaky mode,

the solution ends up in a transverse resonance equation at the level of the gap openings,
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as

Yin + Ya(ky) = 0 (2.43)

The calculation of the complex wavenumber ky derives from the numerical solution of

equation (2.43). The solution of (2.43) can be found after considering some specializations

that derive from the Floquet harmonics theory discussed in the previous Sections.

It is expected that the fundamental wave is slow (β > k0), however only slightly

smaller that the free space wavenumber (β ≈ k0). Also, since the structure is periodically

modulated with d ≈ λ0 it is expected that only the n = −1,−2 harmonics are fast.

However, ky is double valued, as it can be seen from (2.32). From leaky wave physics,

described in Section 2.1, when n = −1 harmonic is fast (|β−1| < k0) then the leaky wave

can be either forward (β−1 > 0, αz,n=−1 < 0) or backward (β−1 > 0, αz,n=−1 > 0). For

the n = −2 harmonic, if it exists, it is limited that it is backward wave, therefore it is

selected αz,n=−2 > 0.

The authors of this method used the Secant method for the numerical solution of

(2.43) with convergence met when the initial values of ky are set slightly bigger than the

free space wavenumber [25].

2.5 Commercial Electromagnetic Solver

The full-wave analysis of the electromagnetic problems of this dissertation has been re-

alized via CST Microwave Studio TM. It is a very popular 3-D commercial tool, which

offers a variety of specialized solvers depending on the nature of the electromagnetic

problem [26]. In this thesis, three of its available solvers have been used, reported below.
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CST offers a finite-integral time domain solver, which is suitable for most high fre-

quency applications such as connectors, transmission lines, filters, antennas etc. and can

obtain the entire broadband frequency behavior of the simulated device from a single

calculation run. It is also efficient for periodic unit cell analysis by employing electric

(magnetic) boundary conditions.

However, the time-domain solver can not be used when a fixed phase shift other than

zero is required. This is a common requirement when studying obliquely incident plane

waves or calculating the dispersion diagram of a periodic structure. For this purpose,

the frequency domain solver must be used. This is a solver suitable for highly resonant

structures. It also allows the imposition of periodic boundary conditions with arbitrary

phase shift values. Finally, the eigenmode solver of CST is recommended for the eigen-

mode analysis of a closed structure, with no excitation source. Open boundaries are

not supported by this solver, hence the obtained dispersion diagrams refer only to the

phase constant, since an attenuation constant calculation would require open boundary

conditions.
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Chapter 3

Leaky Wave Analysis of Periodically

Corrugated Metallic Surfaces

The analytical leaky wave analysis of a one dimensional periodically corrugated design

with gap widths smaller than λ0/2 (the upper limit where the TEM mode is supported

inside the gaps) is available from the periodic method demonstrated in Section 2.4.2. For

gap widths beyond this limit, this method ceases to give logical solutions, since higher

order modes are expected to emerge and are not taken into account in the calculation.

Corrugated designs with gaps larger than λ0/2 have been encountered in several popular

implementations ( [1, 2]), since they form a prerequisite for high gain performance, while

narrow-gap corrugated antennas achieve a low gain. Their leaky wave properties, there-

fore, are the key towards the comprehension of their far field performance. A rigorous

methodology of the latter has not been available so far.

In this Chapter, a novel analytical periodic method is presented for the leaky wave

analysis of 1D periodically corrugated structures with gaps larger than λ0/2. This method
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consists in the numerical solution of a transverse resonance equation that involves the

gap admittance at the level of the gap openings. The results verify that gaps with width

larger than λ0/2 operate with the TM1 mode of the considered parallel-plate waveguide.

Furthermore, a full-wave dispersion analysis of a corrugated unit cell (of either narrow or

wide gap compared to λ0/2) is presented via a unit cell analysis tool, the fundamentals of

which have been described in Section 2.2. It is the first time that this method is applied

on a corrugated unit cell. The results of the two proposed novel leaky wave analysis

techniques are compared against the well known but significantly slower matrix pencil

method, also briefly described in Chapter 2. It is, also, the first time that the matrix pencil

method is implemented for the leaky wave analysis of periodically corrugated antennas.

Numerical results for the complex propagation constant of the leaky modes are extracted

from the aforementioned methodologies for both types of corrugated designs, and their

accuracy is discussed. The three aforementioned leaky wave analysis methodologies will

be later used in Chapters 5 and 6, for the estimation of the leaky wave characteristics of

the proposed novel corrugated antennas.

Finally, an analytical calculation of the radiation patterns of the aforementioned struc-

tures based on the extracted complex leaky wave propagation constant is developed via

the array factor approach discussed in Section 2.1.3. This final step produces for the first

time a complete methodology for the prediction of the radiation performance of periodic

corrugated metal structures. Each gap case is examined separately and theoretical results

are compared with simulations for various frequencies of interest.
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Figure 3.1: 1-D periodically corrugated structure with d ∼ λ0, h ∼ λ0/4 and (a) w < λ0/2 and
(b) w > λ0/2.

3.1 Corrugated Metallic Antennas at 15 GHz

The design process of two periodically corrugated metallic antennas with period d ∼ λ0

is briefly described here, one that is characterized by w < λ0/2 and one with w > λ0/2

(as in Fig. 3.1). These antennas will be used as the reference models for the application

of the leaky wave methodologies. They are considered of infinite size, meaning that they

consist of a large number of unit cells, enough so that the launched leaky wave attenuates

significantly when it reaches the end of the structure and reflections are avoided.

The designs parameters are selected for optimum performance at 15 GHz, following

the guidelines of Section 2.4.1. After an optimization process in CST Microwave Studio

TM with the goal of maximum transmission at around 15 GHz, the unit cell dimensions for

each gap case are defined as: periodicity d = 19.62 mm, height of corrugations h = 3.31

mm, gap width w = 2.62 mm for the narrow gap case (Fig. 3.1.a) and w = 13.32 mm

for the wide gap case (Fig. 3.1.b). Throughout this Chapter, all the produced numerical

results refer to these two designs.
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3.2 Analytical Periodic Method for Corrugated Sur-

faces with Large Gaps

In this Section, a novel analytical periodic method is introduced for the calculation of the

emerging leaky mode from corrugated designs with gaps larger than λ0/2. An infinitely

long perfectly conducting corrugated plane as in Fig. 3.1.b is considered, periodic along

y and invariant towards x. The periodicity d is fixed close to the free space wavelength

λ0. The height of the corrugations h should be smaller than λ0/4 so that the surface

impedance is inductive and a TM surface wave assumption is valid [3]. From the analysis

in Section 2.4.2, the corrugated plane can be viewed as an infinite array of parallel plate

waveguides mounted on a ground plane [3, 4] .

The following analytical periodic method refers strictly to periodic corrugated planes

with gap widths w larger than λ0/2. The gap width w of the unit cell of Fig.3.1.b is large

enough so that a TM1 field distribution (Hx,Ey,Ez) can be assumed inside the gap. Using

Floquet’s theorem, we can write any E or H field component as [4]

E(y, z) = e−jkyyEp(y, z)

H(y, z) = e−jkyyHp(y, z)

(3.1)

where ky is the fundamental longitudinal wavenumber along y, and Ep, Hp are periodic

functions with period d as

Ep(y + nd, z) = Ep(y, z)

Hp(y + nd, z) = Hp(y, z)

(3.2)

where n is an integer. A transverse equivalent network at the level of the gap openings
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(z = 0) is employed below.

The input admittance Yin looking into the gap (z < 0) can be written as a function

of the periodic fields (Ep
y , H

p
x) as

Ey,gap = V0

Hx,gap = YinV0

(3.3)

and since we are interested in an eigenvalue problem, V0 = 1 is set [5].

In the air region over the level of the corrugations (z > 0), a TM surface plasmon

mode propagates due to h < λ0/4, supported by the interface between the metallic plane

and the air. Since the structure is periodic with period d, Floquet’s theorem suggests that

the guided wave towards y consists of an infinite number n of space harmonics as [5]

kyn = ky + 2πn/d = βn − jα

kzn = ±
√

(k20 − k2yn)

(3.4)

where k0 is the free space wavenumber, βn is the phase or propagation constant of the

n-th harmonic, α is the attenuation constant or leakage rate. Since the period d of the

structure is fixed close to λ0, only the n = −1 space harmonic lies within the fast wave

region (|β−1| < k0), producing the leaky wave radiation [6]. It should be noted that the

phase constant βn is defined for each n-harmonic, while α is the same for all harmonics.

An analytical expression for the fields in the region z > 0 can be produced. The
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Hx, Ey, Ez components of the surface TM mode can be written as [4]

Hx =
∞∑

n=−∞

−jkynAne−jkynye−jkznz

Ey = j
1

ωε0

∂Hx

∂z

Ez = −j 1

ωε0

∂Hx

∂y

(3.5)

where An is an unknown constant. The boundary conditions at the interface between

the metallic surface and the air (z = 0) requires continuity of the tangential electric and

magnetic fields and the tangential electric field to vanish everywhere else. Regarding the

boundary conditions for Ey, the constant An is calculated as

An =
−jωε0
kynkzn

sin(πnw/d)

πn
(3.6)

Inside the gap of the unit cell, where 0 ≤ y ≤ w, the requirement of continuity for Hx,

multiplied by Ey,gap = V0 leads to the expression of the input admittance Yin from (3.3)

and, consequently, to the calculation of leaky mode wavenumber ky as

Yinw = −dωε0
∞∑

n=−∞

1

kzn

sin2(πnw/d)

(πn)2
(3.7)

where Yin is also the input admittance looking into the gap (-z direction) for a TM shorted

stub as

YTM = Y0k0/
√
k20 − k2c

Yin,TM = −jYTMcot(h
√
k20 − k2c )

(3.8)

where kc = π/w is the cutoff wavenumber of the TM1 mode [7].
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The right hand of (3.7) is here proven to be the admittance Ya looking out of the

gap (towards +z) by examining the power transmitted by the gap per unit length (in x

direction). For the periodic field components inside the gap (Hp
x, Ep

y , Ep
z ), correspondent

to the assumed TM1 mode, the total transmitted power per unit length is the contribution

only of the Ep
y component, since the Poynting vector of the Ep

z component is directed

towards y (thus not in the required direction towards the aperture). Using Parseval’s

theorem, the power transmitted by the fields inside the gap can be expressed as [5]

P = −
∫ d/2

−d/2
Ep
y(y, 0)Hp∗

x (y, 0)dy = |Ea
y |

2wY ∗a (3.9)

and from the eigenvalue problem, Ea = 1 is set, therefore leading to an expression for Ya

as

Ya =
d

w
ωε0

∞∑
n=−∞

1

kzn

sin2(πnw/d)

(πn)2
(3.10)

exactly as the narrow-gap case.

Returning to (3.7), for the calculation of the wavenumber ky of the leaky mode, the

solution can be reduced to a transverse resonance equation at the level of the gap openings

(z = 0), as

Yin,TM + Ya(ky) = 0 (3.11)

The calculation of the complex wavenumber ky stems from the numerical solution of

(3.11), which is solved with the Secant method [8, 10]. Initial assumptions regarding the

proper selection of the roots and convergence criteria for the Secant method are explained

briefly below.

From Floquet’s theory, it is expected that only the fundamental wave is slow |β| > k0
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Table 3.1: Numerical convergence at 14.2 GHz.

±m β−1/k0 α/k0
3 -0.0332 0.0041
8 -0.033 0.0041
11 -0.0329 0.0041
15 -0.0329 0.0041

and close to the free-space wavenumber, β ≈ k0. The periodicity of the structure fixed

close to the free-space wavelength (d ≈ λ0) allows only the n = −1 harmonic to be fast,

or even the −2 at some cases.

Second, since ky is double valued (from (3.4)), it is determined that when the n = −1

harmonic is fast (|β−1| < k0) then the leaky wave can be either forward (β−1 > 0,αz,n=−1 <

0) or backward (β−1 > 0,αz,n=−1 > 0). If the n = −2 harmonic exists, then it should be

a backward wave, therefore it is selected that αz,n=−2 > 0.

Convergence is met with initial values ky ≈ k0. The number of harmonics (±m)

included in the execution of the Secant method determines the convergence criterion at

±11 harmonics at 14.2 GHz, as it can be seen in Table 3.1 for the design of Fig. 3.1.b.

Compared to the convergence table found in [9] for TEM mode assumption, the results

of Table 3.1 demonstrate a much faster convergence, as even with m = ±3 harmonics the

solution is quite accurate.

3.3 Unit Cell Periodic Method

In this Section, a full-wave dispersion analysis technique, the fundamentals of which have

been described in Section 2.2, is applied for the first time on a corrugated unit cell.

Simulations are performed with the Time and the Frequency Domain Solver of CST. This

technique can be used for any unit cell geometry, regardless of its complexity. Also, only
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Figure 3.2: Boundary conditions for the implementation of the unit cell periodic method in CST.
Periodic boundary conditions are imposed at x, y axes, open boundary is chosen along +z and
PEC is chosen along -z axis.

two unit cells are needed for the leaky wave analysis in contrast to other known full-wave

methods (for example, the matrix pencil method), offering the significant advantage of

simplicity and reduced computational time.

Fig. 3.2 shows periodic boundary conditions imposed along x and y on a unit cell

in CST environment, open boundary along +z and PEC along −z. The electromagnetic

problem for both gap cases is considered invariant towards x, same as in the analytical

periodic methods of Sections 2.4.2 and 3.2.

