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Abstract

In this thesis, I have proposed two new types of millimeter-wave frequency selective surfaces, for
shielding and reconfigurable antennas. A novel wideband FSS and a new class of reconfigurable
FSS are introduced for shielding as well as mutual coupling reduction in antenna systems and
beam-switching applications, respectively. Two beam-switching antennas using cantilever enabled
reconfigurable F'SS are designed and implemented at the 30 GHz millimeter-wave frequency band.

Initially, a wideband FSS for millimeter-wave applications at the 60 GHz band is investigated.
The simulated results of the wideband FSS are validated by the free-space measurement of a fabri-
cated FSS panel. Furthermore, the proposed wideband FSS is applied as a mutual-coupling reducing
wall in a MIMO system of DRAs.

As a second objective, a new class of cantilever enabled FSS with frequency reconfigurability is
designed. The method of fabrication and measurement of the FSS are described. For the validation
of the cantilever-enabled FSS, panels of the proposed FSS are fabricated and measured.

Further, these FSS panels are integrated with a conventional monopole source, to provide a
beam-switching antenna in the 30 GHz frequency band. The beam-switching in the azimuth plane
of the center source antenna is controlled by the switching of the F'SS panels arranged around the
antenna. Another antenna using a similar kind of cantilever enabled FSS is demonstrated for dual-
plane beam-switching application in the millimeter-wave frequency bands. The FSS panels arranged
around the conventional DRA are divided both horizontally and vertically to obtain the concept of
dual-plane beam-switching.Further, the prototypes of both single and dual-plane beam-switching
antennas at 30 GHz are fabricated and measured to obtain the beam-switching radiation patterns.

Keywords FSS, beam-switching, millimeter-wave, DRA
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Chapter 1

Introduction

1.1 Motivation

As the advancement in the modern wireless communication systems, devices with diversified func-
tionalities like high-data transmission, polarization or space diversity, multi-band operations, more
versatilities and low-cost, confined into an individual unit, are available for our community. Along
with the development of the various modern technologies added to the improvement of the quality
of the communication systems. The confinement of all the single units makes the intelligent systems
more suitable for the military and industrial applications. The intelligent communication systems
include the development of both reception modules and processing units. As the antenna system
plays an important role in the reception modules, it also get transformed to multi-functional con-
figurations. In this regard, the integration of multiple antenna units provides better performance

for the communication systems.

On account of the aforementioned facts, reconfigurable antennas have drawn much interest
among the researchers since few decades for multi-functional configurations. Most common prop-
erties of this kind of antennas are the reconfigurability in frequency, polarization and radiation
pattern, which can render multiple functions, improve the spectral efficiency and reduce channel
deteriorations. Many electronical and mechanical approaches are used with these reconfigurable

antennas to obtain various features.



In the recent years, millimeter-wave bands have gained much importance. They have the poten-
tial to meet the demands of the emerging communication systems and applications. Further, the
high-speed, large bandwidth, high-capacity systems and applications, the ease in the integration of
compact and high efficient antennas makes this band suitable choice for Gigabit wireless commu-
nications, imaging sensors, automotive radars and deep-space communications. However, there are
some obstacles in the millimeter-wave technology while deploying it commercially. One is the high
attenuation rate due to the path loss since the wavelength at the 60 GHz is the vicinity of 5mm.
Attenuation due to the oxygen molecule’s absorption is also significant in this frequency band. Due
to the compactness of the millimeter-wave array systems, mutual coupling between the radiating
elements can affect the antenna performance negatively. The reconfigurable antennas can be used

to improve the system characteristics and reduce these issues.

Electromagnetic periodic structures have widely been used with the antennas for a variety of
applications due to their typical EM characteristics. They are widely classified into metamaterials,
electromagnetic bandgap structures (EBG) and frequency selective structures (FSS), where meta-
materials are new materials with unusual electromagnetic properties and EBG and FSS structures
are spatial filters for the incident waves. EBG structures work in all polarization angles of the wave
incident while the FSS are limited to specific angles only. Furthermore, due to the electromagnetic
band-gap property of EBG, it can direct waves through the periodic structures by which they are
used for reducing the surface waves of antennas, and also used as a high impedance surface or an

artificial magnetic conductor with ground plane for low profile antenna design.

