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Abstract
There are many applications such as radar, space, and satellite communication, which
require antenna with high gain while maintaining low profile, planar structure, and low fabrication
cost. In this thesis, two techniques are presented to design high-gain antennas with planar
structures, numerically, and experimentally. Corrugated structures and miniaturized-element
frequency selective surfaces (MEFSSs) are used to improve the radiation gain of corrugated
antennas, and Fabry-Pérot-type cavity (FPC) antennas, respectively.
First, for high power applications, TM01 to TE11 mode converters are required to convert
the undesired mode of high power source to the desired mode for corrugated antennas. These mode
converters are designed for the purpose of achieving high conversion efficiency over wide
operational bandwidth. Using 3D printing technology, these mode converters are printed and their
performance is experimentally studied.
Conventional corrugated antennas are fabricated on metallic sheets and are fed by openended waveguides. In order to reduce the fabrication expense and to easily integrate them with
other planar structures, the realization of corrugated antennas on laminates using SIW technology
is presented. Due to the large structure of corrugated antennas, the simulation and optimization
process are time-consuming. Design and analysis of these antennas based on surface susceptance
of corrugated structure are presented in this work. General radiation performance of corrugated
antennas such as resonant frequency, spectral bandwidth, and directivity is estimated using a unit-
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cell analysis of corrugated surface. The effect of width and height of corrugations and the
permittivity of material inside corrugations on directivity and surface susceptance is parametrically
studied.
The design of dual-band high-gain antennas is a challenging problem, especially if the
antennas are required to be planar and fabricated with cheap fabrication processes. In the study of
corrugated antennas, it is shown that a dual-band operation can be achieved by using two different
corrugations. To improve the front-to-back ratio of the antenna, two dual-band cavity back feeder
antennas are proposed to feed the dual-band corrugated structure. The dual-band feeder antennas
and dual-band corrugated antennas are fabricated and measured.
Using MEFSS structures in FPC antennas may enhance the antenna gain. This technique
is proposed in this work to enhance the radiation of on-chip antenna by utilizing a MEFSS cover
on top of it. This is absolutely essential in radio frequency integrated circuits (RFICs) due to the
restrictions on the thickness of metallic layers, substrate loss, and the limitations in a real estate.
Due to using MEFSS structure, the height of the FPC antenna composed of the MEFSS cover,
high impedance surface (HIS), and the a single proximity patch antenna can be designed to be very
small. A scaled MEFSS cover is designed and fabricated and the measurement results demonstrate
a gain enhancement of 9 dBi. A wideband MEFSS cover is then designed with two MEFSS layers
to solve the problem of narrow bandwidth of single-layer MEFSS structure. These MEFSS
structures can be used for radiation gain enhancement off of the on-chip antenna.
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Chapter 1
Introduction
Along with the advances in technology over the past decades, we have experienced a
remarkable growth in investigation on and development of new wireless communication systems.
In many applications, those systems need to have several features such as high gain, high
efficiency, wide bandwidth, and high power. For instance, high-gain antennas are essential for
many wireless applications in which a high path loss in medium weakens the transmitted signal.
Therefore, there is a need to improve the antenna gain, especially where there is a limitation on
power amplifiers’ stage in transmitting site or where a high signal-to-noise ratio is desired in
receiving site.
Antenna arrays are one of the most straightforward methods to increase the gain of systems.
But, they add complexity to the antenna structure requiring the design of a large feed network
which itself increases the loss in the system and degrades the antenna efficiency. Although horn
and reflector antennas as conventional medium- to high-gain antenna structures used to play an
important role in many applications, their heavy weight, high profile and non-planar structures
limit their applicability in modern communication systems. As a result, it is required to propose
planar antennas with high gain, lower profile, light weight, and inexpensive fabrication cost.
Being Planar for antennas is very vital for integration with the rest of the system. This
requirement favors planar antennas which are manufactured using commodity printed circuit board
(PCB) or integrated circuits (IC) processes. The capability to manufacture the antennas on PCB or
IC makes the integration of radio frequency (RF) systems with antennas feasible resulting in circuit
miniaturization. This would be of value in integrating RF transceivers or RFICs.
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1.1 Motivation
This work presents two techniques for designing high-gain antennas based on corrugated
structures and miniaturized element frequency selective surfaces (MEFSS) structures. The main
motivation behind this work arises from the requirement for high gain antennas with planar
structure, low profile, and cheap fabrication expense. The corrugated structure technique is used
for the applications of space and satellite communications where a planar antenna structure is
required to embed in a CubeSat [1]. The technique of using MEFSS structure as a gain boosting
cover on top of an on-chip antenna, which is proposed in this thesis, can find applications in onchip communication and radar systems.
In some specific applications, high power is required for the system. In this case, a
waveguide mode converter is needed to convert an undesired mode of High power microwave
(HPM) source to a desired output mode for propagation. HPM sources normally generate axially
symmetric modes such as the transverse electromagnetic (TEM) mode or the TM01 circular
waveguide mode. These modes produce a doughnut-shaped far-field radiation pattern with a null
at boresight if they directly radiate from an open-ended waveguide or a horn antenna [2]. In this
work, several mode converters are designed and printed for high power antenna applications.
The conventional structure of corrugated antennas is composed of a central aperture
surrounded by symmetric 1D (rectangular) or 2D (bull’s-eye) corrugations patterned on a metallic
sheet. Although these corrugated antennas in literature have provided favorable radiation
characteristics, they have considerable drawbacks that prevent them from being used in many
applications. In addition to high cost of making metallic structures, they are bulky and hard to be
integrated with other parts of the system, especially planar devices. Therefore, development of
these antennas in a planar structure with inexpensive fabrication methods is a challenge.
There are some works in literature that analyzed corrugated antennas. For example, 1D
corrugated antennas are investigated using Eigenfunction expansion, Fourier transform and mode
matching method [3]. Furthermore, in [4], authors studied corrugated antennas utilizing the
singular integral equation approach in a rigorous manner. Although, these methods give a full
perspective view of the problem, it is hard to do a fast rough estimation of a general radiation
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performance of an antenna. In many works, different types of corrugations along with their
dimensions are optimized to get the best antenna performance [5]. However, due to a large antenna
size, this process is very time consuming. It seems that a fast approach to designing and analyzing
corrugated antennas, and estimating their radiation performance is required. This can avoid the
time consuming approach of optimization process for designing corrugated antennas.
Dual-band antennas can be used in many applications where both receiving and
transmitting sites are required in one package. In this case, the antenna can be used as a transmitter
in one band and as receiver in the other band. Designing high-gain low-profile dual-band
corrugated antennas with planar structures poses several challenges which are investigated in this
work.
Design of fully integrated RF systems that are able to generate enough radiation power to
mitigate high propagation loss is critical in millimeter and submillimeter-wave frequencies. At
such high frequencies, the antenna size is approximately a few millimeters, which facilitates their
practical implementation and integration on a chip. Besides, a co-design of all parts including the
antenna can improve the efficiency and decrease the input power level [6]. However, antenna
integration on chip has its own set of challenges. One of the main issues is that silicon material
deteriorates on-chip antenna performance since it introduces a thick substrate with low resistivity
and high relative permittivity which launches surface waves in a lossy medium [7, 8]. Although
many techniques such as using a thin metasurface [9], and artificial magnetic conductor [10] inside
the chip have been proposed as a solution to poor radiation of on-chip antennas, due to limitations
in the number, the thickness, and conductivity of metallic layers on CMOS process, as well as
limited real estate, fabrication of on-chip antenna with high efficiency is still not practically
feasible.
To shield an on-chip antenna and prevent the propagated waves from coupling into silicon
layer, an incorporated ground plane can be used. However, in this case, due to the small distance
between the antenna and ground plane, which creates strong inter-coupling, the radiation resistance
is very small resulting in the antennas’ poor efficiency. To improve the radiation characteristics of
an on-chip antenna, silicon micromachining can be used. However, micromachining and CMOS
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processes are not directly compatible and many additional steps are required [11]. Using a silicon
lens on the backside of the chip is reported in [12] to mitigate the surface wave loss of the silicon
substrate. However, the level of complexity and fabrication limitations make the realization of this
approach difficult. One of the current technologies for enhancing the radiation performance of
RFICs is based on the incorporation of a relatively thick superstrate over which the antenna can
be placed [13, 14]. The drawback of thick superstrates is the reduction in radiation efficiency due
to dielectric loss and power loss in surface waves. Launching surface waves in thick superstrates
can also increase mutual coupling among radiating elements of an array. To improve the radiation
efficiency, dielectric resonators can also be integrated on top of the chip [15, 16]. However, the
alignment of the dielectric resonator with the excitation underneath may be difficult especially at
submillimeter-wave frequencies. In addition, the height of the structure becomes larger when
dielectric resonators are added on top. This increase in height may not be suitable for many
applications. As a result, a technique for radiation gain enhancement of an active CMOS circuit is
necessary for on-chip communications. It is shown that the gain enhancement in on-chip antenna
can be achieved using MEFSS structures added as a cover on top of the IC.

1.2 Objectives
The followings are the main objectives of this work:
1. To design and print high-performance TM01 to TE11 mode converters that are necessary to be
used in high power antenna applications.
2. To design and fabricate a planar corrugated antenna on laminates using substrate integrated
waveguide (SIW) technology.
3. To analyze corrugated antennas with surface susceptance of the corrugated structure and
estimate the radiation performance based on a unit-cell analysis that would reduce the design of a
corrugated antenna to the design of a corrugated unit-cell.
4. To investigate the effect of corrugations’ dimensions on the resonant frequency, spectral
bandwidth, and directivity of corrugated antennas.
5. To design and investigate dual-band corrugated structures
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6. To design, and fabricate dual-band feeder antennas to be used at the center of dual-band
corrugated structures creating dual-band corrugated antennas.
7. To provide a solution in order to improve radiation performance off of on-chip antennas using
MEFSS structures and design, and fabricate a prototype at 10 GHz.
8. To design a wideband MEFSS cover, and use it as a solution in wideband on-chip antennas.

1.3 Outline
In chapter 2, a background on corrugated surfaces, MEFSS structures, and theory of leaky
wave is provided. Moreover, a brief review of literature about advances in corrugated antennas,
and FSS structures with their applications in antenna theory is presented. Chapter 3 introduces
three categories of TM01 to TE11 mode converters that can generate the desired modes to feed the
cavity in corrugated antennas for high power applications. These wideband mode converters are
printed and successfully measured demonstrating a high TM01 to TE11 mode conversion. Chapter
3 presents corrugated antenna structure realized on laminate by SIW technology. It is shown that
by coupling mechanism, the feed line, grooves, and cavity can be designed and fabricated on PCBs.
Then, a simple approach for design and analysis of corrugated antennas based on surface
susceptance is proposed which estimates their general radiation performance. The relation between
resonant frequency, spectrum bandwidth, and directivity of the antenna with unit-cell’s corrugation
susceptance is analytically approximated which reduces the design a corrugated antenna into the
design of a single unit-cell. This is followed by an investigation on the effect of corrugations’
width, height, and the materials’ permittivity inside corrugations on unit-cell’s susceptance and
antenna directivity. A 2D corrugated (bull’s-eye) antenna with 3 corrugations is designed with this
method and implemented that could achieve a measured gain of 17.4 dBi. Chapter 4 discusses the
possibility of design and fabrication of planar dual-band corrugated antennas. It is shown that by
using two different corrugations, dual-band operation may be achieved. To solve the problem of
back radiation of transmission line feed, two classes of dual-band open-ended circular waveguide
feeder antennas with a compact collinear end-launcher-type feed is proposed. The proposed feeder
structures can generate a mixed mode close to TE11 on the aperture of the open-ended waveguide
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in both bands resulting in stable broadside gains over each band of interest. For the integration
purposes and due to having a thick substrate in the structure of dual-band feeder antenna, it is
required that the height of the corrugations be increased. It is shown that in this case, the corrugated
structure with anti-resonance that satisfies the resonance condition can be used. A dual-band
corrugated structure integrated with feeder antenna is implemented which demonstrates a
measured gain of 15.8 and 17.5 dBi at frequencies of 9.7 GHz and 13.85 GHz, respectively, and
can be used in satellite communications. Chapter 6 presents a technique to improve the radiation
characteristics of an on-chip antenna in an active CMOS circuit. A MEFSS cover is utilized on top
of an on-chip antenna to provide gain enhancement, which is essential for many applications such
as radar and communication systems. This is important due to restrictions on thickness of metallic
layers, losses in substrate, and limitations in a real estate. The MEFSS cover consists of partially
reflecting surface (PRS) and high impedance surface (HIS) creating a Fabry-Pérot-type cavity
(FPC). Because of using MEFSS structure, the height of FPC can be reduced without any
deterioration of antenna radiation. A proximity patch antenna is embedded in the HIS layer which
is fed by a small metallic trace on the last layer of chip using coupling mechanism. By utilizing
the transverse-equivalent network of the structure and imposing the resonance condition, the
geometrical parameters of the MEFSS unit-cell are calculated. For demonstration purposes, a
scaled MEFSS cover for gain enhancement at the center frequency of 10 GHz is designed,
fabricated and measured. A wideband multi-layer MEFSS cover is proposed and designed to solve
the problem of narrow bandwidth of single-layer MEFSS structure. This wideband MEFSS cover
is then used on top of an on-chip antenna to improve the antenna gain. In chapter 7, a brief
conclusion of the work is presented and several suggestions for the future work are given.

Chapter 2
Background and Review of Literature
There are various techniques to enhance the gain of an antenna structure. Antenna arrays
or conventional high-gain antennas are not desired in many applications due to their complex lossy
feed network and non-planar structures, respectively. In this thesis, corrugated structures and
frequency selective surfaces are used as approaches of gain enhancement in radar, space and
satellite communications, and on-chip antenna applications. Therefore, in this chapter, a brief
background and literature review related to these techniques is provided.

2.1 Transverse Resonance Technique
The electromagnetic fields in spectral domain in two dimensional (2D) structures with a
homogenous transverse cross-section may be expressed as superposition of transverse magnetic
and (TM) transverse electric (TE) modes. In this case, it can be shown that these modes are
traveling in an equivalent transmission line model [17] which is the solution of Maxwell equations.
As a result, all the techniques known in transmission line theory can be used to face the problem.
For instance, Fig. 2.1 shows a grounded dielectric slab with a thickness of h and its transverse
equivalent transmission line model. If a propagation along X-direction is considered, the transverse
equivalent transmission line for TE and TM modes will be along Z-direction as shown in Fig. 2.1,
where the slab and free space are shown by transmission lines with the characteristic impedance
of Z1TM/TE, and Z0TM/TE, and propagation constant of kz1, and kz0, respectively. One of the techniques
that is valid in the model is transverse resonance technique which results in the dispersion
equation. The transverse resonance equation in Fig. 2.1 is expressed as the follows:
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Fig. 2.1. A grounded dielectric slab and its transverse equivalent transmission line model.

Zup(z0) + Zdown(z0) =0

(2.1)

where Zup, and Zdown are the impedance looking upward and the impedance looking downward
from an arbitrary point z0, respectively. Note that the resonance condition of (2.1) is not dependent
on z0. The same resonance condition can be verified for admittances and reflection coefficients
with the following equations:
Yup(z0) + Ydown(z0) =0

(2.2)

Γup(z0) . Γdown(z0) =1

(2.3)

For a complicated circuit, by obtaining the transverse equivalent transmission line model
or transverse-equivalent network (TEN), the dispersion equation can be calculated by calculating
the resonance condition of the model.

2.2 Waves Excited on Planar Structures
For a general geometry, both transverse and normal propagation constants can be complex
variables (i.e. kz=βz-jαz, kx=βx-jαx). Then, two components of propagation constant vector satisfy
the following equation:
kx2 + kz2 = k02

(2.4)

By substituting the complex values of propagation constant components in (2.4), two
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independent equations are obtained:
(βx2 + βz2) - (αx2 + αz2) = | 𝛽𝛽 |2 - | α |2 = k02
αxβx + αzβz = α . 𝛽𝛽 = 0

(2.5)
(2.6)

where 𝛼𝛼 = αx 𝑎𝑎𝑥𝑥 + αz 𝑎𝑎𝑧𝑧 and 𝛽𝛽 = βx 𝑎𝑎𝑥𝑥 + βz 𝑎𝑎𝑧𝑧 are attenuation and propagation vectors,

respectively. To find out the possible modes travelling on a planar structure, an arbitrary geometry
is taken into account. Assume in a point z0 which is on top of the geometry, the upward medium

is free space with characteristic impedance of Z0, and the downward medium is the arbitrary
geometry with an impedance of Zdown = Rdown– jXdown, where Rdown and Xdown are impedance and
reactance of the downward medium, respectively. Now, the resonance condition for the TM mode
can be written as:

Z down + Z 0TM = Z down +

kz

ωε 0

0
=

(2.7)

The similar resonance condition can be written for TE mode as well. We can simplify (2.7) as:

ωε 0 ( Rdown + jX down ) = − β z + j α z

(2.8)

For z >z0, the possible plane waves in free space above the structure depend on the signs
of the impedance Rdown and reactance Xdown. Fig. 2.2 shows all possible TM modes excited on an
arbitrary planar structure. The signs of Rdown and Xdown determine the direction of propagation
constant and attenuation, respectively, according to (2.8). Each of six categories, depicted in
Fig. 2.2, shows a specific guided wave on the surface as follows: (1) surface wave, (2) improper
surface wave, (3) surface wave traveling in lossy surface, (4) improper wave growing away from
the structure, (5) complex wave decaying away from the surface, (6) improper leaky wave.
As demonstrated, when both impedance and reactance of the structure are negative, a leaky
wave emerges which radiates in the forward direction. It is worth mentioning that, as shown in
Fig. 2.2 and presented in (2.6), the vectors 𝛼𝛼 and 𝛽𝛽 are always perpendicular to each other.
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Fig. 2.2. Possible TM modes excited on an arbitrary planar structure.

2.3 Frequency Selective Surfaces
Frequency selective surface (FSS) structures are 1D or 2D periodic elements designed to
exhibit frequency selectivity or filtering. Fig. 2.3 shows typical geometries for FSS elements [18].
They have been used as an alternative to electromagnetic band-gap (EBG) structures with the
advantages of planarity and easy realization in millimeter- and submillimeter-wave
communication [19]. They have many applications in radar instruments and satellite
communications. These periodic structures can perform spatial filtering [20], polarization
converting [21], and antenna gain boosting [22]. Over the past few decades, FSS structures have
been widely investigated as a part of many devices such as artificial magnetic conductors (AMC),
transmitarrays [23], and reflectarrays [24]. The size of the elements and their spacing in traditional
resonant FSS structures are comparable to wavelength at frequency of operation. To observe a
desired frequency selective behavior, the structure must contain a large number of the resonant
unit-cells resulting in an electrically large surface. Therefore, for many applications, FSS unit-cells
with smaller electrical dimensions and less sensitivity to the incidence angle are required. A new
class of FSS structure called miniaturized-element frequency selective surface (MEFSS) has
recently been introduced [25]. This new class consists of a multilayer periodic array of metallic
structures; as equivalent inductor and capacitor; with dimensions much smaller than wavelength
at frequency of interest. One of the most attractive features of MEFSS structures is that the
interaction of MEFSS surface with incident TEM wave can be simplified with a model of lumped
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Fig. 2.3. Typical geometries for FSS elements [18].

inductors and capacitors [26]. In fact, using their equivalent circuit model, the design and tuning
of MEFSS structures with desired frequency response becomes much easier. Multi-pole filters
with arbitrary number of transmission zeros and poles can be designed to realize wideband
bandpass, band-stop, and multi-bandpass filtering response [27, 28].

2.4 Fabry-Pérot Cavity Antennas
Fabry-Pérot cavity (FPC) antennas consist of a cavity with partially-reflective-surfaces
(PRSs) or frequency selective surfaces on top and a ground plane at the bottom, and a radiating
element inside the cavity as shown in Fig. 2.4. Using the cavity which embeds the main radiator
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Fig. 2.4. Conventional Fabry-Pérot cavity antenna.

is an effective way to improve the antenna gain without the need to design a feeding network [29].
However, the PRS is required to be placed at a certain distance from the ground plane. The
mechanism of operation of FPC antennas is based on multi-reflection of waves inside the cavity.
Due to in-phase propagation of waves, transmitted through PRS, into free space, the FPC antennas
have a high gain. These antennas have some disadvantages such as high manufacturing cost, and
mechanical stability issues [30]. Using ray tracing, it can be easily proved that the directivity of
the antenna at boresight can be calculated by [31]:
D=

1 − R2
1 + R − 2 R cos (∆ϕ )

(2.9)

2

where ∆ϕ = ϕ2 − ϕ1 , and Re jϕ are the complex reflection coefficient of the PRS. The resonance
R

appears when the phase difference between the rays ∆ϕ is a multiple of 2π. Therefore, the
resonance condition necessitates the height of the cavity to be chosen as:

h= (

ϕR
λ
λ
− 1) + N
4
2
π

(2.10)

Also, the maximum directivity at this resonance condition is given by:

Dmax =

1+ R
1− R

(2.11)
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2.5 Extraordinary Transmission
Several decades ago, Bethe proved that the power transmitted through a small aperture with
radius of R at a certain wavelength of λ is proportional to (R/λ)4 [32]. However, Ebbesen et al. [33]
and wood [34], and Rayleigh [35] demonstrated that the extraordinary optical transmission (EOT),
and wood-rayleigh anomaly may appear for an array of holes on a metallic plate or a slit
surrounded by corrugations. This EOT was related to the excitation of surface plasmons (SPs)
which are bound modes on the surface of the structure and cannot be excited by an external incident
wave. However, the periodic structure can provide necessary conditions to excite them.
From that time on, many 1D and 2D holes with different geometries have been investigated
as shown in Fig. 2.5. The study of different structures proves that the electromagnetic coupling
depends primarily on the period of grooves rather than on their 1D or 2D geometries [36]. This
results in the conclusion that the corrugations do not propagate themselves; however, they
contribute to the maximum peak of transmission efficiency by helping out the coupling of
electromagnetic waves to surface plasmons [37].
In [38], the authors theoretically analyzed the transmission of light not only through
periodic hole gratings (transmission gratings), but also through an aperture on a metallic structure
surrounded by periodic corrugations (reflection gratings). In both cases, the coupling of incident
photons to surface plasmons is the reason for the extraordinary optical transmission. In the
reflection gratings case, it was shown that for a structure with periodic corrugations with a
periodicity of p, two possible electromagnetic resonances can satisfy the resonance conditions: one
located at a wavelength close to surface plasmon condition (λ ≈ p), and the other one at much
longer wavelength (λ ≫ p). According to the electric field distribution, it was shown in [38] that
the latter is a cavity mode in which the electric field is extremely concentrated inside the grooves,

while for the resonance with smaller wavelength, the electric field intensity over grooves is due to
coupling of electromagnetic waves to surface plasmon polaritons.
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(a)

(b)

Fig. 2.5. 1D and (b) 2D of hole arrays perforated on a metallic sheet [36].

