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Abstract

This dissertation presents new approaches to design and development of
submillimeter, millimeter, and microwave frequency-selective surfaces (FSSs)

having extensive applications in wireless communications and radar systems.

The theory of the surfaces is introduced in Chapter 3 where a new approach to
miniaturise the size of an FSS array element is presented by interconnecting array
elements in one direction in a two-layer FSS structure. The top layer acts as an
enhanced inductor while the bottom layer acts as a capacitor. The interconnection
between adjacent array elements changes the equivalent circuit and produces a strong
cross-layer capacitance, which lowers the resonant frequency significantly. The
dimensions of the miniaturised FSS element are much smaller than the wavelength at
the resonant frequency (periodicity << 1). Chapter 4 introduces a new methodology
to design the FSS by maximizing the value of the capacitance between adjacent
layers. The proposed structure offers three distinctive advantages: Firstly, the strong
cross-layer capacitance makes the FSS element very compact. Secondly, for the
proposed structure, the lower the profile, the stronger the cross-layer capacitance,
and the lower the resonant frequency. This is unique to the proposed structure since
the resonant frequency is usually higher for a lower profile than for traditional
structures. Thirdly and most importantly, any external dielectric material attached to
the FSS will not significantly affect the performance of the FSS due to this strong
cross-layer capacitance. Chapter 5 introduces novel methodologies to design dual
band spatial filters by using FSS periodic arrays composed of a bandpass and a
bandstop element. The fabrication of the dual band filters is significantly simplified
by using a single metal layer on a dielectric substrate. Chapter 6 introduces a new
schematic to design a miniaturised high order bandpass FSSs (N > 1), where N is the
order of the FSS filter, with high performance with a flat in-band frequency response
and fast roll-off is introduced. Two miniaturised resonant surfaces coupled by a non-
resonant inductive layer are used to build the proposed FSSs. An FSS operating at
around 3.8 GHz is designed to verify the method. The element size is smaller than
0.076Ax0.076A for the proposed structure. This is significantly smaller than the
element size of second-order FSSs designed using conventional approaches. The

overall thickness is less than A/24. The method could be particularly useful for the
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design of FSSs at lower frequencies with longer wavelengths. Thus, a novel
approach for designing extreme low profile high-order bandpass frequency selective
surfaces is introduced in this chapter. The structure is built in such way to obtain
bandpass response by the coupling between the third harmonic responses of the
resonators instead of the fundamentals. By parametric study of the proposed
structure, one can make the coupling between the third harmonics weak with a
thinner substrate, and then a flat in-band response can be achieved. The overall
thickness can be reduced to A/75. Chapter 7 demonstrates FSSs with sharp transition
edges and almost flat bandpass for submillimetre wave and terahertz applications.
The proposed structure exhibits a low insertion loss in the desired band. The
structure is realised by combining bandstop and bandpass FSS structures on the same
plane. By cascading more than one layer of surfaces, separated by dielectric slabs,
the response with the desired flat passband characteristics can be achieved. The
structure is polarisation independent and exhibits low insertion loss at the passband
around 170 GHz. Finally, Chapter 8 demonstrates an extremely small-size high
impedance surface (HIS) array element. A trade-off between a miniaturised element
size and a lowered thickness of the grounded substrate is made to design an
extremely low profile HIS. Additionally, we propose a way to modify existing
classical RFID tag designs to enable them to operate well when they are attached to
dielectric materials. Compared with using an HIS, the antenna bandwidth after being

loaded with the proposed FSS is increased by approximately 100%.
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Chapter 1: Introduction

1.1 Background

A frequency selective surface (FSS) is formed by periodic arrays of usually
metallic elements on a dielectric substrate. The geometry of the surface in one period
(array element) determines the frequency response of an FSS. Various responses can
be achieved by using different traditional FSS element shapes. The FSS often
displays selectivity not only on the frequency, but also on the angle and polarisation
of the incident wave. FSS can be constructed by using identical elements arranged in
a one or two-dimensional infinite array. If an aperture type FSS is created from a
patch type FSS in such a way that the metal portions of the former are replaced by
aperture portions of the latter, then the two FSS are said to be duals of one another.
The FSSs can be classified as the bandstop patch type and the bandpass mesh type. If
the metal plates are not connected, it is called a capacitive surface, and it reflects
high frequencies whilst transmitting low frequencies. On the other hand, its
complementary structure is called an ‘inductive surface’, which reflects low
frequencies whilst transmitting high frequencies. Babinet's principle can be applied
to prove that the transmission coefficient for the complementary structure of one
array is equal to the reflection coefficient for the array [1, 2]. The frequency response
of the transmitted signal of the complementary FSS is not exactly the dual of the
reflected signal of the FSS due to the loss in the dielectric substrate. A perfectly dual
behaviour for the complementary screen of the proposed filter is expected if the loss
of the dielectric substrate, as well as the effects of the metal thickness, are neglected
[2]. Hence, Babinet’s principle can be employed to produce bandpass FSS from
bandstop FSS, low pass FSS from high pass and vice versa. Different characteristics
can also be obtained by cascading or combining individual filters. For instance, a

bandstop filter could be formed by combining a number of bandpass filters.

The equivalent circuits for a bandstop FSS or a bandpass FSS are the combination
of LC in series or in parallel, respectively [1, 3]. Traditionally, many different shapes
have been used to construct an FSS. However, the equivalent FSS circuit is directly
related to the array element size, shape and the polarisation. Equivalent circuits and

analysis of some of the traditional structures are provided in [3, 4].
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Fig. 1.1. Cassini high-gain antenna (HGA) with a four-frequency FSS [5].
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Fig. 1.2. The high-gain dish has a Cassegrain reflector [6].

