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Abstract

This dissertation presents several novel Electromagnetic (EM) metsurfaces that are en-

gineered to manipulate the electric near-�eld of any EM sources for various purposes.

The approach combines the use of aperture antennas, such as Resonant Cavity Antennas

(RCAs), or horn antennas as the EM radiators and the introduced metasurfaces to improve

or alter the radiation patterns of the antennas. Initially, a conventional RCA is diagnosed

with sub-optimal radiation patterns as a result of poor EM near-�eld characteristics. So,

a novel all-dielectric structure is designed to completely remove this de�ciency over a

large frequency band, which has never been performed, opening new doors into other

cutting-edge applications of this class of antenna, such as passive beamsteering. So, an

all-dielectric structure named Near-Field Correcting Structure (NFCS) is designed, which

is composed of circular correcting regions, determined by a numerical method in which

time-average Poynting vector in conjunction with a phase gradient analysis is utilized to

suggest the initial con�guration of the NFCS. It is then completed using a customized

particle swarm optimization algorithm implemented in MATLAB. The NFCS was fabri-

cated and placed in a subwavelength distance from the RCA and measured. According

to the predicted and measured results, the phase and magnitude distributions of the elec-

tric near-�eld of the antenna have been greatly improved over a large bandwidth of 40%,

resulting in a high aperture e�ciency of 70%. The antenna under NFCS loading has
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viii Abstract

a peak measured directivity of 21.6 dB, a 3 dB directivity bandwidth of 41% and a 10

dB return loss bandwidth of 46%. Using the same concept of the near-�eld transforma-

tion, all-dielectric metasurfaces composed of near-�eld rotatable graded-dielectric plates

are designed to realize an EM-wave beamsteering antenna. According to the numerical

results, the beam can be scanned within a large conical region with an apex angle of 82.2o

with a signi�cantly less pro�le than the mechanically scanned re�ector dishes. Unlike the

all-dielectric structures mentioned above, a printed metasurface is designed to exhibit a

negative transverse-re�ection magnitude gradient and, at the same time, a progressive

re�ection phase gradient over frequency. The �rst phenomenon has already been realized

using either multiple printed dielectric surfaces or a large single FSS, while the proposed

metasurface is made of a compact single dielectric. The second phenomenon was also real-

ized using costly fabrication techniques, which is not the case with the proposed low-cost

metasurface. A prototype of the metasurface was fabricated and tested with a partially

shielded cavity, creating an improved RCA, showing a very high aperture e�ciency of

83% with a peak directivity 16.2 dB and a 3 dB directivity bandwidth of 22%.

In all aforementioned metasurfaces, dielectric substrates are an integral part of the

metasurface con�gurations, where the realization of the metasurfaces is not impossible

without the dielectric substrates. However, in some less-specialized applications, the

high cost of dielectric substrates can be an impediment to the applications of metasur-

faces. Furthermore, dielectric-based metasurafces cannot directly be used in high-power

applications, as they are prone to dielectric breakdown. To address this issue, several

dielectric-less metasurfaces are presented in this thesis for a variety of applications, in-

cluding single-frequency phase correction of RCAs, wideband spatial �ltering, and wide-

band phase correction of shortened horn antennas. Unlike the existing Phase Correcting

Structures (PCSs) of RCA, a hybrid topology of fully-metallic spatial phase shifters are

developed to form an All-Metal PCS (AMPCS), resulting in an extremely lower proto-
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typing cost as that of other state-of-the-art substrate-based PCSs. The APMCS was

fabricated using laser technology and tested with a RCA to verify its predicted perfor-

mance. Results show that the phase uniformity of the RCA aperture has been remarkably

improved, resulting in 8.4 dB improvement in the peak gain of the antenna and improved

sidelobe levels (SLLs). The antenna system including APMCS has a peak gain of 19.42

dB with a 1 dB gain bandwidth of around 6%.

In order to achieve wideband performance using dielectric-less metasurfaces, a design

methodology is presented in which the integrity of metasurfaces are ensured by metallic

inductive grids, which have a wideband bandpass frequency response. Therefore, addi-

tional metallic resonators can be integrated into the grid, without any mechanical stability

concerns. Based on this design mechanism, Orthogonal Dipole Resonator (ODRs) are in-

tegrated into the metallic grids to form a wideband bandpass metasurface �lter with

excellent performance. The metasurface �lter is composed of multiple segregated metal-

lic layers, where the selectivity of the �lter can be improved by increasing the number

of layers. The metasurface �lter has the capability of harmonic suppression and has a

fully adjustable wide passband of 31%. Extension of this method can be used to develop

wideband phase correcting metasurfaces, which can be used to signi�cantly enhance the

near-�eld of shortened horn antennas, leading to a small horn antennas with plane wave.

The horn antenna with the metasurface has a uniform phase distribution over a large

frequency band of 25%, resulting a high aperture e�ciency of 66% at 11.7 GHz. The

antenna system has a measured peak directivity of 20.9 dB with a large frequency band

from 9.70 GHz to 12.45 GHz.
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CHAPTER

1 Introduction

1.1 Background

With the growing wireless communications dominating the consumer market over the

past decade, tremendous interest in the development and application of di�erent types of

metasurfaces and near-�led transforming devices has emerged. This class of Electromag-

netic (EM) devices can be used either as a standalone module for applications such as EM

shielding, spatial �ltering, radome, or they can be integrated into other EM sources for

EM-�eld transformations which are otherwise not possible. Such integration has recently

attracted a lot of interest from the EM community, particularly for high-gain-related appli-

cations, such as beamsteering, Radar Cross-Section (RCS) reduction and phase correction

of the aperture antennas. Metasurfaces can be considered as a subset of metamaterials,

which are generally composed of arti�cial structural units engineered to develop some

speci�c EM properties. The macroscopic structure of metamaterial can be arbitrary, and

it can be named metasurafce when one of the dimensions is signi�cantly smaller than the

others. Metasurfaces can be categorized based on the materials used in their structural

elements, which can be all-dielectric substances, all-metal components or a combination

of metal and dielectric materials.

1



2 Introduction

1.1.1 All-Dielectric Metasurface

All-dielectric metasurfaces used with high-gain antennas can broadly be categorized based

on their mechanism to create the required EM characteristics. Such metasurfaces can gen-

erally be realized by either varying the thickness of the dielectric throughout the meta-

surface, or using composite-based materials, in which dielectric substances with various

permittivities are utilized. Several con�gurations based on the mentioned mechanism have

been proposed for a variety of applications, including horn lens antennas, transmitarrays,

re�ectarrays and Partially Re�ecting Structures (PRS) for realization of high-performance

Resonant Cavity Antennas (RCAs) [1�3]. For example, planar lenses for horn antennas

have been developed using all-dielectric gradient index (GRIN) metasurfaces. Apart from

phase transformation, magnitude correction has recently been achieved by adding a ba�e

inside the horn and placing a GRIN metasurafce on the horn aperture. In [4], a meta-

surface transmitarray has been designed by perforating a dielectric slab to achieve high

transmission magnitude and a full phase range. The integration of this metasurface with

a shortened horn antenna resulted in around 10 dB improvement in the peak directivity

of the antenna. In [5], low-cost polymers have been used to form three di�erent dielectric

re�ectarrays with variable dielectric thickness, operating at 100 GHz. These prototypes

were fabricated based one polymer-jetting 3-D printing technology. A compact single-

layer metasurface having permittivity gradient in the directions transverse to the RCA

axis has been designed to achieve a high directivity-bandwidth product from a RCA [6].

1.1.2 Printed Metasurface

Printed metasurfaces are the most common type of metasurfaces, as the combination of

conductive patterns on numerous commercially available dielectric substrates provides

metasurface designers with an extremely large degree of freedom. Such diversity in design
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results in a wide range of printed metasurfaces applications, including transmitarrays, re-

�ectarrays, partially re�ecting surfaces [7�12], spatial �lters [13�16], beamsteering [17,18]

orbital angular momentum beam generator [19], and near-�eld phase and magnitude cor-

rections [20�22]. From con�guration point of view, printed metasurfaces can be composed

of one or multiple dielectric substrates with conductive patterns, in which each layer ex-

hibits resonance or non-resonance behaviors. For example, desired frequency response of

spatial metasurface �lters can be achieved by bounding multiple capacitive and inductive

layers [13, 23�25]. In a di�erent approach, resonating elements can be designed on each

layer of the dielectric substrates and the desired frequency response can be achieved by

tunning the resonant frequencies of the resonating elements [26�31].

1.1.3 All-Metal Metasurface

The use of microwave dielectric substrates in all-dielectric and printed metasurfaces pro-

vides a great �exibility in the design of metasurfaces. However, they are expensive and

cannot directly be used in high-power applications, due to the risk of dielectric break-

down [32�36]. As a solution to this issue, all-metal con�gurations can be used for re-

alization of metasurfaces. However, most of the known conductive patterns used in the

printed metasurfaces cannot be implemented without a dielectric substrate, limiting the

realization of all-metal metasurfaces. As a result, there are signi�cantly fewer number of

all-metal metasurfaces reported for di�erent applications, such as re�ectarrays, PRS and

transmitarrays. An all-metal transmitarray has been realized using numerous cross-slot

units, which are capable to give a full transmission phase range with a high transmission

magnitude by rotation of the cross slot [34]. The same method has been used in con-

junction with the concept of Risley prism to develop an all-metal beam steering antenna.

The antenna consists of a feed antenna and two rotating metal metasurfaces, which are

responsible to steer the radiation beam in both azimuth and elevation planes [35]. The
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limitations associated to these all-metal metasurfaces are that they only operate at a sin-

gle frequency, and secondly they can work only for circular polarization. In a di�erent

approach, a dual-band linearly polarized transmitarray has been proposed in [36]. The

transmitarray is composed of four metallic layers containing rectangular slots, which are

used to control the magnitude and phase range of transmission coe�cients by varying the

slot length [36]. Another linearly polarized metasurface has been reported in [37] to be

used as a transmitarray. The metasurface was composed of three metallic layers, where

each layer has a square wide slot within which there are a number of parallel stubs.

1.2 Challenges and Objectives

Near-�eld transformation and integration of metasurfaces with EM sources have recently

been considered as a solution for various problems faced in the EM community. In terms

of the near-�eld transformation, several near-�eld transforming structures have been pro-

posed to tailor the electric near-�led of aperture antennas like RCAs for better radiation

performance. Achieving a large operational frequency band and ability to tailor both

magnitude and phase of aperture antennas is a challenge which is addressed in this thesis.

In relation to metasurfaces, they can be categorized based on their constituting ma-

terials, which can be all-dielectric, all-metal, and a combination of both dielectric and

metal. The challenge here is to develop a cost-e�ective design methodology of metasur-

faces, which can be used to address critical issues in relation to the high-gain antennas,

such as the limited bandwidth and large footprint of high-gain RCA, the large aperture

phase error of some high-gain antennas, and steering the radiations of high-gain antennas

through a low-pro�le passive mechanism. Furthermore, the challenge of high manufactur-

ing cost of metasurfaces can also be addressed using the all-metal con�gurations, where

the expensive microwave dielectric substrates are made redundant. However, there are
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limited geometries, which can be used in a purely metallic con�guration, limiting the

applications of all-metal metasurfaces.

Therefore, the objectives of this thesis are de�ned as follows:

1- A methodology for developing wideband near-�eld transformation, in which both

magnitude and phase can be controlled over a large frequency band.

2- A methodology for developing low-pro�le passive beamsteering of high-gain anten-

nas using metasurfaces.

3- A methodology for developing a cost-e�ective PRS, having all the critical character-

istics, such as a single commercial dielectric layer, compactness, stable |S11| bandwidth,

high gain, and wideband response.

4- A methodology for developing all-metal metasurfaces for phase correction of high-

gain antennas at a singe frequency.

5- A methodology for developing wideband all-metal metsurface for phase correction

of high-gain antennas.

1.3 Thesis Contribution and Outline

This thesis contributes to the area of metasurface design and fabrication, as well as near-

�eld transformation. The �rst contribution is the development of a new holistic design

procedure for wideband electric near-�eld correction of high-gain antennas, which is ex-

plained in Chapter 2. The realization of the proposed Near-Field Correcting Structure

(NFCS) is divided into two major steps. The time-average Poynting vector is �rstly calcu-

lated for the antenna under consideration based on which the minimum lateral size of the

NFCS is chosen. Setting the total size of the NFCS, the minimum number of correcting

regions is calculated using the aperture phase gradient over the desired frequency band.

An optimization-based approach is then used to �nd the thickness of each correcting re-
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gion in the NFCS to correct both near-�led magnitude and phase of the antenna. As an

example case, one NFCS has been designed, fabricated and tested with a conventional

RCA. The antenna under NFCS loading has a peak measured directivity of 21.6 dB, a

3-dB directivity bandwidth of 41% and a 10-dB return loss bandwidth of 46%, which

covers the directivity bandwidth. The diameter of the proposed NFCS is 3.8λ0c, which

is around half that of all other previously phase-correcting structures of RCAs , where

λ0c is the free-space wavelength at the central frequency of the NFCS (13.09 GHz). This

chapter has been published in the IEEE Transactions on Antennas and Propagation, vol.

67, no. 3, pp. 1975�1980, Jan. 2019.

The second contribution of this thesis is the development of all-dielectric metsurfaces

used for realization of a low-pro�le high-gain beam-scanning antenna system, which is ex-

plained in Chapter 3. The antenna system comprises a RCA and three graded-dielectric

metasurfaces: one radially graded and two linearly graded. The radially graded dielec-

tric (RGD) is stationary while the two linearly graded dielectric (LGD) metasurfaces are

rotated around the antenna axis. The antenna system has a maximum peak directivity

of 21 dB at 11 GHz, showing around 9 dB improvement over the bare RCA. Using three

di�erent beam-scanning con�gurations, it is estimated that the beam can be scanned

within a large conical region with an apex angle of 82.2o. The total height of the antenna

system is 2.2λ0, which is signi�cantly less than mechanically scanned re�ector dishes. Due

to the low and planar pro�le of the antenna system, it can be used to develop Ka and

Ku band beam-scanning antennas for ground and mobile terminals to communicate with

upcoming LEO and MEO satellites. This chapter has been published in the Journal of

Applied Physics, vol. 124, no. 23, pp. 912�915, Jul. 2018.

The third contribution of this thesis is the development of a compact, low-cost Par-

tially Re�ecting Surface (PRS) for a wideband high-gain RCA, requiring only a single

commercial dielectric slab, which is explained in Chapter 4. The PRS has one non-
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uniform double-sided printed dielectric, which exhibits a negative transverse-re�ection

magnitude gradient and at the same time a progressive re�ection phase gradient over

frequency. The measured peak directivity of the antenna is 16.2 dBi at 11.4 GHz with

a 3-dB bandwidth of 22%. The measured peak gain and 3-dB gain bandwidth are 15.75

dBi and 21.5%, respectively. The PRS has a radius of 29.25 mm (1.1λ0) with a thickness

of 1.52 mm (0.12λg), and the overall height of the antenna is 0.6λ0, where λ0 and λg are

the free-space and guided wavelengths at the center frequency of 11.4 GHz. This chapter

has been published in the IEEE Transactions on Antennas and Propagation, vol. 67, no.

3, pp. 1916�1921, Jan. 2019.

The fourth contribution of this thesis is the development of an industrially-justi�ed

metasurface to rectify the near-�eld non-uniformity associated with the high-gain RCA,

which is explained in Chapter 5. In this approach, a new generation of PCS, in which

microwave dielectric substrates, known as the main cause of cost, are removed from the

PCS con�guration, introducing an All-Metallic PCS (AMPCS). The APMCS was fabri-

cated using laser technology and tested with a RCA to verify its predicted performance.

Results show that the phase uniformity of the RCA aperture has been remarkably im-

proved, resulting in 8.4 dB improvement in the peak gain of the antenna and improved

sidelobe levels. The antenna system including APMCS has a peak gain of 19.42 dB with

a 1-dB gain bnamdwidth of 6%. This chapter has been submitted to IEEE Transactions

on Antennas and Propagation.

The �fth contribution of this thesis is the development of a harmonic-free wideband

all-metal metasurface �lter, capable of handling both circular and linear polarization.

In this approach, which is explained in Chapter 6, non-resonant segregated metallic

grids are designed to ensure the consistency of the structure, and secondly to provide

a wideband bandpass response without the unwanted second harmonic. The frequency

response is then further tailored by introducing metallic resonant elements implemented
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on the previously designed metallic grids. The role of each section of the proposed topology

is theoretically discussed through equivalent-circuit models and modal analysis, when the

modular geometry recon�gurabilities of the metasurface �lter emerged and veri�ed. This

chapter has been submitted to IEEE Transactions on Antennas and Propagation.

The sixth contribution of this thesis is the development of a wideband all-metal meta-

surface to be used with a shortened horn antenna for generation of highly-directive plane-

wave radiations over a large frequency band. The presented metallic metasurface ex-

plained in Chapter 7 is incredibly low-cost and support both circular and linear po-

larization over a large fractional bandwidth of 25%. The proposed passive meta-surface

is composed of two freestanding layers of metallic resonating elements collectively cre-

ate high transmission with controllable transmission phase. The predicted and measured

results suggest that the horn with the meta-surface generates plane wave for a wide fre-

quency band, and has considerably higher aperture e�ciency of 66% compared to the

horn without the metasurface. The measured peak directivity of the antenna system is

around 21 dB with a large 3-dB directivity bandwidth of 25%. This chapter has been

submitted to IEEE Transactions on Antennas and Propagation. Finally, conclusion and

future work are presented in Chapter 8.

1.4 Thesis Organization

This dissertation follows Thesis-by-Publication format which has been approved by Mac-

quarie University Higher Degree Research O�ce. It consists of an introduction including

background, and the following list of my major 6 journal articles, as well as conclusion

chapter. The thesis materials are original texts and �gures of my publications, published

or in review, which have been reformatted for readability improvement. In addition to

these 6 major journal articles, which correspond to Chapter 2 to Chapter 7 of the thesis,



1.4. Thesis Organization 9

a complete list of publications resulted from my candidature is included in the List of

Publications under "Other Related Publications" section.

I. Ali Lalbakhsh, Muhammad U. Afzal, Karu P. Esselle, Stepanie L. Smith, �Wideband

Near-Field Correction of a Fabry-Perot Resonator Antenna,� IEEE Transactions on

Antennas and Propagation, vol. 67, no. 3, pp. 1975�1980, Jan. 2019.

II. Muhammad U. Afzal, Ali Lalbakhsh, Karu P. Esselle, �Electromagnetic-wave beam-

scanning antenna using near-�eld rotatable graded-dielectric plates,� Journal of

Applied Physics, vol. 124, no. 23, pp. 912�915, Jul. 2018.

III. Ali Lalbakhsh, Muhammad U. Afzal, Karu P. Esselle, Stepanie L. Smith, Basit A.

Zeb, �Single-dielectric Wideband Partially Re�ecting Surface with Variable Re�ec-
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IEEE Transactions on Antennas and Propagation, vol. 67, no. 3, pp. 1916�1921,

Jan. 2019.

IV. Ali Lalbakhsh, Muhammad U. Afzal, Karu P. Esselle, Stepanie L. Smith, �Low-Cost
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Vol. 68, 2020.

V. Ali Lalbakhsh, Muhammad U. Afzal, Karu P. Esselle, Stepanie L. Smith, �Low-

Cost Wideband Frequency-Selective Surface Bandpass Filter with a Polarization

Insensitive All-Metal Structure,� IEEE Transactions on Antennas and Propagation

(Under review).

VI. Ali Lalbakhsh, Muhammad U. Afzal, Karu P. Esselle, Stepanie L. Smith, � Substrate-

Less Polarization-Independent Structure for Wideband Near-Field Correction,� IEEE
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1.5 Author's Contribution

In all the publications listed above, I have conducted the major investigations, designs,

measurements, data processing, and drafting. Only in Article II, my second co-supervisor

Dr. Afzal and I jointly conceiving the idea behind the design and both contributed in

manuscript writing. Prof. Esselle, who is my principal supervisor, and my co-supervisor

Dr. Smith provided invaluable guidance, suggestions and advice at every stage of this

research. Dr Afzal provided initial support regarding the simulation environment as well

as measurements of the fabricated prototypes. Prof. Esselle, Dr. Smith, and Dr. Afzal

helped in reviewing, and proof-reading articles based on which this thesis is formed.



CHAPTER

2 All-Dielectric Near-Field

Transforming Structure

2.1 Abstract

A systematic approach to correcting electric near-�eld phase and magnitude over a wide

band for Fabry-Perot Resonator Antennas (FPRAs) is presented. Unlike all other unit-cell

based near-�eld correction techniques for FPRAs, which merely focus on phase correction

at a single frequency, this method delivers a compact Near-Field Correcting Structure

(NFCS) with a wide operational bandwidth of 40%. In this novel approach, a time-

average Poynting vector in conjunction with a phase gradient analysis is utilized to suggest

the initial con�guration of the NFCS for wideband performance. A simulation-driven

optimization algorithm is then implemented to �nd the thickness of each correcting region,

de�ned by the gradient analysis, to complete the NFCS design. According to the predicted

and measured results, the phase and magnitude distributions of the electric near �eld have

been greatly improved, resulting in a high aperture e�ciency of 70%. The antenna under

Published as: Ali Lalbakhsh, Muhammad U. Afzal, Karu P. Esselle, Stepanie L. Smith, �Wide-

band Near-Field Correction of a Fabry-Perot Resonator Antenna,� IEEE Transactions on Antennas and

Propagation, vol. 67, no. 3, pp. 1975�1980, Jan. 2019.
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NFCS loading has a peak measured directivity of 21.6 dB, a 3-dB directivity bandwidth of

41% and a 10-dB return loss bandwidth of 46%, which covers the directivity bandwidth.