As mentioned above, the frequency selective surfaces, reconfigurable antennas and millimeter-
waves motivated us to perform an extensive research on the applications of FSS for millimeter-wave
antennas. Accordingly, this thesis aims at the design, fabrication and measurement of novel wide-
band FSS for shielding applications and reconfigurable F'SS for beam-switching antenna applications.

Furthermore, two beam-switching antennas are introduced using the reconfigurable FSS at 30 GHz.

1.2 Problem identification and research objectives

On account of the behavior of spatial filtering of electromagnetic waves incident on the surface,

frequency selective surfaces have obtained immense attraction among the researchers in the an-
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tenna domain. Subsequently, they are being used in reconfigurable antennas as active surfaces for
manipulating antenna beam direction and polarization. In this thesis, a wideband dual layer FSS
is introduced for the mutual coupling reduction in millimeter-wave frequency band. Furthermore,
a novel kind of reconfigurable FSS using cantilever based switches is designed at 30 GHz frequency
band. This FSS is used to convert an omni-directional source to a directional beam-switching an-
tenna. It is important to mention that the active switching structures used can be fabricated at low

cost as compared with the expensive active components in the millimeter-wave frequency band.

More specifically, the objectives of this thesis are designing a wideband FSS for mutual coupling
reduction in a DRA system and designing reconfigurable FSS using cantilever enabled switches
for beam-switching antenna applications at millimeter-wave frequency band. The wideband FSS
has achieved shielding effectiveness of above 16 dB and -20 dB isolation DRA MIMO system at
60 GHz frequency. Furthermore, two beam-switching antennas for a single plane and dual-plane
operation are designed using cantilever enabled FSS panels at 30 GHz, which are essentially novel

beam-switching antennas at millimeter-wave frequency band application.

1.3 Organization of dissertation

In this section of organization, a short summary of each chapter of the thesis is presented. In the
foremost Chapter 2, a brief summary and literature survey about the reconfigurable antennas, their
types, and applications are performed. Secondly, in Chapter 3, a brief study about FSS, their design

concepts and their applications are done.

In Chapter 4, a frequency selective surface (FSS) with wideband frequency response in U- and
V-bands is proposed. This F'SS consists of a conventional Jerusalem cross and a FAN shape on both
sides of a single-layered RO4003 substrate. It exhibits a wide stopband of 30 GHz with attenuation
more than 16 dB for the normal incidence. The unit cell is symmetrical in nature, thereby giving
similar results for TE and TM operation modes. A panel of this FSS is fabricated and measured
using free-space measurement to validate the simulation results. Furthermore, as an application,
a wall of proposed FSS is applied in a dielectric resonator antenna (DRA) millimeter-wave (mm-

wave) multiple-input-multiple-output system for mutual coupling reduction. The results give a low



correlation coefficient < 5¢7% indicating that the antenna can provide spatial or pattern diversity

to increase the data capacity of wireless communication systems at mm-wave bands.

In Chapter 5, the design and concept of active FSS based on cantilever switches are explained.
The design and simulation results of the initial designs of the cantilever enabled FSS are discussed.
Furthermore, the fabrication process for the proposed FSS and the measurement setups used for

the characterization are explained.

In Chapter 6, a beam-switching antenna for millimeter-wave applications at 30 GHz is presented.
The radiation reconfigurability for a cylindrical Dielectric Resonator Antenna (DRA) is obtained by
using a cantilever enabled frequency selective surface (F'SS). The proposed cantilever enabled FSS
provides reconfigurable band-pass and band-stop performance with good isolation between them.
The investigation of designed FSS is performed using electromagnetic simulation and an array of
proposed FSS unit cell is fabricated and measured using the free-space measurement method, which
shows a good agreement with the simulation results. Finally, six panels of 1x5 array using the
proposed reconfigurable FSS are arranged in a hexagonal configuration around a cylindrical DRA
to obtain a reconfigurable radiation pattern in the azimuth plane. A prototype of the proposed
radiation reconfigurable DRA is fabricated, and the switching radiation patterns are measured at

30 GHz.

In Chapter 7, a dual-plane beam-sweeping dielectric resonator antenna (DRA) using cantilever
enabled frequency selective surfaces (FSS) is presented. The proposed antenna consists of a con-
ventional cylindrical DRA and a hexagonally arranged active FSS operating at 30GHz frequency
band. Initially, the reconfigurable F'SS using cantilever beams is designed and analyzed. Further,
a prototype of the proposed antenna with FSS is designed, fabricated and measured. The beam-
sweeping is obtained in both azimuth and elevation planes of the antenna. The whole azimuth plane
is covered by the switched beams in six steps of an angle of 60°. In the elevation plane, two steps

of angles are obtained at 90° and 30°. The measured antenna gain of 8.1 dB is obtained.