For reflection gratings case, 1D and 2D structures were studied in [39] as shown in Fig. 2.6.
It is indicated that the diffraction limitation can be overcome by creating periodic texture on either
input of exit side of a single aperture in a metal film in 1D or 2D structures. The corrugations on
the input side harvest the power more efficiently and the corrugations on the exit side create a more
directive beam, both resulting in a high transmission efficiency.
It is theoretically and experimentally demonstrated that to have the maximum transmission,
three mechanisms need to occur: slit waveguide mode excitation (adjusted by the thickness of
metallic sheet), resonance of the grooves (adjusted by the grooves’ dimensions), and in-phase
groove reemission (adjusted by the period of the grooves) [40].
Enhanced transmission, later on, was demonstrated by periodic corrugations at microwave
and millimeter wave frequencies [41, 42]. Using attractive characteristics of EOT, an interesting
family of antennas came to existence. In fact, if the energy is fed by the aperture, the periodic
corrugations can increase the antenna gain. These antennas have many important applications in
communication technologies and space communications since compared to high profile structures
such as horn and parabolic antennas, they can provide comparable radiation characteristics. Using
the leaky wave analysis in antenna theory is another perspective to analyze this kind of corrugation
structures.
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(a)

(b)

Fig. 2.6. 1D and (b) 2D structures of single aperture surrounded by corrugations on a metallic sheet [39].

2.6 Array Factor of Corrugated Antennas
To estimate the radiation pattern, the array factor of the corrugated structure can be
calculated based on leaky plasmon wave analysis [43]. With the assumption that leaky plasmon
waves are propagating along Y-direction as shown in Fig. 2.7, the complex propagation wavenumber would be as follows:
kLW,y= βLW -j αLW

(2.12)

where βLW and αLW are the propagation and attenuation constants. If we assume that each groove
is a radiating element with a current determined by the leaky plasmon mode and the distance
between elements is p, the array factor of the structure is given by [44]:
∞

AF = � In e
n=1

jk0 sin(θ)(nd−d/2)

−∞

+ � In ejk0 sin(θ)(nd+d/2)

(2.13)

n=−1

In (2.13), it is assumed that there is no direct propagation from the aperture and by

symmetry In=I-n. Based on the leaky plasmon wave with a complex wave-number in the Ydirection, the associated current for each element is:

In = e−jkLW,y(nd−d/2)
In = e+jkLW,y(nd+d/2)

n>0
n<0

(2.14)
(2.15)
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Fig. 2.7. The model of leaky plasmon wave propagating along Y direction.

Substituting (2.14) and (2.15) into (2.13) gives the array factor of the corrugated antenna:
j[k0 sin(θ)−kLW,y ](nd−d/2)
j[k0 sin(θ)+kLW,y ](nd+d/2)
AF= ∑∞
+ ∑−∞
n=1 e
n=−1 e

(2.16)

Then, this array factor can be simplified as:
−

1

−

1

Z

1/2

Z

1/2

1
2
n
∞
n
2
AF(θ) = Z1 2 ∑∞
n=1 Z1 + Z2 ∑n=1 Z2 = �1−Z � + �1−Z �

(2.17)

Z1 = ejd[k0 sin(θ)−kLW,y ]

(2.18)

where:

1

2

Z2 = e−jd[k0 sin(θ)+kLW,y ]

(2.19)

Although, the array factor of corrugated antenna can be estimated using (2.17), the

accuracy of the surface plasmon model determines how accurate (2.17) is as an array factor of
corrugation structures.

2.7 Leaky Wave Propagation of Corrugated Antennas
The theory of enhanced transmission in corrugated structures, which is a narrow
beamwidth in antenna point of view, can be analyzed using leaky wave theory [45, 46]. It has been
indicated that a metallic sheet loaded with corrugations supports the excitation of leaky waves if
the periodicity is selected large enough with respect to the wavelength [47]. The periodic
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modulation of the guiding geometry provides the existence of space harmonics of the dominant
surface mode with the wave-number presented by:
kn= k0 +2πn/d

n=…,-2,-1,0,1,2,…

(2.20)

According to the theory for periodic structures, the surface modulation due to existence of
surface wave is in a way that n=-1 space harmonic of the TM surface wave is a fast wave with | k1 |< |k0| in a frequency

band. Therefore, the whole structure propagates in that range of frequencies.

The corrugated structure shown in Fig. 2.7 consists of two leaky wave beams for each half
of the whole structure. If we just consider one half of the structure, the angle of propagation with
respect to the broadside can be achieved by:
βLW,-1= β0-2π/d ≈k0 sin(θ-1)

(2.21)

which shows how the periodicity affects the direction of the propagation. The beam direction of
the half corrugated structure is swept with the change in frequency as presented in (2.21). If there
is no periodic structure on the metallic sheet, the surface wave would be a bound surface wave
whose propagation constant at optical frequencies is given by [48]:

βp≈k0�

εr

εr +1

(2.22)

where εr is the relative permittivity of the metallic structure at optical frequencies. Depending on
the amount of the loading that the corrugations exert on TM surface mode, β0 and βp may be close
to each other or a bit different. Generally, it is a good approximation to assume βp ≈k0 ≈β0.
Therefore, the angle of propagation can be simplified as:

sin(θ-1)≈1-λ/d

(2.23)

It is seen that the angle of beam at a certain frequency in corrugated structures depends on
the periodicity. According to (2.23), for λ≈d, the leaky wave structure will propagate at broadside.
However, pure broadside radiation (βLW,-1=0) is not feasible since the attenuation constant goes to
zero and the leaky mode becomes a standing wave. In fact, the propagation in this point is close to
zero due to the existence of a stop-band null point [12] as shown in Fig. 2.8.
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Fig. 2.8. Normalized attenuation constant versus normalized periodic β0a of the leaky plamon wave [44].

However, there have been solutions such as using double-strip gratings [49] in leaky wave
structures that overcome the broadside radiations’ problem.
For the whole two-sided corrugated antenna shown in Fig. 2.7, if d≠ λ (βLW,-1≠0), there are
two beams propagating in ±Y direction as a result of travelling surface wave of each half of the
structure. It can be illustrated that there is an optimum point for maximum broadside radiation in
which the periodicity is close to a wavelength. This maximum point happens when two beams
merge together in a way that a maximum broadside radiation appears [50]. This optimum point
corresponds to the following condition [51] (see Appendix A):
|βLW,-1|=α

(2.24)

The sharp and directive beam of the corrugated structure is the result of the propagation of
the surface modulated elements (grooves) due to superposition of electric field inside corrugations
rather than the direct propagation of the center aperture [52]. Other types of analysis, in addition
to leaky wave theory, can be done on the corrugated structures. One of the more rigorous studies
is by using the singular integral equation approach.
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2.8 Various Types of Radiation Pattern of Corrugated Structures
The physical mechanisms of the corrugated structures were studied in [4] using the singular
integral equation approach to form different possible radiation patterns. The periodicity of the
corrugations (p) and their width (w) and depth (h) affect the radiation pattern of the antenna. Here,
depending on d, w, and h, the antennas’ radiation pattern can be categorized into two categories:
1. The periodicity is p< λ0/2 and the depth of the grooves is h≤ h0≤ λ0/4 where h0 depends
on the width of the grooves. In this category, the structure supports surface wave and the power is
transmitted from the center aperture to the grooves without radiation (attenuation constant close to
zero). The grooves are considered as discontinuities in the way of surface wave and make it to
radiate into a cylindrical wave or to reflect back as a reflection loss. A typical radiation pattern of
this type is shown in Fig. 2.9(a). However, if the periodicity is p< λ0/2 and the depth of the grooves
is h0≤ h≤ λ0/4., the structure supports surface wave, the attenuation constant is very large, and the
corrugations operate in the stopband regime. Therefore, a few grooves close to the center aperture
affect the radiation pattern of the antenna. A typical radiation pattern of this type is shown in
Fig. 2.9(b). The choke ring horn antennas and GPS antennas work in this regime.
2. If the periodicity is p> λ0/2, the structure supports a leaky wave. Depending on the values
of w, and h, the attenuation and propagation constants differ. This results in having three states of
backward proper, forward improper, and improper leaky waves.
A typical radiation pattern of each state is shown in Fig. 2.10. The radiation pattern of the backward
proper leaky wave is depicted in Fig. 2.10(a). There are two separate beams with opposite direction
with respect to the broadside as expected. The radiation pattern of a half corrugated structure is
also shown in this case. For improper leaky wave mode, a flat radiation pattern with a low gain is
created. This mode is neither forward nor backward [53]. Finally, the typical radiation pattern of
the forward improper leaky wave mode as shown in Fig. 2.10(c) demonstrates that a highly
directive beam can be created if the dimensions of the grooves and the periodicity of the
corrugation are selected appropriately.
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(a)

(b)

Fig. 2.9. Typical radiation patterns of the corrugated structure with d< λ0/2 for the grooves’ depth of (a) h≤ h0≤ λ0/4, and (b) h0≤
h≤ λ0/4 [4].

(a)

(b)

(c)
Fig. 2.10. Typical radiation patterns of (a) backward proper, (b) improper, and (c) forward improper leaky wave modes
in the corrugated structure [4].
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2.9 Corrugated Structures with Off-Axis Beaming
It was shown in [54] that it is possible to focus the beam in an off-broadside angle by the
proper modification of the corrugations. The idea is to arrange the corrugations asymmetrically in
order to have a directive beam at off-broadside. For this purpose, both upper and lower half of the
corrugated structures have to be designed in a way that both radiate in the same direction. This
happens when the upper half of the antenna supports a forward leaky wave mode and the lower
half supports backward leaky wave mode [53] as shown in Fig. 2.11.
For a certain d0 shown in Fig. 2.11, it can be analytically proved that the path functions ρ=
d(n)(φ) for the corrugations n=0,1,2,.., P are:
d(n) (φ) = (d0 + nλ)/(1 − sinθ′ sinφ)

φ ∈ (0,2π)

(2.25)

which implies an offset for each corrugation from the center aperture. For a certain beam direction
θ’, the path functions of the corrugations are determined. As shown in Fig. 2.12, by using this
modification of the structure, the beam direction can be shifted from broadside to a desired angle.
A similar structure can be designed for 1D corrugated structure, i.e. a center aperture surrounded
by straight corrugations at both sides. This idea of pointing the beam to a desired angle has been
previously discussed using holographic artificial impedance surfaces [55].
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(a)

(b)
Fig. 2.11. Geometry of the corrugated antenna with off-axis beaming, (a) 3D view, and (b) cross-sectional view [53].

(a)

(b)

Fig. 2.12. (a) Realized gain versus frequency at θ’= 15o for different number of corrugations, (b) E-plane at the center
frequency for different number of corrugations [53].
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2.10 Advances on Corrugated Antennas
Corrugated antennas are a good candidate to be used in high gain applications such as space
and satellite communications. There are many works that aim to improve the characteristics of
these types of antennas. We briefly review some works in literature in this section.

2.10.1 Basic 1D and 2D corrugated antennas
The basic structure of corrugated antennas consists of an aperture surrounded by 1D [56,
57], or 2D [58] corrugated metallic sheet. The 2D corrugated antenna is called bull’s eye antenna.
In these antennas, the aperture is fed by a conventional waveguide. Fig. 2.13 shows the structures
of 1D and 2D corrugated antennas. The aperture must be designed in such a way that it resonates
at the operational frequency. The dimensions of the cavity slot can be designed to have two
resonances (transversal and longitudinal) [59]. Therefore, in the design of the corrugated antennas,
the metallic sheet has to have a minimum thickness. This makes the structure heavy, high-profile,
and expensive. For bull’s eye antenna with 6 corrugations reported in [58], a narrow beamwidth
in E-plane has been achieved as shown in Fig. 2.14.

2.10.2 Corrugated Antennas with Size Reduction
Due to high volume structure, it is always a need to reduce the size of corrugated antennas
as much as possible. In [60], the transversal slot resonance was used instead of the longitudinal
one to reduce the antenna thickness. Also, as shown in Fig. 2.15(a), by inserting a material with a
permittivity bigger than 1, the thickness of the structure was further reduced. Fig. 2.15(b) shows
that in addition to size reduction, the antenna gain of the structure with inserted dielectric material
increased about 1.3 dBi compared to that of conventional one.
In another study reported in [61], by integrating additional subwavelength periodic
corrugated grooves and adjusting the depth of the grooves, the antenna size was reduced as shown
in Fig. 2.16. The excitation of surface modes at microwave frequencies in this case improved the
performance of this surface wave antenna. Although the antenna size diminished, due to having
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(a)

(b)

(a)

(b)

Fig. 2.13. Basic structures of (a) 1D corrugated antennas [58], (b) 2D corrugated (bull’s eye) antennas [58].

Fig. 2.14. Radiation pattern of the bull’s eye antenna reported in [58] (a) E-plane, (b) H-plane.

a thick metallic structure, the antenna has still high volume.
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(a)

(b)

Fig. 2.15. (a) The corrugated antenna with reduced size, and (b) its corresponding gain compared to the conventional
structure [60].

(a)

(b)

Fig. 2.16. (a) The antenna with two kinds of corrugation for size reduction, and (b) its intensity diagram for different
corrugations’ height [61].

2.10.3 Corrugated Antennas for High Gain Applications
There are many applications in millimeter wave and terahertz frequencies that need high
gain antennas. In [62], using silicon micromachining, a pyramidal horn and four V-grooves were
integrated and designed for terahertz frequencies as shown in Fig. 2.17. The grooves significantly
increase the antenna gain, even though; the structure is still low profile. The dimensions of the
horn were designed in such a way that a low side-lobe-level was achieved.
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(a)

(b)

(c)

Fig. 2.17. (a) The geometry of the horn antenna with V-grooves, (b) its fabricated sample, and (c) the corresponding
antenna gain [62].

Generally, increasing the number of grooves does not guarantee a higher gain accordingly.
This depends on the attenuation constant of the leaky mechanism of the antenna. If grooves are
such that a high attenuation constant is achieved, a few number of grooves are enough in the design
since the wave attenuates very fast and the energy delivered to the outer grooves is very low. On
the opposite side, if the attenuation is low, more grooves can be used in antenna design and as a
result, probably, a higher gain can be achieved. A high gain bull’s eye antenna with 20 periods of
corrugations presented a gain of 29.3 dBi in [63]. The antenna configuration, the antenna gain, and
the directivity and beamwidth versus the number of periods are shown in Fig. 2.18. It can be seen
that the rate of directivity increase decreases with an increase in the number of periods. The
investigation on different shapes of grooves such as triangular and square shapes in corrugated
antennas shows that for a high number of grooves, the gain and reflection coefficient are not
dependent on the shapes of the grooves if the dimensions are optimized adequately [64]. This is
very important especially in terahertz regime where corrugations with high aspect ratio are
impossible to fabricate.
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(a)

(b)

Fig. 2.18. (a) Gain versus frequency for the high gain bull’s eye antenna reported in [63], and (b) the directivity and
beamwidth versus the number of periods (line with triangles and line with circles show the square-groove and
sinusoidal corrugations respectively).

To increase the antenna gain, double-layer corrugated structures [65] or an array of two
slot elements [66] can be used as shown in Fig. 2.19. Due to a high attenuation constant of both
structures, few numbers of corrugations have been used. However, the antenna gain of almost 16
dBi has been obtained for both cases.

2.10.4 Corrugated Antennas with High Aperture Efficiency
Using wider grooves can lead to gain improvement since they suppress higher order
resonances as reported in [67] and shown in Fig. 2.20(a). It was demonstrated that using annular
soft structures of grooves placed on the edge of the antenna results in an increase in gain, a decrease
in side-lobe-level, and a reduction in endfire and backfire radiations. This results in having an
antenna with higher gain and smaller size and therefore an antenna with higher aperture efficiency.
One of the problems of the corrugated structures is diffraction of the surface wave at the edges.
This problem can be solved by using soft structures since this diffraction degrades the antenna
pattern and antenna efficiency. The excitation of TE11 mode in small grooves and TM11 mode in
big grooves as shown in Fig. 2.20 (b) result in a high aperture efficiency enhancement.
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(a)

(b)

Fig. 2.19. (a) The geometries for antenna gain improvement (a) double-layer corrugated structure [65], (b) an array
of 2 slot elements [66].
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(a)

(b)

Fig. 2.20. (a) The geometry proposed in [67] to increase the aperture efficiency, (b) the mode inside big and small
grooves.

2.11 Advances on Fabry-Pérot Cavity Antennas
The radiation gain enhancement of simple radiating sources, such as microstrip patches
and waveguide apertures, using FPC antennas is an effective gain enhancing method which
eliminates the feeding network. There are quite a few works in literature studying the resonant
cavity and the possibility of its miniaturization in FPC antennas. Here, we briefly discuss the two
main works on FPC antennas.

2.11.1 Miniaturization of FPC Antennas with Artificial Magnetic Conductors
(AMCs)
Artificial magnetic conductors (AMCs) fully reflect the incident waves with a reflection
phase close to zero degrees as opposed to perfect electric conductor with a reflection phase close
to 180 degrees [68]. Metallic patch arrays on a grounded dielectric substrate, which are connected
to ground by vias and create mushroom-shape structure, have been proposed as AMCs [69].
Although for each fabrication, AMC structures have been also proposed without connecting vias.
In [70], it was shown that using AMC structure in FPC antennas can reduce the height of the
antenna by 50%, as shown in Fig. 2.21.
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(a)

(b)

Fig. 2.21. (a) Conventional FPC antenna, (b) FPC antenna with AMC for size reduction [70].

(a)

(b)

Fig. 2.22. (a) Reflection magnitude and phase of the AMC, (b) gain of the FPC antenna with AMC [70].

Using ray tracing method, it can be easily shown that the height of FPC can be calculated
by:

h
=

ϕR λ
λ
+N
4π
2

(2.26)

where ϕ R is the reflection phase of the PRS. Fig. 2.22 shows the reflection magnitude and phase
of the AMC surface for an incident wave, and the corresponding gain for the FPC antenna with
AMC structure. As it is shown, when the reflection phase is zero (an ideal AMC), the cavity
resonates and a high gain is achieved.

2.11.2 Wideband FPC Antennas
Due to multiple reflection between the ground plane and the PRS, the directivity of FPC
antennas increases significantly. However, since the resonance condition occurs in a single
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Fig. 2.23. A FPC antenna with three PRS layers.

frequency, this type of antenna has narrow operational bandwidth. One method to make the FPC
antennas wideband is to employ multiple PRS layers. To enhance the radiation bandwidth, one
effective method is to use PRS with positive reflection phase gradient over a wide bandwidth [71].
This can be done using multiple superstrates or PRS structures. The multiple PRS structures
stacked on top of each other with optimized distance from each other may provide multiple
resonances. Designing the FSS structures so as to have those resonances close to each other results
in a wideband FPC antenna [72]. Fig. 2.23 shows the configuration of a FPC antenna with three
PRS layers. As shown in Fig. 2.24, a FPC antenna with two and three PRS layers is designed in
[72]. Each PRS layer can add a positive phase gradient which can increase the number of resonances
of the cavity. Therefore, the antenna with three PRS layer would provide wider radiation
bandwidth. The directivity of the antenna with two and three PRS layers is shown in Fig. 2.25
which demonstrates a wider bandwidth for antenna with three PRS layers.
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(a)

(b)

Fig. 2.24. Reflection magnitude and phase of FPC antenna with (a) two PRS layers, and (b) three PRS layers [72].

Fig. 2.25. Directivity of FPC antenna with two and three PRS layers [72].

Chapter 3
High-Performance Printed TM01 to TE11 Mode
Converters
In this chapter, three categories of the TM01-TE11 mode converters; i.e. dielectric loaded
based, metallic septum based, and mode converter with intermediate modes; that can be used in
corrugated antennas for high power applications are proposed and investigated. The mode
converters are designed to achieve high conversion efficiency and wide operational bandwidth.
Since high power microwave (HPM) sources generate TM01 mode which produces a doughnutshaped far-field radiation pattern with a null at boresight if it feeds corrugated antennas, the TM01TE11 mode converters are required to build a constructive broadside radiation pattern. The
principles of operation of all mode converters are explained in detail. The conventional fabrication
of these mode converters is difficult due to the complexity of the structures. Therefore, the
feasibility of economical 3D printing fabrication is explored in this chapter.

3.1 Mode Converters
Mode converters are structures that convert an undesired mode to a desired one [2, 73, 74].
Among them, TEM-TE11 and TM01-TE11 mode converters have been of interest for many
researchers to transform radial electromagnetic modes to the mode with a definite polarization and
converged radiation pattern [75]. A dual-bend circular waveguide is a conventional structure for
TM01-TE11 mode converters [76]. Although analytical methods are proposed for these mode
converters, unaligned input and output ports and bulky structure make them expensive and hard to
realize [77]. Therefore, mode converters with linear axis are more preferable such as a cross-
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shaped TM01-TE11 mode converter [78], mode converters using intermediate modes [79, 80],
dielectric loaded based mode converters [81], and metallic septum based mode converters [82].
The cross-shaped mode converter is not easy to fabricate, and its power-handling efficiency is not
sufficient like linear TEM-TE11 mode converters. Many mode converter structures use
intermediate modes such as the TEM mode [83] for the TM01-TE11 mode conversion to increase
the maximum conversion efficiency or the conversion efficiency bandwidth. Creating a 180o
phase shift in half of the TM01 pattern using different shapes of a dielectric material is another
method of TM01 to TE11 conversion [84, 85]. The mode converters can be integrated with antennas
to produce broadside radiation pattern. For example, as reported in [86], the integration of
dielectric loading and correcting phase lens in a horn aperture resulted in a stepped lens that
converts the TM01 mode to the circular polarized TE11 mode.
Although many works have been done on TM01-TE11 mode converters, the fabrication
restrictions always have been an issue. Furthermore, the mode converters are designed so as to be
realizable and cost effective. As a result, in many cases, the conversion efficiency and the
bandwidth are limited. However, the development of additive manufacturing [87-92] has made the
fabrication of mode converters with complex design and even their integration with the rest of the
system easy.

3.2 TM01-TE11 Mode Converter Design and Analysis
HPM sources mainly generate TM01 mode which produces a doughnut-shaped radiation
pattern if they are use as the feed of corrugated antennas. As a result, a mode converter is needed
to convert the TM01 to TE11 mode which has a constructive radiation pattern at the broadside.
Three categories of high-performance TM01-TE11 mode converters are proposed and designed for
the X band.