The diameter of the proposed NFCS is 3.8λ0c, which is around half that of all other

unit-cell-based phase-correcting structures, where λ0c is the free-space wavelength at the

central frequency of the NFCS (13.09 GHz).

2.2 Introduction

Fabry-Perot Resonator Antennas (FPRAs), also known as electromagnetic band-gap res-

onator antennas, resonant-cavity antennas, and 2-D leaky-wave antennas, have recently

attracted signi�cant attention in the electromagnetics �eld for their highly directive ra-

diation patterns and simple feed mechanism. There are countless applications in modern

communication systems for this class of antenna, such as base stations, back-haul net-

works and satellite communications [38�44]. Antennas of this type could possibly replace

array antennas and bulky parabolic antennas in applications where the fabrication cost

and the volume of space taken up by the antenna are limitations [14, 45]. Conventional

FPRAs are basically composed of a cavity created between a ground plane and a Par-

tially Re�ecting Surface (PRS). Constructive wave interference above the cavity, caused by

numerous re�ections inside the cavity, results in boresight radiation patterns [14, 38�46].

Nontransparent Fully Re�ecting Surfaces (FRSs) have been recently proposed in [20,47,48]

for FPRAs. This new design procedure o�ers more �exibility in the adjustment of the

FPRAs' aperture �eld, such as SLLs reduction [20].

The electromagnetic �eld re�ected by the superstrate constructively adds to the inci-

dent �eld from the primary feed resulting in improved broadside radiation. However, a

small �eld radiates in the transverse direction that causes a non-uniform aperture phase

distribution. It should be noted that lens theory cannot be applied to estimate the phase
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errors caused by this phenomenon, due to the in�nite number of rays emitting from the

radiating aperture and the lack of an isolated point source, as explicitly explained in [49].

Therefore, Phase Correcting Structures (PCSs) were recently introduced for FPRAs

[21,22,25,49�51]. In spite of their excellent performance in correcting phase errors, leading

to a signi�cant improvement in peak gain, their operational bandwidth is very limited

(around 10%). Such a limited bandwidth adversely a�ects the data rate, which is a

critical factor in modern communication systems [52]. In [22] a hybrid approach, which

is a combination of equivalent-circuit models and full-wave simulation, was proposed for

phase correction of an FPRA at a single frequency. The antenna achieved a high peak

gain of 19.85 dB, as a result of its uniform phase distribution. All the PCSs proposed

in [21, 25, 49, 50] were designed based on a unit-cell model, in which PCSs are composed

of various arrays of spatial phase shifters designed in isolation at a single frequency.

The narrowband nature of this technique along with the relatively large unit cells (λ0/3)

resulted in narrowband PCSs with a large lateral size, leading to sub-optimal aperture

e�ciency (around 30%). Inspired by PCSs, several phase-shifting surfaces have been

incorporated in FPRAs for some other applications, such as beamsteering [17,18]. Another

application of near-�eld modi�cation has recently been proposed to mitigate coupling

between antennas in multiple-input, multiple-output (MIMO) systems [53].

In this paper, we propose a holistic design procedure for wideband electric near-�eld

correction of FPRAs. The proposed method does not have the limitations associated with

other unit-cell based approaches, delivering signi�cantly enhanced near-�eld components

over a large bandwidth, never achieved by other PCSs. The realization of the proposed

Near-Field Correcting Structure (NFCS) is divided into two major steps. As will be

explained in Section II, the time-average Poynting vector is calculated for a conventional

FPRA, based on which the minimum lateral size of the NFCS is chosen. Setting the

total size of the NFCS, the minimum number of correcting regions is calculated using the
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aperture phase gradient over the desired frequency band. An optimization-based approach

is explained in Section III to �nd the thickness of each correcting region in the NFCS and

re-adjust the cavity height to maintain the bandwidth in the predetermined frequency

band. Optimization and electromagnetic results are presented in Section IV, where the

near-�eld and far-�eld results verify the proposed technique. A brief conclusion is given

in Section V.

2.3 Con�guration of the Near-�eld Correcting Struc-

ture (NFCS)

A conventional FPRA con�guration with a PRS made of TMM3 dielectric material, de-

signed at 11 GHz, is shown in Fig. 2.1. The PRS's thickness and the cavity height are close

to λg/4 and λ0/2, respectively, as recommended in the literature [38,39] and [21,25,49,50].

λ0 is the free-space wavelength and λg is the guided wavelength within the PRS at the

design frequency (11 GHz). The feed antenna is a waveguide-fed slot antenna with di-

mensions of 9 mm× 14 mm, placed in the center of the ground plane. The time average

Poynting vector was calculated at a distance of λ0 above the antenna using (2.1) and

plotted in Fig. 2.2.

W =
1

2
Re[E×H∗] (2.1)

As can be seen from Fig. 2.2, the average power radiated form the antenna plunges

radially, which means that the marginal region of the aperture has signi�cantly less con-

tribution to the far-�eld radiation patterns. Indeed, around 73% of the average power

is radiated from the central part of the aperture which comprises only one fourth of the

aperture area. Based on this analysis, 3λ0 × 3λ0 is suggested as the critical area of the

aperture for near-�eld correction, as opposed to 6λ0 × 6λ0 recommended for phase cor-
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rection in [21,25,49,50]. So, the e�ects of the outer regions are ignored here for having a

compact structure. It can be hypothesized that a smaller aperture is easier for correction,

and as a result near-�eld correction over a large bandwidth would be possible.

In order to choose an e�cient con�guration for the wideband NFCS, a more detailed

investigation into the nature of the non-uniform electric near �eld of FPRAs is essential.

Fig. 2.3 shows 2-D phase distributions at 6 discrete frequencies at a distance of 2λ0 from

the conventional FPRA depicted in Fig. 2.1. The antenna has a peak directivity of 10.6

dB at 12 GHz and its 3-dB directivity bandwidth is 21%, (10.6 - 13.1 GHz). As can

be seen from Fig. 2.3, the phase distribution deteriorates as frequency increases, while a

nearly circular symmetry of phase distribution remains at all frequencies. According to

this analysis, not only does the proposed NFCS need to be composed of annular regions,

but the width of each region is required to be small enough to e�ectively manipulate the

near �eld at higher frequencies, when the wavelength gets smaller. So, the aperture phase

distribution needs to be analyzed at various frequencies throughout the band. To do

Figure 2.1: Con�guration of a conventional FPRA.

this, the actual phase values are captured on a reference plane in cylindrical coordinates

with φ = 0 and at a height of 2λ0 above the PRS. Fig. 2.4 shows the phase distribution

on the reference plane at 5 distinct frequencies (11, 12,. . . ,15 GHz). It can be observed

that the phase errors increase more rapidly in the outer regions than in the central part

of the aperture. Therefore, the aperture is divided into minor and major phase-error

regions. In the former, phase errors are less than 45 degrees at all frequencies (11-15 GHz),
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Figure 2.2: Time-average Poynting vector of the conventional FPRA at the design frequency

of 11 GHz. The permittivity and the thickness of the PRS are 3.27 and 3.1 mm, respectively.

The cavity height is 12.5 mm.

Figure 2.3: 2-D phase distribution of a conventional FPRA over a wide frequency range at a

distance of z=2λ0 from the PRS. (a) f= 10 GHz, (b) f= 11 GHz, (c) f= 12 GHz, (d) f= 13

GHz, (e) f= 14 GHz, (f) f= 15 GHz.

representing a small phase gradient of 90o/λ0 (equal to 3.2 deg/mm), while the latter

undergoes severe phase non-uniformity, showing the highest phase gradient of 214o/λ0

(equal to 7.5 deg/mm) at 15 GHz. To ensure the accomplishment of phase correction
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throughout the aperture, the major phase-error region is considered as the reference to

calculate the maximum correcting width of the NFCS. Such aperture division prevents

wrong perception of the near-�eld phase behavior, as the strong non-uniformity in the

outer area of the aperture is not overlooked, due to the more uniform phase distribution

in the central area. So, a new formula, (2.2), based on the phase gradient analysis is

proposed for the width of the correcting regions, which ensures wideband performance of

the NFCS. The maximum width of the correcting regions is 5.7 mm (0.21λ0), which is

yielded by

WNFCS ≤
∆θ

τmax

(2.2)

where ∆θ represents the allowed phase di�erences in the uniform phase region (45o)

and τmax is the highest absolute value of the phase gradient on the aperture (214o/λ0).

Therefore, the NFCS is composed of 8 circular correcting regions with a width of 5.5 mm

(' 0.2λ0), as shown in Fig. 2.5(a). Such a rotationally symmetrical structure can also

support circular polarization, which is desired in many applications.

2.4 NFCS Design Using Optimization-Based Approach

In the previously reported design methodologies of narrow-band PCSs [21,25,49,50], each

correcting region was designed in isolation from other regions at a single frequency. Ad-

ditionally a further optimization was required to re-tune the cavity height to retain the

bandwidth in the desired region. On the other hand, we propose a holistic numerical op-

timization technique, in which all mutual e�ects of the correcting regions are considered

throughout a large frequency band. In this approach, apart from the eight correcting

regions' heights (h1, h2, ..., h8), the air gap between the NFCS and the PRS (HGap) as
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Figure 2.4: Phase distribution on a reference plane located 2λ0 above the PRS with a radius

of 1.5λ0 in cylindrical coordinates with φ = 0o. The lateral size and the thickness of the PRS

are 3λ0 and λg/4, respectively, where λ0 is the free-space wavelength and λg is the guided

wavelength within the PRS at 11 GHz. The cavity height and the slot antenna size are λ0/2 and

9 mm× 14 mm, respectively.

Figure 2.5: (a) Top view of the proposed near-�eld correcting structure. The diameter of the

whole structure is 1.5λ0 and the width of each region is nearly 0.2λ0. (b) Cross-sectional view

of the NFCS, showing the random thickness of each correcting region before optimization.
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well as the cavity height (HCavity) are optimized at the same time, which is another ad-

vantage over the unit-cell based approaches. Therefore, it is a 10-dimensional problem,

for which we use Particle Swarm Optimization (PSO). PSO is a nature-inspired optimiza-

tion technique proposed in 1995 [54] and brought to the electromagnetic community in

2002 [55]. Since then, numerous electromagnetic components have been designed using

various PSO-based approaches [56�64]. Other nature-based optimization algorithms such

as neural network and ant colony can also be used for such microwave and electromag-

netic applications [65�72]. In order to �nd the 10 parameters associated with the NFCS,

a PSO algorithm was implemented in MATLAB, where all data processing and decision

making are carried out. A VBA channel is then created between MATLAB and CTS

MWS for data transfer, as depicted in Fig. 6. Such an optimization procedure is known

as simulation-driven optimization, which has recently found a wide application in the an-

tenna community [25,57,59,62,73�75]. This method is particularly advantageous when a

large scale of data mining needs to be carried out, which is the case in designing a wide-

band NFCS, as both magnitude and phase distributions at several frequencies on multiple

reference planes need to be monitored and corrected. In addition, it provides more �ex-

ibility, compared to built-in optimizers, in terms of controlling and training the swarm,

by varying PSO parameters such as social and cognitive coe�cients, condition of solution

boundaries, allowed particle velocity etc. [60,62,73,74,76]. Some e�cient techniques have

recently been proposed to expedite multi-objective optimization of real-world problems,

such as a combination of low and high �delity simulations along with co-kriging [74].

The PSO was initialized by 4 particles with a maximum movement of 20% of their

corresponding solution spaces, de�ned by

h1, ..., h8 ∈= [0, 1.5λ0] (2.3)

HCavity ∈= [0.3λ0, 0.7λ0] (2.4)
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HGap ∈= [0.02λ0, 0.07λ0] (2.5)

where h1, ...h8 are the heights of the correcting regions in the NFCS, and tabulated

in Table 2.2. As shown in Fig. 2.5, HCavity and HGap are the updated cavity height and

the gap between the PRS and the NFCS, respectively. In this algorithm, a re�ecting

boundary condition was imposed to con�ne particles to the legitimate solution space. In

this procedure, a �tness function is de�ned to aggregate both the phase and magnitude-

correcting performance of each candidate. Therefore, we de�ne Phase Index (2.6) and

Mag. Index (2.7) to quantify the phase and magnitude corrections, which can then be

aggregated in a simple �tness function. To do so, (2.6) is used to calculate the average

standard deviation of the phase distribution along the x and y axes at 5 distinct frequencies

(11,...,15 GHz) on two observation surfaces, as shown in Fig. 2.6. Using two observation

surfaces decreases the errors associated with the �eld distortion created by the NFCS. The

observation surfaces are at distances of 1.3λ0 and 2λ0 from the PRS, as shown in Fig. 2.6.

The Mag. Index is de�ned by (2.7) to calculate the deviation from a Cosine-Squared

distribution, which results in minimum Side-Lobe Levels (SLLs) in linear arrays [77]. The

PRS can be assumed as an array, due to multiple re�ections inside the cavity [46]. So,

we borrow this concept to avoid undesirable SLLs over the large bandwidth. A �tness

function for this multi-objective multi-dimensional optimization problem is calculated by

(2.10), which is an aggregation of phase and magnitude e�ects.

Phase Index =
1

2
× (

√√√√1

5

5∑
i=1

(φ(x)i − µ(x))2+√√√√1

5

5∑
i=1

(φ(y)i − µ(y))2)

(2.6)
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Figure 2.6: Implemented setup for NFCS design.

Mag. Index =
1

2
× (

1

5

5∑
i=1

|Mag(x)i − I(x) | +

1

5

5∑
i=1

|Mag(y)i − I(y) |) (2.7)

where

I(x) = cos2(
π

l
x) (2.8)

I(y) = cos2(
π

l
y) (2.9)

where l is the aperture length in each axis, and φ and µ are the actual and mean phase

values at each point along each axis.

Fitness = 10× Phase Index+ 2×Mag. Index (2.10)

2.5 Results

The PSO was run for 180 iterations and delivered a candidate with the highest �tness

value of -55.88, found at the 135th iteration. The values of the 10 parameters optimized
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by the algorithm are shown in Table I, based on which the NFCS was realized. 2-D

views of the phase distribution at various frequencies are plotted in Fig. 2.7, underscoring

the signi�cant improvement in phase distribution. To give a better view of the drastic

enhancement in the phase distribution, a normalized 1-D distribution of the near-�eld

phase along the x-axis is plotted in Fig. 2.8 for three frequencies of 11 GHz, 13 GHz,

and 15 GHz. It can be seen that the NFCS has been very successful in the wideband

phase correction, decreasing the phase error to 40o at all three frequencies throughout

the bandwidth. In relation to the near-�eld magnitude enhancement, 1-D magnitude

distributions of the antenna, both with and without NFCS, are depicted in Fig. 2.9,

showing that the deviation from a Cosine-Squared distribution has been signi�cantly

decreased.

Table 2.1: Optimized dimensions of NFCS, unit :millimeter

h1 h2 h3 h4 h5 h6 h7 h8 HCavity HGap

22.2 34 28.8 24.8 20.3 17.7 10.1 6.1 16.3 1.7

Table 2.2: Optimization solution areas

Solution range of the height of phase regions Solution range of HCavity Solution range of HGap

[0, 1.5λ0] [0.02λ0, 0.07λ0] [0.02λ0, 0.07λ0]

A prototype of the synthesized NFCS was fabricated and placed at a distance of

1.7 mm, chosen by the optimization algorithm, from the PRS, to verify the predicted
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Figure 2.7: 2-D views of the near-�eld phase distribution for various frequencies at a distance

of 2λ0 from the NFCS. (a) 10 GHz, (b) 11 GHz, (c) 12 GHz, (d) 13 GHz, (e) 14 GHz, (f) 15

GHz.

results computed by CST MWS. A photo of the antenna under NFCS loading is shown

in Fig. 2.10, where its cavity is excited by a waveguide-fed slot placed in the center of the

ground plane with dimensions of 14 mm× 9 mm. The magnitude of the input re�ection

coe�cient, shown in Fig. 5.8, was measured by an Agilent PNA-XN5242A vector network

analyzer. The measured 10-dB return loss bandwidth extends from 9.66 GHz to 15.47

GHz, equal to 46%, showing good agreement with the predicted results. As can be seen,

the introduction of NFCs has caused multiple resonances in S11, due to the non-uniform

height of the correcting rings in the NFCS.

Far-�eld results of the antenna versus frequency are shown in Fig. 7.13, showing a peak

measured directivity of 21.1 dB at 12.4 GHz. The 3-dB measured directivity bandwidth

is 41%, from 10.35 GHz to 15.76 GHz. The measured gain bandwidth extends from

10.48 GHz to 15.70 GHz, which equals a fractional bandwidth of 40%, an outstanding

improvement compared to other PCSs [21,22,25,49,50]. The measured peak gain is 20.6
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Figure 2.8: 1-D near-�eld phase distribution of the FPRA at a distance of 2λ0.
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Figure 2.9: 1-D near-�eld magnitude distribution of the FPRA at a distance of 2λ0.

dB, showing a remarkable enhancement of almost 10 dB over the bare classical FPRA.

The radiation patterns of the antenna under NFCS loading at 6 frequencies within the

bandwidth are plotted in Fig. 2.13, showing stable SLLs, due to the successful near-�eld

correction. It can be seen that the SLLs in the H and E-planes remain close to -20 dB

and -11 dB, respectively, throughout the bandwidth. The area of the NFCS is 11.33λ0c
2

which is almost one third that of all other PCSs reported in [21, 25, 49, 50], where λ0c is

the free-space wavelength at the central frequency (13.09 GHz).
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Figure 2.10: Photos of the fabricated prototype. (a) FPRA under NFCS loading. (b) Cross-

sectional view of the feed antenna. The dimensions of the slot antenna placed in the center of

the ground plane are 9 mm× 14 mm. The pillars are insulating.
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Figure 2.11: Magnitude of input re�ection coe�cient of the antenna.

2.6 Conclusion

A detailed systematic procedure of designing a wideband Near-Field Correction Structure

(NFCS) for Fabry-Perot resonator antennas is presented for the �rst time. In this method,
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Figure 2.12: Gain and directivity of the antenna with and without NFCS.

a novel approach, based on the time-average Poynting vector and phase gradient analysis,

is proposed to suggest the critical physical conditions of an NFCS to perform over a wide

frequency band. Such conditions are then imposed on a customized PSO algorithm to cor-

rect the near-�eld phase errors and at the same time apply a Cosine-Squared distribution

to the near-�eld magnitude. The NFCS synthesized has a large operational bandwidth

of 40%, which is almost 300% larger than the bandwidth of other unit-cell based PCSs,

while the NFCS is signi�cantly smaller. The antenna system has a peak gain of 20.6 dB

with a 3-dB gain bandwidth of 40%, extending from 10.48 GHz to 15.7 GHz, and stable

SLLs in both planes, -20 dB and -11 dB in the H and E planes, respectively. The proposed

method can also be used for near-�eld correction of other aperture antennas.
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Figure 2.13: Measured radiation patterns at 6 distinct frequencies over the bandwidth. Solid

and dotted lines represent H and E-planes, respectively. (a) 10.8 GHz, (b) 11.6 GHz, (c) 12.4

GHz, (d) 13.2 GHz, (e) 14.0 GHz, (f) 14.8 GHz.
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CHAPTER

3 All-dielectric Beam-Scanning

Metasurface

3.1 Abstract

The paper proposes an electromagnetic-wave beam-scanning antenna system using a sim-

ple rotation of a pair near-�eld graded-dielectric plates (GDPs). The antenna system

requires an electromagnetic (EM) illuminator, with nearly symmetric aperture �eld distri-

bution, as the base antenna and two types of GDPs: one radially graded dielectric (RGD)

and two linearly graded dielectric (LGD) plates. The RGD �rst focuses the beam of

the base EM illuminator in the broadside direction and the LGD then tilts the focused

beam at an o�set angle. For some types of base antennas, having fairly uniform aperture

phase distributions, an RGD may not be required and only a pair of LGDs are su�cient.

Irrespective of the antenna con�guration, using simple rotation of the two LGDs, the

beam can be scanned to any position within a large conical region. The antenna system

presented as a proof of concept has a resonant-cavity antenna (RCA) as the base illumi-

Published as: Muhammad U. Afzal, Ali Lalbakhsh, Karu P. Esselle, �Electromagnetic-wave beam-

scanning antenna using near-�eld rotatable graded-dielectric plates,� Journal of Applied Physics, vol.

124, no. 23, pp. 912�915, Jul. 2018.

29
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nator and three graded-dielectric plates. The aperture length of the antenna system is

6λ0 and its height is 2.2λ0. The results predicted by numerical simulations indicate that

the antenna system has highest peak directivity of 21 dBi. The beam can be scanned to

any direction within a cone having an apex angle of 82.2o.

3.2 Introduction

Beam-scanning high-gain antennas are widely anticipated for future wireless communi-

cation technologies such as the Fifth Generation of cellular communication (or 5G) and

satellite internet services [78�81]. The beam-scanning ability at one or both ends of a

communication link is inevitable also for energy-e�cient smart wireless communication

devices. Due to the immense growth of wireless systems and the anticipated expansion in

the near future, this area of research is one of the most widely investigated topics in the

�eld of wireless communication. In the quest of �nding an e�cient beam-scanning solu-

tion for high-gain antennas, several techniques have been investigated and are reported in

the literature. Beam-scanning antennas can be classi�ed into two broad categories, based

on the method of operation: electrical and mechanical. Most of the widely used beam-

scanning antennas are passive mechanically steered bulky re�ector dishes, which occupy

a large 3D volume [82]. On the other hand, the more-agile, slim, beam-scanning antennas

are electronically scanned phased arrays, which are extremely lossy and expensive, par-

ticularly, at millimeter wave frequencies [83�85]. In general, electrical beam scanning is

complex, lossy and expensive, but compact and convenient. Mechanical beam scanning

is relatively cheap and more e�cient than the electronic but bulky, heavy, and often slow

due to the large inertia of the moving parts.