FSSs have been most commonly used in microwave and optical frequency regions
of the electromagnetic spectrum and for applications such as antennas, radomes,
radio frequency absorbers, wireless securities to electromagnetic (EM) shielding
applications and metamaterials_[3, 7-13]. Decreasing loss in antennas and improving
the radiated power are successfully realised by using these structures [13, 14]. They
are designed to reflect, transmit or absorb electromagnetic radiation at different
frequencies [1, 15, 16]. The use of dual-reflector antennas in space missions such as

Galileo, Cassini, Cassegrain and Voyager, sharing the main reflector among different


https://en.wikipedia.org/wiki/Antenna_(radio)
https://en.wikipedia.org/wiki/Radome
https://en.wikipedia.org/wiki/Metamaterial
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Missile
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| A— Maritime
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Fig. 1.4. The Zumwalt, the largest destroyer ever built for the US Navy [18].

frequency bands, has been made possible by using an FSS, [19-22]. Fig. 1.1 shows
Cassini high-gain antenna (HGA) with a four-frequency FSS [5]. Fig. 1.2 shows a
Cassegrain reflector in the high-gain dish [6]. FSSs are used in modern military
platforms such as aircraft, ships and missiles, as can be seen from Fig. 1.3 [17]. FSSs
can be used in many applications in the civil sector as well, such as the isolation of
unwanted and harmful radiation in L-band and S-band in hospitals, schools and
domestic environments. FSSs are widely used for antennas and radar cross section
(RCS) reduction or components in radar absorbing material (RAM) [23-25]. The
concept of stealth and operating without the knowledge of the enemy has always
been a key driver in the development of military technology. As example, Fig. 1.4

shows the Zumwalt, the largest destroyer ever built for US Navy [18].


https://www.slideshare.net/altairhtcus/cj-reddy-radomes-altairatc-final
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1.2 Motivations

FSSs have been the subject of intense investigations on a large scale, as
microwave and optical filters, for decades [3, 7-13]. The use of FSSs has contributed
to the increase in the communication capabilities of satellite platforms [20-22, 26].
FSS suffers from practical design problems that can be categorised as the bandwidth,
size of FSS element, sensitivity to the incident angle and sensitivity to the
polarisation. The reflection and transmission coefficients of the FSS are mainly
dependent on the shape and size of array elements. Thus, the bandwidth can be
influenced by the gaps between element’s parts and the gap between adjacent
elements. The close grating lobe is the main drawback of a passband FSS which
characteristically damages the stopband behaviour [27, 28]. To position the grating
lobe far from the passband, the inter-element spacing of single free standing FSS
must be set less than A/2, where A is wavelength at the resonant frequency[1]. It is
important that the shape, dimensions and spacing of the array elements are designed
all together to reach the desired resonant frequency and bandwidth, as well as to

avoid grating lobes.

Recently, many approaches have been proposed to miniaturise FSS array element
dimensions. For example, a parallel lumped inductor and a lumped capacitor can be
used to reduce the size of the FSS array element [29, 30]. Adding meander-slots to
the circular ring structure can produce FSS array element dimensions much smaller
than the wavelength [31]. A study in [32] demonstrated a miniature FSS by printing
micro wire on a dielectric. Printing four symmetrical spiral patterns of metallic
meander lines can increase the electrical length of the array element and increase the
value of the resonant components [33]. However, increasing the electrical length of
an array element with the same physical dimensions has limitations, and could
increase the complexity of the FSS structure. Thus, a parallel lumped inductor and
lumped capacitor can be used to design a dually polarised FSS array element in [29].
Two metallic layers of an asymmetrical pattern are placed on the top and bottom side
of a dielectric substrate to display a dually polarised frequency response in [34]. FSS
structures are composed of arbitrary shapes comprised of metallic patches or
apertures which are supported by a dielectric substrate. FSSs have been the subject of
intense investigations in a great number of applications, such as spatial microwave

and optical filters for decades [1, 7, 8, 35].
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Traditionally, the element of a FSS is rotationally symmetrical and the element
arrays in a multi-layer FSS are aligned with each other. Different techniques have
been used to achieve stable frequency responses in different polarisations for single
and multi-layer FSSs under various angles of incident waves. Accomplishing a
symmetrical FSS array element can contribute to achieving a stable resonance with
respect to the polarisation and the angle of incidence [29-33, 36]. However, using
symmetrical array element shapes to avoid polarisation sensitivity can restrict FSS

design options.

In most applications, an FSS needs to be attached to a wide variety of dielectric
materials. In conventional FSSs, the performance of an FSS is greatly influenced by

the dielectric material it is attached to.

FSSs have been used in radar absorbing materials (RAM) [24, 25], but it is still a
challenge to select a wideband FSS for this application. Classical RAM is composed
of several layers of dielectric or magnetic media. For instance, the two most common
absorbing screens are the Salisbury and the Dallenbach screens. The first consists of
a thin resistive film deposited on a perfect metal-backed dielectric, while the second
is a short-circuited lossy dielectric or magnetic layer. Those absorbing screens are
described in [37]. An FSS can be deposited on the outer surface of the Dallenbach
screen to modify and improve the absorption performance of Dallenbach screens. In
the last few decades, many methods have been adopted to improve the FSS

performance. The effects of dielectric loading on FSSs were studied in [38].

FSSs are also used to build up an artificial magnetic conductor (AMC) or high
impedance surface (HIS) where the FSSs are placed above a perfect electric
conductor (PEC) ground plane, with a dielectric material in between [39]. It does not
support propagating surface waves. It displays a 0° reflection coefficient phase at a
given frequency [13]. While using a conventional conductor as a ground plane for a
planar antenna, the power transferred into the surface waves does not contribute to
the main radiation of the antenna, but is scattered off the edges of the finite ground
plane and leads to ripples in radiation patterns, increased back radiation, and lower
polarisation purity. In a traditional HIS, the grounded substrate (the substrate
between the periodic element and the ground plane) tends to be thick to achieve a

small HIS array element size.
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1.3 Shaping a periodic structure

The choice of selecting the proper element may be of most importance when
designing either a bandpass or band-stop FSS. Some elements are inherently more
narrow-band or more broadband than others, while some can be varied considerably
by design. Different FSS types can be chosen based on the application requirements.
These requirements usually include a level of dependence on the polarisation and
incidence angle of the incoming wave and bandwidth. However, it is worth
mentioning that in general, at least for mechanical and miniaturisation reasons, all
FSS must eventually be supported by a substantial assembly of dielectric slabs. This
has a strong effect on the bandwidth variation with angle of incidence and the

element size.

OOoOdr &
4+ A
_ N

(©)

Fig. 1.5. (a) Loop elements, (b) centre connected elements, (c) patch elements [1].