3.2.1 Dielectric-Loaded Mode Converters
The TM01 mode has a radial electric field distribution in the circular waveguide. Hence,
the upper and lower half cylinders are out of phase which produces a null at the broadside.
However, in the TE11 mode, the upper and lower half cylinders are in-phase which create a
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constructive radiation at broadside in an open-ended waveguide propagation. In dielectric-loaded
mode converters, by using two different materials at upper and lower half cylinder and a thin layer
of a metallic sheet to separate them, one can create the required 180o phase shift and convert the
TM01 mode to TE11 mode. However, the dielectric constant and the geometry of the material
determine the conversion efficiency, the length of the structure and the operational frequency
bandwidth (which is defined as the frequency range within which the conversion efficiency
remains within 10% range from its maximum possible value).
Conventionally, if one half of the cylinder is entirely filled with a dielectric material
homogeneously, and the other half remains empty, with a certain length, a TM01-TE11 is made. In
this case, if the dielectric constant of the used material is very low, the operational frequency
bandwidth of mode converter is higher; however, the structure is lengthy. On the other hand, if the
dielectric constant of the material is high, the bandwidth of mode converter is lower since the
reflection increases; however, the structures’ size reduces. For a certain material with a certain
dielectric constant, to increase the bandwidth, partially filled structures can be used. Fig. 3.1 shows
two structures of partially dielectric-loaded mode converters that can increase the operational
frequency bandwidth [93]. The structures consisted of 3 dielectric slabs (radially and flat) with a
60o angle with respect to each other and a flat thin metallic isolator between the upper and lower
half cylinders. The metallic isolator length is equal to the dielectric slab. The mode converters are
designed for the X-band. To design the structure at the center frequency of 10 GHz, the radius of
the waveguide is selected to be 13.3 mm to have the cut-off frequencies of TE11 and TM01 at 8.75
GHz and 11 GHz, respectively, as shown in Fig. 3.1(d) and therefore support only TE11 (desired)
and TM01 (excitation) modes from 8.75 to 11 GHz.
The Markforged 3D printer which uses Nylon as a filament material is used to print the
mode converters. We have characterized the printed Nylon filament to extract its dielectric
constant and loss tangent using two back-to-back WR90 waveguides. The Nylon which is used
has the dielectric constant and loss tangent of 2.8 and 0.03 respectively at the frequencies around
10 GHz. For a certain value of T or θ in the mode converters shown in Fig. 3.1, the length L is
such that the 180o phase shift is made between the upper and lower sections. This can be expressed
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Fig. 3.1. a) Partially filled configurations for the dielectric-loaded mode converters: (a) top view of the flat dielectric
slab (FDS) mode converter, (b) top view of the radial dielectric slab (RDS) mode converter, (c) side view of the mode
converters, and (d) the normalized propagation constant of the different mode excited in an air-filled circular
waveguide with the radius of 13.3 mm.

by:

(βd- β0) L= π

(3.1)

where βd and β0 are the effective propagation constant of partially dielectric-loaded and the
propagation costant of air, respectively, at the desired frequency. The odd multiple of the length
(i.e. 3L, 5L,…) also makes an 180o phase shift; however, those lengths make the structure lengthy
and create more loss.
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Fig. 3.2. Conversion efficiency of the radially and flat dielectric slab mode converters for different θ and T (The unit
for L and T is millimeter and the unit for θ is degree).

The conversion of different input modes to different reflected/transmitted modes can be
obtained using HFSS simulator. Fig. 3.2 demonstrates the effect of θ and T on the bandwidth, and
maximum value of the conversion efficiency in the radial and flat dielectric slab mode converters,
respectively. For different values of length L, the best θ in the RDS case and the best T in the FDS
case are achieved for maximum conversion efficiency around 10 GHz using ANSYS HFSS. As
shown, for the shortest length L=19 mm, in both mode converters, the dielectric slab is more
voluminous (higher θ and T); however, the conversion operational bandwidth is significantly
lower. Also, for L= 19 mm, the RDS mode converter has a wider bandwidth with higher efficiency
compared to FDS mode converter. Increase in the length of dielectric slab results in lower θ and
T, and a higher operational bandwidth. The reason is having a lower reflection due to lower
perturbation and discontinuity in the dielectric-filled medium. Finally, for the large length of L=
61 mm, the maximum conversion efficiency and bandwidth are extremely high for both converters.
However, in this case, again, the performance of RDS mode converter is better than FDS mode
converter. The maximum achievable conversion efficiency cannot exceed 86% as shown in
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Case no.
#1

TABLE 3.1
Four Different Cases of Mode Converters
Type
Length
FDS
L= 49 mm

Thickness
T= 2 mm

#2

FDS

L= 19 mm

T= 8 mm

#3

RDS

L= 61 mm

θ= 15 deg

#4

RDS

L= 35 mm

θ= 30 deg

Fig. 3.2 since the utilized Nylon has a loss tangent of 0.03 around 10 GHz. If we use better
materials such as Teflon with a loss tangent lower than 0.001, the maximum conversion efficiency
would be more than 98%. However, those materials need specialized printer to which we do not
have access.
Although the conversion to TE11 mode at the output is done with a good efficiency in a
wide bandwidth when an input TM01 mode is excited, it is interesting to find out to what extend
the reflected TM01 and TE11 modes at the input, transmitted TM01 mode at the output, and the
reflected/transmitted TE21 mode create loss in the system.
Fig. 3.3 shows different mode conversions of the FDS and RDS converters for four cases
listed in TABLE 3.1. As shown, for a short length of L= 19 mm (Case #2), there is a high reflection
of TM01 mode (high η1:TM01,1:TM01) and high transmission of TM01 mode (high η2:TM01,1:TM01).
Therefore, the conversion efficiency (η2:TE11,1:TM01) of case #2 is not so high and its operational
bandwith is limited. For the RDS mode converter with large length L= 61 mm (case #3), we still
have a good conversion efficiency compared to the other cases due to mainly having a low
η2:TM01,1:TM01 at higher frequencies. For this case, a bandwidth of 20.8% is achieved from 9.27 GHz
to 11.42 GHz. According to Fig. 3.3 (c), it is obvious that the cut-off of the TE21 mode is at 11
GHz.
In conventional dielectic-filled structures due to a high sudden discontinuity, the
performance of the mode converter decreases. However, with a smooth transition, a better
efficiency over a wider bandwidth can be achieved. Based on this assumption, we propose a half
cone-shaped dielectric-loaded (HCDL) mode converter in Fig. 3.4. To make the transition
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(a)

(b)

(c)

Fig. 3.3. a) Different mode conversions for cases #1, #2, #3, and #4, (a) η1:TE11,1:TM01, and η2:TE11,1:TM01, (b)
η1:TM01,1:TM01, and η2:TM01,1:TM01, (c) η1:TE21,1:TM01, and η2:TE21,1:TM01.
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Fig. 3.4. Configuration of (a) conventional (case #5) and (b) proposed half cone-shaped dielectric-loaded (case #6)
mode converters.
TABLE 3.2.
Dimension of the Conventional and HCDL Mode Converters
Case no.
Type
Length
Conventional
L = 18 mm
#5
#6

HCDL

L = 135 mm

smooth, the dielectric material fills the space between two half cone-shaped structures. A thin
metallic sheet seperates the upper and lower half cylinders. The designed conventional and HCDL
mode converters are studied as cases #5 and #6 respectively listed in TABLE 3.2.
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(a)

(b)

Fig. 3.5. Performance of the conventional (case #5) and HCDL (case #6) mode converters, (a) η2:TE11,1:TM01,
η1:TE11,1:TM01, and η1:TM01,1:TM01 and (b) η2:TM01,1:TM01, η2:TE21,1:TM01, and η1:TE21,1:TM01.

Fig. 3.5 shows the performance of the conventional and HCDL mode converters. As
shown, the bandwidth of the conventional structure is 11.6% from 9.9 GHz to 11.12 GHz.
Although the HCDL structure is lengthy compared to the conventioal one, it increases the bandwith
by 20.4% that is from 9.25 GHz to 11.35 GHz. The maximum efficiency of the conventional and
HCDL mode converters are 0.84% and 87% respectively. Fig. 3.5(b) demonstrates that the
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conversion of TM01 to TE11 modes in the conventional structure is not appropriate at frequencies
away from the center frequency due to high transmission of TM01 mode at the output. However,
the conversion of the modes happens efficiently in the proposed HCDL mode converter.

3.2.2 Metallic-Septum Based Mode Converters
A metallic full thin septum placed in the center of a circular waveguide can convert TM01
mode to TE11 mode [82]. The upper edge of the septum is linearly tapered downward as shown in
Fig. 3.6(a). The parameters T, L1, and L2 can be selected in a way to maximize the conversion
efficiency. Since it is a full septum with a height equal to the diameter of the circular waveguide,
it will be stable when it is assembled into the circular waveguide. The existence of a full septum
increases the reflection because it distorts the field distribution a lot. Additionally, a relatively high
portion of TM01 is transmitted to the output due to the large height of the septum.
Fig. 3.6(b) proposes a metallic triangular half septum (THS) mode converter which can
improve the conversion efficiency [93]. The proposed septum is tapered upward toward the center
of the circular waveguide and then downward toward the lower wall of the waveguide with the
length of L1 and L2, respectively, in the direction of the propagation.
Each mode converters were optimized to obtain the maximum conversion efficieny. The
optimum values for the metallic full septum and the proposed THS mode converters are T= 2 mm,
L1= 1.25 mm, L2=43.9 mm, and

T= 1 mm, L1= 3.8 mm, L2=45.6 mm, respectively. Fig. 3.7

demonstrates the performance of both mode converters. It is obvious that the proposed THS mode
converter has a better performance than the full septum mode converter.
As the wave propagates through the THS mode converter, the lower edge of centrally
placed triangular half septum makes the electric field terminated to the ground, and continuously
tapered half septum converts the TM01 mode to TE11X mode smoothly. Fig. 3.8 shows this
conversion for apertures AA’, BB’, CC’, and DD’ depicted in Fig. 3.6(b). The field distributions on
the apertures defmonstrate how the TM01 mode in the aperture AA’ is converted to the TE11X mode
in the aperture DD’.
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Fig. 3.6. Configuration of (a) the metallic full septum and (b) proposed metallic triangular half septum (THS) mode
converters.

Fig. 3.7. Conversion efficiency of the metallic full septum and proposed THS mode converters.
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Fig. 3.8. Electric field distribution on the aperture (a) AA’, (b) BB’, (c) CC’, and (d) DD’ for input TM01 mode at the
center frequency.

One of the advantages of metallic septum based mode converters is that the TE11Y mode
passes through the septum without conversion to other modes due to its perpendicular electric
field to the septum. Fig. 3.9 shows the transmission efficiency of getting an output TE11Y mode
when the TE11Y mode is excited for designed full septum and THS mode converters with the
parameter values above. As shown, the proposed THS mode converter gives a better performance
in this regard.
The proposed THS mode converter can be modified to provide higher conversion
efficiency or higher bandwidth. Fig. 3.10 proposes two modified THS mode converters for the
peak conversion efficiency and bandwidth improvement [93]. Inserting two rectangular ridges at
both sides of the THS mode converter along the septum as shown in Fig. 3.10(a) results in a higher
conversion efficiency due to helping with field distribution. Furthermore, optimum radially stubs
at the upper wall of the waveguide in THS mode converter as depicted in Fig. 3.10(b) improve the
operational bandwidth significantly.
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Fig. 3.9. Transmission efficiency of the output TE11Y mode with the input TE11Y mode.

Fig. 3.10. Modified THS mode converters for (a) peak conversion efficiency and (b) bandwidth improvement.
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Fig. 3.11. Different mode conversions for cases #7, #8, and #9, (a) η2:TE11,1:TM01, η2:TM01,1:TM01, and η2:TE21,1:TM01, (b)
η1:TE11,1:TM01, η1:TM01,1:TM01, and η1:TE21,1:TM01.

The parameters of the proposed mode converters are optimized, and the optimum
parameters are listed in TABLE 3.3 for THS (case #7) and modified THS (cases #8 and #9) mode
converters. Fig. 3.11 shows different mode conversions for the mode converters listed in
TABLE 3.3. As shown, the modified THS mode converters presented as cases #8 and #9 improve
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TABLE 3.3
Parameters of the THS and Modified THS Mode Converters
Case no.

Type

#7

THS
Modified
THS(Fig. 10(a))
Modified
THS(Fig. 10(b))

#8
#9

Parameters
T=1 mm
T=1 mm
L3=47.5 mm
T=1.5 mm
Θ2= 50o

L1=3.8 mm
W1=4 mm

L2=45.6 mm
H1=2 mm

d=6 mm

H1=1.5 mm
L1=10 mm

H2=1.5 mm
L2=45 mm

d1=5 mm
d2=10 mm
Θ1= 30o
L3=4.75 mm
L4=47.4 mm

L1=25 mm

L2=3.8 mm

the peak conversion efficiency and the operational bandwidth, respectively. The peak conversion
efficiency of the case #8 is 99.8% at 10.45 GHz. This high conversion efficiency is due to adding
two ridges on both sides of the THS mode converters which could suppress the
reflection/transmission TM01 mode at input/output as demonstrated in Fig. 3.11. For the modified
THS mode converter (case #9), although compared to the THS mode converter (case #7), its peak
conversion efficiency decreases from 96.6% to 94%, its bandwidth increases from 11.7% to 17%
(9.4 GHz to 11.15 GHz). The enhanced bandwidth is mainly due to lower reflection TE11 and
transmission TM01 modes at the edges of the frequency bandwidth as displayed in Fig. 3.11.

3.2.3 Metallic-Septum Based Mode Converters
Many mode converters utilize intermediate modes such as the TEM mode for the TM01TE11 mode conversion to improve the peak conversion efficiency or the operational bandwidth.
Working with the TEM mode is simple and one can easily analyze it. In [94, 95], TEM-TE11 mode
converters were presented. By using a transition , they can be designed as TM01-TE11 mode
converters.
Fig. 3.12 shows the configuration of the proposed TM01-TE11 mode converter (case #10).
It consists of two metallic cones at both sides, a cylindrical center conductor, and four metallic
plates. The cylindrical conductor section provides TEM mode in the waveguide. This section is
called coaxial waveguide. Two metallic cones at the input and output sections are important since
the cone at the input, convert the TM01 mode to TEM mode and the cone at the output convert
TEM mode to TE11 mode (by making 180o phase difference in the electric field between the top
and bottom of the cylinder) efficiently.
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Fig. 3.12. Configuration of the proposed TM01-TE11 mode converter (case #10).
TABLE 3.4
Parameters of the Design TM01-TE11 Mode Converter.
Case no.
#10

Type
converter with TEM
intermediate mode

D1= 20
L3= 9

Parameters (mm)
D2= 4
L1= 43
L2= 7
L4= 15
T= 0.2

During the length of L1, the coaxial waveguide is divided into three sections by three
metallic plates; two 90o sector waveguides at the top (positive X-direction), and one 180o sector
waveguide at the bottom (negative X-direction). An optimum length of L1 that could create a phase
difference of 180o between the 90o and 180o sector waveguides is the main parameter of the design
since it helps to convert the quasi TEM mode of the coaxial waveguide to a TE11 mode by the help
of the metallic cone at the output. The small metal plate with the length of L2 as shown in Fig. 3.12
is a matching plate and increases the efficiency. The optimum design parameter of the mode
converter for the center frequency of 10 GHz is given in TABLE 3.4.
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Fig. 3.13. Different mode conversions for the designed mode converter with TEM intermediate mode for the
parameters listed in TABLE 3.4 (case #10).

Fig. 3.13 shows different mode conversions of the mode converter designed with the
parameter listed in TABLE 3.4. A maximum conversion efficiency of 93.3% and a bandwidth of
12.4% over 9.45-10.7 GHz have been achieved. Although fabricating such mode converters using
conventional methods is very difficult and expensive, realizing them with 3D printer makes it easy,
light weight and cost-effective as will be discussed in the next section.

3.3 3D Printing Process
In our work, for the printing process, a Mark Two® 3D printer from Markforged® was
used which works based on the fused deposition modeling technique. The resolution capability of
3D printer is 100 micrometer. Beside the material, there are factors such as the type of the filling
and the nozzle temperature that affect the electrical characteristic of the printed material.
Therefore, the characterization methods are required to measure the permittivity and loss tangent
of the printed material. A Nylon filament was used to print the circular waveguide and all mode
converters. The Nylon was printed with the rectangular filling of 100% density, and the layer
height of 0.1 mm. Although increasing the temperature of the nozzle increases layer-to-layer
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adhesion, it eventually comes at the cost of lower print quality. Therefore, an optimum nozzle
temperature is need. The nozzle temperature in this work for printing the Nylon is 275°C.
The accurate dielectric characterization of 3D-printed materials is necessary to simulate,
design, and fabricate the devices accurately. In our work, the permittivity and loss tangent of the
printed Nylon were extracted using two WR90 waveguides. The 3D printed Nylon was put in the
middle of two back-to-back WR90 waveguides. Comparing the measured S-parameters and phase
responses of the setup with/without the 3D printed Nylon with simulation ones, we extracted the
permittivity and loss tangent of the 3D printed Nylon which are 2.8 and 0.03 respectively.
Obviously low loss materials and advanced 3D printing technologies can be implemented in the
industrial scale production.
The fabrication processes are done in two steps for implementing the proposed mode
converters and waveguides. First, we print them all with Nylon. Second, we coat the conductor
sections with conductive ink and silver epoxy. The non-ideal conductor coating adds some degree
of loss to the mode converters. To avoid this conductor loss in production, one may use industrial
metallization process. Fig. 3.14 shows all circular waveguide and mode converters 3D printed with
Nylon by Mark Two® 3D printer.

3.4 Measurement Results
To measure the mode converters in the lack of HPM sources which make a radially TM01
mode, we need to design a feed that could generate this mode. The output mode of the feed, which
feeds the mode converters, should be a pure TM01 mode in order for the mode converters to work
appropriately. The monocone structures offer a wideband response for this transduction [96]. The
feed, in this case, converts the TEM mode of the coaxial cable to the TM01 mode over a wide
bandwidth. Fig. 3.15(a) shows the designed TM01 feed which is fed by a coaxial cable. The
dimensions of the feed are optimized to provide a wide bandwidth over the band of interest. The
inner and outer radii of the coaxial cable are respectively 0.55 mm and 1.2 mm in the design. The
designed feed depicted in Fig. 3.15(a) was 3D printed and coated by conductive ink. Fig. 3.15(b)
shows the simulated and measured results of the designed TEM-TM01 feed. As demonstrated, the
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Fig. 3.14. Fabricated mode converters by 3D printing technology.

simulated responses for two-port excitation (S1:TEM,1:TEM and S2:TM01,1:TEM) show an excellent
conversion from the coaxial TEM mode to the TM01 mode over 9-12 GHz. But, to be able to
measure the performance, a small flare-angle conical horn was joined at the output port of the feed
as a matching from the feed to free space. Then, the reflection coefficient of the feed is measured.
The corresponding simulated and measured s-parameters for this case, which are in agreement, are
also presented in Fig. 3.15(b).
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(a)

(b)

Fig. 3.15. (a) Designed feed for TM01 mode excitation with the dimensions d=2.35mm, h= 7mm, L1= 3.65 mm, and
L2= 10mm, and (b) corresponding simulated and measured s-parameters.
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Measuring the mode conversion of the mode converters is very difficult. Usually it is
verified by measuring the far-field radiation patterns [95]. We used the designed TM01 mode feed
at the input port of the 3D printed mode converters of cases #3, #6, #7, and #10, and measured
their corresponding radiation patterns in an anechoic chamber.
As shown in Fig. 3.16(a), the TM01 mode feed has a null at the broadside with an amplitude
around -20 dB. Also, for dielectric-loaded mode converters of cases #3 and #6, a maximum at the
center frequency of 10 GHz is acheived at the broadside, as presented in Fig. 3.16 (a), indicating
that the input TM01 mode is successfully converted to the TE11 mode at the output with a high
conversion efficiency. Fig. 3.16(b) also shows that a constructive radiation pattern is obtained for
THS mode converter of case #7 and mode converter with intermediate mode ( case #10).
In design of mode converters, there is a trade-off between the length and bandwidth. As
reported in [97], authors achieved a miniaturized TM01-TE11 mode converter using photonic
crystal. But, the fractional bandwidth of their design is narrow. A comparison between some works
in literature and the proposed TM01-TE11 mode converters is performed and summarized in
TABLE 3.5.
As shown, compared to the reported TM01-TE11 mode converters listed, the proposed mode
converters have wider bandwidth with reasonable length. In [78], a TM01-TE11 mode converter
with wide bandwidth is designed which is comparable to this work. However, added arms to the
circular waveguide increases the dimensions of the structure significantly.
For high-power applications, the designed mode converters can be used between HPM
sources and corrugated antennas, which will be addressed in next chapters, to produce a broadside
far-field radiation pattern. There are, of course, many challenges such as strategies for cooling
down the system, and thermal issues due to the loss in the structure, especially for high power
applications. The study of the thermal behaviour of the structure is probably needed in industrial
applications.
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(a)

(b)

Fig. 3.16. (a) Radiation patterns of the feed without/with proposed mode converters of (a) cases #3 and #6, and (b)
cases # 7 and #10 at the center frequency of 10 GHz.
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TABLE 3.5
Comparison of TM01-TE11 Mode Converters
TM01_TE11 mode
Center
Length/λ
Radius/λ
converters
frequency
3.55 GHz
2.95
0.53
[2]
1.75 GHz
____
____
[78]
4.03 GHz
4.65
0.85
[80]
3.1 GHz
2.32
0.48
[82]
1.9 GHz
2.53
0.57
[83]
1.6 GHz
1.2
0.58
[97]
10.35 GHz
2.1
0.46
This work: case #3
10.3 GHz
4.63
0.46
This work: case #6
10.3
1.88
0.46
This work: case #9
10.1
2.49
0.46
This work: case #10

Bandwidth
11.7%
18.3%
12.2%
9.1%
10%
4.1%
20.8%
20.4%
17%
12.4%

Chapter 4
Planar Corrugated Antennas: Design and Analysis
In advanced multi-antenna wireless systems, it is necessary for antennas to be integrated
with the rest of the system. This requirement favors planar antennas manufactured using
commodity PCB or IC processes. However, conventional medium- and high-gain antennas such
as horn and reflector antennas have non-planar bulky structures with heavy weight and expensive
manufacture process. In this chapter, planar corrugated antennas are discussed as candidates to be
used in many applications such as space and satellite communications and to be easily integrated
with other circuits in a low-cost manner. Here, we first present a simple technique to design
corrugated antennas, which are not conventionally planar and are fabricated on metallic sheets, on
PCBs using SIW technology. Then, we propose a novel design and analysis of corrugated antennas
based on its corresponding unit-cell. In fact, by analyzing a unit-cell of corrugated structure, a
general radiation performance of antenna such as resonant frequency, spectral bandwidth, and
directivity can be estimated which avoids the time-consuming optimization process for designing
such large antennas.