Finally, Chapter 8 concludes the thesis with a summary of the accomplishments and the future
work and ideas to be investigated. A detailed summary of the thesis in French is provided in

Chapter 9.
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Chapter 2

Reconfigurable antennas

2.1 Introduction

In recent years, due to the demand for inexpensive, reliable, robust, versatile and high-quality
communication, there was a rapid development of smart, adaptive and reconfigurable antennas [10,
11]. However, conventional smart antennas such as phased array antennas are bulky, complicated,
power consuming and high cost due to their integration of many RF components, feed networks
and control systems. In this scenario, smart antennas which are designed by reconfiguring a single
element for a particular application, can improve the performance of the communication system
efficiently and economically. For instance, by using alternate methods for directing the radiation
beam to the desired direction, leads to the elimination of the unwanted noise and saving battery life
of the devices. Thus reconfigurable antennas can be used as a key solution from the disadvantages

of the conventional antennas and other bulky antenna systems.

In this chapter, a description of some kinds of reconfiguration methods such as the reconfigura-

bility in frequency, polarization and radiation pattern widely used in the literature are explained.

2.2 Reconfigurable antennas

Basically, reconfigurable antennas are termed as those antennas which can alter their basic operating

characteristics using some electrical or mechanical assistance. However, the basic radiating element
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will be the conventional kind of the antenna, but the properties such as current flow, radiation

behaviour or electrical characteristics are varied for obtaining desirable outcomes.

2.2.1 Frequency reconfigurability

The frequency reconfigurability is an essential feature in modern communication systems since
there are different frequency bands for various functions. In this reconfiguration, the use of multiple
antennas for a system can be reduced by using a single unit for different operating frequencies.
Thus, the complexity and expense of the overall system can be reduced. Without the deterioration
of the basic radiation and the polarization characteristics of the antenna, the reconfigurability in

the frequency bands is achieved.

Mostly, the common methods used for the frequency reconfigurability are using mechanical,
electrical and by changing the material properties. In the methods using mechanical and electrical
switches, the variation of the frequency is continuous, but in the other methods like changing the
material properties and mechanically changing the structure, the variation of the frequency can be

obtained continuously over a wide frequency band.

PCB feed

DC bias lines

C. Switched connection

e ki) A. Switched connection

(for frequency tuning)
B. Short to ground

(b)

Figure 2.1 — Frequency reconfigurable antennas (a) Varactor diode enabled [1] (b) RF-MEMS enabled
2]

Using movable radiators with electromagnetic actuators such as piezoelectric actuators or micro-
machined plastic deformations [12] come under the mechanical methods of frequency reconfigurabil-
ity. Even though these methods provide a wide range of frequency and low loss, these switches are
bulky and have low switching speed. The electrical switches such as PIN diodes, varactor diodes,

optical switches, radio frequency micro-electro-mechanical systems switches(RF-MEMS) are some
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of the commonly used ones for the antenna applications. Better switching speed as compared with
the mechanical switches makes these switches more advantageous. A differentially fed microstrip
antenna with frequency tuning capability has been presented in [1] where varactor diodes have
been utilized to tune the operational band (see Figure 2.1 (a)). A capacitive MEMS loaded PIFA
antenna (see Figure 2.1 (b)) is capable of operating over a bandwidth of more than one octave
while improving the performance in terms of specific absorption rate. Furthermore, in the method
of changing material properties liquid crystals, ferromagnetic and ferroelectric materials are used,
whereby applying DC voltage or magnetic field, the electrical properties are changed to achieve the

reconfigurability.