This paper simultaneously addresses the challenges faced with the two existing scanning

techniques and presents a solution based on a third method of beam scanning. The solu-
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tion is totally passive and thus possesses all the energy-e�cient characteristics of a typical

mechanically scanned antenna system. It needs to be clari�ed that the automated versions

of this beam scanning system needs some power to drive motors to spin the plates. At

the same time, its maximum height is extremely small and is comparable to that of elec-

trically scanned systems based on printed arrays. The core of the solution is the dynamic

near-�eld phase-transformation methodology, which has been recently demonstrated us-

ing printed planar metasurfaces [86].

Instead of metasurfaces, this paper explores the use of graded-index dielectric materials to

presents an alternative all-dielectric beam-scanning antenna system. Graded-index dielec-

tric materials have been investigated in the past to alter the optical beam of light [87,88].

One classic example is the dielectric lens, where a beam is focused by transforming a

spherical phase front into a planar and vice versa [89�95]. The principle has been used

here to develop graded-dielectric plates (GDPs) to focus and tilt the microwave beam of

an EM illuminator in a particular direction. Two di�erent types of GDPs are designed:

radially graded dielectric (RGD) and linearly-graded dielectric (LGD) plates. A RGD

focuses the beam of EM illuminator in the broadside direction and is also referred in the

literature as transverse permittivity gradient phase-correcting structure (PCS) [96]. De-

pending on the radiation characteristics of an EM illuminator, the RGD may or may not

be necessary. The beam-scanning is performed by a pair of LGDs where each LGD tilts

the antenna beam at an o�set angle away from the broadside direction. Simple rotation

of a LGD pair scans beam to any position in a large conical space.

The operation of the proposed beam-scanning method, based on the rotation of an LGD

pair, is similar to the optical beam-scanning method of Risley prisms [97�99]. A similar

approach has also been used for scanning a microwave-antenna beam using thick dielec-

tric wedges [100] and printed planar phase-shifting surfaces [101]. The total height of

an antenna system based on printed phase-shifting surfaces that are located in the far-



32 All-dielectric Beam-Scanning Metasurface

�eld is 8.3λ0 (where λ0 is the free space wavelength at the operating frequency), which is

mainly because the surfaces are placed at several wavelengths from the radiating source.

Although the electrical performance of the proposed antenna is similar to those reported

earlier, the total height of the proposed antenna is only 2.2λ0 that is 74% shorter than

the antenna having phase-shifting surfaces in the far-�eld. This is because the LGDs are

placed at subwavelength spacing and within the near-�eld region of the EM illuminator.

The proposed antenna may appear similar to variable-inclination continuous transverse-

stub (VICTS) antennas [102, 103]. VICTS antennas have two rotating parts: an upper

section with radiating stubs and a highly complex lower section with impedance matching

elements, a line source, absorbers and a ground plane. The two parts of the antenna are

rotated independently. Further, unlike VICTS antennas that require an external polarizer

for a circularly polarized (CP) �eld, the proposed antenna con�guration is compatible with

both linear and circular base antenna without any additional component. Compared with

a commercially available VICTS based antenna, which has maximum height of 7λ0 [104]

at the lowest transmitting frequency, the maximum height of the proposed antenna in free

space wavelengths is 69% less. It should be mentioned that the antenna system in [104]

has a larger diameter. The proposed scanning technique is most closely related to the

near-�eld scanning method presented using metasurfaces [86]. That near-�eld metasurface

base antenna has a maximum height of 1.3λ0, which makes it the thinnest beam-steering

antenna of this type and is 40% shorter than even the proposed beam-scanning method.

However, in contrast to metasurfaces that are made of multi-layered printed phase-shifting

unit cells, a simpler approach is used here and phase shifting is achieved by varying di-

electric permittivities.

A detail description of this beam scanning method is given in Section II. Section III details

design procedure of all GDPs used in this scanning method. Section IV presents a design

example and Section V discusses the numerical results predicted using a commercially
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available EM simulator. Finally, the paper is concluded in Section VI.

3.3 Beam Scanning Using GDPs

The core of the beam-scanning method is dynamic control of the electric near-�eld aper-

ture phase distribution using GDPs. The technique is based on a pair of rotatable planar

beam-tilting linearly graded dielectric (LGD) plates that are placed within a fraction

of a wavelength spacing from an EM illuminator. An LGD is a simple planar plate

of �nite thickness having spatially distributed dielectric materials as shown in Fig. 3.1.

The LGD has a permittivity gradient along one of the linear axes, referred to as the

varying-permittivity axis (VPA) hereafter, and a constant permittivity along the other,

orthogonal, axis. The plate when used with an EM illuminator that has a far-�eld beam

in the broadside direction, simply tilts the beam in the direction of the VPA by an angle

θo away from the broadside.

A complete 2D beam-scanning antenna system uses a pair of LGDs in a stacked con�gu-

ration as shown in Fig. 3.2. The tilt angles introduced by LGD I and LGD II, denoted by

δ1 and δ2, respectively, are the same and equal to θo, or δ1 = δ2 = θo. The inter spacing

between the LGD plates and between the illuminator and the �rst LGD plate is only

fraction of a wavelength.

The directions of the VPAs in the xy-plane, representing the orientation of LGD I and

LGD II, are denoted by ψ1 and ψ2. The angles ψ1 and ψ2 are measured in anticlockwise

direction, from the positive x-axis to the arrow marking the VPA of the each LGD. The

beam scanning in the azimuth and elevation planes by varying ψ1 and ψ2 is explained

with three special cases below.
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Figure 3.1: A view of beam-tilting linearly graded dielectric plate having uniform thickness

but varying permittivity along a radial direction.
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Figure 3.2: A perspective view of the beam-scanning antenna for maximum beam tilt in the

elevation plane. The VPAs of the two LGDs are aligned in a radial direction.
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3.3.1 Case I: Maximum Tilt

The maximum beam tilt away from the broadside is achieved when the VPAs of the two

LGDs are co-aligned in a radial direction, or ψ1 = ψ2. The arrangement is pictorially

represented in Fig. 3.2, where the VPAs are aligned along the x-axis of the Cartesian

coordinates and ψ1 = ψ2 = 0. In this case, each LGD plate tilts the beam in the

same elevation plane, thus constructively adding to maximize the beam tilt angle in the

elevation plane and θ = θmax. For LGDs with smaller tilt angles, θmax is simply a sum of

the beam tilt introduced by each LGD or θmax = δ1 + δ2 = 2θo. For larger values of θo,

or δ1 and δ2, θmax will be more than than 2θo. This maximum tilt in the elevation plane

can be achieved for any azimuth angle (or φ) between 0 and 360o by simply rotating and

aligning the VPAs of the two LGDs to the desired φ.

3.3.2 Case II: Minimum Tilt

The minimum beam tilt in the elevation plane is achieved when the VPAs of the two

LGDs are pointing in opposite radial directions or when ψ1 − ψ2 = 180o, as shown in

Fig. 3.3. In this case, the two LGDs negate or cancel each others' tilt, as they tend to

push the beam in opposite radial directions resulting in a minimum or no tilt at all. If

the two LGDs are identical, or δ1 = δ2, the beam is scanned to the broadside direction.

However, if the two LGDs are not identical, meaning δ1 6= δ2, the beam peak is scanned

to minimum elevation angle, or θmin.

3.3.3 Case III: Intermediate Tilt

For any orientation other than the two mentioned above, the beam out of the LGD pair

is scanned to an intermediate elevation and at a distinct azimuth angle, i.e. θ, φ. As an

example, if the VPA of LGD I is �xed along the x-axis or ψ1 = 0 and ψ2 has any value
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Figure 3.3: A view of the beam-scanning antenna for minimum or no tilt in the elevation plane.

The VPAs of the two LGDs are pointing in opposite radial direction.
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between 0 and 180o then the elevation angle of the beam has a value between 0o and θmax.

The exact values of the azimuth and elevation angles can be estimated using ψ1, ψ2, δ1,

and δ2 using the method explained below.

The method is based on the �rst-order paraxial approximation and vector addition [99].

In this method a pair of vectors is used in the 2D ij-plane � one vector for each LGD �

as explained in an earlier publication [86]. The �rst vector, associated with LGD I, has

magnitude proportional to δ1 and angle ψ1. The second vector, associated with LGD II,

has magnitude proportional to δ2 and the angle ψ2. The two vectors are added to calculate

the resultant vector, and the magnitude and the angle of the resultant vector are then

used to �nd θ and φ of the beam peak, respectively. The Cartesian components of the

resultant vectors are given as:

δi = δ1 cos(ψ1) + δ2 cos(ψ2) (3.1)

δj = δ1 sin(ψ1) + δ2 sin(ψ2) (3.2)

The two Cartesian components are used to compute θ and φ:

θ =
√
δi2 + δj2 =

√
δ12 + δ22 + 2δ1δ2 cos(ψ1 − ψ2) (3.3)

∠OC = tan−1
|δj|
|δi|

= tan−1
|δ1 sin(ψ1) + δ2 sin(ψ2)|
|δ1 cos(ψ1) + δ2 cos(ψ2)|

(3.4)

φ =



∠OC δi ≥ 0 & δj ≥ 0

180o − ∠OC δi < 0 & δj ≥ 0

180o + ∠OC δi < 0 & δj < 0

360o − ∠OC δi ≥ 0 & δj < 0

(3.5)
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3.4 Components of the Beam-Scanning Antenna

The beam-scanning solution discussed above is based on a rotatable pair of LGDs. As

mentioned before, for an EM illuminator that has a fairly uniform phase of the electric

�eld, a pair of LGDs are su�cient. However, an EM illuminator that radiates an electric

�eld with a non-uniform aperture phase distribution needs an additional RGD plate to

�rst create a uniform phase for the LGD plates. Since the RGD is required with most of

the base EM illuminator, the design procedure of RGD is explained in detail along with

the LGD in this section.

3.4.1 Radially Graded Dielectric (RGD) Plate

A radially graded dielectric (RGD) is a circular plate with a �nite physical aperture

matching that of base EM illuminator. A RGD atop a base EM illuminator transforms

its non-uniform aperture phase distribution into a nearly uniform phase distribution, re-

sulting in a focused broadside beam. Unlike traditional phase-correcting techniques, such

as those used with optical lenses, the RGD plate is based on near-�eld transformation

methodology. The prime advantage of the near-�eld phase-transformation technique is

that the RGD is placed at a sub-wavelength spacing from the illuminator [105�107]. Thus

the RGD, being a part of the illuminator, does not increase the maximum height of the

illuminator.

An RGD carries out the phase transformation by providing a spatially distributed transmission-

phase delay. The transmission-phase delay through the RGD is due to the radially dis-

tributed dielectric materials εr(r). It is known that the phase delay in a dielectric material

depends on the length of the dielectric and the relative permittivity value. Therefore, a

di�erential phase delay in an RGD can be established by spatially distributing dielectrics

with the same length but having di�erent permittivity values. The spatial distribution of

dielectric material in on RGD is only along a radial direction. A pictorial representation
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Figure 3.4: A perspective view of radially graded dielectric (RGD) material. The relative

permittivity of the RGD varies radially outward from the center to the edges.

of the RGD plate is shown in Fig. 3.4. The transmission-phase delay in an RGD is repre-

sented by φd and can be expressed as a function of the radial distance r from the center

of aperture such that dφd/dr = variable [108]. The radial dielectric and phase variation

of the RGD plate, or dφd/dr, corresponds to the phase non-uniformity of the base EM

illuminator. Ideally the transmission-phase delay variation in the RGD must be continu-

ous along the radial direction. However, because of the complexity in implementing and

designing such structures, the RGD is divided into discrete concentric circular sections,

each having a width of λ0/3, which is small enough to correct the phase errors throughout

the antenna aperture. The RGD is designed follwing procedure explained for PCSs [105].

First a virtual plane is de�ned on the aperture of the base EM illuminator, as depicted

in Fig. 3.5. The actual phase of the �eld radiated by the illuminator is predicted in the

virtual plane using numerical electromagnetic (EM) simulators. The phase is sampled

precisely at the points lying at the center of the circular concentric sections of the RGD.

The phase is then used to calculate the phase delay, or φd(r), required from the RGD

to achieve a uniform phase at its output. Once the phase-delay pro�le is known then

appropriate permittivity values are determined for normal �eld propagation through a

dielectric material. Electric �eld through a dielectric material is analysed in [109] � the
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analysis has been used to derive a simpli�ed phase-delay equation:

φd(εr, h) = ∠
(

cos(kdh) + j sin(kdh)
(
1+εr
2
√
εr

))
, (3.6)

where h = h0 is the �xed height of the dielectric material and kd is the guided wavenumber inside

the dielectric, or kd = k0
√
εr. Through (3.6), phase data is �rst plotted by �xing h and varying

εr between εr = εr(min) = 1 to εr = εr(max). For convenience, the phase data is unwrapped and

normalized with the minimum phase value, or φd(min) = φd(εr(min), h0), so that the absolute

phase-delay range can be calculated. The normalized phase-delay plot can then be used to �nd

values of εr against φd(r) for each section of the RGD.

3.4.2 Linearly Graded Dielectric (LGD) Plate

An LGD tilts the broadside beam to an o�set angle away from the broadside � pictorially

depicted in Fig. 3.1. The LGD achieves this beam tilt by introducing a laterally varying phase

delay φd(x, y) that transforms a uniform phase at its input into a linearly increasing phase at its

output � a concept inspired from phased arrays in the microwave antenna regime.

In a 2D phased array, a relative phase di�erence is introduced between antenna elements using

Figure 3.5: Virtual plane de�ned for base EM illuminator for probing non-uniform electric

near-�eld aperture phase distribution.
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phase shifters. The resulting interference pattern of the �eld radiated by the antennas and the

direction of constructive interference in the far �eld is directly controlled by the phase shifts. An

LGD mimics the 2D phase-shifter network of a phased array, with the subtle di�erence that the

LGD introduces the phase shift in the radiated �eld, unlike a phase shifter that inserts a desired

phase in the guided wave before it is radiated.

To mimic a 2D array, the aperture of the LGD is divided into discrete grid using Cartesian

coordinates, as shown in Fig. 3.6. In the example shown in Fig. 3.6, the dielectric varies along

the x-axis (labelled as VPA) and is constant along the y-axis. The permittivity is varied such

that the phase delay in the LGD has a constant gradient along the x-axis or dφd/dx = c (where

c is a constant). Similarly to the RGD, �rst the required phase-delay pro�le of the LGD is

calculated using array theory. The array theory states that for two antenna placed side by side

at a spacing of d, the beam can be made to interfere constructively at an angle θo by introducing

Figure 3.6: Transmission phase-delay along the varying-permittivity axis of the LGD plate.

Transmission phase delay is visually depicted by rectangular bars.
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a relative phase di�erence (∆φ), given as:

∆φ =
2π

λ
d sin θo (3.7)

∆φ is the gradient of the LGD's phase-delay pro�le. For the purpose of mapping the phase delay

on the aperture of the LGD, the section at one extreme of the LGD is assigned a transmission-

phase delay of 0o and all the subsequent sections have an incremental phase value of ∆φ as shown

in Fig. 3.6. The value of the dielectric permittivity is then estimated following procedure similar

to that explained for the RGD.

3.5 Example

To verify the working of the proposed beam-scanning antenna, a design example is presented.

The antenna is designed to operate in X-band at a frequency of 11 GHz. The base EM illu-

minator of the system is a classic resonant-cavity antenna (RCA). In the antenna community,

the RCA is also known by the name of Fabry-Perot antenna, electromagnetic bandgap resonator

antenna, and partially re�ecting surface antenna [110�114].

The RCA comprises a simple patch, as an EM source, with a circular full ground plane and an

all-dielectric re�ecting superstrate, as shown in Fig. 3.9. The patch is printed on 0.787 mm thick

Rogers 5880 substrate and the superstrate is a circular unprinted 3.17 mm thick slab of Rogers

TMM4. The diameter of the superstrate and the ground plane is 6λ0 and both are separated by

a physical spacing of ∼ λ0/2 or t = 12.4 mm. The spacing is essential for the cavity, formed be-

tween the ground plane and the superstrate, to resonate at the operating frequency. This type of

classical RCA is known to have a non-uniform electric near-�eld aperture phase distribution [86].

Therefore, an RGD was required with the pair of LGDs to scan the RCA beam.
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3.5.1 RGD Plate

The RGD is designed following procedure explained above and reported in publications on

PCSs [96, 105]. A virtual plane of 6λ0 diameter (matching that of base illuminator) is de�ned

at a spacing of λ0/4 from the PRS, or S1 = λ0/4. The plane is discretized into nine concentric

radial sections, each having a width of λ0/3, as shown in Fig. 3.5. The RCA was simulated with

the �nite-integration technique (FIT) based solver of CST Microwave Studio.

The phase of the dominant �eld component (Ey) was computed at the center of each section

along the x-axis in the virtual plane. The phase is normalized and is plotted along the physical

position on the aperture in Fig. 3.7. This phase is symmetric around the antenna center and can

be referred as input phase, or φin(r). The input phase data is then used to calculate the phase-

delay pro�le, or φd(r), of the RGD plate such that a uniform output phase, or φout(r) = φo, is

obtained at the output of the RGD. The φd(r) is related to the φin(r) and φo(r) with a simple

relation φd(r) = φin(r) − φo. The φo can be any value smaller than or equal to the minimum

value of φin(r). The value of φo used here is 285.5o. The φd(r) is plotted in Fig. 3.7 and is

given along the region numbers in Table 3.1. To estimate the appropriate permittivity value in

each radial section, the phase delay in an ideal dielectric slab is �rst analytically computed using

(6). In (6), h (or the dielectric thickness) is a �xed variable and is critical because it a�ects

the εr(max) required for the design. To elaborate this point further, the phase delay (φd) in a

dielectric is calculated, using (6), for several values of h and a �xed range of εr between 1 and 40.

For each iteration, the phase data is unwrapped and normalized so that the absolute achievable

phase-delay range (φd(max) − φd(min)) can be easily obtained. The data obtained from this

analysis is given in Table 3.2. As can be seen from the table, the phase-delay range increases

with increasing dielectric height for a �xed permittivity variation. It can be concluded that, for

a large required phase delay, thicker dielectric must be used if a limited range of εr is available.

In the case of the RGD, the phase range required is 286o. For any �xed dielectric height, the

range of εr that provides a normalized phase delay of more than 286o is su�cient for this RGD

design.
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Table 3.1: Phase of the dominant �eld component radiated by the RCA and transmission-phase

delay compensation calculated to improve phase uniformity.

Region No. Input phase (Deg.) Phase delay (Deg.)(φd) εr

1 0 285.5 9.3

2 -28.2 257.3 8.3

3 -68.8 216.7 7.1

4 -98.2 187.3 6.2

5 -132.9 152.6 4.8

6 -139.1 146.4 4.5

7 -187.5 98 2.9

8 -285.4 0.1 1

9 -134.1 151.4 4.7
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Table 3.2: Phase delay range for several thickness and �xed permittivity range.

h(mm) h (λ0) φd range (φd(max) − φd(min) (Deg.))

5 0.18 373.7

10 0.37 687.9

15 0.55 1071.9

20 0.74 1435.4

25 0.92 1749.6

30 1.1 2142.9
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Figure 3.7: Non-uniform phase of the dominant electric �eld (Ey) component on RCA aperture

and the required transmission-phase delay of the RGD.

For the RGD and LGD designs, the dielectric thickness is set to 10 mm and εr is varied between

1 and 40. The phase delay φd is computed using (6). A plot of unwrapped normalized phase

delay against εr is shown in Fig. 3.8. As can be seen from the �gure, the phase-delay range of

286o can be achieved by varying εr between 1 and 10. Using the phase-delay plot, the exact

values of εr were selected for the required phase delay in each radial section of the RGD. The

values of εr are given in the last column of Table 3.1.

A 3D model of the RGD plate was created with the RCA and radiation performance was numer-

ically predicted using �nite-integration technique (FIT) based solver of CST Microwave Studio.

Using the numerically predicted results, the thickness of the RGD was further optimised to

6.5 mm. A 3D model of the RCA with optimised RGD is shown in Fig. 3.9. Radiation perfor-
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Figure 3.8: The transmission-phase delay through a dielectric material having varying permit-

tivity and �xed thickness.

mance of the optimised antenna is veri�ed using an independent �nite-element method (FEM)

based full-wave solver of CST Microwave Studio, in addition to the use of FIT based CST solver.

These numerically predicted results will be discussed in Section V.

3.5.2 LGD Plate

To complete the beam-scanning antenna, a pair of identical LGDs are designed, each having a

beam tilt angle of 20o or θo = 20o. The physical layout of the LGD plate is based on the de-

scription given in Section III. The LGD has a physical aperture same as RCA and the RGD, i.e.

6λ0 diameter. The aperture is divided into eighteen vertical section, or NLGD = 18, each having

a width of λ0/3. The phase-delay gradient across vertical sections is calculated using (7). At

the operating frequency, to create a tilt of 20o this phase is 41o, or ∆φ = 41o. From this value,

the transmission-phase delay of the entire LGD plate is obtained by progressively increasing the

phase delay of each dielectric section with a step of 41o, starting from 0o. The values of the phase

delay in vertical sections of the LGD along with the center position of each section is given in
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Figure 3.9: Models of the RCA and RGD used for numerical simulations.