4.1 Corrugated Antennas Designed on Laminate Boards Using SIW
Technology
Instead of a perforated metallic layer as used in conventional corrugated antennas, we
propose a simple approach to design them on PCBs using SIW technology. Two 1D corrugated
antennas with two and four grooves are proposed in this section [98]. The geometries of the
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proposed antenna are shown in Fig. 4.1 and Fig. 4.2. To make the structure compact, the microstrip
feed structure is designed on the bottom of the antenna. In addition, contrary to the conventional
corrugated antennas which use a longitudinal resonance, the proposed antenna uses the coupled
resonance between the transmission line on the bottom layer and patch through the cavity. This
shrinks the antenna thickness substantially. The grooves have been realized using SIW technology.
As shown, the structure consists of three dielectric layers. The first layer (feed substrate) and third
layer (patch substrate) are Rogers 4003 with relative permittivity of 3.38, thickness of 0.508 mm,
and loss tangent of 0.0027. The second layer is Rogers TMM4 with relative permittivity of 4.5,
thickness of 3.175 mm, and loss tangent of 0.002. A 50-Ω transmission line feeds the antenna from
the bottom layer. The dimensions of the rectangular shape at the end of the feed line are optimized
in order to provide broadband matching.
The mechanism of operation of the proposed structure is as follows. Power is coupled to
the rectangular patch through the cavity and from there propagates into the free space like aperture
coupled antennas [99-101]. However, by using two SIW grooves shown in Fig. 4.1, the gain of the
antenna can be enhanced due to constructive superposition of electric field.
The construction of cavity wall using vias in an SIW structure has a considerable impact
on the cavity performance and makes it difficult to adjust its resonant frequency. Therefore, the
rectangular cavity is created within the middle substrate by drilling out two L-shapes to form the
rectangular cavity’s edges, leaving two of the corners of the cavity connected to the main body of
the substrate to keep the substrate inside the cavity in place. The cavity’s walls are then metalized.
Both drilling and metallization are standard PCB manufacturing processes. The dimensions of the
cavity, patch and feed line in the single pair of grooves (Fig. 4.1) and the double pair of grooves
(Fig. 4.2) are the same and the only difference is the number and dimension of the grooves.
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Top View

Side View

(a)

(b)

Fig. 4.1. (a) Configuration of proposed corrugated antenna with two grooves (All dimensions are in mm), and (b) its
fabricated prototype.
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Top View

Side View

(a)

(b)

Fig. 4.2. (a) Configuration of proposed corrugated antenna with four grooves (All dimensions are in mm), and (b) its
fabricated prototype.
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Fig. 4.3 shows the reflection coefficient of the antenna without grooves, with two grooves,
and with four grooves. As adding the grooves has only a minor effect on reflection coefficient if
they are not very close to the patch, the first step in the design of this type of antenna is to design
a patch with the desired bandwidth and center frequency, neglecting the effect of the grooves. The
next step is to design the grooves, finding location and dimensions which provide the desired gain.
We have designed the antenna with two grooves and four grooves to have the superposition of
electric field in just X-direction and both X- and Y-directions, respectively, as shown in Fig. 4.4.
This results in having a directional beam in H-plane for the antenna with two grooves, and in Eand H-planes for the antenna with four grooves as shown in Fig. 4.5.
The simulated and measured reflection coefficients are depicted in Fig. 4.6. The
measurement result shows an impedance bandwidth of nearly 10.02 -10.65 GHz (6.1%) and 10.0910.7 GHz (5.9%) for |S11| <-10 dB for the antennas with two and four grooves, respectively.
The measured radiation patterns of the antennas at 10.25 GHz are depicted in Fig. 4.7. The
measured half-power beamwidths of E- and H-planes for the antenna with two grooves as shown
in Fig. 4.7(a) are almost 60o and 37o, respectively. For the antenna with four grooves as shown in
Fig. 4.7(b), the measured half-power beamwidth is 30o for E-plane and 40o for H-plane. Also, all
cross-polarizations of both antennas are at least 13 dB below co-polarizations in 3-dB beamwidth.
Fig. 4.8 illustrates the radiation gain of both antennas. Although the measured peak gains have a
small shift to higher frequencies for both antennas, it is still in agreement with simulation. The
peak gain measured for antennas with two and four grooves are nearly 11.3 dBi and 12.8 dBi,
respectively. It should be mentioned that the standard horn antenna used in gain measurement was
not calibrated which may create a measurement error of around 1 dB.
Design and full-wave simulation of corrugated antennas with more grooves are very timeconsuming due to large antenna structure. Therefore, a simple/fast approach is required to design
and analyze corrugated antennas and estimate their general radiation performance.
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Fig. 4.3. Reflection coefficient of the proposed antenna without/with grooves.
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Fig. 4.4. Electric field distribution inside the cavity and grooves in proposed antennas with (a) two grooves, (b) four
grooves.
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Fig. 4.5. Radiation pattern of the proposed antenna with/without grooves at the center frequency.
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Fig. 4.7. Radiation pattern of the proposed antenna at the center frequency with, (a) two and (b) four grooves.
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4.2 Design and Analysis of Corrugated Antennas Based on Surface
Susceptance of Structures’ Unit-Cell
There are several works in literature related to the analysis of corrugated antennas. For
example, 1D corrugated antennas were investigated using Eigenfunction expansion, Fourier
transform and mode matching method [3]. Furthermore, in [4], authors studied corrugated antennas
utilizing the singular integral equation approach in a rigorous manner. Although, these methods
give a full perspective view of the problem, it is hard to do a rough estimation of a general radiation
performance of the antenna. In many papers, different types of corrugations along with their
dimensions were optimized to get the best antenna performance. However, due to a large antenna
size, this process is very time consuming. Here, the performance of corrugated antennas is
estimated based on its surface susceptance of the antennas’ unit-cell and the design of corrugated
antennas is reduced to the design of a corrugated unit-cell, which reduces simulation time and
eliminates the optimization process.

4.2.1 Transverse-Equivalent Network (TEN) Model of Corrugated Structures
In this section, corrugated structures filled by a material with permittivity of ɛr are studied.
The structure along the XZ plane is depicted in Fig. 4.9(a). It is assumed that the structure is infinite
in Y-direction. The structure can be excited by electric or magnetic current sources on the
structures’ surface. The magnetic current can be realized by a waveguide cavity or a coupled slot
on the metallic surface, while an electric current can be realized by an electric dipole at a distance
h1 from the surface.
It is assumed that the period of the structure is larger than a half-wavelength, which is
necessary for leaky wave excitation. Under this assumption, the attenuation constant, and
propagation constant vectors, 𝛼𝛼 = αx 𝑎𝑎𝑥𝑥 + αz 𝑎𝑎𝑧𝑧 and 𝛽𝛽 = βx 𝑎𝑎𝑥𝑥 + βz 𝑎𝑎𝑧𝑧 , are shown in Fig. 4.9 (a).
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(a)

(b)

Fig. 4.9. Corrugated structure filled by a material with permittivity of ɛr, (a) side view of corrugated structure, and (b)
the corresponding unit-cell.

If the structure is large in extent, one can use periodic analysis to estimate its performance,
and simply consider a single unit-cell, as shown in Fig. 4.9 (b). Based on the reciprocity theorem,
the transverse-equivalent network (TEN) of a leaky wave antenna can be used for far-field
estimation [102]. Fig. 4.10 shows the TEN model of the corrugated structure with a shorted twoport network as representation of corrugations excited by electric or magnetic sources. In TEN
model, the corrugated structure is assumed to be infinite (or large) along the reference plane (along
X-axis shown in Fig. 4.9). The free-space is represented by a transmission line of an infinite length
and free-space characteristic impedance. In the model, the electric or magnetic sources are
modeled by the current and voltage sources, respectively. In the case of electric current source, on
top of the corrugated structure, there can be another substrate with a thickness of hs as a support
layer of the source. In Fig. 4.10, this is shown as a transmission line with characteristic impedance
and

length

of

𝑍𝑍𝑠𝑠 = 𝑍𝑍0 /�𝜀𝜀𝑠𝑠

and

hs,

respectively,

where 𝑍𝑍0

is

the

free-space

characteristic impedance 𝑍𝑍0 = �𝜇𝜇0 ⁄𝜀𝜀0 . The corrugated structures with both electric and magnetic

sources are similar in their radiation performance. For magnetic sources such as cavity or slot
which are exactly on top of structure, hs is zero (Ydown =Yi).
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(a)

(b)

Fig. 4.10. Transverse-equivalent network of the corrugated structure, excited by (a) electric source, and (b) magnetic
source.

For simplicity, the structures with magnetic sources are considered with the assumption
hs=0. In this case, the dispersion equation of corrugated structure with TM excitation is given by:

Yi ( k x , k0 ) +

ωε 0
kz

=
0

(4.1)

where Yi(kx, k0) is the surface admittance, kx, k0 are the transverse and free-space propagation
constants respectively, ω is the angular frequency, ɛ0 is the free-space permittivity, and 𝑘𝑘𝑧𝑧 =
�𝑘𝑘02 − 𝑘𝑘𝑥𝑥2 is the normal propagation constant. Using Eigenmode analysis, the dispersion diagram

of the structure can be obtained. It is worth mentioning that the n=-1 space harmonic is the
propagating harmonic in corrugated antennas. Although dispersion diagram of corrugated
structures provides useful information about the far-field radiations versus frequency, they are not
related to the physical parameters of the corrugations. In what follows, simple formulas based on
the surface admittance of corrugations are obtained to assess the broadside radiation characteristics
of corrugated antennas.

Chapter 4. Planar Corrugated Antennas: Design and Analysis
67
______________________________________________________________________________

4.2.2 Resonance Condition for Corrugated Antennas
In this section, the excitation may be created by using an opening slot or cavity on top of
the antenna. The corrugated antennas studied are assumed to provide high gain at broadside.
Therefore, at the desired frequency where the maximum gain happens, the direction of propagation
constant vector is very close to the broadside (i.e. βz >> βx and αz<< αx) [103]. The antenna
configuration in this case is shown in Fig. 4.11(a) with its corresponding TEN model where the
corrugations are represented by a shorted two-port network. The arrow in the figure displays the
polarization of the magnetic source. Based on the reciprocity theorem, the far-field radiation of the
antenna excited by an electric current is equivalent to finding the electric field induced at the
excitation point when the antenna works in receiving mode and is impinged by a plane wave. In
this case, we neglect the dependency of the free-space impedance characteristic and admittance of
the corrugations (Ydown in Fig. 4.11(b)) on the angle of incidence in the TEN model for angles close
to broadside. For the aforementioned case, the far-field characteristics can be calculated from the
transfer function of the TEN model at the antennas’ excitation point with the plane wave input.
The voltage induced on the antenna located over the corrugated structure can be given by:

V+ =

Y0
E+
Y0 + Ydown

(4.2)

where Y0=1/Z0 is the free-space characteristic admittance, and E+ is the incident wave illuminated.
The surface admittance Ydown, which is pure imaginary, is a function of dimensions of the
corrugation, structures’ periodicity, ɛr, and frequency and can be defined as:
_

Ydown = jY0 Y ( w, h, p, ε r , k z )

(4.3)

_

where Y ( w, h, p, ε r , k z ) is the surface susceptance normalized to Y0, and w, h, and p are respectively,
the corrugations’ width, corrugations’ height, and the structure periodicity, ɛr is the material
permittivity inside the corrugations, and kz is the structures’ wavenumber.
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(a)

(b)

Fig. 4.11. (a) 1D Corrugated antenna structure excited by slot/cavity and (b) its corresponding TEN model.

Using (4.2) and (4.3), the radiated power density around broadside is written as:
P=

P+
2

1 + Y ( w, h, p, ε r , k z )

(4.4)

where P+ is the power density of the incident wave which is constant. It should be mentioned that
the radiated power density in (4.4) is valid for highly directive corrugated antenna with a small
radiation angle of θ respect to broadside where TM characteristic impedance/admittance converges
to TEM form. Furthermore, the loss contributed in the structure has been neglected in the
derivation of (4.4). The resonance condition of the structure, corresponding to the maximum
broadside antenna directivity, occurs where the imaginary part of the total admittance of the
antenna is zero [104, 105] (i.e. Im (Yup+Ydown)= 0, where Yup and Ydown are shown in Fig. 4.11(b)).
Since Im(Yup)= 0, the resonance condition of the structure is simplified to
Y ( w, h, p, ε r , k0, r ) = 0

(4.5)

where k0,r is the resonant free-space wavenumber in which the resonance happens. Since, the
radiation characteristic at broadside is considered, the normalized surface susceptance is not a
function of kz, (kz=k0).Considering (4.4) and (4.5), the maximum radiated power density at
broadside is expressed as
Pmax
= P=
P+
res

(4.6)
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4.2.3 Spectral Bandwidth, and Maximum Directivity of Corrugated Antennas
The radiation performance of the corrugated antennas can be studied and assessed based
on the corrugation impedance/admittance of a unit-cell of the antenna around broadside. The
spectral bandwidth (SBW) of the antenna, which is helpful to evaluate the normalized 3dB gain
bandwidth, is defined as SBW=(f+3dB -f-3dB)/fres in which f+3dB, and f-3dB are the upper- and lowerband frequencies, respectively, with their radiated power density -3 dB lower than the maximum
power density at resonant frequency fres. By the definition, f±3dB is found by
Pmax P +
=
2
2

±
P( f=
3 dB )

(4.7)

where P(f±3dB) is radiated broadside power density at the upper-/lower-band frequencies.
Considering (4.4), and (4.7), these frequencies are where 𝑌𝑌� =±1. Therefore, the SBW can be

expressed as

SBW =

f

Y =1

f

−f

Y = −1

(4.8)

Y =0

As previously mentioned, these calculations are valid for the periodicity of the structure
larger than a half-wavelength, and hence antenna works in leaky mode. Similarly, the half-power
beamwidth (HPBW) of the antenna at resonant frequency is defined as the angular span in which
the magnitude of radiated power density decreases 3 dB from its maximum amplitude and can be
estimated by the following relation:
P ( f res θ =θ=
)
3 dB

P ( f res θ = 0 ) Pmax P +
= =
2
2
2

(4.9)

where the radiated power density at resonant frequency and at the angle of θ=θ3dB can be estimated
by (4.4), where 𝑘𝑘𝑧𝑧 = 𝑘𝑘0 �1 − 𝑠𝑠𝑠𝑠𝑠𝑠2 𝜃𝜃3𝑑𝑑𝑑𝑑 . Having (4.9) solved using (4.4) with the assumption of
𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃3𝑑𝑑𝑑𝑑 ≅ 𝜃𝜃3𝑑𝑑𝑑𝑑 for a high directive antenna yields to
_

Y ( w, h, p, ε r , k0, r 1 − θ 32dB ) =
±1
Utilizing the approximation

(4.10)

1 − θ32dB ≅ 1 − θ32dB 2 for an antenna with a narrow
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beamwidth (very small 𝜃𝜃3𝑑𝑑𝑑𝑑 ) and expanding (4.10) with the Tylor series around k0,r, result in:
_

Y ( w, h, p, ε r , k0, r ) − k0, r

θ32dB
2

_

Y ' ( w, h, p, ε r , k0, r ) + R (2) =
±1

(4.11)

_

'
where Y ( w, h, p, ε r , k0, r ) is the first derivative of the characteristic admittance at the resonant

frequency and R(2) shows the residual of the Tylor series including the second order derivative
and above. According to (4.5), the normalized surface susceptance at the resonant frequency is
zero. To further simplify (4.11), the residual R(2) can be neglected, and the first order estimation
of HPBW is obtained as:

θ3dB
=

HPBWE
≅
2

c
_

π f r Y ' ( w, h, p, ε r , k0, r )

(4.12)

where c is the speed of light in free-space, fr is the resonant frequency at which the maximum gain
happens, and HPBWE is the half-power beamwidth in E-plane. Since, the corrugated antenna
studied in this work is polarized in 1D as shown in Fig. 4.11, the corrugations do not affect the
HPBW in H-plane much. As (4.12) shows, a normalized surface susceptance with higher slope at
the resonance and also a higher resonant frequency provides a lower HPBWE. Using (4.12), the
maximum directivity of the corrugated antennas can be approximately expressed as [106]:
D≅

π2
HPBWE .HPBWH

∝

_

f r Y ' ( w, h, p, ε r , k0, r )

(4.13)

4.2.4 Attenuation and Propagation Constant at Resonance Condition
The corrugated antennas can be analyzed based on the dominant TM leaky modes excited
on top of the structure. The attenuation and propagation constant in the leaky wave complex
wavenumber kx=βx-jαx can be calculated using (4.1) which can be written in terms of the
normalized surface susceptance as follows:
_

j Y ( w, h, p, ε r , k z ) + 1 =
0

(4.14)
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As extensively discussed in [50] as an excellent reference on leaky-wave antennas, the
optimum condition for a leaky-wave antenna radiation at broadside happens where 𝛽𝛽𝑥𝑥 ≅ 𝛼𝛼𝑥𝑥 =
k 0,𝑟𝑟 δ, 𝛿𝛿 ≪ 1. Therefore, the dispersion equation of (4.14) at resonant frequency can be rewritten
as:

_

j Y ( w, h, p, ε r , k0, r 1 + j 2δ 2 ) + 1 =
0

(4.15)

2
2
Using the approximation 1 + j 2δ ≅ 1 + jδ for 𝛿𝛿 ≪ 1, and expanding (4.15) with the

Tylor series around k0,r, (4.15) is estimated with:
_

_

Y ( w, h, p, ε r , k0, r ) + jk0, r δ 2 Y ' ( w, h, p, ε r , k0, r ) + R(2) =
j

(4.16)

Considering the first order approximation (𝑅𝑅(2) ≅ 0) and normalized surface susceptance

of zero at resonant frequency according to (4.5), the attenuation and propagation constant of the
structure at the resonant frequency are given by

β x ≅ α x = k0, r δ ≅

c
_

2π f r Y ' ( w, h, p, ε r , k0, r )

(4.17)

As shown in (4.17), the attenuation and propagation constant at resonant frequency in the
optimum condition for the leaky structure studied here, are in line with (4.13) for the antenna
maximum directivity. The higher resonant frequency and the higher slope of the normalized
surface susceptance at resonance result in lower attenuation constant which in turn make the
antenna directivity improved.
The calculated formulas of (4.5), (4.8), (4.12), and (4.13) for radiation performance
estimation of the corrugated structures are valid when the number of corrugations is large enough.
There are several assumptions in obtaining these formulas that creates some errors. One of the
main assumptions was that of having a high directive antenna. Also, in calculating the HPBWE and
directivity, the first order approximation was taken into account which is valid where at resonant
frequency, the normalized surface susceptance Y ( w, h, p, ε r , k0, r ) versus frequency is close-to-linear
that causes its second derivative to be close-to-zero. Otherwise, depending on the sign of the
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second derivative of the normalized surface susceptance curve versus frequency, HPWWE and
directivity can be higher/lower than (4.12), and (4.13).
Fig. 4.12 shows 1D and 2D corrugated antennas that can be designed using a corrugated
unit-cell. The array factor of these antennas with infinite number of corrugations can be given as:
∞

−∞

AF =
A0 + ∑ e j ( k0 sinθ − kx )ip + ∑ e j ( k0 sinθ + kx )ip
i =1

(4.18)

i = −1

where A0 contributes to the direct propagation of the magnetic/electric source into free-space, θ is
the angle from of propagation from broadside, and kx=βx-jαx. In the analysis above, we neglected
the effect of direct propagation (A0). This increases the errors of the analysis, especially when there
are few corrugations.

4.2.5 Parametric Study
In previous section, the corrugated antenna was analyzed based on the surface
admittance/normalized surface susceptance of a unit-cell of the corrugated structure. Then, the
antenna radiation performance could be estimated by analytic formulas provided. In this section,
the normalized surface susceptance is investigated based on corrugation dimensions, permittivity
inside corrugations and the periodicity.
For a corrugated structures with physical dimensions p<<λ, w<<h, and (p-w)<<w, the
corrugated surface admittance may be considered as a homogenized surface with an admittance
[107]:

p
Ydown = Ys = − j ( ) ε r Y0 cot( ε r k0 h)
w

(4.19)

where ɛr is the material permittivity inside the corrugations and (p/w) is the filling coefficient
accounting for the filling ratio. Obviously, since p>λ/2, in a corrugated leaky wave antenna, (4.19)
cannot be used as corrugated admittance for precise calculation. In this case, the corrugated
admittance equation will be more complicated and can be calculated by analyzing a unit-cell of
the structure using full-wave electromagnetic software.
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Fig. 4.12. 1D and 2D corrugated structures using a corrugated unit-cell.

Here, it is demonstrated that by designing and analyzing a unit-cell of a corrugated
structure, a corrugated high-gain antenna can be designed. Then, unit-cell can be used in
rectangular 1D corrugated structure or 2D bull’s-eye configuration as shown in Fig. 4.12 with
several corrugations. Although, the formulas (4.8), (4.12), and (4.13) are calculated for 1D
structure, they can still provide a rough estimation for 2D structures.
As a case study, a corrugated antenna consisting of six corrugations each side of a
rectangular aperture is investigated as shown in Fig. 4.13, and the effect of the width, and height
of corrugations and the materials’ permittivity inside corrugations are studied. The periodicity of
the antenna is assumed to be p= 22 mm. However, all results can be scaled for different values of
periodicity. Fig. 4.14 shows the effect of corrugations’ width on the unit-cell suscptance (Y ) and
the directivity of the corrugated antenna assuming p= 22 mm, ɛr=3, h= 3 mm. As shown, the
maximum directivity happens around the resonance condition where Y = 0 .
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Fig. 4.13. Top and side views of the corrugated antenna under study. The antenna parameters are: Wf= 48 mm, Lf= 4
mm, Ws= 50 mm, and Ls= 13×p= 286 mm.

Fig. 4.14. Directivity and normalized surface susceptance of the corrugated antenna versus frequency for different
corrugations’ width and p= 22 mm, ɛr=3, h= 3 mm.
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It is demonstrated that the different values of corrugations’ width (w) result in different
slope of Y which in turn provide different gain bandwidth and directivity. As the corrugations’
width increases, the slope of Y decreases. Therefore, over a wider frequency range, we have

| Y |≤ 1 and according to (4.8), the gain bandwidth increases. On the other hand, according to (4.13),
a lower slope results in a lower directivity as shown in Fig. 4.14 for w= 15 mm. Therefore, there
is a trade-off between the maximum directivity and maximum gain bandwidth as we could predict.
When w gets very small values, the second derivative of surface susceptance in the term R(2) in
(4.11) becomes significant and the directivity decreases. It is worth mentioning that fλ in Fig. 4.14
shows the frequency in which the structures’ periodicity (p= 22 mm) becomes the size of the
wavelength. The surface susceptance value at this point goes to high values.
Fig. 4.15 plots the directivity and surface susceptance of the antenna in Fig. 4.13 for
different corrugations’ heights (h), p= 22 mm, ɛr= 3, and w= 5 mm. Higher h shifts the resonance
condition and maximum directivity to lower frequencies. According to (4.13) and assuming a
similar slope of the susceptance curve for different h, the resonance condition happens in lower
frequencies for higher h, and the maximum directivity drops. On the other hand, for very small
heights (h= 1.5 mm), the second derivative in the term R(2) in (4.11) becomes large and the
directivity decreases. As shown, a size reduction can be achieved with higher h; however, the
directivity needs to be sacrificed. Similarly, as shown in Fig. 4.16, increasing the permittivity
inside corrugations shifts the resonance to lower frequencies which can be used for the antenna
miniaturization. In this case, however, the antenna directivity drops. This is consistent with (4.13)
implying that a higher resonant frequency (fr closer to fλ) corresponds to a higher directivity.
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Fig. 4.15. Directivity and normalized surface susceptance of the corrugated antenna versus frequency for different
corrugations’ height and p= 22 mm, ɛr= 3, w= 5 mm.