In this chapter we present the most common element types available to FSS
designers. The elements can be arranged into three groups, Chapter 2, Section 2.1 of
[1], as shown in Fig. 1.5: The first group is the loop FSSs, such as the hexagonal

rings, the circular ring, the square rings, the three and four-legged loaded elements.
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The second group is the centre connected FSSs, such as the square spiral elements,
the four-legged elements, the Jerusalem cross and the three-legged elements. The
third one is patch FSSs, such as square, circular paths and hexagonal patches. The
mechanism of operation in traditional FSSs is based on the resonant elements. The
idea is that a plane-wave illuminates an array element. This will excite electric
current on the element. The amplitude of the generated electric current depends on
the strength of the coupling of energy between the element and the incident wave. At
the fundamental frequency where the length of the element is A/2, the coupling
reaches its highest. As a result, the elements are formed so that they are resonant near
the frequency of operation. The current itself can act as an electromagnetic source
depending on its distribution. It produces a scattered field. The scattered field added
to the incident field forms the total field in the space surrounding the FSS. The

scattered field can be controlled through the design of the elements.

The plane of incidence and polarisation of incidence are defined in Fig. 1.6. The
FSS is excited by an electromagnetic wave with the propagation vector (k) towards
the z axis, a magnetic field vector (H) towards the x axis and an electric field vector
(E) towards the y axis direction. e represents the incident angle, while ¢ represents

the polarisation angle.

Array elements

\

Dielectric substrat

N

Fig. 1.6. The plane of incident wave, o is the angle of incidence, ¢ is the polarisation angle.

1.4 Dielectric effect on FSS

What happens if the periodic structure has been completely surrounded by an

infinite dielectric material with relative dielectric constant &? The answer to this



Chapter 1: Introduction Page |8

equation can be drawn from Maxwell’s equations that the resonant frequency would
reduce by the factor /¢,., Chapter 1, Section 1.6.3 of [1]. The second equation, what
happens when the infinite dielectric material extent reduced to be finite thickness? To
answer this question - we need to classify the FSS as the two types based on the
equivalent circuit; the capacitive surface, or the patch type, and the inductive surface,
or the mesh type. In this way, the study of the effects of dielectric materials on the

FSS will be easier.

1.4.1 FSS mesh type

The dielectric slabs can have a profound effect on the reflection or transmission
responses. With a finite thickness, the dielectric material’s effect on the FSS
structures can be explained by using the equivalent circuit analysis and structure
simulation. The square ring with a strip width (w), as shown in Fig. 1.7, is used here
as an example for the inductive FSS. Fig. 1.8 shows the equivalent circuit of the
inductive FSS with both sides attached to dielectric slabs. L represents the intrinsic
inductance value of the inductive surface. The approximate value of the intrinsic
inductance L at normal incident wave can be calculated from the strip inductance

using equations, Chapter 5, Section 5.19 of [40],[41]:
L = . - [in cosec(”™)] (1.1)
:uo:ue 271_ 2P ‘

where L is the strip inductance, which is determined by the strip length P, the strip
width w, and the effective magnetic permeability p. of the structure and it is assumed

to be 1.

The dielectric slabs can be represented by two short pieces of transmission lines
hi and hs. The characteristic impedance of the transmission lines is Zz; = Z, /&1
and Z,, = Z, /€5, where Z, is the free space impedance. The transmission lines
can be replaced with their equivalent circuit model composed of a series inductor and
shunt capacitor, as shown in Fig. 1.8(b). Using the Telegrapher’s model for TEM

transmission lines, the series inductance L., L2 are simply equal to [42]:
Le1 = boptrihy (1.2)

Ly = Uollyo2hy (1.3)
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Fig. 1.7. An inductive FSS with 3x3 elements, P = 6.8mm.
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Fig. 1.8. The equivalent circuit of the inductive FSS type surrounded with dielectric

substrates. (a) With transmission lines. (b) Using shunt capacitor and series inductor instead of

transmission lines.

where p, is the permeability of free space, u, is the relative permeability of the

dielectric substrate used and % is the length of the transmission line (equal to the

thickness of the dielectric substrate). Using a procedure similar to the one used to
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obtain the values of Cy1, and Cp, the values of these shunt capacitances are equal to:
Crr = €9&r1hy /2 (1.4)

Cro = €922 /2 (1.5)

—a— Simulation, high dielectric constant, £ =10
. —®— Simulation, low dielectric constant, £ =3
—4A— Calculation, low dielectric constant

Resonant frequency (GHz)
[6)]
1

Thickness (mm)

Fig. 1.9. Inductive FSS’s resonant frequency shift when attached directly to a variety of
dielectric materials of arbitrary thicknesses.

To find the shift in frequency response of the inductive structure due to the
surrounding dielectric materials, the periodic inductive structure is firstly simulated
with no dielectric materials nearby. Then the achieved frequency response is
compared with ones that are achieved when the structure is attached to dielectric
materials on both sides with varied dielectric constant and arbitrary thickness. Lower
and higher dielectric constant materials (¢: = 3 and 10) are used in these simulations.
Fig. 1.9 shows the resonant frequency shifts of the inductive FSS structure due to the
presence of dielectric materials with variable thicknesses. It can be observed that the
resonant frequency shift is around f, / /€, when the low constant dielectric material

is 3 mm thick and the high dielectric material is 4.2 mm thick.

If the periodic inductive structure is loaded with single side dielectric materials of
arbitrary thickness, the resonance shift is smaller than when attached to both sides.
Fig. 1.10, shows the equivalent circuit of the inductive FSS which attached to one
side. Fig. 1.11 shows the resonant frequency shifts of the structure when it is attached

to low and high constant dielectric materials of arbitrary thickness on a side. It can be

seen that the resonant frequency shift is about f,//(&- + 1)/2 at 3 mm and 5 mm

thick for the low and high dielectric constant materials, respectively. However, the
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calculated frequency shifts in case the structure attached to the low dielectric
constant material shows a good agreement with the simulated ones, as shown in Fig.

1.9and 1.11.

Fig. 1.10. The equivalent circuit of the inductive FSS type when one side attached to a

dielectric slab.