The propagation constant β−1 of the leaky mode along the y axis is calculated by the

observation of the maximum generated electric field strength at resonant frequencies after

fixing the phase difference ξ between the longitudinal y-boundaries of the unit cell. The

excitation is a small ideal dipole source. The maximum of the electric field component

E is tracked at resonant frequencies fr which are dependent on the corresponding phase

shift ξ, according to

β−1 = k0(fr)d (3.12)
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Figure 3.3: Unit cell setup for the calculation of β−1 (a) case of w < λ0/2 and (b) case of
w > λ0/2.

The angle ξ is scanned from 0◦ to 180◦ with a step of 5◦. From the known leaky wave

formula, the radiation angle θ of the emerging beam is associated with the propagation

constant β−1 as

θ = sin−1(β−1/k0) (3.13)

The simulation setup for β−1 of the corrugated unit cells of both gap cases can be

viewed at Fig. 3.3. For the narrow gap case, the dipole is y-oriented in order to excite the

Ey component of the assumed TEM mode. For the wide gap case, with the present higher

order mode, the dipole is z-oriented so as to distinguish between the TEM and the TM1

mode, since the Ez part exists only in the latter. The y component of the electric field

across the direction of the emerging leaky wave is tracked with suitably placed probes.

The simulated electric field distribution of Fig. 3.4 determines the probe position above

the internal corners of corrugations, where the area of maximum E field concentration is.

With respect to the source position, the small gap of the unit cell of Fig. 3.3.a doesn’t

allow much freedom, in contrast to the unit cell of 3.3.b where simulations showed that

small variations of the port position inside the gap do not affect significantly the produced
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(a) (b)

Figure 3.4: Simulated E-field of a corrugated unit cell at 15 GHz with (a) w < λ0/2 and (b)
w > λ0/2.

E-field, provided that there is enough open space above the corrugations.

The attenuation constant α of the leaky mode is calculated by the excitation of two

consecutive unit cells terminated with periodic boundary conditions (Fig. 3.5). One unit

cell is fed with a small dipole source. A double longitudinal phase shift 2ξ is imposed

towards the y boundaries, as the total distance of the travelling wave is 2d. The maxima

of the Ey components are tracked at sampling points that are spaced one period apart.

The maximum electric fields E0 and E1 of the first and the second unit cell with respect

to the source position are measured at carefully located probes, at the near field of the

unit cell where the maximum E-field strength is expected (inner corners of corrugations).

Within a period d, the electric field is exponentially attenuated by a factor of e−αd. This

decay of the electric field between the two measurement points leads to the calculation of

the leakage rate

α = −1

d
ln
E1

E0

(3.14)

What should be noted is that this methodology for the calculation of α is valid only for
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Figure 3.5: Unit cell setup for the calculation of α (a) case of w < λ0/2 and (b) case of w > λ0/2.

small expected values of attenuation, as a high error rate has been reported for higher

magnitudes of α [11].

3.4 The Application of Matrix Pencil Method on Cor-

rugated Antennas

The matrix pencil method, explained in detail in Chapter 2, is used here for comparison

purposes for the leaky wave analysis of corrugated antennas. For each unit cell of Fig. 3.1,

an antenna of sufficiently large size (approaching the infinite size assumption) is simulated.

The antenna length towards y is 38 unit cells so as to attenuate significantly the travelling

wave once it reaches the end of the antenna (Fig. 3.6). The problem is invariant towards

x, in accordance with the analysis of the previous Sections. The feeding of the antennas
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is via an open-ended waveguide aperture at the edge of the antenna.

The size of the simulated model makes this technique a lot slower than the much

faster and efficient analytical and unit cell based techniques presented in the previous

Sections. However, it is the only other available technique in order to calculate the

complex propagation constant of the leaky modes and compare the results of our new

proposed methods. The matrix pencil method in our case requires approximately 16

minutes on an Intel(R) Core(TM) processor simulation PC with 8 GB RAM. In contrast,

the simulation time for our unit-cell full-wave method is just under 1 minute, making it

around 16 times faster.

In order to avoid unwanted reflections that could disturb the computation of the leaky

mode, the sampling field domain is set as in Fig. 3.6. The two unit cells closer to the

radiating source are excluded from the sampling field monitor (in blue color), due the

strong expected fields generated from the direct aperture beaming. The x-boundaries

are terminated with periodic boundary conditions in order to make the antenna infinite

towards x and avoid reflections. This also reduces the computational problem to a 2D

topology. Additionally, a distance approximate to two unit cells at the edge of the antenna

is excluded from the sampling domain, so as to minimize the effect of the wave impedance

mismatch between the antenna and the surrounding air.

The analysis of Sections 3.2 and 3.3 makes the Hx component suitable for sampling,

as it exists in both implementations (dominant TEM and TM1 modes inside the gaps for

the narrow and wide gap case respectively). Specifically, the complex aperture Hx-field

is sampled at constant intervals δx just above the level of corrugations (z = 0) and it can

be approximated as a sum of M exponential components
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Figure 3.6: Front view of the 2D corrugated antenna geometry. The blue rectangular defines the
sampling domain for the Hx component to be approximated by the matrix pencil method, just
above the level of corrugations.

Hx(n δx) =
M∑
m=1

Ame
jky,mn δx (3.15)

where n is an integer, ky,m = αm + jβm is the complex wavenumber of the m component

along y and Am is the complex magnitude of the correspondent mode. This arbitrary

number of exponential components M is then summed to reconstruct the radiation pat-

tern of the antenna. The dominant leaky mode (|β| < k0) can be tracked by the its

corresponding field strength Am of each m component with complex wavenumber ky,m. It

should be reminded that the structure supports an infinite number of n space harmonics,

according to Floquet theory, of which the fundamental mode is a slow wave (|β| > k0)

and the −1 harmonic is designed to be a fast leaky wave.

For the narrow gap antenna, where the TEM mode dominates inside the gaps, results

from the extracted matrix pencil components are in Table 3.2. At 13 GHz, the harmonic

m = 1 is a slow travelling wave (|β| > k0) travelling towards the negative direction −y

and harmonics m = 2, 3 seem like surface waves due to β ≈ 1. All harmonics decay

exponentially towards +y due to αm < 0. The dominant leaky mode, corresponding to

the −1 Floquet harmonic is the m = 6 due to its strongest complex amplitude Am. The
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Table 3.2: Matrix pencil extracted components of the 2D narrow gap antenna at 13 GHz.

Prop. m jky,m/k0 = αm + jβm Am(A/mm)
-y 1 -0.0029 + j1.0316 0.0728 - j0.0222
-y 2 -0.0020 - j0.8863 -0.0022 + j0.1059
-y 3 -0.0019 + j0.7141 -0.1120 + j0.0394
-y 4 -0.0019 + j0.3942 0.1557 - j0.0000
-y 5 -0.0019 - j0.5662 -0.0518 - j0.1336
-y 6 -0.0020 - j0.2463 0.1106 + j0.1267
-y 7 -0.0020 + j0.0739 -0.1534 - j0.0747
-y 8 -0.0075 + j0.0026 -0.0251 - j0.0710

Table 3.3: Matrix pencil extracted components of the 2D wide gap antenna at 12.5 GHz.

Prop. m jky,m/k0 = αm + jβm Am(A/mm)
-y 1 -0.0051 - j0.5563 0.0066 + j0.0878
-y 2 -0.0056 + j0.4061 0.0729 + j0.1758
-y 3 -0.0055 + j0.3722 0.1259 + j0.0835
-y 4 -0.0052 - j0.2335 -0.0995 + j0.3878
-y 5 -0.0046 - j0.2675 0.0613 + j0.2312
-y 6 -0.0032 - j0.0750 0.0637 - j0.0775
-y 7 -0.0059 + j0.0860 -0.0886 + j0.1840
-y 8 -0.0076 + j0.0508 0.0168 + j0.1494

corresponding slow Floquet harmonic n = 0 should be the m = 1. Table 3.3 shows the

matrix pencil results for the wide gap antenna. The dominant −1 Floquet harmonic of

the TM1 mode should be the m = 4 component, due to its strongest amplitude Am=4.

For more accurate results, the final dispersion diagrams produced by the matrix pencil

technique were executed for a larger number of M components, and the dominant leaky

mode was tracked with its corresponding Am amplitude for each frequency point.

3.5 Dispersion Analysis: Numerical Results

The leaky wave analysis of each unit cell case is presented and discussed separately.

The significance of this analysis lies in the prediction of the far field patterns of the

corresponding infinite size antennas. Therefore, antenna design configurations can be set,
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based only on the knowledge of the leaky mode wavenumber distribution.

3.5.1 Case of w < λ0/2

Fig. 3.7 shows the complex wavenumber distribution normalized to the free space wavenum-

ber k0. The analytical periodic method results refer to the methodology of Section 2.4.2.

Only the −1 harmonic of the dominant TEM mode is depicted for the phase constant,

as only this is expected to propagate due to d ∼ λ0.

The calculated solution is a complex fast wave in all the frequency band examined

(|β−1/k0| < 1). Radiation close to broadside (from β ≈ 0) for the unidirectionally-fed

structure is expected at 15.2 GHz according to the matrix pencil method, 15.4 GHz

according to the analytical periodic method and 15.8 GHz according to the full-wave

method. It is also obvious from the distribution of β−1 and α that the analytical method

crashes after the frequency where β ≈ 0, beyond which the method ceases to give logical

solutions. This defect has already been reported by the authors of [9] and is possibly

associated with the weak transmission of the leaky wave to the next neighboring cell

(complex wave no longer supported).

The main radiating beam scans with frequency from the backward quadrant (when

β−1 < 0) to the positive (β−1 > 0). The condition |β−1| < α for a directive beam at

broadside for the symmetrically-fed antenna of infinite size [12], determine that such a

radiation is expected between 13.8 GHz and 16 GHz, based on the analytical periodic

method results. A nearly identical distribution of phase constant is calculated from all

methods, confirming their accuracy.

Fig 3.7.b shows the leakage rate α predicted by the analytical periodic method and the
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Figure 3.7: Complex wavenumber distribution of ky−1 for the narrow gap case (a) phase constant
β−1 and (b) attenuation constant α.

matrix pencil. A high similarity can be observed between the two methods as a increases

with frequency up to 14 GHz (matrix pencil) or 15 GHz (analytical periodic), and after

that, a drop is observed. The application of the unit cell method on this narrow gap unit
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cell fails to give logical results. This is due to the fact that the high simulated values of

the electric fields around the corrugations led to an unstable calculation of α from (3.14).

Also, the exact values of the electric field were very sensitive with respect to the position

of the probes. Actually, the failure of the unit cell method for this case is expected due

to the relatively large α predicted by the other two methods, as for a large α the unit

cell periodic method produces a high error rate, as has been reported for this technique

applied to different types of leaky wave antennas [11].

3.5.2 Case of w > λ0/2

The dispersion analysis of the wide gap case is implemented, using the analytical periodic

methods of Sections 2.4.2 and 3.2, the unit cell method of Section 3.3 and the matrix pencil

method. It is expected that the TM1 mode mainly excites the leaky mode, however it is

interesting to examine the percentage of the attenuated TEM mode that is still present.

For the calculation of the latter, the method of Section 2.4.2 is applied. All results are

concentrated in Fig. 3.8. The accuracy of all methods with respect to the calculation of

the β−1 of the dominant mode (TM1) is evident with the highly similar distribution of

β−1, which confirms the propagation of a fast leaky wave along the entire frequency band

examined (|β−1| < k0).

The frequency where radiation close to broadside is expected (for the unidirectionally-

fed antenna) in this case is predicted by all methods at around 14.2 GHz. Below this

frequency, the phase constant obtains negative values which means that the beam of the

infinite size antenna scans towards the negative quadrant. From the condition |β−1| < α,

a broadside radiation for the symmetrically-fed infinite size antenna is expected in the
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Figure 3.8: Complex wavenumber distribution of ky−1 for the wide gap case (a) phase constant
β−1 and (b) attenuation constant α.

frequency band between 14.15 GHz and 14.34 GHz for an infinite size antenna (the ana-

lytical periodic method for the TM1 mode). The TEM mode is significantly attenuated,
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especially at the frequencies over 14 GHz, where the antenna is designed to operate. Its

contribution is expected only with side lobes, and its normalized attenuation constant is

about an order of magnitude higher than the one of the TM1 mode.

The values of normalized leakage rate α for the TM1 mode are similar from all methods

(less than 10−1). Compared to the narrow gap case, the attenuation constant for the wide

gap case is on average much smaller. The simulated E fields of Fig. 3.4 confirm this

theoretical result, since for the wide gap unit cell the E-field strength is by several orders

of magnitude larger than the E-field of the narrow gap unit cell. The highly directive

performance of most cited Bull’s Eye antennas, which typically consist of wide gaps, is

justified from the low leakage rage α predicted by this analysis. It is also implied that

a corrugated antenna of wide gaps would need a large overall size for a typical 90%

transmission of power, from the condition L = 0.18λ0/α. Antennas with narrow gaps

have not been preferred in literature due to their high leakage rate (which leads to lower

realized gain).

3.6 Far Field Pattern Calculation

This Section offers the analytical calculation of the radiation patterns of one-dimensional

symmetrically-fed corrugated structures of finite size (Fig. 3.9). For this calculation, the

values of ky,−1 are considered known from the previous dispersion analysis, although they

refer to infinite size antennas.

The feeding of these antennas is via a subwavelength slot aperture of dimensions

(sx, sy=13.89 mm, 2.438 mm)) in their middle (Fig. 3.10), with its E field parallel to the

corrugations (along y), and an equal number N of unit cells at each side of the aperture
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Figure 3.9: Symmetrically-fed corrugated antennas (a) narrow gap case and (b) wide gap case.