In general, from the parametric study and many simulations, as the resonance takes distance
from fλ, the directivity drops in accordance with (4.13). Furthermore, if the resonance gets very
close to fλ, the term R(2) in (4.11) becomes larger and the directivity declines. Therefore, the
optimum condition for maximum directivity is when fr (resonant frequency) is large and 𝑌𝑌� at the

resonance is almost linear (for negligible R(2)).
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Fig. 4.16. Directivity and normalized surface susceptance of the corrugated antenna versus frequency for different
materials’ permittivity and p= 22 mm, h= 3 mm, w= 5 mm.

As described previously, conventional corrugated antennas used to be fabricated on
metallic films. This increases the fabrication cost of the antenna and its weight especially when
the structure is large. Besides, the integration of the antenna with other planar systems becomes
difficult. To address these issues, it was proposed that the antennas be fabricated on laminates
which provide more degrees of freedom for the design. In low frequencies, the height of the
corrugations becomes large which needs a very thick substrate for fabrication. In addition to the
board availability issues, this increases the antenna weight. To solve this issue, a substrate with a
high permittivity can be used.
In a parametric study, Fig. 4.17 shows how an antenna presented in Fig. 4.13 with lower
height (substrate thickness) can be designed with a substrate of high permittivity without any
degradation in the performance.
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Fig. 4.17. Directivity and normalized surface susceptance for four design cases.

As shown, four cases have been designed and simulated. In case 1, a conventional antenna
with the permittivity of 1 is designed for the maximum directivity at 12 GHz. The maximum
antenna directivity for this case is 19 dB. Then, the permittivity of antenna is increased to 5 and w
and h are kept fixed in case 2. As expected, the resonant frequency shifts to lower frequencies
where the antenna has a lower directivity. As demonstrated earlier in Fig. 4.15, decreasing the
corrugations’ height shifts the resonance to higher frequencies. Therefore, reducing the
corrugations’ height can compensate for the frequency shift resulted from a dielectric with higher
permittivity. Case 3 shows an antenna with same resonant frequency of case 1, but with lower
corrugations’ height. In other words, using a higher permittivity inside corrugations can lead to
miniaturizing the antenna thickness. It is worth mentioning that as reported in [60], this may also
enhance the antenna directivity as case 3 shows a directivity of 19.55 dB which indicates a
directivity improvement of 0.55 dB with respect to the conventional structure. As discussed earlier,
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to have a wide gain bandwidth, the corrugations’ width needs to increase. This is demonstrated in
case 4 where we could get the same performance of conventional structure (case 1) with a lower
substrate thickness. The corresponding normalized surface susceptances of all cases in Fig. 4.17
are in line with the directivity and gain bandwidth achieved. For instance, since cases 1 and 4 have
almost the same 𝑌𝑌� , it could be predicted that they would have similar directivity and gain
bandwidth. Also, according to (4.13), with fixed fr, since case 3 has a higher first derivative of 𝑌𝑌�

compared to cases 1 and 4, we could expect it to have a higher directivity. This presents how a
corrugated antenna can be designed by analyzing a corrugated unit-cell.

4.3 Aperture Efficiency of Corrugated Antennas
The aperture efficiency of corrugated antennas is very low [63]. In addition to the nature
of the antenna, another issue that would not allow having higher aperture efficiency is the direct
wave propagation/transmission of the aperture in the transmitting/receiving mode. Fig. 4.18 shows
the directivity and aperture efficiency of the design case 3 in previous section versus the number
of corrugations in each side of the central aperture. The maximum gain and efficiency of 19.98 dB
and 33.1% are achieved for nine, and four corrugations, respectively. As demonstrated, although
increasing the number of corrugations enhances the antenna directivity, the rate of this directivity
enhancement reduces as the number of corrugation increases. The main reason is that the wave
leaks to the free space as it gets far from the aperture in the transmitting mode and after certain
number of corrugations, most of the power has propagated, hence the contribution of the
corrugations far from aperture to propagation is lower. As shown in Fig. 4.18, by increasing the
number of corrugation from 1 to 4 in each side of aperture, the aperture efficiency improves from
28% to 33.1%, but it drops afterward as the number of corrugation increases and it gets to 23.7%
for nine corrugations. The reason for this decline is that the rate of gain enhancement is less that
the rate of increase in antenna size.
Fig. 4.19 shows the electric field distribution of the corrugated antenna with nine
corrugations at its resonant frequency. As clearly demonstrated, the corrugations far from the
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Fig. 4.18. Directivity and aperture efficiency versus the number of corrugations in each side of the central aperture
(the design frequency is 12 GHz and the corrugation parameters are p= 22 mm, ɛr=5, h= 2.2 mm, and w= 3 mm).

Fig. 4.19. Electric field distribution of the antenna with nine corrugations at the resonant frequency (p= 22 mm, ɛr=5,
h= 2.2 mm, and w= 3 mm).

aperture contribute less to directivity enhancement. This explains the decline in directivity
enhancement by increasing the number of corrugations.
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4.4 2D

Corrugated

(Bulls’-Eye)

Antennas:

Fabrication

and

Measurement
In this section, a 2D corrugated structure is designed on laminate substrates at the center
frequency of 10 GHz based on the unit-cells’ analysis and then the whole antenna is designed,
fabricated, and measured [108]. Since commercial substrates have standard thickness and
permittivity, we need to choose the right board with the appropriate thickness and permittivity to
achieve the resonance condition at 10 GHz. By analyzing the unit-cell, the resonant frequency of
three commercial substrates (i.e. Rogers 5880, Rogers 4003, and Rogers TMM4, with permittivity
of 2.2, 3.38, and 4.5 respectively) are obtained for standard thicknesses of 75, 100, 125, and 150
mils and for various corrugations’ widths (w) as shown in Fig. 4.20. According to the curves
plotted in Fig. 4.20, to have a resonant frequency at 10 GHz, Rogers TMM4 with the thickness of
125 mil (h= 3.175 mm) and w= 12 mm is selected. Fig. 4.21 shows the unit-cell analysis and fullwave simulation of the 2D corrugated antenna with 3 corrugations for this case. For the full-wave
simulation, the diameter of the circular aperture is taken to be 10 mm is considered between the
corrugations with p= 22mm and circular aperture.
It is very interesting to look at the dispersion diagram of the unit-cell and find these results
in line with each other. The dispersion curve of the unit-cell of the antenna is depicted in Fig. 4.22.
According to leaky wave theory, the n=-1 space harmonic of leaky modes of the structure can be
a radiating mode. Fig. 4.22 shows the fundamental mode and n=-1 radiating mode of the proposed
structure. The dispersion curve which is the Fourier transform of the wave on the structure can be
obtained using Eigenmode analysis of commercial software such as HFSS. From Fig. 4.22, it can
be seen that the in-phase superposition (which makes the structure propagate at broadside due to
the symmetry) happens around 10 GHz.
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Fig. 4.20. The resonant frequency of corrugated antenna calculated by simulation of a corrugated unit-cell for three
commercial substrates with standard thicknesses of 75, 100, 125, and 150 mil and for different corrugations’ width
and p= 22 mm.

Fig. 4.21. Gain and normalized surface susceptance of the 2D corrugated antenna with 3 corrugations (p=22 mm, ɛr=
4.5, w= 12 mm, h= 3.175 mm).
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Fig. 4.22. Dispersion curve of the proposed structure for fundamental harmonic and n=-1 radiating space harmonic.

A 2D corrugated antenna with 3 corrugations is designed as shown in Fig. 4.23. The
antenna is made of three substrate layers stacked on top of each other. The first substrate (Sub. 1)
is use to design the feed line. This substrate is chosen to be Rogers 4003 with the thickness of 20
mil. A 50-Ω feed line is etched on the bottom layer of Sub. 1 to excite and couple the energy
through a cavity fabricated on the second layer (Sub. 2). The second and third substrates (Subs. 2
and 3) are Rogers TMM4 with thickness of 125 and 20 mils, respectively. A ring patch is printed
on top layer of Sub. 3 that helps to match the impedance to 50 Ω. To realize the corrugations on
the Sub. 2, the SIW technology can be used. The corrugations have a minimal effect on the
impedance matching. The cavity in the Sub. 2 is made by overall cutting and removing away the
dielectric material inside and then metalizing to shape a cylindrical cavity.
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Fig. 4.23. The corrugated antenna designed on substrates at the center frequency of 10 GHz (p= 20 mm, w= 12 mm,
and h= 3.175 mm), and the fabricated prototype.

Fig. 4.24 shows the magnitude of the electric current distribution inside Subs. #2 and #3 at
the center frequency of 10 GHz. The resonance inside and above the corrugations are clearly
depicted in these plots. Since the resonance happens along feed line direction (X direction), it is
expected to have a narrow radiation beamwidth in XZ plane (E-plane) at 10 GHz. As it can be seen
in Fig. 4.24, the amplitude of electric field over corrugations away from the cavity reduces due to
the conversion of a portion of waves into the space radiating modes in the closer corrugations
(attenuation constant of leaky nature of the structure). For the same reason, with an increase in the
number of grooves, the rate of the increase in the antenna gain decreases.
The reflection coefficient and gain of antenna are plotted in Fig. 4.25 and Fig. 4.26. The
measurement result shows an impedance bandwidth of almost 9.5-10.45 GHz for the reflection
coefficient better than -10 dB, which corresponds to the bandwidth of 9.52%. Moreover, the result
confirms that the maximum antenna gain of 17.4 dBi at broadside is obtained around 10 GHz. It is
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Fig. 4.24. Magnitude of electric field distribution inside, (a) the cavity and grooves in Sub. #2, and (b) Sub. #3 at 10
GHz.

worth mentioning that the maximum antenna gain for structure without any corrugations (i.e. the
depth of the corrugations equals to zero) is about 5 dBi which means a 12.4 dB improvement is
achieved. Due to having a patch above the cavity, the gain and spectral bandwidth of the fabricated
antenna are, respectively, more and less compared to those plotted in Fig. 4.21 for a corrugated
antenna with circular waveguide feed.
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Fig. 4.25. Gain of the proposed antenna.

Fig. 4.26. Reflection coefficient of the proposed antenna.
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Fig. 4.27. Radiation patterns of the proposed antenna, (a) E-plane (XoZ plane), and (b) H-plane (YoZ plane) at the
center frequency of 10 GHz.

In Fig. 4.27, the simulated and measured radiation patterns of the proposed antenna are
plotted at both orthogonal planes at the center frequency of 10 GHz. The cross-polarization levels
are lower than Co-polarization levels by at least 28 dB in the 3 dB beamwidth in both E-plane and
H-plane. Measurement results show that half-power beamwidths of E-plane and H-plane are 9.9°
and 18.4°, respectively. Moreover, a side-lobe-level of 11 dB is measured as shown in Fig. 4.27.
In this chapter, corrugated antennas were discussed. A method of fabrication of these
antennas on laminates was presented using SIW technology. Moreover, corrugated antennas were
analyzed based on their surface susceptance. It was shown that the unit-cell analysis, performed in
this work, could roughly estimate the radiation performance of these antennas very fast. In many
applications multi-band high-gain antennas are required. This will be discussed in the next chapter.

Chapter 5
Dual-Band Planar Corrugated Antennas with
Integrated Feed Structures
In chapter 4, the single-band corrugated antennas were studied and analyzed. However, the
demand for multi-band high gain antenna has increased in recent decades due to their capability to
simultaneously communicate with multiple standard systems in a single low-profile package. For
instance, if it is required to receive a signal in one frequency band and transmit another signal in a
different frequency, a dual-band antenna is needed. Therefore, there is a need to design a single
antenna in order to cover the desired bands. With advent of advanced wireless systems, it is more
desirable that such antennas can be integrated with the rest of the system. In this chapter, novel
dual-band planar corrugated antennas are presented. Dual-band operation can be achieved by
designing the grooves with different shapes or dimensions on the flat surface of the corrugated
antennas. Two geometries for dual-band corrugated antenna are proposed, fabricated, and
measured in this chapter.

5.1 Dual-Band Corrugated Antenna with a Microstip Feed Line
In chapter 4, it was shown that the superposition of electric field (cavity resonance) in the
direction of the polarization of the current source may enhance the antenna gain. In this section, it
is demonstrated that the dual-band operation can be achieved using two different cavity resonances
in two different directions [109]. The proposed antenna configuration is shown in Fig. 5.1. As
shown, the structure consists of three dielectric layers. Subs. 1 and 3 are Rogers 5880 with relative
permittivity of 2.2, thickness of 0.508 mm, and loss tangent of 0.0009.
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Fig. 5.1. Dual-band antenna configuration, (a) 3D View, (b) Top view, (c) AA’ view (All dimensions are in mm).
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Second layer (Sub. 2) is Rogers TMM4 with relative permittivity of 4.5, thickness of 3.175
mm, and loss tangent of 0.002. The antenna is excited by a resonant feed line at the bottom layer.
The feeder is a 50-Ω line and designed to provide a resonance at the upper band. The lower
resonance could be established by the length of the cavity within Sub. 2. The power is coupled
from feed line through the cavity to the patch at the top layer. The width of the cavity and the shape
of feed line underneath have great effects on the radiation pattern. The construction of cavity wall
using vias in an SIW structure has a considerable impact on the cavity performance and makes it
difficult to adjust its resonant frequency. Therefore, the rectangular cavity is taken out of Sub. 2
using a drill and then its walls are metalized (drilling and metallization are part of standard PCB
manufacturing process). For size reduction, the substrate inside the cavity has been kept with
connections to the main body of Sub. 2. The rectangular patch on top of the cavity improves the
impedance matching of the corrugated antenna and increases the power coupled from transmission
line to the cavity. The patch affects the overall cavity resonant frequency and radiation pattern.
Therefore, both patch and cavity have to be designed in conjunction with each other.
The dual-band characteristic of the antenna is illustrated in Fig. 5.2. It can be seen that the
lower resonance has a large variation with respect to the length of cavity, but the upper one is not
affected so much. This shows the lower resonance is mainly determined by the cavity length. Also,
the upper resonance is dominantly determined by Lo. Therefore, the proposed dual-band antenna
can easily be designed for any desired operating bands. For the selected values of Lo= 10 mm and
Ls= 8.5 mm, the resonant frequency of 10.1 and 12.45 GHz are obtained as the lower and upper
bands, respectively.
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Fig. 5.2. (a) Reflection coefficient versus the cavity length with Lo= 10 mm, (b) Reflection coefficient versus open
circuit length of the feed line with Ls= 8.5 mm.
9

10

Chapter 5. Dual-Band Planar Corrugated Antennas with Integrated Feed Structures
92
______________________________________________________________________________
Two different shapes of grooves have been made in order to provide two resonances at the
desired bands. To investigate the effects of grooves on enhancing the antenna gain, the first and
second pairs of grooves are studied separately. Then, the effect of both pairs of grooves together
on antenna gain is considered. Fig. 5.3 shows the electric field distribution inside the cavity and
grooves when there is just the first pair of grooves. Here, the distance between patch and grooves
(d1) is 8.5 mm that is near half wavelength. As shown in Fig. 5.3 (a), there is an in-phase
superposition of electric field at both sides of the grooves at 10.1 GHz; however, this effect for the
frequency of 12.45 GHz is very minimal, as seen in Fig. 5.3 (b). Therefore, it is expected to have
a narrow radiation beamwidth in XZ plane (H-plane) at 10.1 GHz with relatively higher directivity.
According to the simulation, broadside gains at 10.1 and 12.45 GHz are 10 and 6.95 dBi,
respectively, which are in-line with the expectation of Fig. 5.3 for both resonant frequencies. A
very interesting point for the grooves is that the locations of in-phase fields inside the grooves are
a wavelength away from center of the patch.
To increase the gain of the upper band, a second pair of grooves is employed. The effects
of these grooves are investigated separately. Here, the distance between patch and the second pair
of grooves (d2 as shown in Fig. 5.4) is about a wavelength (15 mm) at the frequency of 12.45 GHz
(upper band) based on the analysis performed in chapter 4. According to Fig. 5.4, with the
optimized dimensions, the in-phase superposition of electric field strongly exists in Y-direction
for the upper band. Therefore, it is expected to have a more directional pattern (and in turn
narrower beam) in YZ-plane (E-plane) at 12.45 GHz, but less effect on the gain at 10.1 GHz. As
demonstrated by simulation for this case, the broadside gain at 10.1 and 12.45 GHz are 8.8 and 10
dBi, respectively, which are in-line with Fig. 5.4, at both resonant frequencies. The whole
configuration has the capability to be easily integrated with planar devices unlike conventional
corrugated/feeder antennas that are fed by waveguides.
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(a)
(b)
Fig. 5.3. Electric field distribution inside cavity and first pair of grooves for the proposed antenna at frequency of, (a)
10.1 GHz and (b) 12.45 GHz.

(a)
(b)
Fig. 5.4. Electric field distribution inside cavity with second pair of grooves for the proposed antenna at frequency of,
(a) 10.1 GHz and (b) 12.45 GHz.

The fabricated antenna along with its corresponding reflection coefficient is shown in
Fig. 5.5. All layers are shown separately to illustrate the ease of PCB fabrication process. The
measurement result shows a dual impedance bandwidth of nearly 9.89-10.16 GHz and 12.08-12.31
GHz for |S11| < -10 dB which corresponds to the bandwidths of 2.7% and 1.9% for the lower and
upper bands, respectively. The simulated and measured radiation patterns of the antenna for the
measured operating frequencies of 10 and 12.18 GHz are shown in Fig. 5.6 and Fig. 5.7,
respectively. As shown in Fig. 5.6Fig. 5.6 for 10 GHz, the antenna is more directional in H-plane
than E-plane as explained by field distribution analysis. The measured half-power beamwidth of
E- and H-plane are almost 42o and the measured side-lobe-level of H-plane is nearly -14 dB. The
measured cross-polarization level in the 3-dB beamwidth is at least 22 dB below the co-polarization
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Fig. 5.5. (a) Fabricated antenna, and (b) its corresponding reflection coefficient [44].

in the E-plane and almost 29 dB below the co-polarization in the H-plane which indicate a perfect
linear polarization at 10 GHz.
Fig. 5.7 shows the radiation pattern at second resonance. It shows that E-plane becomes
more directional than H-plane as explained in terms of field distribution inside the grooves. The
measured half-power beamwidth of E- and H-planes is 31o and 56o respectively. The side-lobelevel of E-plane is about -6 dB which is larger than the lower band. The measured cross-
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Fig. 5.6. Radiation patterns of the antenna at 10 GHz, (a) Co-polarization, (b) Cross-polarization.
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Fig. 5.7. Radiation patterns of the antenna at 10 GHz, (a) Co-polarization, (b) Cross-polarization.
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Fig. 5.8. Gain of the proposed antenna versus frequency.

polarizations of E- and H-planes in 3-dB beamwidth are about 32 and 17 dB below co-polarizations
of E- and H-planes, respectively, which indicates the polarization is purely linear. As discussed
before and confirmed by measurement here, the antenna is directional in H-plane at the lower band
(10 GHz) because of high field intensity at the edges of the first pair of grooves (lateral effect of
in-phase superposition of electric field); however, it is directional in E- plane at the upper band
(12.18 GHz) due to high field intensity at the middle of the second pair of grooves (longitudinal
effect of in-phase superposition of electric field). The antenna gain has been calculated and
measured as shown in Fig. 5.8. The measured gain of the antenna at 10 and 12.18 GHz are 12.5
and 11.3 dBi, respectively. The proposed dual-band antenna has one effective groove for each
band.
Although the proposed antenna provides dual-band feature with a planar corrugated
geometry, it suffers from feeds’ back radiation. Furthermore, it is very difficult to obtain more gain
by adding more grooves to the structure. In what follows, we propose another corrugated antenna
which could solve these problems.
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5.2 Dual-Band High-Gain Corrugated Antenna with a CavityBacked Feed Structure
As previously analyzed in chapter 4, corrugations with different periodicity and height
provide different resonant frequencies. Therefore, by proper design of two different periodic
corrugations, a dual-band operation over desired frequencies is obtained. In this section, a 2D dualband antenna is designed on laminate boards for the center frequencies of 9.7 GHz and 13.85 GHz
for the application of satellite and space communications. In order to prevent back radiation, a
cavity-backed feed structure is integrated with the corrugated structure.
The proposed corrugated antenna structure is shown in Fig. 5.9. The antenna consists of
two different ring-shaped (bulls’-eye) corrugations and a cavity, all realized on laminate substrates.
Creating two different perodic corrugations (first corrugations, and second corrugations as shown
in Fig. 5.9) can provide two different bands. As shown, the larger corrugations which creates the
lower band are etched and realized by vias on both substrates 1 and 2. However, the smaller
corrugations are made by only substrate 2. The top substrate (Sub. 3) is used for miniaturization
purposes and does not play any other roles. For further miniaturization, with the theory discussed
earlier, the substrates 1 and 2 are selected to be Rogers TMM4. To obtain the desired resonant
frequencies of 9.7 GHz and 13.85 GHz, the thicknesses of substrates 1 and 2 are required to be
selected properly. We have used only three corrugations for each frequency band in this work;
however, if more gain is required, more corrugations need to be used. The corrugations are realized
by creating vias or through-driling walls which are metallized afterward. The antenna is fed from
inside the cavity by any feeder antenna which can produce a TE11-shaped field distribution on the
opeing slot over the cavity.

5.2.1 Integrated Dual-Band Feeders
To make the overall antenna as compact as possible, a feeder is required to be integrated
in center of the corrugated structure. A wideband antenna that covers both bands can be used as
feeder antenna. However, to prevent the intermediate frequencies from radiation and suppress
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Fig. 5.9. Top and side views of the proposed dual-band corrugated antenna.

them better, a dual-band feeder is a better choice. The feeder needs to be composed of a central
aperture that feeds the corrugated structure. In fact, a dual-band open-ended waveguide (OEW)
feeder is required. In order to be compatible with the proposed dual-band corrugated structure, as
a requirement for compactness, the feeder and corrugated structure in Fig. 5.9 must be designed
on the same layers.
Although different configurations of slot and patch antennas along with probe can be found
for the design of feeder as in [110], these feed structures provide a null at broadside if they are
used as feeder for the proposed dual-band corrugated structure. They produce TM01 mode which
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is symmetric around the center and since the proposed corrugated structure is symmetric, their
integration generates a null at broadside. To overcome this issue, and also miniaturize the antenna
and provide high power-handling capability, a collinear end-launcher transition type from coaxial
cable to the feeder is chosen [111]. To the best of our knowledge, feeder antennas with these
features have not been reported yet.
An exploded view of the proposed antenna configurations is shown in Fig. 5.10 [112]. Both
antennas A and B consist of three substrate layers with the details listed in TABLE 5.1. For size
reduction, the permittivity of substrates 1 and 2 is selected to be relatively high. For both antennas,
the feed structure is designed in substrate 1 and also the OEW is embedded in the substrate 2. The
third substrate has been added for size reduction.
The geometry of antenna A consists of two circular-waveguide structures in substrates 1
and 2 with different radii, a resonator structure etched on conductor 2 in Fig. 5.11(a) and a via
connecting the inner conductor of coaxial cable to the body of the waveguides. The via with
diameter D is offset from the center of the waveguide by the distance labeled off in Fig. 5.11(a).
Also, the output aperture etched on conductor 1 is designed to be 4.4 mm; the same size of the
outer diameter of the coaxial cable which feeds the antenna. The structure is inspired by
conventional collinear end-launchers; however, the resonator structure and waveguides with
different radii make the structure dual-band.
Antenna B is composed of two radial cavities with different radii embedded in substrate 1,
a circular waveguide in substrate 2, and a cylindrical post in the center of the cavities as shown in
Fig. 5.11(b). The post with a diameter of D is at the center of the waveguide. The inner conductor
of the input coaxial cable is connected to the cylindrical post. The outer diameter of the coaxial
cable and the output aperture etched on conductor 1 are 4.4 mm.
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Fig. 5.10. Exploded view of the two proposed feeder antenna configurations with all substrate layers.