10

—a— Simulation, high dielectric constant, £ =10
—e— Simulation, low dielectric constant, =3
—w— Calculated, low dielectric constant

—
T TT——n
-,

Resonant frequency (GHz)

0 T T T T T T T T T 1
0 2 4 6 8 10

Thickness (mm)

Fig. 1.11. Inductive FSS’s resonant frequency shift when attached directly to a variety of

dielectric materials of arbitrary thicknesses.

1.4.2 FSS patch type

If the periodic structure is capacitive, and has been completely surrounded by a
finite dielectric material with relative dielectric constant ¢ and finite extent, the
resonant frequency would reduce further compared to the periodic inductive

structure. This is because the value of the intrinsic capacitor in the periodic structure
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Fig.1.12. 3x3 of the capacitive FSS type, P = 5.8mm.

ch Za’L hl Z{ﬂ }?2 Za

Fig. 1.13. The equivalent circuit of the capacitive FSS type surrounded with dielectric
materials.
is increased. In the following paragraphs in this section, more details about the

intrinsic capacitor will be described.

A periodic patch is used to represent the capacitive FSS, as shown in Fig. 1.12.
Fig. 1.13 shows the equivalent circuit of the capacitive FSS with dielectric slabs
attached to both sides. C represents the intrinsic capacitance value of the capacitive
surface. The approximate values of the intrinsic capacitance at a normal incident
wave can be calculated from the path capacitance using equations, Chapter 5, Section

5.18 of [40], [41]:
B 2P 79
C=¢.¢, — [In cosec(—ZP)] (1.6)

where C is the intrinsic capacitance between the two adjacent patches in each layer,
which is determined by the patch length P, the gap g between adjacent patches and
the effective dielectric constant e. of the structure. Observe that e is (1+¢,)/2 if the

dielectric attached to one side of the FSS, while it is &- when attached for both sides,
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Appendix E of [1].

The shift in resonant frequency of the periodic structure can be calculated by
using the equivalent circuit shown in Fig. 1.13 with a procedure similar to the one

used to obtain the values of C, L1, Lo, C and Cr.

Thus, the periodic capacitive structure is firstly simulated with no dielectric
materials nearby. Then the achieved frequency response is compared with ones that
are achieved when the structure is attached to dielectric materials on both sides with
varied dielectric constant and arbitrary thickness. Lower and higher dielectric
constant materials (¢: = 3 and 10) are used in these simulations. Fig. 1.14 shows the
resonant frequency shifts of the patch FSS when attached directly to a variety of

dielectric materials of different thicknesses, with g is 0.4 mm.

It can be observed that the frequency is shifted to around f,/+/e, when the
dielectric slabs on both sides are 0.3 mm thick or thicker for the low dielectric

constant material, and 0.1 mm for the high dielectric constant material.

10 &

6 —e— Simulation, high dielectric constant material, € =10

—m— Simulation, low dielectric constant material, £ =3
—w— Calculation, high dielectric constant material

Resonant frequency (GHz)

Thickness (mm)

Fig. 1.14. Patch FSS’s resonant frequency shift when attached directly to a variety of
dielectric materials of arbitrary thicknesses.
Fig. 1.15 shows the equivalent circuit of the capacitive FSS attached to dielectric
materials on one side only. Fig. 1.16 shows the simulation and calculation results of

the resonant frequency shift of the capacitive FSS. It can be seen that the resonant

frequency is shifted to about f,// (&, + 1)/2 at 0.3 mm thick and 0.1 mm thick for

the low and high dielectric constant materials, respectively.
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ZO Zd .h Zo

Fig. 1.15. The equivalent circuit of the capacitive FSS type when one side is attached to a

dielectric slab.

10 &

—e— Simulation, high dielectric constant material, ¢ =10

—m— Simulation, low dielectric constant material, € =3
—w— Calculation, high dielectric constant material

Resonant frequency (GHz)

Thickness (mm)

Fig. 1.16. Capacitive FSS’s resonant frequency shift when attached directly to a variety of

dielectric materials of arbitrary thicknesses.

The shift of the resonant frequency of a capacitive structure is bigger than an
inductive one when attached to dielectric materials. It can be clearly explained from
(1.6), where the intrinsic capacitance depends on the effective dielectric constant ee.
The surrounding dielectric directly changes the effective dielectric constant value and

thus the capacitance.

1.5 Experimental setup

Transmission characteristics of FSS devices can be measured via several methods

[43, 44]. The measurement setup for an FSS is shown in Fig. 1.17. Two horn
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antennas and a vector network analyser are used. The experiment setup is composed
of two antennas which are pointing toward each other. The FSS under test is placed
between the antennas. The distance should be large enough to satisfy the far field
condition (meeting > 2A%/A criteria) [45], where A is the antenna size and A is the
free space wavelength at the resonant frequency. Thus, the wave arriving at the FSS

can be considered as a plane wave.

FSS circuit

Detector 1 Transmitter

( )

Fig. 1.17. Experiment setup to measure the transmission coefficient.

To avoid spillover or diffraction at the edge of the FSS, RF absorbing materials
are used around the edges. In order to ensure the measurement accuracy, a calibration
can be carried out. Without the FSS, the transmission coefficient could first be
measured as the reference for 100% transmission (S21 = 1 or 0 dB). When the FSS is
under test, the measured transmission coefficient will be normalised to the reference.
In order to measure the transmission at different incident angles, the FSS holder
fixture can be rotated to the angle of interest. In this case, the measurement accuracy

is not as good as the normal incident angle due to the limited size of the FSS.

The line of sight between the two antennas passes through the centre of the FSS
prototype. The antennas are aligned to ensure the formation of uniform plane wave
impinging upon the FSS structure. The phase error can be calculated using the path
length difference between the centre and the edge. The formula to calculate the phase
difference across the aperture is the distance difference*2n/A. Typically, it should be

smaller than 90 degrees.

Ideally the array size should be as large as possible. Since the measurement is a
comparative one (compared with the response without the FSS), the array size of

1.45A x 1.45\ appears to be large enough to give reliable results.
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To measure the reflection, the two antennas are used as the transmitter and
receiver, respectively, at the same side of the FSS, as shown in Fig. 1.18. They are
separated by an absorber screen to eliminate the direct coupling between them. A
calibration can be carried out in order to ensure the measurement accuracy. The
reflection coefficient will be first measured with a plane sheet of metal instead of the
FSS as the reference for 100% reflection (S11 = 1 or 0 dB). When the FSS is under

test, the measured reflection coefficient can be normalised to the reference.