(Fig. 3.9). From antenna theory, the total radiation pattern is the linear superposition

of the slot radiation pattern and the leaky wave radiation pattern produced by the wave

propagation across the corrugations.

From [13], the electromagnetic field radiated by a slot aperture mounted on an infinite

ground plane can be approximated by its dominant TE10 mode (Fig. 3.10). An analytical

expression of fields for the E-plane of the aperture leads to

Eθ,slot = E0 sinc(
k0 sy sinθ

2
) (3.16)

where θ is the radiating angle measured from broadside.

The leaky wave radiation pattern is approximated by the array factor (AF ) approach

presented in Section 2.1.3. Any leaky wave antenna of Fig. 3.9 can be considered as a

symmetrically-fed phased-array antenna, with inter-element spacing d of N point radia-

tors. For the plane on the right side of the slot, the antenna is considered to be fed with
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Figure 3.10: Radiating slot aperture on an infinite ground plane surrounded by one corrugated
ring.

a phase function ξ(θ0) along y and an exponential magnitude function I(y) = I0e
−αy set

as

ξn = −(n− 1) k0 d sinθ0

In = I0 e
−α (n−1) d

(3.17)

where θ0 is the radiation angle measured from broadside.

Since we have a bidirectional (symmetrical) antenna, the lower limit of the AF is

modified accordingly to −N in order to include the point radiators placed at the other

side of the feed. The AF of the 1-D antenna is given by

AF =
N∑

n=−N

Ine
j (n−1) k0 d sinθ+jξn (3.18)

In the calculation of this AF , the right spacing of radiators is a challenging problem.

The maximum Ey distribution along the longitudinal plane of a finite size corrugated

antenna assists in the determination of radiators. Specifically, the Ey values around the

inner corner of a unit cell of Fig. 3.2 correspond to the magnitude I0 of the array factor.

Overall, the ratio of E0/I0 is an approximate estimation of the side lobe level of the

radiation pattern.

75



Chapter 3. Leaky Wave Analysis of Periodically Corrugated Metallic Surfaces

Figure 3.11: Simulated (maximum) E-field at 14.8 GHz for the narrow gap antenna.

Regarding the determination of the element factor EF , each gap can be considered as

an aperture in free space with uniform distribution along the y-dimension. The equivalent

problem can be formed according to Love’s Equivalence Principle and image theory [13].

Therefore, the element factor of each radiating gap can be expressed as

EF = I0 cosθ sinc(k0wy
sinθ

2
) (3.19)

where wy is the considered width of the aperture. The radiation pattern of the leaky wave

antenna is then calculated as

AF ∗ EF + Eθ,slot (3.20)

Each gap case is examined below separately.

3.6.1 Case of w < λ0/2

Consider a bidirectional finite-size antenna, fed in the middle by a subwavelength slot

(sx,sy) of Fig. 3.10 and the unit cell of Fig. 3.1.a. Fig. 3.11 depicts the maximum electric

field distribution (along y) at 14.8 GHz, which is a frequency where maximum (broadside)

radiation is expected (β−1 ≈ 0 from the leaky wave analysis). A variation of fields with
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Table 3.4: Broadside range for the narrow gap antenna at 15 GHz.

Unit cells Simulated broadside range [GHz] Predicted broadside range [GHz]
10 13.4-16.2
14 13.6-15.9
18 13.8-16

13.8-16

time, as obtained from full-wave simulations, shows that each gap can be considered as a

radiating resonant slot. Therefore, the element factor of (3.19) can be used with wy = w,

the actual width of the unit cell gap.

For comparison purposes, several antennas of different sizes were simulated in CST

Microwave Studio. A summary of the radiation pattern characteristics of the simulated

bidirectional narrow-gap antenna is shown in Table 3.4, compared with the analytical

results of the leaky-wave analysis. The predicted broadside range is from |β−1| < α, based

on the dispersion results of the analytical periodic method. The infinitely long antenna

assumption is met with 18 unit cells, as the broadside frequency range of the simulated

antenna is precisely the frequency range predicted by the theoretical analysis. The rather

small number of unit cells required to meet the infinitely long antenna assumption can

be attributed to the large values of α, that is associated with the size L of the antenna

required for a 90% transmission of power.

A comparison between the theoretically calculated radiation patterns and the simu-

lated in CST at frequencies of interest can be seen in Fig. 3.12. The theoretical radiation

patterns use the complex wavenumber of the analytical periodic method and the matrix

pencil method. At 14.8 GHz, where β1 ≈ 0 (Fig. 3.7) the antenna radiates at broadside,

where at 13 GHz a split beam pattern is expected. Overall, a very good agreement be-

tween theoretical calculations and simulation is observed. The radiating angle θ and the

width of the main beam are nearly identical with the simulated plot, which verifies the
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Figure 3.12: Normalized radiation patterns of the 18-unit cell narrow gap antenna at (a) 14.8
GHz, (b) 13 GHz.

accurate leaky wave results of both methodologies.
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Figure 3.13: Simulated Ey-field (maximum) at 14.2 GHz for the wide gap antenna.

3.6.2 Case of w > λ0/2

The discussion for the radiation patterns for the case of w > λ0/2 is more complicated due

to the assumption of the higher order mode TM1 inside the gap. The simulated Ey field

of a finite size antenna of 18 unit cells at 14.2 GHz is in Fig. 3.13, which is the expected

frequency of maximum radiation (from the leaky wave analysis). A closer inspection is

available at Fig. 3.14. The phase animation of Ey in Fig. 3.14 shows that the corners of

the gap radiate in turn every phase change of π/2. This is the TM1 mode of the parallel

plate waveguide that begins to form within the corrugations [7].

The initial attempt in forming the array factor for this case was to consider as ele-

ment factor the Eθ component of this TM1 mode. The far field patterns, however, were

distorted. This was probably due to the depth of the corrugations h which is so small

that doesn’t allow the full formation of the mode inside the gap. In addition there is

significant scattering of the field from the top right angle corners of the corrugations.

After extensive investigation, the most accurate approach of the point radiator spacing

was found to be at the left corner of each corrugation (a total of N radiators spaced a

period apart). At this corner, an aperture in free space is considered, with width wy
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(a)

(b)

Figure 3.14: Phase animation of the simulated Ey-field at 14.2 GHz (a) 0o (b) 90o.

approximating zero wy ≈ 0 (3.19). It is evident in Figs. 3.13 and 3.14 that the wavefront

emerges from the left corner of each corrugation, where the E-field is stronger, therefore

this assumption is expected to be quite accurate.

Since the leakage rate α is low from the leaky wave analysis comparatively to the

narrow gap antenna, the infinite size assumption is expected to be satisfied with a large

number of unit cells N . Symmetrical antennas of sizes from 10 to 26 unit cells were

simulated and their far field behaviour is summarized in Table 3.5. The predicted values

refer to the TM1 mode only, based on the leaky wave analysis of the analytical periodic

method. For the 26-unit cell antenna, simulations exhibit a broadside radiation in the

frequencies between 14.05 GHz and 14.4 GHz, which is very close to the predicted broad-

side range of the leaky wave analysis. The infinite size assumption is met with an even

bigger number of unit cells for the wide gap antenna, however such simulations were not
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Table 3.5: Broadside range for the wide gap antenna at 15 GHz.

Unit cells Simulated broadside range [GHz] Predicted broadside range [GHz]
10 13.4-15.6
14 13.8-15.1
18 14-15
26 14.05-14.4

14.15-14.34

performed due to large computational time.

The theoretically calculated radiation patterns of a wide gap antenna of 26 unit cells

are depicted in Fig. 3.15. The patterns that correspond to the analytical methodology,

have taken into account the existence of both TM1 and TEM modes. The agreement

between theoretical calculations and measurements with respect to the main beam angle,

width and side lobe level is considered satisfactory.

In this case of wide gaps, however, initial calculations of the radiation patterns did

not match in main beam angle and width with the simulated at the exact same frequency.

The depicted patterns that stem from the leaky wave analysis are actually for higher

frequencies, by approximately 0.2 GHz (a shift of 1.5%). This shift is a common issue

with leaky wave antennas, as for antennas of moderate size with low α, edge effects and

reflections of the surface wave due to impedance mismatch between air and metal disturb

the main radiating mode [14,15].

The effect of the TEM mode on the far field patterns of the wide gap antenna can

be seen in Fig. 3.16 for the antenna of 26 unit cells. The comparative results of this

Figure refer to the analytical periodic method only, as the unit cell method and the

matrix pencil method incorporate all the radiating fields. Although the patterns look

quite similar, with the same beam angle, width and side lobe level, the consideration of

the TEM mode affects the position of nulls generated by the array factor. The difference
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Figure 3.15: Normalized radiation patterns of the 26-unit cell wide gap antenna at (a) 14.2 GHz,
(b) 13.2 GHz.

in the position of the nulls is more evident in the pattern of lower frequency (Fig. 3.16.b),

where the TEM mode is still of moderate α. For the pattern of Fig. 3.16.a, the radiation

is almost entirely the contribution of the TM1, as expected from the leaky wave analysis.
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Figure 3.16: Effect of the TEM mode on the radiation patterns of the 26-unit cell wide gap
antenna at (a) 14.2 GHz, (b) 13.2 GHz.

3.7 Conclusion

A complete dispersion analysis of 1D periodically corrugated metal surfaces has been

presented in this Chapter. The novel analytical periodic method for corrugated surfaces
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with large gaps consists in a simple transverse resonance equation at the level of the gap

openings, with the assumption of a higher order mode propagation inside the gaps.

A full-wave periodic unit cell method, has been applied for the first time on periodic

corrugated metal antennas and has been proven accurate. Additionally, the application

of the known matrix pencil method on this type of antennas was performed and its

results validate the previous leaky wave analysis techniques. Finally, for the first time a

radiation pattern calculation is available for this type of corrugated metal surfaces, after

an extensive investigation of the near field distribution.

Very good agreement is achieved between the results predicted using our leaky wave

analysis methods and the simulations of a finite size antenna in CST. Slight disagreements

in the results can be attributed to the infinite antenna size assumption of the leaky wave

analysis, while the CST software analyzes finite size models. It should also be reminded

that the array factor approach considers point radiators and is more accurate for a very

close spacing of leaky wave radiators, while in our case the radiators are spaced nearly

a wavelength apart. What is more, a part of the surface plasmon mode is reflected

back to the structure once it reaches the edge of the antenna, due to the impedance

mismatch between the metal and the air. These reflections have not been taken in to

consideration in our analysis. It should also be mentioned that an alternative approach

for the calculation of the radiation patterns that involves the radiation integral calculation

has been examined, with less successful results.

Overall, the application of the matrix pencil method requires simulations of very large

antennas at the expense of computational time. On the other hand, the analytical method

provides quick convergence with satisfactorily accurate results and the unit cell method
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requires only two unit cells for the dispersion analysis. In particular, the full-wave unit

cell method is about 16 times faster in computational time than the execution of the

matrix pencil method, while the analytical periodic method is executed within seconds.

The leaky wave analysis methodologies (novel and existing) explained in this Chapter

are very useful for the next Chapters, where the far field performance of the introduced

novel corrugated designs can be predicted only by the knowledge of the dominant leaky

mode.
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Chapter 4

Effects of the Feeding Structure on

Planar Corrugated Metal Antennas

This Chapter is focused on practical implementations of the feeding structure of periodic

corrugated metallic antennas. As described in Chapters 1 and 2, a family of planar

antennas, known as Bull’s Eye antennas, has been developed in recent decades. These

antennas normally consist of a set of corrugated rings on a metallic plane that surrounds

a subwavelength radiating aperture. All of the cited implementations thus far typically

use a half-wavelength thin slot as a feeding radiating aperture at the cost of a limited

matching bandwidth, along with narrow gain bandwidth.

In this Chapter novel feeding mechanisms are proposed in order to tackle the problem

of narrowband matching performance. These techniques have been applied on a Bull’s

Eye antenna at around 300 GHz, where the fabrication is more challenging in order to

demonstrate the viability of the proposed design at such high frequencies. The simulated

results confirm a very broadband matching performance and can be quite important in
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practical scenarios where the antenna should be integrated with superimposed radomes or

packaging materials that normally affect the input matching performance. Furthermore,

as it will be demonstrated in Chapter 5 a broadband matching is needed in applications

where a wide antenna gain-bandwidth is expected with the introduction with novel cor-

rugations designs, therefore a good input performance is required. The simulated results

of this Chapter have been validated with a measured fabricated prototype.

4.1 A Bull’s Eye Antenna at low THz

In this Section, a Bull’s Eye antenna that is excited via a subwavelength slot is compared

with two identical antennas of the same type that use two novel feeding techniques; the

open-ended waveguide aperture and the tapered waveguide aperture.

4.1.1 The Subwavelength Slot Aperture

A Bull’s Eye antenna is designed for operation at around 300 GHz. Following the guide-

lines of Section 2.4.1, a corrugated metallic antenna of 11 rings is designed as in Fig.

4.1. The periodicity of the structure is at the order of a free space wavelength d = 0.961

mm. The rest of the dimensions are: gap width w = 0.611 mm, height of corrugations

h = 0.164 mm, total plate height hp = 0.911 mm, central ring radius at 1.3 mm, and over-

all antenna size 26.5×26.5 mm2. The antenna radiates via a subwavelength slot aperture,

with dimensions sx = 0.583 mm and sy = 0.159 mm, optimized in CST Microwave Studio

(Fig. 4.1.b). The feeding is with a WR-3 waveguide at the rear side of the plate.

This number of rings was selected after a parametric study on the optimum number of

rings for maximum directivity, reasonable computational time and overall antenna size.
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Figure 4.1: Bull’s Eye antenna with slot aperture (a) Front view (b) Side view.