TABLE 5.1
Substrate Information of the Proposed Antennas
Antenna #1

Substrate 1

Substrate 2

Substrate 3

Material

Rogers TMM4

Rogers TMM4

Rogers 4003

Thickness

3.175 mm

6.35 mm

0.81 mm

Antenna #2

Substrate 1

Substrate 2

Substrate 3

Material

Rogers TMM4

Rogers TMM4

Rogers TMM4

Thickness

3. 175 mm

6.35 mm

0.51 mm

Material

Permittivity

Loss tangent

Rogers TMM4

4.5

0.002

Rogers 4003

3.55

0.0027
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(a)

(b)
Fig. 5.11. The top and side views of the substrates 1 and 2 along with the dimensions for (a) Antenna A and (b)
Antenna B (All dimensions are in mm).

5.2.1.1 Feeding Mechanism
Generally, the collinear end-launcher transitions can be used to provide stable gain and
handle higher power due to being connected to ground, making a great heat pathway. However,
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they have bulky and lengthy structures, higher reflection and narrower bandwidth. In the proposed
antennas, the collinear end-launcher transition type is mainly chosen due to the collinearity
enforced by feeder design constraint. The proposed antennas are fed from the bottom (substrate 1)
using a coaxial cable similar to collinear end-launchers.

5.2.1.2 Cavity-Backed Dual-Band Resonators
Using a cavity-backed patch antenna as a transition can solve the problem of the lengthy
structures of collinear end-launchers and mode converters and convert the TEM mode of coaxial
cable to the fundamental mode of the waveguide [113]. In this case, the patch fed by the coaxial
cable radiates into the waveguide so as to excite its fundamental mode [114] that provides a stable
gain in a single frequency band. Since the substrates’ thickness which can be adjusted by proper
design of patch antenna determines the length of the structure, this transition can be significantly
short. The stacked structure of this patch transition was also reported which increases the
operational bandwidth and eases the matching by tuning more resonant elements [115]. However,
the stacked patches in cavity-backed configuration cannot provide a tunable dual-band and high
power-handling operations. However, resonator structures in cavity-backed configuration as used
in the proposed antennas can create two adjustable resonances in both antennas for dual-band
operation.
Fig. 5.12 and Fig. 5.13 demonstrate the dual-band operation of the proposed antenna
structures. As shown in Fig. 5.12 for antenna A, the current path is on the element containing the
elliptical curve at the first resonant frequency and on the loop with the radial arm at the second
resonant frequency. Therefore, it is expected that these curve and loop features have the greatest
effects on the first and second resonant frequencies, respectively. Similarly, as shown in Fig. 5.13
for antenna B, the current path for the first and second resonant frequencies is inside the cylindrical
cavities with larger and smaller radii, respectively. Hence, the radii of two cylindrical cavities are
expected to determine the first and second resonant frequencies.
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(a)

(b)

Fig. 5.12. The electric-current distribution of the antennas A at the sectional cut AA' for (a) the first and (b) the second
resonant frequencies.

(a)

(b)

Fig. 5.13. The electric-current distribution of the antennas B at the sectional cut AA' for (a) the first and (b) the second
resonant frequencies.

5.2.1.3 Broadside Radiation Patterns
To have a stable broadside gain in both bands, the modes produced inside the structure and
produced on its output aperture of the waveguide (conductor 3) must radiate constructively at
broadside. This can be done by looking at the field distribution of the proposed antennas. The field
distribution on the output aperture of the circular waveguide is expected to include many modes
such as TE11, TM01, and TE21. Among those modes, only the TE11 mode creates a broadside
pattern. Therefore, for a fairly stable radiation pattern, the overall field distribution pattern should
be as close to the TE11-mode field distribution as possible. The proposed antennas can provide
such a field distribution in both bands, as shown in Fig. 5.14. It is evident that the field distribution
over the output aperture for the first and second bands in both antennas A and B is constructive
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(a)

(b)
Fig. 5.14. Field distribution on the output aperture of the antennas for the first and second bands, (a) Antenna A, and
(b) Antenna B.

and close to the TE11 mode which implies that the proposed structures are capable of providing a
broadside pattern in the bands of interest. It is worth mentioning that for the upper band, the
number of excited modes is more, and hence achieving a stable gain over the upper band is more
difficult.
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5.2.1.4 Parametric Study
There are some important parameters in designing the proposed dual-band feeder antennas.
We briefly discuss those parameters here. For antenna A, by selecting the radii of the waveguides
and the shape of conductor 2 appropriately, two resonances can be found and adjusted to desired
frequencies. Parameter b, as shown in Fig. 5.15, can adjust the first band relative to the second
band. By changing b from 1.55 mm to 2.7 mm, the first resonance shifts around 1.3 GHz from 8.9
GHz to 10.2 GHz. With a shift in resonant frequency of the first band, the associated antenna gain
will not degrade. As shown in Fig. 5.15, the |S11| and antenna gain for the second band shifts
slightly. As a result, we can adjust both bands with respect to each other. On the other hand, the
second band can be adjusted by the via offset (the parameter off) from the center of the circular
waveguide, since as demonstrated in Fig. 5.12(b), it affects the path of the electric current at the
second resonant frequency. Also, the |S11| and gain at both bands can be adjusted by the parameters
D and Ang, respectively.
For antenna B, the most important parameters which have detrimental effects on the
resonant frequencies are the radii of two cavities (i.e. R and R+ΔR). The effect of parameter R on
the |S11| and antenna gain is shown in Fig. 5.16. With an increase in R from 8.5 mm to 10 mm, the
first and second resonant frequencies shift from 9.9 GHz to 9.4 GHz and 16 GHz to 14.25 GHz,
respectively, which shows that the second resonance is affected more. It is worth noting that with
a shift in resonant frequencies, the antenna gain shifts accordingly so that we have a gain of more
than 5 dBi over the bands of interest. On the other hand, the parameter ΔR adjusts the first resonant
frequency as demonstrated in Fig. 5.13(a) by electric-current distribution. Therefore, the desired
bands can be tuned by adjusting R and ΔR. Also, the antenna matching can be adjusted by two
parameters of Ang and D.
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Fig. 5.15. Antenna matching and gain versus frequency for different values of parameter b of antenna A.
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5.2.1.5 Measurement Results and Discussion
Depending on the kind of feeder or the selected application of the proposed antennas, the
thickness of substrate 2 (and therefore, the length of the corresponding open-ended waveguide)
may vary. However, by optimizing the important parameters previously introduced, the antennas
can be redesigned for the desired bands. In our work, the thickness of substrate 2 of both antennas
is chosen to be 6.35 mm and based on that, the antennas are designed and optimized by Ansys
HFSS and fabricated using through-drilling inside the substrates. The through-drilling walls, vias
and cavities are metallized and then filled out by copper tape and conductive paste. It should be
noted that the vias are filled out with conductive paste when the SMA connectors are attached.
This adds a small amount of loss to the antennas and may modestly decrease the antenna radiation
efficiency. Finally, all substrates are glued together and assembled to create the proposed antenna
structures. The 3D views of fabricated antennas are indicated in Fig. 5.17. The simulated and
measured |S11| of antennas A and B are depicted in Fig. 5.18, which shows the anticipated dualband operation. The measurement result indicates impedance bandwidths of 9.43-9.85 GHz and
13.17-14.45 GHz for |S11| < -10 dB for antenna A, which corresponds to a percentage bandwidth
of 4.36% and 9.27% for the first and second bands, respectively. For antenna B, as depicted in
Fig. 5.18(b), measured impedance bandwidths of 5.41% and 2.1% are achieved from 9.17 to 9.68
GHz for the lower band and from 14.64 to 14.95 GHz for the upper band, respectively. The
measured |S11| in the first band achieves values up to 9.8 dB at 9.33 GHz due to the fabrication
errors. For applications that need more bandwidth, antenna A is a better choice since it provides
more bandwidth because of its resonator structure.
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Fig. 5.17. The 3D view of the fabricated antennas.

The gains of the proposed antennas have been measured over the bands of interest, and are
depicted with their corresponding simulation data in Fig. 5.18. The antennas under test are replaced
by standard gain horn antennas for both bands to measure the antenna gain. In Fig. 5.18, the
measured antenna gain at boresight versus frequency is discretely plotted at 0.2 GHz intervals over
the bands of interest for both fabricated antennas. It should be noted that to plot the measured
antenna gain, the measured |S11| is de-embedded from the antenna realized gain data. For antenna
A, the measured minimum and maximum antenna gains are 6.6 and 8 dBi over the first band and
3 and 9.2 dBi over the second band, respectively. These values for antenna B are 3.3 and 7.8 dBi
over the first band and 7.5 and 9.2 dBi over the second band, respectively. Although the trends of
the measured antenna gain closely follow the simulated gain data, discrepancies may be attributed
to tolerances in the complex fabrication process. It is worth mentioning that the simulated
efficiencies for antenna A are more than 86% and 85%, and for antenna B more than 87% and
85% over the first and second bands, respectively.
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Fig. 5.18. Simulation and measurement results of |S11| and gain for, (a) antenna A, and (b) antenna B.

Fig. 5.19 shows the simulated and measured radiation patterns of antenna A at both
orthogonal planes (i. e. YoZ or E-plane and XoZ or H-plane) for the center frequencies of 9.6 and
13.8 GHz within the bands of interest. The measured half-power beamwidths are 71o and 70o at
9.6 GHz and 66o and 72o at 13.8 GHz for E- and H-planes, respectively. As shown in Fig. 5.19(a),
the measured cross-polarization levels of E- and H-planes (within the 3-dB beamwidth) are at least
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16.5 dB below the co-polarizations at 9.6 GHz which states the extreme linearity of polarization
of the antenna at this frequency. However, at a frequency of 13.8 GHz, cross-polarization in Eplane increases when we exceed θ=25o. Therefore, for angles greater than 25o, the polarization
purity is worsened.
Fig. 5.20 demonstrates the radiation pattern of antenna B at the E- and H-planes for the
center frequencies of both bands. The measured half-power beamwidths for the E- and H-planes
at 9.4 GHz are 70o and 68o, respectively; however, these values for E- and H-planes at 14.8 GHz
are 58o and 63o respectively. As shown, for antenna B at 9.4 GHz, the measured cross-polarizations
of the E- and H-planes (within 3-dB beamwidth) are about 10 and 34 dB below the co-polarizations
of the E- and H-planes, respectively. Also, at 14.8 GHz, the cross-polarizations of the E- and Hplanes (within the 3dB beamwidth) are at least 14 dB smaller than the corresponding copolarization. Therefore, the antenna polarizations in both bands are strongly linear. As a result,
although antenna B has a narrower bandwidth at the second band compared to antenna A, its
polarization is more linear for higher θ. Both antennas are good candidates to be used in high-gain
dual-band and high-power applications.
The amount of power the proposed antennas can handle depends on the electrical
strength of the design medium. The medium in the proposed antennas is TMM4 Rogers substrate
which has an electrical strength of 2.56×107 V/m [21]. For a 1 MW input power, the maximum
electric field inside the structure of antenna A is 2.73×107 V/m and 1.68×107 V/m at the first and
second resonant frequencies and this amount for antenna B is 1.24×107 V/m, and 1.2×107 V/m,
respectively. Therefore, the proposed antennas can handle on the order of 1 MW input power. This
shows that these antennas can be used in high-power applications.
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Fig. 5.19. Radiation pattern of antenna A in E- and H-planes at (a) 9.6 GHz, and (b) 13.8 GHz.
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Fig. 5.20. Radiation pattern of antenna B in E- and H-planes at (a) 9.4 GHz, and (b) 14.8 GHz.
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5.2.2 Study of the Resonance Condition for Corrugated Structures with AntiResonance
For ease of fabrication, structures’ planarity, and integration, it is desired that both
corrugated structure and feeder antennas (designed in the previous section) are designed and
fabricated on the same substrates. As demonstrated in chapter 4, the resonance condition of
corrugated structure happens when the corrugation susceptance becomes zero (i.e.
Y ( w, h, p, ε r , k0, r ) = 0 ). In all case studies in chapter 4, in the resonance condition, the height of

corrugations is less than a quarter of effective wavelength of material inside corrugations.
However, the height of the dual-band feeder antennas A and B is higher than a half of effective
wavelength of substrates. In this section, it is shown that the resonance condition of corrugated
structures happens around both the height of a quarter wavelength and three-quarter wavelength.
Fig. 5.21 demonstrates the normalized corrugation susceptance of a unit-cell of the
corrugated structure with parameters p= 22 mm, w= 5 mm, εr= 4.5. For a corrugations’ height of
h= 2.2 mm, the resonance happens at 12 GHz which corresponds to the effective wavelength of
11.8 mm. Therefore, the corrugations’ height is 0.18λg where λg= λ0/(εr)0.5 is the effective
wavelength inside corrugations. Note that fλ is the frequency in which the structures’ periodicity
(p=22 mm) becomes the size of the free-space wavelength. Fig. 5.21 shows that increasing the
corrugations’ height from 2.2 mm to 5 mm shifts the resonance to lower frequencies. However,
for the corrugations height more than 0.5λg, an anti-resonance appears as labeled in Fig. 5.21 with
f λg1 /2

and

f λg 2 /2

for the corrugations’ height of 7 mm, and 9 mm, respectively. These anti-

resonances happen exactly at the frequency in which h= 0.5λg. In these cases, the resonance
happens for frequencies around three-quarter of effective wavelength. For instance, as shown in
Fig. 5.21, the resonance for h= 9 mm occurs at 10.9 GHz. Now, the corrugated structure can be
designed based on the resonance in structures with anti-resonance condition which allows
integrating the feeder antennas in corrugated structure.
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Fig. 5.21. Normalized corrugation susceptance of a unit-cell of the corrugated structure for different corrugations’
height and p= 22 mm, ɛr= 4.5, w= 5 mm

To investigate the structures with anti-resonances, the resonance condition of corrugated
antenna of Fig. 5.22 is parametrically studied when there is anti-resonance condition (i.e. the height
of corrugations is bigger than a half wavelength). Similar to chapter 4, the effect of materials’
permittivity, periodicity and the corrugations’ height on normalized corrugation susceptance of the
structure is explored. In Fig. 5.22, a circular cavity with a diameter of D is surrounded by 5
corrugations. The period of the corrugations is p and their width and height are labeled with w and
h, respectively. The material inside the corrugations and cavity has a permittivity of εr. The
distance between circular cavity and first corrugations is f which is needed to be adjusted for inphase radiation of circular cavity and corrugations. In this parametric study, we take f= p+ 3mm,
D= 12 mm, and w= 5 mm and we investigate the effect of p, h and ɛr on the antenna gain and
normalized corrugation susceptance of a unit-cell of the structure.
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Fig. 5.22. Top and side views of the corrugated antenna under study.

Fig. 5.23 shows the antenna gain and normalized corrugation susceptance of a unit-cell of
the antenna for different values of corrugation periodicity. As shown, the maximum antenna gain
happens at resonance condition as predicted by (4.5). It should be mentioned that fλ1= 12 GHz and
fλ2= 13.6 GHz in Fig. 5.23 show the frequency in which the structures’ periodicity becomes the
size of the free-space wavelength. The corrugated surface susceptance value is infinite at these
points.
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Fig. 5.23. Antenna gain and normalized corrugation susceptance of a unit-cell of the antenna versus frequency for
different corrugation periodicity and ɛr= 4.5, h= 7.5 mm, w= 5 mm, D= 12 mm.

Fig. 5.24 shows the effect of different corrugations’ height on the antenna gain and
normalized corrugation susceptance of a unit-cell of the antenna. Similar to structures with h<
0.5λg studied in chapter 4, increasing the height shifts the maximum antenna gain to lower
frequencies. Fig. 5.25 demonstrates that using materials with higher permittivity inside corrugation
shifts the resonant frequency toward lower frequencies. From Fig. 5.24 and Fig. 5.25, it can be
inferred that to have a fixed resonant frequency and by selecting a martial with higher permittivity
inside the corrugations, the corrugations’ height needs to be reduced. After finding a desired
resonant frequency, the corrugations’ width must be optimized to achieve an optimum antenna
gain.
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Fig. 5.24. Antenna gain and normalized corrugation susceptance of a unit-cell of the antenna versus frequency for
different corrugations’ height and p= 22 mm, ɛr= 4.5, w= 5 mm, D= 12 mm, f= 25 mm.

Fig. 5.25. Antenna gain and normalized corrugation susceptance of a unit-cell of the antenna versus frequency for
different materials’ permittivity and p= 22 mm, h= 7.5 mm, w= 5 mm, D= 12 mm, f= 25 mm.
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5.2.3 Proposed Dual-Band corrugated Antenna
By integrating the designed feeder antenna A into the corrugated antenna structure in
Fig. 5.9, the proposed compact dual-band corrugated antenna is finalized. Based on the unit-cell
analysis, for the selected substrates with given thicknesses in TABLE 5.1, to have resonant
frequencies of 9.7 GHz and 13.85 GHz (for satellite applications), the periodicity should be close
to 25 mm and 20 mm, respectively. These values are the initial values for optimization. The
dimensions of the antenna are optimized for having the maximum gain in both bands. TABLE 5.2
shows the optimum parameters of the proposed dual-band corrugated antenna.
Although the corrugations are responsible for the antenna radiation performance, they do
not affect the reflection coefficient of the whole antenna much. This is shown in Fig. 5.26 where
the effect of first corrugations and second corrugations alone and also all together is investigated
on the reflection coefficient of the antenna. Due to minor effect of corrugation on the reflection
coefficient, the feeder can be designed separately without considering the corrugations.
Fig. 5.27 depicts the effect of first and second corrugations alone and all together on the
radiation gain of the antenna. As shown, the first and second corrugations alone (assuming h2= 0,
and h1= 0 in Fig. 5.9) make the first and second resonant frequencies at 9.7 and 13.85 GHz,
respectively. It is interesting that incorporating both corrugations will add up both resonances
creating a dual-band corrugated antenna without any tangible shift in resonant frequencies.
As mentioned previously, the features of corrugations determine the resonant frequency
and the width of corrugations changes the antenna gain and does not contribute to a change in
resonant frequency. This can be seen in Fig. 5.28, where the antenna gain versus frequency has
been plotted for different corrugations’ widths. As shown, if the width of the corrugations is
decreased to 3 mm for both first and second corrugations from their optimum values, a small shift
in the first resonant frequency happens while the second resonant frequency stays unchanged.
Also, the antenna gain drops to less than 1.5 dBi at both resonant frequencies. Using corrugations
with smaller widths is necessary to avoid collision of first and second corrugations while more
corrugations are required for having a better antenna gain.

Chapter 5. Dual-Band Planar Corrugated Antennas with Integrated Feed Structures
119
______________________________________________________________________________

Fig. 5.26. Effect of first and second corrugations on the reflection coefficient of the proposed corrugated antenna.

Fig. 5.27. Effect of first and second corrugateions on the radiation gain of the proposed corrugated antenna.
TABLE 5.2
Parameters of the Dual-Band Corrugated Antenna
w1
9 mm
p2
19

h1
9.525 mm
p22
21.25 mm

p1
23.5 mm
f1
17.5 mm

p11
28 mm
f2
10 mm

w2
7 mm
D
17 mm

h2
6.35 mm

Chapter 5. Dual-Band Planar Corrugated Antennas with Integrated Feed Structures
120
______________________________________________________________________________

Fig. 5.28. Effect of width of the corrugations on the antenna gain.

Fig. 5.29. Effect of permittivity of the top layer (Sub. 3) on the antenna gain.

As studied in [108], the top substrate can help to miniaturize the antenna. Fig. 5.29 shows
the effect of permittivity of the top substrate (Sub. 3) on the antenna gain. It is demonstrated that
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by increasing the permittivity of the top substrate of the antenna, the resonant frequency shifts
toward lower frequencies resulting in a more compact antenna. This can also be used to adjust the
first and second resonant frequencies.
Fig. 5.30 shows the magnitude of the electric field distribution inside the substrate 3 at both
resonant frequencies of 9.7 and 13.85 GHz. The resonances above the corrugations, which happen
in the direction of the feed polarization (X-direction), are obviously seen in these graphs. As
shown, the magnitude of electric field distribution intensifies over the first corrugations at 9.7 GHz
and over the second corrugations at 13.85 GHz. This clearly shows that the first corrugations and
second corrugations independently make the first and second resonant frequencies, respectively.
These resonances create in-phase superposition of electric fields leading to the antenna gain
enhancement. Since the superposition of electric field is along X-direction, it is predictable to have
a narrower radiation beamwidth in XZ plane at both resonant frequencies. Moreover, since the
mechanism of operation is leaky-wave, the intensity of electric field decays when the wave travels
away from the cavity. This is the reason that the intensity of electric field over grooves far away
from the cavity is lower than the grooves close to the cavity.

5.2.4 Fabrications and Measurement Results
A prototype of the proposed dual-band corrugated antenna is fabricated as shown in
Fig. 5.31. Note that Sub. 2 has six rings, three of that coincide with those of Sub. 1 and three other
rings with shallower corrugations are for upper band. The antennas are fabricated using throughdrilling walls inside substrates. Then, the through-drilling walls, and vias are metalized and after
that filled out by conductive paste. Finally, all substrates are assembled on top of each other by
glue.
Fig. 5.32 shows the reflection coefficient and gain of the proposed dual-band corrugated
antenna shown in Fig. 5.31. As indicated, the simulation and measurement results are in good
agreement. The measurement results demonstrate that impedance bandwidths of 9.45-9.9
and13.25-14.2 GHz are achieved for |S11| < -10 dB corresponding to a fractional bandwidth of
4.7% and 6.9% for the first and second frequency bands, respectively. As shown in Fig. 5.32, the
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(a)

(b)

Fig. 5.30. Magnitude of electric field distribution inside the top substrate (Sub. 3), at (a) 9.7 GHz, and (b) 13.85 GHz.
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Fig. 5.31. Fabricated dual-band corrugated antenna (dual-band corrugated structure integrated with dual-band feeder
antenna A).
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measured maximum realized gain over the first and second bands are 15.8 and 17.5 dBi,
respectively. For the proposed antenna with dimensions of 180 mm× 180 mm, these measured
gains correspond to the aperture efficiencies of 9% and 6.5% for the first and second bands,
respectively. Although the measured realized gain over frequency follows the simulated one, the
discrepancies may be due to the fabrication tolerances. If a dual-band wideband corrugated antenna
is required, in addition to the need for a wideband feeder, the 3-dB gain bandwidth of the antenna
also needs to be designed wideband. This, however, needs a more sophisticated corrugated
structure which is able to provide proper radiation characteristics.
Fig. 5.33 demonstrates the simulated and measured radiation patterns of the proposed dualband antenna at the orthogonal planes of XoZ (E-plane) and YoZ (H-plane) at 9.7 GHz. The
measured half-power beamwidths for E-plane and H-plane are 12o and 19o, respectively. Also, a
measured side-lobe-level of almost 11 dB is achieved. As shown, the measured cross-polarizations
are at least 12 dB below co-polarizations in both E-plane and H-plane within 3 dB beamwidth.
Similarly, the radiation pattern of the proposed bull’s-eye antenna is plotted in Fig. 5.34 at 13.85
GHz. As shown, the measured half-power beamwidths of 9o and 18o are achieved for E-plane and
H-plane, respectively. A measured side-lobe level better than 10 dB is obtained. Similar to the first
frequency band, the cross-polarization of the E-plane is negligible at the second frequency band.
Also, the cross-polarization of H-plane is at least 9.5 dB below the co-polarization of E-plane
within 3 dB beamwidth.
Corrugated structures were investigated as a technique that can be used in many
applications such as space and satellite communications to increase the antenna gain with planar
structures. However, in some especial applications, it is required to design a separate structure and
add it to a main radiator to improve the gain of the system. This technique of gain enhancement
will be discussed in chapter 6.
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(a)

(b)

Fig. 5.33. Radiation patterns of the dual-band corrugated antenna at 9.7 GHz, (a) E-plane, and (b) H-plane.