2.2.2 Polarization reconfigurability

To reduce the interference of the signals, and to enhance the antenna link quality and to mitigate the
polarization mismatch losses in various portable devices, the polarization reconfigurability can be
an excellent choice. Usually, switching between the different polarization modes such as horizontal,
vertical and circular polarization is performed in this reconfiguration. Since the current distribution
on the antenna determines the polarization modes, the switches such as PIN diodes and RF-MEMS
are used for controlling the current flow without deteriorating the radiation pattern and impedance
match of the antenna. A ring slot patch antenna, as shown in Figure 2.2, using eight PIN diodes

for frequency and polarization reconfigurability is proposed in [3].

DC Bias lines
Inductor

Inductor

&~ PIN diode

. 4
Bias lines

Capacitor

(b)

Figure 2.2 — Frequency and polarization reconfigurable antenna [3]
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2.2.3 Radiation pattern reconfigurability

The radiation pattern reconfigurability of the antenna is performed for the enhancement of link
quality by directing the radiated beam to desired directions. Mostly, it is achieved by spatial
filtering or changing the electric or magnetic currents on the radiating elements. To keep the
impedance matching and the gain of the antenna to be in control is the great challenge in this
reconfiguration. The active switches like PIN diodes and RF-MEMS are used to change the current
distribution for radiation beam sweeping. Similarly, in phased array antennas, the radiation beam
sweeping is performed using a controlled feed network with variable phase control. However, these

methods have a lot of loss due to the use of phase shifters.

Another common method is the use of active parasitic elements for the spatial filtering of the
radiated beams for the pattern reconfiguration. The theory behind this method takes back to the
radiation mechanism of an N-port antenna system by reacting loading principle mentioned by R. F.
Harrington. By using reconfigurable switched parasitic impedance elements around a central source

radiator at a distance of A\/4, obtained a diverse pattern in [13].

With the development of engineered EM materials such as metamaterials, EBG structures and
FSS have been used for the radiation pattern-sweeping applications. FSS as a periodic struc-
ture, when excited with a uniform plane wave, it acts as a bandpass or band-reject spacial filter
according to its configuration. When incorporated with active components such as pin diodes
[14, 15, 16, 17, 18], varactor diodes [4] and MEMS switches [19, 20], its resonance properties can
be varied and has been used in beam-switching applications. Similar FSS screens have been used
as cylindrically shaped partially reflective surface around omnidirectional source antenna for ra-
diation beam-switching [14, 15, 16, 21]. A nimble radiation pattern structure and a wideband
sweeping beam antenna using a hybrid structure have been described in [15] and [14], respectively.
A cylindrical slot FSS has been used in [22] to obtain a better continuous sweeping of beam in the
azimuth plane. The FSS panel has been made into sectoral shapes around a source antenna for
beam-switching [17, 4, 23]. The high-gain sectoral antenna has been proposed in [17], where metal
sheet guided structures has been used in front of the reconfigurable FSS screens. In [4], a ten-sided
sectoral antenna (see Figure 2.3(a)) has been proposed, where single and dual-beam modes of ra-
diation pattern switching has been achieved using FSS panels with varactor diodes as the active

element. A hexagonal parasitic layer based reconfigurable antenna using PIN diodes (see Figure
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2.3(b)) for 5G communications has been proposed in [5]. Recently, dual-band beam-switching an-
tennas using pin diode enabled FSS screen have been proposed in [24, 25]. Moreover, for the high
gain beam-switching, some works with metal sheet guided structures in front of the reconfigurable

F'SS screens have also been proposed [16, 26].

Along with the azimuth plane beam-switching, the beam-tilting in the elevation plane has also
been suggested for the base station antennas. Some research contributions in beam-tilting can
be found in the literature which includes beam-tilting using periodic surfaces such as EBG [27],
metamaterials [28] and FSS [29]. A dipole array mounted on customized EBG for the enhanced
down-tilt beam is proposed in [27]. Furthermore, mu-near-zero metamaterial slabs integrated with
the dipole antenna to obtain E-plane beam-tilting with enhancement of gain at millimeter-wave
bands has been proposed in [28]. Recently, a work has been reported for the elevation plane beam-

switching, where a two-port feed array used as a source in [30].