FSS circuit

W Transmitter

- e e Absorber

Detector

Fig. 1.18. Experiment setup to measure the reflection coefficient with oblique incidence

orientation.

1.6 Outline of the thesis

In this article, Chapter 1 presents the background about the FSSs and an overview
of technologies researched and developed with the aim of solving them. It also shows

the dielectric effects on the periodic structures.

Chapter 2 introduces the theory and background of FSS operation. A brief history
of the development and research of FSS design is presented. It also presents typical

different designs of FSS array elements.

Chapter 3 introduces a new technique to miniaturise FSS array elements by
interconnecting adjacent elements in one direction, and deals with the problem of the

sensitivity of polarisation angles when using asymmetrical array elements.

In Chapter 4, a novel multi-layer structure is proposed to construct an FSS. The
performance of the proposed structure is very stable when it is attached directly to a

wide variety of dielectric materials of varied thicknesses.

Chapter 5 presents design examples of FSS array elements with multiple bands for
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millimeter and microwave applications.

In Chapter 6, design methods of high order bandpass FSSs with desired features,
such as lower-profile, compact size and sharp transition edges, are proposed and

verified.

Chapter 7 focuses on THz FSSs and proposes new approaches to design FSSs

with low loss and sharp edges. The structure is also easy to fabricate.

Chapter 8 focuses on the application of FSS, such as an extreme small size
artificial magnetic conductor (AMC) array element, and the use of an FSS for robust

antenna mounted on a plurality of dielectric surfaces.

Chapter 9 concludes with the summary and outlines potential future work
resultant from the dissertation.
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Chapter 2: Basics and Literature Review

2.1 Introduction

This chapter provides a summary of the relevant theoretical basics for FSS
designs. It also provides a revision of the research areas of this work and aims to:
summarise all the basic required knowledge for the design of FSSs; review the
subject to understand the current challenges and the contributions of this work and

build a solid base for the analysis in the following chapters.

2.2 A brief FSSs history

The defining feature of an FSS is its ability to act as a surface with bandpass or
bandstop filtering properties to incident waves. This is accomplished through a
periodic array of conductive elements that capacitively and inductively couple when
excited by incident electromagnetic waves (e.g., a plane wave). A parabolic reflector
grid using an array of resonant dipoles was one of the earliest forms of an FSS which
was designed and patented by Marconi and Franklin in 1919 [1]. Much of the
research into what are now referred to as FSSs did not gain momentum until the
1960s and 1970s. During this time, the Air Force Avionics Laboratory was involved
in FSS development for radar and stealth applications [1], [2]. This research included
new FSS element designs such as crossed dipoles which had greater versatility than
the single resonant dipoles investigated previously. They provided better
performance, including insensitivity to angle of incidence (the angle between the
direction normal to the plane of the FSS and a plane wave’s direction of
propagation), which also made FSSs useful for certain applications such as stealth
radomes and multi-band Cassegrain reflector dishes in antenna systems, [1], [3]. A
few decades ago, a new trend for related research began. It focused on new methods
of FSS design and development for general use. More recently, improvements in
computing technology led to the use of numerical solvers, leading to many different
FSS designs and applications including active FSSs [4], fractal element [5], and
three-dimensional (3D) FSS structures [6].
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2.3 Practical design problems

In addition to the shape, the response of an FSS is affected by other factors, such
as the incident angle of an impinging plane wave which can cause the resonant
frequency to draft or be dampened. Curvature of the FSS can greatly alter the
frequency response. The inter-element spacing of the FSS must be set less than A/2 to
avoid grating lobes. Thus, the frequency response of an FSS is influenced by the
presence of the dielectric material (see Chapter 1, Section 1.4). As, a result, the
practical issues of the FSS structure must be evaluated to understand how an FSS

will behave in a real system.

2.3.1 Wave incident angle

An FSS will be excited by normal incident waves. The resonant frequency and the
bandwidth of an FSS will be affected by the incident angle. These effects are mainly
due to the fact that the values of the inductance and capacitance of an FSS depend
not only on the polarisation angle but also on the angle of incidence and on whether
the polarisation is TE or TM. The resonant frequency of an FSS changes mainly
because values of reactances (capacitance and inductance) are changed as the angle of
incidence (6) changes and also on whether the polarisation is TE or TM. More details
will be provided in Section 2.4.

The variations in the bandwidth of the structure as the angle of incidence varies
can be attributed to the change of wave impedance, which will change the loaded
quality factor of a resonator in an FSS structure. For the TE mode, the wave
impedance changes to Zo/cos (O©) [7], where O is the incident angle. Therefore, in the
case of a large incident angle, the wave impedance increases, and the bandwidth
decreases for parallel resonators because the loaded equality factor Q. increases,
while the bandwidth increases for a series resonator. For TM mode, the wave
impedance changes to Z, cos (O) [7], as the incident angle changes. For this reason,
Qv decreases for large incident angles, and consequently the bandwidth increases for

the parallel resonator, while it decreases for the series resonator.

However, in a practical demonstration, an FSS may need to be designed to operate
under different angles of incidence. For most cases, the effects of incident angle on
the frequency response of an FSS can be mitigated by three design techniques.

Firstly, the effects can be reduced when the FSS is embedded in dielectric materials
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[3, 8]. Secondly, miniaturisation of the FSS element size can enable the FSS to have
sufficient number of elements, which can contribute to reduce the effects of the

changes in the incident angle [9].

The third method, is to be reducing the inter-element spacing [1]. By doing this,
whilst the space between elements is minimised, the effect of phase difference

between elements caused by incident angle can be also reduced.