(a)

(b)

Fig. 5.34. Radiation patterns of the dual-band corrugated antenna at 13.85 GHz, (a) E-plane, and (b) H-plane.

Chapter 6
Enhancement of Radiation Gain Off of On-Chip
Antennas Using Miniaturized-Element Frequency
Selective Surfaces (MEFSSs)
Although chapters 4 and 5 investigated the corrugated structures for enhancing the antenna
gain, the miniaturized-element frequency selective surfaces (MEFSSs) can also improve the
radiation performance of a FPC antenna in many applications. For instance, MEFSS structures can
be used in radar instruments and satellite communications and can perform spatial filtering,
polarization converting, and antenna gain enhancement. Furthermore, using MEFSS structure on
top of on-chip antennas for improving the antenna gain provides a lot of advantages. Throughout
the chapter, we study the advantages and challenges of using the MEFSS structure on top of onchip antennas to increase the antenna gain.
The work presented in this chapter is motivated by the need for the radiation improvement
of an active CMOS circuit for on-chip communication and radar applications. To the best of our
knowledge, MEFSS structures as a cover for active CMOS circuit to improve the radiation
characteristics have not yet been reported. Hence, we propose a technique to improve the radiation
characteristics of an on-chip antenna of an active CMOS circuit using MEFSS covers. Two onchip propagation mechanisms with narrowband and wideband high-gain responses are designed in
this work. Miniaturized-element frequency selective surface (MEFSS) covers are utilized on top
of on-chip antennas to provide gain enhancement. This is important due to restrictions on thickness
of metallic layers, losses in substrate, and limitations in a real estate. The MEFSS covers consist
of partially reflecting surface (PRS) and high impedance surface (HIS)/ground plane creating a
Fabry-Pérot-type cavity (FPC). Because of using MEFSS structures, the height of FPCs can be
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reduced without any deterioration on the antenna radiation. The antennas are embedded in the
MEFSS layers and are fed by a small metallic trace on the last layer of chip using coupling
mechanism. By utilizing the transverse-equivalent network of the structure and imposing the
resonance condition, the geometrical parameters of the MEFSS unit-cell are calculated. For
demonstration purposes, two scaled MEFSS covers with narrow and wideband responses for gain
enhancement at the center frequency of 10 GHz are designed.

6.1 Geometry of Proposed FPC Antenna
Fig. 6.1 illustrates the configuration of the proposed idea of this chapter. A ground plane
has shielded the silicon layer underneath the antenna structure to avoid ohmic and the surface wave
losses. The MEFSS layer stacks on top of the passivation/package layer is provided to improve the
antenna radiation characteristic. The top metal layer of the chip is employed to design the primary
radiator (antenna) or feed structure over. If an antenna is designed over this layer, MEFSS cover
plays the role of a superstrate to enhance the radiation. It is also possible to embed a second radiator
inside the MEFSS layer that is coupled to the primary radiator designed in the top metal layer to
increase the radiation properties or radiation efficiency. One of the main issues related to designing
an antenna over the top metal layer is the low efficiency it provides due to its close proximity to
the ground plane underneath. However, if this layer is used to design a structure to feed an antenna
embedded in the MEFSS layer, the efficiency can be enhanced significantly. In fact, the feed
structure couples the waves to the antenna designed in the MEFSS layer. The electromagnetic
coupling mechanisms also circumvent the need for interconnections (e.g., wirebond or metalized
via holes) that increase the complexity, insertion loss, undesirable radiation, and fabrication cost.
An L-shaped feed structure is considered in this work as the feed for the primary antenna in the
MEFSS structure (see Fig. 6.2(a)). The material over the ground plane is silicon dioxide with the
relative permittivity of about 3.9. For generalization purposes, we consider the permeability and,
permittivity of this layer to be 𝜇𝜇𝑎𝑎 , and 𝜖𝜖𝑎𝑎 , respectively. The passivation/package substrate is also
assumed to have a permeability and permittivity of 𝜇𝜇𝑝𝑝 , and 𝜖𝜖𝑝𝑝 , respectively.
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Fig. 6.1. Side view of the proposed On-chip MEFSS cover stacked on an active CMOS circuit.

(a)

(b)

Fig. 6.2. Side view Stacked view of (a) chip with the L-shaped feed structure, and (b) MEFSS layer with an embedded
patch antenna that is placed on top of the package layer.

A MEFSS structure composed of a HIS surface, and a PRS layer as shown in Fig. 6.2(b)
can be placed on top of the chip to improve the radiation characteristics. The patch antenna as
single radiator that is fed from the feed line inside the chip is in the middle of the HIS layer. Since
the PRS layer partially reflects the wave emanated by the antenna back to the structure, a pseudo
Fabry-Pérot cavity is stablished. The HIS and PRS layers include MEFSS unit-cells with the
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dimensions much smaller than a wavelength. The permeability and permittivity of the substrate
layer inside the cavity are 𝜇𝜇𝑐𝑐 , and 𝜖𝜖𝑐𝑐 , respectively. For an ideal periodic geometry, the size of the

structure is infinite; however, the dimensions of the MEFSS cover in this work cannot be large due
to practical reasons. The provision of multiple reflections inside the cavity improves the antenna

gain significantly while maintaining a very low profile. This is accomplished using a very thin
MEFSS cover. For proper operation, the size of MEFSS elements should be very small compared
to the wavelength to create a uniform surface for the close-to-normal waves that make the
radiations at broadside. It should be noted that the thickness of the PRS layer created by MEFSS
unit-cells must be much smaller than a wavelength; otherwise, it affects the performance.

6.2 Principle of Operation
Although, MEFSS structures can be designed to play different roles such as filtering,
polarization converting, and side-lobe-level reduction, in what follows, we discuss the theory and
analysis of the structure only for gain enhancement.

6.2.1 MEFSS Topology and Equivalent Circuit Model
The exploded view of the PRS layer is shown in Fig. 6.3(a). The PRS, which is symmetric
in both x and y directions, is composed of two metallic layers which are separated by a dielectric
material with permeability, permittivity, and thickness of 𝜇𝜇𝑠𝑠 , 𝜖𝜖𝑠𝑠 , and hs, respectively. Both metallic
layers and the intermediate substrate constitute a transmission-line resonator. Since the PRS
structure is symmetric, its response is insensitive to the polarization of the normal incident wave.

Bottom layer of the PRS is a 2D periodic arrangement of subwavelength patches, whereas the top
layer is a 2D wire grid with subwavelength periodicity. The dimension of all unit-cells is P, where
P<<λ and λ is the wavelength at the operating frequency. Several metallic strips in x and y
directions form the grids that are inductive, while square patches with a gap in between are
characterized to be capacitive. Fig. 6.3(b) depicts the equivalent circuit model of the PRS layer for
the inductive and capacitive unit-cell elements shown in Fig. 6.3(c) and (d).
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(a)

(b)

(c)
(d)
Fig. 6.3. (a) Confutation of the PRS layer, (b) its equivalent circuit model, (c) a unit-cell of capacitive patches, (d) a
unit-cell of inductive grids.

In this circuit, the shunt inductor LPRS models the inductive grids, and the shunt capacitor
CPRS represents the capacitive patches. Also, the substrate material is demonstrated by a
transmission line with a characteristic impedance, and a length of 𝑍𝑍𝑠𝑠 = 𝑍𝑍0 /√𝜖𝜖𝑠𝑠 (𝜇𝜇𝑠𝑠 = 1) and hs,

respectively, where 𝑍𝑍0 ≈ 377 Ω is the free-space impedance. Since the structure is suspended in

the open space, both sides of the PRS are loaded by the characteristic impedance of the free space.

Although, one layer of MEFSS unit-cells is used in this work, multilayer structure can be employed
for different purposes such as making wideband, controlling polarization, etc.
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The structure shown in Fig. 6.3 behaves as a bandpass circuit whose resonance depends on
the parallel LC circuit. Although the MEFSS structures are commonly used as bandpass filter
[116], for antenna gain enhancement, the structure is tuned to present a reactive load. In order to
realize the unit-cell dimensions of the PRS structure when the equivalent circuit is designed, we
need to map the values of the equivalent circuit model to those of the geometrical parameters of
the PRS. The values of LPRS, and CPRS can be related to physical parameters of the inductive grids
and capacitive patches with the following equations:
𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃 =

𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃 =

𝜇𝜇0 𝜇𝜇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑃𝑃
𝜋𝜋𝜋𝜋
𝑙𝑙𝑙𝑙 �csc �
��
2𝜋𝜋
2𝑃𝑃

2𝜖𝜖0 𝜖𝜖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑃𝑃
𝜋𝜋(𝑃𝑃 − 𝐿𝐿)
𝑙𝑙𝑙𝑙 �csc �
��
𝜋𝜋
2𝑃𝑃

(6.1)
(6.2)

where P is the period of the PRS structure, and 𝜇𝜇0 , 𝜇𝜇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 , 𝜖𝜖0 , and 𝜖𝜖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 are the freespace
permeability, effective permeability, free space permittivity, and effective permittivity,
respectively.
For the HIS structure of the MEFSS cover, capacitive patches with the same period are
selected. Fig. 6.4 shows a unit-cell of the HIS structure with its corresponding equivalent circuit.
Again, the value of the realized capacitor can be related to the geometrical parameters with the
following equation:
𝐶𝐶𝐻𝐻𝐻𝐻𝐻𝐻 =

2𝜖𝜖0 𝜖𝜖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑃𝑃
𝜋𝜋𝜋𝜋
𝑙𝑙𝑙𝑙 �csc( )�
𝜋𝜋
2𝑃𝑃

(6.3)

Now, we can design the structure based on the circuit models provided above for the

designed wave behavior and then, map the circuit into the geometrical parameters.
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(a)
(b)
Fig. 6.4. (a) The unit-cell of capacitive patches in the HIS layer, and (b) its equivalent circuit model.

6.2.2 Resonance Condition for Antenna Gain Improvement
For the application at hand, which is designing a thin cover for a chip to enhance the
radiation characteristics, the FPC approach is the best option since it provides a high level of
freedom for the design. Furthermore, it is an additive package integrated on top of a main antenna
with low-profile, low loss, and cost-effective features. The cavity is formed by a PRS and a fully
reflective ground plane. Multiple reflections of waves radiated from the antenna inside the cavity
are emitted in-phase at the PRS-air interface and enhance the antenna gain.
For a thin PRS structure, the condition of maximum gain at boresight direction can be
obtained from the ray optics model as follows:
φprs + φref -4πh/λ0 = 2πN

N=0, ±1, ±2,

(6.4)

where φprs and φref are the reflection phase of PRS structure and the fully reflective ground plane,
respectively, h is the height of the cavity, and λ0 is the operating wavelength. Although (6.4) is
accurate when the PRS is thin compared to wavelength, it fails in the case of a thick PRS (or
sometimes two-sided PRS) [102]. The cavity height in conventional FPC structures is
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approximately a half wavelength. However, using AMC structures, it can be reduced to a quarter
wavelength since a PMC surface and a highly reflective PRS provide a reflection phase close to
zero and π, respectively. To further reduce the height of a FPC, φprs + φref needs to be as small as
possible, according to (6.4).
The transverse-equivalent network (TEN) is a more general approach to analyzing a
structure [50] based on transmission line model. This model is usually utilized for determination
of the radiation characteristics through an application of reciprocity theorem. Since the FPC
structures are proved to have a peak radiation gain at broadside, the TEN model is simplified for
transverse electromagnetic (TEM) propagations alongside the normal direction to the structure. A
TEN, shown in Fig. 6.5, is used to model the MEFSS cover placed on top of a chip. Current and
voltage sources are used for a magnetic source (such as slot) and an electric source (such as electric
dipole) as a main radiator respectively. These sources are placed inside the cavity with a distance
hc1, and hc2 from HIS and PRS respectively (hc= hc1+ hc2 is the height of the cavity). In the TEN
model of the antenna, the PRS, HIS, and cavity are assumed to be infinite. The PRS and HIS
structures, composed of MEFSS unit-cells, are shown with two-port networks for generalization.
The infinite transmission line with the impedance characteristic Z0 models the free-space area
above the structure. Fig. 6.6 shows the MEFSS cover in this work and its equivalent transmission
line model which is obtained by using the MEFSS transmission line models in the TEN model. In
Fig. 6.6(b), Zc = Z0 /√ϵ𝑐𝑐 (𝜇𝜇𝑐𝑐 = 1) and hc are the cavity characteristic impedance and cavity
height, respectively.

The resonance condition of the structure for achieving maximum gain at broadside for a

desired frequency happens when the imaginary part of the total admittance of the structure is equal
to zero; i.e. Im (Yup+Ydown)= 0. The upward and downward admittances Yup and Ydown are shown in
Fig. 6.6 for the equivalent transmission line model of a unit-cell of the MEFSS cover.
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(a)

(b)

Fig. 6.5. A general TEN for a MEFSS cover designed to be placed on top of a chip with (a) magnetic source, and (b)
electric source as main radiator.

(a)
(b)
Fig. 6.6. (a) Unit-cell of MEFSS cover in this work, and (b) its equivalent transmission line model.

The upward admittance Yup is calculated at the bottom surface of the PRS based on the
circuit parameters as follows:
𝑌𝑌𝑢𝑢𝑢𝑢 = 𝑗𝑗𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃 𝜔𝜔 +

1−

𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃 𝜔𝜔
𝐿𝐿 𝜔𝜔
) + 𝑗𝑗 𝑃𝑃𝑃𝑃𝑃𝑃
tan(𝑘𝑘
ℎ
𝑠𝑠
𝑠𝑠
𝑍𝑍𝑠𝑠
𝑍𝑍0

𝑍𝑍
−𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃 𝜔𝜔 (𝑍𝑍𝑠𝑠 ) tan(𝑘𝑘𝑠𝑠 ℎ𝑠𝑠 ) + 𝑗𝑗(𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃 𝜔𝜔 + 𝑍𝑍𝑠𝑠 tan(𝑘𝑘𝑠𝑠 ℎ𝑠𝑠 ))
0

(6.5)
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where 𝜔𝜔 is the angular frequency, and 𝑍𝑍𝑠𝑠 = 𝑍𝑍0 /√𝜖𝜖𝑠𝑠 and k s = k 0 √ϵs . Similarly, the downward

admittance is calculated as:

1 + 𝑗𝑗𝑗𝑗2 𝑍𝑍𝑐𝑐 tan(𝑘𝑘𝑐𝑐 ℎ𝑐𝑐 )
𝑌𝑌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑍𝑍𝑐𝑐 �
�
𝑌𝑌2 𝑍𝑍𝑐𝑐 + 𝑗𝑗 tan(𝑘𝑘𝑐𝑐 ℎ𝑐𝑐 )

(6.6)

Where

𝑍𝑍
1 − (𝑍𝑍𝑎𝑎 ) 𝑡𝑡𝑡𝑡𝑡𝑡(𝑘𝑘𝑎𝑎 ℎ𝑎𝑎 ) 𝑡𝑡𝑡𝑡𝑡𝑡�𝑘𝑘𝑝𝑝 ℎ𝑝𝑝 �
𝑝𝑝
𝑌𝑌2 = 𝑗𝑗𝐶𝐶𝐻𝐻𝐻𝐻𝐻𝐻 𝜔𝜔 + 𝑗𝑗 �
�
𝑍𝑍𝑎𝑎 𝑡𝑡𝑡𝑡𝑡𝑡(𝑘𝑘𝑎𝑎 ℎ𝑎𝑎 ) + 𝑍𝑍𝑝𝑝 𝑡𝑡𝑡𝑡𝑡𝑡�𝑘𝑘𝑝𝑝 ℎ𝑝𝑝 �

(6.7)

In (6.6) and (6.7), 𝑍𝑍𝑖𝑖 = 𝑍𝑍0 /√𝜖𝜖𝑖𝑖 and 𝑘𝑘𝑖𝑖 = 𝑘𝑘0 √𝜖𝜖𝑖𝑖 where i= a, c, p represents different

layers. Now, by selecting different materials and thicknesses for the layers, and a desired resonant
𝜔𝜔

frequency 𝑓𝑓 = 2𝜋𝜋, and imposing resonance condition Im (Yup+Ydown)= 0, the values for CHIS, CPRS,
and LPRS are obtained. Then, using (6.1)-(6.3), the inductors’ and capacitors’ values are converted
to the geometrical parameters of the structure. It should be noted that there might be several
inductors’ and capacitors’ values that satisfy the resonance condition. However, the values
corresponding to realizable geometrical parameters are chosen. The obtained geometrical values
are used as a great initial values for optimization in HFSS simulator.

6.3 Design of MEFSS Cover: Simulation, and Measurement Results
For the fabrication of the gain-enhancer cover in high frequencies, the MEFSS structures
can be fabricated on thin layers of Parylene membranes [116]. Excellent physical and electrical
properties such as low intrinsic stress, durability, hermetic sealing capability, ease of fabrication,
and low dielectric constant and low loss (εr =2.9, tanδ=0.004 @60 GHz [117]), make Parylene
suitable for the application at hand. Parylene can be directly deposited over the circuit in a
conformal manner. As deposition of Parylene polymer is a low temperature process (250C at 0.1
torr), it is compatible with CMOS circuits. Also since Parylene is applied as a gas, using shadow
masks, one can cover only a portion of the circuit if needed. For placing MEFSS cover at a distance
from the circuit, it is important to emphasize that large areas of a thin layer of Parylene can be
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released and handled which makes it ideal for freestanding structures.
In this work, for demonstration purposes, a MEFSS cover is designed and fabricated at the
center frequency of 10 GHz. This low frequency is selected due to ease of fabrication and
measurement with the available equipment in the Lab.

6.3.1 MEFSS Cover Design
The Silicon di-oxide (SiO2) in CMOS layers has a permittivity of 4, therefore, to have a
similar condition for our prototype, a TMM4 substrate is chosen for the antenna substrate with the
permittivity and loss tangent of 4.5 and 0.002 respectively (i.e. 𝜖𝜖𝑎𝑎 = 4.5). For similar reason, the
material of the passivation and PRS layers is selected to be TMM4 laminate (i.e. 𝜖𝜖𝑝𝑝 = 𝜖𝜖𝑠𝑠 = 4.5).
TABLE 6.1 shows the detailed material parameters and substrate thickness values for different
layers.
Although in conventional FPC designs, the cavity height is around half wavelength, in this
design, the cavity height is reduced to a value as small as λ/30 to make the structure compact. An
initial unit-cell design is carried out at the resonant frequency of 10 GHz using the aforementioned
approach. The calculated values for unit-cell dimensions P, W, L, and S are 4 mm, 1.2 mm, 3.6
mm, and 0.5 mm, respectively. Fig. 6.7 shows the imaginary part of admittances Yup and Ydown.
The transverse resonance happens at the frequency of 10 GHz, thus we expected a gain
improvement at this frequency.
A parametric study is carried out on geometrical parameters of the MEFSS cover to show
the effect of each parameter on the upward and downward admittances. This also provides the
physical tuning range for each parameter. An increase in the size of inductive grids of PRS layer
(W), decreases the inductor values and in turn reduces the upward susceptance (Im (Yup)) at a given
frequency as shown in Fig. 6.8(a). Similarly, as the size of capacitive patches of PRS layer (L) is
increased, its capacitor value increases which results in a higher upward susceptance as depicted
in Fig. 6.8(b). The downward susceptance decreases as the gap (S) size of the capacitive patches
in HIS reduces (see Fig. 6.8(c)). It should be noted that, generally, when the resonance condition
Im (Yup+Ydown)= 0 cannot be realized using practical geometrical parameters, we have to modify
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Fig. 6.7. Upward and downward susceptance values of the unit-cell designed for the resonant frequency of 10 GHz
(unit-cell dimensions are P= 4mm, W= 1.2 mm, L= 3.6 mm, and S= 0.5 mm and the cavity height is 1 mm).
TABLE 6.1
Design Material Selection
Layers
Spec
Material
Height (mm)

Antenna layer

Passivation/Package layer

Cavity layer

PRS layer

ϵ𝑎𝑎 = 4.5
h𝑎𝑎 = 0.51

ϵ𝑝𝑝 = 4.5
h𝑝𝑝 = 0.76

ϵ𝑐𝑐 = 1
h𝑐𝑐 = 1

ϵ𝑠𝑠 = 4.5
h𝑠𝑠 = 1.27

the cavity/substrate thicknesses and their permittivity and again solve the equation for realizable
geometrical parameters (W, L, S).