AFSS rows

Nylon sticks

JE I EIEA

Figure 2.3 — Radiation reconfigurable antenna using active FSS (a) Varactor diode enabled [4] (b)
PIN-diode enabled[5]
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2.3 Conclusion

This chapter has presented a survey of research works about reconfiguration methods for the better
performance of the antenna system. However, a few works have been reported in the millimeter-
wave reconfigurable antennas. This proves that more studies have to be performed on the current

methods of reconfiguration of antennas for the implementation in millimeter-wave frequency band.



Chapter 3

Frequency Selective Surfaces

3.1 Introduction

The history of frequency selective surfaces takes back to the 60’s, where they have been extremely
used in the military applications. In the development of FSS, they have been considered to be
as dichroic surfaces used as spectral filters. Even though the initial sample of the FSS has been
formulated by Marconi and Franklin in 1919, the further intense theoretical and experimental inves-

tigations of F'SS have been reported after 1960s due to the high demand for military applications.

3.2 Frequency Selective Surfaces

Basically, frequency selective surfaces are termed as spatial filters in both two and three dimension-
ally. The 2D structures are infinite periodic-structures of metal patches or aperture etched on a
metal sheet, while the 3D FSS are volumetric structures arranged periodically using some fixtures
[6]. Mostly these structures are used for the either transmit or reflect EM waves in a particular
band of frequency. The array of metal patches or structures acts as a band-stop filter for the EM
waves while the apertures structures being the inversion of the patches, passes the EM waves for a
specific band. Furthermore, the phase and polarization modes of the EM waves are also affected by
the FSS shapes. The 3D FSS has better polarization variation compared with that of the planar

FSS, due to which the former is more suitable for the polarizer application. Depending upon the
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application and the system requirements, F'SS are widely designed by varying different parameters
for the extended frequency bands from microwave to millimeter-wave till infrared where F'SS screens

are fabricated using micro-machining techniques [31].

3.2.1 Design parameters for F'SS

For different applications, FSSs are designed as a narrow or wideband, or multiple resonances,
or polarization independent. The main parameters of the FSS are the resonant structure shape
and the lattice pattern, which directly depends on the wavelength of the center frequency and the
bandwidth of the response [6, 32]. The arrangement of FSS lattice such as tetrahedral or hexahedral
and period of unit-cell can effect the onset of grating lobes. The dielectric substrate supporting
the FSS, the number of FSS layers and the spacing of these layers can affect the bandwidth of the

response [32, 33].

The unit-cell type determines the resonance frequency, polarization, bandwidth and incidence
angle of the FSS. Basically, slot type elements are used for the bandpass response and patch type
elements are used for the band stop operations. Some of the shapes are more independent of
polarization effects and wide bandwidth, while some have a narrow bandwidth and more polarization
dependent. Similarly, some loop structures can make the size of the unit-cell more miniaturized.

Thus, the shape of the element is chosen wisely depending on different applications.

The classification of the FSS based on the element shapes are center connected, loop structures,
solid interior and hybrid elements (see Figure 3.1) [6]. Simple straight dipole, three-legged tripole,
anchor shaped, square spiral and Jerusalem cross come under the first group of center connected
type. Element size for this type is half of the resonant wavelength and can be packed tightly with
enhanced bandwidth and higher onset of grating lobes. In the second group, the loop type elements
have better resistant for the oblique incidence of the waves. The common loop shapes are three-
legged, four-legged, circular, hexagonal shaped. Compact size and the broad range of bandwidth
variation are the advantages of this group elements. The third group of solid structures are intended
for specific applications with high sensitivity to the oblique incidence and onset of grating lobes.
The fourth hybrid group is having a combination of the other groups, which can combine specific
characteristic of each for a desired response. Thus the shape of the element determines the overall

response of the F'SS and have a crucial role in the design of F'SS structures [6].
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Figure 3.1 — Different groups of FSS element [6].

Usually, FSSs are fabricated on dielectric cladding printed circuit boards. Even though the
dielectric gives supports for the F'SS, but also they contribute for the flatness of bandwidth, roll-off
rate and incident angle performance. The frequency response of an FSS embedded with dielectric
cladding is decreased by a rate of 1/,/€,, where €, is the relative permittivity of the dielectric
substrate. Furthermore, the thickness of the dielectric substrate contributes to the angular stability
and the polarization of the resonant FSS. To obtain broad-band flat response with rapid roll-off
rate, the thickness of the dielectric is controlled. For better wideband performance, multiple layers

of FSSs with dielectric cladding are used [6, 34].