Table 3.3 � the physical center of the plate lies at the origin of the coordinate system. Unlike

RGD, the maximum transmission-phase delay required for the LGD is ∼ 700o. To obtain this

value of transmission-phase delay with a 10 mm thick dielectric material, the maximum value of

relative permittivity is 40 or εr(max) = 40. The value of εr(max) can be reduced by wrapping the

transmission-phase delay between 0 and 360o. In the case of the wrapped transmission-phase

delay the maximum value of relative permittivity is 15 or εr(max) = 15. The phase wrapping,

however, has its own technical challenges such as amplitude modulation and propagation of un-

desired Floquet modes � these aspects are not investigated here and are beyond the scope of this

work.

The normalized phased delay plot of Fig. 3.8 was used to �nd exact values of dielectric permit-

tivity against the φd for the LGD, which are given in Table 3.3. A 3D model of the LGD pair was

created and used with 3D models of RCA and RGD as shown in Fig. 3.10. The spacing between

the RGD and LGD I and between LGD I and LGD II was optimised to 0.09λ0 or S = 2.5 mm.

The thickness of two LGDs is not optimised further due to very long simulation times and may

be carried as an extension to this work in the future. It should be mentioned that dielectric

materials with relative permittivity greater than 12 are di�cult to fabricate and are likely to be

heavy.
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3.6 Radiation Performance

The radiation performance of the antenna system (RCA with GDPs) is numerically predicted at

the operating frequency using the FIT-based solver of CST Microwave Studio.

Table 3.3: Transmission phase delay in a LGD plate and permittivity values of the dielectric

materials within various sections.

Region No. Region center Phase delay (φd) (Deg.) εr

1 -76.5 0 1

2 -67.5 41 1.7

3 -58.5 82 2.5

4 -49.5 123 3.6

5 -40.5 164 5.2

6 -31.5 205 6.7

7 -22.5 246 7.8

8 -13.5 287 9.3

9 -4.5 328 12.5

10 4.5 369 15.2

11 13.5 410 16.5

12 22.5 451 17.9

13 31.5 492 21.6

14 40.5 533 27.1

15 49.5 574 28.8

16 58.5 615 30.1

17 67.5 656 32.7

18 76.5 697 40
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Figure 3.10: Final con�guration of the beam-scanning antenna system, comprises 3D models

of the RCA, RGD, and a pair of LGDs.

Initially, 3D models of the RCA and the RGD (shown in Fig. 3.9) were simulated and key per-

formance indicators such as aperture phase distribution and far-�eld directivity patterns were

extracted. The phase of the dominant radiated-�eld component (Ey) was computed at a spacing

of 0.2λ0 above RGD along the x-axis and is plotted in Fig. 3.11. For comparison, the phase of

the same �eld component radiated by the RCA without the RGD is also included in the �gure.

A noticeable uniformity in the phase is achieved with the RGD, having maximum e�ciency in

the central region of the aperture.

The physics of aperture antennas states that an aperture that radiates a perfect plane wave �

a wave that has parallel wave fronts � has most directive radiation in the far �eld. The peak

directivity of the RCA with the RGD is ∼ 23 dBi, which was only 12 dBi without the RGD.

The numerical results predicted by FIT-based solver were veri�ed with an independent Finite-

Element Method (FEM) based solver of CST Microwave Studio. The exact values of parameters

such as peak directivity, 3dB beamwidth and sidelobe levels predicted by both solvers and are

compared in Table 3.4. As can be observed from the table, the peak directivities predicted by

the two solvers di�er by 0.1 dB. The 3dB beam width in both principal planes has a di�erence
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Figure 3.11: Phase of the �eld radiated by the base EM illuminator with and without RGD

plate.

of 0.3 dB and the SLLs are nearly identical. The pattern cuts in the E-Plane di�er beyond the

main beam direction. These discrepancies can be attributed to the di�erence between Tetrahe-

dral and Hexahedral meshes implemented by the FEM and FIT solvers, respectively. It should

be mentioned that the higher SLLs in the E-plan patterns are due to the feed of the antenna

system and not the scanning plates.

For beam scanning, the 3D model of antenna system shown in Fig. 3.10 was simulated with

the FIT based CST simulator. The RCA (base EM illuminator) and the RGD are �xed, and

LGD I and LGD II are rotated around the antenna axis. The scanning of beam peak, in an

angular position (θ, φ) within a conical region, is explained with three rotation modes.
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Table 3.4: Comparison of far-�eld radiation characteristics predicted by numerical solvers based

on FEM and FIT.

Parameters
E-Plane H-Plane

FIT FEM FIE FEM

Peak directivity (dBi) 22.9 22.8 22.9 228

3dB Beamwidth (deg.) 12.2 11.9 13.4 13.6

SLLs (dB) -20.2 -20.2 -26.4 -26.9

3.6.1 Mode I

To scan the azimuth and elevation plane together, LGD I is �xed and LGD II is rotated in

an anticlockwise direction with a �xed step, or ψ1 = 0o and ψ2 = 0o, 30o . . . , 180o. At each

combination of ψ1 and ψ2, the beam peak moves in both azimuth and elevation planes to a

distinct θ and φ. Far-�eld patterns are predicted by numerical simulations. All the elevation cuts,

taken at azimuth angles, containing beam peaks are plotted in Fig. 3.12. When ψ1 = ψ2 = 0o,

the beam peak is scanned furthest in the elevation plane, or θ = θmax, and at an azimuth angle

φ = 0. With increasing ψ2, the beam peak moves closer to the broadside direction, traversing

through a series of intermediate (φ, θ) points. The azimuth angles (or φ) of the beam peaks are

given in the legend of Fig. 3.12. The elevation angle (or θ) is the position of the beam peak

on the horizontal axis of Fig. 3.12. The highest peak directivity of 20 dB is achieved when the

beam is in the broadside direction for ψ1 = 0o and ψ2 = 180o. The minimum peak directivity

of 17 dBi is when the beam is scanned furthest in the elevation for ψ1 = 0o and ψ2 = 0o. The

precise angular position of the beam peak predicted by numerical simulation and that estimated

using equations (1) � (5) are given in Table 3.5.
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Figure 3.12: Elevation cuts taken at azimuth angles containing the beam peak. For each

pattern cut, the azimuth angle and the orientation angles of LGD I and LGD II are given in the

legend.

3.6.2 Mode II

To scan the beam only in the elevation plane, without a�ecting the azimuth angle, the two

LGDs are rotated with equal magnitude but in opposite directions. If LGD I is rotated clockwise

then LGD II must be rotated anticlockwise with the same value, or ψ1 = −ψ2. To verify the

elevation-only scan, numerical simulation was carried for several combinations of ψ1 and ψ2. ψ1

is varied between 0o and 90o with a step of 15o and ψ2 is varied between 0o and −90o with

a step of −15o. For each combination of ψ1 and ψ2, the radiation performance is numerically
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Table 3.5: Angular position of beam peak predicted by numerical simulations.

Orientation of LGDs Estimated Predicted

ψ1(deg.) ψ2(deg.) φ(deg.) θ(deg.) φ(deg.) θ(deg.)

0 0 0 40 0 41.5

0 30 15 38.6 15 40.91

0 60 30 34.6 29 37.9

0 90 45 28.3 45.5 29

0 120 60 20 61.8 21.8

0 150 75 10.4 73 10

0 180 0 0 0 0

predicted. The beam peak scanned the elevation plane for a �xed azimuth angle of 0o, or φ = 0o.

All the elevation cuts containing the beam peak (taken at φ = 0o) are plotted in Fig. 3.13.

Similarly to the mode I scan, the maximum peak directivity is achieved when the beam is in the

broadside direction for ψ1 = 90o and ψ2 = −90o. The peak directivity decreases as the beam

is scanned in the elevation plane away from the broadside. Unlike the mode I scan where the

highest peak directivity was 20 dB in the broadside direction, the mode II scan yields the highest

peak directivity of 21 dB in the same direction. The orientation of the LGDs along with the

angular position of the beam peaks estimated using equations (1) � (5) and predicted by the

numerical simulations are given in Table 3.6.

3.6.3 Mode III

To scan an azimuth plane for a �xed elevation angle, the two LGDs are synchronously rotated

around the antenna axis. The synchronous rotation of the two LGDs moves the beam in the

azimuth plane without a�ecting the beam position in the elevation plane. This scanning mode
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Figure 3.13: Elevation cuts taken at φ = 0o for the di�erent orientation angles of LGD I and

LGD II.

can be applied to any orientation of LGD I and LGD II or initial values of ψ1 and ψ2. The

mode III scanning is veri�ed for the case when ψ1 = 45o and ψ2 = −45o and the beam peak is

estimated at φ = 0o and θ = 28o.

In the selected con�guration, the inter-angular spacing between two LGDs is 90o and will remain

�xed throughout the scan. Two LGDs are then rotated anticlockwise synchronously with a step

of 45o and the far-�eld patterns were numerically computed. For each combination of ψ1 and

ψ2, elevation cuts taken at the azimuth angles containing beam peaks are plotted in Fig. 3.14.

It can be seen from the �gure that the elevation angle of the beam peak is �xed to ∼ 28o, or

θ = 28o, while the azimuth angle (or φ), indicated in the legend, changes from 0o to 315o with a
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Table 3.6: Angular position of beam peak predicted by numerical simulations.

Orientation of LGDs Estimated Predicted

ψ1(deg.) ψ2(deg.) φ(deg.) θ(deg.) φ(deg.) θ(deg.)

0 0 0 40 0 41.5

-15 15 0 38.6 0 40.7

-30 30 0 34.6 0 38

-45 45 0 28.3 0 28

-60 60 0 20 0 21

-75 75 0 10.4 0 9

-90 90 0 0 0 0

step of 45o. The beam peak is consistent with a slight variation in SLL for some combinations

of ψ1 and ψ2. The angular position of the beam peaks predicted by numerical simulation and

estimated by analytical equations are compared in Table 3.7. For azimuth scanning at any other

elevation angle smaller than θmax, the desired elevation angle can �rst be achieved using either

model I or mode II scan.

Using combinations of mode I and mode III or mode II and mode III, the beam can be scanned

to any azimuth angle between 0o and 360o for any elevation angle smaller than θmax = 41.2o.

This forms a conical scannable region having an apex angle of 82.4o, or 2θmax. As observed

from the numerically predicted results, during the beam scanning, the peak directivity drops,

the beam widens, and the side-lobes appear. However, the peak directivity stays within the

3 dB limit of the highest directivity � a number used as a reference in beam-scanning antenna

applications. The proposed solution of beam scanning is extremely thin and planar. The total

height of the system is ∼ 60 mm, which is approximately 2.2λ0. Additionally, the solution is

totally passive and could be developed into an extremely e�cient antenna solution using low-loss

dielectric materials. Typically, dielectric losses increase with frequency and can be one limiting
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Table 3.7: Angular position of the beam peak when LGD I and LGD II are rotated syn-

chronously.

Orientation of LGDs Estimated Predicted

ψ1(deg.) ψ2(deg.) φ(deg.) θ(deg.) φ(deg.) θ(deg.)

-45 45 0 28.3 0.6 28.9

0 90 45 28.3 45.9 29.3

45 135 90 28.3 90.9 29.8

90 180 135 28.3 134 28.9

135 225 180 28.3 179 28.2

180 270 225 28.3 226.9 29.9

225 315 270 28.3 271.5 30.9

270 360 315 28.3 314.9 29.9
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Figure 3.14: Elevation cut taken at di�erent azimuth angles containing beam peak. For each

pattern cut, the azimuth angle (φ) and the orientation of the LGD I and LGD II are given in

the legend.

factor for this antennas system designed to operate at millimeter wave frequencies.

It is to be mentioned here that the proposed beam-scanning technique using LGDs in the near-

�eld region is not dependent on the type of base antenna. An RCA has only been used because

of its planar pro�le, smaller aperture, and our extensive experience of working with RCAs. Any

type of antenna with an aperture of more than few wavelengths such as a radial line slot ar-

ray (RLSA) or even an array of patches can be used as EM illuminators. These illuminators

do not need a re�ecting superstrate and may also not require the RGD, resulting in a much

simpler antenna structure in terms of stacked layers. A detailed study on the comparison of base
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illuminators is beyond the scope of this work, which is aimed at introducing the beam-scanning

technique using rotation of near-�eld LGDs.

Lack of a prototype and measurement results at this stage should not be considered as a limi-

tation of the proposed beam-scanning antenna. As an extension, two separate research streams

are being investigated to develop a prototype. One of the research directions is creating a

dielectric material having customized permittivity values by volumetric combination of a high-

permittivity dielectric such as Strontium Titanate (SrTiO3) and low-permittivity dielectrics such

as polydimethylsiloxane (PDMS) [115]. The two dielectrics are mixed at a certain volume ratio

before being cured at a proper temperature. The permittivity value is veri�ed with a dielectric

measurement kit. In the second research direction, additive manufacturing or 3D printing is

explored to develop a double layer of meta-atoms having e�ective permittivity required for the

RGD and LGDs [116]. Further developments on the prototyping will be reported in subsequent

publications on the subject.

3.7 Rotation Mechanism

There are several possibilities for rotating the mechanical system for the pair of LGDs. One

method, implemented in a separate project, uses magnetic and direct gears. A cross-sectional

view of the mechanical system is shown in Fig. 3.15. The mechanism is based on two 3D-printed

cylindrical rings, a rigid conduit, and two gears: a magnetic gear for rotating LGD I and a direct

gear for rotating LGD II.

At the bottom, the conduit is attached to the ground plane that carries the RF cable and cables

for the two motors. The �rst cylindrical ring, which is hollow inside, encapsulates the RCA and

the RGD. The ring has an opening on the top side where the LGD I is �xed. The bottom of

the ring is attached to the conduit via a cylindrical bearing. Additionally, a magnetic gear is

attached at the bottom inside face of the ring.

The second cylindrical ring wraps around the �rst ring; it also has an opening on the top face for

LGD II and at the bottom face attached to the conduit via a cylindrical bearing. The bottom
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face of the second ring has gear teeth, which are directly connected with the rotor of a stepper

motor. The rotor of the other motor has a magnetic gear, which rotates the �rst ring and hence

LGD I with coupled magnetic �eld.

This �rst prototype of the mechanical system is tall and heavy because of the thick magnetic

gears. The maximum height of that mechanical system is 13.5 cm, which is 5λ0 at the operating

frequency. The total weight of that mechanical system is 3 kg, mainly due to the weight of

magnetic gears. Two commercially available SS250 stepping motors are used, each capable of

supporting the required inertia while maintaining a speed of 100 rotations per minute. The

direct gear used with the second stepper motor has teeth ratio of 16:128, where 128 teeth are in

the driven gear side attached to the outer ring for LGD II and 16 teeth on the driver gear side

attached to the stepper motor. The maximum speed of the LGD I is restricted to 12 rotations

per minute. The total cost of the mechanical system including 3D printing of various parts and

components is approximately 450 USD. The maximum height of proposed antenna system even

with the �rst prototype of rotating mechanical structure is 4.7λ0, which is still two wavelengths

shorter than the VICTS technology based beam-steering antenna [104].

It is worth emphasizing here that there is no blockage caused by any element of the rotating

structure. The cylindrical walls are made of a low-permittivity dielectric material and hence

have little e�ect on the propagating �eld. Additionally, the ring walls are at the outer periphery

of the LGDs, where EM �eld strength is very small, which has maximum intensity at the center

of the aperture. All of the other components including motors and magnetic gears are below

the metallic ground plane. There is no interference caused by these components to the �eld

propagation, which is naturally shielded by the ground plane.

3.8 Conclusion

The paper presented a low-pro�le, planar, and all-dielectric beam-scanning antenna system. The

antenna system comprises a resonant-cavity antenna (RCA) and three graded-dielectric plates:

one radially graded and two linearly graded. The radially graded dielectric (RGD) is stationary
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Figure 3.15: Cross-sectional view of one rotation mechanism using magnetic and direct gearing

system. Some of the supports used for suspending the re�ecting superstructure are not shown

in the �gure.

while the two linearly graded dielectric (LGD) plates are rotated around the antenna axis. The

far-�eld patterns are predicted by numerical simulations for di�erent beam scanning modes. Nu-

merical results predicts that antenna system has maximum peak directivity and gain of 21 dBi

and 20.2 dB, respectively. The aperture e�ciency is around 23%. Using three di�erent beam-

scanning con�gurations, it is estimated that the beam can be scanned within a large conical

region with an apex angle of 82.2o.

The total height of the antenna system is 2.2λ0, which is signi�cantly less than mechanically

scanned re�ector dishes. Due to the low and planar pro�le of the antenna system, it can be used

to develop Ka and Ku band beam-scanning antennas for ground and mobile terminals to commu-

nicate with upcoming LEO and MEO satellites. Two separate approaches are being investigated

to synthesize the materials required for prototyping. The �rst is based on a volumetric com-

binations of a low-permittivity dielectric polydimethylsiloxane (PDMS) and a high-permittivity

dielectric Strontium Titanate (SrTiO3) to achieve an intermediate permittivity value. The sec-

ond uses additive manufacturing to develop meta-atoms having the desired e�ective permittivity
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values.
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CHAPTER

4 Printed Wideband

Metasurface for Compact

High-gain Resonant Cavity

Antennas

4.1 Abstract

This paper presents a design methodology for a compact, low-cost Partially Re�ecting Surface

(PRS) for a wideband high-gain Resonant Cavity Antenna (RCA) which requires only a single

commercial dielectric slab. The PRS has one non-uniform double-sided printed dielectric, which

exhibits a negative transverse-re�ection magnitude gradient and at the same time a progressive

re�ection phase gradient over frequency. In addition, a partially shielded cavity is proposed as

a method to optimize the directivity bandwidth and the peak directivity of RCAs. A prototype

of the PRS was fabricated and tested with a partially shielded cavity, showing good agreement

Published as: Ali Lalbakhsh, Muhammad U. Afzal, Karu P. Esselle, Stepanie L. Smith, Basit A.

Zeb, �Single-dielectric Wideband Partially Re�ecting Surface with Variable Re�ection Components for

Realization of a Compact High-gain Resonant Cavity Antenna,� IEEE Transactions on Antennas and

Propagation, vol. 67, no. 3, pp. 1916�1921, Jan. 2019.

65



66 Printed Wideband Metasurface for Compact High-gain Resonant Cavity Antennas

between the predicted and measured results. The measured peak directivity of the antenna is

16.2 dBi at 11.4 GHz with a 3-dB bandwidth of 22%. The measured peak gain and 3-dB gain

bandwidth are 15.75 dBi and 21.5%, respectively. The PRS has a radius of 29.25 mm (1.1λ0)

with a thickness of 1.52 mm (0.12λg), and the overall height of the antenna is 0.6λ0, where λ0

and λg are the free-space and guided wavelengths at the center frequency of 11.4 GHz.

4.2 Introduction

Resonant Cavity Antennas (RCAs), also known as electromagnetic band gap resonator antennas,

PRS antennas, 2-D leaky-wave antennas and Fabry-perot cavity antennas, have attracted a lot

of interest from the antenna community over the past decade, due to their planar con�guration,

highly directive radiation patterns and simple feed mechanism [75,117�121].

These desirable characteristics have made this type of antenna a good replacement for arrays

with complex feed networks and bulky re�ector antennas. RCAs generally consist of a Partially

Re�ecting Surface (PRS) placed above a ground plane containing a small feed antenna to make

a resonant cavity. Numerous re�ections inside the cavity spread the electromagnetic �eld within

the cavity, leading to boresight radiation. The PRS is generally made of 1-D periodic layers

of dielectric [122�124], one or multiple 2-D Frequency Selective Surfaces (FSSs) [25, 28, 125]

and [7�12, 126, 127], or 3-D EBG structures [128]. The application of such passive periodic

structures is not limited to RCAs and they are extensively used for other antenna designs and

beamsteering purposes [129,130].

Early high-gain RCAs had a small bandwidth of less than 3% [122, 128, 131] and, therefore,

several attempts have been made to increase the bandwidth of this class of antennas [6�12,

126, 127, 132, 133]. One approach is using several layers of the same or di�erent dielectrics as a

superstructure [132,133]. The key idea of using a multi-layer PRS is to create multiple resonances

which can be controlled and tuned by adjusting the spacing between the dielectric layers and/or

using dielectric slabs with di�erent permittivities.

Such techniques, on the downside, increase the antenna volume and upset the mechanical
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stability of the antenna. To address these de�ciencies, a class of all-dielectric PRS composed

of di�erent concentric dielectric materials has recently been introduced [6, 117]. However, the

manufacturing process and mass-production capability have not been addressed, as such heavy

composite-based structures require several thick dielectric layers and various bonding techniques.

Additionally, achieving a good impedance matching is di�cult, due to the losses associated with

the large volume of the dielectric employed in the PRS. Consequently, the 10-dB |S11| bandwidth

is considerably smaller than the radiation bandwidth, reducing the e�ective bandwidth of the

RCA [6]. In a di�erent approach, Frequency Selective Surfaces (FSSs) have been proposed as

a class of wideband PRS [7�12, 134, 135]. It should be mentioned that FSSs can also be used

for mutual coupling reduction [136, 137]. Several PRSs composed of multiple printed dielectric

substrates have been designed to produce a progressive re�ection phase gradient over a �nite

band, which creates a broadband response [7�10]. As an example, the positive re�ection phase

gradient is around 30% of the overall 3-dB directivity bandwidth achieved using a dual-layer

FSS structure [10]. In an attempt to minimize the number of FSSs in the superstructure, single-

dielectric FSSs have been designed for high-gain RCAs at the price of both large lateral areas

and limited bandwidths [11,135].