2.3.2 Curved FSS

Another practical issue for the implantation of an FSS structure is that the FSS
structure may need to be a curved. Examples of applications for a curved FSS are
stealth radome structure and sub-reflector antenna [10]. When an FSS is curved,
changes in the frequency response of the FSS can occur depending on the nature of
the curvature. It is worth considering two particular types of curvature [11]; the
single curved FSS and the doubly curved FSS. The single curved FSS conforms to
the shape of a cylinder, whilst the double curved FSS conforms to a conically
rounded or spherical shape. In fact, the effect of the single curvature FSS on
frequency response is less severe than that of the double curvature. Compared to an
equivalent planar FSS, a curved FSS will have altered resonant response. This is
mainly because curvature can cause changes in coupling between FSS elements.
Thus, the curvature causes a different incident angle amongst FSS elements, causing
differences in both magnitude and phase for each element in FSS structure [11, 12].
In addition for that, the curvature can cause a variation in phase difference over the

FSS[12], and coupling between non-adjacent elements [11].

2.3.3 Grating lobe

The grating lobe can be explained by using a plane wave incident upon a one-
dimensional periodic structure with inter-element space D., Chapter 1, Section 1.9 of
[1], as shown in Fig. 2.1. It can observed from Fig. 2.1(a) that each element will have
phase delay ( f D. sin 1) with respect to its neighbour to the left, where 7 is the
incident angle. The same element will be ahead in phase for both the forward and the

specular directions, and plane waves can always propagate in these directions.
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Fig. 2.1. Plane wave incident upon a periodic structure [1].
However, the incident wave can propagate in other directions as can be seen in
Fig. 2.1(b), where, 75, is a possible grating lobe direction. It can be observed from
Fig. 2.1(b) that the total phase delay of an element is f Dy (sin # + sin 7).

Propagation is possible only if the delay equals a multiple of 2, or
S D (sin n + sin n¢) = 2mn (2.1)

where f =2n/Ag, n 1s integer number, Dx is the interelement spacing along x axis,

and A is the wavelength at grating lobe frequency.
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2.4 Strip equivalent circuit

Transmission and reflection coefficients of periodic arrays of conducting strips are
frequency dependent and also dependent upon the orientation of the incident electric
field relative to the strips [3]. The reactance of the strips is inductive when the
tangential of the incident electric field is parallel to the strips, as shown in Fig. 2.2,
causing high reflection (or very little transmission) at low frequencies. The
transmission declines further, as a consequence of decreasing the inductance when
the periodicity P decreases, or when their width w increases. The values of reactances
depends not only on P and w but also on the incident angle (6) and also on whether
the incidence is TE or TM. The approximation value of inductance, Chapter 5 of [13]

is:
L= L(:036’-[In cosec(ﬂ)] (2.2)
"o 2P '

where L is the strip inductance, which is determined by the strip length P, the strip

width w, and the permeability x of the structure.

When the E field is perpendicular to the strips, the approximation value of the
capacitance, Chapter 5 of [13] is:

C= 8ECOSH -[In cosec(ﬂ)] (2.3)
T 2P

where C is the intrinsic capacitance between the two adjacent patches, which is
determined by the strip length P, the gap g between adjacent strips and the dielectric
permittivity (e).

Based on the equivalent circuit, a different response can be achieved. Designing
an FSS by using conducting strip can be performed in three simple steps. The first
step is to obtain the appropriate element values for an equivalent circuit model for a
desired response. This can be accomplished using circuit simulation software such as
the Agilent Advanced Design System (ADS). In the second step, the FSS element can
be formed to have structures to realise the components in the equivalent circuit which
were obtained in the first step. The final step of the design procedure is to map the
desired capacitors and inductors values obtained from above formula to geometrical

parameters of the periodic structures.
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Numerical analysis is performed on the complete array element of the proposed
FSS consisting of the metallic structures and the dielectric substrates by using CST
Microwave Studio. Unit cell boundary condition is applied to provide periodicity
along the x and y axes. The FSS is excited by an electromagnetic wave with the
propagation vector (k) parallel to the z axis, magnetic field vector (H) parallel to the
x axis and electric field vector parallel to the y axis direction (see Fig. 1.6). Based on
the results achieved from the full-wave simulation, the dimensions of the wires are

fine-tuned to obtain the desired frequency response.

—_—p F

=

L,

X
Fig. 2.2. Parallel wires used as the inductor or capacitor based on the electric field direction.

A bandpass, a bandstop and a dual-stopband FSS will be designed as examples of
the proposed procedure. In all cases, the array element dimensions are 6x6 mm?, the
wire width is 0.2 mm and the thickness of the FR4 substrate is 1.6 mm. FR4 is a
dielectric materials (glass epoxy), with 4.4 dielectric constant and 0.025 tangent loss

at 10 GHz.

2.4.1 Wide bandpass FSS

As mentioned in the design procedure, the first step to design an FSS is by
obtaining the equivalent circuit of a frequency response. As an example, Fig. 2.3
shows the response of the FSS; such a response can be obtained by using the
equivalent circuit, as shown in Fig. 2.4. It is designed by combining L with series LC
in parallel, where Z, is the free space impedance and is equal to 377 Q. The
equivalent circuit exhibiting the wideband response, is shown in Fig. 2.5, with the

components of: C1= 0.3 pF, Li1= 2.73 nH, Ls; = 2.36 nH. In the next step, the initial
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dimensions of these LC components can be approximated using (1.1) and (1.6).
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Fig. 2.3. Transmission coefficient of the bandpass response.

Fig. 2.4. The equivalent circuit of the desired bandpass response.

[

Fig. 2.5. The equivalent circuit of the proposed FSS structure (bandpass FSS), and the

equivalent surface shape.

Finally, based on the results obtained from full-wave simulation (CST Microwave

Studio) on the array element of the proposed FSS, the dimensions of the inductive
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and resonant surfaces of the structure are tuned to achieve the desired frequency
response. The theoretical values for the final geometry dimensions are: C;= 0.195

pF, L1=3.05nH, Ls = 2.64 nH.

L

X

(a) (b)
Fig. 2.6. (a) Geometry dimensions of the proposed bandpass FSS, (b) 3x3 array elements of the
proposed FSS structure.
Fig. 2.6(a) shows the geometry dimensions of the array element of the proposed
bandpass FSS. Fig. 2.6(b) shows the 3x3 array element of the FSS. Fig. 2.7 shows
the simulated transmission coefficient. The resonant frequency is about 3.8 GHz. The

insertion loss is 0.13 dB at the resonant frequency. The size of the array element is
0.08% x 0.08A.