Fig. 4.2 demonstrates a simulated study for the antenna of Fig. 4.1 with varying number

of rings. A significant enhancement in directivity is observed for a number of rings up to

12. After this size, the maximum achievable directivity reaches a saturation point, while

the simulation time rises significantly. Therefore, 11 rings were chosen as a compromise

between maximum directivity and minimum computational time.

The simulated matching performance, directivity and realized gain for the slot-fed

antenna can be seen in Fig. 4.3. Although the performance is highly directive (23 dBi

at 293 GHz), the maximum gain is 22 dBi at that frequency, and significantly smaller at

slightly higher frequencies (by 2 to 5 dBi). This is attributed to the narrowband input

matching, which is lower than −10 dB only in the frequency band between 273 GHz and

297 GHz. Ideally, the desired antenna performance would require a satisfactory matching
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Figure 4.2: Simulation study for number of rings vs maximum directivity at around 300 GHz
(feeding via a subwavelength slot).
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Figure 4.3: Simulated performance of Bull’s Eye antenna with slot aperture at around 300 GHz.
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at the frequencies of maximum directivity.

Apart from the narrowband performance, the main drawbacks of a slot aperture are:

(a) its dimensions always require a further optimization process in order to match the

minimum S11 to the maximum directivity as close as possible and (b) due to its narrow

width the fabrication can be very challenging at higher frequencies due to limitations of

the fabrication tools. In order to enhance the input matching bandwidth and overcome

the aforementioned problems, two novel aperture types are introduced in the following

subsections.

4.1.2 The Open-Ended Waveguide Aperture

A novel open-ended waveguide aperture is examined as an alternative to the typical slot

aperture. Its dimensions are the same as with the feeding waveguide (Fig. 4.4). For this

particular application, it is wgx and wgy, same with the corresponding WR-3 waveguide

dimensions. All other antenna dimensions and size remain the same as in Fig. 4.1.b.

The simulated performance of the waveguide-aperture antenna can be seen in Fig. 4.5.

A waveguide aperture achieves a good input matching, below -10 dB, at all the frequencies

between 270 GHz and 310 GHz. The maximum realized gain is 22.5 dBi at 294 GHz,

same as the maximum directivity. This is due to the very broadband matching, which

minimizes the input losses that are associated with gain. Also, due to the wider aperture

dimensions, the fabrication process is much easier at high frequencies.
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Figure 4.4: Open-ended waveguide aperture design (a) xz plane, (b) yz plane.
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Figure 4.5: Simulated performance of Bull’s Eye antenna with open-ended waveguide aperture
at around 300 GHz.

4.1.3 The Tapered Waveguide Aperture

A further improvement of the matching performance can be achieved via an outward

tapering of the open-ended waveguide aperture of the previous Section. The aperture

dimensions tx and ty are larger than the corresponding waveguide dimensions wgx and

wgy by a factor r (Fig. 4.6). For this implementation r = 1.3 is set, or tx = 1.123 mm

and ty = 0.56 mm.

The S11 parameters, directivity and realized gain of this antenna can be seen in Fig.
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Figure 4.6: Tapered waveguide aperture design (a) xz plane, (b) yz plane.
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Figure 4.7: Simulated performance of Bull’s Eye antenna with tapered waveguide aperture at
around 300 GHz.

4.7. The tapered aperture provides an even better input matching performance (below

-14 dB), while the nearly identical gain and directivity plots achieve a highly satisfactory

performance. The peak values of directivity and gain are 22 dBi.

4.1.4 Comparison Between the Three Feeding Techniques

A comparison between three Bull’s Eye antennas with the three different feeding tech-

niques described earlier is presented below. The S11 performance of the three antennas
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Figure 4.8: Simulated S11 comparison between three feeding aperture types on a bare ground
plane at around 300 GHz.

of this Chapter is compared in Fig. 4.8. The tapered aperture antenna outperforms the

other two in terms of matching bandwidth, at the cost of lower directivity and realized

gain. The radiation characteristics of each antenna are summarized in Table 4.1. It seems

that a reasonable compromise between a good input matching performance and a high

gain can be achieved with a waveguide aperture implementation. The 3-dB gain band-

width is similar in percentage for all feeding implementations. However, the broadband

directivity antenna designs in later Chapters will require the broadband input matching

feeding mechanisms developed in this Chapter.

The improvement in the S11 parameters is responsible for the nearly identical values

of directivity and realized gain (Figs. 4.5 and 4.7), as well as the achievement of their

peak value at the same frequency. The difference between maximum gain and maximum

directivity is up to 0.7 dBi in the slot aperture realization 4.3, which is attributed to the

borderline satisfactory S11 performance at the frequency of the maximum gain (around

-10 dB) that decreases the realized gain.
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Table 4.1: Far field performance comparison of the three antennas at 300 GHz.

Max. directivity
[dBi]

Max. realized gain
[dBi]

3-dB gain
bandwidth

Slot 23 22.5 4.78 %
Open-ended w/g 22.5 22.3 4.42 %
Tapered w/g 22 21.8 4.42 %

The main disadvantage of the tapered waveguide aperture is that is requires a large

central ring. In most implementations, the diameter of the central ring is usually set

at around λ0 [1, 2]. A larger central ring reduces the achievable maximum directivity,

therefore there are limitations in the outward tapering factor of the waveguide.

The previously presented results can be better understood if we take into account

the directivity of each single aperture alone on a ground plane, without the corrugated

texture (Fig. 4.9). The single tapered aperture directivity is about 1.5 dBi higher than

the open ended waveguide directivity which in turn is higher than the slot directivity. It

is evident that a small part of this difference in the directivity and gain of the primary

feeds is maintained in the overall Bull’s eye antenna directivity values.

The radiation patterns for the H- and E-planes of the antenna are shown in Fig. 4.10,

for the three feeding cases. The comparison is at the selected frequency points that define

the 3-dB gain bandwidth of each antenna.

E-planes exhibit a more directive main lobe compared to the H-plane radiation pat-

terns, but with more rippled side lobes. Referring to the H-plane at the frequency of

maximum gain (Fig. 4.10.d), the slot aperture antenna has about 3.5 dBi lower side

lobes than the tapered aperture antenna at angles around ±20o , and only 2 dBi lower

side lobe level than the waveguide aperture antenna. At the upper frequency of the 3-dB

spectrum, the difference between the slot aperture and the tapered aperture is only 2.5
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Figure 4.9: Simulated directivity comparison between three feeding aperture types on a bare
ground plane at 300 GHz.

dBi around ±20o, regarding the H-plane (Fig. 4.10.f). At angles ±60o at H-plane, the

tapered aperture antenna performs better. All three antennas exhibit identical E-plane

radiation patterns at angles larger than than 60o. At the frequency limits of the 3-dB

gain bandwidth, the side lobes become higher in magnitude in both planes, as expected.

As verified from leaky wave theory, at frequencies inside the 3-dB gain spectrum, the

radiation patterns exhibit a single directive beam, which is the superposition of two beams,

each one deriving in phase from each half of the periodic structure (around the central

aperture). At frequencies outside the 3-dB spectrum, where the operating wavelength

becomes significantly smaller or bigger than the periodicity, the radiation patterns consist

of two beams (split-beam effect).
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Figure 4.10: Comparison of simulated radiation patterns at various frequencies of interest for the
three types of Bull’s Eye antennas. E-plane (a) lower -3 dB, (c) 0 dB, (e) upper -3 dB. H-plane
(b) lower -3 dB, (d) 0 dB, (f) upper -3 dB.

98



Chapter 4. Effects of the Feeding Structure on Planar Corrugated Metal Antennas

4.2 Fabricated Prototype of 300 GHz Bull’s Eye with

Tapered Aperture

The tapered aperture Bull’s Eye antenna of Section 4.1.3 was fabricated at the Univer-

sity of Birmingham with CNC milling. A split-block technique was implemented for the

challenging fabrication of this antenna. The metal body was cut in two halves symmet-

rically across the E-plane of the waveguide, which is the best suggested way to split a

waveguide so as not to disturb the radiating fields. Also, in order to fit the threads of the

waveguide flange inside the metal plane, the thickness of the ground plane was extended

to 7 mm. Such an extension, after simulations, did not affect the overall performance of

the antenna. A picture of the manufactured antenna is shown in Fig. 4.11.

Figure 4.11: Fabricated prototype of the tapered Bull’s Eye antenna at 300 GHz.

The antenna was measured with a Vector Network Analyzer and two reference horn

antennas of 16 dBi gain, fed by a WR-3 waveguide, and bandwidth from 282 GHz to

298 GHz. It should be noted that the Fraunhofer limit for this Bull’s Eye antenna was

calculated around 0.2 m, from the known formula 2D2/λ0, where D is the maximum
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Figure 4.12: Measured S11 of the tapered Bull’s Eye antenna compared to simulated.
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Figure 4.13: Measured realized gain of the tapered Bull’s Eye antenna compared to simulated.
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Figure 4.14: Setup for radiation pattern measurement at 300 GHz.

diameter of the antenna. In this case, as D was considered the diameter of the outer

indented ring. The realized gain and radiation pattern measurements were conducted

with the two-antenna method, as explained in [3].

The measured S11 parameters and realized gain in comparison with the simulated ones

can be seen in Figs. 4.12 and 4.13. Overall, a very good agreement between simulation

and measurement can be observed. The measured input matching is way below the limit

of -10 dB, while the maximum realized gain reaches 22 dBi at 298.5 GHz. A shift is

observed by 3.5 GHz at the maximum frequency, which also affects the 3-dB bandwidth

of the antenna. The ripple is attributed to the faulty port of the VNA used at the time

for the measurement. For the measured antenna, this bandwidth is approximately from

289 GHz to 300 GHz.

A rotating base was used in order to measure the radiation patterns of the antenna.

The setup of Fig. 4.14 was used for the radiation pattern measurement. Only the H

planes of the Bull’s Eye antenna were measured, due to difficulties to align the E-planes
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Figure 4.15: Normalized H-plane measurements of the tapered Bull’s Eye antenna compared to
simulated, at (a) lower -3 dB, (b) 0 dB, (c) upper -3 dB.
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both the antennas with the facilities available at the time. The antenna was scanned from

−90◦ to +90◦ with a step of 1◦. The Bull’s Eye antenna and the 300 GHz horn antenna

were placed at a farfield distance of nearly 1 m.

Since from the measured gain plot of Fig. 4.13 a shift at the frequency of maximum

gain was noticed, it is reasonable to compare measured and simulated patterns between

the corresponding frequencies at 3-dB band. The measured H-plane pattern of 298.5

GHz, which is the measured frequency of the measured maximum gain, is compared to

the simulated H-plane pattern at 296 GHz. Fig. 4.15 shows the measured versus the

simulated patterns within the 3-dB gain spectrum.

A good agreement between measurement and simulation is observed. In fact, the

measured H-planes exhibit a lower side lobe level than simulations, even up to -5 dB

lower at specific angles. A very small misalignement of 0.5◦ or 1◦ is present, however it

should be noted that the alignment between the phase centers of the two antennas is very

difficult at these frequencies. Any other discrepancies can be attributed to fabrication

process inaccuracies that have a significant effect in this frequency band.

A fabricated prototype of a Bull’s Eye antenna with tapered waveguide aperture op-

erating at the Ku band was fabricated and measured. The measured results are available

in Appendix A.

4.3 Conclusion

In this Chapter, two novel feeding techniques, the open-ended waveguide aperture and

the tapered waveguide aperture, have been presented as an alternative to the typical slot

aperture. The purpose of introducing these two novel aperture types is to enhance the
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input matching performance of the antenna, and maintain a satisfactory performance

across the operating frequency band. In particular, for the presented Bull’s Eye antenna

designs at around 300 GHz, the open-ended waveguide aperture achieves S11 values below

-10 dB, and the tapered waveguide aperture achieves an S11 below -15 dB.

Since the novel feeding aperture designs are directly scalable from the microwave to

the low THz frequencies, their fabrication process is facilitated, especially towards higher

frequencies, where the limitations of the fabrication tools introduce constraints related to

the machining of subwavelength parts (namely, a slot aperture). Also, with the use of

an open or a tapered waveguide aperture any optimization process is avoided, a neces-

sary step when designing a slot aperture, due to their straightforward design guidelines.

These advantages are demonstrated with the presented measured results of a fabricated

prototype at 300 GHz, which are in very good agreement with simulations.

In the following Chapters, the significance of these results will be demonstrated in

applications where the S11 parameters need to be below -10 dB across a wide bandwidth,

due to the special broadband design of the Bull’s Eye antenna which affects the achievable

matching bandwidth.
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Chapter 5

Dual-depth corrugations for broadband

Bull’s Eye antennas

Most cited corrugated antenna implementations have mainly exploited the periodicity d

of the indented rings for the determination of the operational bandwidth, where it should

be d ≈ λ0 for an optimum transmission of power [1, 2]. A modulation in the shape of

corrugations [3], the width of the gaps [4], or even the superposition of corrugated planes

in a multilayer configuration [5], are some of the procedures suggested in literature for the

expansion of gain bandwidth. Although the antenna aperture efficiency has been enhanced

in [4] and a dual band operation has been achieved in [5], a remarkable enhancement of

the 3-dB gain bandwidth performance of such antennas has not been realized thus far.

It has been noted briefly in Chapter 2 that for a certain value of d, the depth h of the

corrugations can determine the resonant frequency. This effect has been exploited for only

a few applications so far [6]. In this Chapter, a new design is proposed that employs two

different corrugation depth values and aims at the enhancement of the typically limited
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Figure 5.1: 1-D corrugated metallic antenna at 300 GHz (a) Front view of antenna (b) Unit cell.

