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ABSTRACT

The Thesis explores and discusses the techniques to design frequency selective sur-
faces (FSSs) to demonstrate band reject and reflect responses from microwave (3-30
GHz) to terahertz (THz) frequency regime. The performance analysis of conven-
tionally known polarization independent (PI) FSSs composed of array of symmetric
unit elements with respect to incident electromagnetic (EM) waves such as arrays
of square loop, complementary square loop (SL) and crossed dipole (CD) unit cell
elements have been performed through simulations using a full wave solver avail-
able with a commercial software, Computer Simulation Technology Microwave Studio
(CST-MWS). Preliminary investigations on the effect of electric properties of mate-
rials such as permittivity and conductivity of metals on transmission characteristics
of FSSs have been carried out. The FSSs composed of diagonally asymmetric unit
elements are then designed and analyzed. The unit cells with distinct aspect ratio
(A/R) of periodicity along both horizontal and vertical directions are considered as
asymmetric arrays. These asymmetric unit elements are based on rectangular loops,
elliptical loops and rhombic loops respectively to demonstrate polarization dependent
(PD) transmission characteristics. The PD FSSs are then evaluated and their wave
propagation characteristics under oblique EM wave incidence are compared. The
orthogonally oriented arrays of PD FSSs are then printed on opposite sides of the
dielectric substrate to demonstrate wide stopband responses with similar transmis-
sion but dissimilar reflection characteristics. Similar transmission as well as reflection
characteristics are obtained when both arrays of PD FSSs are patterned on one of the
sides of the substrate.

To attain relatively large rejection bandwidth, two rhombic loops or a dual rhombic
loop (DRL) based unit cells are then arranged in rectangular lattice with periodicity
ratio of 1:2 along two orthogonal directions. These orthogonal arrays of DRLs are
developed on opposite sides of dielectric substrate as a back-to-back (BTB) arrange-
ment and later, both layers are patterned or merged on one of the sides of substrate.
BTB DRL and MDRL exhibit similar attributes but with relatively large rejection
band. Further, a detailed evaluation of the performance of C-band and ultra-wideband
(UWB) single-layered bandstop frequency selective reflectors (FSRs) is carried out.
These FSRs use a polarization dependent single rectangular loop pair (RLP) as their
foundation. The RLP array is placed in a square and rectangular grid and simulated
in order to investigate the signal rejection and reflection properties when transverse

electric (TE) and transverse magnetic (TM) waves are incident on it. In addition, in
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order to explore wave propagation and its influence on wave polarization, orthogo-
nal RLP patterns are printed BTB on a laminate. When orthogonal FSS arrays are
mearged on any one of the sides of the dielectric substrate as merged RLP, the reflec-
tion phase nonlinearities of the BTB RLP arrays are mitigated. In order to analyze
the transmission properties, of these reflectors, equivalent circuit models (ECMs) of
these reflectors are also studied. Experiments are then conducted after the devel-
opment of both MRLP and MDRLP based FSSs to assess their potential to reject
signals across wideband (WB) and ultra-wideband (UWB) spectrums. The array of
M-RLP placed in a square grid displays rejection and reflection with PI behaviour,
and is angularly stable (AS). In contrast, the array of merged RLP that is laid in a
rectangular grid displays UWB rejection covering a band from 2.3 GHz to 11.5 GHz.

The effect of FSRs on compact antennas is investigated by integrating them with
antennas. Planar slot antennas being bi-directional radiators are preferred for their
performance assessments when united with FSRs. Three different types of reflec-
tors are utilized in conjunction with a triangular slot antenna operating at 8.2 GHz.
These reflector configurations include BTB DRL, MDRL reflector and the reflector
formed by stacking two orthogonal PD arrays of DRLs as cascaded DRL (CDRL)
respectively. Through simulations, the impedance band and radiation characteristics
of the antenna are analyzed. The experiments are conducted after fabricating the
antenna and antenna integrated with MDRL at an optimum distance. The triangular
slot antenna exhibits an impedance band ranging from 7.79 GHz to 8.61 GHz (9.64%
bandwidth), with a boresight gain of 3.88 dB at 8.2 GHz. Upon integration with
the proposed MDRL FSS, the antenna offers an impedance band with a span of 7.96
to 8.6 GHz and a 4.5 dB enhancement of antenna gain by use of FSR with a linear
reflection phase.

A UWB FSR, MDRLP is integrated with a Norman window-shaped UWB slot
antenna. Various configurations of the UWB antenna and reflector with different
spacing are analyzed, and an optimal configuration for experimental validation is then
determined. The radiation pattern of the antenna is analyzed at different frequencies
in the presence of the UWB FSR. When MDRLP is positioned as a reflector on the
opposite side of the slot antenna, the UWB slot antenna exhibits a peak gain of
7.86 dB, resulting in a 3.6 dB improvement in gain in the zenith (#=0°) direction.
Furthermore, experimental validations are also conducted on a modified hexagonal
slot antenna that is excited by a sectoral feed for the UWB frequency range.

Tessellated RL (TRL)based reflective surface with WB reject characteristics are
proposed and designed. The hexagonal slot antenna is assembled with TRL reflector
in different combinations of TRL FSSs, both on the slot side and the feed side, to
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assess their impact on antenna impedance and radiation characteristics. Experiments
once carried out, resulting in a peak gain of 4.31 dB in the zenith and 4 dB in the
nadir. The zenith note a gain enhancement of 2.4 dB when the TRL FSS is loaded
on the feed side, while the nadir record a gain enhancement of 3.8 dB when the RL
FSS is loaded on the slot side.

To further investigate the impact of AS and PI FSSs on antenna gain improvement
applications, the study incorporates three distinct loop-type reflectors, i.e., SL, TRL,
and MDRL. These FSSs are designed and integrated with a triangular slot antenna
operating at 10 GHz. Under oblique incidences, RL and SL FSSs exhibit stopband
responses in the X-band frequency range with PD and PI, respectively. The third
F'SS unit cell, constructed by arranging RLs in two orthogonal arrays over a dielectric
substrate, demonstrates bandstop characteristics with PI under normal incidence.
For analysis purposes, a straightforward microstrip line feed-excited triangular slot
antenna operating at 10 GHz is designed. All three finite FSSs, comprising (5x5)
unit cells, but with distinct substrate dimensions, are loaded onto the triangular slot
antenna at an optimized separation.

The significance of AS and PI is examined by rotating the FSSs positioned beneath
the antenna in two orthogonal directions and loading these reflectors onto the two
orthogonal orientations of the antenna. Experimental validation is conducted for
all three antenna prototypes. When loaded with RL, MDRL, and SL FSSs, the
antenna achieves gain enhancements of 4.8 dB, 7 dB, and 4.8 dB, respectively, in
the boresight direction. The effectiveness of reflector size is further demonstrated
through simulations and experiments by loading the antenna with FSSs developed on
substrates of equal size. The measurements indicate that the AS and PI FSS (SL)
provides the highest gain enhancement of 8.1 dB, while the non-PI and AU FSSs
(RL and MDRL) yield comparable gains of 7.25 dB and 7.17 dB, respectively. These
results suggest that features such as AS and PI are not significantly relevant and can
be compromised in gain enhancement applications.

Simulations are performed further to investigate the potential benefits of FSSs
in the THz frequency range. Conventional metallo-dielectric FSSs designed for THz
frequencies are analyzed to showcase their bandstop and bandpass characteristics.
Moreover, the selective transmission properties of these FSSs offer potential advan-
tages in reducing mutual coupling and cross talk between adjacent functional blocks in
integrated circuits (ICs). In this context, two types of FSSs, planar and non-planar,
are explored. The planar FSSs are based on metalo-dielectric finite arrays, while
the non-planar FSSs employing finite arrays of cubic pillars. The metalo-dielectric

FSSs utilize metallic square pixels and interconnected square pixels to provide high
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isolation between neighboring functional blocks in THz ICs, thereby helping com-
bat electromagnetic interference (EMI) and crosstalk. Additionally, the performance
analysis of finite arrays of all-dielectric micro pillar-based FSSs is presented. These
arrays consist of dielectric cubic pillars arranged in a straight line and organized in a
square lattice. The FSSs are illuminated from both lateral and orthogonal directions
by electromagnetic waves. The study compares the transmission properties of arrays
containing COC micro pillars (AD-FSS), SiOs-filled COC micro pillars (SD-FSS), and
metal-coated COC micro pillars (MD-FSS). The results demonstrate that AD-FSS is
a cost-effective and efficient technique for reducing mutual coupling in narrowband
frequency ranges. On the other hand, MD-FSS exhibits a broader stopband and
superior rejection capabilities. Therefore, both AD-FSS and MD-FSS solutions can
effectively mitigate cross talk and interference in next-generation THz ICs. In sum-
mary, these proposed FSS solutions offer promising techniques to address interference

and crosstalk issues in future THz ICs.
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Chapter 1

Frequency Selective Surfaces:

Introduction

A brief overview of frequency selective surfaces (FSSs) and their applications in diverse
wireless applications are outlined in this chapter. The crucial performance measures,
analysis methods and characterization techniques of FSSs are described followed by

literature review. The research motivations and objectives of the thesis are also high-

lighted.

1.1 Background

With rapid surge in demand of seamless wireless communication systems, new stan-
dards for both multiband and wideband frequency ranges in distinct frequency regimes
such as microwave (3-30 GHz), millimeter wave (30-300 GHz) and even Terahertz
(THz) > 300GHz frequency are proposed. Although multiband communications en-
able devices to operate on multiple bands simultaneously or switch between bands
to optimize performance, reduce interference, and enhance reliability, The demand
for high data rate wireless communication systems has been growing rapidly in recent
years, driven by the increasing need for faster and more reliable connectivity in various
applications such as mobile devices, Internet of Things (IoT), autonomous vehicles,
virtual reality and imaging applications. High data rate wireless communication sys-
tems allow users to transfer large amounts of data quickly and efficiently, enabling
seamless access to multimedia content, real-time streaming, and other bandwidth
intensive applications.

To facilitate the high data rate communications, the radio frequency (RF) circuits
along with high gain and directional antennas operating over wide frequency band are
intended to improve the carrier to noise ratio (CNR) for an improved radio link be-
tween communicating devices and systems [1]. In addition to the rising need for such
wireless applications, the signals need to be segregated from one another and secured,
in order to keep away electromagnetic interference (EMI). EMI issues are significant
challenges in modern wireless communications especially at high frequency. EMI is

the disturbance caused by electromagnetic radiation from electronic devices, while



electromagnetic compatibility (EMC) refers to the potential of electronic devices to
operate in a shared EM environment with interference avoidance. EMI/EMC issues
can lead to degraded performance, loss of data, and even complete system failure.
In wireless communication systems, EMI/EMC issues can be produced by various
factors, such as electromagnetic radiation from other electronic devices, antenna cou-
pling, and signal reflections.

To address EMI/EMC issues in modern wireless communication systems, various
techniques and solutions are employed. The intrinsic properties of FSSs for manip-
ulation of EM waves are subject matter of interest in this context. Generally, any
FSS is an of array elements, arranged in a quasi-periodic or periodic grid, that allow,
prevent, or absorb the incident EM waves of a particular frequency or band or even
multiple frequency bands of distinct polarization states. This arrangement can be in
either a two-dimensional or three-dimensional configuration. These elements arranged
as an array are individually known as unit cells, elements or structures.

These purposefully engineered surfaces are particularly advantageous in reforming
antenna characteristics such as reduction of radar cross section (RCS) [2], enhance-
ment of antenna gain and directivity [3], [4], and in mutual coupling reduction in
multi-input-multi-output (MIMO) antenna [5] etc. FSSs are also extensively investi-
gated as passband radomes [6], high impedance surfaces (HISs) [7], artificial magnetic
conductors (AMCs) [8], shielding surfaces, and reflectors towards enabling smart home
applications.

AMCs are HISs that function identically to perfect magnetic conductors (PMCs)
due to the periodic placement of metallic sections and shorting to ground with metallic
vias. HISs reflect electromagnetic radiation incident on them with a reflection phase
of zero degrees, as opposed to out of phase for perfect electric conductors [7]. AMC
surfaces are beneficial for a wide range of applications, including directional printed
antennas and cavity resonator antennas, among others. In addition, the translucent
property of FSSs is utilized as partially reflective surfaces (PRS), which are typically
placed on the top of an antenna as a superstrate to improve the radiation performance,
or PRS is replaced with the ground plane of antenna to provide high directional
radiation characteristics with partial reflection to reduce the antenna RCS.

F'SS can be broadly categorized based on unit cell element, design of their structure
and applications. Basic elements or the unit-cells of FSS can be classified in four
groups as depicted in Figure 1.1 [9]. The unit cells such as straight elements, n-
straight element joined together making a junction, anchor element, Jerusalem cross
and square spiral fall under first group. Loop type unit cells are classified into second

group, polygonal plates belong to third group while the fourth group consists of



combination type unit cells.

Figure 1.1: Types of unit cells [9]

These various types unit-cells constitute the FSS as 2-D or 3-D structures which
can be arranged as single layer or multiple layer FSSs. These FSSs can be either
free-standing i.e., metallic surface [10] or metal-dielectric surface or FSS can be made
of dielectric materials only, i.e., all-dielectric FSS (ADFSS) [11]. Generally, multiple
layer FSS structures [12] are employed to reshape their reflection or transmission
or absorptive characteristics improve the performance of candidate like antennas and
microwave circuits. Further on the basis of application FSS can be classified as passive
F'SS, active F'SS, FSS absorber, conformal FSS [13] etc.

1.2 Characteristics and features of FSSs

FSSs have specific reflective, transmissive or absorptive characteristics for the elec-
tromagnetic waves incident either normally or obliquely on these surfaces as shown
in Figure 1.2. Basically, the FSS structure behaves on the basis of element geometry.
First type of F'SS structure composed of metallic patches on substrate material which
is a capacitive type FSS, exhibits lowpass filter characteristics. The second type of
geometry is its complementary structure, i.e., grid of metals. Such FSS are referred as
inductive FSS and exhibit highpass filter type characteristics. Further the bandpass

filter and bandstop filter characteristics are also shown in the Figure 1.3 [14].



Figure 1.2: Functionality of (a) transmissive and (b) reflective FSS [15]

Figure 1.3: Characteristics of conventional FSSs [14]

1.2.1 EM incidence with TE/TM polarization

The categorization of F'SSs based on transmission responses as discussed in Figure 1.3,
may be further be extended when they are illuminated by EM waves with two distinct
polarization states such as TE and TM incidence or EM wave incident at arbitrary
polarization angle, ¢. An FSS is considered as PI when it maintains its transmission
response under EM waves irrespective of any polarization state. Moreover, an FSS
is known as PD FSS if it exhibits distinct transmission responses under TE, TM or
arbitrary polarized incident EM waves. It is well known that FSSs with grid of unit
elements that possess four-fold structural symmetry, are generally PI FSSs. As the
symmetry of F'SS unit cells is disrupted, F'SSs typically exhibit PD characteristics.
Such FSSs have also been exploited as Polarization selective surfaces, Polarization
rotators and polarization converters, etc. There are numerous wireless applications

such as EM shield, radomes, absorbers, etc, that require PI FSSs.



1.2.2 FSSs under oblique incidences

The FSSs can also be categorized based on their transmission features dependent
EM waves illuminating them obliquely. The FSSs are considered as angularly stable
(AS) if they maintain their transmission characteristics under oblique EM incidences.

Moreover, an FSS without AS feature, can not be PI.

1.2.3 Analysis methods of F'SSs

F'SSs can be analyzed by three ways such as lumped element model, periodic transmis-
sion line method (PTLM), and full wave numerical approaches. The lumped element
method is the simplest way to analyze the FSS structure in terms of lumped pa-
rameters such as capacitance (C) and inductance (L) as an LC resonant circuit [7].
This method gives the band-gap feature of electromagnetic band gap (EBG) struc-
tures. Due to simplified approximation of L. and C, this method is not very accurate.
Alternatively, PTLM is helpful for the analysis of periodic structures using Floquet pe-
riodic conditions [16]. The surface wave mode, leaky wave modes, left- and right-hand
regions and band gaps can be easily determined using this method. This method is
limited to simple and general geometries. Due to rapid development of computational
electromagnetics, various numerical methods such as Finite Element Method (FEM)
or Finite Difference Time Domain (FDTD) techniques are applied for the analysis
of FSSs. These analytical methods can be applied to arbitrary FSS configurations
(single-layer F'SSs, cascaded or multi-layered FSSs and conformal FSSs) [17].

1.2.4 Characterization of F'SSs

For the characterization of F'SS, the following performance parameters are considered
such as reflection and transmission coefficients of FSS, and phase reflection charac-
teristics. The measurement set up for the transmission/ reflection characteristics of
FSS under test (FUT) is shown in Figure 1.4 and Figure 1.5 respectively.

Both the horn antennas are connected to vector network analyzer (VNA) through
coaxial cables as shown in Figure 1.4 to measure the transmission coefficients of FSS.

To determine the phase reflection characteristics of any FSS the measurement
setup is depicted in the Figure 1.5 which requires transmitting and receiving horn

antennas placed adjacent to each other in an anechoic chamber facing the FUT.



Figure 1.4: Measurement setup for Transmission of F'SS

Figure 1.5: Measurement setup for Phase reflection characteristics

1.3 Appplications of FSSs

To accomplish antennas with improved radiation characteristics, FSSs are incorpo-
rated with the planar antennas either as superstrate or a HIS ground plane of antenna.
The integration of FSS to the antenna improves the performance of antennas such
as enhancement in impedance bandwidth(BW), gain, directivity, antenna efficiency
and RCS reduction [18], [19] etc. The artificial surface may also be used for antenna
miniaturization [20], [21].

Active FSSs are realized using solid state switches like PIN diodes [22], [23], [24] or
Varactor diodes [25]. These FSS are used in EM shielding for numerous applications
such as EMI reduction in medical instruments and making buildings protective from
unwanted interfering signals in smart home applications [26]. Moreover, FSSs are
also used as absorbers which find application in stealth technology as these absorbers
reduce the RCS of fighter aircrafts [27]. By using FSS, mode suppression of antenna

can also be achieved. Wearable F'SS based antenna with improved performance and



reduced specific absorption rate (SAR) are reported [28]. Resonant cavity antennas
i.e., Fabry-Perot antennas [29], [30] exploit F'SSs which reduces its profile also and
make them highly directive.

F'SSs have also found a potential application as microwave absorbers [31], polariza-
tion conversion surface [32] i.e., polarization rotators [33], polarizers [34] and polariza-
tion selective surfaces [35] respectively. Such FSSs are exploited to provide the degree
of freedom to use antennas to get desired polarization., from linear to circular and
vice-versa. Recently, FSSs have also been used to provide isolation between antennas
placed on substrate to realize MIMO antenna [5], [36] and to generate electronically
steerable beam antennas [37] which is suitable for modern wireless communication

and fifth generation (5G) technologies.

1.4 Literature review

FSSs are being widely explored over the globe at industrial level towards innovative
products as well as at academic level for knowledge expansion. In earlier days, FSS
were used with parabolic reflectors. Munk filed the patent on periodic structures for
scanning applications which was published in 1974. A significant work has been done
for the modelling of F'SSs such as equivalent circuit modelling [38], and transmission
line modelling [16]. FSSs are being investigated for enhancing the performance of
antennas A detailed analysis of elementary properties of single layered FSSs and
cascaded FSSs were presented using various methodologies to predict their frequency
response [39)].

Band reject FSSs are explored and developed using distinct types of unit cells,
such as crossed dipoles [40], Jerusalem cross unit cells [41], square loops [42], square
loops [43], F'SSs based on a combination of different types of unit cells [44], etc. It is
now widely recognized that loop-type FSSs offer wider band widths than dipole-type
FSSs [9]. FSSs with multiple loop-based unit cells or FSSs with multiple layers are
also employed to attain a high roll-off factor and wider bands. Circuit modelling is
used to analyse higher order FSSs for wider stopband using dual and triple layers of
square loop array [43].

A compact, polarization independent wide stopband FSS for C and X band was
demonstrated based modified square loop array patterned on both sides of FR-4 di-
electric substrate [45]. FSSs made up of symmetric unit cells towards incident EM
waves show polarization independence and characteristics for TE and TM incidences
are similar [45]. Dissociation in characteristics for distinct polarization polarization

for linearly polarized incident waves can be realized by deviating from the symmetry



of unit cell elements of FSSs [35].

Joshi and Singhal obtained different bands of rejection separate stop bands for TE
and TM normally incident waves upon a square loop AMC with unevenly wide vertical
and horizontal gratings but with uniform inter-element spacing [46]. The reported
AMC was integrated with direct fed planar hexagonal towards gain enhancement.

For wideband applications in X, Ku, and mm wave bands, novel FSS designs are
suggested. Both sides of the RO4003 substrate have identical metallic FSS layers.
The geometry parameters are optimized to maximize the bandstop at the stipulated
in-band maximum transmission level of 10 dB. Two separate F'SS unit cell designs
use the same architecture but have different size to function in the lower and higher
bands. The unit cell being symmetrical also ensures resonance stability for TE and
TM polarizations and incidence angles [47].

Apart from explored conventional type FSSs, several techniques are also employed
to devise FSSs with miniaturized unit elements. A novel miniaturized unit element
based FSS with bandpass characteristics was demonstrated in which the dimension
was much smaller than operating wavelength. The proposed FSS consisted of metal-
lic patches on the top side while the wire mesh on the bottom side of substrate of
thickness of 0.5 mm, relative permittivity, £,=3.3 and loss tangent tan §=0.002. The
periodicity of both metallic patch and wire mesh was same and too less than oper-
ating wavelength. The resonance was observed due to capacitive surface formed due
to conductive array of patches and coupled inductive surface of wire mesh. Through
easy fabrication techniques the FSS developed later, characterized for X band fre-
quencies [48].

Another novel miniaturized unit-cell based bandpass F'SS was proposed for stable
performance in resonance for different angles of incidences and polarizations. The
size of the miniaturized unit cell was even smaller than its resonance frequency. The
F'SS was designed to operate for the band of 2.4 GHz-2.484 GHz (IEEE 802.11b/g/n
band) [49]. Moreover, active FSSs with reconfigurable or programmable transmission
responses are also expected to offer reliable wireless communication links as reconfig-
urable intelligent surfaces or intelligent surfaces [50].

An active FSS switching from reflective to transparent state and vice-versa by
electronic elements/devices was demonstrated. The frequency response of the FSS is
almost stable when the wave polarization changed, or the angle of incidence changed
up to £45° from normal. The square loop aperture-based unit cell of FSS is con-
nected to adjacent unit cells through PIN diodes. Experiments demonstrated that
by switching PIN diodes from ON to OFF states, around 10 dB additional trans-

mission loss could be introduced on an average at the resonance frequency, for both



polarization [22].

A novel polarization insensitive active FSS with wide stopband response is reported
by Ghosh et al. in [25]. The unit cell of FSS had periodic array of metallic circular
loops printed on dielectric substrate. FEach loop is connected with adjacent loop
through varactor diodes using surface mount technique. The structure displayed a
wide stopband characteristic which is tuned from 0.54 GHz to 2.50 GHz on varying
the reverse-bias voltage across the varactor diode.

Novel dual polarized active FSSs with tunable bandstop characteristics are demon-
strated. The two structures consisted of unit cells tunable circular loops and tunable
split rings to provide tunability over wide and narrow frequency ranges respectively.
Using a novel biasing technique for both FSSs, in which PIN diodes and resistors are
mounted on highly conducting layers on both sides of thin and flexible substrate, the
independent alteration of transmission response is obtained at vertical and horizontal
polarizations. Further the shape of full rings and split rings are convoluted in order
to achieve stable response with respect to angles of incidence [26].

An active HIS with potential of electromagnetic wave absorption is reported.
The tunable HIS composed of conductive square patches shorted with ground plane
through via connections. The adjacent patches are connected through varactor diodes
which were biased using resistive grid made by using surface mount resistors. An
equivalent circuit approach is used to predict the behavior of varactor diode resis-
tance for normal EM wave incidence. It is observed that the lossy nature of varactor
resistance caused significant absorption [51].