S,,(dB)

Frequency (GHz)

Fig. 2.7. Simulation result of the transmission coefficient of the designed bandpass FSS.
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2.4.2 Wide bandstop FSS

Fig. 2.8. The equivalent circuit of the desired response (wide stopband), and the equivalent

surface shape.

In this section, the proposed design procedure will be used for designing an FSS
with a wideband bandstop response. The response can be obtained by using a series
LC, as shown in Fig. 2.8. The geometry dimensions of the array element of the
bandstop FSS are shown in Fig. 2.9(a). Fig. 2.9(b) shows the 3x3 array elements of

the structure.

The simulated result of the transmission coefficient is shown in Fig. 2.10. The
structure exhibits bandstop response at 5.1 GHz, with the array element size of
0.102A. It also has a wideband bandstop bandwidth. The fractional bandwidth
(BW/fo) 1s 120%, where BW is 3 dB bandwidth and f; is the resonant frequency.

(a) (b)

Fig. 2.9. (a) Geometry dimensions of the proposed wide stopband FSS, (b) 3x3 array

elements of the proposed wide stopband FSS structure.
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Fig. 2.10. Simulation result of the transmission coefficient of the designed bandpass.

2.4.3 Dual-band bandstop FSS

Fig. 2.11 shows an equivalent circuit model which is proposed to characterise a
dual-stopband FSS. The equivalent circuit of the proposed dual-band bandstop is
based on connecting a parallel LC with a series LC in series. The resonant
frequencies of the parallel LC circuit and the series LC circuits are very close to each
other. Such equivalent circuit can be formed by using the wires in the shape shown in
Fig. 2.11. The geometry dimensions of the array element of the dual-band bandstop
FSS are shown in Fig. 2.12(a), while the 3x%3 array elements of the proposed

structure are shown in Fig. 2.12(b).

U

Fig. 2.11. The equivalent circuit of the desired response (dual stopband), and the

equivalent surface shape.
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(@) (b)

Fig. 2.12. Geometry dimensions of the proposed dual-band bandstop FSS, (b) 3x3

array elements of the proposed FSS structure.

Frequency (GHz)

Fig. 2.13. Simulation result of the transmission coefficient of the designed dual

stopband.

2.5 Shape and size of FSS array elements

The shape and size of the array element contributes to the response of an FSS for
waves with various incident angles. Designing an FSS with array elements that have
a specific response and compact size is difficult because it requires very good
analytical skills to achieve a desired response. Many approaches have been proposed

to miniaturise FSS array element dimensions. The miniaturisation is mainly achieved
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by increasing the equivalent lumped-element values of resonant structures and it
requires increasing the electrical length of an array element, where the electrical
length is the length of an element in terms of the wavelength. The increasing of
electrical length can be obtained by using lumped components (capacitor and
inductor) in an array element. Additionally, it can be achieved by using a complex
and sophisticated structure. Thus, the electrical length of an array element can be
increased by increasing the effective dielectric constant or embedding the entire FSS
in a material that has a higher dielectric constant than air. Unfortunately, high

dielectric constant materials tend to have high loss tangents.

The most significant work that was conducted in the subject areas of the thesis is

reviewed in the following sections.

2.5.1 Miniaturised FSS
Different approaches have been used to design miniaturised FSS and to obtain
stable frequency responses in different polarisations under various angles of incident

waves for single and multi-layer FSSs [9, 14-18].

Metallic patches and wire meshes are separated by a dielectric substrate which
were used to miniaturise the array elements in [9, 14]. An FSS element miniaturised
by using lumped components has been presented in [19]. Another approach was
adopted in [20] by cascading interdigitated capacitors on a thin substrate layer. By
cascading a square-loop slot with a periodic array of metallic patches, a compact FSS

is implemented on an ultra-thin dielectric layer in [21].

In [9], the cascading of traditional structures, patch and grid, are separated by a
dielectric layer which together act a bandpass FSS. The structure is shown in Fig.
2.14. The corresponding equivalent circuit of this resonator is a parallel LC, where L
acts the grid layer, while C acts the patch layer. The structure shows a relatively
stable resonant frequency for a range of incident wave angles. The dimensions of the
array element of this structure are 0.2Ax0.2A, where A is the wavelength at resonant

frequency. This structure is large, especially for lower band applications.
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Fig. 2.14. bandpass by printing patches and grids on both sides as proposed in [9].

In [22], a bandpass FSS is constructed by using patch and inductive layers. This
structure is built by using four symmetrical metallic patches and patterned-wires as
shown in Fig. 2.15, separated by dielectric slab. The inductive layer is constructed by
using meander lines to increase the inductance. Fig. 2.16(a) and (b) shows the
structure frequency response with respect to different incident angles for TE and TM
modes, respectively. It can be observed from Fig. 2.16 that the structure demonstrates
a relatively stable resonant frequency with respect to different polarisations and
incidence angles. The structure has a compact element, moreover the element

dimensions are 0.104Ax0.104A.
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Fig. 2.15. The bandpass by printing patches and grids on both sides of a dielectric slab as
proposed in [22].
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Fig. 2.16. Transmission coefficients under various incident angles [22], (a) TE mode, (b) TM

mode.

In [15], adding meander-slots to the circular ring structure can make FSS array
element dimensions much smaller. Fig. 2.17 shows two unit elements of this
structure. This structure is a single-layer (metal-dielectric). By adding meander-slots
to the circular ring element, the values of capacitor and inductor can be increased.

The dimensions of the array element can be reduced to 0.088Ax0.088\.

Fig. 2.17. Two elements of the proposed structure in [15].

In [16], a miniature low-profile FSS by printing wire (200 pm width) on both
sides of a thin dielectric slab has been demonstrated. This structure, as shown in Fig.
2.18, exhibits a bandstop response at 3.33 GHz, with stable resonant frequency until
88° for TE and TM modes, as can be observed from Fig. 2.19. The dimensions of the
element are 0.067Ax0.067A, with a 0.127 mm thick Rogers RT/duroid 5880 substrate
with a dielectric constant of 2.2.
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Fig. 2.18. The proposed FSS in[16], () 2x2 array elements , (b) equivalent circuit model for the
element.
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Fig. 2.19. The frequency response of the proposed structure in [16], under a wide range of
incident angles, (a) for TE mode (b) for TM mode.