3-dB gain bandwidth of such antennas. The proposed optimum model of 10 rings at 300

GHz delivers a 3-dB gain bandwidth of 8.85%, which is the best reported so far for this

type of corrugated antennas of the same size. The study is performed for an antenna at

the low-THz spectrum, around 300 GHz, in order to demonstrate the scalability of this

technique to such high frequencies, where the fabrication of prototypes can be challenging.

A leaky wave analysis of this novel design is performed, with the use of the novel analytical

periodic method of Section 3.2. A prototype of this design was fabricated. Measurements

show very good agreement with the simulated model which has been slightly redesigned

in order to account for the fabrication tolerances.
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Figure 5.2: Simulated effect of depth h on the 1-D corrugated antenna of Fig. 5.1 with (a) S11
(b) Directivity.

5.1 Effect of corrugations’ depth h

One of the corrugated metal plate design parameters is the depth h of the corrugations,

which is required to be smaller than λ0/4 and frequency dependent as in

h ≈ (2n+ 1)λ0
4

(5.1)

where n is a non-negative integer and λ0 is the free space wavelength (Fig. 5.1).

An experimental demonstration of the effect of corrugations’ depth on the far field

antenna performance is presented here. The reference antenna is a one-dimensional cor-

rugated metallic surface as in Fig. 5.1. The antenna is excited via a subwavelength slot

aperture, fed by a WR-3 waveguide for operation around 300 GHz. It consists of 10 unit

cells at each side of the aperture. The optimized design details of Fig. 5.1 are d = 0.96

mm, w = 0.61 mm and the depth h of the corrugations is a variable inserted to the

parametric sweep analysis. The half wavelength slot is 0.584 mm × 0.159 mm wide.

A parametric study around h has been performed via CST Microwave Studio, with d
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and w fixed. Fig. 5.2 shows the effect of depth h in S11 and directivity. The maximum

limit of the parametric sweep of h is around λ0/4, which is the upper limit when the TM

surface mode is supported, based on the analytical theory of Chapter 2, and the corrugated

surface remains of high impedance. For values of h around λ0/5 the directivity is over

20 dBi. However, for smaller values of h (around λ0/10), the antenna is more broadband

in terms of gain-bandwidth than it is for large h and same maximum directivity. For

example, for h = 0.148 mm the 3-dB gain bandwidth of the antenna is 12 GHz, while for

h = 0.264 mm the 3-dB gain bandwidth is only 4 GHz.

The matching bandwidth of the antenna remains relatively unchanged for various

depths h (Fig. 5.2.a). This can be attributed to the fact that the S11 bandwidth is mainly

determined by the feeding slot mechanism and the selection of the slot’s dimensions.

The addition of the corrugated texture excites the radiating leaky mode, as explained in

Chapters 2 and 3, and determines the farfield characteristics of the antenna, which are

effectively described by figures such as gain/directivity.

These findings could be extended to the planar corrugated design (Bull’s Eye antenna).

5.2 The Dual-Depth Concept

A 3-dB gain (directivity) bandwidth enhancement technique is proposed in this Section

that takes advantage of the depth qualities of the corrugations, by employing different

values of h for different sets of rings. The novel design consists of a number of rings N ,

with periodicity d (Fig. 5.3). While keeping d constant, a parametric sweep is conducted

only for the depth h of the corrugations. The first N/2 unit cells are designed to operate

at a frequency f1 corresponding to the depth h1 and the next N/2 unit cells are designed
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Figure 5.3: Schematic of the dual-depth Bull’s Eye antenna with N = 8 (a) perspective (b)
profile.

to operate at a frequency f2 corresponding to the depth h2.

The design process of this bandwidth enhancement technique can be viewed in the

simulation results of Figs. 5.4 and 5.5. The design details of the simulated antennas are

the same as in the previous, while keeping h1 constant and varying h2. The comparison is

between the single depth antennas h1 and h2 of the same size (N = 10). The central ring

around the aperture has a radius of 1.05 mm (∼λ0). The overall size of all antennas is 25

x 25 mm2. The terms "h1" and "h2" denote the single depth antennas of corresponding

depth, and "h1 + h2" denotes the dual-depth antenna.

Two peaks are observed in the directivity plot of the dual depth antenna (Fig. 5.5).

When the h1 and h2 values are selected in proximity, the 3-dB gain bandwidth does not

cover the area around the smaller peak yet, which is generated by the set of rings with h2.
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Figure 5.4: Simulated S11 of Bull’s Eye antennas of N = 10 for different sets of h1, h2 (a) (0.14
mm, 0.18 mm), (b) (0.14 mm, 0.21 mm), (c) (0.14 mm, 0.24 mm), (d) (0.14 mm, 0.266 mm).

The maximum directivity of the dual depth design is lower as h2 obtains larger values,

with the advantage of increasing the bandwidth around the zone of h2. When h1 and h2

values are sufficiently far apart, the 3-dB gain bandwidth covers both zones around the

two peaks. The optimum model is shown in Figs.5.4.d and 5.5.d, where h1 and h2 are

reasonably different, and h2 reaches the limit of λ0/4 at around 300 GHz, as suggested

by the known design parameters for corrugated metallic planes and relative theory. The

S11 bandwidth remains relatively unaffected when two depths are employed instead of

one (Fig. 5.4).
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Figure 5.5: Simulated directivity of Bull’s Eye antennas of N = 10 for different sets of h1, h2 (a)
(0.14 mm, 0.18 mm), (b) (0.14 mm, 0.21 mm), (c) (0.14 mm, 0.24 mm), (d) (0.14 mm, 0.266
mm).

A simulation was performed for the case when h1 > h2 or, equivalently, when the first

set of unit cells operates at the lower frequency. For the case of (h1, h2)= (0.24 mm, 0.14

mm) the S11 and directivity plot is shown in Fig. 5.6. The output performance is not

towards the goal of bandwidth enhancement, rather than an average between the two

antenna performances h1 and h2. Therefore, for an effective transmission of this proposed

dual-depth design, it is compulsory that h1 > h2.
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Figure 5.6: Simulated (a) S11 and (b) directivity of Bull’s Eye antennas of N = 10 for
(h1, h2=(0.24 mm, 0.14 mm).

5.2.1 Optimized Slot-Fed Dual-Depth Bull’s Eye Antenna

It is of high interest to examine depth values h1 and h2 that are reasonably far apart and

achieve the similar maximum directivity for the same size, therefore the optimum design

of Figs. 5.4.d and 5.5.d is investigated in this Section.

Since at least 4 or 5 periods are required for the leaky wave phenomenon to take

effect, only designs of N ≥ 8 are designed and simulated (at least 4 unit cells for each

depth h1 or h2). For a thorough examination of the optimum dual-depth design, different

antenna sizes are examined (N = 8, 10, 12, where N is the number of rings). Tables 5.1-5.3

summarize the simulation results for each N size dual-depth antenna. The comparison is

only between the dual-depth antenna and the single h1 antenna, since the latter is more

broadband than the antenna of h2 (Fig. 5.2). The fourth column of each Table refers

to the gain-bandwidth product (GBWP), which is a figure of merit that summarizes the

overall performance of the antenna in terms of gain and bandwidth.

Tables 5.1-5.3 exhibit the same trends. The dual-depth antenna ofN rings achieves the

same 3-dB gain bandwidth with the h1 antenna of N/2 rings, with a relative enhancement
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Table 5.1: Slot-fed dual-depth Bull’s Eye antenna with N=8 at around 300 GHz.

N 3-dB BW [GHz ] Max. Dir [dBi ] GBWP
4 40 18.57 2410

h1 6 21.5 21.4 2707
8 16.3 23.37 3099

h1 + h2 8 26.75 21.58 3486

Table 5.2: Slot-fed dual-depth Bull’s Eye antenna with N=10 at around 300 GHz.

N 3-dB BW [GHz ] Max. Dir [dBi ] GBWP
5 24.5 20.1 2329

h1 7 18.5 22.4 2905
10 13 24.5 3303

h1 + h2 10 25 22.3 3908

in maximum directivity by 3.4 dBi (N = 8), 2.2 dBi (N = 10) and 1.8 dBi (N = 12).

The case of a h1 antenna with 4 rings is of a rather low simulated maximum directivity,

so discussion is trivial for this case. Also, the dual-depth antenna achieves 10 to 12 GHz

extra 3-dB bandwidth, compared to a single depth h1 antenna of the same size N . This

trend is observed however only for dual-depth designs of up to N=12. Simulations showed

that dual-depth antenna sizes with N > 12 return to the typical gain performance of the

single depth h1 antennas of the same size.

Moreover, the dual-depth design is between 5 to 6.5 GHz more broadband than a single

depth h1 antenna of the same maximum directivity. In particular, the dual depth design

is 1.7% (N = 8), 1.9% (N = 10) and 0.9% (N = 12) more broadband than the h1 antenna

of the same maximum directivity. The GBWP results show that the dual-depth antenna,

overall, performs most effectively, compared to the single depth implementations.

Table 5.3: Slot-fed dual-depth Bull’s Eye antenna with N=12 at around 300 GHz.

N 3-dB BW [GHz ] Max. Dir [dBi ] GBWP
6 21.5 21.4 2707

h1 8 16.3 23.27 3099
12 11 25.5 3399

h1 + h2 12 21.32 23.48 4157
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Figure 5.7: Comparison between three slot-fed Bull’s Eye antennas (simulation results). The
dual-depth antenna is compared with (a) the h1 antenna and (b) the h2 antenna.

The aforementioned contributions of this design can be viewed in the simulated results

of Fig. 5.7. The dual-depth antenna is compared with single depth antennas h1 and h2

of the same maximum size and the same maximum directivity. The dual-depth design

(h1+h2) achieves a 3-dB gain bandwidth that is extended approximately between the lower

limit of the 3-dB bandwidth of the h2 antenna and the upper limit of the h1 antenna. While

the matching bandwidth remains relatively unaffected, the directivity plot of the dual-
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Figure 5.8: Simulated E- and H- planes at the 3-dB spectrum of the dual-depth and the single
depth antennas of the same maximum directivity. E-plane: (a) lower -3 dB, (c) 0 dB, (e) upper
-3 dB. H-plane: (b) lower -3 dB, (d) 0 dB, (f) upper -3 dB.
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depth antenna shows clearly two peaks at two discrete frequency zones which correspond

to each depth value. The maximum directivity of 22.2 dBi is observed at 296 GHz (while

the maximum of the h1 antenna is at 299 GHz). and the second peak of 20 dBi is at 282

GHz (while the maximum of the h2 design is at 284 GHz). The 3-dB gain bandwidth of

this novel design is 25 GHz, or 8.6%, and it covers the frequencies from the lower 3-dB

limit of the h2 antenna until the upper 3-dB limit of the h1 antenna.

The simulated radiation patterns across the 3-dB gain bandwidth are available in

Fig. 5.8. The N = 10 dual-depth antenna is compared with the single depth (h1 and h2)

antennas of the same maximum directivity. At the lowest frequency of the 3-dB spectrum,

both farfield planes of the dual-depth antenna are very similar with these of the single

h2 antenna. At the frequencies of 0 dB,upper −3 dB, the dual-depth antenna exhibits

similar patterns with the h1 antenna. At angles around ±20o the E-planes of the dual-

depth antenna exhibit high side lobes, which is the contribution of the set of rings with

h2 at higher frequencies.

5.2.2 Optimized Waveguide-Fed Dual-Depth Bull’s Eye Antenna

The analysis of Chapter 4 demonstrated that a subwavelength slot aperture is the most

directive compared to the open-ended waveguide and the tapered aperture, however it

limits the matching bandwidth, hence the achievable realized gain. Fig. 5.4 shows that

despite the fact that the 3-dB bandwidth of the dual-depth antenna includes the band

between 280 and 285 GHz, the matching response there is borderline satisfactory. In

order to secure a good matching performance at all the available 3-dB bandwidth, the

slot aperture is replaced with a waveguide aperture. The aperture’s dimensions are the
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Figure 5.9: Simulated S11 of waveguide-fed Bull’s Eye antennas with N=10.

Table 5.4: Waveguide-fed dual-depth Bull’s Eye antenna with N=10 at around 300 GHz.

N 3-dB BW [GHz ] Max. Dir [dBi ] GBWP
5 25 19.63 2137

h1 7 16 22.2 2449
10 13 23.9 2978

h1 + h2 10 25.4 21.65 3387

typical of the feeding WR-3 waveguide. Fig. 5.9 confirms that an antenna with an open-

ended waveguide aperture achieves a matching performance below -10 dB at the frequency

band of interest.

The findings of Chapter 4 allow the safe assumption that the same trends in S11 and

gain/directivity can be expected in the performance of the dual-depth antenna with a

waveguide aperture, compared to the same antenna with a slot aperture. A comparison

procedure similar to the previous subsection is available in Table 5.4. The antennas are

compared in terms of 3-dB gain bandwidth, maximum directivity and gain-bandwidth

product. The achieved maximum directivity is about 1 dBi lower than the corresponding

slot realization, which is expected, due to the analysis of Chapter 4. The 3-dB gain

bandwidth for the design of 10 rings is 8.85%.
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5.3 Leaky Wave Analysis of the Dual-Depth Antenna

The farfield radiation of the dual-depth corrugated antenna can explained with the known

leaky wave theory. Due to the fact that both h1 and h2 are smaller than λ0/4, the

formation of a TM surface mode is permitted on the corrugations, which converts to a

leaky wave. Also, since the gap width w is larger than λ0/2, the leaky wave analysis can

be done with the analytical periodic method described in Section 3.2.