In addition, the integration of FSSs with compact antennas is consistently draw-
ing the attention of researchers and scientists to offer numerous advantages wireless
applications. A dual band coplanar waveguide (CPW)fed patch antenna integrated
with EBG substrate is demonstrated to operate at 2.45 GHz and 5.2 GHz bands.
A common fabric is used for the proposed textile antenna. The 3x3 array of EBG
structure composed of square loop surrounded by its concentric square patch. It is
shown that antenna with EBG substrate had less back radiation thus, reduced SAR
more than 10 dB and improved the gain by 3 dB [28]. Using resonant cavity model, a
low profile and high gain antenna is reported in which single layered AMC surface is
used as ground plane and as PRS as superstrate. The AMC is optimized using full-
wave analysis for desired center frequency and bandwidth. Ray optics is used to give
physical insight of the antenna and it is observed that antenna profile is reduced to
half in comparison to PEC-PMC based quarter wave length resonant cavity antenna
while radiation characteristics are maintained [52].

A resonant cavity antenna with conductive ground plane as substrate and aperture



type highly reflective F'SS as superstrate for directivity improvement of microstrip
antenna is reported. The resonance features were analyzed for the aperture type
FSS consisting of an array of 12x12-unit cells. Its high reflective behavior enabled
the significant improvement in antenna impedance band and directivity by 0.6 GHz
and 8.95 dBi respectively [4]. A Fabry-Perot cavity (FPC) antenna is reported with
high directional characteristics for Ku-band (12-18 GHz). The resonant cavity is
composed of a ground plane and a single metallic grid. The resonance is excited
by a patch antenna placed at the vicinity of the ground plane [53]. A novel C-
band point-to-point FPC antenna with high gain of 14.2 dB at 4.8 GHz and gain
variations < 4dB over entire band from 4.0-5.4 GHz was presented in [54]. The wide-
band aperture coupled antenna (ACMA) is loaded by multi-layer FSS as superstrates.
The proposed antenna system has wideband width due to resonance overlapping or
resonance merging concept. The effect of misalignment of FSS over ACMA is also
studied and found that the misalignment caused boresight maxima shifted by 3° [54].
A wideband circularly polarized (CP) FPC antenna is reported by Fen quin et al. [55].
The two-layer PRS with positive reflection phase gradient is used to improve 3-dB
gain and bandwidth from 8.8 GHz to 11.7 GHz with a peak gain of 14.7 dBi. The
CP antenna have also shown the wide Axial Ratio BW (8.5-11.5 GHz) [55].

The gain improvement and RCS reduction of a circularly polarized (CP) microstrip
antenna is achieved using a shared aperture MS. The reported Fabry-Parot cavity
antenna consisted of a PRS and a polarization conversion surface. The polarization
conversion surface provides a 180° phase difference to reduce wideband RCS in the
direction of normal incidence. The FPC cavity composed of the PRS and the ground
plane of the CP microstrip antenna for gain enhancement. An improvement of 1.15
dB in the gain of antenna is reported over frequency range of 9 GHz to 17 GHz. The
wideband RCS reduction is also achieved with values of 10.9 dB and 10.68 dB for
dual polarization in the direction of normal incidence [56].

A reflective polarization converting metasurface (PCM) based on HIS in the X-
band is reported by Loncar et al. in which the metasurface converted linearly polar-
ized (LP) incident EM wave into its orthogonal polarization up on reflection. The
polarization conversion is accomplished by guiding and coupling EM waves between
pairs of perpendicular slots in a ground plane placed at the edge of each unit cell.
The three-layered unit cell consisted of patch layer (top), slot layer (middle) and mi-
crostrip layer (bottom). A polarization conversion ratio of 99.4 % and half power
bandwidth of 22 % is observed for the proposed PCM [32].

Recently, a wideband CP-FPC antenna for 5G-MIMO applications has been demon-

strated and analyzed employing equivalent circuit and ray optics. The antenna com-
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prises of simple corner cut CP antenna with a diagonal slot and a PRS located half-
wavelength apart. The reported antennas have a wide impedance bandwidth of 25
GHz to 33 GHz (27.6%) and almost constant gain with a peak value of 14.1 dBiC and
3-dB Axial Ratio (AR) bandwidth for operating frequency range from 26 GHz to 31.3
GHz. To achieve polarization diversity, the MIMO antenna is realized using the same
antenna with high isolation between 2x2 radiating elements and reduced-envelope
correlation coefficient, which is suitable for future fifth generation (5G) communica-
tions [57].

The antenna is a simple circular patch antenna loaded by a circular metasurface
(MS) with the same diameter (0.67\) which is placed directly over the patch antenna
thus, making it compact and low profile with thickness of 3.048 mm. The MS consists
of repeatedly positioned rectangular-loop unit cells in the vertical and horizontal
dimensions. The antenna’s frequency reconfigurability is accomplished by rotating the
MS. Rotation of the MS altered the effective relative permittivity of the substrate,
thereby altering the antenna’s operating frequency. In the tuning range [58], the
exhibited antenna had a tuning range of 4.76 to 5.51 GHz, a fractional tuning range
of 14.6 %, radiation efficiency greater than 80 %, and a maximal gain of 5 dBi [58].

Recently, polarization and frequency reconfigurable antenna with dual layer MS
is proposed. The antenna operates at around 4 GHz and 5 GHz. The polarization at
5 GHz is reconfigured to linear polarization, left hand circular polarization (LHCP)
and right hand circular polarization (RHCP) by rotation of polarization reconfigurable
MS while, the operating frequency around 4 GHz can be reconfigured from 4 GHz
to 4.35 GHz (8.4 %) by rotation of frequency reconfigurable MS with polarization
unaffected [59]. A rectangular planar UWB monopole radiator when integrated with
UWRB reflector composed of asymmetric structure with circular aperture, provides an
enhancement of 4.5 dB in gain of antenna. [60]

Recently, the gain of dielectric resonator (DR) slot hybrid is also enhanced by
3.3 dB by integrating it with a both side printed ultrathin FSS. This FSS is com-
posed of array in which bidirectional lumped resister loaded arrows are printed on
top side and circular split rings are printed on bottom side of low loss RT duroid LZ
substrate. The FSS exhibits 47.3 % wide stopband with linearity in reflection phase
within the X-band. The linear and reflection phase for an FSS is desired to obtain
improved antenna radiation performance through constructive interference between
waves reflected by FSSs and directly radiated waves from antenna along the antenna
boresight [61]. In [62], the study of AMC reflection characteristics and its influence
on planar dipole antenna is presented in the X-band frequency range. The antenna

gain is improved by controlling the reflection phase and the distance between an-
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tenna and reflector. In order to reduce the mutual coupling between multiple antenna
systems, an isolation enhancement technique is reported using metasurface as super-
strate over closely spaced H-plane microstrip patch antennas. The epsilon and mu
near zero (u,e—0) metasurface exploited as superstrate enhances the isolation to 30
dB at the operating frequency. The near zero refractive index property of the reported
metamaterial improves the directivity of the antennas. A significant improvement of
efficiency and gain of the antenna by 3.4 dBi and 20% respectively is achieved by
using the superstrate [5]. Recently, gain and isolation has been improved of two port
MIMO antenna loaded by a novel metasurface as superstrate. The superstrate con-
sists of hexagonal nested loop double negative metamaterial with 4x2 unit to provide
isolation better than 24 dB over wireless local area network within frequency band of
5.68-6.05 GHz with improved gain of 7.98 dBi. The superstrate assisted in absorp-
tion of magnetic field component of magnetic field thus, reduced the mutual coupling
between antenna elements [63].

In modern radio communication systems, a huge requirement for low cost, compact
and planar antennas compatible with planar microwave circuits. Printed slot anten-
nas offer such advantages with relatively large bandwidth, low cross polarization level
than microstrip antennas. However, the slot antennas suffer from bi-directional radia-
tion characteristics with low gain in boresight directions [64]. Antennas with high gain
and directivity are necessary to enhance the system signal to noise ratio (SNR) to-
wards a better connectivity between communicating parts within devices. Aside from
absolute metal reflectors, F'SS based reflectors are now accepted for demonstrating

gain enhancement with directional radiation especially in boresight direction.

1.5 Gaps in existing research and motivation

e Single layered FSSs have been explored widely. However, the FSSs based on

stacked layers or double side printed unit cells have not been explored much.

e F'SSs based on single type of unit-cells have been found in the literature while

the FSS based on complex/ merged unit cells are rarely explored.

e Gain enhancement for WB and UWB antenna over entire band is challenging

and rarely reported.

e Although FSSs have been integrated with planar antennas for gain enhance-
ment, there is an emphasis on peak gain enhancement rather than in boresight

direction.
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e F'SSs in THz regime have not been explored much may be due to different

development technologies.

The following objectives have been framed as motivated from the above gaps.

1.6 Objective and scope of the thesis
The objectives of the Thesis are as follows:

e To design and develop 2-dimensional (2-D) FSSs employing electromagnetic

modelling through simulations and their characterization using measurements.

e To investigate techniques to improve the performance of compact planar reflec-

tive F'SS structures for electromagnetic wave manipulation.

e To analyze the impact of characteristics of FSSs towards enhancing the perfor-
mance of compact antennas, or to explore characteristics of compact antenna

integrated with FSSs.

e To validate the designed antennas integrated with proposed FSSs through prac-

tical experiments and measurements.

e To explore FSS designs optimized to operate in THz regime.

The thesis primarily discusses techniques to design FSRs and their impact towards
compact antenna applications. The 2-D reflecting surfaces discussed here are designed
to operate within WB and UWB ranges. To design and develop WB and UWB reflec-
tors, the loop type FSS unit structures are explored and modified. The techniques to
transform PD FSSs to PI FSSs are explored and investigated. The advantage of the
work discussed in the thesis is that low cost 2-D reflecting surfaces are designed and
developed over affordable FR-4 laminate. Slot antennas typically being bi-directional
radiators demonstrate moderate gains in both, the zenith and nadir. To demonstrate
the gain enhancement, compact planar slot antennas are integrated with loop type
unit structure based reflectors. Low profile reflectors can preferably be integrated with
the compact antennas to ensure their deployment with portable devices for practical
wirelss applications. The FSRs are designed to demonstrate almost stable PD and PI
the features under oblique incidences up to 45°. The propagation features discussed

during the course of this thesis primarily are |Sa;|, |S21| and £Si; respectively.
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1.7 Thesis outline

This thesis is organized in seven chapters.

Chapter 1 introduces the significance of FSSs for modern wireless communica-
tions followed by literature review of FSSs and their applications.

Chapter 2 describes the simulation study of conventional FSSs based on SL and
CSL type unit cells in distinct frequency regimes., S-band, Ku band, Ka Band, G
Band, THz and IR frequencies respectively. Moreover, PD FSSs have been presented
to demonstrate distinct transmission responses when subjected to TE or TM polarized
EM waves for Microwave frequency range. Later, the techniques to transform the PD
FSSs to PI FSSs have also been explored.

Chapter 3 emphasizes on dual rhombic loop based FSSs for extended bandstop
characteristics in the X-band frequency range and two techniques explored in Chap-
ter 2 have been exploited again to transform PD FSSs to PI FSSs under normal
incidences are proposed. The ECMs, transmission responses of FSSs under obluque
incidences, fabrication and experimental validation for both these F'SSs are presented.
The impact of loading of these FSSs with compact triangular slot antenna has also
been investigated.

Chapter 4 describes the rectangular loop pair based FSS reflectors to demon-
strate C-band and UWB band reject features respectively and their ECMs are also
developed to validate EM simulations. The transmission responses of these F'SS reflec-
tors are also validated through experiments. Later, One reflector with UWB stopband
has also been integrated with a UWB slot antenna to demonstrate antenna gain en-
hancement. Chapter 4 ends with integrating Tessellated Rhombic loop based PD
wideband (4.6 GHz-14.4 GHz) reflector with a UWB hexagonal slot antenna for its
gain enhancement.

Chapter 5 discusses the relevance of FSS features such as AS/ PI towards antenna
gain enhancement by integrating distinct PD and PI FSS reflectors with compact
triangular slot antenna.

Chapter 6 describes the preliminary work to show the scope of exploiting the
inherent characteristics of bandstop-bandpass FSSs even at THz frequency ranges.
The metallo-dielectic FSSs composed of pixelated FSS and interconnected metallic
pixel to obtain tailorable transmission response to accomplish the requirement of
cross talk reduction at THz frequencies in ICs. Additionally, three dimensional (3-D)
FSS structures are explored for mutual coupling reduction and cross talk reduction
between adject functional blocks of I1Cs.

Chapter 7 concludes the thesis with broad spectrum of application of F'SSs.
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Chapter 2

Conventional loop based FSSs in distinct
EM bands

This chapter begins with preliminary performance analysis and comparision of square
loop (SL) and crossed dipole (CD) FSS unit cells. The effect of translated FSS
unit cells and lossy dielectric substrate on their propagation characteristics has also
been investigated. Further, SL and complementary square loop (CSL) based FSS
structures explored and compared to demonstrate bandstop and bandpass responses
respectively for distinct frequency regions. The significance of ohmic and dielectric
properties of the substrate are studied using EM simulations performed on CST MWS.
This research is useful for acquiring quick comprehension of features of unit cells and
potential material for substrates at different frequency ranges. The frequency band of
EM spectrum with adequate levels of appropriate isolation while signal propagation
is also discussed. Later, the performance analysis of FSS unit cells is presented under
normal incidence when the structural symmetry is introduced through non-unity op-
eration (A/R). These FSSs arrays are based on rectangular loop, elliptical loop and
rhombic loop unit cells and EM simulations are are carried out using CST MWS.
Their transmission characteristics under TE and TM incidences are compared. Fi-
nally, the technique to transform a PD FSS to PI FSS is also explored and TE/TM

transmission responses under normal to oblique incidences have been presented.

2.1 Introduction

The FSS structures created by unit cells possessing four-fold symmetry [65] have
been explored to demonstrate PI bandstop [66] as well as bandpass transmission
responses [67]. Square loop [68], circular loop [69], [70], [71], crossed dipole [40],
[72], Jerusalem cross [73], [74], type unit cells are a few of the commonly known PI
FSSs. However, the FSSs tend lose their PI characteristics when unit cell structure
is disrupted as observed in reference [75]. PD FSSs have also been explored to be
utilized as polarization converters [76], polarization rotators [77] and polarization
selective surfaces (PSSs) [78], [79] respectively.

This chapter discusses design and analysis of conventional FSSs based on SL and
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CSL unit element followed by asymmetric unit cell such as rectangular loop, elliptical
loop and rhombic loop based FSSs. The transmission responses of the FSSs are then

reported and compared.

2.2 Square loop (SL) and crossed dipole (CD) unit
cells

This section presents and compares two distinct types of bandstop F'SSs based on an
infinitely large array of translated CD and SL unit elements. The effects of translat-
ing the unit elements horizontally and vertically by half the periodicity are compared.
Full-wave EM simulations reveal that the geometry of an FSS array whether a conven-
tional or translated unit cell is unaffected by the translation of the unit cell, leading
to almost identical transmission properties. Comparatively, the bandstop bandwidth
of the SL-based FSS array is approximately 202.14% larger than that of the CD-based
FSS array.

Techniques like transmission line modelling, although limited to simpler arrays,
are sometimes used for the analysis of larger arrays when are not computationally
intensive. But precision appears during a full wave numerical analysis on the cost of
excess memory required for exhaustive computation. However, these FSS arrays are
limited to applications of directivity [4] and, gain [46] enhancement of planar antennas
when integrated with them.

In this section of this chapter, comparison of CD and SL based FSSs is presented.
CD and SL unit cells posses a translational symmetry [80] which disappears when
arrays of both unit cells are arranged periodically to constitute an FSS of infinite
dimension. In an arrangement of F'SS array, the unit cells appear to be translated
by half of periodicity along the edges on the surface of the array. The propagation
characteristics of arrays of both conventional as well as translated unit cells are in-
vestigated and the comparison is reported here. Also, the role of substrate losses to
further improve the ability of signal rejection is explored and presented here.

The CD element is obtained by connecting both vertical and horizontal gratings
in the centre, whereas the square loop is created by integrating perpendicular and
parallel gratings at the extremities. The 1.5 mm thick substrate material used here
is an inexpensive and readily available dielectric, FR-4 having, dielectric constant =
4.3, and loss tangent = 0.025. Metal trace width (w), crossed dipole arm (P), square
loop arm (P), or length of vertical or horizontal grating (P), periodicity (d), and inter
element spacing (g = d — P) are the design parameters for both FSS. Figure 2.1 (a)
and (b) respectively show the geometries of CD and translated CD (CD-Tr) while
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their respective infinite arrays are depicted in Figure 2.1 (e) and (f). Similarly, the
unit cell geometries of SL FSS and translated SL (SL-Tr) are illustrated in Figure
2.1 (c) and (d) respectively. The infinite arrays of SL as well SL-Tr FSSs are shown
in Figure 2.1 (g) and (h) respectively. Table 2.1 summarizes the optimal values for

design parameters.

Figure 2.1: Conventional unit cells and translated unit cells (a) CD, (b) CD-Tr, (c)
SL, (d) SL-Tr; Infinite arrays of (e) CD, (f) CD-Tr, (g) SL, (h) SL-Tr

Table 2.1: Features of F'SS unit cells

Dimensions for (inmm) | w | P | d |g
Crossed dipole 051 9 |10
Square Loop 1 159169 |1

—_

2.2.1 Results for basic Loop and translated elements

As mentioned previously, the CD unit cell is formed as a result of integration of vertical
and horizontal gratings at center whereas the SL array is created by joining horizontal
and vertical gratings in the extremities. Full wave EM simulations are carried out
with periodic boundary conditions to model the F'SS unit cells mentioned above. The
magnitudes of the transmission coefficients, |Ss1| and the reflection coefficients, |S11],
for CD and CD-Tr unit elements are shown in Figure 2.2 (a). Also, the reflection and
transmission phases of CD and CD-Tr unit elements are illustrated in Figure 2.2 (b).
Similary, Figure 2.3 (a) demonstrates |Sy;| and |S11| for SL and SL-Tr FSS unit cellss
while their respective reflection and transmission phases are shown in Figure 2.3 (b).

The results for both basic unit cells and translated unit cells are found to be identical.
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Figure 2.2: Propagation characteristics (a) |S9;| and [Sy1|, (b) £S2; and £Sy; for
CD and CD-Tr FSS

Figure 2.3: Propagation characteristics (a) |S91| and [S11], (b) £S2; and £S5y, for
SL and SL-Tr FSS

The |S2;| indicates that both CD and SL FSSs exhibit frequency band rejection
with in-phase reflection around their resonant frequencies. At in-phase reflection
frequency, the phase of reflection coefficient, /57, equals zero. The frequency range
in which unit cell behaves as an AMC and has its operating band where +90° >/57; >
-90°, according to [81]. Figures 2.2 and 2.3 reveal that the in-phase reflection appears
at 10.17 and 10.34 GHz for CD and SL-FSS respectively. The CD and CD-Tr arrays
display an operating band from 7.35 GHz to 16.54 GHz with a positive reflection
phase gradient between 12.5 GHz and 13.5 GHz. The operating band for SL and
SL-Tr FSS is between 6.57 and 14.18 GHz.

Figure 2.4 compares |Sy;| dB and |Si;| dB of conventional CD and SL-FSS unit
cells with their translated counterparts. The band reject capability of the SL FSSs is
2.83 GHz wider than that of the CD FSSs. SL FSSs can exhibit a high magnitude
of EM wave rejection by 9.65 dB or more. Figure 2.4 demonstrates that dipole type
F'SSs are slightly feeble (|S2;1| ~-26 dB) to reject incident EM waves at the resonant
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frequency (9.95 GHz) on the FSS surfaces.

Figure 2.4: Transmission and reflection characteristics of CD and SL FSS unit cells

Figure 2.5 demonstrates the significant impact of the lossy substrate by demon-
strating that the null frequency during transmission and the widths of the stopband
are unaffected by the substrate type, while the |Ss| is -26.1 dB for lossy CD and and
-35.75 dB for lossy SL FSS, respectively. At the resonance frequency, the |Sy;| for the
lossless CD and the SL FSS are -48 dB and -54.7 dB, respectively.

Figure 2.5: |5y | with and without substrate loss for (a) SL FSS, (b) CD FSS

In this study, SL and CD based FSS are compared. Using electromagnetic full-
wave simulations with periodic boundary conditions, the conventional SL and CD
F'SS unit cells and their tranalated counterparts are analysed. Relatively SL-FSS has
a wider bandwidth and signal isolation than CD FSSs. It has also been observed that
substrates with low losses when used for FSSs exhibit better ability to reject incident
EM radiation.

The following section further provides the simulation and analysis of FSSs based

on SL and CSL in distinct EM bands to discuss their transmission characteristics.

19



2.3 Polarization independent loop based FSSs

FSSs are expected to be PI mostly when the unit cell structure holds a four fold
symmetry and do not discriminate among different polarization states of incident EM
waves. Several loop based FSSs e.g., square loops (SL), circular loops, hexagonal
loops or octagonal loops those are structurally symmetric, show PI behaviour when
analyzed. In the section ahead, SL and CSL based conventional FSS unit cells are

analyzed.

2.3.1 Design of SL/CSL unit cells

The conventional structure of SL and CSL based unit cells are deployed in Figure 2.6.
A SL metal layer is printed on substrate to form a SL unit cell while a square loop of
similar shape and size is etched out in case of CSL unit cell. In both cases, features of
square loops printed or etched remain same, i.e., thickness of the substrate (¢), unit

cell periodicity (p), loop width (w), and size of the square loop (d).

Figure 2.6: Conventional unit cells of (a) SL,and (b) CSL FSS

FSSs based on SL and CSL unit elements are intended to operate around the
center frequency in six distinct frequency bands of EM spectrum and they are S-band
(3 GHz); Ku band (15 GHz); Ka-band (33 GHz); G-band (200 GHz); THz (3 THz)
and IR (300 THz). To accomodate all frequency bands during simulations, ‘w’ and
inter element spacing, ‘P — d’ are maintained at 0.2\, for both cases of SL and CSL
unit structures.Through the knowledge of center frequency of each band of interest,
the free space wavelength, A\qg may be elaluated. All the geometrical features of unit
structures of SL and CSL FSSs are summarized in Table 2.2.

To achieve adequate magnitude of signal transmission as well as isolation within
a given frequency band, it is crucial to select the appropriate thickness of substrate

dielectric material and metal layer. Figure 2.7 depicts the properties of the dielectric
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Table 2.2: Distinct geometrical features of loop based FSSs in six different frequency
bands

EM bands
Parameters T, w
S-Band Ku-Band Ka-Band G-Band Frequency | Frequency
Range Range
P 2112 mm | 4138 mm | 1.746 mm | 0.307 mm | 23.459 ym | 0.144 ym
d 1912 mm | 3.738 mm | 3.738 mm | 0.277 mm | 21.459 pm | 0.124 pm
w 2 mm 0.4 mm 0.4 mm 0.03 mm 2 pm 0.02 pm
t 0.035 mm | 0.035 mm | 0.035 mm | 0.001 mm 0.1 pm 0.01 um
Substrate
thickness 0.8 mm 0.8 mm 0.2 mm 0.05 mm 0.8 pm 0.1 pm

materials employed for substrates and metal layers used for analysis in this study.

Figure 2.7: Properties of (a) dielectric materials (g, and tand) and (b) metal layers
(0 and Q) used at distinct frequency bands

Dielectric constant (e,) alongwith loss tangent (tand) are two important electrical
Substrate materials used here for
FSSs are FR4 [31] for S-band, RO4003 [82], [83] for Ku-Band, glass [84] for Ka-band,
kapton [85] for G-band and cyclic olefin copolymer (COC) [86] for THz while GaAs [87]
for IR. For the FSSs operating within S-, Ku-, and Ka-band, metal layers are assured

characteristics of substrate materials used here.

to be made of copper, whereas for FSSs to operate beyond 100 GHz in G-band or in
THz, and infrared, the metal layers are assured to be developed by depositing gold.