6.3.2 Feed Antenna Design
To excite the MEFSS layer, a patch antenna surrounded by HIS is integrated with the
structure. The antenna is fed by a proximity coupling mechanism between a trace in the output
layer of the chip and the patch antenna as a non-contact feeding method. This allows the antenna
to be designed outside the chip and releases the limitations of designing it inside the chip.
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(a)

(b)

(c)

Fig. 6.8. Parametric study of different geometrical parameters on upward and downward admittances, (a) Im (Yup) for
different inductive grid sizes of PRS, (b) Im (Yup) for different capacitive patch sizes of PRS, and (c) Im (Ydown) for
different inductive grid sizes of HIS.
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As mentioned previously, we chose a very small cavity height (~λ/30) in order to have a
compact structure. This can create a strong coupling between different parts of the structure (i.e.
feed line, patch, HIS, and PRS). Although the gain enhancement is ensured by MEFSS cover
design in the previous subsection, the parasitic elements, due to these coupling mechanisms,
deteriorate the antenna matching or shift the impedance response of the single patch antenna.
Fig. 6.9 shows the configuration of the proximity-fed patch antenna integrated in the MEFSS layer
and its equivalent impedance circuit model. It is worth mentioning that for patch antenna itself,
the equivalent circuit includes Lp, Cp, Rp, Cu, and the transmission line (TL) with the impedance
characteristic and length of Z0 and θ, respectively. The HIS adds capacitive coupling to the patch
and also contributes to the propagation. In the equivalent circuit of Fig. 6.9, the HIS is modeled by
CH, and RH, where RH represents the ohmic losses in the substrate. Also, the PRS layer has a huge
impact on the impedance matching, since it is above the patch antenna with a short separation
distance of cavity height (1 mm in this design). The PRS effect on the impedance matching is
modeled by an 1:N transformator, CR, and LR. The electromagnetic fields around the offset distance
between the feed line and the patch (labeled as Sf in Fig. 6.9(a)) are affected by the HIS and PRS
layers on top. To adequately model their impacts, two capacitors and one inductor Ct, Cc, and Lc
are added to the original model of the patch antenna. According to the circuit model of the structure
shown in Fig. 6.9(d), it is evident that the added elements, due to the effect of PRS, and HIS,
influence the antenna matching, and since the HIS and PRS dimensions are fixed and calculated
for the gain enhancement, only patch antenna parameters (i.e. Wp, Lp, Sf, Lf, and Wf) are available
for impedance matching. Obviously, the values of these parameters are totally different from those
obtained for the proximity patch antenna in isolation (without the HIS and PRS layers).
To investigate the effect of PRS and HIS layers, we first designed a proximity patch
antenna alone. The effect of integrating the PRS and HIS layers on top of the patch antenna is
shown in Fig. 6.10(a). As indicated, the MEFSS cover deteriorates the matching and shifts the
resonant frequency. However, after tuning the antenna parameters, the resonance can be adjusted
to happen at 10 GHz with a good reflection coefficient and acceptable bandwidth. Fig. 6.10(b)

Chapter6. Enhancement of Radiation Gain Off of On-Chip Antennas Using MiniaturizedElement Frequency Selective Surfaces (MEFSSs)
140
______________________________________________________________________________

(a)

(b)

(c)

(d)
Fig. 6.9. Patch antenna integrated inside the MEFSS layer, (a) top view and, (b) exploded view of the antenna, (c) the
antenna integrated with MEFSS layer, and (d) its equivalent impedance circuit model.
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(a)

(b)
Fig. 6.10. Matching response of MEFSS-antenna and patch antenna alone when (a) the patch antenna matching is
optimum with parameters Wp= 6.4 mm, Lp= 7 mm, Lf= 4.5 mm, Sf= 0.7, Wf= 0.8mm and (b) the whole structure
matching is optimum with parameters Wp= 6mm, Lp= 7.3 mm, Lf= 7.1 mm, Sf= 2.9, Wf= 1mm.

shows the MEFSS-antenna matching after tuning the antenna parameters. It is also shown that
these tuned parameters do not yield a matched condition for the proximity patch antenna alone.
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6.3.3 Measurement Results and Discussion
A MEFSS layer and the embedded proximity patch antenna are designed and optimized at
the center frequency of 10 GHz with parameters P= 4mm, W= 1.1 mm, L= 3.6 mm, and S= 0.5
mm, Wp= 6mm, Lp= 7.3 mm, Lf= 7.1 mm, Sf= 2.9, Wf= 1mm. Since the cavity height was needed
to be as small as possible, it was selected to be 1 mm. A porotype of the MEFSS layer with the
integrated patch antenna is fabricated. Fig. 6.11 shows the fabricated MEFSS cover (an array of
24 × 24) and its different layers. The dimension of the MEFSS structure is 96 mm × 96 mm. As
demonstrated in TABLE 6.1, the passivation and antenna layers are very thin and can be easily
deformed during the fabrication process. To prevent these layers from deformation, we stuck them
on top of a thick support layer as shown in Fig. 6.11. The support layer does not affect the
performance of the antenna since it is placed beneath the ground plane.
Fig. 6.12 shows the reflection coefficient of the antenna and MEFSS cover. As shown, the
resonant frequency of the whole structure is shifted up to 10.15 GHz (1.5% shift) due to the
fabrication errors and misalignment between layers in the assembly process, as well as the
tolerance of the laminate boards. In addition, the results show that a measured impedance
bandwidth of 1.1% is achieved over 10.08-10.19 GHz which is somewhat narrower than the
simulated one (1.7% from 9.94 GHz to 10.11 GHz). It is worth mentioning that a wider impedance
bandwidth can be achieved by introducing other resonant frequencies, which will be investigated
later. More important factors are the gain enhancement and the gain bandwidth. The simulated and
measured gains are shown in Fig. 6.13. Maximum measured realized gain of 14.14 dBi (aperture
efficiency of 20%) is obtained which is 0.9 dBi lower than the simulated one. The measured 3 dB
gain bandwidth is about 0.3 GHz from 9.94 GHz to 10.24 GHz which corresponds to a fractional
bandwidth of 2.97%. It is worth mentioning that the simulated maximum realized gain of the patch
antenna alone is 6 dBi, while it is 15.05 dBi for the antenna with MEFSS cover demonstrating a
gain improvement of around 9 dBi. To have a wider 3 dB gain bandwidth, multi-layer MEFSS
covers can be used.
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Fig. 6.11. Fabricated MEFSS cover with the feed antenna.

Fig. 6.12. Reflection coefficient of the antenna with MEFSS cover.
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Fig. 6.13. Realized gain of antenna with MEFSS cover.

Fig. 6.14 depicts the E- and H-plane radiation patterns of the antenna structure. Since the
resonant frequency of the fabricated antenna is shifted, the measured radiation patterns are for
10.15 GHz, while the simulated radiation patterns are depicted at 10 GHz. An acceptable
agreement is achieved between the simulated and measured results, especially around the
broadside. The antenna polarization is linear as the cross-polarization levels are at least 24 dB
under the co-polarization ones for both E- and H-plane at boresight. As shown in Fig. 6.14(a), the
measured side-lobe-level in E-plane is better than -10 dB at the center frequency. Besides, the
measured half power beamwidths are 18o and 26o in E- and H-plane, respectively.

6.4 Wideband PFC Antennas
Since the resonance condition in the FPC antenna discussed in previous section happens at
a single frequency, as shown in Fig. 6.7, the operational bandwidth achieved was somewhat
limited. There are techniques to increase the bandwidth in antennas with FSS structures. For
example, several FSS layers can be used to create close resonances to increase the bandwidth. In
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(a)

(b)
Fig. 6.14. Radiation patterns of the antenna with MEFSS cover, (a) E-plane, and (b) H-plane.
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fact, multi-layer FSS structures create a positive phase gradient and increase the frequencies that
satisfy the resonance condition. In this section, our goal is to design wideband FPC antenna with
very low height compared with wavelength for on-chip applications.

6.4.1 Wideband MEFSS Antenna Geometry and Principles of Operation
Due to the issues of antenna-on-chip such as low efficiency, the antenna is designed as a
part of MEFSS cover and then top metal layer of chip is used to excite the antenna. Slot and patch
antennas are used as radiator at the bottom layer of wideband MEFSS structure. As a result, the
parallel plate waveguide modes are propagating between the bottom layer of MEFSS structure and
top layer of chip. To suppress these modes, electromagnetic bandgap (EBG) structures are utilized
on the top layer of chip as displayed in Fig. 6.15. Furthermore, for a wideband gain enhancement,
a multi-layer MEFSS cover with N layers of PRS structures and separation layers is employed.
The feed line on the chip excites the slot antenna embedded in MEFSS cover. Fig. 6.15(b) shows
the aforementioned coupling mechanism in more detail. For a wider bandwidth, the shape of feed
line, slot antenna, and microstrip patch must be designed in a way that two adjacent resonances
happen over the operating impedance bandwidth. The structure can be optimized for a good
impedance matching over the band of interest.
Fig. 6.16 shows exploded and top views of unit-cell structure of the PRS layers in MEFSS
cover. These N layers of PRS structures are separated by thin layers of dialectic materials. Each
PRS layer consists of inductive and capacitive elements etched on each side of a dielectric layer.
Each PRS layer and the intermediate substrate constitute a transmission-line resonator. If those
resonances are tailored correctly, a wideband gain enhancement can be achieved. Depending on
the desired bandwidth, a few PRS layers are selected for the MEFSS structure. The values for
inductors and capacitors of grids and patches of each layer can be calculated by (6.1) and (6.2),
respectively.
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(a)

(b)
Fig. 6.15. Stacked view of (a) chip with the feed and EBG structures and wideband MEFSS cover, and (b) excitation
of slot antenna by a feed line in chip.
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(a)
Fig. 6.16. Unit-cell of PRS layers in MEFSS cover, (a) exploded view and (b) top view.

(b)

Fig. 6.17(a) depicts the geometry of the PRS layers of the wideband MEFSS. The number
of unit-cells should be enough for a great wideband performance. The permeability/permittivity of
ith PRS layer and ith separation layer are shown with μPRSi/εPRSi and μSi/εSi, respectively, where
i=1,2,…,N. The equivalent transmission line model of one unit-cell of these PRS layers is depicted
in Fig. 6.17(b). In the model, the PRS and separation layers are modeled by transmission lines with
characteristic impedances of ZPRSi= Z0 ηPRSi and ZSi= Z0 ηSi, respectively, where 𝜂𝜂𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =

�𝜇𝜇𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 /𝜀𝜀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 , 𝜂𝜂𝑆𝑆𝑆𝑆 = �𝜇𝜇𝑆𝑆𝑆𝑆 /𝜀𝜀𝑆𝑆𝑆𝑆 , and i=1,2,…,N.

The PRS layers and the ground plane on which the slot antenna is etched establish a FPC

which may increase the antenna gain. In this mechanism, the PRS layers reflect the majority of the
propagating wave back to the ground plane. The first separation layer and antenna layer, drawn in
Fig. 6.15, constitute the cavity. The transmission line model of the wideband MEFSS cover is
shown in Fig. 6.18 in which the PRS layers are substituted by their two-port equivalent network.
The infinite transmission line with the characteristic impedance Z0 models the free-space area
above the structure. Also, ZS1 and Za are the characteristic impedance of the first separation layer
and antenna layer, respectively.
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(a)
(b)
Fig. 6.17. Wideband MEFSS cover (a) geometry, and (b) its equivalent transmission line model.

(a)
(b)
Fig. 6.18. Transmission line model of the wideband MEFSS cover stablishing a FPC, and (b) Two-port equivalent
network of the PRS layers.

Chapter6. Enhancement of Radiation Gain Off of On-Chip Antennas Using MiniaturizedElement Frequency Selective Surfaces (MEFSSs)
150
______________________________________________________________________________
The resonances of FPC in Fig. 6.18, which provide the maximum broadside gain, happen
when Im (Yup+Ydown)= 0, where Yup and Ydown are upward and downward admittances, respectively,
indicated in Fig. 6.18(a). For a wideband gain enhancement, the resonance condition must happen
in several frequencies close enough to each other. For certain substrate layers with certain
thickness, the values of inductors and capacitors of PRS layers can be obtained by imposing Im
(Yup)= -Im(Ydown) at desired resonant frequencies close to each other. Afterward, by using (6.1) and
(6.2), the approximate physical dimensions of the PRS layers are calculated. This step provides
good initial values for MEFSS dimensions for optimizing the structure with the goal of achieving
wideband gain enhancement.

6.4.2 Wideband MEFSS Cover Design
For prototyping purposes, a wideband MEFSS cover consisting of two PRS layers is
designed at the center frequency of 10 GHz. The patch antenna, PRS1, and PRS2 are designed on
Rogers 5880 with permittivity of 2.2, loss tangent of 0.0009 and with thicknesses of 0.79 mm, 1.57
mm, and 1.57 mm, respectively.
The two-port equivalent network of MEFSS cover is shown in Fig. 6.19. The inductors and
capacitors of the equivalent model are selected in a way that three resonant frequencies occur
around 10 GHz. Using ANSYS HFSS simulator, a unit-cell of the MEFSS structure can be
designed to have three resonances around 10 GHz. The dimensions of inductor grids and capacitive
patches of PRS1 and PRS2, and the separation layers 1 and 2 are obtained. Note that the materials
of separation layers can be chosen arbitrary; however, since substrate boards with required
thickness may not be commercially available, we selected separation layer 2 with the thickness of
hS2 to be air with permittivity of 1.
Fig. 6.20 shows the obtained resonances around 10 GHz for the MEFSS structure with
dimensions S1= 0.2 mm, S2= 0.8 mm, W1=0.8 mm, W2= 0.6 mm, hS1= 1.1 mm and hS2= 1.5 mm.
As shown, the resonance condition happens at three close frequencies resulting in a wideband gain
enhancement.
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Fig. 6.19. Two-port equivalent network of the MEFSS cover with two PRS layers.

Fig. 6.20. Upward and downward susceptance values of the unit-cell designed for the resonant frequency of 10 GHz
(unit-cell dimensions are P= 5.5mm, S1= 0.2 mm, W1= 0.8 mm, S2= 0.8 mm, W2= 1 mm, and hS2= 1.5 mm).
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6.4.3 Antenna Feed Design and Results
By coupling mechanism, the power from patch is coupled through the passivation layer to
the antenna embedded inside the MEFSS layer. A trace inside the chip feeds the slot and patch in
the MEFSS layer which is placed on top of the chip. Both passivation and feed layers are selected
to be Rogers 5880 with the thickness of 1.57 mm, and 0.508 mm, respectively. Due to the existence
of parallel plate modes between the shielding conductor inside the chip (feed layer) and the
conductor on which the slot is etched (slot layer), antenna efficiency drops. To suppress those
parallel plate modes, mushroom-type electromagnetic bandgap (EBG) structure is used. Fig. 6.21
shows the antenna integrated with MEFSS layer and the exploded view of the entire antenna. The
MEFSS layer includes 13 unit-cells and its overall height is just 6.54 mm (~λ/5) which is very
small compared to the height of conventional FPC geometries with two FSS layers (~λ) for
wideband operation.
The unit-cell of the EBG is designed in a way that a bandgap is created in the desired
bandwidth. Fig. 6.22 shows the dispersion diagram of the EBG structure for the unit-cell
dimensions WEBG= 5.5 mm, PEBG= 6 mm. As shown, between the first two modes, a bandgap from
8.45 GHz to 11.8 GHz is created. Therefore, this EBG structure guarantees that no parallel plate
mode is propagated between feed layer and slot layer around the bandwidth of interest.
The simulated reflection coefficient and realized gain of the proposed on-chip antenna with
wideband MEFSS cover are plotted in Fig. 6.23. As shown, an impedance bandwidth of 8.5% from
9.55 GHz to 10.4 GHz is obtained for |S11|<-10 dB. Over the frequencies 9.4-10.45 GHz, a realized
gain of more than 12.6 is achieved. Furthermore, the maximum realized gain of 17.5 dBi happens
at 10.3 GHz. The radiation pattern of the proposed on-chip antenna with wideband MEFSS cover
is shown in Fig. 6.24. As shown, a side-lobe-level better than 15 dB is achieved. Also the crosspolarizations of both E-plane and H-plane are at least less than 20 dB less than their copolarizations indicating the antenna polarization is linear.
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(a)

(b)
Fig. 6.21. (a) Top View of antenna integrated inside the MEFSS layer, and (b) exploded view of the entire structure.
The design parameters are LP= 15 mm, WP= 17 mm, LS= 16 mm, WS= 1 mm, LF= 10.5 mm, WF= 4 mm, LOff= 2.5
mm, W1= 2.5 mm, L1= 0.5 mm, WEBG= 5.5 mm, PEBG= 6 mm.
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Fig. 6.22. Dispersion diagram of the EBG structure used in the on-chip antenna.

Using MEFSS structures for radiation enhancement of on-chip antenna, two main
advantages are achieved: First, the MEFSS cover can be separately added on top of the chip and
works based on coupling mechanism and second, this technique makes the thickness of the
structure very small which is important in RFIC applications.
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Fig. 6.23. Reflection coefficient and realized gain of the proposed on-chip antenna with wideband MEFSS cover.

Fig. 6.24. Radiation pattern of the proposed on-chip antenna with wideband MEFSS cover at 10 GHz.

Chapter 7
Conclusion and Future Directions
In this chapter, we summarize all the contribution of this work and conclude the materials
presented. Then, the possible future developments are suggested.

7.1 Overall Contributions
Even though the conventional corrugated and FPC antennas are known since many years
ago, new technologies and applications stimulate the research on these types of antennas with more
details, as described in this thesis.
In particular, the main goal of this work has been the design and analysis of two classes of
high-gain planar antennas for the possible applications in radar, space, and satellite
communications. The antennas were designed to be integrated with the rest of circuit on PCB or
IC, and to be compact and high-efficient. Different TM01 to TE11 mode converters for high-power
applications, high-gain single- and dual-band corrugated antennas, and high-gain narrowband and
wideband MEFSS covers for RFICs were proposed, fabricated, and measured in this work.
In the case of high-power applications, TM01 to TE11 mode converters are required to
convert the TM01 mode of high power source to TE11 mode necessary to feed corrugated antennas.
Three categories of TM01 to TE11 mode converters were designed for the maximum conversion
efficiency over a wide bandwidth, printed using 3D printing technology, and measured.
A technique to fabricate corrugated antennas on PCBs using SIW technology was
proposed. Using this technique, a corrugated antenna was designed and fabricated on PCBs. All
parts of the antenna such as feed line, cavity, and corrugations were fabricated with regular PCB
manufacturing. The experimental results showed the reliability of this technique. To minimize the
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time of simulation and optimization process in designing large-size corrugated antennas, a fast
approach for estimating the radiation performance of corrugated antennas based on analyzing a
unit-cell of corrugated structure was proposed. The resonant frequency, spectral bandwidth, and
directivity were estimated using the surface susceptance of corrugated structure. The effect of
corrugations’ width, height, and the materials’ permittivity inside corrugations was parametrically
studied. A corrugated antenna based on the unit-cell analysis was designed and fabricated and
measured to verify the proposed approach.
Two dual-band corrugated antennas were proposed using two different corrugations’
dimensions to create dual-band operation. To solve the problem of high front-to-back ratio of
transmission line feed, two dual-band feeder antennas were proposed which could feed the
corrugated antennas from inside the cavity. These feeder antennas could provide a close-to-TE11
mode, which is necessary for constructive radiation pattern, on the output aperture of the cavity.
The dual-band corrugated structure was integrated with the dual-band feeder antenna to create the
dual-band high-gain corrugated antenna. The dual-band operation of all antennas was verified
experimentally.
The radiation performance of an on-chip antenna can be improved off of the chip by placing
a MEFSS cover on top of it. Using the TEN model of the structure, it was shown that the MEFSS
structure can be designed in a way that the resonance condition happens. This would improve the
gain of single antenna embedded in the chip. A scaled prototype of MEFSS cover and the on-chip
antenna was fabricated and measured. The measured results showed the reliability of the proposed
technique for gain enhancement off of RFICs. A wideband MEFSS cover was proposed and
designed to solve the problem of very narrowband gain enhancement of single-layer MEFSS
structure.
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7.2 Future Directions
Chapter 3 proposed several TM01 to TE11 mode converters. All those converters were
designed and printed with 100% filling percentage. However, being capable of 3D printing with
different filling percentages, TM01 to TE11 mode converters with better conversion efficiency and
wider bandwidth may be designed. On the other hand, the 3D printer used in this work could just
print dielectric materials. The assembly process of TM01 to TE11 mode converters may be
eliminated by employing a better 3D printer that could print both conductor and dielectric all-inone process.
Chapter 4 proposed a fast approach for performance estimation of corrugated antennas by
using a unit-cell of corrugated structure. By using the proposed approach, wideband, and dualband corrugated unit-cell may be designed on multi-layer PCBs. Using these unit-cells, wideband,
and dual-band corrugated antennas may be designed. Moreover, the analysis performed in chapter
4 was for corrugated antennas with high-gain at broadside. However, the similar analysis can be
performed for corrugated antennas with off-axis radiation pattern. One of the limitation of
corrugated antennas discussed in chapter 4, was the low aperture efficiency. The reason for this
problem is the direction propagation of the cavity into free space. By placing a surface wave
launcher that could convert the TE11 mode of the cavity to surface waves efficiently, the efficiency
of corrugated antenna will be significantly improved. Moreover, sensors and sensor antennas have
found many applications in smart homes and cities [118-122], recently. The corrugated antennas
can be used as sensor antennas in several application.
The dual-band high-gain antenna corrugated antenna designed in chapter 5 may find many
other applications rather than satellite communication. There is still a possibility to increase the
gain of this antenna. Using soft corrugated structure around the edge of the antenna may decrease
the edge diffraction and enhance the antenna gain. Integrating both soft corrugated structures and
the regular corrugations may be considered in future works.
In chapter 6, the off chip methods were proposed to enhance the radiation characteristics
of on-chip antennas. Using MEFSS structures, narrow-band and wideband antenna mechanisms
were designed. As a further work for chapter 6, MEFSS covers with beamforming or beam-
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switching capabilities may be proposed. Using varactor diodes, the phase of PRS structures can be
changed in order to have a beamforming over a desired range of frequencies. This may have many
applications such as radar instruments. All these designs can be performed for RFICs at higher
frequencies. In fact, using low-loss materials such as Parylene membranes, the fabrication of
MEFSS covers with different functionality is feasible.

7.3 List of Publications
In this section, the contributions made out of this work during the last four years including
both journal and conference papers are listed.
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Appendix A
Splitting

Condition

of

Two-Sided

Leaky-Wave

Structures
The splitting condition of one-sided/two-sided leaky-wave structures is investigated in [1].
Fig. A.1 shows a horizontal line-source excitation. In this case, there is a TEyz leaky mode
propagating in Y-direction. Here, the splitting condition, in which two beams off broadside can
establish a single beam with a peak at broadside, is considered. In Fig. A.1., the electric field on
the plane Z=0 is given by:

ExLW ( y ) = E0 e

− jk yLW | y |

(A.1)

where E0 is the amplitude of electric field, and

k yLW=

β − jα

(A.2)

The radiated electric far-field in spherical coordinate system can be calculated using the
Fourier transform of (A.1), calculated at ky=k0 sin θ as [123]:

e − jk0 r
(θ )
cos θ
Ex (r , θ ) E=
=
r
ff
x

2 jk yLW E0
jk0
e − jk0 r
2
2π k02 sin 2 θ − k yLW
r

(A.3)

The angular power density is then given by:
=
P(θ )

| Exff (θ ) |2
| E |2 ( β 2 + α 2 ) cos 2 θ
∝ 2 02
2η0
(k0 sin θ − β 2 + α 2 ) + 4α 2 β 2

(A.4)

Assuming sin θ ≈ θ, and cos θ ≈ 1, for the angles close to broadside, the stationary points
of P(θ) can be found as:
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Fig. 0. 1. Dispersion diagram of the EBG structure used in the on-chip antenna.

θ= 0, ±

β 2 −α 2
k0

(A.5)

In (A.5), θ=0 is a local minimum if β>α, and the other two angles are the maximum
radiation angles. If β≤α, the beam is pointing exactly at broadside. Therefore, the condition β=α is
the splitting condition, where two peaks close to broadside start to appear. It can be proved that at
the splitting condition, the maximum antenna gain happens.