The complex longitudinal wavenumber ky which characterizes the leaky mode is cal-

culated from a transverse resonance equation at z = 0 (Fig. 5.3.b). For the analysis of

the dual-depth corrugated model, a leaky wave analysis is performed for a single depth

antenna of h1 and a single depth antenna of h2. The antennas are considered infinitely

long in size. Due to their periodic modulation with d ≈ λ0, we can safely assume the

propagation only of the n = −1 Floquet harmonic of the longitudinal guided wave as

ky−1 = ky − 2π/d = β−1 − jα (5.2)

where β−1 is the phase constant of the −1 harmonic and α is the attenuation constant.

Fig. 5.10.a shows the propagation constant distribution with frequency for each sin-

gle depth design. Both antennas are characterized by a fast wave (|β−1/k0| < 1), with

the main beam scanning from the backward to the forward quadrant as β−1 obtains

both negative and positive values. From the condition (|β−1| < α) for an infinite size

symmetrically-fed leaky wave antenna to radiate at broadside, for the h2 antenna the

maximum radiation is expected around 285 GHz and for the h1 antenna maximum radi-

ation is expected around 303 GHz. These analytical results can be confirmed from the
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Figure 5.10: Leaky-wave analysis of each single depth antenna (a) propagation constant and (b)
attenuation constant.

full-wave simulations of the finite size models (see Fig. 5.7). A small declination in the

frequency band of maximum radiated power is expected due to the fact that the leaky

wave analysis assumes infinite size antennas and full-wave simulations refer to finite size

models.
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From the graph of Fig. 5.10.b it is apparent that the losses increase with the increase

of the depth h. This implies that corrugated designs with large values of h approach

sufficiently the infinite size assumption, from L = 0.18λ0/α, where L is the half-length of

the antenna. Large values of α also limit the |β−1| < α bandwidth which is a requirement

for broadside radiation, which explains why the h2 model achieves a smaller 3-dB gain

bandwidth than the h1 model.

Conclusions can be drawn from the presented leaky wave analysis for an infinite size

dual-depth design. For the dual-depth design it is necessary that a backward wave (β−1 <

0) is launched initially from the first set of rings of h1, followed by a forward wave (β−1 > 0)

excited by the second set of rings of h2. Where the guided waves are backward or forward

at the same frequencies, the antenna operates outside its 3-dB bandwidth (split-beam

radiation pattern).

At lower frequencies (around 280 GHz), the radiation of the h2 antenna dominates

(its β−1 values close to zero), with the radiation pattern side lobes produced mainly by

the h1 design. At higher frequencies, the reverse farfield behaviour is observed, with

the main beam produced by the h1 rings and the higher directivity attributed to lower

corresponding α values. From Fig. 5.7 the total maximum directivity of the dual-depth

antenna is observed at 295 GHz, where the |β−1| values of each single depth design are

the closest to zero at the same time (Fig. 5.10.a). These noted trends are verified by the

simulated farfields of Fig. 5.8.

Finally, the high attenuation constant α of the h2 design explains the findings of Table

5.3, where N = 12 and the antenna performance is similar to the h1 antenna. The effect of

the h2 unit cells attenuates significantly with respect to h1 unit cells, as N approaches the
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infinite size assumption. For this reason, the matrix pencil method could not be applied

directly on an (approaching infinite size) dual-depth antenna, due to the attenuated effect

of the large number of unit cells with h2.

5.4 Fabricated Prototype and Measured Results

The optimized dual-depth antenna with 10 rings and a waveguide aperture was selected

as for fabrication due to the achieved matching response below −10 dB. The prototype

was fabricated at the University of Birmingham (Fig. 5.11).

A three-axis CNC milling machine was used to create the corrugated rings on the

surface of an aluminum plate. The fabrication proceeded by splitting the plate in two

halves across the E-plane of the waveguide, as suggested for minimum disturbance of the

main radiating mode. The two metallic blocks were joined back together with screws

that were attached on two extra metal blocks added on both sides of the antenna. The

thickness of the plate had to be extended from the initial value 0.91 mm to 7 mm, so that

the pins of the waveguide flange could fit perfectly inside the ground plane. Simulations

showed that such modifications did not affect the performance of the antenna.

The antenna was measured with a network analyzer and the antennas used were two

horn antennas from 282 to 298 GHz, fed with WR-3 waveguides. It should be mentioned

that the Fraunhofer distance for the Bull’s Eye antenna is calculated at nearly 0.8 m

from 2D2/λ0, where D is the longest dimension of the antenna (the diameter of the outer

corrugated ring). The gain of the Bull’s Eye antenna was measured with the known

substitution method [7].

Initial measurements demonstrated that the operation of the antenna was shifted
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Figure 5.11: Fabricated dual-depth antenna at 300 GHz.

towards higher frequencies, which implied some slight discrepancies for the dimensions

of the fabricated prototype. Such inaccuracies are expected to have a severe impact at

low THz frequencies. An infrared scan revealed the actual dimensions of the fabricated

prototype (Fig. 5.12). From this graph, where x is the longitudinal distance of the

antenna, dimensions are d = 0.9728 mm, w = 0.562 mm, h1 = 0.167 mm (inner ring)

and h2 = 0.302 mm (outer ring). The measured S11 and realized gain of the fabricated

prototype are compared to the simulated of the redesigned antenna in Fig. 5.13.

Overall, a very good agreement between simulation and measurement can be observed.

The matching response is very broadband, as the measured S11 values below−10 dB show.

The curve of the measured gain shows two maxima of 22.5 dBi at 301 GHz and 20.5 dBi

at 285 GHz, at the same frequencies as the redesigned simulated antenna. The observed

ripples (less than 2 dB) in the realized gain are due to the similar variation of the reference

horn antenna gain.

The setup of Fig. 4.14 was used in order to measure the radiation patterns of the

antenna. The Bull’s Eye antenna and the 300 GHz horn antenna were placed at a farfield
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Figure 5.12: Infrared scan of the fabricated dual-depth antenna at 300 GHz.

distance of approximately 1 m. The Bull’s Eye antenna was mounted on a rotating base.

The angles from -90◦ to +90◦ were scanned for both planes at several frequency points,

with a resolution of 1◦ per rotation. A comparison between measurement and simulations

at selected frequencies can be seen in Figures 5.14 and 5.15.

A very good agreement between simulation and measurements is evident with respect

to the radiation patterns. Fig. 5.14, in particular, demonstrates a lower measured SLL

than in simulations in all of the frequencies. This can be attributed to fabrication in-

accuracies that were not detected by the infrared scan. Regarding the E−planes, the

agreement is very good, although at some frequency points a small asymmetry between

the negative and the positive quadrant is detected (5.15). This can be attributed to an

imperfect bending of the two split pieces back together. Since the splitting was made

across the E-plane of the antenna, it is expected this plane to be more affected from any

imperfections and dimension discrepancies. Also, for the measurement of the E-plane the

ports of the VNA had to be rotated by 90◦, since no L-shape tool was available, therefore
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Figure 5.13: Measured versus simulated (a) S11 parameters and (b) Realized gain of the waveg-
uide aperture fed Bull’s Eye antenna. The simulated results refer to the redesigned antenna.

the ports were not that stably fixed to the base as previously. This might have led to

a small misalignment between the antennas during the movement of the rotating base.

Overall, a highly directive performance is observed at both planes for frequency points

that cover the 3-dB bandwidth.
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Figure 5.14: Normalized H-plane measurements at (a) 281.2 GHz, (b) 288.1 GHz, (c) 296 GHz,
(d) 304.2 GHz.

5.5 Conclusion

A bandwidth enhancement technique has been proposed in this Chapter, for Bull’s Eye

antennas operating at low THz frequencies. This technique exploits the depth qualities

of the corrugations, by employing two different values for two sets of indented rings. This

technique, although it has been presented for higher frequencies, can be also implemented

to 1D and 2D corrugated antennas on microwaves and mm-waves.

An initial design for broadside operation around 300 GHz is presented, which achieves a

3-dB gain bandwidth of 8.85% with a maximum gain of 21.7 dBi. An extensive simulation

study has proven that the dual-depth corrugated design outperforms in gain-bandwidth
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Figure 5.15: Normalized E-plane measurements at (a) 281.2 GHz, (b) 284.2 GHz, (c) 296 GHz,
(d) 304.2 GHz.

all standard implementations of similar maximum gain, similar size, or similar bandwidth.

The novel analytical leaky-wave periodic method of Chapter 3 has been implemented

on the single depth antennas of h1, h2 in order to extract conclusions for the operation of

the dual-depth design. For the dual-depth antenna, the frequency of broadside operation

for the symmetrically-fed antenna can be estimated, and the principle of operation is

explained with leaky wave analysis terms.

The optimum prototype uses the open-ended waveguide aperture introduced in Chap-

ter 4. It was fabricated and experimentally tested, validating the simulations. The small

frequency shift compared to the original design is attributed to inaccuracies of the fabri-

cation process which have a significant effect in this frequency band.
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Chapter 6

Broadband Corrugated Antennas with

Complex Shaped Unit Cells

The narrowband gain performance of conventional corrugated metallic antennas has been

discussed in the previous Chapters. An enhancement in the 3-dB gain bandwidth of a

planar corrugated antenna has been achieved in Chapter 5, with a suitable pairing of sets

of unit cells of different depths. This implementation made use of the classical rectangular

corrugated unit cell.

This Chapter introduces novel metallic corrugated unit cells with complex shapes.

Such non-conventional shaped unit cells create more than one resonant gaps (equivalent

to parallel- plate waveguides) within one period, and possess extraordinary leaky wave

properties. The optimum models exhibit improved performance farfield features, such as

large 1-dB gain bandwidth or enhanced 3-dB gain bandwidth for a moderate antenna

size of 6 rings. The presented results correspond to corrugated antennas operating at

around 15 GHz for ease of fabrication with CNC milling, due to their subwavelength
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design details.

6.1 The Impact of Standard Shaped Gaps on Planar

Corrugated Antennas

The leaky wave analysis of Chapter 3 for corrugated designs with two categories of gap

sizes (smaller than λ0/2 and larger than λ0/2) has given insight into the characteristics of

the radiation patterns of the corresponding finite size antennas. It has been revealed that

for designs with narrow gaps, the dominant TEM mode inside the gaps is characterized

by a high attenuation constant (or leakage rate), which results in low directive antennas.

On the other hand, for gap widths larger than half-wavelength, the dominant TM1 mode

is responsible for highly directive radiation patterns, due to its small attenuation. In this

Section, the numerical relationship between the gap size and the realized bandwidth and

directivity is explored for antennas of a fixed overall size.

The reference Bull’s Eye antenna of this study is for optimum performance at 15 GHz.

Radiation takes place via an open-ended waveguide aperture with the standard WR-62

dimensions of the feeding waveguide. The periodicity d of the rings is 19.62 mm and the

depth of rings is 3.3 mm. The overall size of this antenna is 24 × 24 cm2 and the total

plate height is 7.5 mm. For a fixed periodicity d, a parametric sweep with respect to

the gap width w is performed in CST Microwave Studio, while tracking the maximum

realized gain and corresponding 3-dB gain bandwidth of the antenna. Fig. 6.1 shows the

results of this parametric study.

For w between 10 mm and 11.7 mm (slightly larger than λ0/2), there is a continuous
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Figure 6.1: A comparative study between gap width w, peak realized gain and 3-dB gain band-
width for a 2D corrugated antenna with six rings at around 15 GHz (simulation results).

drop of the 3-dB gain bandwidth by ∼ 10 %, while the maximum gain increases by ∼ 2

dBi (from 15 dBi to 17 dBi). For w > 11.7 mm, the achievable maximum gain reaches a

saturation point of 17.7 dBi. The 3-dB gain bandwidth at this point is no more than 1.5

GHz (9.4 %). For very large gap values (over 13.6 mm) compared to the periodicity, the

achieved maximum gain slightly drops as the 3-dB gain bandwidth continues to shrink.

Therefore, as a compromise between high gain and satisfactory gain bandwidth, the

antenna should be designed with gap widths slightly over λ0/2. The numerical results of

this Section will be used as a reference conventional Bull’s Eye antenna in the following

Sections, where novel types of corrugations are studied and the choice of operation at the

Ku band will be more evident.

6.2 The Perturbed Corrugation Concept

A novel shaped corrugated unit cell is introduced in this Section, as depicted in Fig. 6.2.

In the middle of the central gap (w), a metallic perturbation of height hb and length lb

131



Chapter 6. Broadband Corrugated Antennas with Complex Shaped Unit Cells

d

w

hhb

lb
z

y

Figure 6.2: Cross section of a metallic unit cell with perturbed corrugation (design details).

is inserted. The concept of this engineering process is to increase the overall longitudinal

resonant path by creating a second parallel plate waveguide inside the main gap (w). For

direct comparison with the unit cell of Section 6.1, the dimensions the unit cell of Fig.

6.2 are selected as d = 19.6 mm, h = 3.3 mm for operation at 15 GHz. The rest of the

parameters w, hb and lb are variable, and their effect is examined separately.

A Bull’s Eye antenna with 6 perturbed rings as in Fig. 6.6 is studied in this paragraph.

The overall size of this antenna is 24×24 cm2 and hp = 7.5 mm. The height of perturbation

hb is subject to parametric study, while its length hb is set arbitrarily to 1 mm (� λ0).

Three perturbed shaped corrugated antennas are simulated, with w < λ0/2, w ∼ λ0/2

and w > λ0/2. Their simulated directivity performance is available in Fig. 6.4 for each

w case. A maximum gain similar to the directivity is expected, due to the use of the

open-ended waveguide aperture.