CST MWS simulations are used to determine discrete values of surface resistances of
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metal layers with given conductivity. Figure 2.7 (b) shows that the surface resistance

over the metal layer rises as the frequency of interest rises.

2.3.2 Transmission and reflection responses

The loop and complementary loop based unit cells are enclosed within bounding boxes
to simulate them in CST MWS at center frequency of suggested EM bands. Periodic
boundary conditions, during simulations are applied along X- and Y- directions while
along Z-directions, Floquet ports are applied to observe response of wave propaga-
tion through unit structures. The transmission responses of all six FSSs, including
transmission coefficients |Sy;|, reflection coefficients |Si1|, reflection phases /Si;, and
transmission phases /Sy, are simulated and compared in Figure 2.8.

In addition, Table 2.3 also summarizes the responses of SL and CSL FSSs to

incident EM waves designed for each of the six frequency values considered for analysis.

Table 2.3: Summary of SL and CSL responses in distinct EM bands

THz IR-
Frequency Range S-band Ku-Band Ka-Band G-Band Frequency | Frequency
Range Range
Dimensions 0.21) x 0.21)¢ x 0.19) x 0.20)¢ x 0.23)\y X 0.14X¢ x
> 0.21X¢ 0.21 )¢ 0.19X¢ 0.20¢ 0.23 X\ 0.14 X
Substrate FR4 R0O4003 Glass Kapton COoC GaAs
7 3 GHz 15GHz | 82.99 GHz | 200 GHz | 3 THz 3%(;8
ISOlggom -40.29 -49.91 -52.97 -40.9 -31.49 -21.35
SL
10 dB (2.4-3.7) | (11.7-18.1) | (24-41.8) (214526;' (2.4-3.6) ff;g)'
Stopband GHz GHz GHz Gy THz THyz
FBW (%) 43.82 43.40 54.07 42.79 38.68 57.93
fo 2.96 GHz | 14.06 GHz | 31.73 GHz | 188.9 GHz | 3.06 THz | 327.7 THz
Transmis- [, g 0.1 0.1 -0.25 -0.44 -4.51
sion, dB
CSL (144.5-
3 dB (22:3.9) | (108184) | (25.6:30.3) | o0 (2.2-4.2)
Passband GHz GHz GHz : THz )
GHz
FBW (%) 55.67 51.72 41.89 52.77 62.97 -

The frequencies at which minimum and maximum transmission is observed are
defined as transmission zero, f, and pole, f, respectively. The transmission and
rejection bandwidths in normalized curves are defined as the frequency range in which

|S21] >-3 dB and [Ss;| <-10 dB implicating a passband and a stopband respectively.
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The plots showing |Ss1| and |Sy1| versus frequency are displayed in Figure 2.8(a)
and (b) suggesting that SL FSSs act as a bandreject filter for EM waves striking at f,
for both TE and TM polarization, whereas CSL FSSs allow the transmission of EM
waves hitting at f,. The pole frequency, f, is observed at lower frequencies than f,
for all bands in frequency ranges, whereas f, is observed at frequencies greater than
f- for bands in THz. In addition, it can be observed that the levels of signal rejection
and transmission for both cases of SL and CSL element to degrade at THz and IR
frequencies. The surface resistance as well as dielectric losses degrade the selective
transmission by means of ohmic losses as a consequence of high absorption of EM
waves at THz frequencies.

Moreover, the SL. FSS exhibit non-linearities in transmission phase around f,,
whereas the CSL FSS exhibit a phase shift of 27 at f,, as shown in Figure 2.8(c).
In addition, response of SL unit cell show linearity in reflection phase throughout
the stopband, while CSL unit element show non-linearity in reflection phase around
fp- At IR frequencies, these nonlinearities in transmission phase tend to diminish

probably due to weak transmission.

2.3.3 Effect of material properties

In Figure 2.9, the effect of dielectric properties of substrate material on propagation
characteristics of both types of FSSs in different frequency domains is illustrated
when the ratio (g,/e,0) is varied. Figure 2.9 also displays the £, at their respective
frequencies.

As ¢, of the substrate material increases, frequencies f, and f, acquire lower
values. In addition, the width of stopband for SL FSS decreases marginally as &, /e,
increases, with an exception of SL at 33 GHz, where SL exhibits an increase in widths
of rejection band. The increased bandwidth at 33 GHz is a result of reduced losses of
the glass substrate employed for SL F'SS at 33 GHz in comparison to the RO4003 at
15 GHz and Kapton substrates at 200 GHz respectively. Furthermore, the passband
width of CSL FSS decreases as ¢, /¢,¢ increases for the substrate material increases.
At IR frequency range, the transmission incident EM waves through CSL FSS is
restricted due to the increased dielectric and metallic losses.

Figure 2.10 illustrates the transmission response due to lossy dielectric substrate
for SL and CSL at distinct frequency regions. Changes in f., f,, widths of passband-
stopband and levels of transmission-rejection are displayed as a function of relative
to the ratio of loss tangents, i.e., (tand)/(tand)y. Figure 2.10 also displays the loss
tangent, (tand), at frequencies f, and f..

It appears that f, and f, do not change significantly as substrate losses increase.
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With higher substrate losses, the width of the stopband for SL F'SS decreases very
marginally, whereas the width of the passband for CSL FSS expands. Figure 2.10
does not depict the bandwidth of CSL FSS, identical to Figure 2.9. The losses of
the dielectric substrate have a significant impact on the transmission and isolation
of signals in the mm-wave and THz bands. It has been observed that maximum of
signal rejection capability of SL FSS improves as dielectric substrate losses diminish.
Similarly, the maximum of signal transmission of CSL FSS degrades as dielectric
material losses increase. In order to accomplish maximum signal reject or transmission
through an F'SS, it is necessary that F'SS is developed over substrate with lower losses.

Furthermore, the metal conductivity also has significant impact on signal trans-
mission and rejection, particularly at THz frequencies. Despite the fact that signal
transmission or rejection improves when the value of conductivity increases, surface
resistance leads to ohmic losses and thus, degrade signal rejection and transmission.
The frequencies f,, f, and widths of stop as well as passband are unaffected by changes
in the surface resistance and metal conductivity.

The section addressed the performance analysis of conventional SL and CSL for
the microwave, mm waves to IR frequency ranges. The transmission responses of
both FSSs are analysed and investigated for six distinct frequency regimes of EM
spectrum. To determine the appropriate materials for substrate and metal layer to
develop FSSs, the effect of ¢,, tand, metal conductivity and surface resistance are
studied. The operating frequency, width of stopband and passband, and levels of
transmission/ rejection are investigated for change in material properties of the sub-
strate and conductivity of metallic layer employed for FSSs’ development. Further,PD
and PI FSSs are explored

2.4 Techniques to transform PD to PI surfaces

The inherent characteristics of FSSs to control or manipulate the incident EM waves
make them useful as reflectors, EM shields for smart buildings [88], radomes [89],
[90] , absorbers [91], [92], artificial magnetic conductors [93], electromagnetic band
gap structures. Aside from such applications, FSSs have also been integrated with
compact antennas for reduction of RCS, improvement in gain and directivity [94],
[95]. The FSS structures created by unit cells with four-fold symmetry [65] have
been explored to demonstrate polarization independent (PI) bandstop [66] as well as
bandpass transmission responses [67]. Square loop [68], circular loop [69], [96], [71],
crossed dipole [40], [72], Jerusalem cross [73], [74] type unit cells are a few of the

commonly known PI FSSs. However, the FSSs tend lose their PI characteristics when
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unit cell structure is disrupted as observed in reference [75]. PD FSSs have also been
explored to be utilized as polarization converters [76], polarization rotators [77] and
PSSs [78], [79] respectively.

In this section, three distinct loop type FSSs are first designed to demonstrate
PD stopband characteristics and then the orthogonal arrays these PD FSSs’ layers
are developed on opposite sides of the substrate to demonstrate similar transmission
coefficients under orthogonally polarized EM waves incidences demonstrating non-
linearity in reflection phase. Later, these of PD FSSs are fabricated on one of the
sides of the substrate to get merged type F'SSs. Merged type FSSs also exhibit similar
transmission as well as reflection coefficients under normal incidence. The transmis-
sion responses of these FSSs are also evaluated under oblique EM wave incidences

through simulations and compared.

2.4.1 PD unit cell design

Figure 2.11 displays the geometry of FSS unit cells patterned over 1.57 mm thick FR-
4 substrate. Vertically oriented rectangular loop (VRECT), elliptical loop (VELIP)
and rhombic loop (VRL) based unit cells are revealed in Figure 2.11 (a), (b) and
(c) respectively. Rotating VRECT, VELIP and VRL unit cells by 90° in XY plane,
horizontally oriented HRECT, HELIP and HRL are formed as shown in Figure 2.11
(d), (e) and (f) respectively. The unit cells are designed such that to keep substrate

dimensions and their aspect ratio (A/R) of all unit cell geometries. (l,1:l,1) equal.

Figure 2.11: Unit Cell Geometries (a) VRECT, (b) VELIP, (¢) VRL, (d) HRECT,
(e) HELIP, and (f) HRL FSSs respectively
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Table 2.4: Geometrical parameters of FSSs

FSS Rectangular Loop | Elliptical Loop | Rhombic Loop
Parameters Values (mm) Values (mm) | Values (mm)
P 14.42 14.42 14.42
L1 6.71 6.71 6.71
Lo 2.71 9.59 5.59
Ly 13.42 13.42 13.42
Lyo 12.42 11.18 11.18

Table 2.4 summarizes the geometrical parameters of the unit cells.

All three unit cells for PD FSS are simulated using CST Microwave studio in
both directions, i.e., horizontal and vertical using Floquet ports in Z-directions. The
periodic boundary conditions are applied along the edges of subatrate in X- or Y-
directions. The values of transmission coefficients, |Sg;| along with magnitude and
phase of reflection coefficient, |S1;| with respect to frequency (2 to 14 GHz) are dis-
played in Figure 2.12. The values are evaluated under normally incidentTE and TM

waves.

Figure 2.12: Transmission and reflection responses of (a) VRECT, (b) VELIP, (c)
VRL, (d) HRECT, (e) HELIP, and (f) HRL FSSs under normal incidence

The |S11] , |S21| and reflection phase of VRECT, VELIP and VRL FSSs are de-
picted in Figure 2.12 (a), (b) and (c) respectively while for HRECT, HELIP and HRL
F'SSs, these responses are shown in Figure 2.12 (d), (e) and (f) respectively.

It is observed that VRECT, VELIP and VRL FSSs demonstrate distinct trans-
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Table 2.5: Transmission responses of PD FSSs

. TE ™
Unit Cell 10dB — T0dB
f-(GHz) Stopband (%) f-(GHz) Stopband FBW(%)

(GHz) (GHz)
VRECT 5.52 4.26-6.74 45.09 5.75 5.39-5.99 10.54
VELIP 7.13 5.85-8.20 34.45 7.86 7.44-8.16 9.23
VRL 8.18 7.25-8.89 20.32 8.73 8.44-8.96 5.97
HRECT 5.75 5.39-5.99 10.54 5.52 4.26-6.74 45.09
HELIP 7.86 7.44-8.16 9.23 7.13 5.85-8.20 34.45
HRL 8.73 8.44-8.96 5.97 8.18 7.25-8.89 20.32

mission responses on illumination by normally incident TE and TM waves. Also,
the transmission null frequencies, ‘f,” for VRECT, VELIP and VRL FSSs appear at
relatively lower values for normal TE incidences when compared with values under
normally incident TM waves. Similarly, orthogonally oriented HRECT, HELIP and
HRL FSSs also demonstrate distinct transmission responses under normally incident
TM waves, but the transmission responses are interchanged for TE and TM inci-
dences. Since, the electrical length of elliptical loop is apparently more than that of
rhombic loop array and smaller than that of rectangular loop array. Thus, rectangular
loop based F'SSs exhibit f, relatively at a lower frequency range when compared to el-
liptical loop based FSSs while rhombic loop based FSSs exhibit stopband frequencies
relatively at a higher band than observed for elliptical loop based FSSs.

Moreover, VRECT, VELIP and VRL FSSs demonstrate linear reflection phase for
TE waves over their respective stopbands while HRECT, HELIP and HRL FSSs ex-
hibit linear phase in reflection response under normal TM incidences. Also, VRECT,
VELIP and VRL FSSs exhibit non-linearity in reflection phase with TM incidences
while HRECT, HELIP and HRL FSS illustrate non-linearities in reflection phase un-
der TE incidence. Table 2.5 displays summary of the transmission responses of PD
FSSs including based on the frequencies, f,, widths of 10 dB stopbands, and the
fractional bandwidths (FBW).

From comparison it is found that rectangular loop based FSSs exhibit wider stop-
band when compared with elliptical and rhombic loop-based PD FSSs. Moreover,
rectangular loop based F'SS operates at lower frequency range in C-band while ellipti-
cal loop based FSS operates at higher frequencies in C-band and rhombic loop based
F'SS operates almost in X-band.

Another configuration of closely rhombic loop-based PD FSS is explored here, i.e.,
the tessellated rhombic loop (TRL ) FSS. The structural features are displayed along
the geometry in Figure 2.13. Figure 2.13 (a) illustrate the structure of large array
of TRL FSS while the top and side views of corresponding unit structure is depicted
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Figure 2.13: Geometry of (a) TRL FSS and its unit cell structure (all dimensions
are in ‘mm’) (b) Top view, (c) side view

in Figure 2.13 (b) and (c) respectively. Similar to PD arrays, the TRL based FSS is
also patterned over FR-4 substrate. Simulations are performed by employing similar
boundary conditions and excitation as described earlier, the propagation characteris-
tics of TRL based FSS are obtained under normal incidences. The |Sg;| dB, |S11| dB
and £S5, under normal TE and TM incidences are depicted in Figure 2.14.

Figure 2.14: Transmission and reflection responses of TRL FSS under normal inci-
dence

Interestingly, TRL based FSS also behave distinctly when exposed to normally
impinging TE and TM waves thereby demonstrating dissimilar responses of |Sy;| dB,
|S11] dB and £S;; degree. Moreover, the densely packed arrangement of rhombic
loops in TRL FSS offers wider bandstop (103% under TE mode and 37 % under TM
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mode) featues when compared to rhombic loop based FSS. The detailed assessment
of TRL FSS with its efficacy for compact antenna applications are further explored

and discussed in chapter 4 and 5 respectively.

2.4.2 PI unit cell design

Later, both orthogonally oriented unit cell structures of RECT, ELIP and RL FSSs
are transformed to single unit cell of BTB arrangement, i.e., BTB RECT, BTB ELIP
and BTB RL FSSs where orthogonal layers are etched on both sides of FR-4 dielectric
as revealed in Figure 2.15 (a), (b) and (c) respectively.

Figure 2.15: Unit Cell Geometries (a) BTB RECT, (b) BTB ELIP, (¢) BTB RL,
(d) MRECT, (e) MELIP, and (f) MRL FSSs respectively

The |So1| , |S11| and reflection phase plots of these FSS unit cells under normal
incidence are displayed in Figure 2.16 (a), (b) and (c) respectively. It is observed
that BTB RECT, BTB ELIP and BTB RL FSSs demonstrate one narrow stopband
with weak signal rejection and one wide stopband with prominent signal rejection
capability owing to two orthogonal layers of BTB type configuration.

It is interesting to note that BTB type FSSs demonstrate similar | Ss; | response for
normal TE and TM incidences. However, the |S1;| responses remain distinct under

TE and TM modes respectively.
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Figure 2.16: Transmission and reflection responses of (a) BTB RECT, (b) BTB
ELIP, (¢) BTB RL, (d) MRECT, (¢) MELIP, and (f) MRL FSSs under normal inci-

dence

Later, both orthogonal unit cell patterns are developed on one of the sides of sub-
strate to obtain a merged rectangular loop (MRECT), merged elliptical loop (MELIP)
and merged rhombic loop (MRL) FSSs as shown in Figure 2.15 (e), (f) and (g) respec-
tively. The transmission responses |Ss;| and |Sy1| and reflection phase for MRECT,
MELIP and MRL FSSs under normally incident TE and TM waves are shown in
Figure 2.16(d), (e) and (f) respectively.

It is evident that MRECT, MELIP and MRL FSSs demonstrate similar trans-
mission as well as reflection characteristics under TE and TM incidences. Table 2.6
summarizes the transmission characteristics of all BTB type and merged type FSSs.

It is evident that merged type FSSs offer wider stopbands when compared to BTB
type F'SSs. Moreover, similar to PD FSSs, BTB RECT demonstrates wider stopband
when compared to BTB ELIP and BTB RL FSSs while MRECT FSSs provide the
widest stopband (53.85%) among all the BTB and merged type FSSs.

The propagation characteristics of BTB and merged type FSSs under oblique
incidences are evaluated where the incidence angle ‘¢’ has a value between 0° to 45°
in step of of 5° using CST MWS. However, the responses of FSSs under oblique

incidences are illustrated in steps of of 15° to ensure the clarity within the figures.
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Table 2.6: Rejection frequency and span of BTB and Merged Type FSSs

TE ™
Unit Cell
10dB FBW 10dB
f-(GHz) Stopband (%) f-(GHz) Stopband FBW (%)
(GHz) 0 (GHz) 0
4.42 & (4.12-4.51) & 9.03, (4.12-4.51) & 9.03,
BTB RECT 6.66 (5.19-8.15) 44.38 442 & 6.66 (5.19-8.15) 44.38
5.63 & (5.04-5.77) & 13.50, (5.04-5.77) & 13.50,
BTB ELIP 9.04 (7.37-10.29) 33.06 5.63 & 9.04 (7.37-10.29) 33.06
6.64 & | (6.53-6.72) & | 2.86, (6.53-6.72) & | 2.86,
BTB RL 9.79 (8.65-10.60) 20.26 6.64 & 9.79 (8.65-10.60) 20.26
MRECT 6.29 4.56-7.92 53.85 6.29 4.56-7.92 53.85
MELIP 8.15 6.43-9.47 38.24 8.15 6.43-9.47 38.24
MRL 8.80 7.75-9.59 21.22 8.80 7.75-9.59 21.22

2.4.3 Oblique incidence response of PD FSSs

The scattering parameters |Ss;| and |Sy;| responses of VRECT FSS under oblique
incident TM and TE waves are shown in Figure 2.17 (a) and (c) respectively while
Figure 2.17 (b) and (d) demonstrate |Sy;| and |S11| when HRECT FSS is illuminated

Figure 2.17: Transmission and reflection responses of (a) VRECT, (b) HRECT
F'SSs under oblique TE wave incidences; (¢) VRECT and (d) HRECT under oblique
TM wave incidences respectively
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Figure 2.18: Transmission and reflection responses of (a) VELIP, (b) HELIP FSSs
under oblique TE wave incidences; (¢) VELIP and (d) HELIP under oblique TM wave
incidences respectively

Figure 2.19: Transmission and reflection responses of (a) VRL, (b) HRL FSSs under
oblique TE wave incidences; (¢) VRL and (d) HRL under oblique TM wave incidences
respectively
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by obliquely incident TM and TE waves respectively. Both VRECT and HRECT FSSs
maintain their characteristics under oblique incidence. Figure 2.18 (a) and (c) depict
|So1| and |S11] responses of VELIP FSS when illuminated by obliquely incident TE and
TM waves, whereas Figure 2.18 (b) and (d) depict |Sa;| and |S11| responses of HELIP
FSS when oblique TM and TE incidences are used for illumination, respectively.
Similar to VRECT and HRECT FSSs, both VELIP and HELIP FSSs also demonstrate
stable transmission response under oblique TE and TM incidences.

Similarly, Figure 2.19 (a) and (c) show VRL FSS’s variations of |Sg;| and |S|
with frequencies under obliquely incident TE and TM waves while Figure 2.19 (b)
and (d) show HRL FSS’s responses.

It is found that all PD FSSs exhibit stable transmission characteristics when angle
of incidence of impinging EM waves increases. However, from close observation, it is
found that rectangular loop based FSS offer excellent AS response when compared
to elliptical and rhombic loop-based PD FSSs owing to their relatively more edge to

edge coupling between adjacent unit cells.

Figure 2.20: Transmission and reflection responses of (a) BTB RECT, (b) MRECT
FSSs under oblique TE wave incidences; (¢c) BTB RECT and (d) MRECT under
oblique TM wave incidences respectively
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Figure 2.21: Transmission and reflection responses of (a) BTB ELIP, (b) MELIP
F'SSs under oblique TE wave incidences; (¢) BTB ELIP and (d) MELIP under oblique
TM wave incidences respectively

Figure 2.22: Transmission and reflection responses of (a) BTB RL, (b) MRL FSSs
under oblique TE wave incidences; (¢) BTB RL and (d) MRL under oblique TM wave
incidences respectively
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2.4.4 Oblique incidence response of PI FSSs

The transmission responses of BTB RECT FSSs under TE and TM oblique incidences
are shown in Figure 2.20 (a) and (c) whereas the transmission responses of MRECT
FSS under similar conditions are displayed in Figure 2.20 (b) and (d) respectively.
Similarly, Figure 2.21 (a) and (c) show the transmission responses of BTB ELIP
FSSs under TE and TM oblique incidences, while Figure 2.21 (b) and (d) depict the
transmission responses of MELIP FSS. Further, Figure 2.22 (a) and (c) exhibit BTB
RL FSS transmission responses under TE and TM oblique incidences, whereas Figure
2.22 (b) and (d) show responses for MRL FSS.

BTB RECT FSSs demonstrate stable transmission response under oblique inci-
dence over its stopband. However, at higher frequencies beyond 8 GHz, under TE
incidence, the stability in |Ss;| and [Si;1| tend to degrade as angle of incidence ‘¢’
increases. MRECT FSS, also provides excellent AS transmission response when illu-
minated by obliquely incident both TE and TM waves.

From Figure 2.21 (a) it is observed that BTB ELIP FSSs shows slight deviation
in stopband frequency or angle of incidence of TE waves increases while it maintains
its transmission response under oblique TM incidence as observed from Figure 2.21
(c). Similarly, it is evident from Fig 2.22 (a) that stability in transmission response
of BTB RL FSS is slightly inferior to BTB ELIP and BTB RECT FSSs respectively.
However, it also shows stable transmission response under oblique TM incidences.

Despite the fact that MRECT FSS provides more stable transmission responses

Table 2.7: Comparison of AS/PI bandwidths of FSSs (in GHz)

Unit cell con- C{;ﬁ; Hori.
figuration/ Vertical BTB Merged
angle, zontal
Loop Shape 0°
0 0.6 0.6 2.96 3.36
Rectangular 15 0.57 0.57 2.91 3.29
30 0.52 0.6 2.68 3.1
45 0.42 0.61 2.22 2.67
0 0.72 0.72 2.92 3.04
.. 15 0.61 0.7 2.56 2.7
Elliptical 30 056 | 0.60 | 201 | 227
45 0.46 0.73 1.26 1.65
0 0.45 0.45 1.95 1.84
. 15 0.4 0.49 1.57 1.69
Rhombic 30 0.16 0.5 0.98 1.18
45 0.01 0.51 0.26 0.57
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under obliquely incident TE and TM waves than MELIP and MRL FSS, all the three
types of merged FSS possess the ability to maintain their transmission responses
reasonably under oblique incidences.

Table 2.7 summarizes the effective BWs of PD (Vertical and Horizontal-type)
FSSs and PI (BTB and Merged type) FSS over which PD FSSs preserve AS and PI
F'SSs preserve their AS/PI responses respectively. The effective BW is the width of
stopband These BWs for FSSs for all PD type of configurations are calculated as
difference between maximum of lower corner edge frequency and minimum of upper
corner edge frequency of transmission coefficients |Ss;| <-10dB for distinct 6 between
0° to 45°. Similarly, the BWs of AS/PI responses for PI FSSs are obtained for their
respective wider stopbands. Thus, the overall stopbands provided by PD and PI
FSSs are regarded as the minimum frequency band from all transmission responses

at normal and oblique incidences where |Sy;| <-10dB.