In [17], using four symmetrical spiral patterns of metallic meander lines can
increase the electrical length of the array element and increase the value of the
resonant components. The array element of this structure is miniaturised based on
increasing the inductance value by using the spiral shape, as shown in Fig. 2.20.
While, by decreasing the space between the spiral turns, the capacitor value will be
increased. The array element size for this structure is 0.061Ax0.061A. The structure

shows a stable resonant frequency under different incident angles, especially for TE

mode.
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dielectric substrate

metal strips

Fig. 2.20. The four symmetrical spiral element proposed in [17].

One way to make a compact element is by using vias. They are employed in the
2.5-Dimensional (2.5-D) FSS to increase the capacitive coupling between proximal
elements and for connecting the various substrate layers within the element to

increase its inductance [23, 24].

In [25], two pairs of split rectangle rings (one pair on the top and the other pair on
the bottom of the substrate) are connected in series by vias to miniaturise the
element. The proposed FSS element has a longer perimeter due to the connection
between the top and bottom layers by using vias, as shown in Fig. 2.21. The
dimensions of the element for this structure are 0.048A x 0.048A, and provides

favourable resonant stability at various polarisations and incident angles.

Fig. 2.21. The two pairs of split rectangle rings proposed in [25].
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However, all references mentioned in the literature review are sensitive to the
nearby dielectric materials. This is because the intrinsic capacitor in an FSS is
sensitive to dielectric materials. Thus, the corresponding equivalent circuit of an
element will be changed when the element is attached to dielectric materials, as

mentioned in Chapter 1.

2.5.2 High order FSS

Although theoretically similar to a classical microwave filter, a spatial filter is
more complicated. A classical filter has a pair of terminals (input and output). The
response is recorded at the output when a signal is fed to the input terminal. A spatial
filter has a wave arriving at variable incident angles as well as polarisations. This fact
has major impact on the transmission responses. Moreover, FSSs have finite
dimensions. The desired frequency selective response can only be observed when the
finite surface includes a sufficient number of constituting elements and is illuminated
by a planar phase front, Chapter 1, Section 1.1 [1]. For some applications, such as
low-frequency antenna radomes, FSSs with array elements of relatively small
electrical dimensions are highly desirable because they are less sensitive to the angle
of incidence and can operate for non-planar phase fronts [26]. A bandpass FSS can be
built by cascading two or more surfaces isolated by dielectric slabs. The thickness of
the dielectric slabs is usually around a quarter of wavelength in order to obtain flat
frequency response and fast roll-off, Chapter 1, Section 7.1 [1]. As a result, the
structure will be bulky, and sensitive to the wave incident angle, especially for low

frequency applications.

Many different techniques have been used to design miniaturised and low profile

high order FSSs.

In [27], using non-resonant traditional patch and grid to design a low profile
second-order bandpass FSS was given. Fig. 2.22 shows the array element of the
second-order FSS. The simulated transmission coefficient for this structure is shown
in Fig. 2.23. For the TE mode, the bandwidth decreases and the bandpass ripple level
increases when the angle of incidence increases, as can be observed from Fig.
2.23(a). Fig. 2.23(b) shows the simulated frequency response of the same structure
under various angles of incidence for TM mode. There are also variations in

bandwidth as can be observed from Fig. 2.23(b).



Chapter 2: Basics and Literature Review

Ca plgcitive Layers

<" 2

~ = ~Inductive Layer

0
by

Y

L [ 777 -
[ 7
..'..'.' pi

4 s
Wire Grid Inductdr <~ py — 1

Fig. 2.22. The low profile, second-order bandpass FSS presented in [27].
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Fig. 2.23. The simulation result of the prosed structure in [27]) TE mode, (b) TM mode.
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Fig. 2.24. The miniaturised second-order bandpass FSS utilising interdigital capacitors, as

proposed in [27].
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The variations observed in the bandwidth of the structure as the angle of incidence
changes, can be attributed to the change of wave impedance, which in turn will
change the loaded quality factor of the resonators of the coupled resonator FSS (see

Chapter 2, Section 2.3.1).

The size of the array element of this structure is miniaturised further by increasing
the capacitor value. This is done by using interdigital capacitive patches for the first
and third layers, as shown in Fig. 2.24. The element size of this structure when using
patches is 0.19Ax0.19A, while it is to 0.15Ax0.15\ after using the interdigital
capacitive patches, with /30 overall thickness.

In [28], a high order bandpass FSS with narrowband responses by using
inductively coupled miniaturized element is reported. In these structures, two
resonators or more are coupled together using impedance inverters to obtain the
desired frequency response. The resonators in this FSS filter are formed by using
dielectric spacers (substrate), and they are coupled by using shunt inductors, as shown
in Fig. 2.25.

ﬂhj /2
D
Z, % _ Z,
S — ——
¢ Negative
(a) (b)
Zl Z?

Fig. 2.25. Equivalent circuit of the high order FSS proposed in [28], (a) the transmission-line
resonators (dielectric spacers), (b) circuit model of the admittance inverters used to couple the
resonators, (¢) equivalent circuit of the high order FSS when the resonators and the admittance

inverters of (a) and (b) are put together in a ladder network.
The resonators in this structure are half-wavelength spacers. The spacers are
modelled with transmission lines with characteristics impedance Z; = Z,/,/&yj ,

where Z, is the free space impedance (377Q). Fig. 2.26 shows a second-order
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bandpass is designed based on using inductively coupled element. The two inductive
wire grids placed in the centre are separated from one another by a thin prepreg layer.
These two inductive layers constitute a single hybrid inductive layer, in order to

maintain the symmetry of the structure.

The structures exhibit a narrow bandpass with element size is 0.21Ax0.212, and the
overall thickness is A/3.7.

Fig. 2.26. Element of the second-order bandpass proposed in [28].

FSSs capable of providing transparency windows at two or more frequency bands
are highly desired. Multilayer structures composed of a combination of resonant and
non-resonant elements have been used to obtain dual-band operations with closely
space