The impact of the perturbed corrugation on the overall antenna directivity is not

significant when w < λ0/2 , except from the small shift towards higher frequencies (about

1 GHz topmost when hb = h). When hb = h (maximum directivity 15 dBi), the 1-dB

bandwidth is extended, as the directivity obtains values between 14 dBi and 15 dBi for

the frequencies between 13.8 GHz and 15.3 GHz.

When w ∼ λ0/2 and w > λ0/2 an impressive enhancement in directivity is achieved,

along with slightly enhanced 3-dB gain bandwidth for some hb cases. In particular, in Fig.
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Figure 6.3: Perturbed Bull’s Eye antenna with 6 rings and waveguide aperture. (a) Front view,
(b) Profile.

6.4.b, the directivity reaches up to 21 dBi for hb = h, compared to only 14 dBi achieved by

the standard shaped design. When hb = h/2, the maximum directivity is 15.5 dBi with a

3-dB gain of nearly 19.5%, while from a conventional Bull’s Eye antenna of the same size,

the same maximum directivity is met with 18.9% bandwidth (Fig. 6.1). Furthermore,

when hb = 2h/3 and maximum directivity is 17.5 dBi with a 3-dB bandwidth of 12.6%,

a conventional Bull’s Eye antenna of the same size achieves this directivity with 11.3%

bandwidth (Fig. 6.1). In Fig. 6.4.c, when hb = h a maximum directivity of up to 21.8 dBi

can be reached. In this case, however, the increase is no more than 4 dBi compared to the

conventional design. This is due to the already strong TM1 mode which is characterized

by low attenuation constant.

Regarding the parameter lb, simulations showed that it does not affect the design
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Figure 6.4: Simulation results for the Bull’s Eye antenna of Fig. 6.6 (a) w = 4 mm, (b) w = 9
mm, (c) w = 12 mm.
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performance, therefore it can be fixed to an arbitrary value.

In conclusion, the first elements towards the bandwidth enhancement of Bull’s Eye

designs are offered with the proposed perturbed corrugations when hb obtains values

between h/2 and 2h/3, and when the main gap w is at the order of half wavelength.

6.3 The Double Corrugation Concept

Towards the goal of high gain and broadband antenna performance, another new concept

of corrugated unit cell is examined here, with details as in Fig. 6.5. A "corrugation within

corrugation" concept is employed, or "double corrugation", with a secondary corrugation

with horizontal length (d−w)/2, gap wr and height hr formed within a standard shaped

unit cell of design parameters d, h, w. The incorporation of this unit cell into a finite size

antenna is demonstrated below for a planar configuration.

d

wh wr

hr

z

y

Figure 6.5: Cross section of corrugated metallic unit cell with double corrugation (design details).

The effect of the double corrugation concept is investigated for a six ring planar design,

simulated in CST for various gap cases. The design details for this antenna are : d = 19.6

mm, h = 3.3 mm, hp = 7.5 mm and overall antenna size 24× 24 cm2. The feeding is via

an open-ended waveguide aperture for operation at 15 GHz. Simulated directivity results

are available in Fig. 6.7 for three antennas with w < λ0/2, w ∼ λ0/2 and w > λ0/2,

dependant on the width wr and the height hr of the secondary corrugation.
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Figure 6.6: Double corrugated Bull’s Eye antenna with 6 rings and waveguide aperture. (a)
Front view. (b) Profile.

The effect of the secondary corrugation (wr, hr) is significant for w up to λ0/2. The

directivity increases with the increase of hr, along with a shift towards lower frequencies.

In particular, when w < λ0/2, the enhancement in directivity is up to 8 dBi compared

to the standard Bull’s Eye antenna, for the parameter set of (wr = 4 mm, hr = 2 mm).

When w ∼ λ0/2, a maximum directivity of 17 dBi is achieved, for the same set of wr,

hr. The effect of the double corrugation is not significant for the overall radiation when

w > λ0/2, which can be easily explained by the strong TM1 mode dominating inside an

electrically large gap w.

The double corrugation effect is stronger when hr is larger, as the directivity is max-

imized at lower frequencies. This shift can be explained from the increase of the overall
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Figure 6.7: Simulation results for the Bull’s Eye antenna of Fig. 6.6 (a) w = 4 mm, (b) w = 9
mm, (c) w = 12 mm.
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resonant path. According to the depth (h) relationship with the resonant wavelength λ0

as h ≈ (2n+1)λ0
4

, the directivity plot shifts further to the left, as h, hr obtain bigger values.

6.4 The Hybrid Corrugation Concept

The novel perturbed and double corrugated unit cell concepts, are now combined into a

hybrid type of corrugation, just as in Fig. 6.8. The aim of this combined concept is to

take advantage of both distinct effects in directivity and bandwidth enhancement. It has

been proven already that the perturbed effect is significant only when w ≥ λ0/2, while

in Section 6.3 it was demonstrated that the double corrugation concept takes effect only

for gaps w ≤ λ0/2. Therefore, the optimization process for the hybrid unit cell is for w

around λ0/2.

d

w

h wr

hr

hb
z

y

Figure 6.8: Cross section of corrugated metallic unit cell with hybrid corrugation (design details).

A six hybrid unit cell Bull’s Eye antenna is designed and simulated in parametric

sweep. The design details for this antenna are same as in the previous Sections: d = 19.6

mm, h = 3.3 mm, hp = 7.5 mm and overall antenna size 24 × 24 cm2. The antenna

is fed with a waveguide aperture, for operation at around 15 GHz. Novel designs with

improved characteristics have been generated for various sets of wr, hr, hb, while lb has

been set to 1 mm. The performance of the hybrid type of corrugated antenna is demon-

strated below in terms of fractional bandwidth and maximum directivity, compared to a
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Figure 6.9: Hybrid corrugated Bull’s Eye antenna with 6 rings and waveguide aperture. (a)
Front view. (b) Profile.

conventional corrugated design of the same size. Two optimized prototypes are presented,

each demonstrating different radiation properties.

6.4.1 Optimized Hybrid Prototype with Flat Gain Response

A novel planar design of six corrugations is presented in this Section, exhibiting for the first

time a flat gain response along with high directivity. The design details of the optimized

novel antenna are wr = 8 mm, hr = 1 mm, hb = 1.64 mm, w = 9.4 mm, h = 3.31 mm,

while the standard Bull’s Eye antenna of the same maximum directivity uses a gap of

w = 10.6 mm (Fig. 6.1). The simulated farfield performance of this hybrid prototype is

shown in Fig. 6.10 for S11, directivity and realized gain. A comparison is also presented
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Figure 6.10: Simulation results of an optimized hybrid Bull’s Eye antenna with flat gain response
and comparison with a standard Bull’s eye antenna with similar directivity/gain in (a) S11, (b)
Directivity and realized gain.

between the proposed novel design and a standard uniform Bull’s eye antenna design with

the same maximum gain (directivity).

The maximum directivity of both designs is 16 dBi (realized gain 15.8 dBi). The

extraordinary characteristic of this novel hybrid design is the large 1-dB gain bandwidth,

which covers the frequency range from 13.2 GHz to 15.6 GHz (16.4 %). Such a flat gain

response cannot be achieved for corrugated antennas with relatively high directivity. For
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Figure 6.11: Contribution of each corrugation type in the hybrid effect of the flat gain antenna.

example, a flat directivity response for a standard Bull’s Eye antenna is observed in Fig.

6.4.b, however its maximum value is only 13.8 dBi. From Fig. 6.10.b, the 1-dB gain

bandwidth of the standard design is only 9.1%. The 3-dB gain bandwidth of the hybrid

model is at 19.64 %, while for the standard antenna it is 17.47 %. The hybrid design

maintains a good matching response below -10 dB.

The effect on each corrugation in the realized gain of the hybrid antenna can be viewed

separately in Fig. 6.11. The optimum model is compared with two antennas of the same

size; the first antenna consists of perturbed corrugations only and the second antenna

consists of double corrugations only, with the same dimensions as with the optimum

hybrid design. The flat gain response of the hybrid model exhibits two peaks, each

generated by the different component of the hybrid corrugated unit cell. The peak of

maximum gain (15.7 dBi) is generated by the perturbed corrugations, at 15.2 GHz, and

the second peak that maintains the flat gain (15.6 dBi) at 13.6 GHz is generated by the

double corrugations. It is interesting to notice that the realized gain of the hybrid antenna

over the 3-dB frequency spectrum lies in the average between the two other plots.
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Figure 6.12: Simulated radiation patterns of the hybrid antenna with flat gain and the standard
antenna of the same maximum gain. E-plane: (a) lower -1 dB, (c) 0 dB, (e) upper -1 dB.
H-plane: (b) lower -1 dB, (d) 0 dB, (f) upper -1 dB.

The simulated radiation patterns are shown in Fig. 6.12, at the frequencies which

determine the 1-dB gain spectrum. For the hybrid antenna, these frequencies are: lower

-1 dB at 13.2 GHz, 0 dB at 15.2 GHz and upper -1 dB at 15.65 GHz. For the standard

antenna, they are: lower -1 dB at 14.75 GHz, 0 dB at 15.75 GHz and upper -1 dB at 16.17
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Figure 6.13: Simulated E-field magnitude of each corrugated unit cell case for β=0.

GHz.The H-planes are not affected by the hybrid effect. At the frequency of maximum

gain, the side lobe level of the E-plane is at -10 dBi for the hybrid antenna and -12 dBi for

the standard antenna, maintaining a highly directive lobe. At bigger angles (over ±60o)

the side lobe level of the hybrid antenna is significantly suppressed by more than 5 dBi

compared to the standard antenna at the frequencies of maximum directivity and upper

−1 dB, and about 4 dBi at the frequency of lower -1 dB. At the lower limit of the 1-dB

spectrum, however, the standard design exhibits a narrower main lobe.

An explanation of the hybrid effect phenomenon can be offered by the application

of the unit cell periodic method on a unit cell, terminated with periodic boundaries in

the lateral plane. The longitudinal (y) electric field strength is then tracked at carefully

placed probes, with a 3-D discrete port as excitation.

Fig. 6.13 shows the electric field distribution for β = 0 (or zero phase shift). For

comparison purposes, at this same point of the dispersion diagram, the E-field plot is

depicted for the separate complex shaped unit cells that form the optimum hybrid, and

the standard corrugated unit cell.
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Radiation close to broadside for a unidirectional hybrid antenna is expected at around

15.4 GHz (peak of maximum electric field strength). The maximum E-field strength at

this frequency (about 75 dBV/m) seems to be the contribution of the perturbed corruga-

tion, as it can be seen from its separate plot (dashed-dotted line). A second leaky mode

emerges at around 13.5 GHz, which is the contribution of the double corrugation effect

(dashed line). The double corrugated unit cell excites two modes, one at around 15.6 GHz

and one at around 13.6 GHz. These findings can be confirmed from full-wave simulations

of the corresponding finite size models of Fig. 6.11. The two peaks of the hybrid design

gain response are generated by the corresponding modes of Fig. 6.13 where the open

stopband frequencies are determined.

This prototype was fabricated with CNC milling at the University of Birmingham.

The ground plane was extended to 10 mm in order to fit the pins of the waveguide flange

inside the metal. However, due to restricted campus operations, is has been not possible

to conduct measurements of this prototype. Still, since the antenna operates at the Ku

band, it is not expected to have severe mismatch between simulations and measurements.

The measurements of a standard Ku Bull’s Eye antenna with tapered waveguide aper-

ture, presented in Appendix A, demonstrate a very high agreement between simulations

and measurements. Similar agreement is expected for the fabricated hybrid Bull’s Eye

antenna.

6.4.2 Optimized Prototype with Enhanced 3-dB Gain Bandwidth

The second optimum prototype obtained from the optimization process, is a six-unit cell

antenna with significantly enhanced 3-dB gain bandwidth. The optimized details of the
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Figure 6.14: Simulation results of an optimized hybrid Bull’s Eye antenna with enhanced 3-
dB gain bandwidth response and comparison with a standard Bull’s eye antenna with similar
directivity/gain in (a) S11, (b) Directivity and realized gain.

hybrid antenna are wr = 5.67 mm, hr = 1 mm, hb = 1.5 mm, w = 10.4 mm, while for the

standard antenna of the same size and maximum directivity, it is w = 12.3 mm.

Fig. 6.14 shows the simulated S11, gain and directivity for the optimized hybrid

corrugated antenna and the standard corrugated antenna of the same size, and similar

gain . The novel hybrid design with a waveguide aperture, maintains a good S11 level

below -10 dB. The maximum directivity is 17.3 dBi for both antennas, at 15.1 GHz.
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Figure 6.15: Contribution of each corrugation in the hybrid effect of the antenna with enhanced
3-dB gain bandwidth.

However, the fractional 3-dB gain bandwidth of the antenna is 15.67%, while for the

standard antenna is only 11.1 %.