2.4.5 Conclusion

This chapter starts with comparison of the performance of SL. and CD FSS unit cells
by evaluating the impact of translated FSS unit cells and a lossy dielectric substrate
on their transmission and reflection properties. Additionally, SL. and CSL based FSS
structures are designed to demonstrate bandstop and bandpass responses for distinct
frequency regions. The characteristics of their transmission and reflection are then
compared. Using CST MWS EM simulations, the significance of dielectric constant of
substrate, dielectric and ohmic losses is explored. Later, the performance analysis of
PD FSS unit cells based on rectangular loop, elliptical loop and rhombic loops under
normal and oblique incidence is presented. Their transmission characteristics under
TE and TM incidences are compared. The technique for transforming a PD FSS into
a PI FSS is also described.

The preliminary analysis of conventional loops suggests that translation in unit cell
geometry by half of periodicity along vertical and horizontal directions for infinitely
large F'SS arrays do not bring major change in transmission response. In addition,
F'SS transmission response deteriorate at higher frequency range around THz and IR
and low-loss materials are required to avoid the degradation of signal levels at THz
and IR. It is also evident that PD FSSs in horizontal configurations demonstrate wider
BW with AS response when compared to FSSs in vertical configurations. Similarly,
PI FSSs in merged configurations provide wider stopbands when compared with BTB
type F'SSs.
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Chapter 3

Dual-rhombic loop based X-band

reflectors

Techniques explored in chapter 2 are being confined here through dual rhombic
loop (DRL) based FSSs. DRL based unit elements, have been designed and developed
to offer wide stopband for X-band frequencies. DRL based two orhogonally oriented
PD FSSs are designed to provide propagation characteristics under TE and TM polar-
ized incidences respectively. Both vertically, and horizontally oriented FSSs are first
developed BTB on opposite sides of substrate and then later, in other cases printed
on one of the sides of substrate to explore PI behaviour. DRL based FSSs are then
integrated with a triangular slot antenna to investigate the effect of F'SSs reflectors
towards antenna gain enhancement in boresight direction.

In this chapter, a directional X-band triangular slot antenna is developed and a
technique to enhance boresight gain using FSR is proposed. The effect of reflection
phase of RLs based bandstop FSSs on boresight gain and operating band of slot
antenna is studied through simulations. The antenna is backed by three FSSs sepa-
rately to study their effect on triangular slot antenna. FSSs with non-linear reflection
phase exhibit lower average antenna gain when compared with reflectors having linear

reflection phase.

3.1 Introduction

Bandwidth and the capability of FSS to reject incident EM waves are two critical
performance factors for a stopband FSS or surface based stopband filters. According
to [9], F'SSs those are square or circular loops are the most prevalent for larger band-
widths. The bandstop capability of FSS is directly proportional to the array’s loss
factor, which need to be kept to a minimum. In order to gain a rapid understanding,
square loop FSSs have been analysed by employing straightforward circuit modelling,
which was restricted to just considering EM waves with normal incidence [97].Accord-
ing to Parker1981’s [69] research, circular loop based FSSs analyzed earlier, exhibited
wide stopband properties. Later on, an updated circuit model for F'SSs was provided

that additionally accounted for oblique incidences reference [98], [38]. According to

40



reference [99], F'SS based on SL have been extensively incorporated with tiny antennas
both as superstrates and as reflectors in order to accomplish better levels of antenna
band width and directivity. In addition, multifunctional FSS that incorporate active
components on square loop or ring unit cells have been described for the purpose of
altering the properties of the FSS from transmission to reflection [22]. This allows
the F'SS to be switchable. These F'SSs are not sensitive to the polarisation of the EM
waves that are incident on them, and their transmission response is the same regard-
less of the polarisation state of the EM waves that are incident on them. The FSSs
comprised of unit cells with asymmetric aspect ratio compared to arriving EM waves.
These FSSs show PD behaviour when subjected to EM incidences with different po-
larisation states [35]. Several additional aspects of the FSS have been investigated,
one of which is the use of unit cell’s asymmetric structure. A select handful of these
include polarisation conversion [100], polarisation rotation [101], and FSS as a polar-
isation selective surface [35]. Separate stopbands are seen for TE and TM polarized
incidences in a square loop FSS that was composed of gratings that were horizontal
and vertical and differed in breadth from one another. The AMC, which was made
up of these unit cells, was incorporated with a prop feed hexagonal ultra-wideband
antenna in order to improve its gain [46]. In this chapter, two orthogonally orinented
PD FSSs based on rhombic loops are developed using simulations and EM modelling,

following which, the results of those designs are analysed.

3.2 Dual-rhombic loop (DRL) FSS

Figure 3.1 illustrates the design flow of the unit cell structures. The unit structure
involves two rhombic loops, kept adjacent to each other, once to make vertical dou-
ble rhombic loop (VDRL) and then as horizontal double rhombic loop (HDRL) as
displayed in the Figure 3.1. The VDRL are oriented in such a way to keep the period-
icity ratio in, Y-direction and X-direction, equal to 1:2. The rotation of VDRL by 90°
yields HDRL FSS. Both the horizontal and vertical unit elements based on rhombic
loops are developed on the affordable a FR-4 laminate and arrayed in a grid of square
grid. As shown in Figure 3.1, in one case, VDRL and HDRL unit cells are developed
over on opposite surfaces of the substrate to obtain BTB DRL while in another case,
they are subsequently merged on the one of the sides of FR-4 laminate to get MDRL.

The full wave simulations are performed as per the frequency domain solver that
is included with CST MWS. These simulations are carried out by applying boundary
conditions along the X- and Y-axes, respectively, and activating them. Figures 3.2

(a) and (b) show, as expected from a PD FSS response of wave propagation through
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Figure 3.1: (a) VDRL, (b) HDRL, (c) BTB DRL, (d) MDRL unit cells (a=7.5,
P=14.42, P, =7.21, P,=14.42, w=0.5, a,=6.71, a,=13.42, g,=0.5, g,=0.25, All values

are in mm)

Figure 3.2: EM simulation responses of DRL unit cells (a) Vertical, (b) Horizontal,
(c) BTB, and (d) Merged respectively

VDRL and HDRL unit cells after simulations respectively. VDRL FSS provides dis-
tinct responses for TM and TE incidences. For the VDRL, the null frequencies differ
from TM and TE incidences due to difference in lengths of both the diagonals of
rhombus. Linear reflection phase is observed in TE polarized incident waves while

non-linearity in reflection phase is seen in TM polarization. TM response to VDRL
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Table 3.1: Transmission responses of DRL FSSs

TE ™

fi J BW Jr fi Ja BW
f-(GHz)| (GHz) | (GHz) | (GHz) | (GHz) | (GHz) | (GHz) | (GHz)
VDRL 9.96 7.61 11.72 4.11 7.89 7.24 8.37 1.13
HDRL 7.89 7.24 8.37 1.13 9.96 7.61 11.72 4.11
BTB- 746 & 7.46 &
DRL 952 7.25 114 4.15 952 7.25 11.4 4.15

MDRL 8.20 5.6 10.4 4.8 8.20 2.6 10.4 4.8

Unit Cell

covers the whole X-band but TE do not. For HDRL, responses of VDRL get swapped
and responses to TE incidence cover the whole X-band.

Applying techniques introduced in chapter 2, both the VDRL and HDRL are
printed in BTB configuration utilizing opposite surfaces of FR-4 laminate. Figure
3.2 (c) shows that both-sides-printed FSS, i.e., BTB DRL demonstrates slight non-
linearity in reflection phase inspite of exhibiting X-band rejection with PI to normally
incident EM waves. As displayed in Figure 3.2 (c), the reflections are degraded or
the return loss from the surface is lowered if there is any non-linearity lying inside
the reflection band. Bringing the VDRL and HDRL together on any one side of the
dielectric laminate results in the MDRL FSS, as shown in Figure 3.1, which minimizes
phase non-linearities in the reflection observed with BTB DRL. Moreover, MDRL is
an AMC as it demonstrates in-phase reflection at 8 GHz. Table 3.1 summarizes the
results of the transmission characteristics of VDRL, HDRL, BTB DRL, and MDRL
F'SSs for comparison.

In Table 3.1, “f,” is the band reject frequency and BW is the difference of higher
corner frequency, ‘f;,’ and lower corner frequency, ¢ f;” where the transmission loss is
more than 10 dB. Also, BTBDRL unit cell shows similar wider stopband features with
44.50% fractional BW for both TE and TM incidences while MDRL FSS exhibits a
wider stopband around 8.20 GHz.

3.2.1 Parametric analysis of DRL FSSs

To gain additional insight into how loop line width (w), periodicity (p), and unit cell
aspect ratio (A/R) of rhombic loop unit cell influence the transmission response of
X-band FSSs, a parametric analysis of the BTB DRL and MDRL FSS is carried out.
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Figure 3.3: Loop line width variation on BTB DRL FSS (a) |S91| and |Si1] (b)
Reflection phase (TE), (c) |S21| and |S11] (d) Reflection phase (TM)

Figure 3.4: Loop line width variations on MDRL FSS: (a) |S2;| and [S11| (b) Re-
flection phase (TE), (¢) |S21| and |S11| (d) Reflection phase(TM)

3.2.1.1 Effect of loop width

To understand the influence of loop line width of DRL, the line width is changed from

0.3 mm to 0.6 mm in steps of 0.1 mm. Figure 3.3 demonstrates the simulated response
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of BTB DRL for loop width variation. As the width increases, the simulations indicate
that f,. move to higher values. In addition, the 10 dB bandwidth of stopband increases
marginally with change in loop line width. With increasing loop line width, the non-
linearity of the reflection phase shifts marginally towards higher frequencies. Figure
3.4 demonstrates transmission response of MDRL FSS. Due to the the effect of loop
line width variations. Simulations show that as loop line width broadens, f,. move to
higher values again similar to case of BTB DRL. Although the reflection phase for

MDRL remains linear regardless of loop line width expansion.

3.2.1.2 Effect of unit cell periodicity

Figure 3.5: Periodicity variations on BTB DRL FSS: (a) |S2;| and |S11] (b) Reflection
phase (TE), (c¢) |S91| and |S11| (d) Reflection phase (TM)

Figures 3.5 and 3.6 demonstrate, the impact of periodicity on the transmission
properties of BTB DRL and MDRL FSSs respectively. The periodicity varies between
14.17 and 15.17 mm at intervals of 0.25 mm, moving from 14.17 to 15.17 mm. When
the periodicity of the BTB DRL FSS grows, illustrated in Figure 3.5, there is a
little drift towards higher frequencies in the stopband frequencies. The non-linearities
seen in reflection phase move slightly to higher values with increase in BTB DRL
FSS periodicity. The stopband frequency of the MDRL FSS is not susceptible to
periodicity as the BTB DRL FSS is, and it tend to move a little to lower frequency as
the periodicity of unit elements increases. As can be seen in Figure 3.6, the linearity is

preserved in the MDRL reflection phase when periodicity of unit structures increases.
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Figure 3.6: Periodicity variation on MDRL FSS: (a) [S2;| and |S11] (b) Reflection
phase (TE), (c¢) |S91| and |S11]| (d) Reflection phase (TM)

Figure 3.7: Aspect Ratio (A/R) variation on BTB DRL and MDRL unit cells: (a)
|So1] and |S11| (b) Reflection phase (TE), (¢) |S21| and |S11] (d) Reflection phase (TM)

3.2.1.3 Effect of periodicity aspect ratio (A/R)

Magnitude of |Sy;| and |Sy;| with phase of £S; of FSS based on PI (BTB DRL and

MDRL) unit structures are shown together in Figure 3.7 to understand the impact
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of aspect ratio (A/R) of unit cells. Here, A/R eventually represents the ratio of
periodicity decided in the vertical (Y) and horizontal (X) directions. When value
A /R is reduced from 2 to 1, the unit structure changes its shape to tilted square loop
(TSL). Consequently, the BTB DRL unit cell gets transformed to BTB TSL unit cell,
and the MDRL unit cell appears to become a MTSL unit cell.

The simulations suggest that BTB TSL FSS, has a broader stopband when A /R=1
than A/R=2. But BTB DRL FSS provide better signal rejection compared to BTB
TSL. In addition, both FSSs irrespective of their A/R values, exhibit nonlinear phase
reflection properties. In contrast, MDRL with A/R=2, exhibits stopband and reflec-
tion phase linearity across the entire X-band as well as a superior rejection magnitude
than MDRL with A/R=1.

3.2.1.4 DRL FSSs under oblique incidences

Both FSSs, i.e., BTB DRL and MDRL are explored further under inclined TM and TE
incidences at incident angles, varying in range of 0°< 6 < 45°. Figure 3.8 and Figure
3.9 each illustrate the magnitudes of |Sy|, |S11], and the reflection phase diagrams
for an increment of 15° in ‘0’ to ensure clarity in response chart for the both types of
F'SSs.

With increase in 6, the signal blocking efficacy of BTB DRL begins to deteriorate

Figure 3.8: Transmission and reflection response of BTBDRL FSS under obliquely
incident waves
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Figure 3.9: Transmission and reflection response of MDRL FSS under obliquely
incident waves

at both lower and higher null around 8 and 9.5 GHz for both TE and TM incidences,
respectively. The transmission coefficient ’|Sy|’, stays below 10 dB till =30° for TE
and till 6=45° for TM incident EM waves. BTB DRL FSS offers a steady transmission
response of up to 30° for TE and up to 45° for TM incidences. At the expense of
signal rejection capability, the lossy behaviour of dielectric material may enhance the
angular stability of BTB DRL FSS beyond 30° for TE waves. Moreover, the non-
linearities still exist in the phase of reflection from BTB DRL FSS for TE and TM
oblique incidences. Generally, MDRL FSS demonstrates a steady response only for
oblique TM waves up to 45°.

Thus, BTB DRL FSS being angular stable till 45° appears to be a PI surface with
almost X-band rejection capability while MDRL exhibits linearity in reflection phase
with X-band rejection at normal incidence. With change in #, MDRL response in TE
deviates from that of TM, hence, PI is lost with AS.

3.2.2 ECM of DRL FSSs

The ECM of proposed DRL based FSS is suggested and discussed here. The ECM of
BTB DRL and MDRL FSS is shown in Figure 3.10 (a) and (b) respectively. Layer
#1 as indicated for first block of components represents ECM for VDRL while Layer
#2 represents ECM for HDRL FSS. The way in which Layer #1 and Layer #2 are
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Figure 3.10: ECM for proposed FSSs under normal incidence:(a) BTB DRL, (b)
MDRL and (¢) ECM of component values

cascaded in ECM is chosen in similar fashion to the way BTB DRL and MDRL unit
structures are physically developed. In ECM of BTB DRL, the substrate is loaded
with Layer #1 and Layer #2 on both sides while in MDRL, the substrate is loaded
at either side of Layer #1 or Layer #2. Circuit model in Layer #1 comprises of
pair of inductors and resistors (L1, R;) indicating the presence of a pair of rhombic
loop, separated by capacitor (C;) corresponding to gap between DRLs. Additional
capacitance (Cg) represents the capacitance developed due to unit cell array.

The substrate layer is modelled according to [102] with resistance (Rg) and in-
ductor (Lg’) in series to account for dielectric losses offered by substrate. Layer#2
comprises of two inductors (L) and two resistors (Rs) connected to a capacitor (Cy)
on similar lines, but with a different topology than layer #1 alongwith capacitor
(Cg). The optimized values of all lumped components used in ECM to achieve simi-
lar propagation characteristics of F'SS as observed during simulations are summarised
in 3.10(c).

The impedances Zy;, Zn, Zy, 21, 4y, Zic, Ly, Zy and Zyy in ECM for BTB DRL
are marked in Figure 3.10 (a) while the impedances Zy;, Zn, Zp, Z;, Z; and Zy for
MDRL are marked in Figure 3.10(b). Impedances and their expressions are derived
by simplifying the circuit using delta-to-star conversion. Thus, both the circuits are
transformed to star-networks. The Z- and S-parameters are then derived using the
expressions outlined in the reference [103]. Expressions for Z- and S- parameters are
summarized in Table 3.2 where Z1= R+ X1, Zo= Ro+ X192, Zs=Rs+X |5, ZCS:XLCS
and ZG:XLCG respectively.

Transmission reponses as evaluated from ECM analysis of BTB DRL and MDRL
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Figure 3.11: Transmission and reflection responses of (a) BTB DRL FSS, and (b)
MDRL FSSs obtained through EM and CM simulations respectively

are compared with responses observed during full wave simulations done on CST
microwave studio. Comparisons as shown in Figure 3.11 (a) and (b), suggest that

response of ECM is consistent with response of EM simulations of FSSs.

Table 3.2: Z- and S- parameters expressions used in ECM for BTB DRL and MDRL
FSSs

Parameter = BTB DRL FSS MDRL FSS
(Z11—26)(Za2+Zo)—Z12Z21
o Y2
S 2
AZ (Zn1+ Z,) (Zag + Zy) — Z12Zn
AR ZM+Z]ZU+ZW ZM+Z[ZJ
Lo = Zon Zw Zy
L2 Zy + Zy I+ s+ Zp
A (Zn+Zc1)(Zp+Z3) (Zn+Zg)(Zp+ZB)
1 INtZpt+ZctZstZcs InNtZpt+ZctZa+Zs
7 (Zn+Zc1)(Zes) (Zn+Zc)(Z4a)
J ZN+ZptZc+Zs+Zcs Zn+ZptZctZatis
7 (Zp+Zs)(Zcs) (Zp+ZB)(Za)
K IN+Zpt+Zgt+Zst+Zcs IN+Zpt+ZatZa+Zp
7 _Zrt+2p)Zs _
U Zr+Zp+2Zs+2Zc
7 _(ZrtZp)Zcn _
v Zr+Zp+Zs+Zc
CcCl14G —
Zw Zr+Zp+Zs+2a sy
_ ZgZcs
ZA Za+Zcs
7 Zo(Za+Zc2)
B QZZz-EZcz
— 14C1
Zv = Zp 2Z1+Zc1
7 4
N 2721+ Zc1
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Figure 3.12: Measurement Setup for BTB DRL FSS and MDRL FSS (inset)

3.3 Fabrication of DRL FSSs and their experimen-
tal validation

The rhombic loop based FSSs have been developed using conventional printed circuit
board (PCB) methodologies, and measurements have been performed by locating
the FUT between a setup of two horn (WR-90) antennas radiating in X-band, as
illustrated in Figure 3.12. Both horn antennas are positioned at fraunhofer far-field
distance between them. The FUT is positioned on a mount with rotatory mechanism,
and experiments are conducted.

The transmission response is measured through connecting VNA calibrated to
record measurements using coaxial cables to horn antennas radiating in X-band. To
record the transmission response, the FSS under test is then installed on a rotating
mount in the X-Y plane between two horn antennas. As suggested in the reference [25],
the FSS transmission response has been measured after well caliberating the VNA
used to record measurements. Consequently, both the BTB DRL and MDRL FSSs
for inclined as well as normal TE and TM incidences are measured.

F'SSs are rotated along the Y-axis (vertical axis) from 0° to 45° after being in-
stalled on a rotating mount in X-Y plane. The magnitude of transmission coefficients
(TE mode) captured and recorded for angular step of 5° along Y-axis. Rest of the
methodology follows the procedure employed during measurements at normal inci-
dence. Further, FSSs are rotated in X-Y plane by 90° which means measurements
for TM incidences can be procured. Again FSS is rotated from 0° to 45° in Y-axis
but the pattern appears to be orthogonal to previous measurements. Thus, effectively

it is rotated in X-plane relative to the first step of measurements. For the purpose
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of picture clarity, measurements displayed for BTB DRL and MDRL are 15° apart

instead of 5° as applied during real measurements.

Figure 3.13: Simulated and measured [Sy;| dB of BTB DRL and MDRL FSSs,
under oblique and normal incidences for TE (a,c), for TM (b,d)

3.3.1 Measurement results and comparison

Measured and simulated responses of BTB and MDRL FSSs under both oblique and
normal incidences are shown in Figure 3.13 for the purpose of comparison. Here ‘¢’
is represented as the angle between the wave vector ‘6’ and normal. Standard horn
antennas, radiating in X-band (WR~90) have lower and higher cut-off frequencies used
in the measurements of DRL FSSs. As a consequence, the effective length of the loop
for incident polarized wave appears to be increased due to merged structure of MDRL
FSS, thus, the lower edge frequency moves towards lower values. As a consequence,
the reduced BWs are recorded in TE and TM measurements of MDRL FSS. Thus,
the lower edge frequency moves towards lower values.

Although the transmission loss appears to be different for TE and TM incidences
within the operating band of BTB DRL FSS, the incident waves are rejected likewise.
The BTB DRL FSS, thus, effectively functions as a PI FSS surface. On the other
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Figure 3.14: Variation |Sy;| dB with ‘0" at four frequencies from rejection band of
BTB DRL FSSs (a) TE (b) TM oblique incidences; of MDRL FSS (e) TE (f) TM
oblique incidences. Frequency *f,’ shift at distinct transmittance values (dB) for BTB

DRL FSS (¢) TE (d) TM oblique incidences; for MDRL FSS (g) TE (h) TM oblique
incidences

hand, MDRL FSS can reduce the non-linearity in reflection phase of BTB DRL at the
expense of PI behaviour. MDRL do not exhibits PI response especially for oblique
TE incidences. The differences observed among simulated and measured |Ss;| values
under oblique and normal incidences is likely due to difference in properties of practical
materials and development practices.

The behaviour of both FSSs towards wave propagation when TE/TM incidences
are oblique is expounded further. Figures 3.14 (a) and (b) depict the change in
TE/TM mode transmission coefficients of BTB DRL FSS under oblique incidences
at four frequencies (7.5, 8.5, 9.5 and 10.5 GHz) located within its stopband. Figures
3.14 (c) and (d) display the frequency variations for TE and TM mode over inclined
EM incidences at constant values of transmission coefficients at -12, -15, -18, and -21
dB. The magnitude of the transmission coefficient is observed to stay under -10 dB
at 7.5, 8.5, 9.5, and 10.5 GHz for oblique TE and TM incident waves upto 45°. In
addition, the the change in frequency in TE and TM mode with respect to incidence
angles is less than 1 GHz. Maximum frequency deviation (TE mode) of 725 MHz is
observed at -18 dB signal attenuation. Here, the feature of polarization-independence
observed for BTB DRL FSS is determined by its wide stopband, which stay below
-10 dB under TE and TM oblique incidences. The potential of BTB DRL FSS to
filter incident EM energy is unaffected by change in the incidence angle of EM waves.
Evidently, the fabricated BTB DRL FSS shows a capability of EM wave rejection by
minimum 11 dB to a maximum of 34.8 dB, over the stopband of 4.3 GHz within a
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Table 3.3: Proposed DRL based FSSs compared with reported X-band FSSs

Ref. Substrate Unit FSS  -10dB Reflection PI AS Application
cell di- Type  Stop- Phase
men- band
sions (GHz)
(mm?)
[104] FR4 7.6x  Single  8.4- Not No Yes  Bandstop
7.6 layer, 124,  Avail- (60°)  filter
x1.6 Dou- 12.4- able
ble 15.8
sided
[105] Arlon  7.7x Dual  7.94-  Non- Yes Yes X-
DI80 7.7 layer,  11.53  Linear (60°)  band
x0.76  Single appli-
sided ca-
tions
[106] FR4 7.5x  Triple 8-12.5  Not Yes Yes X-
7.5 Layer Avail- (45°)  band
X 5.2 able appli-
cation
[61] RT 14.5x  Single 8.15- Linear  Yes Yes  Antenna
Duroid 14.5  layer, 13.2 (40°) gain
5880  x0.254  Dou- en-
LZ ble hance-
sided ment
[62] FR4  7.25x  Single  Not  Linear  Not Not  Antenna
7.25 layer  Avail- Avail-  Avail-  gain
x2.4 and able able able en-
Grounded hance-
ment
gfﬁBp'DFSE FR4 14.42x Single 738 Non-  Yes  Yes  WB
14.42  layer, 11.7  Linear (45°)  AS re-
x1.57  Dou- flector
ble
sided
Pr&%;ﬁs FR4 14.42x Single 6.71- Linear No  No  WB
14.42  layer,  10.43 FSR
x1.57  Single
sided

range of 7.38 GHz to 11.7 GHz.
Similarly, Figure 3.14 (e-h) demonstrates the variation in transmission coefficients
and frequencies for inclined TE and TM waves for MDRL FSS. MDRL FSS is observed

to lose its stability when exposed to TE waves incident at an angle. However, it retains
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the bandstop behaviour for incident TE and TM waves up to an angle of 10°.