Reviewing the literature reveals that the design of a PRS having all the critical characteristics,

such as a single commercial dielectric layer, compactness, stable |S11| bandwidth, high gain and

wideband response, is a real challenge in relation to RCAs. In this paper we deal with this

challenge by introducing a non-uniform thin printed PRS which not only provides a positive

re�ection phase gradient, but also produces a negative transverse-re�ection magnitude gradient.

The �rst phenomenon has already been realized using either multiple printed dielectric surfaces or

a large single FSS, while our PRS is made of a compact single dielectric. The second phenomenon

was realized in [6] by bonding thick and heavy dielectric materials, whereas our proposed PRS

is thin, light and low cost.

The rest of the paper is organized as follows: the design methodology of the proposed PRS

is explained in Section II, where a PRS composed of resonating elements is designed at 11 GHz

to meet the two aforementioned conditions. This satis�es the cavity resonance condition over
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a wider range of frequencies without sacri�cing peak gain or compactness. A partial shielding

technique is then investigated, showing 0.6 dB and 4% improvements in the peak directivity and

3-dB directivity bandwidth, respectively. Section III discusses the measurement results of the

antenna.

4.3 Partially re�ecting Surface Design

4.3.1 Resonance Condition of the Cavity

According to the conventional PRS design procedure, the thickness of an unprinted slab is a

quarter wavelength, which results in a small defect-mode bandwidth, leading to a limited gain

bandwidth [12]. Multi-layer superstrates have been used to create multiple resonant inclusions to

produce a wider transmission band [132]. To achieve the above characteristic without sacri�cing

the compactness and low fabrication cost, printed resonating elements can be made to resonate

at two adjacent frequencies, to produce a wide transmission band.

However, this is not a su�cient condition to ensure a wideband performance of RCAs [11].

Based on the analysis of ray tracing [9, 46], the resonance condition for maximum boresight

radiation at the operating frequency is

φsup − π −
4π

λ
h = 2Nπ (4.1)

where N is an integer, h is the cavity height, λ is the free-space wavelength at the operating

frequency, and φsup is the re�ection phase of the superstructure for normal incidence.

In order to have a large operational bandwidth, the above equation should ideally remain

valid over the bandwidth. To do so, the re�ection phase of the PRS needs to increase with

frequency, which is not possible with the conventional PRSs.
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Figure 4.1: (a) A unit cell of the proposed PRS. (b) Superstructure Re�ection Model (SRM)

required to characterize the unit cell.

4.3.2 Positive Re�ection Phase Gradient

It is well-proven that components behave di�erently around their resonant frequencies. Owing

to this fact a positive re�ection phase gradient can be achieved by taking advantage of the

resonance [11]. Therefore, two periodic arrays of resonating parallel strips, each printed on the

opposite sides of a dielectric slab (Rogers TMM 4), were designed at 11 GHz for our PRS, as

shown in Fig. 4.1(a).

The dimensions of the two resonator strips are l1 × w1 and l2 × w2, the thickness of the

dielectric is 1.52 mm, and the square unit cell length is 4.5 mm (0.165λ0,d), where λ0,d is the free-

space wavelength at the design frequency (11 GHz). It should be noted that periodic boundary

conditions, assuming in�nite repetition of unit cells in transverse directions, are used in the PRS

design to signi�cantly reduce the computation time [7�9].

To determine the initial size of the resonators, identical conductive strips are initially used

on both sides of the dielectric slab, resulting in a single strong resonance, dominantly controlled

by the length of the conductors. The input impedance of the unit cell for a constant value of w

and varying l is shown in Fig. 4.2. As can be seen, zero reactance shifts from 10 GHz to 14 GHz

with slight changes in l. This veri�es that the resonance can be reasonably controlled by the
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Figure 4.2: Impedance of the proposed unit cell with varying identical strip lengths (l) and a

constant width w = 0.4 mm.

length of the conductive elements. Having the initial dimensions of the resonating strips, as well

as the required re�ection characteristics, the resonance can be tuned to acquire the phase and

magnitude re�ection requirements. Therefore, the next step is to de�ne the magnitude re�ection

conditions which need to be satis�ed by the proposed unit cell.

4.3.3 Negative Transverse-Re�ection Magnitude Gradient

According to our near-�eld investigation into a conventional RCA composed of a PRS with

a permittivity of 4.5, shown in Fig. 4.3, the magnitude of the electric �eld decreases towards

the edges of the cavity, which results in poor aperture e�ciency and sub-optimal peak gain.

This led to the hypothesis that an unconventional PRS with nonuniform magnitude re�ection

characteristics can be developed to address this de�ciency. Therefore, our PRS is divided into
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Figure 4.3: Electric �eld distribution (|Ey|) in the cavity of the conventional RCA at 11.4

GHz. The PRS is an unprinted Rogers TMM4 with a thickness and area of λg/4 and 6λ0× 6λ0,

respectively. λg and λ0 are the guided and the free-space wavelengths at the center frequency of

11.4 GHz, respectively.

Figure 4.4: RMS values of the dominant electric �eld (Y component) on the aperture of an RCA

at 11 GHz. The PRS is an all-dielectric substrate with a permittivity and thickness of 4.5 and

0.12λg,d, where λg,d is the guided wavelength at 11 GHz. (b) Two regions of our unconventional

non-uniform PRS with a length of X = 2.2λ0,d, where λ0,d is the free-space wavelength at the

design frequency of 11 GHz.
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two regions; Region 1 which is a high-re�ection zone and Region 2 representing a low-re�ection

area, as depicted in Fig. 4.4. These two zones are collaboratively responsible to equalize the

magnitude of the electric �eld throughout the cavity, by enforcing more re�ection in the central

areas and less in the outer regions. The size of the regions is chosen based on the magnitude

of the electric �eld on the aperture. The RMS values of the electric �eld are visualized in the

reactive near-�eld region in a reference plane at a distance of 0.03λ0,d (1 mm) from the PRS,

where λ0,d is the free-space wavelength at the design frequency of 11 GHz. The size of Region 1

is selected to moderate the electric �eld values in the areas with at least 75% of the peak RMS.

As shown in Fig. 4.4(a), the 75% RMS cut-o� of Region 1 is 47.5 V/m.

In order to choose the re�ection magnitude values in the two regions of the PRS, more

investigation into a heavily truncated PRS and the relationship between the re�ection coe�cients

and the radiation patterns of a miniaturized RCA is required. To do this, the same antenna in

Fig. 4.4 was simulated with di�erent re�ection magnitudes of the same-size PRS. As shown in

Fig. 4.5, there is a trade-o� between the peak directivity and the 3-dB directivity bandwidth

for various re�ection magnitudes of the truncated PRS. According to a design requirement,

at the operating frequency, a suitable re�ection magnitude can be adopted for a PRS. In the

proposed design, the desired least directivity bandwidth and the least peak directivity are 20%

and 15 dBi, respectively. According to Fig. 4.5, for the desired directivity bandwidth, the

re�ection magnitude of the PRS needs to be smaller than -7 dB. On the other hand, the re�ection

magnitude of the PRS must be greater than -3 dB in order to achieve a peak directivity of more

than 15 dBi. The two desired design parameters have con�icting requirements on the re�ection

magnitude. Therefore, instead of satisfying one condition at the cost of the other, both are

marginally reduced by choosing a PRS having a re�ection magnitude between -3 dB and -7 dB.

For Region 1, the PRS used has a re�ection coe�cient of -4 dB at the operating frequency (11

GHz). It should be noted that the choice of -4 dB within -3 dB to -7 dB is arbitrary and any

other realizable value that can also satisfy the condition of a positive phase gradient for the

PRS design can be used. For Region 2, apart from all the above considerations, an additional

condition imposed is to have a re�ection magnitude smaller than that of Region 1. These criteria
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need to be satis�ed at the operating frequency and preferably within a �nite band around the

operating frequency. In the proposed design, the re�ection magnitude of the PRS used in Region

2 is -5 dB. As explained above, other realizable choice values can be possible if the positive phase

gradient is achieved in the PRS design.
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Figure 4.5: Peak directivity and 3 dB directivity bandwidth versus re�ection magnitude in a

heavily truncated PRS. The PRS is an all-dielectric substrate with a thickness of 0.12λg,d, where

λg,d is the guided wavelength at 11 GHz.

For a higher minimum re�ection magnitude in Region 1, a weaker resonance is created using

two strips which are very di�erent in length. In contrast, a stronger resonance is realized using

identical strips; however the lengths of the two strips in Region 2 are not identical and are chosen

to be close to -5 dB. To do this, a �ne parametric sweep of the conductive lengths was performed

using the initial geometrical values to simultaneously satisfy both phase and magnitude gradient

requirements. The dimensions of the conductive strips are given in Table I.

The computed re�ection magnitude and phase of the unit cells in both zones, shown in

Fig. 4.6, verify the realization of the prede�ned re�ection requirements. Region 1, the central

area of the PRS, provides a higher re�ection magnitude (around -4 dB), while Region 2, the

outer area of the PRS, is less re�ective (-5 dB) at the design frequency (11 GHz); hence, a
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Table 4.1: Dimensions of the strip resonators in di�erent regions

Dimension (mm) l1 w1 l2 w2

Region 1 4.4 0.4 3.3 0.4

Region 2 4.3 0.4 4.1 0.4

negative transverse-re�ection magnitude gradient has been achieved. Both regions also exhibit

a positive re�ection phase gradient versus frequency in a �nite band. Fig. 4.6 compares the

re�ection components of the unit cells designed at 11 GHz with that of a conventional PRS with

λg/4 thickness. It is observed that the re�ection phase gradient is not always positive throughout

the band, however it does not violate the PRS wideband performance, as reported in [7,10,132].

To optimize the peak directivity and directivity bandwidth without enlarging the antenna,

a partial shield (Fig. 4.7(c)) is proposed. The e�ects of the surrounding metallic wall on the

directivity of the RCA are depicted in Fig. 4.8. The optimal height of the shield is 0.022λ0

(6 mm), resulting in 0.6 dB and 4% improvements in peak directivity and 3-dB bandwidth,

respectively. It should be mentioned that higher gain can be achieve using this technique at a

price of larger aperture size.

4.4 Results

The layout of the printed PRS along with a photo of the fabricated antenna prototype are shown

in Fig. 4.7. The RCA was simulated using the time-domain solver of CST Microwave Studio to

verify the design. The proposed PRS was placed at a distance of 0.55λ0 from the ground plane,

where λ0 is the free-space wavelength at the center frequency (11.4 GHz). It should be noted

that the analytically calculated cavity height is 0.50λ0 which was slightly tuned to attain the

resonance at the operating frequency.

The PRS was made of Rogers TMM4 slab with a diameter and thickness of 58.5 mm (2.2λ0)



4.4. Results 75

8 9 10 11 12 13 14 15

150

180

210

R
e

fl
e

c
ti
o

n
 p

h
a

s
e

 (
D

e
g

)

 

 

8 9 10 11 12 13 14 15
−6

−4

−2

0

Frequency (GHz)

R
e

fl
e

c
ti
o

n
 m

a
g

n
it
u

d
e

 (
d

B
)

 

 

Conventional PRS

PRS in Region 1

PRS in Region 2

Ideal phase gradient

Conventional PRS

PRS in Region 1

PRS in Region 2

Figure 4.6: Re�ection phase and magnitude of two di�erent unit cells designed for Region 1

and Region 2 of the PRS are compared with that of a conventional PRS.

Figure 4.7: Proposed PRS. (a) Strip resonators on the upper surface. (b) Strip resonators on

the lower surface. (c) A photo of the fabricated RCA with partially shielded cavity.
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Figure 4.8: The e�ects of partial shielding on the directivity and bandwidth of the RCA.

and 1.52 mm (0.12λg), respectively. The feed antenna is a waveguide-fed slot placed in the center

of the ground plane with dimensions of 13 mm × 6 mm (0.49λ0 × 0.23λ0). Near-�eld results,

shown in Fig. 4.9(a), verify that the magnitude of the electric �eld (|Ey|) is stronger in a larger

area in the cavity, due to the application of varying re�ection magnitudes. The addition of the

shield makes the �eld even stronger throughout the cavity, as shown in Fig. 4.9(b).

This phenomenon has increased the calculated aperture e�ciency, reaching 71% and 83% for

the case of unshielded and partially shielded RCAs, respectively.

4.4.1 Measurement Results

The input re�ection coe�cient was measured using an Agilent PNA-X N5242A vector network

analyzer. As shown in Fig. 4.10, the measured 10-dB |S11| bandwidth is 38%, from 10.1 to 14.9

GHz.
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Figure 4.9: Electric �eld (|Ey|) distribution in the cavity of the new RCA at the center frequency

of 11.4 GHz with (a) unshielded cavity and (b) partially shielded cavity with an optimized height

of 6 mm.

The prototype RCA exhibits a large 3-dB directivity bandwidth from 10.23−12.76 GHz,

equal to 22%, with a VSWR better than 1.5 throughout this bandwidth. A peak directivity

of 16.2 dBi occurs at 11.3 GHz, as shown in Fig. 4.11. Its 3-dB gain bandwidth extends from

10.18 to 12.63 GHz, i.e. 21.5%. A good agreement between predicted and measured results is

also observed. The radiation patterns, measured in an NSI spherical near-�eld range at four

frequencies within the directivity bandwidth, are shown in Fig. 4.12.

Although the PRS is symmetric, the overall patterns from the antenna are not identical in

the two principal planes, as shown in Fig. 4.12. This is, due to the unsymmetrical �eld radiated

by the primary feed inside the cavity. It should be noted that the increase in the SLLs around

the edges of the operating band is contributed by the high SLLs of the primary feed. From

a physical point of view, the PRS is very thin (1.52 mm), light (9 gr), compact and low cost,

which can make wideband array RCAs an economically feasible option. A comparison with some

published wideband PRSs is made in Table II, highlighting the functionality of the proposed
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structure. Although the composite antenna in [6] exhibits the largest bandwidth, the fabrication

cost is considerably higher, due to employing multiple thick substrates and the high volume of

dielectric wastage in the fabrication process.
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Figure 4.10: Input re�ection coe�cient of the antenna.
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Figure 4.11: Gain and directivity of the new RCA.
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Figure 4.12: Normalized radiation patterns of the RCA at four equally spaced frequencies as

measured in NSI-700S-50 spherical near-�eld chamber. (a) 10.8 GHz. (b) 11.2 GHz. (c) 11.6

GHz. (d) 12 GHz.

4.5 Conclusion

A single-layer non-uniform Partially Re�ecting Surface (PRS) is presented for realization of

a high-gain wideband Resonant Cavity Antenna (RCA). The PRS is composed of arrays of

resonating elements printed on both sides of a dielectric slab to create two phenomena which have

never been used simultaneously. The non-uniform PRS exhibits di�erent re�ection magnitudes

on the aperture, creating a negative transverse re�ection magnitude gradient and at the same

time a progressive re�ection phase gradient over frequency. The combination of these two features

results in a compact wideband PRS without sacri�cing ease of fabrication and gain. In addition,
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unlike the conventional RCAs, a partially shielded ground is proposed for further bandwidth

and peak directivity improvement. The PRS has been fabricated and tested with this ground,

producing a 16.2 dB peak directivity with 22% 3-dB directivity bandwidth. The measured peak

gain is 15.75 dBi at 11.4 GHz with a 3-dB gain bandwidth of 21.5%. The PRS is compact,

light, with a thickness and area of 0.12λg and 3.8λ20, respectively. Considering the radiation and

physical characteristics of the proposed PRS, it is a good candidate for realization of wideband

high-gain RCAs.
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CHAPTER

5 Dielectric-Less Narrowband

Phase-Correcting Metasurface

5.1 Abstract

This paper addresses a critical issue, which has been overlooked, in relation to the design of

Phase Correcting Structures (PCSs) for Electromagnetic Bandgap (EBG) Resonator Antennas

(ERAs). All previously proposed PCSs for ERAs are made either using several expensive Radio

Frequency (RF) dielectric laminates, or thick and heavy dielectric materials, contributing to very

high fabrication cost, posing an industrial impediment to the application of ERAs. This paper

presents a new industrial-friendly generation of PCS, in which dielectrics, known as the main

cause of cost and loss, are removed from the PCS con�guration, introducing an All-Metallic PCS

(AMPCS). Unlike existing PCSs, a hybrid topology of fully-metallic spatial phase shifters are

developed for the AMPCS, resulting in an extremely lower prototyping cost as that of other

state-of-the-art substrate-based PCSs. The APMCS was fabricated using laser technology and

tested with an ERA to verify its predicted performance. Results show that the phase uniformity

of the ERA aperture has been remarkably improved, resulting in 8.4 dB improvement in the

Published as: Ali Lalbakhsh, Muhammad U. Afzal, Karu P. Esselle, Stepanie L. Smith, �Low-Cost

Non-Uniform Metallic Lattice for Rectifying Aperture Near-Field of Electromagnetic Bandgap Resonator

Antennas,� IEEE Transactions on Antennas and Propagation, Vol. 68, 2020
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peak gain of the antenna and improved sidelobe levels (SLLs). The antenna system including

APMCS has a peak gain of 19.42 dB with a 1-dB gain bandwidth of around 6%.

5.2 Introduction

In modern communication systems, directive antennas play an essential role in various applica-

tions such as satellite reception, point to point microwave links and back-haul networks. Re�ector

antennas are perhaps considered as one of the most conventional directive antennas with sta-

ble radiation patterns [138]; however their parabolic shapes along with their large sizes become

problematic in some applications, such as communication on-the-move. Another category of

the narrow-beam antennas are array antennas which occupy considerably less space; however a

complex feed network is required which potentially increases the loss throughout the antenna

system, and the fabrication cost. The third category of the directive antennas are cavity-based

antennas, such as electromagnetic bandgap (EBG) Resonators Antennas (ERAs) also known

as resonant cavity antennas and Febry-Perot resonator antennas which have the advantage of

a single feed and a planar structure [7�9, 38, 39, 42, 53]. Despite the mentioned desired ERAs'

characteristics, the near-�eld phase defect of this class of antenna was revealed in 2015 [49] and

since then, several solutions have been proposed to tackle this de�ciency in the hope of making

ERAs a practical solution, when volumetric features along with electromagnetic characteristics

are critical [21,22,25,43,49,50,60,75,139�149]. It is important to re-iterate that the lens theory

cannot be applied on ERAs or any similar antennas to estimate their phase errors, as neither

of the two essential conditions of single point source and re�ection-free medium is satis�ed in

relation to ERAs, as explicitly discussed in [49]. As a result, the �rst generation of Phase Cor-

recting Structure (PCS) for ERAs was proposed and tested successfully, suggesting signi�cant

improvement in the near-�eld phase uniformity, leading to highly directive radiation patterns

with stable side lobe levels [49]. This very �rst class of PCS is composed of several dielectric

heights to e�ectively manipulate the local aperture-phase values for phase-error minimization at

the operating frequency [49, 56, 60, 139, 148]. However, the non-planar con�guration, very high
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fabrication cost, as well as undesirably heavy weight of such PCSs were a serious impediment to

fully introduce the modi�ed ERAs as a viable industrially justi�ed solution. To mitigate some

of these issues, semi-planar con�gurations were proposed, in which high-pro�le single-dielectric

in the PCS con�gurations was replaced by composite-based dielectrics, leading to a lighter PCS

with a smaller pro�le at the expense of more complex fabrication process. [50].

The second generation of PCS has been recently introduced [21,22,25], in which undesirably

thick phase-correcting regions, in the �rst generation, have been replaced by completely planar

surfaces. This class of PCSs is composed of multiple printed dielectric layers stacked together to

impose localized time-delay throughout the aperture of the antenna. The second generation of

PCSs have been successful in replicating almost the same electromagnetic performance as that

of the �rst; nevertheless, the presence of multiple large dielectric substrates and the associated

bonding techniques contribute to an expensive antenna system, limiting its applications in highly

specialized practices.

Reviewing literature reveals that, while there has been a promising trajectory on evolution

of PCSs for aperture antennas like ERAs, the critical aspect of market a�ordability has been

overlooked, posing a serious barrier for ERAs to �nd their applications in today's industry. This

paper introduces the third generation of the PCSs, where industrial justi�cation and cost is

equally weighted along with the electromagnetic performance. Here, in the third generation

of PCS, dielectric substrates are made redundant for the �rst time, making a breakthrough

in relation to the fabrication cost, while the electromagnetic performance is not sacri�ced and

comparable with the previous high-cost generations. The proposed All-Metallic PCS (AMPCS)

is made of three stainless steel surfaces segregated with a sub-wavelength air-gap, without the

need for any bonding techniques, as opposed to all other classes of PCS which either require thick

and lossy dielectric thicknesses, or multiple of expensive printed RF laminates. The rest of this

paper is organized as follows. Section 5.3 describes brie�y the phase defect of a typical ERA and

suggest the macroscopic and microscopic con�gurations of the AMPCS. Section III discusses the

fabrication process of the proposed AMPCS and some special considerations need to be taken

into account for metal manufacturing. Section IV presents the near-�eld and far-�eld results of
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the antenna system, highlighting the AMPCS performance.

5.3 Design of the AMPCS

The design procedure of AMPCS can be divided into two major steps, in which a macroscopic

con�guration of the AMPCS is �rstly suggested based on the nature of the near-�eld non-

uniformity of the electromagnetic (EM) source under examination. To do so, an ERA is used

as an example case of an aperture EM source su�ering from a highly spherical wavefront. In

the second step, microscopic topology is discussed, where the con�gurations of all-metal phase-

correcting elements are proposed.