The effect of each corrugation in the realized gain of the hybrid antenna can be ex-

amined separately in Fig. 6.15. The first antenna consists of perturbed corrugations only

and the second antenna consists of double corrugations only, with the same dimensions

as with the optimum hybrid design. The maximum gain response of the hybrid model at

around 15 GHz is generated by the perturbed corrugation, while a second peak at around

13.7 GHz is generated by the double corrugations. In a similar fashion with the prototype

of Section 6.4.1, we can safely comment that the double corrugations contribute in the

extension of the 3-dB gain bandwidth, due to the existence of a second mode at around

13.5 GHz.

The simulated radiation patterns are shown in Fig. 6.16, at the frequencies which

determine the 3-dB gain spectrum. For the hybrid antenna, these frequencies are: lower

-3 dB at 13.3 GHz, 0 dB at 15 GHz and upper -3 dB at 15.6 GHz. For the standard
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Figure 6.16: Simulated radiation patterns of the hybrid antenna with enhanced 3-dB gain band-
width and the standard antenna of the same maximum gain. E-plane: (a) lower -3 dB, (c) 0 dB,
(e) upper -3 dB. H-plane: (b) lower -3 dB, (d) 0 dB, (f) upper -3 dB.
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antenna, they are: lower -3 dB at 14.13 GHz, 0 dB at 15 GHz and upper -3 dB at 15.7

GHz. At the frequency point of maximum gain, the side lobe level of the E-plane is at -13

dBi for the hybrid antenna and -16 dBi for the standard antenna, maintaining a highly

directive lobe at broadside. At bigger angles (over ±60o) the hybrid antenna performs

better (side lobe level below -20 dBi), while for the standard antenna the side lobe level

is higher than -15 dBi. At the limits of the 3-dB spectrum the hybrid antenna maintains

a suppressed side lobe level compared to the standard antenna, especially at angles over

±60o.

6.5 Implementation of Different Feeding Techniques on

Hybrid Corrugated Bull’s Eye Antennas

The feeding techniques of Chapter 4 are implemented in this Section on the optimum

hybrid Bull’s Eye antenna prototype of Section 6.4.1, which uses an open-ended waveguide

aperture. This proposed design with flat gain response is compared against two identical

corrugated antennas of the same number of rings, one with a subwavelength slot aperture

and one with a tapered waveguide aperture with tapering factor r = 2. For the slot

aperture implementation, a subwavelength slot of optimized dimensions is used with sx =

11.6 mm and sy = 4.8 mm. For the tapered waveguide implementation, the central ring

diameter that surrounds the aperture is extended from 19.6 mm (d) to 21.6 mm. All other

design details remain the same as their corresponding in Section 6.4.1.

Simulated results in S11, realized gain and directivity are compared in Fig. 6.17 for

the three different feeding techniques of Chapter 4. The conclusions of Chapter 4 can be
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applied in this case of hybrid corrugations as well, as explained below.

The S11 bandwidth of the slot aperture is limited, as it is below -10 dB only between

13.25 GHz and 14.8 GHz. For the open-ended aperture antenna the S11 is below -12 dB

at all the frequency band examined, while for the tapered aperture antenna the S11 is

below -14 dB. The directivity plot for the slot aperture antenna consists of two peaks

of similar magnitude (one around 13.7 GHz and one around 15.2 GHz), around 16 dBi.

This similar magnitude is not maintained in the realized gain performance, where the

peak around 15.2 GHz is about 0.5 dBi lower than the peak around 13.7 GHz. This loss

in gain is attributed to the high reflection coefficient beyond 14.8 GHz. The other two

implementations (open-ended waveguide and tapered waveguide), achieve a similar plot

in directivity and realized gain due to the very good S11 performance. The 1-dB gain

(directivity) bandwidth for all implementations is approximately 16.14% and the 3-dB

gain (directivity) bandwidth is 19.64%.

The conclusions from this simulation study of the three feeding aperture types are

similar as in Chapter 4, verifying their scalability from low THz to microwave frequencies.

The tapering of the waveguide aperture in this microwave implementation, however, does

not offer a significant improvement in S11 compared to the open-ended waveguide. Like-

wise, the peak realized gain is similar (from 15.8 to 16 dBi) in all three implementations.

It is preferable, therefore, to use an open-ended waveguide aperture as a compromise be-

tween a good S11 bandwidth and a high gain performance. Similar conclusions can be

expected for the application of these feeding techniques on the optimum hybrid design of

Section 6.4.2.
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Figure 6.17: Comparison of the optimized hybrid Bull’s Eye antenna with flat response with
three different feeding techniques in simulated (a) S11, (b) realized Gain and (c) directivity.
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6.6 Conclusion

In this Chapter, novel corrugated unit cell designs have been presented at microwave

frequencies, for the facilitation of potential fabrication. The perturbed and the double

corrugation concept have been introduced for the first time with extensive simulation

results, and next, they have been combined into a hybrid design. The optimization process

of a hybrid Bull’s Eye antenna with 6 rings has come up with two novel prototypes with

enhanced performance characteristics.

The first novel prototype achieves a large 1-dB gain bandwidth of 16.14%, extended

3-dB gain bandwidth of 19.64% and maximum realized gain of 15.8 dBi. This design

outperforms a conventional Bull’s Eye antenna of the same gain and same size. The second

novel prototype achieves and extended 3-dB gain bandwidth of 15.67% and maximum

gain of 17.3 dBi, while for a standard Bull’s Eye antenna of the same gain, the fractional

bandwidth is only 11.1%. For each of the proposed antennas, a simulation study is

presented that demonstrates the contribution of each corrugation type on the overall

performance. It is suggested that the hybrid corrugations excite a second radiating leaky

mode that contributes to the enhancement of the 1-dB (or 3- dB) gain bandwidth.

Additionally, the three feeding techniques presented in Chapter 4 have been applied on

the optimum hybrid design with flat gain response. The conclusions from this simulation

study verify the trends observed in Chapter 4, indicating the open-ended waveguide as

the preferred feeding aperture with respect to satisfactory S11 and gain.

It should be noted that the presented hybrid Bull’s Eye antennas are not the only de-

signs produced by the optimization process that outperform their corresponding standard

shaped antennas. Several optimized models, not presented in this thesis, have achieved an
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extended 3-dB and 1-dB bandwidth along with a high gain, however, the models shown

are the best compromise between high gain and broadband performance.
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Chapter 7

Conclusions

7.1 Thesis Review

The scope of this dissertation has been to investigate the leaky wave phenomena associ-

ated with radiation from periodically corrugated metallic surfaces, as well as the proposal

of novel practical antennas of this type with improved radiation characteristics. In partic-

ular, leaky wave analysis methods have been proposed and implemented for the first time

on corrugated antennas with gaps larger than half-wavelength, deriving from the mathe-

matical background of Chapter 2. Furthermore, novel corrugated antennas at microwave

and low THz frequencies have been designed, fabricated and measured that outperform

several known implementations that have been briefly reviewed in Chapter 1.

The characteristics of the leaky mode excited from periodically corrugated metallic

surfaces with gaps larger than half wavelength have been studied for the first time in

Chapter 3, with the use of classical electromagnetic theory. A novel analytical periodic

method has been proposed for this purpose, which consists in the numerical solution of a

153



Chapter 7. Conclusions

transverse resonance equivalent network and the extraction of the complex wavenumber

of a higher order mode inside the gaps. Additionally, a unit cell dispersion analysis tech-

nique and the known matrix pencil method have been applied for the first time on such

corrugated unit cells (antennas). All methods have been proven to be very accurate in

the estimation of the leaky mode, and the limitations of each have been discussed. The

farfield behaviour of the infinite size symmetrically fed antennas has then been calcu-

lated with a simple array factor approach. Theoretically calculated radiation patterns at

frequencies of interest are compared with simulated data from finite size antennas, with

very good agreement. This is another contribution of this Chapter, as it is the first time

a quantitative approach to the calculation of radiation patterns of corrugated antennas

with larger gaps is available. The methodologies developed in this Chapter have been

later used in Chapter 5, for the dispersion analysis of the proposed dual-depth corrugated

antenna, and in Chapter 6, for the comprehension of the leaky wave behaviour of the

hybrid corrugated antenna.

The problem of the inherent limited bandwidth of periodically corrugated antennas

has been addressed in Chapters 4 to 6. In Chapter 4, novel feeding mechanisms for a low

THz Bull’s Eye antenna have been proposed. The typical subwavelength slot aperture,

which results in a narrowband matching response, has been replaced with an open ended

waveguide aperture and then, a tapered waveguide aperture. A reflection coefficient below

-10 dB has been secured with the waveguide aperture and below -14 dBi with the tapered

waveguide aperture at a very wide frequency band. A prototype with a tapered aperture

has been fabricated and measured results exhibit good agreement with simulations.

In Chapter 5, the narrowband gain performance of standard Bull’s Eye antennas has
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been tackled by introducing a novel design technique that exploits the depth qualities of

the corrugations. The proposed configuration is a dual-depth corrugated antenna, with

high gain and enhanced 3-dB gain (directivity) bandwidth. The antenna outperforms

standard Bull’s Eye antennas of the same size and the same maximum directivity. A

suitable leaky wave analysis of the single depth standard antennas gives further insight

into the complex leaky wave phenomenon of the dual depth antenna. The optimum dual

depth antenna with 10 rings at low THz was fabricated and measured results have been

presented.

Chapter 6 has presented another contribution of this research work towards the en-

hancement of the 3-dB gain bandwidth of Bull’s Eye antennas, by introducing novel types

of complex shaped corrugations. First, a perturbed corrugated unit cell has been inves-

tigated, with significant increase in maximum directivity. Next, a double corrugation

concept has been presented that excites two strong leaky modes when the central gap of

the corrugations is up to half wavelength. A hybrid corrugated unit cell has been then

explored, that combines both concepts. The generated hybrid Bull’s Eye antennas at

Ku band operate with extraordinary characteristics, such as large 1-dB gain bandwidth

and extended 3-dB gain bandwidth. The optimum prototype with flat gain response was

fabricated, however measurements could not be performed due to restricted campus oper-

ations. In Appendix A, measurements have been presented for a conventional Bull’s Eye

antenna at 15 GHz, as a similar agreement is expected for the hybrid Bull’s Eye antenna

at this frequency spectrum.
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7.2 Future Directions

A known limitation of the unit cell method associated with the calculation of the attenu-

ation constant is the failure to generate logical values for α when the electric component

of the near radiated field is strong (high error rate). The setup for such a calculation

could be further investigated, as this method offers the significant advantages of simplic-

ity and small computational time compared to other full-wave methods, i.e. the matrix

pencil. Furthermore, the approximation of the radiation patterns in this thesis considers

only the radiation produced by the excitation of the longitudinal leaky mode. As future

development, more complex phenomena could be inserted into the analysis, such as an es-

timation of the reflections when the leaky wave reaches the edge of the finite size structure

(edge diffraction phenomenon). The analysis could also be expanded in order to included

non-periodic or holographic leaky wave antennas of this type.

The novel Bull’s Eye prototypes presented in this thesis have tackled successfully the

inherent bandwidth problem of conventional corrugated planar antennas, by introducing

a dual depth concept and a hybrid corrugation concept. However, the gain bandwidth

could be further improved by combining both the dual depth and the hybrid design

methodologies into a single design. Also, this dissertation offers a first approach to the

comprehension of the leaky wave radiation of such antennas. As a further step, a rigorous

leaky wave analysis could be developed for the quick and accurate calculation of the

excited fast waves deriving from a complex shaped unit cell. This could assist in the

development of quick design methodologies that will allow an effective modelling of such

antennas, depending on the desired farfield characteristics (extended 1-dB bandwidth

and 3-dB bandwidth, maximum gain etc). The known reciprocity technique for radiation
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pattern calculation could be implemented on the complex shaped antennas of Chapter 6

for the theoretical calculation of their farfield patterns.

7.3 Impact

The findings of this dissertation have been presented or accepted for presentation at several

international conferences , namely the European Conference on Antennas and Propaga-

tion (EuCAP), IEEE International Symposium on Antennas and Propagation (AP-S),

Loughborough Antennas and Propagation Conference (LAPC), International Workshop

on Antenna Technology (iWAT) and Antennas and Propagation Conference (APC). Parts

of this work have been submitted to IEEE Antennas and Wireless Propagation Letters,

IEEE Transactions on Terahertz Science and Technology, or are currently prepared for

submission to IEEE Access or Nature Scientific Reports.
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Appendix A

Measurement of a Ku Band Bull’s Eye

Antenna
A standard Bull’s Eye antenna at around 15 GHz has been designed with the tapered

waveguide aperture of Chapter 4. The antenna composes of 5 concentric rings with

optimized dimensions as w = 13.3 mm, d = 19.6 mm, t = 3.3 mm, and total plate height

h = 6.5 mm. The tapered waveguide aperture is of dimensions tx = 20 mm and ty = 12

mm. The antenna was fabricated with CNC milling on an aluminium plate. Fig. A.1

shows the fabricated prototype.

Measured results of S11 and realized gain, compared to simulations, are shown in Fig.

A.2. The experimental reflection coefficient demonstrates a very satisfactory transmission

Figure A.1: Fabricated prototype of a 15 GHz standard Bull’s Eye antenna.
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(a)

(b)

Figure A.2: Measured (a) S11 and (b) Realized Gain of the standard Bull’s Eye antenna with
tapered aperture compared to the simulated results.
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(a) (b)

(c) (d)

(e) (f)

Figure A.3: Measured far-field radiation patterns of the tapered Bull’s Eye antenna at 12.5GHz:
(a) H-plane and (b) E-plane, 13.5GHz: (c) H-plane and (d) E-plane, and 14.7GHz: (e) H-plane
and (f) E-plane.
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in all the frequency band examined (below −10 dB), while the measured realized gain

reaches a maximum value of 15.7 dBi at 14.7 GHz. The experimental 3-dB gain bandwidth

is even larger than the predicted by CST Microwave Studio, approximately 21%. Overall,

a very good agreement between simulated and measured results can be noticed.

Fig. A.3 depicts the measured far-field patterns in both radiation planes at specific

frequencies of interest, compared to the simulated patterns. The E-planes produce a very

narrow beam, however they generate strong side lobes in all the frequencies shown. The

best performance in both planes can be observed at 13.5 GHz, where the S11 parameter

obtains its lowest value (below −20 dB).
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