The proposed rhombic loop based FSSs are compared to other X-band FSSs re-
ported in recent published work in Table 3.3. The comparison suggests that polarization-
independent BTB DRL FSS offers wideband rejection, and that its rejection capability
is unaffected by the incidence angle of incident EM waves, making it angularly stable.
While polarisation dependent MDRL has a linear reflection phase within a slightly
narrower rejection band than BTB DRL FSS, its rejection band is slightly narrower.
In addition to being inexpensive and simple to develop, the merit of the proposed
FSSs lies in fact that only an array of RLs is employed to get a wider stopband with
PI in the BTB DRL FSS while reflection phase linearity in the MDRL FSS.

The following section presents the enhancement of boresight gain enhancement of
a microstrip fed X-band antenna with triangular slot by integrating DRL based FSSs
as described earlier in this chapter. The triangular slot antenna is backed by both
BTB DRL and MDRL FSSs in two different assemblies. Also, the slot antenna is
back by a cascaded DRL (CDRL) based FSS reflector formed when two single side
printed orthogonal layers of dual rhombic loops (DRLs) are stacked together.

3.4 DRL FSS integrated with triangular X-band
slot antenna

The boresight gain of a microstrip fed triangular slot antenna operating in X-band
frequency range is enhanced using FSSs and the technique is presented in this section.
The triangular slot antenna when backed by three distinct configurations of DRL
based F'SSs exhibit better antenna performance as studied through simulations. Two
single side printed orthogonal layers of arrays of RLs kept in pair are stacked together
to form the reflective surface. Antenna backed by CDRL layers exhibit wide stopbands
but with high reflection phase non-linearities even for normally incident orthogonally
polarized EM waves. The reflection phase non-linearities are suppressed when both
layers are printed on opposite sides of the dielectric substrate. The non-linearities are
completely eliminated when both the layers are merged and printed on one of the sides
of the dielectric substrate to get MDRL based FSS. For measurements, the triangular
slot antenna and MDRL FSSs are developed and integrated to perform experiments.
The triangular slot antenna prototype exhibits an impedance bandwidth of 650 MHz
from 7.96-8.61 GHz and a maximum gain of 8.5 dB in antenna boresight including
4.5 dB enhancement due to frequency selective reflectors. Finally, the measurement
results observed during experiments are found to be in almost agreement to results

observed during simulation studies and also, are compared to be on a par with other
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antennas recently reported in published work.

3.4.1 Triangular slot antenna (8.2 GHz) design

The antenna with triangular slot is designed on an affordable substrate (FR-4) as
shown in Figure 3.15. An equilateral triangular slot is etched from 30x 30 mm? ground
plane supported by a substrate with thickness of 1.57 mm. The slot is excited by a
center fed 50 2 microstrip line developed on opposite side of slot on the substrate.

The design features of equilateral triangle slot antenna are mentioned in Table 3.4.

Figure 3.15: Geometry of triangular slot antenna

Table 3.4: Features of equilateral triangular slot antenna

Parameter | ws | 1, |wy | If
Value(mm) | 30 | 11.9 | 3 | 13.7

The triangular slot antenna is designed for ITU 8.2 GHz frequency band [107],
[108]. The dimension of equilateral triangular slot is chosen as per the closed form
expressions suggested for triangular slot antenna [109] but with modification in the
effective length to make the slot equilateral. The resonance frequency of triangular
is tailored when the length of triangular slot is varied. The effect of side ‘l,” on
resonant frequency of triangular slot antenna is presented in Figure 3.16 (a). It can
be observed that the resonance frequency drifts towards lower frequency as the length
‘l,) of triangular slot is increased and vice-versa. Therefore, the side of triangular
slot antenna is chosen 11.9 mm for the desired frequency of operation. The reflection
coefficient curve of designed antenna is shown in Figure 3.16. The antenna impedance
band ranges from 7.81 GHz to 8.61 GHz which covers the ITU 8.2 GHz frequency
band [110], [107]. The boresight gain at resonant frequency is 2.73 dB while the
peak boresight gain is 2.85 dB observed at 8.4 GHz. Figure 3.16 (b) shows boresight
gain, reflection coefficient (in dB) and the surface current density (SCD) for the slot
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antenna with microstrip feed at 8.2 GHz on the antenna in inset. It is observed that
the SCD is high at the lower edges of triangular slot and at microstrip feed which

suggests the radiation from the slot.

Figure 3.16: Reflection coefficient, boresight gain and surface current distribution
on triangular slot antenna

3.4.2 DRL based X-band reflectors

An arbitrary frequency selective reflector (FSR) composed of mxn unit elements and
a planar antenna with aperture dimensions W, x L, are depicted in Figure 3.17 (a)
and (b) respectively. Thus, the following condition must be fulfilled in order to obtain

antenna gain enhancement:

Figure 3.17: Illustration of (a) an arbitrary FSS reflector with mxn unit cells, (b)
a planar source antenna
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m.P, > W, (3.4.1)

and

n.P,> L, (3.4.2)

Where P, = a, + g, and P, = a, + g,.

To study the impact of reflecting F'SSs on the triangular slot antenna, three distinct
configurations of FSSs reflectors are used. The unit cells of DRL based FSS as earlier
shown in Figure 3.1 are repeatedly shown in Figure 3.18 to highlight features of RLs..
The proposed FSSs are composed of orthogonally oriented two metallic layers of RLs
kept in pair on FR4 substrate as shown with dimensions (in mm) in Figure 3.18(a)
and (b). These arrays are stacked together to form CDRL FSS as shown in Figure
3.18(c). Rest two configurations of FSS reflectors as discussed in earlier sections, i.e.,
BTB DRL and MDRL have also been shown in Figure 3.18 (d) and (e) respectively.

These RL based unit elements are simulated employing full wave EM solver avail-
able with CST MWS after applying boundary conditions periodically along edges of
the substrate and Floquet ports for excitation along Z-direction. The magnitudes of
transmission coefficients (in dB), and reflection coefficients (in dB) along with reflec-

tion phase diagrams of proposed FSSs are revealed in Figure 3.19.

Figure 3.18: RL unit cells (a) VDRL, (b) HDRL, (¢) CDRL, (d) BTB DRL and (e)
MDRL (all dimensions are in mm.)
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Figure 3.19: Simulated propagation characteristics of FSS unit cells under TE in-
cidence for : (a) CDRL FSS, (b) BTB DRL FSS ,(c) MDRL FSS, and under TM
incidence for : (d) CDRL FSS, (e) BTB DRL FSS and (f) MDRL FSS

From comparison of simulation responses , it can be observed that CDRL FSS
exhibits dissimilar propagation characteristics for TE and TM incidences while BTB
DRL and MDRL FSS exhibits similar behaviour for TE and TM incidences. Compar-
ing the reflection phases of these F'SSs, it is found that the non-linearities in reflection
phases of CDRL are very high while the non-linearities are moderately suppressed in
BTB DRL FSS. These non-linearities in reflection phases appear due to dielectric sub-
strate available between layer #1 and layer #2. Linear reflection phase is observed on
printing both layer #1 and #2 on one of the sides substrate. Mostly, non-linearities
reflection phase is observed at lower edge frequencies. To study the effect of non-linear
phase response, the width ‘w’ of RL is varied and the value of ‘w’ which provided
non-linear response within operating band of slot antenna is chosen during simulation.
Therefore, reflection phase responses are displayed in Figure 3.19 for distinct values
of ‘w’.The stopbands and reflection phases of DRL based FSSs for normally incident

TE and TM waves striking normally are summarized for comparison in Table 3.5.

Table 3.5: Transmission characteristics derived from simulations of proposed DRL
based FSSs under normal incidence

Unit Coll Stopband(TE), Stopband(TM), Reflection Phase for TE
it e GHz GHz and TM incidence
CDRL | 5.7-9.9 &10.4-11.3 6.9-10.5 Distinct and highly

non-linear

BTB DRL 7.25-11.4 7.25-11.4 Distinct and moderately

non-linear
MDRL 5.6-10.4 5.6-10.4 Similar and linear
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Although CDRL and MDRL bandwidths are larger than shown here as they are
limited to 6.6 GHz at lower edge due to WR-90 horn antennas employed for the

practical measurements.

Figure 3.20: Isometric and side views of triangular slot antenna backed by (a) and
(b) CDRL FSS, (c¢) and (d) BTB DRL, and (e) and (f) MDRL FSS respectively

3.4.3 Triangular slot antenna backed by FSRs

The slot antenna is further, integrated with 3x3 array of CDRL, BTB DRL and
MDRL FSSs separately to study the impact of these FSSs on the triangular slot
antenna. These FSSs are placed behind the triangular slot antenna at a height ‘P’
as shown in Figure 3.20.

The initial separation, P, between antenna and TRL FSS is determined using
following expressions as suggested in the references [111], [112], [113], [114]. However,
the expression needs to be modified owing to the presence of dielectric material of the

antenna and the reflecting surface.

A A
Prep = 3 (0rss + danp) = N5, N =0,£1,42,43, - (3.4.3)

where

PZeff = Pz\/ Ee — SmQH (344)
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Here, ¢prgg is the reflection phase demonstrated by FSS which it found to be 0°
at 8 GHz and ¢gyp = 7 for slot antenna. The effective relative permittivity, e,
is approximated by averaging the relative permittivity of air and that of dielectric

substrate, .. Under normal incidence, § = 0° and setting N=0 for the fu)r\ldameri\tal
0 0

4/, 64
Further, the parametric analysis of separation between antenna and the FSSs is

performed using CST MWS while placing these FSSs at distinct heights of X\y/8,

Xo/6, N\o/4 and A\g/2 from triangular slot antenna where free space wavelength,*\y’ is

mode, For FR4, the height between antenna and F'SS becomes Pz.¢r ~

calculated at 8.2 GHz. The reflection coefficients and gains in boresight are obtained

through simulations and compared in Figure 3.21.

Figure 3.21: Comparison of reflection coefficients and gain in boresight direction of
triangular slot antenna when backed by (a) CDRL, (b) BTB DRL, and (¢) MDRL
FSSs, at distinct heights

The antenna resonance frequency shifts towards lower frequencies when CDRL,
BTB DRL and MDRL FSSs are placed at height of A\g/2. Also, gain in boresight is
suppressed. It is also observed that the gain enhancement is minimum when backed
by CDRL and maximum when backed by MDRL FSSs.

For distinct heights of A\g/8, Ag/6 and A\¢/4, the slot antenna’s impedance band-
width remains almost same for all the configurations. Since, there is minimum drift
in antenna resonance frequency and a better impedance matching is observed when
height of FSSs is A\¢/6 from slot antenna. Therefore, \y/6 is chosen to be an optimum
height which comes out to be is 6 mm at 8.2 GHz. The comparison of reflection
coefficients and gains of slot antenna integrated with DRL based FSSs at an optimum
height of 6mm are compared as depicted in Figure 3.22 and also summarized in Table
3.6.

Impedance matching improves when triangular slot antenna is united with by
MDRL FSS. CDRL FSS suppresses the gain of the antenna at boresight especially
at lower and upper edge frequencies of impedance band of the antenna. BTB DRL
F'SS also suppresses the antenna boresight gain in antenna impedance band. During

preliminary simulations, non-linear reflections at lower frequency range are observed
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Figure 3.22: |S);| and boresight gains of triangular slot antenna compared with
antenna backed by CDRL. BTB DRL and MDRL FSS

Table 3.6: Performance of antenna backed by FSS reflectors

10dB Avg.
Antenna Type f-(GHz) Sip (dB) Impedance | Max.boresight boresight
Band (GHz) Gain (dB) gain (dB)
Antena 8.2 -35.19 7.81-8.61 2.85 2.46
Antenna+CDRL 8.19 -30.7 7.94-8.48 7.96 6.6
Antenna+ BTB
DRL 8.32 -24.25 7.85-8.67 7.59 6.46
Antenna
+MDRL 8.3 -35.82 8.0-8.67 7.91 7.12

in reflection phase of CDRL FSS outside the antenna impedance band.

Further, the effect of aperture size of antenna is investigated. Since, the geometry
of aperture is an equilateral triangle, therefore, aperture size depends on the edge
length of triangular slot antenna. A performance comparison of effect of edge of
triangular slot antenna loaded by MDRL as a reflector is depicted in Figure 3.23 and
also summarized in Table 3.7.

Table 3.7: Comparison of slot antenna with distinct aperture size loaded by MDRL
FSS

lo(mm) | f,(GHz) | Peak Boresight Gain(dB)
11.5 8.48 7.72
11.7 8.39 7.81
11.9 8.30 791
12.1 8.21 7.98
12.3 8.12 8.06

It is found that, as the edge of triangular slot increase, the antenna resonance
frequency drifts towards lower values while peak gain in boresight direction increases.

This confirms that MDRL FSS produces gain enhancement over wide frequency range.
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Figure 3.23: Effect of aperture size on |S;;| dB and boresight gain of triangular slot
antenna united with MDRL reflector

To observe the effect of non-linear phase response on antenna gain, the reflection
phase characteristic is shifted to higher frequency by increasing the loop line width
inwards as mentioned in section 3.2.1.1 while keeping inter RL spacing constant. The
CDRL FSS with RL width of 1.1 mm exhibits the non-linear reflection phase around
the resonance frequency of triangular slot antenna. The modified CDRL FSS is again
integrated with triangular slot antenna to observe variations in antenna gain due to
reflection phase non-linearity.

From Figure 3.24, it is observed that CDRL FSS with thicker loop width of 1.1 mm
deteriorates the antenna performance as the gain in boresight direction is suppressed
and impedance matching also becomes poor. The reflection coefficient, |S1;| decreases
due to CDRL (w=1.1mm) when observed at antenna feed. Boresight gain between
7-8 GHz deteriorates which again indicates poor impedance matching. Reflection
from F'SS should not be transferred to feed instead it should increase the gain after
constructive interference. So, the reflection coefficient , ‘|S1;| dB’ of antenna should
not change.

Figure 3.25 illustrates the surface current distribution on triangular slot antenna
and on the surface of CDRL, BTB DRL and MDRL FSS at different resonance fre-
quencies as observed after integration of antenna and FSS. The SCDs suggests that
CDRL FSS is not uniformly illuminated by EM waves radiated from slot antenna.
Also, the intensity of current density is not very high on its surface. A similar sce-
nario with non-uniform SCD on BTB DRL is also observed. MDRL FSS, on the other
hand is illuminated uniformly as the SCD intensity over slot antenna and MDRL FSS

follows uniform current distribution on their respective surfaces. Thus, MDRL ap-
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Figure 3.24: Effect of non-linear reflection phase of CDRL on slot antenna reflection
coefficient and gain

Figure 3.25: Simulated surface current distribution on triangular slot antenna
backed by (a) CDRL FSS at 8.2 GHz, (b) BTB DRL FSS at 8.32 GHz and (c)
MDRL FSS at 8.3 GHz

pears as a superior reflector compared to CDRL and BTB DRL FSSs.

After simulation studies, it is concluded that MDRL FSS backed slot antenna
appeared to be optimum structure providing better performance. Thus, antenna and
F'SS are developed for validation of F'SS backed slot antenna as discussed in the section

ahead.

3.4.4 Integrated antenna fabrication and measurements

The triangular slot antenna and 3x3 array of MDRL FSS are fabricated using conven-

tional PCB technology for experimental validation. The triangular slot and MDRL
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reflector are assembled together with four plastic spacers by maintaining the required
separation of 6 mm between antenna and FSS as maintained in [62]. The fabricated
antenna and MDRL FSS are integrated together as a single unit are presented in
Figure 3.26.

Figure 3.26: Fabricated MDRL backed triangular slot antenna prototype (a) 3D
view #1, (b) 3D view #2

The S-parameter of the antenna is measured by calibrated vector network analyzer
(VNA) (Keysight N9928A). The measured and simulated reflection coefficients and
gain in boresight direction of triangular slot antenna are compared and depicted in
Figure 3.27. Inset in Figure 3.27 show the enhancement of 4.5 dB achieved in antenna

gain when MDRL array is employed beneath the slot antenna as a reflector.

Figure 3.27: Comparison between measured and simulated |S;;| dB and boresight
gain of antenna alone and integrated with MDRL FSS

The measured impedance band (S1; <-10 dB) of antenna is 9.64% from 7.79 GHz
to 8.61 GHz and the simulated impedance band is 9.74% from 7.81 GHz to 8.61 GHz.
Also, the measured impedance band for slot antenna with MDRL FSS is 7.84% from
7.96 GHz to 8.6 GHz while the simulated band is 10% from 8.00 GHz to 8.67 GHz.
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The plot in Figure 3.27 shows that triangular slot antenna exhibits an in-band gain
of 3.65 dB on an average while the average in band gain for antenna integrated with
MDRL FSS rises to 8.15 dB. Thus, a 4.5 dB gain enhancement is achieved in antenna
boresight.

The antenna gain along with the radiation pattern are measured using standard
horn antenna method. In this method, a standard X-band horn antenna is fed through
RF generator and the triangular slot antenna is matched with the power meter. Both
the horn antenna and triangular antenna are housed in an anechoic chamber. The
triangular antenna is rotated at an angular step of 10° and the readings of power meter
are recorded. The values for normalized radiation pattern of the antenna are thus
obtained using Friss equation. Similarly, the radiation pattern of antenna integrated
with F'SS was plotted. The normalized radiation pattern in two principal (XZ and
YZ) planes are plotted for both the cases i.e., for the slot antenna and antenna united
with MDRL FSS in Figure 3.28.

Figure 3.28: Radiation pattern measurements of (a) triangular slot antenna, and
(b) triangular slot antenna backed by MDRL FSS

The triangular slot antenna radiates bidirectionally with 12.79 dB of peak cross-
polar level where peak cross polar level is the difference of co-polar gain in boresight
direction and peak cross-polar gain. The MDRL FSS reflects the power radiated by
the slot antenna. Therefore, back lobe in 180° is suppressed by 10.43 dB in XZ -
Plane and 9.06 dB in YZ plane. The side lobes appeared after suppression of back
radiation. Figure 3.28 (a) and (b) when compared concludes that the reflector has
suppressed the side lobes by ~10 dB, if any. From the plotted radiation pattern and
their comparison, it can be concluded that the antenna when integrated with MDRL

FSS becomes directional.
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The proposed slot antenna is compared with antennas with existing literature is

highlighted based on techniques employed to improve the gain of antennas in Table

3.8.

Table 3.8: Comparison of almost identical antennas reported in existing literature

Antenna -10dB Max. Gain Gain Gain
Ref. Dimension (mm?) Impedance (Boresight) | Enhancement Enhancement
Band (in GHz) & Technique
[115] 60x60x 11 5.08-5.51 10.6 Not FPC+EBG
Mentioned
(18] 67.2x67.2x15.8 9.42-11.35 12 4.9 Superstrate
[116] 60x60x16.1 9.1-10.9 11.4 6.6 Superstrate
[117] 32x26x11.2 8-12 7.8 2.5 FSS Reflector
[118] 23.3x11.8%3 5.01-7.35 6.85 4.09 AMC
Reflector
[61] 58 % 58x9.05 7.5-13 7.8 3.3 FSS Reflector
[This
Work] | 42.25x42.25%9.07 7.96-8.61 8.5 4.5 FSS Reflector

From the comparison, it is found that the antenna gain enhancement observed in
the experiment is comparable to other techniques employed in the reported literature.
A tradeoff between the dimensions of the integrated structure, band of operation and
achieved antenna gain is required and a need for compromise do not disappear Here,
the antenna is backed by an economical reflector utilizing a simpler technique to

obtain linear reflection phase and thus, antenna gain enhancement.

3.5 Conclusion

RL based FSSs with wide stopbands are fabricated and experimentally validated in
this work. FSSs are developed using two layers of PD orthogonally oriented pair of
RLs. BTB DRL FSS with wide bandstop is developed by printing two orthogonal
layers BTB on opposite sides of dielectric substrate. The non-linearity in reflection
phase can be compensated by merging both orthogonal pairs on the one of the sides
of substrate. Measurements reflect that BTB DRL exhibits a stopband of 4.3 GHz
with one transmission null at 7.9 GHz and other at 10 GHz while MDRL FSS realized
after merging both orthogonal layers on one side provides wide stopband of 3.7 GHz
centered at 8.3 GHz with a much better rejection ability. The experiment results are
in a good agreement to observations in simulations in transmission response. Later,
a directional triangular slot antenna employing X-band reflecting surface towards
enhanced boresight gain is developed and experimentally validated. Two orthogonal
layers composed of arrays of RLs kept in pair are stacked together first forming CDRL
FSS and then printed on opposite planes of FR-4 laminate as in BTB DRL FSS.
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The non-linearities of any sort in reflection phase is eliminated when both layers
are printed on one of the sides of FR-4 substrate as in MDRL FSS. MDRL FSS
demonstrate a linear reflection phase when compared with other proposed frequency
selective reflectors. For experiments, the proposed MDRL FSS is further integrated
with triangular slot antenna. The triangular slot antenna demonstrates an impedance
band of 7.79 GHz - 8.61 GHz (9.64%) and a boresight gain of 3.88 dB at 8.2 GHz. After
the antenna is integrated with the proposed MDRL FSS, it exhibits an impedance
band ranging from 7.96 GHz to 8.6 GHz with 8.38 dB boresight gain at 8.31 GHz. An
enhancement of 4.5 dB is achieved in boresight gain using frequency selective reflector

with linear reflection phase.
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Chapter 4

Rectangular loop based wideband

frequency selective reflectors

The technique of transforming PD to PI FSS unit structures have been exploited
to demonstrate DRL based FSS reflectors in X-band frequency range in chapter 3.
It has also been deduced that rectangular loop based FSSs offer stable and supe-
rior propagation characteristics relatively at lower frequencies when compared with
elliptical and rhombic loop based FSS structures. Therefore, this chapter describes
the design and performance assessment of rectangular loop pair (RLP) based FSS
wideband reflector (MRLP) and UWB reflector (MDRLP) respectively for under EM
incidence by employing similar techniques to transform PD FSS structures to PI
structures. The ECM of both reflectors have also been developed. Although UWB
reflector offers rejection of normally incident EM waves over UWB frequency range,
it exhibits non-AS and non-PI behaviour under oblique EM incidence. The efficacy
of UWB reflector towards compact antenna applications, a Norman window slot an-
tenna is then united with the UWB reflector. Moreover, tessellated rhombic loop
based PD reflector is also introduced in this chapter. The detailed assessment of TSL
based reflector is described in chapter 5. The TSL based WB reflector is also inte-
grated with a hexagonal UWB slot antenna. The hexagonal slot antenna is created
by slight modifications to Norman window slot and rest of antenna features remain
intact. Integrating hexagonal slot antenna with TSL reflector also provide antenna

gain enhancement in boresight direction.