The transmission /reflection responses of the FSS can be affected by its lattice pattern. Depend-
ing upon the distance between the elements and the geometrical position elements, the resonant
frequency, bandwidth, and the angular stability are varied. Furthermore, the onset of grating lobes
are determined by this geometrical lattices such as rectangular, skewed, square and equilateral

triangular [6].
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3.2.2 Applications of FSS

As the traditional applications of FSS are concerned, the most common are radomes, band-stop
filters, dichroic reflectors, absorbers and polarizers [6]. In the design of vehicles with small radar
cross sections, high RCS level of large antennas is an issue. The radomes with FSS can be a good
solution for the reduction of RCS. The FSS radomes which are in-band transparent and reflective
in the out-band are used to reduce RCS. FSSs are used as sub-reflectors in multi-band reflector
antennas, where sub-reflectors are used to reflect one band and pass another; to cover different

frequencies by multiple feeds placed at different places .

FSS with multiple layers can be placed in-front of a perfect electric layer for absorbing appli-
cations like stealth or electromagnetic shielding [35]. For shielding application, the works reported
with single [36], double [37] and wide [38] frequency bands, where the polarization independence is
the inevitable characteristics for FSS screens. Further, FSS can transform the polarization of an
incident wave, by changing the phase of the horizontal and vertical wave components. The gain of
the antenna can be increased by multi-layered FSS used as Fabry Pérot cavity along with a conven-
tional patch antenna. Dual-band [39], wideband [40] and circular polarized [41] Fabry Pérot cavity
antennas using FSS layers have been published in literature. Recently, the development of three-
dimensional elements has been reported. These structures allow a better control of electric and
magnetic currents compared with the planar FSS. They are less sensitive to the angle of incidence

and having higher bandwidth [8, 42].
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Figure 3.2 — Application of FSS (a) Radome with FSS [7] (b) 3D calthrop array FSS [8]
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3.3 Conclusion

In this chapter, a research survey of the basics of FSS and their applications has been performed. It
should be noted that for the design and implementation of FSS for specific applications, a thorough
investigation in theoretical and experimental are required. By the development of new technologies,

FSS structures have immense applications yet to be explored in wide range of frequencies.






Chapter 4

mm-~wave Wideband Frequency

Selective Surface

4.1 Introduction

FSS structures are a 2-D or 3-D array of periodic elements that provide transmission or reflection
characteristics depending on their element type. In modern wireless communications, frequency
selective surfaces have widely been used in spatial filters, absorbers, radomes, and antennas in the

microwave and millimeter-wave ranges [6].

Recently electromagnetic interference (EMI) shielding has extensively been examined. Electro-
magnetic (EM) bandgap structures [43], metamaterials [44], and FSS [45][46][47] have widely been
used as shielding surfaces. Because of the ease of fabrication and the low profile nature, FSS has
become the most suitable candidate for shielding. A single-layer FSS for ultrawideband shielding
has been reported with 7.5GHz bandwidth [45]. The most of the work is focused on the lower fre-
quency EM shielding. The millimeter waves have been increasingly important in the field of wireless
communications, radar, remote sensing technology, and radio astronomy. However, few works have
been reported in the millimeter-wave shielding. In [48], a carbon nanotube macrofilm operating at

40-60 GHz was used for millimeter-wave shielding.
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Mostly, FSSs are designed for narrowband frequencies. Due to the improvement in technologies
of wideband radomes and satellite communications, the demand for dual and wideband FSS have
been increased. In [47], a wideband FSS using cantor dust fractal geometry has been designed with
the angular and polarization-independent operation for UWB application. Indeed, some works with
F'SS having dual band have been noticed in [49] and [50]. In [50], a dual-band metamaterial FSS
operating in V- and W-bands has been designed for radome applications with excellent transmission
efficiency and wide incident angle stability. Recently, many wideband FSS structures have been
proposed in the literature, using this technique of cascading of double layers. An equivalent circuit
model-based the method for synthesizing band stop F'SS and a wideband FSS having two square-loop
arrays have been proposed in [51]. Furthermore, a wideband FSS for aircraft stealth designs with
110% bandwidth and high angular stability till 60° of oblique incidence [35], a cascaded dual-layer
patch FSS reflector for 4G/X-Band/Ku-Band with 100% bandwidth [52] and a tunable broadband
F'SS for electromagnetic shielding using metasurfaces and plasma media with 181% bandwidth [53]

have also been proposed in the literature.