5.3.1 Macroscopic topology of the metallic PCS

A conventional ERA is composed of a partially re�ecting surface (PRS) placed at a half wave-

length from a ground plane containing a simple feed. The feed excites the cavity formed between

the PRS and the ground plane [38]. In a di�erent approach, fully re�ecting surfaces can also

be engineered to form an ERA as explained in [20, 47, 48]. Fig. 5.1(a) shows the ERA under

examination with a �at unprinted surface as its PRS. The PRS is made of Rogers TMM 4 with

a thickness of 3.17 mm, which is close to λg/4, as recommended in the literature [38, 39], and

placed at a distance of λ0/2 from the ground plane to construct a cavity, where λ0 and λg are

the free-space wavelength and guided wavelength within the PRS at the operating frequency of

11 GHz. The cavity was excited using a single slot antenna with an opening of 13.2 mm×8 mm

placed in the center of the ground. In order to calculate the phase errors in the antenna aperture

originating from the transversal prorogation of the slot antenna, an imaginary plane is consid-

ered at a sub-wavelength distance of 7 mm from the antenna where the local phase values are

measured and depicted by a 2D plot in Fig. 5.1(b). As can be seen from this plot, the near-�eld

phase values are approximately independent with respect to φ in the cylindrical coordinates.

In order to discretize the aperture phase distribution, the actual phase values along the
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φ = 0, with an interval of λ0/3 are captured in the imaginary plane, resulting in 7 discrete val-

ues, which are used to quantify the aperture phase-errors with respect to an arbitrary constant.

The sampling interval is critical and chosen following the recommendations in [49,50,150,151], as

large intervals would result in sub-optimal correction, due to discretization error and too small

ones would cause fabrication complexity, especially for an all-metal structure. To correct such

circularly symmetrical, yet highly non-uniform, phase distribution of the antenna, the proposed

AMPCS needs to follow the same symmetry, resulting in a semi-rotational orientation of 7 di�er-

ent phase-correcting elements, as shown in Fig. 5.2. It should be noted that such arrangement is

not singular and any other circular patterns inspired by the actual near-�eld phase distribution of

the EM source can be used. Knowing the macroscopic structure of the AMPCS and the required

localized phase correction, next step is to design phase-correcting element of the AMPCS.

Figure 5.1: (a) A photo of the fabricated ERA with an unprinted PRS made of Rogers TMM

4. (b) 2D presentation of the phase distribution of Ey 7 mm above the antenna aperture.
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Figure 5.2: Quasi-circular arrangement of the phase-correcting elements used for the AMPCS

realization.

5.3.2 Microscopic topology of AMPCS

The Second generation of PCSs are generally composed of localized spatial phase shifters de-

veloped by stacking multiple expensive RF laminates. The use of dielectric as a substrate for

the metallic patterns along with a wide variety of available substrates (numerous dielectric con-

stants and thicknesses) provides PCS designers with an extremely large degree of freedom to

achieve the transmission properties required throughout the PCSs [17,18,21,22,25,141]. Indeed,

any conductive patterns, resonant or non-resonant elements, with any commercially available

substrates can be used to achieve a transparent structure with the required phase delay at the

operating frequency. On the other hand, such �exibility does not exist with all-metal con�gu-

rations. Therefore, none of the proposed con�gurations of printed phase-correcting elements in

the literature can be implemented in a fully metallic topology.

To tackle this issue, we propose a hybrid all-metal con�guration for the phase-correcting

elements, in which di�erent numbers of segregated conductive layers are used. In the proposed

con�guration, the consistency and the mechanical integrity, which are the main barriers to the

all-metal EM devices, are ensured by an inductive metallic grid extending throughout AMPCS

structure. The justi�cation to use such a high-impedance metallic network is grounded by the

fact that the resonance condition can be potentially satis�ed by a combination of the inductive

e�ects of two segregated metallic grids and the capacitive e�ects of the transmission line placed
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Figure 5.3: Unit-cell con�guration of the proposed all-metal phase shifters. (a) Side view of a

unit cell of the AMPCS. (b) Top and bottom conductive patterns of a unit cell of the AMPCS.

(c) The middle conductive pattern of a unit cell in the AMPCS. In each unit cell, the square

paths are held by the inductive strips with a constant width of c. The inductive strips running

throughout the three surfaces, responsible for the integrity of the structure.

between the two grids. Consequently, it can be hypothesized that a pair of inductive grids

will create a high-transmission window around their resonance, making them a possible phase-

correcting element, in addition to their primary role of ensuring mechanical consistency of other

metallic patterns used in the future phase-correcting elements.

To verify this hypothesis, a parametric analysis of two identical metallic grids separated by

10 mm (≈ λ0/3) with varying widths from 0.4 mm to 1.6 mm and a step of 0.1 mm was carried

out using CST MWS. According to the numerically computed transmission coe�cients, a phase

range of 100 degrees (125◦ to 225◦) with reasonably high transmission magnitude can be achieved

by this simple structure. The signi�cance of this relatively small phase range will be revealed

when other patch-based phase-correcting topologies are designed in the following and appear to

fail to �ll the same phase-range.

The proposed all-metal phase-correcting element consists of three inductive grids separated

by nearly λ0/3 as a base to hold the three metallic patches as shown in Fig. 5.3. The size of each

element is set to λ0/3 and denoted by p in Fig. 5.3. To ensure simplicity of the proposed AMPCS,
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the top and bottom patches are designed to be identical with a maximum size of p = λ0/3. In

this con�guration, the width of the grid and the thickness of both patches and girds are set to

0.4 mm and 1 mm, respectively, considering the limitations associated to the laser cutting which

is used in the fabrication process and discussed in Section Section III. The size of the square

patches, however, are varied to achieve the required phase shifts using a parametric study with

a step size of 0.3 mm chosen based on the fabrication tolerance.

Figure 5.4: Polar representation of the transmission coe�cients generated by the proposed

hybrid all metal con�guration. The blue squares represent the transmission components of

three square patches connected by the three layers of the metallic grid. Red crosses show the

transmission coe�cients of two layers of the grid in the absence of metallic patches.

The transmission phase and magnitude at the operating frequency of 11 GHz are extracted

from the parametric study and illustrated through a polar graph shown in Fig. 5.4. In this plot,

the transmission characteristics of each phase-correcting element is presented by a blue square,

suggesting the incapability of the unit-cell con�guration in Fig. 5.3 in covering the phase values

of 45◦ to to 210◦, which would be a barrier for the phase correction of EM sources with a severe
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Figure 5.5: Laser cut AMPCS made of stainless steel sheet with a thickness of 1 mm.(a) top

layer, (b) middle layer, (c) bottom layer.

aperture phase non-uniformity like the ERA under consideration. This problem is recti�ed by

using a pair of standalone inductive grids as phase-correcting elements, as explained earlier, and

shown in red crosses in Fig. 5.4. In order to cover the phase range of 45 to 120, one more

layer needs to be used in the AMPCS con�guration. The �nal stage of designing AMPCS is

choosing the suitable candidates from the element bank shown in Fig. 5.4 and arrange them in

the pre-designed macroscopic regime discussed in Section 5.3.1, in which only 7 discrete correcting

elements are required. The geometrical and EM properties of the unit cells used in the APMCS

are tabulated in Table I.

5.4 Fabrication Considerations

There are a variety of fabrication methods which can be employed for realization of the proposed

AMPCS, thanks to the recent advancements in the metal manufacturing technology. There are

�ve possible prototyping procedures including Computer Numerical Control (CNC) machining

[152], plasma cutting [153], metal additive manufacturing [154], waterjet cutting [155] and laser

cutting [156]. Amongst them, we highly recommend the last two methods for the AMPCS

prototyping. Indeed, the sharp vertex of the perforated polygons cannot be achieved using

CNC machining, due to the round tip of CNC bits, additionally there is a high chance of metal
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Table 5.1: Geographical and electromagnetic properties of the phase correcting elements used

in the AMPCS at 11 GHz.

Ring |S21| ∆φ No. of a b c

no. (dB) (Deg.) Layers (mm) (mm) (mm)

1 00 187 2 0 0 0.8

2 -2.7 214 3 0 2.7 0.4

3 -0.1 255 3 0 6.2 0.4

4 -0.2 296 3 3.3 6.2 0.4

5 -0.5 330 3 5.4 5.5 0.4

6 -0.5 330 3 5.4 5.5 0.4

7 -3.0 12 3 6.8 4.8 0.4

failure during drilling because of the small thickness of the metal sheet. Secondly, plasma cutting

performs e�ciently only for large cutting areas with simple patterns, while the AMPCS has many

miniature segments which would be damaged due to the destructive in�uence of plasma cutting

on the con�uences. Metal additive manufacturing is a very precise method for prototyping

metallic objects with delicate segments; however, it is not recommended in the case of AMPCS,

as the 3D printed AMPCS would be highly subject to damage, when it is removed from the

printer bed, due to its small thickness. Either water-jet cutting and laser cutting can be used

to fabricate the proposed AMPCS, as both method are capable to �nely perforate metal sheets;

nevertheless, the water-jet cutting is a lengthier process than laser cutting, leading to a higher

fabrication cost, hence the AMPCS was fabricated using laser cutting technology.
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Figure 5.6: A prototype of the fabricated AMPCS loaded on the ERA. The AMPCS and the

PRS are made of thin sheets of stainless steel, and Rogers TMM4, respectively.

The proposed AMPCS was made of stainless steel sheets using cutting-edge laser technology.

The thickness of the metallic sheets plays a critical role in both fabrication and durability of

the AMPCS. From the packaging points of view, greater thickness is preferred, as it is more

sustainable and removes the need for any extra supports, such as radome or foam substrate.

However, increase in the metal thickness would escalate the chance of metal failure during the

fabrication process, due to the excessive heat absorbed by the thick metal sheet. Therefore, there

is a trade-o� which needs to be addressed at the beginning of the design process. In this design,

the thickness of 1 mm is recommended considering the large volume of perforation performed

on each surface of the AMPCS. Such selection ensures both fabricability and robustness of the

freestanding AMPCS.

5.5 Near-�eld and Far-�eld Results

Fig. 5.5 shows three layers of the AMPCS fabricated by a laser cutting machine (HL-6060C)

with a maximum line cutting speed of 800 mm/s. The layers are separated with 4 nylon spaces

to form the AMPCS, and placed on the antenna at a distance of λ0/4 from the PRS, as depicted

in Fig. 5.6. The near electric �eld of the antenna system was numerically calculated using the

time-domain solver of CST Microwave Studio (CST MWS) and shown in Fig. 5.7. It can be
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seen that a remarkable enhancement in the aperture phase distribution of the antenna system is

achieved, extending the uniform phase region to more than double.
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Figure 5.7: Phase distribution of the y-component of the electric �eld of the ERA under

consideration at 11 GHz. Uniform phase region is more than doubled due to AMPCS.

9 9.5 10 10.5 11 11.5 12 12.5 13

Frequency (GHz)

-40

-30

-20

-10

0

S
1

1
 (

d
B

)

Sim. ERA without AMPCS

Sim. ERA with AMPCS

Meas. ERA with AMPCS

Figure 5.8: Input re�ection coe�cient of the antenna.

The input re�ection coe�cient of the ERA was simulated and measured using CST MWS and

Agilent PNA-X N5242A vector network analyzer, respectively and plotted in Fig. 5.8. According
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Figure 5.9: A comparison between the gain and directivity of the ERA with and without the

AMPCS.

to the measured results, the 10 dB |S11| bandwidth of the antennas with AMPCS is 42% from

10.6 to 16.3 GHz, which is in good agreement with the predicted values from CST MWS. Far-�eld

peak gain and directivity of the ERA with AMPCS were measured in the Near-�eld Systems

Inc. spherical near-�eld range, and compared with the predicated results in Fig. 5.9, verifying

a signi�cant improvement of 8.4 dB in the peak gain of the antenna, reaching to 19.42 dB at

11.3 GHz. According to the measurement, the 1 dB directivity and gain bandwidths are 6.4%

and 5.9%, respectively, verifying stable far-�eld performance of the antenna system in a typical

frequency band required for Ku-Band applications.

The improved directivity and gain of the ERA with the AMPCS is achieved due to the

enhanced phase distribution of the antenna aperture, which can be seen from the visualized

electric �eld radiation in the E-plane, shown in Fig. 5.10. This radiation snapshot depicts the

transformation of the spherical wavefront to a nearly planar wavefront of the Ey, signi�cantly

increasing the aperture e�ciency of the antenna from 4% to 28%, because of the AMPCS. The

transparency of the AMPCS can be estimated by inspecting the colors representing the intensity

of the electric �eld at the input and output of the AMPCS in Fig. 5.10. It can be observed

that there are almost same colors (intensity) below and above the AMPCS, exhibiting a good
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Figure 5.10: A visualized comparison between the E-plane electric �eld distribution of the

antenna, (a) in the absence of AMPCS, (b) in the presence of the AMPCS.

-100 -50 0 50 100

Theta (deg.)

-50

-40

-30

-20

-10

0

R
a
d

ia
ti
o

n
 P

a
tt

e
rn

s
 (

d
B

)

H-plane

E-plane

Figure 5.11: Measured radiation patterns of the ERA under the APMCS loading.

transmission properties in addition to the phase correction. Radiation patterns of the antenna

in two principal planes are plotted in Fig. 5.11 showing, SLLs of -13.2 and -13.5 dB in the E-

and H-planes, respectively, suggesting around 8 dB improvement in the SLLs in the E-plane over
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the Bare ERA.

5.6 Conclusion

An industrially-justi�ed approach has been proposed in this paper to rectify the near-�eld non-

uniformity associated with the aperture antennas and successfully tested with an ERA. Unlike

the �rst and second generations of the PCS, the proposed AMPCS neither requires expensive

microwave substrates nor any bonding techniques, resulting in a substantially lower fabrication

cost, removing the main industrial barrier to the ERAs applications. Additionally, the purely

metallic con�guration of the AMPCS does not add any further loss to the antenna system as

opposed to all other substrate-based PCSs. A prototype of AMPCS was fabricated using available

laser cutting technology and placed at a sub-wavelength distance from the ERA. The AMPCS

has signi�cantly compensate the non-uniform phase-delay of the antenna aperture, resulting in

a considerable increase of 8.4 dB in the peak gain of the antenna, reaching a peak gain of 19.42

with a 1 dB gain bandwidth of around 6%. The measured radiation patterns are quite stable

with SLLs better than -13 dB in both E- and H- planes, respectively. The proposed freestanding

AMPCS does not need any mechanical support or protection and can be used for other aperture

antennas for near-�eld enhancement.
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CHAPTER

6 Dielectric-Less Wideband

Frequency-Selective Surface

Filter

6.1 Abstract

A novel technique to design a low-cost Frequency-Selective Surface (FSS) bandpass �lter is pre-

sented in this paper. Wideband polarization-independent FSS bandpass �lters are predominantly

made of multiple microwave dielectric substrates, or non-commercially available composite ma-

terials with or without active components, contributing to a very high manufacturing cost. The

presented FSS �lter has neither microwave substrates, nor any active devices, while it has a large

controllable operational frequency band, which can support all polarization, due to its symmetri-

cal con�guration. To the authors' knowledge, such polarization independent wideband bandpass

response has never been achieved by any low-cost fully-metallic FSS �lter. The proposed FSS �l-

ter is made of three thin metal sheets composed of an Engineered Metallic Substrate (EMS) and

metallic Orthogonal Dipole Resonator (ODR). The EMS is responsible for ensuring mechanical

Under review as: Ali Lalbakhsh, Muhammad U. Afzal, Karu P. Esselle, Stepanie L. Smith, �Low-

Cost Wideband Frequency-Selective Surface Bandpass Filter with a Polarization Insensitive All-Metal

Structure,� IEEE Transactions on Antennas and Propagation.

99



100 Dielectric-Less Wideband Frequency-Selective Surface Filter

integrity of the �lter without imposing electromagnetic restrictions throughout the desired fre-

quency band. The integration of EMS and ODRs realizes a fully controllable wideband bandpass

veri�ed through both electronic- and electromagnetic-based analyses. According to the predicted

and measured results, the �lter has a large bandwidth of 31%, extending from 8.76 GHz to 11.96

GHz with sharp roll-o�s for the normal incidence. The passband under oblique angles of 15◦, 30◦

and 45◦ are 30% (8.81 GHz-11.91 GHz), 26.7% (9.1 GHz-11.88 GHz) and 23.4% (9.39 GHz-11.86

GHz), respectively.

6.2 Introduction

There is a wide variety of applications for Frequency-Selective Surfaces (FSSs) from radar and

satellite communications to antennas and microwave systems [30, 42, 157�161]. FSS �lters also

known as spatial �lters are a subgroup of FSSs which can provide lowpass, bandpass, highpass and

bandstop frequency responses; however, unlike the microwave �lters [162�175], the electric �eld

polarization and the angle of incidence a�ect their frequency responses. Today, with acceleration

of wireless communications development, the need for high data-rate transmission has created a

high demand for broadband Electromagnetic (EM) devices. In the response to this need, various

con�gurations for FSS �lters have been proposed over the last decade [13,23�30,176�180].

One major design approach is based on using multiple printed dielectric layers, in which

each layer exhibits non-resonance behavior, resulting in storing electromagnetic waves in the

form of electric �eld and magnetic �ux. In this class of �lters, the desired frequency response

is achieved by combining the mentioned magnetic and electric e�ects; [13, 23�25]. For example,

sub-wavelength arrangements of capacitive square patches and wire grids are realized by multiple

stacked Printed Circuit Board (PCB) to develop a bandpass spatial �lter with around 20%

bandwidth [13].

The other main design procedure of FSS �lter is based on employing resonating elements, with

or without resonating components, mainly polygonal patches or strips which are printed on one

or multiple dielectric substrates. In this category of FSS �lters, the desired frequency response
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can be achieved by tuning the resonant frequencies of the resonating elements [26�30,181�183]. A

fractional bandwidth of around 25% was reported by the these approaches. For example in [30],

a combination of resonating printed structures with lumped elements on segregated dielectric

substrates have been used to achieve a broadband dual-band spatial �lter. Larger bandwidths

would be possible by the combination of the methods explained above in conjunction with the

application of active components in a more complex design [176�178,180]. In a di�erent approach,

three dimensional frequency selective con�gurations have been proposed to provide more degrees

of freedom to realize a wideband frequency response [139, 184, 185]. For example in [184], an

integration of the conventional printed FSSs with metallic rods connecting surfaces were proposed

to eliminate higher spurious modes by tuning the inductance created by the rods.

Apart from the aforementioned design procedures, based on the commercially available di-

electric substrates, some new frequency-selective structures have recently been proposed using

metamaterials [51, 186�190]. It should be mentioned that some passive bandwidth extension

methods based on dispersion engineered metasurfaces have been proposed in [191,192].

Reviewing recent related works reveals that while there has been a prominent improvement

in wideband polarization-insensitive FSS �lters, critical aspect of manufacturing cost has been

mostly sacri�ced or even not been considered in the design methodology, making them a lavish

high-end EM devices. It is mainly because the use of expensive microwave dielectric substrates,

active devices and associated manufacturing techniques. Additionally, it may be preferred to

avoid employing such substrates in applications with harsh environments, such as space ex-

ploration [193]. AP1911-2249 On the other hand, according to the literature, there are only

a few all-metal wideband FSSs capable of bandpass �ltering, which are all polarization depen-

dent. [194,195]. This is because the existing knowledge from the extensive works on the dielectric

based FSS �lters cannot be directly implemented in an dielectric-less topology, due to the incon-

sistency created in conductive patterns.

Here, we address this challenge by presenting a mechanism, in which the mechanical integrity

of the structure is ensured by an Engineered Metallic Substrate (EMS), which can also be tuned

to shift the second harmonic to higher frequencies. The tunable wideband response is then real-
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ized by introducing Orthogonal Dipole Resonators (ODRs), thanks to the structure consistency

provided by the EMS. The role of each section of the proposed topology is theoretically discussed

through equivalent-circuit models and modal analysis. It is shown that the odd-mode resonance

can be independently controlled by the air-gap between the metallic layers of the �lter and hence

its passband can be tuned over a large frequency band. It should be mentioned here the in-

tegration of the EMS and ODR maintains the four-fold symmetry of the structure, and hence

would not upset the polarization of the incoming waves. Additionally, the proposed spatial �lter

is optically transparent, light-weight, yet freestanding and robust, which can be used for outdoor

high altitude/ harsh weather applications, without the need of any further protection.

6.3 Engineered Metallic Substrate (EMS) for the Spa-

tial Filter

It is well-proven that a frequency �ltering behavior can be expected when a resonance condition

occurs in a circuit. Such condition can be met when either a resonator is designed within a

FSS topology, or it consists of non-resonating inductive/ capacitive layers, which are stacked

together. Both cases are generally implemented by either conductive patterns or conductive

discontinuities, most of which are not possible without dielectric substrates. As a result, most of

existing conductive patterns cannot be physically implemented on an all-metal structure, making

a major barrier to design all-metal spatial �lters. To tackle this issue, we propose an Engineered

Metallic Substrate (EMS) which �rstly ensures the physical consistency of the spatial �lter,

and secondly is able to hold other metallic resonators required for frequency-response tailoring.

Apart from this mechanical capability, the EMS can be designed to not only exhibits a non-

intrusive electromagnetic behavior over the desired frequency band, but it also can be tunned to

suppress the second harmonic band, which is an advantage over the expensive commercial Radio

Frequency (RF) dielectric substrates.

To meet both mechanical and electromagnetics requirements, an inductive Throughout Cross
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Figure 6.1: The proposed EMS. (a) Side view. (b) Top view of one unit cell.