4.1 Introduction

SL F'SSs have been extensively utilized in integration with low-profile antennas, serv-
ing as reflecting surfaces and superstrates, to achieve improved directivity and impedance
BW [99]. Recently, researchers have also focused on design of UWB FSS reflectors,
which are highly relevant for wireless applications as mentioned earlier. A research
study introduced a UWB stopband FSS with convoluted elements [119]. However,
this particular F'SS exhibited weak rejection of EM incidence around 8 GHz under
both TE and TM modes. Additionally, another study presented a UWB FSS that
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combined SL and cross unit elements [120]. The utilization of UWB reflectors holds
promise in improving the performance of compact UWB antennas. For instance, an SL
FSS, comprising vertical and horizontal gratings with different widths, demonstrated
distinct transmission responses under TE and TM incidences [46]. This FSS, being
an AMC, when applied beneath the direct fed hexagonal UWB antenna, enhanced
the antenna’s gain [46]. Similarly, another UWB FSS, consisting of three vertical
strips made of metal interconnected by a pair rectangles, has been employed to boost
the UWB antenna gain [121]. To ensure optimal performance as a reflector, an FSS
should maintain its band reject properties even under oblique incidences, with PI and

linearity in reflection phase being desirable traits.

4.2 Rectangular loop pair (RLP) FSS unit cell de-
sign

RLP based FSS unit cell structures are displayed in Figure 4.1. The unit elements
are patterned on 1.57 mm thick FR4 substrate. Earlier in chapter 2, the rectangular
loops PD and PI arrays have been discussed. The RLP based unit structures are
further modified by inserting an inner rectangular loop concentrically with the outer
rectangular loop. When such unit elements are oriented in a square lattice, they
create vertical rectangular loop pair (VRL) as shown in Figure 4.1 (a). On rotating
VRLP by 90°, the orthogonal PD array, i.e., horizontal rectangular loop pair (HRLP)

Figure 4.1: Unit elements of RLP FSS (a) VRLP, (b) HRLP, (¢) BTB RLP, (d)
MRLP (¢) VDRLP, (f) HDRLP, (g) BTB DRLP and (h) MDRLP
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Table 4.1: Design parameters of RLP FSS

Parameter | Value (mm) | Parameter | Value (mm)
d, 7.83 It 14.67
d, 15.67 2 8.72
L1 7.33 w 0.5
Lo 5.86 d 15.67

is constituted as appear in Figure 4.1 (b). Printing these orthogonal arrays once on
opposite sides and then on one side of the substrate, results BTB RLP and MRLP
unit structures as illustrated in Figure 4.1 (c¢) and (d). The dimensional features of
these F'SS unit structures are provided in Table 4.1.

Incorporating boundary conditions and Floquet ports as descried in earlier chap-
ters, the exhaustive simulations are performed using full wave EM solver available
with CST MWS. The propagation features of VRLP unit structure are displayed in
Figure 4.2 (a). VRLP FSS demonstrates the dual band characteristics with dissimilar
|S21], |S11] and £S7; when exposed to normally incident orthogonally polarized EM
waves. The dual band phenomena appears due to two concentric rectangular loops.
Thus, VRLP is PD by nature which demonstrates two transmission null frequencies
fz1 and f.o alongwith one transmission pole frequency f, located in between them.

A dual-stopband phenomena is observed owing to pair of two rectangular loops
present in the VRLP unit cell.

The lower resonance frequency, f,; of RLP based PD FSS for impinging EM
wave of specific polarized state is dependent on the larger dimension of the exterior
rectangular loop which is approximately Ag/4, where )g is the free space wavelength
at f.1. Therefore, A\g/4 can serve as the preliminary dimension prior to numerically
optimized performance. In addition, important geometric parameters for FSSs, such
as structural profile, width of loop, and periodicity can be altered to obtain a suitable
frequency operation [9], [122], [15], [123].

The frequencies, f,; and f,o are the nulls of the stopbands in Figure 4.2 (a), where
fz2 > f.1 and f, is the centre frequency of the passband. As shown in Figure 4.2 (a),
frequencies f;; and fjs represent the lower cut-off or corner frequencies of transmission
coefficients plot where |Sy;| =-10dB. As mentioned, f, lies in between f,; and f.» when
VRLP is exposed to normal TE incidence but difference in Both f,; and f,, expends
for normal TM mode hitting on VRLP. Moreover, the phase of reflection of VRLP
F'SS under normal incidence (TE) exhibits linearity while these linearities in reflection
phase are restricted to the pass band around its transmission band when VRLP is
illuminated by normally incident TM waves. In addition, the distinct |S;| curves for

normal TE and TM incidences corresponds to non-uniform reflections of EM waves
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from the VRLP FSS as observed from Figure 4.2(a).

Rotating VRLP unit element by 90° transform it to a PD HRLP unit element, as
displayed in Figure 4.1 (b), as a result, swapping TE and TM responses as demon-
strated for VRLP FSS to obtain TM and TE response of HRLP FSS respectively, as
also reported in reference [35].

The propagation characteristics of BTB RLP FSS are displayed in Figure 4.2
(b). BTB RLP predominantly exhibits dual band reject feature with similar |Sy]|
response under TE and TM incidence. Such dual band reject feature with similar |Sa |
is probably due to superposition of transmission responses of both orthogonal RLP
layers. However, the |S;| stay dissimilar with respect to frequency which suggests
the non-uniformity in reflection of incident EM energy from the surface of BTB RLP
FSS. Also, the reflection phase, £S7; indicates the non-linearity noticeable around
frequency f, under both normal TE and TM incidence. Table 4.2 displays the detailed
propagation characteristics of VRLP, HRLP, and BTB RLP FSSs.

To customize performance parameters such as stopband frequency, BW of stop-
band and level of signal rejection for such PD arrays, the periodicity of unit elements
along the axis parallel to their larger dimension becomes prominent. As RLP unit
elements are brought closer to each other, the coupling between adjacent edges in-

creases. Consequently, an expansion in BW of stopband under normal TE and TM

Figure 4.2: Transmission and reflection response of VRLP and BTBRLP FSSs
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Table 4.2: Simulated propagation characteristics of VRLP, HRLP and BTB RLP
FSSs

TE waves (Normal incidence)

Unit Cell | f.1(GHz) | fu(GHz) | fni(GHz) | BW (GHz) | f,(GHz) | f.2(GHz) | fi2(GHz) | fr2(GHz) | BW (GHz)

VRLP 4.90 3.80 5.82 2.02 7.25 8.43 8.06 8.94 0.88
HRLP 3.98 3.93 4.01 0.08 4.40 9.10 8.56 9.94 1.38
BTB RLP 5.04 4.07 5.76 1.69 7.16 10.43 9.19 11.44 2.25

TM waves (Normal incidence)

VRLP 3.98 3.93 4.01 0.08 4.40 9.10 8.56 9.49 1.38
HRLP 4.90 3.80 5.82 2.02 7.25 8.43 8.06 8.94 0.88
BTB RLP 5.04 4.07 5.76 1.69 7.16 10.43 9.19 11.44 2.25

incidences is observed.

Further, two unit cells of VRLP FSS are subsequently paired together by keeping
them 0.5 mm apart to create vertical dual rectangular loop pair (VDRLP) unit struc-
ture. Thus, VDRLP comprises an array of RLPs that are arranged in a rectangular
lattice. HDRLP is then formed by rotating VDRLP by 90° in its plane. Similar to
BTB RLP, the FSS unit structure of BTB DRLP is evolved by printing both orthogo-
nal DRLPs on opposite sides of the substrate. Figures 4.1(e), 4.1(f), and 4.1(g) depict
the unit element geometries for each of the three FSSs. The gap between adjacent
RLPs in DRLP array is maintained in such a way that the feature of the substrate
for both RLP FSSs and DRLP FSSs stay unchanged. In other words, the periodicity
of VDRLP, if defined in a ratio along Y-axis to that along X-axis comes out to be 2:1
while the periodicity of HDRLP can be better defined as the reciprocal of the ratio,
ie., 1:2.

As depicted in Figure 4.3 (a), VDRLP also exhibits dual stopband behaviour
with dissimilar |Ss|, [S11| and £S7; when exposed to normally incident TM and TE
waves. From propagation characteristics, it is anticipated that f.; and f., appear due
to exterior and interior rectangular loops respectively. For VDRLP array, the vertical
edges of loops being greater than the horizontal edges, thus, the transmission zero and
pole frequencies for TE mode are greater than those for TM mode. Moreover, f,; for
TE incidence and f, for TM mode are very near to one another at 4.93 GHz and 4.44
GHz, respectively. Likewise, f.o for TM incidence is nearly equivalent to f, for TE
incidence. Similarly to VRLP FSS, the |S1;| on VDRLP FSS for TE and TM modes,
as shown in Figure 4.3 (a), do not overlap at the centre and corner edge frequencies.
This disparity between |Sy;| for TE and TM modes indicates non-uniform reflections.

The presence of pole frequency is due to two distant zero frequencies appearing
due to presence of a pair of loops in the unit element of VDRLP. The gap between

horizontal gratings and vertical gratings of a RLP is different which leads to different

73



Figure 4.3: Propagation characteristics of VDRLP and BTB DRLP FSSs

TE and TM behaviour. All frequencies fi, f.2 and f, have lower values in TM mode
than that of TE mode although horizontal edges of RLP are smaller than the vertical
edges. The difference of gap at horizontal edges of RLP is larger than at vertical
edges which is why f.1, f.2 and f, appear at lower values in TM mode for VDRLP
unit cell.

On rotating 90°, VDRLP unit structure turns into HDRLP FSS arrays with iden-
tical but swapped transmission zero and pole frequencies with VDRLP propagation
characteristics under normal TM and TE incidences. Similar to single RLP arrays,
both VDRLP and HDRLP are also PD by nature. Although the PD arrays of VDRLP
or HDRLP can further be modified and optimized to function as a PSS. The empha-
sis of current discussion is devoted to produce WB and UWB reflecting surfaces with
linear reflection phase. Figure 4.1 (g) follows the simple technique as discussed ear-
lier in chapter 2 and 3, to achieve wide stopband with overlapping |Sa;| for TE and
TM mode. By putting both DRLP based orthogonal arrays on opposite sides of the
dielectric substrate to form a BTB DRL FSS unit structure, prescribed propagation
characteristics are attained as displayed in Figure 4.3 (b).

Similar to BTB RLP array, BTB DRLP also exhibits multiband characteristics
but with wider BWs due to multiple stopbands when compared with BTB RLP

array. The transmission respose of BTB DRLP appears as a probable consequence
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Table 4.3: Simulated propagation characteristics of VDRLP ;| HDRLP and BTB
DRLP FSSs

TE
Unit Cell | f., (GHz) | fu (GHz) | fn (GHz) | BW(GHz) | f, (GHz) | f.» (GHz) | fin (GHz) | fy, (GHz) | BW(GHz)
VDRLP 4.93 3.22 6.13 2.91 7.28 9.30 8.32 10.85 2.53
HDRLP 3.39 3.10 3.65 0.55 444 7.88 6.70 8.91 2.21
BTB DRLP |  4.48 2.74 5.00 2.35 5.51 9.85 6.38 11.92 5.54
™
VDRLP 3.39 3.10 3.65 0.55 444 7.88 6.70 8.91 2.21
HDRLP 4.93 3.22 6.13 2.91 7.28 9.30 8.32 10.85 2.53
BTB DRLP | 4.48 2.74 5.00 2.35 5.51 9.85 6.38 11.92 5.54

of superposition of transmission responses as demonstrated by VDRLP and HDRLP
arrays under normal incidences of EM waves with particular polarization (TE/TM)
state. A small deviation in frequencies (f,; and f,o) is due to perturbation caused by
commercially available dielectric material of substrate. Moreover, the dissimilarities
in |Sg1| and £S5}, under normal TM/TE incidences, are predominantly caused by non-
homogeneity in the dielectric substrate. Also, the non-linearities in phase of reflection
from BTB DRL FSS persist similarly to BTB RLP FSS. The comparison of DRLP

F'SS transmission properties is presented in Table 4.3.

Figure 4.4: Propagation characteristics of MRLP and MDRLP FSSs
The linearity in phase of reflection indicates a uniform reflection of incident EM
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Table 4.4: Simulated propagation characteristics of MRLP FSS and MDRLP FSS

Unit Cell TE ™

[.(GHz) [ J{(GHz) | J»(GHz) | BW(GHz) | [.(GHz) | f(GHz) | fu(GHz) | BV (GHz)
MRLP 6.38 4.46 7.07 3.51 6.38 4.46 7.97 351
MDRLP | 7.26 2.99 11.03 8.04 7.26 2.99 11.06 8.04

energy from any reflecting surface. Both orthogonal RLP patterns are therefore de-
veloped on one of the sides of dielectric laminate to yield the MRLP unit structure.
Similarly, MDRLP is formed by merging both VDRLP and HDRLP FSSs over di-
electric substrate. Both unit element geometries of MRLP and MDRLP reflectors are
illustrated in Figures 4.1 (d) and 4.1 (h) respectively.

Both the MRLP and MDRLP FSS transmission properties are depicted in Figure
4.4 (a) and (b), respectively. Both FSSs have a broader stopband with a single
transmission zero frequency (f,) under normal incidence and are PI because of their
axial symmetry. Table 4.4 summarizes transmission characteristics of MDRLP and
MRLP FSS arrays. It is found that the BW provided by MDRLP FSS is 4.53 GHz
greater than that of MRLP FSS. Additionally, the reflection phase of both FSSs is
linear over the entire stopband. The following section describes the equivalent circuit
modelling (ECM) for both RLP and DRLP based reflector arrays.

4.3 ECM for RLP and DRLP based reflectors

Under normal incidences, the metal layer can be modeled by incorporating a series
connection of two inductances (L4; and L 9) along with two resistors (R4; and Ra»)
respectively. The capacitances C4; and Cy; represent the gaps between two rectan-
gular loops. The capacitances, C4; and Cys are connected respectively in parallel and

Y

in series with inductors L4, and L4s. Also, the capacitance ‘Cy3’ is incorporated to

account for the reflections of EM incident energy as demonstrated in Figure 4.5.

Table 4.5: Circuit model components
values for VRLP, HRLP, VDRLP and

HDRLP FSSs
Components | VRLP | HRLP | VDRLP | HDRLP
La (mH) | 3557 | 5027 | 2328 | 5274
L (nH) | 2568 | 6.468 | 1038 | 4.876
Ca (pF) | 0.11494 | 0.03798 | 0.17289 | 0.14893
Cao (DF) | 0.13794 | 0.2049 | 0.14394 | 0.22089
Cas (PF) | 0.09596 | 0.03 | 0.13496 | 0.006
Rai () | 3.5388 | 16.5045 | 1.8094 | 5.7081
Raz () 1.4396 | 2.1093 | 2.489 [ 0.9097
Ls (nH 56044 | 5.6044 | 9.001 | 9.001 . .
Cs ((pF; 0.02096 | 0.02096 | 0.09982 | 0.09982 Figure 4.5: Circuit model for VRLP,
Rs (Q) 4.0099 | 4.0099 | 4.0099 | 4.0099 HRLP, VDRLP and HDRLP FSSs
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Figure 4.6: Transmission and reflection responses of PD FSSs compared after EM
and CM simulations (Unit cells and EM polarization mode marked in inset

The components Lg and Cg respectively account for the dielectric substrate as also
suggested in reference [102]. In addition, the losses in the dielectric material of the
substrate are represented by Rg, connected to Lg in series as depicted in Figure 4.5.
Here, the respective values of inductances and capacitances are predicted through the
expressions as available in references [124], [125]. The values of respective components
of the circuit models representing RLP and DRLP based PD arrays are mentioned
in Table 4.5. The bases of variation in values of Lg and Cg for RLP and DRLP
based PD arrays are pattern on metal layers and coupling between adjacent RLPs.
Figure 4.6 demonstrates the comparison of the propagation characteristics, i.e., |Sa|
and |Sy1| for RLP and DRLP based PD arrays that are obtained through CM a with
those obtained through full wave EM simulations.

Further, CM for both BTB RLP and DRLP arrays are illustrated in Figure 4.7
(a) where the equivalent models representing metallic and dielectric layers are con-
nected as layer #1 (metal)-Substrate-layer #2 (metal) as displayed in Figure 4.7 (a).
Similarly, both MRLP and MDRLP FSS arrays can equivalently be modeled as layer
#1 (metal)-layer #2 (metal)-Substrate as illustrated in Figure 4.7(b). Table 4.6 pro-
vides the respective optimal circuit component values for BTB RLP and DRLP based
arrays and MRLP and MDRLP arrays. The deviations in the values of Lg, C's and
Rg for MRLP and MDRLP arrays noticed here are due to merged metallic patterns,

coupling between adjacent RLPs and dielectric losses of the substrate.
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Table 4.6: Component values for BT-
BRLP, MRLP, BTBDRLP and MDRLP

FSSs

Components | BTBRLP | MRLP | BTBDRLP | MDRLP
L (nH) 2.067 1.958 6.776 2.539
L4y (nH) 3.543 1.882 3.354 1.024
Ca1 (pF) 0.13294 | 0.14094 | 0.04899 | 0.05099
Caa (PF) 0.083 0.045 0.09196 | 0.10595
Cas (DF) 0.09599 | 0.04096 | 0.12195 | 0.12795
Ra () 47985 | 0.3099 2.4092 2.1093
Ray () 6.3079 3.9889 5.7081 3.9082
Lp (nH) 13.234 13.74 2.289 5.12
Lpy (nH) 3.612 3.682 5.075 13.234
Cp (pF) | 0.010194 | 0.001 0.16092 | 0.01997
Cpa (DF) 0.2119 | 0.1519 0.22089 | 0.27985
Cps (DF) 0.004 0.011 0.06897 | 0.07493
Rp1 (Q) 24.9017 | 22.8024 3.3089 3.009
Rpy () 6.3079 | 9.6068 3.3089 15.9047
Lg (nH) 2.008 3.3268 5.6044 9.001
Cs (pF) 0.12575 | 0.05292 | 0.12575 | 0.07684
Rs (Q) 4.0099 | 285.6029 | 4.0099 | 308.0023

Figure 4.7: Circuit models for (a) BTB
Type FSS, (b) Merged type FSSs

Figure 4.8: Transmission and reflection responses of BTB and merged FSSs com-
pared after EM and CM simulations (Unit cells displayed in inset

The CMs of FSSs comparatively thus, fairly follow the EM simulations up to

a decent extent. In the section ahead, the performance of single side printed RLP
and DRLP based reflectors, i.e., MRLP and MDRLP, are further examined through

experiments.
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4.4 RLP FSS development and measurements

RLP FSS development involves the conventional technique of PCB fabrication to
create a 13x13 array of MRLP and MDRLP FSSs on an FR-4 substrate for practical

validation. Figure 4.9 illustrates the placement of these FSSs on a rotatory mount

positioned in the middle of two standard UWB horn antennas, which are placed

facing opposite to each other but set apart by a Fraunhoffer-farfield distance along

the Z-axis. To establish connections, coaxial cables are used to link the two ports

of a VNA to both the transmitting and receiving horn antennas. Initially, the UWB

horn antennas are aligned for TE mode, and the S-parameters are captured following

the methodology described in chapter 3. Similarly, to determine the S-parameters of
FUTs for TM mode, both types of FSSs are rotated by 90° along the Z-axis during

measurements.

Figure 4.9: Measurement setup

Under normal incidence, the | Sy | responses for both MRLP and MDRLP reflectors

obtained through experiments are compared with those observed during simulations

and presented in Figure 4.10 and Table 4.7 respectively.

Table 4.7: Simulated and experimentally measured responses of MRLP FSS and

MDRLP FSS
. For TE Incidence For TM Incidence
Unit Cell
f-(GHz) | fi(GHz) | f,(GHz) | BW(GHz) | f.(GHz) | fi(GHz) | f,(GHz) | BW(GHz)
MRLP (Simulated) 6.38 4.46 7.97 3.51 6.38 4.46 7.97 3.51
MRLP (Measured) 6.37 4.5 8.4 3.9 6.3 4.0 7.98 3.98
MDRLP(Simulated) 7.26 2.99 11.03 8.04 7.26 2.99 11.03 8.04
MDRLP (Measured) 7.20 2.33 11.54 9.21 7.26 2.54 11.57 9.03
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Figure 4.10: Simulated and measured (]Ss;|) dB under normal and oblique inci-
dences: (a) MRLP (TE), (b) MRLP (TM), (¢) MDRLP (TE) and (d) MDRLP (TM)

The MDRLP FSS prototype offers a stopband that covers more than a UWB
from 2.3 GHz to 11.6 GHz when TM and TE waves strike at normal. Thus, MDRLP
exhibits 5 GHz wider stopband compared to that of MRLP FSS. Later, experiments
to record transmission characteristics of these FSSs under oblique incidences from
normal to 45° with angular step of 15° are presented. Figure 4.10 compares the
experimental and simulated values of |S5;| under oblique incidences for MRLP and
MDRLP FSSs.

The MRLP FSS exhibits broad rejection across the C-band frequency range and
appears to be a PI FSS. It is suitable for both antenna applications and shielding
purposes. Contrarily, MDRLP FSSs demonstrate rejection in the UWB band when
incident at a normal angle, along with linear phase reflection characteristics, although
they lack the benefits of PI. Furthermore, MDRLP arrays are united with UWB slot
antenna for the purpose of gain enhancement, as described in subsequent sections.
Table 4.8 provides a comparison of both the FSSs with current literature.

Based on the comparison, MRLP and MDRLP are cost-effective reflectors suitable
for UWB and wideband applications, exhibiting linearity in their reflection phase. The
PI nature of MRLP FSS makes it appropriate for wideband shielding applications.
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Table 4.8: Merged RLP based FSSs compared with alike FSSs reported in literature

Frac-
-10dB tional Max. Reflec Polariza-
Ref. Dunens;ons FSS Type Stop- B.and Att.en— tion tion Ang.@ar Apphca—
(mm?) band width uation Phase Indepen- | stability tion
(GHz) | (FBW), | (dB) o dance
%
Double
Reflector
17 x 17 x layer, . o Not Not men-
[126] 11.7 double 12 100 645 Linear mentioned tioned for
’ antenna
sided
Double
layer, . . Non- . 45°:TE, EM
[127] | 12 > 12 x 32 double 6.-5-14 7317 o8:3 linear es ™ shielding
sided
Single
Reflector
(128 | 11x11x 16| e 261 19408 49 Linear Not Not men- for
single 11.1 mentioned | tioned
. antenna
sided
Single
layer, 4.85- Not men- 3 30°:TE, EM
[129] 9% 9x08 single 17.23 112.137 48 tioned Yes ™ shielding
sided
?;ni;ie 9 16- Reflector
[120] | 16 x 16 x 1.5 11\1] 17 '10 128.947 54 Linear Yes 45°:TE for
b. £ antenna
sided
Single
layer, 3.1- Not men- ‘ 45°:TE, EM
[119] | 10 x 10 x 1.6 double 13.3 124.39 404 tioned Yes ™ shielding
sided
Single
Prop. | 15.67 x 15.67 layer, . 45°:TE, EM
MRLP x 1.57 single | +>84 | 60465 | 415 | Lincar Yes ™ shielding
sided
Single
Reflector
Prop. | 15.67 x 15.67 layer, 2.3 . . Fo.r,
MDRLP < 157 single 115 133.33 50 Linear No 45°:'TM for
sided antenna

Based on the comparison, MRLP and MDRLP are cost-effective reflectors suitable
for UWB and wideband applications, exhibiting linear reflection phase characteristics.
The MRLP FSS, with its PI nature, is well-suited for wideband shielding purposes.
On the other hand, the MDRLP FSS has the capability to reflect EM waves over
UWB frequency range. Additionally, both FSSs are expected to serve as reflectors
when united with compact antennas thereby enhancing their gain along bore sight
direction.