In this chapter, a single-layered wideband FSS is proposed. It has a wide bandwidth of 30
GHz(from 40 to 70 GHz) and a fractional bandwidth of 54.5% with respect to the center frequency
(55 GHz). The proposed structure has a wide bandwidth and the unit cell size is having a minia-
turized size of (0.34A x 0.34)). By changing the parameters of the FSS, the bandwidth and the
resonance frequencies can be controlled. A panel of 40 x 40 unit cells was fabricated, and the re-
sults were compared with the simulation results. This FSS can be used as an effective shielding
device and mutual coupling reduction element in the U- and V-band regions of the millimeter-wave

frequencies.

4.2 FSS Design And Principle

Figure. 4.1 shows the single-layered geometry of the FSS unit cell with the conventional Jerusalem
cross (J-cross) and the FAN shape etched on both sides of the RO4003 substrate. The periodicity
of the unit cell is 1.9 mm in both x- and y-directions. The thickness of the Rogers substrate used
is 0.508 mm, and its dielectric constant is 3.55 with a loss tangent of 0.0027. The J-cross and FAN

shape consist of rectangular strips of width 0.5 and 0.2 mm, respectively. Each arm of the J-cross
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has a length of 0.623 mm and end with a perpendicular arm of 0.75 mm length. The loop radius

and the arm length of the FAN shape are 0.375 mm and 1.325 mm, respectively.

Figure 4.1 — (a) J-cross on the top surface. (b) FAN shape on the bottom surface. Perspective views
of the unit cell (c¢) front and (d) back (dimensions in mm).

The FAN shape and J-cross are designed to resonate at the higher and lower frequencies, respec-
tively, which are combined to form the wide stopband of the proposed FSS. The J-cross structure
provides a miniaturized structure for the FSS and the FAN shape, which can be considered as a
loaded loop provides a good bandwidth, and its resonance frequency can be tuned by adjusting

loads and the loop radius [54].

4.3 Simulation results and Discussion

In the initial stage, the single-layered FSS unit cell was simulated using CST Microwave Studio [55]
to obtain the transmission and reflection plots, as shown in Figures. 4.2-4.6. The J-cross resonates
at the frequency of 48 GHz, and the FAN shape resonates at 60 GHz, when each of these structures

is simulated alone. It is clearly shown in Figure. 4.2 how both of the FSS structure resonances
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Figure 4.2 — Comparison of transmission coefficients of J-cross and FAN shape with the proposed FSS.

are combined to form a wide bandwidth at 30 GHz in the band of 40-70 GHz. The resonances of
each FSS structure shift slightly when both are combined, and it is because of the mutual coupling
between them. The phase and magnitude plots of transmission and reflection coefficients of the FSS

are shown in Figure. 4.3.

Figure. 4.4 shows the surface current distribution on the proposed wideband FSS structure for
different frequencies when a plane-wave is incident on it. In the higher and lower frequencies that
are out of the stopband, the current distribution shows lesser values [see Figure. 4.4(a) and (d)],
but in the resonance frequencies of the J-cross and FAN shape, the plot shows the contributions of

each structure, respectively [see Figure. 4.4 (b) and (c)].

A parametric analysis was carried out by varying the dimensions of F'SS unit cell to obtain a
well optimized result. The dimensions affecting the wide bandwidth and the resonance frequency
of the unit cell were analyzed. Figures. 4.5 and 4.6 show the parametric analysis of the FSS unit
cell. Tt is observed that the loop radius of the FAN shape can affect the wide bandwidth of the unit
cell. As the loop radius is changed from 0.4 to 0.25 mm, the bandwidth gets lowered from 56.75%
to 44%. This is because of the decrease in the coupling effect between the FAN shape an<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>