(TC) with a constant thickness (t), a constant length (∆s) and a varying width (w1) is proposed

and shown in Fig. 6.1. Two layers of the inductive TCs placed at a distance of h can potentially

create a resonance condition, which is controlled by w1 and h. The thickness of the metal is

chosen based on the robustness, weight and fabrication constraints. In this design, t and ∆s are

set to 1 mm (λ0/27) and 9 mm (λ0/3), respectively. Theses selections ensure the mechanical

integrity of the structure through an a�ordable prototyping mechanism.

A resonance map of the EMS is plotted in Fig. 6.2 as a guide for choosing the appropriate

combination of w1 and h based on the EM and mechanical design requirements. In this design

example, the center frequency and the 3-dB bandwidth of the spatial �lter are to be 10.50 GHz

and 30%, respectively. Hence, the combination of h = 8 mm and w1 = 0.4 mm are chosen for

the EMS to meet this requirement, as well as the fabrication constraints. We recommend the

EMS's transmission pole to be tuned close to the upper edge of the desired bandwidth, as it

would minimize the e�ect of the second harmonic of the EMS after integration with the new

resonators.

6.4 FSS Filter Synthesis

6.4.1 Metallic Orthogonal Dipole Resonator (ODR)

To realize a bandpass response with a large bandwidth, more resonances are required to be in-

troduced within the desired frequency band. This can be achieved by introducing an additional
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Figure 6.2: Resonance map for the proposed EMS.

Figure 6.3: The integration of TCs and ODRs. (a) Side view. (b) Top view of one unit cell.

resonator into the EMS. It should be mentioned that any resonators even those with conductive

discontinuity can be incorporated in the FSS �lter con�guration, thanks to the unconditional

structure consistency ensured by the EMS explained in the previous subsection. So, two Or-

thogonal Dipole Resonators (ODRs) with an angle of φ with respect to TCs are incorporated

into the EMS and shown in Fig. 6.3. In this design, φ is set to 45o for maintaining polarization

insensitivity of the FSS �lter, and w is set to 0.6 mm, as the width of the dipoles is subordinate

to their lengths. Hence, the number of unknown design parameters reduces to one, where l is

the only parameter to control the ODRs' resonances, minimizing the tuning complexity of the

proposed �lter. A parametric analysis can be employed to �nd the most appropriate value of l.

However, the placement of the second conductive layer at a distance of h results in the second

resonance controlled by both l and h.
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6.4.2 Even and Odd Mode Analysis

The presented con�guration introduces two fully tunable resonances by which the passband can

be adjusted. One resonance is merely controlled by the metallic segments, while both metallic

and air-gap segments contribute into the other resonance. In order to give a better insight

into the �ltering mechanism and predict the electromagnetic behavior of the presented FSS

�lter, equivalent-circuit models are presented to electronically explain the controllability of the

resonances using even and odd mode analysis. Two simpli�ed equivalent-circuits are extracted

from the FSS �lter topology shown in Fig. 6.3 for the case of tight and loose coupling conditions

that may occur for di�erent values of h. In the case of tight coupling de�ned when h =< 6 mm,

L1 and Lt represent the inductive TC and the air transmission line, receptively, and Cg represents

the coupling between the two conductive layers, as illustrated in Fig. 6.4 (a). The ODRs are

modeled by a shunt-connected series L-C resonator, represented by L2 and C2 in Fig. 6.4 (a).

The combined e�ects of the parasitic capacitances and the fringing �elds are modeled by C1.

The equivalent-circuit associated to the loose coupling condition will be discussed afterwards.

Figure 6.4: (a) Equivalent-circuit model of the proposed all-metal FSS �lter for the case of

tight coupling (h =< 6 mm). (b) Odd mode. (c) Even mode.
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Figure 6.5: Equivalent-circuit models and EM simulation results of the proposed metallic FSS

�lter for the case of h = 2 mm. (a) Validation of the modal resonances. (b) S-parameters. The

optimized lumped elements values for the example case of h = 2 mm are: L1 = 0.2438 nH,

L2 = 0.24074 nH, Lt = 0.15101 nH, Cg = 0.77 nH, C1 = 0.50 pF , C2 = 0.2892 pF .

Modal analysis can be used to theoretically discuss the contribution of each section of the

FSS �lter to the resonances. In the odd-mode excitation, the symmetry plane of the circuit

acts as an electric wall, resulting in the odd-mode equivalent-circuit, as shown in Fig. 6.4(b).

This mode controls the upper resonance, which is also veri�ed by the input reactance of the

EM and LC models calculated for the example case of h = 2 mm shown in Fig. 6.5(a). A

further veri�cation is obtained through the good agreement observed in Fig. 6.5(b) between the

S-parameters calculated for the EM and LC models. Therefore, varying the air-gap merely a�ects
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the upper transmission pole and has no e�ects on the even-mode resonance. As a result, the upper

edge of the passband can be easily adjusted by varying h modeled by Lt in the equivalent-circuit.

In the even-mode excitation a magnetic wall is created in the symmetry plane, resulting in the

even-mode equivalent-circuit depicted in Fig. 6.4(c), which creates the lower resonant frequency.

This can also be veri�ed through the input reactance and the S-parameters of the even-mode

equivalent-circuit, plotted in Fig. 6.5(a) and Fig. 6.5(b), respectively. To adjust this resonance,

the length of the ODRs can be optimized, as this parameter directly controls the associated

inductance (L2).

In the case of loose coupling condition, de�ned when h > 6 mm, the air-gap is modeled by

a capacitor (Ct) series with the transmission-line inductor (Lt) illustrated in Fig. 6.6(a), which

causes the odd-mode resonance to occur at a lower frequency than that of the even-mode. Similar

to the model presented in Fig. 6.4, the odd-mode resonance can be swept by only varying the air-

gap (Lt in the LC model), while the even-mode transmission pole (the upper resonance) remains

unchanged. This can be veri�ed by comparing both S-parameters and the input reactances of

the EM and LC models for an example case of h = 8 mm, which are plotted in Fig. 6.7(a) and

Fig. 6.7(b), respectively. According to the presented equivalent models, the odd-mode resonance

can be swept over a large frequency band, above and below the even-mode resonance, only by

varying Lt, representing the air-gap (h) in the FSS �lter con�guration. This can be veri�ed by

plotting the magnitude of the re�ection coe�cient for various vales of h, as shown in Fig. 6.8.

As can be seen from this �gure, when air-gap (h) increases from 1 mm to 10 mm, the odd-mode

resonance shifts to lower frequencies, while the even-mode resonance remains almost unchanged.

As a result the passband of the FSS �lter can be passively tuned by only varying h, without the

need of any active devices or redesign and re-fabrication. In addition to the passband tunability

of the �lter, Fig. 6.8 veri�es the accuracy of the equivalent circuit models for tight and loose

coupling conditions, shown in Fig. 6.4 and Fig. 6.6, respectively as a very good agreement can

be observed between the EM and LC models' results.

Based on the presented analysis, it can be hypothesized that the proposed con�guration

o�ers modular geometry recon�gurabilities, as the passband of the FSS �lter (upper edge of the
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Figure 6.6: (a) Equivalent-circuit model of the proposed all-metal metasurface �lter for the

case of (h > 6 mm). (b) Odd mode. (c) Even mode.

passband in the case of tight coupling and the lower edge in the case of loose coupling) can be

adjusted over a large frequency window which is a unique characteristic, considering the low-cost

passive metallic con�guration of the proposed FSS �lter.

6.4.3 Current Distribution and Polarization Insensitivity

The generation of the resonances through induced currents on the FSS �lter can be visualized

using the current distributions of the FSS �lter at the critical frequencies of transmission poles/ze-

ros. Surface current distributions at lower and upper transmission poles are depicted in Fig. 6.9

and Fig. 6.10, respectively. In these �gures the current direction and intensity are represented

by arrows and colors, respectively. As can be seen from Fig. 6.9(a), at the lower transmission-

pole frequency, the current is distributed on the ODRs as well as sections of the TCs which are

parallel to the excited electric �eld (Ex). Similarly, in the case of y-polarized electric �eld (Ey),

the current is dominantly induced on the whole metallic structure except for the perpendicular

section of TC to the electric �eld. The same explanation can be said for the surface current

at the upper transmission-pole frequency, as illustrated in Fig. 6.10. At the transmission-zero
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Figure 6.7: Equivalent-circuit models and EM simulation results of the proposed FSS �lter for

the case of h = 8 mm (a) Validation of the modal resonances. (b) S-parameters. The optimized

lumped elements values for the example case of h = 2 mm are: L1 = 0.2506 nH, L2 = 0.21 nH,

Lt = 0.20 nH, Ct = 0.26 nH C1 = 0.04 pF ,C2 = 0.401 pF
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Figure 6.8: Tunability of the odd-mode resonance by varying h. Solid line represents the EM

simulated results of the FSS �lter. Dotted line shows the results of the lumped circuit models

of the FSS �lter for the case of tight and loose coupling conditions. Increasing air gap (h) from

1 mm to 10 mm, causes the odd-mode resonance to shift to lower frequencies, while the even-

mode resonance remains almost una�ected, which suggests the passband tunability of the FSS

�lter by only varying h. The gray area around 11 GHz shows the negligible variation of the

even-mode resonance. The values of the air gap and their associated inductances are as follows:

h1 = 1 mm, Lt1 = 0.1301 nH, h2 = 2 mm, Lt2 = 0.15101 nH, h3 = 3 mm, Lt3 = 0.1606 nH ,

h8 = 8 mm, Lt8 = 0.20 nH, h9 = 9 mm, Lt9 = 0.24 nH, h10 = 10 mm, Lt10 = 0.3701 nH.
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frequency, the current distribution is dominantly induced on the �rst layer of ODRs, preventing

signi�cant current �ows on the second layer, resulting in an almost no propagation after the �rst

layer at 17.4 GHz, as shown in Fig. 6.11. This is because of the dominant e�ect of the ODRs,

modeled as a shunt-connected series L-C resonator in the equivalent-circuit model.

In summary, the design procedure can be summarized in 3 straightforward steps:

1- Synthesizing the EMS using the resonance map in Fig. 6.2, based on the mechanical and

electromagnetic requirements of the application. The recommended combination of w1 and h

are those which create a resonance close to the upper edge of the desired band. Such selection

minimizes the unwanted e�ects of the spurious second harmonic.

2- Choosing the ODR length to introduce the even-mode resonance within the desired band,

which can be done by a parametric analysis. We recommend to set w to a constant value chosen

according to the fabrication constraint, and only sweep l, as w has a subordinate e�ect on the

even-mode resonance.

3- Re-tuning the air-gap between the two metallic layers (h) to adjust the central frequency

and the bandwidth, as the odd-mode transmission pole can be easily swept over a large frequency

window only by varying h, as explained and veri�ed electromagnetically in the previous section.

Figure 6.9: Surface current distribution at the lower transmission-pole frequency under periodic

boundary conditions. (a) Ex polarization. (b) Ey polarization.
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Figure 6.10: Surface distribution at the upper transmission-pole frequency under periodic

boundary conditions. (a) Ex polarization. (b) Ey polarization.

Figure 6.11: Surface current distribution at the transmission-zero frequency under periodic

boundary conditions. (a) Ex polarization. (b) Ey polarization.

6.5 Higher Order FSS Filter and its Tunability

In order to achieve a bandpass response with higher selectivity, more resonances are required to

generate additional transmission poles and transmission zeros. This can be done by increasing

the number of metallic layers with the same spacing. Such arrangement would not disturb the

passband and only improves the out-of-band response of the �lter, by shrinking the transition

band (a frequency band with insertion loss between 3 dB and 20 dB) and extending the stopband.

It can be observed through Fig. 6.12 that the upper transition band is reduced from 1.95
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GHz to 1.35 GHz, 0.82 GHz and 0.54 GHz for the case of 2, 3, 4 and 5 layers of the FSS �lter,

respectively. The lower transition band exhibits a similar improvement by shrinking from 3.54

GHz to 1.3, 0.75 GHz and 0.50 GHz, because of increasing the number of metallic layers from

2 to 5, respectively. The upper stopband with an attenuation level of 20 dB extends upto 2.1fc,

2.35fc, 2.43fc and 2.45fc for the cases of 2, 3 , 4 and 5 layers, respectively. The lower stopband

has a rejection level better than 20 dB at all frequencies for all cases.

It has been discussed earlier in modal analysis that the proposed FSS �lter has a mechanically

recon�gurable frequency response, in which the passband can be passively adjusted only by tun-

ning the air-gap (h) between the metallic layers without any changes that require re-fabrication.

As can be seen from Fig. 6.13, the central frequency is swept from 11.27 GHz to 10.10 GHZ,

with varying h from 4 mm to 8.5 mm, while the fractional bandwidth is not a�ected and remains

around 30% for all cases. The quality of in-band as well as out-of-band response remain almost

una�ected, as the insertion loss levels in the passband and the stopband are better than 1 dB

and 20 dB, respectively. Larger sweep in the central frequency is possible at expense of some

ripples in the passband.
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Figure 6.12: Out-of-band response of the �lter for di�erent numbers of metallic layers with a

constant air-gap of 8 mm. The upper transition band reduces from 1.95 GHz to 1.35 GHz, 0.82

GHz and 0.54 GHz for the case of 2, 3, 4 and 5 layers of the FSS �lter, respectively. Similarly,

the lower transition band shrinks from 3.54 GHz to 1.3, 0.75 GHz and 0.50 GHz, for the case of

2, 3, 4 and 5 layers, respectively.
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Figure 6.13: Passband adjustability of the FSS �lter for various air-gaps. The center frequency

of the �lter can be tunned within a large frequency window from 11.27 GHz to 10.10 GHZ,

without a�ecting the fractional bandwidth which remains around 30%

6.6 Prototyping and Measurement

The proposed FSS �lter can be fabricated using the available technologies employed for metal

prototyping. Amongst all available metal manufacturing methods, including plasma cutting,

additive manufacturing, CNC machining, water-jet cutting and laser cutting, we recommend the

last two methods. However, laser cutting is a faster method and incurs lower cost compared

to water-jet cutting, and hence it is recommended especially for developing larger pieces of the

FSS �lter. A laser cutting machine (HL-6060C) with a maximum line cutting speed of 800

mm/s was used to remove numerous minute polygons from stainless steel sheets to form one

layer of the FSS �lter with a size of 302 mm×302 mm including 1089 square unit cells and 5

mm surrounding margin, as shown in Fig. 6.14. The proposed con�guration makes large-scale

low-cost prototyping possible for passively recon�gurable wideband radiation-hardened devices,

which was otherwise not possible.

The proposed con�guration has also the advantage of optical transparency, as shown in

Fig. 6.14, which is an increasingly necessary for windows and domes of space observation and

communication as well as observation windows of medical electromagnetic isolation rooms. One

of the unique speci�cations of the proposed all-metal �lter is its porous, yet mechanically robust,
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Figure 6.14: Optically transparent FSS �lter developed using laser cutting technology.

Figure 6.15: Measurement set-up in anechoic chamber, including the fabricated metasurface

with three metallic layers.

con�guration, which makes it a viable solution for the outdoor high altitude/ harsh weather

applications, such as EM shielding for critical military/civilian devices, without the need of any

further protection.

To experimentally verify the performance of the FSS �lter, three identical layers of the

perforated stainless steel were fabricated and separated by 8 nylon spacers on the perimeter of

metal sheets, as shown in Fig. 6.15. The FSS �lter is measured by a free-space measurement

comprising standard open-ended waveguides and horn antennas, which were used as transmitter

and receiver, respectively, and a vector network analyser connected to the receiver horn antenna.

Fig. 6.15 shows the measurement setup in an anechoic chamber.
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Figure 6.16: Measurement results at incidence angles of the FSS �lter composed of 3 metallic

layers.

The FSS �lter was placed in the far-�eld region of the transmitter (around 2.5 meters away),

so that it receives plane waves. The receiver horn antenna is placed nearly 0.2 m behind the FSS

�lter to collect the electromagnetic waves propagated through the FSS �lter. The transmission

magnitude of the �lter was then calculated using the transmission magnitude of the measurement

setup before and after the placement of the �lter. In order to demonstrate out-of-band as well

as in band frequency response of the prototype, four di�erent waveguides (WR159, WR112,

WR75 and WR51) and corresponding horn antennas are used to cover a large frequency range

of 4 to 20 GHz. The measured transmission magnitude of the FSS �lter with 3 layers is shown

in Fig. 6.16, suggesting very good stability in the frequency response in both pass and out-of-

band for di�erent incidence angles. The measured 3 dB passband of the FSS �lter extends from

8.76 GHz to 11.96 GHz, corresponding to a fractional bandwidth of 31% for the case of normal

incidence. The passband, however, slightly reduces when the oblique angle increases, reaching to

30% (8.81 GHz-11.91 GHz), 26.7% (9.1 GHz-11.88 GHz) and 23.4% (9.39 GHz-11.86 GHz) for

the case of 15◦, 30◦ and 45◦, respectively. It should be mentioned that all numerical simulations

were carried out using the transient time domain of commercial software Computer Simulation

Technology (CST) Microwave Studio. To predict the scattering parameters of the �lter, unit-cell

model was used, in which an in�nite repetition of unit cells is assumed in transverse (x and
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y) directions to realize periodic boundary conditions. Additionally, all lumped-element circuits

were numerically analyzed using Advanced Design System (ADS).

6.7 Conclusion

A new class of low-cost FSS �lter made of inexpensive thin layers of metal sheets suitable for

all polarizations is presented in this paper. The presented �lter is completely passive and has

no dielectric substrates in its con�guration. It is mechanically robust, light-weight, optically

transparent, and has large upper and lower stopbands with small transition bands. The FSS

�lter has 31% 3-dB fractional bandwidth centered at 10.36 GHz, which can be tuned without

the need of active modules or re-fabrication. The �ltering mechanism of the proposed FSS �lter

has been explained and veri�ed using modal analysis and its associated equivalent circuits. It

can be manufactured in large quantities with an extremely low cost by stamping the metallic

pattern in a thin metal sheet.
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CHAPTER

7 Dielectric-Less Wideband

Phase-Correcting Metasurface

7.1 Abstract

This paper presents a novel Substrate-less Near-�eld Correcting Structure (SNCS) used with a

heavily shortened horn antenna to produce plane wave over a large frequency band. The pro-

posed SNCS has mechanically and electromagnetically exceptional properties, never achieved

by any near-�eld manipulators. The SNCS is polarization independent, incredibly low-cost,

light-weight and has a large operational frequency bandwidth of 25%. Majority of near-�eld

manipulators are made of either several printed microwave substrates, or low-loss all-dielectric

materials, contributing to very high fabrication cost, posing an industrial impediment to their

applications. The proposed SNCS is composed of only two freestanding layers of all-metal res-

onating elements collectively create wideband high transmission with controllable transmission

phase without converting the polarization of the electromagnetic waves. The predicted and mea-

sured results suggest the horn with the SNCS generates plane wave for a wide frequency band,

and has considerably high aperture e�ciency of 66%, showing 270% improvement compared to

Under review as: Ali Lalbakhsh, Muhammad U. Afzal, Karu P. Esselle, Stepanie L. Smith, �

Substrate-Less Polarization-Independent Structure for Wideband Near-Field Correction,� IEEE Trans-

actions on Antennas and Propagation.
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the bare horn. The measured peak directivity of the antenna system is around 21 dB with a

large 3-dB directivity bandwidth of 25%.

7.2 Introduction

There has been an increasing demand of low-cost, light-weight directive antennas for micro-

and millimeter wave frequency bands. Traditionally, re�ector dishes and arrays of low-gain

antennas, such as microstrip antennas are employed in high-gain applications [196]. The former is

undesirably large for some applications and the latter needs a complex feeding networks subject

to loss. Lately, Resonant-Cavity Antennas (RCAs) have also been investigated for high-gain

applications because of their simple feed mechanism and planar con�gurations [28,42,47,53,130].

However, the conventional RCAs have a non-uniform phase distribution created by the transverse

propagation of the cavity feed, which requires near-�eld modi�cations to rectify [49,139].

Traditional horn antennas are attractive candidates, as they do not need expensive RF lam-

inates and do not su�er from dielectric losses. However, the size and the weight of this class of

antenna become problematic, especially at lower frequencies, as the gain of the antenna is directly

proportional to its physical size [197]. The aperture of horn antennas is increased by keeping

a �xed �are angle and increasing the height of the conical section of the horn. For high-gain

applications, a horn can be several wavelengths tall and may not be suitable for space-limited

practices. The height can be reduced by increasing the �are angle but it deteriorates the phase

uniformity on the aperture of the horn, adversely a�ecting the gain of the antenna.

Dielectric lens was the �rst response to address this issue, leading to various dielectric lens

horn antennas [4, 198�200]. Later on, printed lens was introduced to reduce the size and the

weight of the dielectric lens. Therefore, di�erent types of meta-surfaces in the form of Frequency

Selective Surfaces (FSSs) or transmit arrays have been used to improve the near-�eld distribution

of horns as well as other aperture antennas, such as RCAs [20, 22, 25, 48, 201, 202]. For exam-

ple, a double-sided printed FSS composed of non-resonating patch elements have been proposed

for phase correction over a limited bandwidth of a pyramidal horn antenna [202]. Wideband
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phase-correction of horn antennas, however, have been achieved through more complex con�g-

urations [201, 203, 204]. For instance, a metamaterial-based lens composed of several printed

layers, including two impedance matching surfaces have recently been proposed in [203], result-

ing a signi�cant wideband improvement in the aperture e�ciency of a sub-loaded horn antenna.

In a di�erent approach, resonating patches have been used to develop a wideband transmit

array [201].