This work offers the advantage of utilizing the array of simple double rectangular
loop in various configurations to serve as a dual stopband PD FSS, a linear phase WB
and UWB reflector. These functionalities are achieved by adjusting the periodicity
and orientation of the array, printing the PD arrays on opposite sides of a dielectric

substrate, and combining them on one of the sides of the substrate, respectively.
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4.5 RLP based FSR integrated with UWB Nor-
man window slot antenna

A slot antenna with a Norman window shape radiating is proposed within UWRB here.
It is excited by a sectoral feed and exhibits sustained bidirectional radiation across
the entire UWB. To further enhance its performance, the slot antenna is modified by
integrating a UWB MDRLP reflector . The impact of the MDRLP reflector on the an-
tenna’s S-parameters and radiation patterns is investigated by employing the reflector
first beneath the slot and then beneath the feed plane. The reflection coefficient, |Sy |
and gain in antenna boresight (§=0°) are analyzed after ensuring appropriate separa-
tion between the antenna and FSS. The antenna is then fabricated, and experiments

are conducted.

4.5.1 Evolution of UWB slot antenna

The geometry of Norman window slot antenna with its physical features is depicted in
Figure 4.11. The schematic of the slot antenna is constructed using al.57 mm thick
copper cladded FR-4 laminate. A norman window shaped slot is created into the
ground plane, and this slot is then excited by a sectoral feed. The shape of the slot is
selected upon in order to achieve a wideband operation [130], [131], which is further
modified by including a rectangular notch slot at the center of the base of Norman

window shape in order to anticipate a broader frequency band.

Figure 4.11: Features of Norman window slot antenna (a) Top View, (b) Bottom
View (all dimensions are in mm

Table 4.9 describes the stages of evolution of the slot antenna design. The antenna
design has evolved from a wide rectangular slot antenna with a microstrip line feed
to the slot antenna shown in the Figure 4.11. Antenna at stage #1 resembles the
one described in reference [132], but it is more compact and operates in two distinct

frequency bands: 6.16 to 7.13 GHz and 9.54 to 11.54 GHz. The rectangular slot
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Table 4.9: Evolution of proposed UWB slot antenna

Antenna Geometry (Top view:

Left, Bottom View: Right) Results

Step Description

Design of wide
rectangular slot
#1 antenna fed by
microstrip line

Transforming
the rectangular
#2 slot into a
Norman window

slot

Loading the
microstrip line
feed with a
#3 rectangular
shaped tuning
stub

Transforming
rectangular

#4 tuning stub into

sectoral feed

2 -10
Introducing a =-20
square slot in w1 -30

#5 Norman window
slot 73456
Freque

7 8 91011
ncy, GHz

is subsequently transformed into a Norman window slot, which displays progressive

changes in antenna impedance across a wider frequency range. In order to further
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improve impedance matching, a rectangular stub is added to the microstrip feed
while maintaining the same feed length, as suggested by reference [133]. Later, a
sectoral feed replaces the rectangular stub to optimize matching of impedance across
the entire UWB spectrum. An additional square notch slot is added opposite the
microstrip line input to modify the Norman window slot, which enhances impedance

matching throughout the entire UWB spectrum.

Figure 4.12: Simulated |S;;| and antenna gain along zenith and nadir

The simulations suggest that the antenna operates in UWB spectrum. As a bidi-
rectional radiator, the antenna radiates along the Z-axis in both zenith ( at #=0°) and
nadir ( at #=180°). Figure 4.12 depicts the antenna gain in both the zenith and nadir
directions. The antenna provides an average gain of 2.86 dB at #=0° and 2.57 dB at
6=0° when evaluated over the whole UWB spectrum. A peak gain of 4 dB along the
zenith and 4.18 dB along the nadir is noticed at 7.5 GHz and 10.6 GHz, respectively.
Figure 4.13 depicts the antenna radiation pattern obtained through simulations at re-
spective frequencies of 3.1, 4.5, 6, 7.5, 9, and 10.6 GHz where major and back lobe can
be seen in the principal X-Z and Y-Z planes. The slot antenna demonstrates a stable
bidirectional radiation pattern. By integrating the Norman window slot antenna with

a UWB reflector, a directional radiation pattern can be expected.

4.5.2 Design of frequency selective reflector

The unit cell design of MDRLP UWB reflector has already been explored earlier
sections in this chapter. The propagation characteristics of MDRLP FSS are again
summarized in Figure 4.14

Based on previous sections in chapter 4, it has been established that the proposed
MDRLP FSS displays UWB stopband. Additionally, the MDRLP demonstrates a lin-

ear reflection phase throughout the entire stopband. The linear nature of the reflection

84



Figure 4.13: Radiation patterns (simulated) of Norman window slot antenna at

different frequencies (in GHz) (a) 3.1, (b) 4.5, (c¢) 6, (d) 7.5, (e) 9, and (f) 10.6

Figure 4.14: Simulated transmission response of proposed MDRLP FSS (MDRLP
unit cell in inset)

phase show promise towards enhancing the gain of compact antennas by integrating
with MDRLP FSSs. Apart from enhancement of antenna gain, the MDRLP reflector
is also anticipated to enhance the directivity of the proposed antenna in the zenith

direction.
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4.5.3 Slot antenna integrated with MDRLP reflector

Four different configurations are used to integrate MDRLP FSS with the slot antenna
in order to examine the influence of UWB reflector on the performance of the slot

antenna. These configurations are shown in Figure 4.15.

Figure 4.15: Different configurations integrated MDRLP and slot antenna (a)
case#1, (b) case#2, case#3 and (d) case#4

Figure 4.15 (a) depicts case#1 when MDRLP FSS is augmented on the plane of
antenna feed such that the metal pattern of MDRLP reflector remains on the bottom
while the dielectric layer of the reflector faces the antenna feed. Case #2 is depicted
in Figure 4.15(b) in which antenna orientation remains unchanged as in case #1 while
reflector surface is flipped by 180°, i.e., the metal layer of reflector faces the antenna
feed while dielectric layer is kept at the bottom. Figure 4.15 (c) illustrated case #3 in
which the reflector orientation is kept similar to case #1 while the antenna is flipped
by 180°, i.e., the antenna feed is kept at the top and the Norman window is kept
at the bottom. Similarly, case#4 is obtained by flipping the reflector of case#3 and
keeping orientation of slot antenna intact, as shown in Figure 4.15 (d).

As depicted in Figure 4.15, the spacing between the antenna and FSS is kept
constant and denoted by’d’. Employing simulations using CST Microwave studio,
parametric analysis of separation, ‘d’ between MDRLP reflector and slot antenna is
carried out. Figure 4.16 depicts the |S1;| and gain in boresight direction for all ori-
entations of antenna united with MDRLP reflector at distinct separation ‘d’ between
them. Here, ‘d’ is altered from 7 mm to 12 mm at an increment step of 1 mm.

The parametric analysis of antenna united with MDRLP reflector suggests that
the impedance matching deteriorates as ‘d’ increases. Moreover, the antenna gain

in boresight direction tends to decrease particularly in high frequency range while it
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Figure 4.16: |S;;| dB and antenna gain in boresight of antenna integrated with
MDRLP FSS for (a,e) case#1, (b,f) case#2, (c,g) case#3, and (d,h) case#4

slightly increases at lower frequencies when ‘d’ is increased. To maintain impedance
band along with positive antenna gain in boresight direction across whole UWB range,
an optimal separation between antenna and FSS needs to be maintained for all four
cases. For each case #1 to case #4, this optimal separation is then determined. Table

4.10 provides the optimum separation of each case.

Table 4.10: Optimum separation and integrated antenna performance

Optlr.num Is UWB Is UWB Gain Peak boresight Gain
Case separation (d) Impedance band retained? sain (dB) enhancement,
in mm Band retained? ’ dB
Case#1 9 Yes Yes 8.02 4.02
Case#2 10 Yes Yes 8.17 4.17
Case#3 10 Yes Yes 7.70 3.52
Case#4 11 Yes Yes 7.89 3.71

The analysis suggests that case #2 provides the largest boresight gain and maxi-
mum gain improvement, although it comes with a comparatively high antenna profile
due to large separation. Given that the selection criterion is based on achieving the
highest gain along boresight, case #2 is chosen for further production and testing.
According to Table 4.10, the antenna profile of case #2 exceeds that of case #1, case
#3, and case #4, but it remains relatively compact compared to previous studies
found in earlier publications.

Figure 4.17 illustrates the comparison between the |Si;| of the slot antenna and
an antenna united with MDRLP FSS, as well as the gains achieved in both boresight
and backsight directions using CST MWS.
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Figure 4.17: Simulated results of antenna compared with antenna configuration of
case #2 (a) |S11] dB, (b) antenna gain in =0° and #=180°

4.5.4 Fabrication of case #2 configuration and measurements

The Norman window slot antenna and FSS both are fabricated using conventional
printed circuit technology on FR-4 substrates. On one side of the copper cladded FR-
4, a slot is ethced, while on the opposite side, the feed is patterned. Figure 4.18 (a)
and (b) depict, correspondingly, a photograph of a prototype antenna that has been
fabricated. In addition, a three-by-three array of MDRLP FSS is manufactured and
assembled with the slot antenna, as described in configuration of Case#2. Utilizing an
expanded polyethylene (EPE) foam spacer, a gap of 10 mm is maintained in between
the antenna and FSS prototypes. Figure 4.18 (c) is a photograph of an antenna that
has been integrated with MDRLP FSS.

Figure 4.18: Fabricated prototypes of slot antenna (a) Top view, (b) Bottom view
and (c) 3-D view of slot antenna integrated with F'SS
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4.5.5 Slot antenna measurements

The slot antenna’s reflection coefficient, |S1|, is measured by employing a pre-calibrated
VNA. Additionally, the antenna’s boresight gain is measured using the conventional
horn antenna method. In Figure 4.19, a comparison is presented between |S;;| and
gain in boresight direction of developed antenna through experiments and the corre-

sponding values obtained through simulations.

Figure 4.19: Comparison of measured and simulated reflection coefficient and bore-
sight gain of antenna

Through measurements of |Sy1|, it has been demonstrated that antenna retains the
UWB impedance characteristics. However, modest variations in measured values are
observed as a result of practical tolerances. Furthermore, the antenna gain measured
along both the directions (#=0° and §=180°) exhibits a reasonably close agreement
with the simulated values.

To get radiation patterns, measurements of the developed antenna prototypes are
performed in an anechoic environment. As a reference antenna, a standard transmit-
ting horn antenna is utilised. The horn antenna is connected via coaxial cable to a
signal generator, while a power meter is connected to the experimental antenna. The
test antenna undergoes rotation in both principal planes from 0° to 360° with 10°
increments, and the values of power received are measured. Figure 4.20 represents a
plot of the normalized radiation patterns of the antenna at six distinct frequencies
within UWB, i.e.,3.1, 4.5, 6 , 7.5, 9, and 10.6 GHz respectively.

The radiation patterns establish that the designed antenna radiates bidirectionally
with a steady radiation characteristics except at 10.6 GHz, where it looks distinct from

the slot owing to the appearance of nulls.
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Figure 4.20: Normalized radiation pattern of antenna prototype at six distinct
frequencies (in GHz) (a) 3.1, (b) 4.5, (c) 6, (d) 7.5, (e) 9 and (f) 10.6 GHz respectively

4.5.6 Measurements of antenna integrated with MDRLP FSS

Figure 4.21 depicts |Sj1| and gain at boresight of an antenna integrated with the
MDRLP FSS.

Figure 4.21: Simulated and measured (a) |Si;| dB and (b) gain at boresight of
antenna alone and antenna integrated with loaded with MDRLP FSS (Case#2)

The experiments show that on integration of antenna with MDRLP FSS, it main-
tains the impedance band which covers UWB, but with small changes due to practical
defects. The antenna gain measured in both the zenith and nadir is pretty close to
what the simulations show. Figure 4.22 shows the measured normalized radiation

patterns of an antenna combined with F'SS in both principal (X-Z and Y-Z) planes.
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Figure 4.22: Normalized radiation pattern of antenna prototype (case#2) at six
distinct frequencies (in GHz) (a) 3.1, (b) 4.5, (c) 6, (d) 7.5, (e) 9, and (f) 10.6 GHz

Based on the radiation pattern evaluated, it can be inferred that the antenna
radiates bidirectionally at 3.1 GHz but predominantly emits radiation in a specific
direction only above 4.5 GHz. The backward radiation (towards the ground) at 4.5
GHz is significantly reduced by approximately 8 dB as a result of poor reflections
from FSS at frequencies near to lower cutoff.

In Table 4.11, the Norman window slot antenna united with MDRLP reflector
is compared with several antennas that have been previously reported. The com-
parison in Table 4.11 is based on various factors such as antenna dimensions, max-
imum gain, magnitude of gain enhancement, and the number of reflecting surfaces
integrated with the antennas. Except the antenna reported in reference [60], which
operates in frequency band of 4.7-14.9 GHz, rest of all the antennas listed in Table
4.11 operate in UWB. The comparison establishes that the antenna integrated with
a reflector is an appropriate solution to keep structure compact while offering similar
gain enhancement. Although references [134], [121], [135], and [136] show slightly
more improvement in gain than the antenna design proposed here, they achieve this
by incorporating two reflecting surfaces. In addition, the largest volume is occupied
by antenna proposed in reference antenna in reference [60], thus, exhibits the highest
gain enhancement across the whole UWB. Furthermore, the antenna proposed here
with an MDRLP reflector offers several advantages, including its compact profile, eas-
ier development, and nearly consistent enhancement of antenna gain throughout the

band covered by the antenna.
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Table 4.11: UWB slot antenna integrated with FSS compared with alike structures
reported in literature

Gain En- | Number of

(Iﬁ%(gir) DimeAnr;tiiil(lrzm?’) Substrate Pezzl;BG)am hancement | reflecting
(dB) surface

[134], 44x44 %28 FR4 8.7 4.2 2

2017

[121], 85%85x 18 FR4 8.9 4 2

2017

[135], 44x44x33.5 FR4 8.5 4.5 2

2018

[136], 82.5x82.5x22 RO4350B 9 3.7 2

2019

[60],

2019 108x108x12.2 FR4 8.7 4.5 1

[137], | 45.64x34.23x29.4 FR4 7.9 3.5 2

2022

[138], 45%x30%28.4 FR4 6.7 3.6 1

2022

\%ﬁ{ ATX47x13.2 FR4 7.86 3.6 1

Further, a hexagonal UWB slot antenna with minor modifications to the Nor-
man window slot antenna as discussed in earlier sections is designed and loaded with

tessellated rhombic loop based PD reflector.

4.6 TRL based FSR integrated with UWB hexag-
onal slot antenna

A simple technique for gain enhancement of irregular hexagonal shaped UWB slot
antenna by inclusion of closely packed or tessellated rhombic loop (TRL) based FSS
is presented in the following sections. The hexagonal slot bidirectional radiator is
designed to obtain stable radiation pattern over entire UWB (3.1-10.6 GHz). Also, as
expected, UWB antenna exhibits non-uniform gain in the zenith (#=0°) and the nadir
(#=180°). The slot antenna is further loaded with TRL FSS at both slot and feed
side separately to study distinct configurations of antenna integrated with FSS and

evaluate the impact of the configurations of FSS on antenna performance. Later, an
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antenna and antenna loaded with TRL FSS prototype are compared for experimental
validations. Measurements show that the slot antenna radiates over the complete
UWB and provides gain of 4.31 dB in the zenith while 4 dB gain in nadir. An
enhancement in antenna gain of 2.44 dB in zenith and 3.8 dB in nadir directions are
achieved when the slot antenna is integrated with TRL FSS along feed side and slot
side separately. The measured results confirm the simulated results well.

In the following sections, details of UWB slot antenna designed, fabricated, and
tested here, are presented and discussed. This slot antenna is then loaded with TRL
based wide stopband FSS to analyze the performance of slot antenna. The FSS is
first placed over the slot facing the TRL pattern and later with its flipped version.
Later, both FSS orientations are applied over the feed side of the slot antenna as it

radiates bidirectionally.

4.6.1 Design of irregular hexagonal slot antenna

The proposed irregular hexagonal slot antenna is displayed in Figure 4.23. The an-
tenna is built on a FR-4 substrate with a thickness of 1.57 mm, ¢, of 4.4, and a
tand of 0.025. A rectangular slot modified to a hexagonal slot by truncating two
vertices of rectangle, is etched from the rectangular ground plane on one side of the
FR-4 layer. On its opposite side, there is a microstrip line based sectoral feed. The
sectoral feed couples with the slot electromagnetically and radiates the energy. The
irregular hexagonal slot is modified by removing metallic square of dimension 3x3
mm? on the opposite side of sectoral feed to achieve a wider bandwidth with good
impedance matching. Also, the microstrip feed is modified to sectoral feed by loading

the microstrip line by radial stub to enable better antenna gain in boresight direction.

Figure 4.23: Schematic of the hexagonal slot antenna (a)Front View (b) Back View
(all dimensions are in mm) (c) Simulated |S7;| dB and antenna gain in zenith and
nadir
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The slot antenna radiates in both directions, i.e. zenith and nadir but with differ-
ent antenna gain. The |S1;| dB of antenna and gain in both boresight and backsight
are presented in Figure 4.23(c). The antenna offers a complete UWB spectrum (3.1-
10.6 GHz) with maximum boresight gain of 4.13 dB. The average in-band gain deliv-
ered by the irregular hexagonal slot antenna is 2.96 dB in zenith while in nadir, the
average in-band gain is 2.69 dB. The maximum gain in backsight (6=180°) achieved
is 4.66 dB.

4.6.2 RL FSS unit cell

The top and side views of rhombic loop based FSS unit cell are illustrated in Figure
4.24 (a) and (b) respectively. The FSS is composed of closely packed TRLs printed
over FR-4 substrate. The features of unit cell are displayed along the geometry.

The TRL unit element is analyzed using simulations based on frequency domain
solver as provided with CST MWS simulation software. Unit cell boundaries are
defined along edges of substrate for unit cell simulations, and Floquet ports are em-
ployed for excitation in the Z direction. F'SS transmission characteristics are shown
in Figure 4.24 (c). For Y-polarized incident EM waves, the TRL FSS appears as
bandstop FSS that demonstrates a transmission null at 10 GHz and a 9.81 GHz wide
stopband with a span of 4.66 to 14.47 GHz.

4.6.3 Antenna loaded with TRL FSS

Since,the slot antenna radiates in both the directions, the zenith and nadir, the TRL

FSS is loaded with the slot in either direction separately parallel to plane of slot

Figure 4.24: TRL unit cell (a) Front View, (b) Side view (all dimensions are in
mm), (¢) Transmission and reflection responses of TRL FSS
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antenna. To evaluate the impact of TRL FSSs on slot antenna, the TRL FSS in four
distinct configurations at a height ‘d’ is loaded with slot antenna very similar to cases
discussed in section 4.5.3. In case#1, the RL FSS is combined with slot antenna at
feed side by keeping metal layer of FSS at the top while the TRL FSS is flipped in
case#2. Similarly, TRL FSS is backed by slot antenna at slot side keeping metal trace
of F'SS at the top in Case #3 while, in case#4, the TRL is flipped with respect to Y
axis keeping antenna orientation unchanged. The height ‘d’ in all four configurations
is changed from 7 mm to 12 mm in steps of 1 mm. The parametric analysis of FSSs
placed at distinct heights is done using CST MWS. Figure 4.25 and 4.26 show |Si;]
dB and gain of the antenna when integrated with FSSs for all four cases respectively.

From the simulations of antenna and FSS by varying separation ‘d’, it is found that
the impedance matching improves as ‘d’ increases but boresight gain starts falling at
high frequencies. The optimum distance, ‘d’ between antenna and FSSs is decided
based on maximum boresight gain obtained, and the values are summarized in Table
4.12.

The antenna performance also depends on inclusion of dielectric layers of antenna
and reflecting surfaces. However, the distinct configurations of antenna and TRL FSS

do not exhibit a significant change owing to more air space than dielectric substrate.

Figure 4.25: Effect of separation between antenna and FSS on reflection coefficients
of antenna for (a) case#1 (b) case #2, (c) case#3 and (d), case#4
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Figure 4.26: Effect of separation, ‘d’ on gain of antenna respectively when FSSs are

loaded at feed side for (a) case#1 (b) case #2, (c) case#3 and (d), case#4

Table 4.12: Antenna performance compared for all cases at optimum ‘d’

_ Gain
Optimum Is UWD Is UWB Gain Avlg‘ Pee%k enhancement
. Impedance boresight | boresight .
Case separation band . . relative to slot
o Band (IB) . Gain gain
d’ in mm rotained? retained? (dB) (dB) antenna, dB
' (Avg/Peak)
Case#1 10 Yes Yes 4.74 7.16 1.78/3.03
Case#2 9 Yes Yes 4.40 6.96 1.44/2.83
Case#3 9 Yes Yes 5.87 7.99 3.18/3.33
Case#4 8 Yes Yes 5.72 7.51 3.03/2.85

From Table 4.12, it is evident that the optimum separation between antenna and
FSS is reduced by 1 mm in case#2 when compared with case#1 which is due to the
dielectric substrate of flipped FSS. However, based on maximum gain in boresight
direction, case#1 is preferred over case#2. Similarly, the gain enhancement in nadir
is also achieved when FSS is loaded with slot antenna at slot side and a similar trend of
optimum distance between the slot antenna and TRL FSS is also observed in case#3
and case#4.

From the comparison, case #3 is observed to be superior as the maximum average
boresight gain of 5.87 dB is observed in this combination. However, the slot antenna
integrated with TRL FSS as in case#1 and case#3 are developed and the experimental

measurements are presented and compared in the following section.
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4.6.4 Experimental measurements and results

The hexagonal slot antenna and TRL FSS are developed using standard PCB fab-
rication methodologies and the required separation,‘'d’” between FSS and antenna is
maintained by foam spacer. The photograph of fabricated prototypes and the mea-
surement set up for the developed antennas are depicted in Figure 4.27 and 4.28

respectively.

Figure 4.27: Photographs of developed prototypes (a) TRL FSS, (b) Top view of
slot antenna, (c¢) Rear view of slot antenna, and (d) 3D view of slot antenna integrated
with TRL FSS

Figure 4.28: Measurement setup in compact anechoic chamber standard UWB horn
(Left) and antenna under test (Right)

The |S11| dB of antenna alone and the antenna loaded with by TRL FSS (case#1
and case#3) are recorded by pre-calibrated Keysight’s field fox N9925A VNA. The
|S11| dB and antenna gain are presented in contrast in Figure 4.29.

The irregular hexagonal slot antenna and both case#1 and case#3 of slot antenna
loaded with TRL FSSs cover UWB frequency range. The slot antenna exhibits an
average gain of 2.96 dB (simulated), 2.56 dB (measured) gain in the zenith while
2.69 dB gain (simulated), 2.68 dB (measured) in the nadir. Here, the average gain
is determined by taking average value of gain from 3.1 GHz to 10.6 GHz with an
interval of 0.1 GHz. Moreover, the antenna demonstrates a maximum 4.13 dB gain
(simulated), 4.31 dB gain (measured) in the zenith while 4.66 dB gain (simulated), 4

dB gain(measured) gain in the nadir. The peak gain in zentith direction is enhanced
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Figure 4.29: Comparison of measurements with simulated (a) reflection coefficients,
and (b) Gain of antennas

to 7.16 dB (simulated), 6.75 dB (measurement) when FSS is loaded to slot antenna at
feed side as in case#1 while the average gain is enhanced to 4.75 dB gain (simulated),
4.49 dB (measured) for the same case#1.

Later, the slot antenna is assembled with TRL FSS as in case#3. It exhibits aver-
age gain of 5.87 dB (simulation), 7.82 dB (measured) in the zenith while the peak in
nadir direction gain is enhanced to 7.99 dB (simulations) and 7.83 dB (measurements).