Nevertheless, all aforementioned structures are composed of either all-dielectric or conduc-

tive elements mounted on the expensive microwave dielectric substrates, contributing to very

high prototyping cost. Additionally, it may be preferred to avoid employing such substrates in

applications with harsh environments, such as space explorations [193].

Very recently a few all-metal phase-shifting structures have been proposed, all of which are

polarization dependent and/or operate at a single frequency [34,194,195,205,206]. For example

structures proposed in [34] and [206] have very limited bandwidths and can only support either

circularly, or linearly polarized waves. Di�erently, large operational bandwidths of around 24%

and 15% have been achieved in [195] and [194], respectively, where the former is suitable for

linear polarization only and the latter achieves the required phase-shift by transforming the

polarization of the incoming wave into a cross polar outgoing wave.

Reviewing phase-correcting structures for aperture radiating sources suggests that while con-

siderable near-�led enhancements have been achieved by various types of expensive dielectric-

based phase-shifting structures, there is still no fully-metallic passive solution for a wideband

near-�eld correction, which is polarization insensitive. The proposed SNCS is made of only two

freestanding layers of resonating elements, whose wideband operational mechanism does not rely

on polarization conversion or the polarization of the incoming EM waves. Additionally, the SNCS

is low-cost, light-weight and unlike [34] does not require any internal waveguide, so it can be

developed using a range of low-cost manufacturing technologies, such as water-jet cutting, laser

cutting and 2D stamping for rapid large-scale prototyping.

The rest of the paper is organized as follows: In Section II, a shortened horn antenna with

a large apex having a highly non-uniform electric near-�eld phase distribution is designed. In
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Section III, the novel structure of the proposed SNCS along with its electromagnetic and me-

chanical speci�cations are presented. Section IV discusses the fabrication and the measurements

of the antenna system, and Section V gives a summary of the paper.

7.3 Shortened conical horn antenna with larger apex

angle

The physical parameters of a conventional conical horn fed by a waveguide is calculated using

(1), (2) and some trigonometric simpli�cations as discussed in [207].

G = εap
4πAp

λ2
(7.1)

r =

√
3lλ

2
(7.2)

where G is the gain, εap is the aperture e�ciency, λ is the free-space wavelength at the design

frequency, Ap is the physical aperture of the antenna. In (2), r and l are the radii and length of

the conical horn, respectively.

In order to achieve a peak gain of 21 dB at 11 GHz, the height and radii of the conventional

conical horn are calculated to be 192.7 mm and 68.9 mm, respectively. Then, the �are angle is

increased from 17.26o to 32o and the height reduced to 70.7 mm, resulting an aperture with a

radii of 53 mm. The volume of the new ad hoc horn is signi�cantly smaller than the initially

designed horn, suggesting 4.6 times volume reduction. However, this improvement achieved at

a price of a large phase non-uniformity in the antenna aperture, resulting a peak gain of 16.05

dB. This can be seen from 2-D near-�eld phase distributions at 4 distinct frequencies within the

desired large frequency band, as shown in Fig. 7.1. Such undesired spherical wavefronts can be

recti�ed by the proposed SNCS explained in the following section.

,
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Figure 7.1: 2D phase distribution of the shortened horn antenna on a reference surface at a

distance of 15 mm from the aperture. (a) 10.5 GHz, (b) 11.0 GHz, (c) 11.5 GHz,(d) 12.0 GHz.

Figure 7.2: A perspective of the proposed fully metallic spatial phase shifter.

7.4 Design of Substrate-less Near-�eld Correcting Struc-

ture (SNCS)

7.4.1 Electromagnetic and Mechanical Speci�cations of the Unit

Cell

Over the last few years, meta-surfaces have made breakthroughs in electromagnetic problems

by introducing engineered microwave properties which are not achievable using conventional
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antennas and microwave devices [30, 42, 157�160, 182, 189, 208]. There are a number of phase-

correcting designs based on printed meta-surfaces, which are bound to use dielectric substrates

to support and isolate the conductive patterns on the printed layers [18, 23, 25, 204, 209, 210].

However, the existing knowledge of such meta-surfaces cannot be directly applied on a fully-

metallic structure. This problem is more restricting for the wideband applications, due to the

intrinsic complexity associated with the broadband EM devices.

Hence, design of the SNCS is not only a pure EM design problem, but mechanical restrictions

need to be initially removed by some none-electromagnetically intrusive. Once the unconditional

mechanical integrity of the structure is ensured, metallic resonators with any con�gurations, with

or without discontinuity can be incorporated in the structure, which was otherwise not possible.

Fig. 7.2 shows a unit-cell con�guration of the proposed metallic spatial phase shifter with a

unit-cell size of λ0/3 following recommendations in [25, 50]. As shown in Fig. 7.2, each unit cell

comprises of two identical metallic layers separated by an air-gap of λ0/3. Each layer is composed

of two pairs of orthogonal strips with an angle of 45o from each other, as illustrated in Fig. 7.2.

In this topology, the throughout inductive strips are named Static Cross (SC), which is primarily

responsible for mechanical integrity of the structure, while the diagonal dipole is called Diagonal

Resonator (DR) and designed to be varied in both length and width to generate the required

phase shift without upsetting the structure's robustness ensured by the SCs. The thickness of

metal layers is chosen to be 1 mm, so that the SNCS can be fabricated using low-cost available

technologies, and would not require any extra bonding and protecting mechanism like foam or

radome.

To achieve wideband performance of the SNCS, the SCs in the absence of DRs need to have

a large passband, covering the desired operation frequency of the SNCS. This can be achieved

if the resonance condition is met somewhere in the operating frequency band. In this design,

the presence of two inductive strips in SCs and the capacitive e�ects created by the stacked air-

transmission line create a resonance condition which can be tuned at 11 GHz using a parametric

analysis, as illustrated in Fig. 7.3. According to this analysis, a transmission pole occurs at 10.8

GHz for the case of c = 0.4 mm, and shifts to higher frequencies when c increases. As a result, a
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Figure 7.3: The magnitude of the re�ection coe�cients of the bandpass CSs for di�erent widths.
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Figure 7.4: Transmission magnitude of the SC (c=0.4 mm).

large 3-dB transmission band with a fractional bandwidth of 21% centered at 11 GHz is realized.

Once the design of the SC is �nalized and the mechanical integrity of the structure is ensured,

the required phase shifts can be achieved for di�erent dimensions of DRs. The transmission

magnitude and phase of each cell were numerically predicted through a parametric study of the

unit cell shown in Fig. 7.2, where l and w varied and SC remained unchanged. In this study, l

was swept from 0.4 to 3.4 mm with a step size of 0.1 mm, and w varied from 1.0 to 11.4 mm

with an interval of 0.4 mm. The minimum, maximum and the step size values in this analysis

are determined considering the tolerance limits of the fabrication process and the sensitivity of

the parameters. Optimal sizes of l and w can be determined using these surface plots to create
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Figure 7.5: Transmission magnitude of various combinations of l and w for a constant c, (c =

0.4 mm) at 11 GHz.
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mm) at 11 GHz.

the required phase shifts with minimum re�ection.

7.4.2 Realization of the Wideband SNCS

In order to calculate the local phase shifts required to correct the large aperture phase non-

uniformity of the ad hoc horn designed in Section II, near-�eld phase values at 11 GHz were

probed on the horn aperture in cylindrical coordinates with φ = 0 and a sampling step-size of

λ0/3 chosen based on the unit-cell size explained in Section III. A.
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Figure 7.7: Transmission coe�cients of the selected unit cells for varying size of DRs at 11

GHz.

Considering the computed phase non-uniformity (will be shown in dotted red line in Fig. 7.11),

and the parametric study results shown in surface plots in Fig. 7.5 and Fig. 7.6, it appeared that

the DRs with w = 0.9 mm and varying length (l) can produce most of the required phase-shift

values, as depicted in Fig. 7.7; however, larger values of w can be used for smaller phase delays

to complete the required phase range.

In the case of the ad hoc horn antenna, 6 transparent phase-correcting cells with the con-

�guration explained in Section III. A are required to be distributed on the antenna's aperture

in a circular arrangement proposed in [25, 50]. Such symmetrical manner does not disturb the

polarization insensitivity incorporated in the unit-cell con�guration and hence the synthesized

SNCS remains polarization independent. Table I shows the size and transmission components of

the correcting-phase cells used to synthesize the fully metallic SNCS.

7.5 Fabrication, Near- and Far-�eld Results

7.5.1 Fabrication

In order to fabricate the proposed fully metallic SNCS, �rstly the most suitable prototyping

procedure needs to be decided based on the constrains of the structure. There are some avail-



128 Dielectric-Less Wideband Phase-Correcting Metasurface

Table 7.1: Unit-cell parameters

Cell w l |S21| ∠S21

(mm) (mm) (dB) (Deg.)

1 0.9 10.8 -0.5 190

2 0.9 10.7 -0.15 201

3 0.9 10.4 -0.1 225

4 0.9 9.5 -0.76 259

5 0.9 8.2 -0.50 285

6 1.9 4.2 -0.9 345

able fabrication technologies which can be used for metal prototyping, such as Metal Additive

Manufacturing (MAM) [211], plasma cutting [212], Abrasive Waterjet Cutting (AWC) [155] and

laser cutting [213], amongst which the �rst two methods cannot be used for such con�gurations.

Indeed, there is a destructive in�uence on the con�uence, due to the very high temperature used

in plasma cutting. Hence this technique is not recommended for the proposed structure, as the

perforation areas in the meta-surface greatly exceed the untouched areas, which are highly sub-

jected to breakdown. The MAM, however, is capable to precisely 3D-print objects composed of

delicate patterns only if the printing object is supported by a robust base which is not the case

with our meta-surface, due to its small metal thickness (1 mm). Either laser cutting or AWC can

be employed to perforate a metal sheet and remove polygonal patterns to realize the proposed

meta-surface. Nevertheless, laser cutting can be subject to thermal deformation and burr for-

mation when used in a small area. So, a 0.5 Mpsi waterjet cutting machine with garnet abrasive

powder was used for this purpose. Fig. 7.8 shows one layer of the SNCS made of Aluminum.
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The SNCS can also be developed by stamping patterns on a thin standard metallic sheet, which

can be used for large-scale manufacturing.

Two layers of perforated Aluminum sheets were fabricated and separated by 4 nylon spacers

with a hight of 10 mm to realize the wideband SNCS. The ad hoc horn antenna designed in

Section II was 3D printed using Original Prusa i3 MK3 3D printer with its maximum in�ll

percentage, and a bed temperature of 110 C. The ad hoc horn antenna was made of polylactic

acid (PLA) �lament with a minimum layer thickness and a resolution of 0.1 mm and 0.01 mm,

respectively, which was then metalized by the copper �lm. It was �nally integrated with the

fabricated meta-surface to realize the wideband plane-wave horn antenna, as shown in Fig. 7.9.

The horn antenna is fed by a rectangular slot antenna with dimensions of 15.2 mm× 8.2 mm.

Figure 7.8: One layer of the SNCS fabricated using waterjet cutting with abrasive garnet

powder.

7.5.2 Near- and Far-�eld Results

The input re�ection coe�cients of the bare shortened horn antenna as well as the antenna under

SNCS loading were measured using an Agilent PNA-X N5242A vector network analyzer. As

shown in Fig. 7.10, the measured 10-dB |S11| bandwidth is 23% with a center frequency of 10.94

GHz. It should be noted that the SNCS disturb the impedance matching outside the operational
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Figure 7.9: Fabricated SNCS placed on the shortened horn antenna. The two concentric layers

of the SNCS is separated by 4 nylon spacers.

frequency band, and hence does not negatively impact the overall bandwidth of the antenna

system.

The predicted near-�eld results of the plane-wave horn antenna verify a signi�cant improve-

ment in the electric phase distribution throughout a large frequency band, depicted by 1D and

2D plots in Fig. 7.11 and Fig. 7.12, respectively. This near-�eld correction achieved by the SNCS

has considerably increased the aperture e�ciency of the antenna system to 66%, which is 2.7

times grater than that of the bare horn antenna.
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Figure 7.10: Input re�ection coe�cients of the shortened horn antenna with and without SNCS.

In addition to the near-�eld results, the wideband performance of the SNCS can be veri�ed
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Figure 7.11: Aperture phase distribution of the shortened horn antenna before and after placing

SNCS. The phase is measured at a distance of 7 mm from the antenna.

Figure 7.12: 2D phase distribution of the plane-wave horn antenna on a reference surface at a

distance of 15 mm from the aperture.

through the enhanced far-�eld results. The plane-wave horn antenna has a measured peak

directivity of 20.9 dB with a large 3-dB directivity bandwidth of 25%, extending from 9.70 GHz

to 12.45 GHz. The measured peak gain and its corresponding 3-dB bandwidth of the antenna

system are 20.46 dB and 23%, which is slightly smaller than the directivity bandwidth. The

gain and directivity of the plane-wave horn antenna versus frequency are plotted in Fig. 7.13,

showing very good agreement between the predicted results by CST MWS and the measured



132 Dielectric-Less Wideband Phase-Correcting Metasurface

9 9.5 10 10.5 11 11.5 12 12.5 13

Frequency (GHz)

13

15

17

19

21

G
a

in
 a

n
d

 D
ir
e

c
ti
v
it
y
 (

d
B

)

Measured Directivity

Simulated Gain

Measured Gain

Simulated Directivity

Figure 7.13: Gain and directivity of the shortened horn antenna with the fully metallic meta-

surface.

ones in NSI-700s-50 spherical near-�eld range. The radiation patterns of the antenna under the

SNCS loading at 6 distinct frequencies (10.3, 10.7, 11.1, 11.5, 11.9 and 12.3 GHz) are plotted

in Fig. 7.14, exhibiting very stable sidelobe levels (SLLs) all over the large operating frequency

band. As can be seen from Fig. 7.14, SLLs in the H and E-planes are better than -20 dB and

-12 dB, respectively, throughout the bandwidth. The weight of the fabricated SNCS composed

of two perforated aluminum sheets is only 30 g.

7.6 Conclusion

A wideband Substrate-less Near-�eld Correcting Structure (SNCS) with a completely passive

and symmetrical con�guration is presented in this paper. The proposed SNCS is composed of

two layers of aluminum sheets perforated to realize several arrays of metallic resonators, which

are responsible to produce a wideband transmission window with a controllable transmission

phase. Unlike all other all-metal phase manipulators, the wideband phase-shifting mechanism of

the SNCS is neither based on polarization conversion, nor sensitive to incoming waves' polariza-

tion. The proposed SNCS was fabricated using waterjet cutting machine with abrasive garnet

powder to facilitate the perforation of the metal sheets. To test the performance of the SNCS,
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Figure 7.14: Measured radiation patterns of the horn antenna with SNCS at 6 equally spaced

frequencies throughout the bandwidth.

a shortened horn antenna with a highly nonuniform near-�eld phase distribution was used as

an electromagnetic source for the SNCS. According to the predicted and measured results, the

SNCS has greatly improved the near-�eld phase distribution of the shortened horn antenna, re-

sulting in a very high aperture e�ciency of 66%, corresponding to a peak gain of 20.46 dB. The

large operational bandwidth of the SNCS was also veri�ed through the measured large 3-dB gain

bandwidth of 23% achieved for the plane-wave horn antenna. The proposed design technology

opens a new door in meta-surfaces design and their applications, as RF laminates which are the

greatest contributor of high manufacturing cost has completely been made redundant without

imposing any limitations in terms of electromagnetic behavior, mechanical robustness and ease
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of fabrication, while an excellent wideband performance has been achieved.



CHAPTER

8 Conclusions and Future Work

8.1 Summary and Findings

In this thesis, multiple new practical procedures are proposed for altering electric near-�elds of

high-gain antennas for di�erent applications, such as phase correction, magnitude correction,

Partially Re�ecting Surface (PRS), and beamsteering. It has been demonstrated that some criti-

cal EM limitations originated from the nature of materials can be removed through a systematic

design approach, opening a new door in relation to both manufacturing and applications of meta-

surfaces. The thesis in particular presents design methodologies for all-dielectric metasurfaces,

printed metasurfaces and �nally dielectric-less metasurfaces.

To demonstrate the proposed design procedures, six major designs have been reported in

this thesis corresponding to six major chapters (Chapter 2 to Chapter 7). The thesis begins

with a new design methodology to control both magnitude and phase of the electric near-�eld

of a Resonant Cavity Antenna (RCA) over a large bandwidth of 40%. In this approach, a

customized Particle Swarm Optimization algorithm is implemented in MATLAB to communicate

with CST Microwave Studio through a Visual Basic Application (VBA) channel to optimize a

pre-con�gured design named Near-Field Correcting Structure (NFCS). The NFCS was fabricated

and tested with the RCA, showing an excellent performance of phase and magnitude correction,

resulting a signi�cant increase in the peak directivity of the antenna, reaching 21 dB with very

good sidelobe levels.

135
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Another all-dielectric structure has been developed for steering the beam of high-gain an-

tennas through a passive mechanism. The steerable high-gain antenna system is composed of

a RCA, one stationary radially graded-dielectric metasurface and two rotating linearly graded-

dielectric metasurfaces. In this approach, the stationary metasurface is responsible to rectify the

non-uniform phase distribution of the RCA, while the two rotating metaurfaces collectively scan

the beam to any direction within a cone having an apex angle of 82.2o. The aperture of the

antenna system is 6λ0 and its height is only 2.2λ0, where λ0 is de�ned at the operating frequency

of 11 GHz. The peak directivity of the antenna system is 21 dB at 11 GHz.

Apart from all-dielectric con�gurations outlined above, a printed metasurface has been de-

signed to be used as a PRS to develop a wideband RCA with excellent characteristics. The

metasurface is composed of arrays of resonating elements printed on both sides of a single dielec-

tric slab to create two phenomena, which have never been used simultaneously. The non-uniform

PRS exhibits di�erent re�ection magnitudes on the aperture, creating a negative transverse re-

�ection magnitude gradient and at the same time a progressive re�ection phase gradient over

frequency. The combination of these two features results in a compact wideband PRS without

sacri�cing ease of fabrication and gain. The PRS has been fabricated and tested, producing a

peak gain of 15.75 dB at 11.4 GHz with a 3-dB gain bandwidth of 21.5%. The PRS is compact,

light, with a thickness and area of 0.12λg and 3.8λ20, respectively.

All above-mentioned metasurfaces are realized using microwave dielectric substrates, which

contributes to a high manufacturing cost. Additionally, they are all prone to dielectric breakdown

at high power. To address these issues, three novel dielectric-less metasurfaces are proposed for

a variety of applications. An All-Metal Phase Correcting Structure (AMPCS) has been designed

to signi�cantly improve the radiation patterns of a RCA through correcting the electric near-�eld

of the antenna. The AMPCS is composed of three layers of perforated thin stainless steel with

a distance of around λ0/3 from each other. The AMPCS is suitable for both polarization, as

it has four-fold symmetry. It was fabricated using laser technology and tested with the RCA,

showing 8.4 dB improvement in the peak gain of the antenna, reaching to a peak gain of 19.42

dB. In spite of the excellent performance of the AMPCS, it has a narrow operational frequency
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band. Therefore, in the next step a new design methodology is presented to achieve wideband

performance of all-metal metasurfaces. In this procedure, a metallic inductive lattice is designed

to provide a large bandpass response, and suppresses the second-harmonic band. Additional

resonators are then integrated into the lattice to �nely tailor the frequency response of the

wideband metasurface �lter.

Following this method, another all-metal metasurface composed of several phase shifting units

is designed to rectify the highly non-uniform near-�eld of a shortened horn antenna, resulting in a

small horn capable of generating plane wave. The measured results of the horn antenna with the

metasurface show a high aperture e�ciency of 66%. The antenna system has a peak directivity

of around 21 dB with a large 3-dB directivity bandwidth of 25%. The measured sidelobe levels

in the H and E-planes are better than -20 dB and -12 dB, respectively, throughout the operating

frequency band.

8.2 Future Work

This thesis opens up number of possibilities for further exploration which may include the fol-

lowing.

All-Metal Beamsteering System: the presented design methodology for the all-metal

metasurfaces can be adopted to develop all-metal beamsteering metsurfaces with a large opera-

tional bandwidth. For this purpose, an arrangement of metallic phase shifting units with high

transmission magnitude can be used to realize a linearly progressive phase delay throughout the

aperture of the base antenna. The consistency of such all-metal metasurface is ensured by the

metallic inductive lattice.

Further Optimisations: evolutionary optimization techniques such as ant colony, neu-

ral network, genetic algorithm, and particle swarm optimization can be customized for global

optimization of the all-metal metasurfaces presented in this thesis.

Multi-Band Spatial Metasurfaces Filter: design of multi-band spatial metasurfaces

�lters can be investigated using the presented design procedure of the wideband metasurface
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�lter. This can be possible by generating multiple resonances in the frequency response of the

metasurface �lter by tuning metallic Orthogonal Dipole Resonator.

Higher Gain Applications: the presented beamsteering metasurfaces can be used with

some other high-gain antennas, such as radial line slot array antenna or arrays to achieve more

directive steering radiations.

F and V-band applications: extension of the presented near-�eld correcting structure

(NFCS) at millimeter wave frequencies can be investigated for applications in F-band (90 GHz-

140 GHz) and V-band (50 GHz-75 GHz). Considering the large frequency band of NFCS, it

can be used with some high-gain antennas to cover the whole band and act as switched-beam

high-gain antenna systems for automotive radar applications, terrestrial communications. Such

high-gain antenna can also be used as re�ector feeds for radio astronomical radio-telescopes.

Flexible Metasurfaces: an investigation can be done into the application of �exible ma-

terials [52, 214, 215] in construction of non-rigid electromagnetic metasurfaces with potential

applications in wireless body area networks [216].
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