The normalized radiation patterns of the slot antenna alone and the antenna
loaded with TRL FSS are achieved using standard horn antenna method. Both the
antenna under test and the UWB standard horn are housed in an anechoic chamber
for radiation pattern measurements, as shown in Figure 4.28. The horn antenna
is connected to a signal generator and the slot antenna to be tested is coupled to
power meter through power sensor. The antenna is then rotated in angular steps
of 10° and the measured power is registered. The measured radiation patterns after
normalization are plotted in both principal planes (X-Z and Y-Z planes) at 3.1, 4.5,
6, 7.5, 9, and 10.6 GHz. Simulated and experimentally measured patterns of slot
antenna are displayed and compared in Figure 4.30.

The slot antenna, as expected, radiates bi-directionally and maintains the radia-
tion pattern even at higher frequencies. Experimentally obtained radiation patterns
exhibit decent similarity with the radiation patterns recorded at the time of simula-
tions. Similarly, the measured radiation patterns of slot antenna integrated with TRL
FSS for case#1 and case#3 are also displayed at same frequencies in Figure 4.31 and
4.32 respectively for comparison.

From Figure 4.31, it can be observed that the slot antenna loaded with TRL FSS in
case#1 radiates bi-directionally at 3.1 GHz and then it appears that the directional

behaviour of the antenna dominates at higher frequencies (from 6 GHz onwards).
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Figure 4.30: Radiation pattern measurements of proposed bi-directional slot an-
tenna

Figure 4.31: Radiation pattern measurements of slot antenna backed by TRL FSS
(case#1)

Although the antenna lobe in nadir is suppressed by ~ 5 dB even at 4.5 GHz, the
pattern is not much directional. The directional behaviour of antenna in its partial

impedance band also verifies the reflective nature of TRL FSS.
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Figure 4.32: Radiation pattern of slot antenna backed by TRL FSS (case#3)

From the radiation patterns shown in Figure 4.32, again it can be observed that

directional radiation pattern is demonstrated by the antenna, but in the opposite

direction(nadir) when compared to antenna in case#1. Also for antenna in case#3,

the directional behavior dominates at higher frequencies (from 6 GHz onwards). Even

though the main beam in the zenith is attenuated by ~10 dB at 4.5 GHz, the radiation

pattern is not very directional. Thus, the antenna radiation pattern in zenith or nadir

can be controlled by placing the TRL FSS in either side of the radiating slot.

Table 4.13: Comparison of reflector backed antenna with provided in reported lit-

erature
Peak
) boresight
Antenna bo}r)::ikht Gain of Gain en- | Number of
Ref. dimension Substrate sain if Antenna hancement | Reflecting
(mm?) integrated (dB) Surfaces
antenna (dB) with FSSs
(dB)
[136] 82.5x82.5x22 | RO4350B 5.3 9 3.7 2
135 44x44x33.5 FR4 4 8.5 4.5 2
134 44x44 %28 FR4 4.5 8.7 4.2 2
[60] 108x108x12.2 FR4 4.2 8.7 4.5 1
[121] 85x85x 18 FR4 4.9 8.9 4 2
This Work
(Case#t1) 40x40x13.14 FR4 4.31 6.75 2.4 1
This Work
(Case#3) 40x40x12.14 FR4 4 7.8 3.8 1
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The proposed integrated TRL backed antenna is further compared with few of
earlier reported antennas in published literature based on antenna size, maximum
boresight gain and gain enhancement and the comparison is summarized in Table
4.13. From Table 4.13, it is evident that the integrated antenna occupies the lowest

profile at the cost of moderate gain enhancement in comparison to others.

4.6.5 Conclusion

This chapter provides a comprehensive analysis of the effectiveness of single-layered
FSS reflectors (MRLP and MDRLP) for wideband and UWB applications, respec-
tively. These FSSs are derived from the designs of PD RLPs. The square and rect-
angular arrays of RLP are designed and simulated in order to explore their signal
rejection and reflection properties for incident TE and TM waves. Additionally, or-
thogonal patterns are developed on opposite sides of FR-4 laminate to investigate
transmission and reflection characteristics of BTB RLP unit structures. By merging
orthogonal FSS arrays to get MRLP structure on one of the sides of FR-4 laminate,
it is possible to reduce the reflection phase non-linearities of BTB RLP FSS. In order
to analyze the transmission characteristics critically of RLP FSSs, ECMs are also
provided. After the development of two FSSs, one with WB and the other with UWB
rejection capabilities, experiments are conducted. All proposed FSSs’ measured trans-
mission responses are comparable to their simulated counterparts. In addition, an
MDRLP-UWB FSS reflector of finite dimension is integrated with Norman window-
shaped UWB slot antenna. The impact of loading MDRLP FSS reflector with the slot
antenna is investigated in distinct configurations with varying antenna and reflector
spacing. The optimal configuration for experimental validations is devised to analyze
radiation characteristics through measurements. When incorporated with the UWB
FSS, the slot antenna exhibits better directivity due to back lobe suppression. When
F'SS reflector is employed beneath the antenna slot, a peak gain of 7.86 dB, with an
improvement of 3.6 dB in the zenith is demonstrated by the antenna.

TRL based FSS for bandstop characteristics are also proposed and designed. A
modified hexagonal slot UWB antenna excited by a sectoral feed is then loaded by
TRL FSS from slot and feed side, and the impact of employing FSSs beneath the
antenna is assessed. The prototypes of slot antenna as well as the antenna combined
with TRL FSS loaded at slot and feed side are developed and experiments are per-
formed. The developed antenna exhibits a maximum gain of 4.31 dB in zenith and
4 dB in nadir direction. The antenna gain is enhanced in zenith by 2.4 dB when RL
FSS is loaded at feed side while the gain is enhanced in nadir direction by 3.8 dB
when the RL FSS is loaded at slot side.
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Chapter 5

Relevance of AS/ PI of FSR towards

antenna gain

The gain enhancement of Norman window and irregular hexagon shaped UWB slot
antennas by integrating them with UWB (MDRLP) and wideband RL reflectors re-
spectively is described in chapter 4. These reflectors have been loaded with the slot
antennas in distinct configurations. Here, in this chapter, investigations on impact of
F'SS reflector characteristics preliminarly AS and PI on antenna gain is discussed. For
the purpose, the significance of AS and PI towards antenna gain improvement using
AS/AU, PD/PI FSRs is studied through both simulations and experiments. Three
distinct FSRs based on RL, SL and MDRL are designed analysed again to demon-
strate PD/ PI bandstop characteristics under normal and oblique incidences. These
FSSs are employed beneath a triangular slot antenna which is excited by a microstrip
line feed to radiate at at 10 GHz.

5.1 Introduction

This section emphasizes on the relevance of AS and PI towards antenna gain en-
hancement application through FSRs is investigated through simulations followed by
experiments. Three distinct FSRs based on RL, SL. and MDRL are designed and
developed to analyze PD and independent bandstop characteristics under normal and
oblique incidences. The finite arrays of these FSSs composed of same number of unit
cells (5x5) are loaded at back of a backed by a triangular slot antenna operating at
10 GHz is excited by regular microstrip line feed. The, three distinct FSSs which
demonstrate either PD or PI along with AU or AS are integrated with a triangu-
lar slot antenna to study their impact on impedance and radiation characteristics of
the antenna. The relevance of AS and PI is then investigated by rotating the FSSs
kept behind the antenna with respect to two orthogonal directions and by loading
the orthogonally oriented antenna with the FSSs respectively. Later, FSRs of similar
substrate size are printed and similar experiments are repeated. Surprisingly, AU and
PD reflectors provide gain enhancement almost close to that provided by AS and PI

reflectors. Stringent characteristics of FSSs i.e.; AS and PI can be compromised for
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FSRs in antenna gain enhancement techniques.

For certain wireless applications such as EM shielding applications [12], [25],
radomes [6], F'SS based absorbers [139], etc., it is required that FSS must be PI even
under oblique incidences. However, for antenna applications of FSS as mentioned
earlier, it is still essential to study and compare the impact of PI or AS FSS towards
antenna performance. The triangular slot antenna in two orthogonal orientations is
loaded with all the three FSSs one by one at distinct separations to investigate the

impact of these FSSs on the slot antenna.

5.2 Distinct F'SS unit cells design

The geometries of three metallo-dielectric FSS unit cells that are formed by patterning
the metallic arrays over FR-4 substrate are illustrated in Figure 5.1. The FSS unit
cells composed of closely packed rhombic loops (RLs) and SLs are shown here in
Figure 5.1(a) and (c) respectively. The FSS unit cell shown in Figure 5.1(b) is based
on two orthogonally oriented arrays of dual RLs (DRLs) arranged in rectangular grid
with an A/R=1:2 along X- and Y- directions. Two such orthogonal layers of DRL
arrays are then merged and printed over dielectric substrate to form MDRL FSS. The
dimensions of all FSSs unit cells are in mm and displayed in the Figure 5.1.

The coefficients, |S2;| and |S11| in dB under normally incident EM waves ( 6=0°)
of all the three F'SSs are obtained employing full-wave EM simulations carried out on
CST MWS software. Figure 5.2 depicts the transmission characteristics of RL, MDRL
and SL FSSs respectively. It is observed that RL FSS being asymmetric towards
incident EM waves, demonstrates unlike transmission and reflection characteristics
when illuminated by TE and TM normal incidences. Both MDRL FSS and SL-FSS,
exhibit similar transmission response to both TE and TM incident waves. Also, the
wave propagation behaviour of RL, MDRL and SL FSSs when incidences are oblique,

are obtained through EM simulations where the incidence angle, 6 is extended from

Figure 5.1: Unit cell designs (a) RL-FSS, (b) MDRL FSS, and (c) SL FSS (a=120°,
f=60°, a;=116.56°, 5;=63.43°, all dimensions are in mm)
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0° to 30° with an increment of 15°. The [Sy;| and |Ss:| in dB for oblique TE and TM
incidences for RL FSS are displayed in Figure 5.2 (a) and (d) respectively.

Figure 5.2: Transmission responses of (a) RL-FSS, (b) MDRL FSS, and (c) SL-FSS
under TE incidence; transmission responses of (d) RL-FSS, (e) MDRL FSS, and (f)
SL-FSS under TM incidences

RL FSS demonstrates distinct but stable |Sy;| and |Sy;| responses under oblique
incidences. Similarly, Figure 5.2 (b) and (e) shows the variations in |[Sy;| and [Sa|
with frequency under oblique TE and TM incidences for MDRL FSS while Figure
5.2 (c¢) and (f) shows the variations in |Si;| and |Sa;| with frequency under oblique
TE and TM incidences for SL FSS. MDRL FSS demonstrates stable transmission
response under TM incidence only while SL F'SS exhibits stable transmission response
for incident but inclined TE and TM waves. Thus, RL FSS behaves as AS-PD FSS
while MDRL FSS behaves as AU FSS. SL FSS on the other hand demonstrates as PI
and it also maintains the transmission response even under oblique incidences. The
comparison of RL, MDRL and SL FSSs based on their propagation characteristics

under oblique and normal incidences is also summarized in Table 5.1.

Table 5.1: Transmission response of RL, MDRL and SL FSSs

Unit Cell f.(GHz) 10 dB Stopband BW (GHz) AS [ PI
RL FSS | TE:10; TM:8.78 | TE:4.68-14.44 ; TM: 6.99-10.15 | TE: 9.75 ; TM: 3.16 | Yes | No
MDRL FSS | TE/TM: 10 TE/ TM: 6.82-12.44 TE/ TM: 5.62 | No | No
SL FSS TE/TM: 10 TE/ TM: 7.08-12.17 TE/ TM: 5.08 | Yes | Yes

The significance of features like AS and PI of any FSS towards gain enhancement of
compact antennas is further investigated by loading proposed FSSs to a slot antenna

redesigned to radiate at 10 GHz and discussed in the sections ahead.
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5.3 Triangular slot antenna (10 GHz) design

The geometry of a triangular slot antenna used for further analysis is depicted in
Figure 5.3 (a). The triangular slot antenna is designed on FR4 based laminate. An
equilateral triangular slot is etched from one side of the copper clad while, a simple
microstrip line is patterned on the opposite side of the laminate. The triangular slot
antenna is optimized to radiate at a frequency of 10 GHz. The geometrical features of
the equilateral triangular slot are chosen through closed form expressions suggested for
triangular slot antennas in reference [109], but with a minor change in the effective
length to make the slot equilateral. The features of the redigned triangular slot

antenna are summarized in Table 5.2

Figure 5.3: (a)Antenna geometry (b) |S1;| and antenna gain (in boresight direction)

Table 5.2: Features of equilateral triangular slot antenna (10 GHz)

Parameter | w, | I, | wy | [y

Value(mm) | 30 | 9.7 | 3 | 13.1

The antenna is designed and simulated using CST MWS. The reflection coefficient
and the slot antenna gain in boresight direction is obtained and shown in Figure 5.3
(b). The antenna operates at 10 GHz and provides 1.46 GHz wide (14.5 %) 10 dB
impedance band. The antenna demonstrates 0 dB gain at lower corner edge frequency;,
fi which tends to increase up to a peak value of 3.18 dB at 10.9 GHz within its
impedance band. Thus, the gain of triangular slot antenna in boresight direction is
superior in the higher frequency region of antenna impedance band. Moreover, the
antenna demonstrates an average of 1.91 dB gain over the antenna impedance band
in the boresight direction.

Moreover, the triangular slot antenna is a linearly polarized antenna since the

E-field vectors are parallel to antenna microstrip feed and aligned to Y-axis as also
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suggested in reference [140]. Since the antenna parameters as suggested in reference
[109] are used with minor changes to develop an equilateral slot, the antenna is not
further optimized for a better performance than shown in Figure 5.3 as a low gain
antenna appears to be more appropriate to deduce the impact of loading FSSs.
Since the gain augmentation of compact planar antennas have earlier been reported
by integrating them with AS/ PI FSSs typically [141], [138], [60], It generates the
inquisitiveness to explore further their relevance towards antenna gain enhancement.
Therefore,the antenna performance while integrating it with FSRs based on RLs (AS-
PD), MDRL (AU-PD) and SL (AS-PI) respectively have been assessed in the following

sections.

5.4 Antenna integrated with distinct F'SSs

The triangular slot antenna is then backed by 5x5 arrays of RL, MDRL and SL FSS
as displayed in Figure 5.4 (a),(b) and (c) respectively. All the FSSs are kept at a
distance, ‘d’ beneath the slot antenna. Here the dimensions of RL, MDRL and SL
FSSs are are different, i.e., 42.5x42 mm?, 61x61 mm? and 40x40 mm? respectively
to accommodate an array of 5x5 unit cells. Since the size of MDRL unit cell is large,
the size of MDRL FSS is greater than RL and SL FSSs. The orthogonally oriented
antenna (¢=90°) is also loaded with RL, MDRL and SL FSSs as illustrated in Figure

Figure 5.4: Antenna (¢=0°) loaded with (a) RL FSS, (b) MDRL FSS, and (c) SL
F'SS; orthogonally oriented antenna (¢=90°) is loaded with (d) RL FSS, (¢) MDRL
FSS, and (f) SL FSS
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5.4 (d), (e) and (f) respectively. Here, ‘¢’ is the rotation angle of the antenna with
respect to Z-axis when placed in X-Y plane. The two orientations of antenna, i.e.,
¢=0° and $=90°, when integrated with these F'SSs have been considered to investigate
the significance of PD or PI FSSs on antenna performance.

The antenna demonstrates a superior behaviour in terms of boresight gain and
impedance matching when antenna and FSS separation becomes 3\g/4 which comes
out to be 22.5 mm here, where, )\ is free space wavelength at the operating frequency
of the slot antenna. Further, the separation between antenna and FSSs is fine tuned
for small variations around the optimum separation of 3\o/4. and the distance, ‘d’
is varied from 21 mm to 23.5 mm in step of 0.5 mm. It is found that there is
a negligible change in antenna operating frequency and its impedance band when
antenna and FSSs separation increases from 21mm to 23.5 mm. Since the small
variations in separation between antenna and FSSs are not significant much, the
optimum separation between them is considered at 21.5 mm. The comparison of

antenna |S7;| and boresight gain at optimum separation is depicted in Figure 5.5.

Figure 5.5: Comparison of (a) [S11] dB, and (b) gain at boresight of antenna alone
and antenna integrated with RL, MDRL and SL FSSs for two antenna orientations
(¢p=0° and 90°) respectively

From the comparison, it is found that antenna operating frequency and its impedance
band remains almost same when the antenna (orientation: ¢=0°) is loaded with RL,
SL and MDRL FSSs. RL and SL FSSs offer a peak gain enhancement of 3.10 dB
and 3.54 dB respectively when assembled with the slot antenna while a 5.70 dB gain
enhancement is observed when MDRL FSS is combined with the slot antenna. Thus,

5x5 MDRL FSS offers around 2 dB additional gain enhancement when compared to
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the 5x5 RL and SL FSSs. It appears that MDRL is superior to RL and SL FSS which
may be due to its larger unit cell size of and thus the substrate size.

Further, the antenna orientation is changed to ¢=0° from ¢$=90° by rotating the
slot antenna by 90° with respect to Z-axis in XY plane for cross polarization state as
also illustrated in Figure 5.4 (d), (e) and (f) respectively. The comparison of reflection
coefficient, |S11| dB and antenna gain in boresight (orientation: ¢=90°) loaded with
RL, MDRL and SL FSSs is also depicted in Figure 5.5.

Unlike AS-PI SL FSS, MDRL FSS is an AU FSS but the antenna reflection co-
efficient as well as gain in boresight direction remain unchanged when orientation of
the slot antenna is changed to orthogonal polarization state. Also, there is negligible
change in |S1;| dB and antenna gain of antenna loaded with RL FSS owing to its PD
transmission response. 5x5 PI and PD reflectors both give similar response while
5x5 MDRL is giving high gain due to larger substrate size or larger unit cell size.

Therefore, the substrate size of RL and SL FSS is then made equal to the substrate
size of MDRL FSS, i.e., 61x61 mm?. Thus, RL and SL FSSs arrays with equal
substrate dimension of 61x61 mm? but now with 7x7 of unit cells are further loaded
at the same optimal separation of 21.5 mm and |S1;| dB and gain at integrated antenna

boresight are compared in Figure 5.6.

Figure 5.6: |Si;| dB, and (b) antenna gain in boresight for slot antenna alone and
antenna integrated with RL, MDRL and SL FSSs with equal sized (61x61 mm?)
substrates.

From the comparison, it is found that operating frequency and impedance band for
all three FSS when loaded with slot antenna, is maintained. Although, the impedance
matching of antenna slightly deteriorates when it is loaded with MDRL FSS and RL
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FSSs while the matching improves when loaded with SL FSS. Also, almost similar
gain enhancement of antenna is achieved when loaded with these FSSs. Although,
SL FSS offers better gain enhancement, it is not marginally large when compared to
those obtained by loading RL and MDRL FSSs with the slot antenna.

5.5 Relevance of AS and PI FSSs integrated with
antenna

Moreover, to evaluate the significance of AS of these FSSs towards antenna perfor-
mance enhancement, the F'SSs are rotated at angles 6, and 6, with respect to Y- and
X- directions respectively when the FSSs are kept behind the antenna. The antenna
size and separation between antenna and FSSs put an upper bound on the angles,
0, and 0,. The maximum angle of rotation 60,, of F'SSs with respect to X- or Y-axes

while keeping them beneath the antenna is illustrated in Figure 5.7.

Figure 5.7: Maximum range of '6,,” when FSSs are rotated along the Y-axis

If the thickness of the FSS and antenna substrates are not considered, the maxi-

mum angle of rotation '6,,” may be determined from using equation 5.5.1

1 d

L — (5.5.1)
P+ ()

0,, = tan™

The relevance of AS of the FSSs towards gain enhancement of planar antennas

is then analyzed through EM simulations. The FSRs are then rotated by angle 6,
and 6, as shown earlier in Figure 5.4 (a), (b) and (c) respectively. Since, the antenna
and FSSs separation is 21.5 mm (~0.75)¢), there is an upper bound on FSS rotation
angle, #,, with respect to antenna as computed using equation 5.5.1. Since, the
length ‘/=39.5mm’ (including the length of connector), and d=21.5mm. The angle

0,, becomes 36° which further reduces to 34° if the thickness of antenna and FSS
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substrate (1.6mm) with thickness of connector are considered. Therefore, the FSRs
are rotated, ¢, and 0, from -30° to 30° alongwith X- and Y- axis respectively.
Figure 5.8 (a) displays the variations in impedance characteristics of antenna in-
tegrated with 5x5 unit cell arrays of FSSs against the FSSs rotation with respect to
Y-axis. These impedance characteristics are antenna operating frequencies, ‘ f,.”, lower

and upper corner frequencies of antenna impedance band, i.e, f; and fj respectively.

Figure 5.8: Variations in (a) f,, f; and f3, (b) gain in boresight direction of antenna
integrated with 5x5 unit cell F'SSs arrays against F'SSs’ rotation angle 6,; Variations
in (¢) f., fi and fp,, (d) gain in boresight direction of antenna integrated with 5x5
unit cell FSS array against FSSs’ rotation angle 6,

It is observed that the antenna impedance characteristics do not deviate signif-
icantly when FSSs are rotated with respect to Y-axis. The variations in maximum
antenna gain in boresight direction while on rotating these FSSs along Y-axis is de-
picted in Figure 5.8 (b). It is found that antenna gain in boresight direction tends
to decay with FSSs rotation behind the antenna. Also, MDRL produces maximum
gain at 0° but decays to same level as AS-PD RL FSS and AS-PI SL FSSs when 6,=
+30°. Decay in gain is shown in case of AS FSS.
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These FSSs are then rotated with respect to X-axis and the variations in impedance
characteristics as well as maximum boresight gain of antenna integrated with these
F'SSs against 6, are depicted in Figure 5.8 (¢) and (d) respectively. A slight deviation
in f., f; and fj is observed on the rotation of these FSSs kept behind the antenna.
Also, the maximum gain in boresight direction of antenna integrated with FSSs re-
duces with increased angle of FSSs’ rotation. Significantly, MDRL being non-PI and
AU FSS provides a comparable performance to RL and SL even if the extra 2 dB gain
is ignored due to large unit cell or substrate size.

Figure 5.9 (a) shows antenna impedance variations with rotation of equal substrate
(61x61 mm?) sized FSSs with respect to Y-axis while antenna gain variations are
illustrated in Figure 5.9 (b). Similar to arrays of 5x5 unit cells, the 61x61 mm?

substrate sized F'SS rotation also does not affect antenna impedance characteristics

while the gain in zenith tends to decrease. On the rotation of equal substrate sized

Figure 5.9: Variations in (a) f,, f; and f,, (b) gain in boresight direction of antenna
integrated with equal substrate sized FiSSs against FiSSs’ rotation angle 6,; Variations
in (c) f., fi and fp, (d) gain in boresight direction of antenna integrated with equal
substrate sized FSS against FSS’ rotation angle 6,
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F'SSs kept beneath the antenna with respect to X-axis, a little deviation in f,, f;, and
fn is observed as depicted in Figure 5.9 (c). Also, the maximum gain of antennas
integrated with 61x61 mm? substrate sized FSSs decreases with increasing rotation
angle as displayed in Figure 5.9.

Since, the antenna geometry being symmetric about Y-axis, the impedance char-
acteristics and gain in boresight direction exhibit similar variations when FSSs are
rotated in either direction with respect to Y-axis which is not followed when FSSs
are rotated with respect to X-axis because of asymmetricity of antenna structure
with respect to X axis. Thus, gain variation against ¢, is uniformly distributed over
—30° < 0, < 430° while the variation in gain against 6, is slightly skewed towards

0,=-10° instead of 0° due to asymmetricity.

5.6 Fabrication and measurements

The triangular slot (10 GHz) antenna and all the three 5x5 arrays of RL, MDRL and
SL F'SSs are fabricated employing standard PCB methodologies. The antenna is then
backed by these FSSs at optimum separation maintained by EPE foam spacer. The

images of antenna prototypes developed for experiments are displayed in Figure 5.10.

Figure 5.10: Fabricated antenna prototypes loaded with (a) RL FSS, (b) MDRL
FSS, and (c) SL FSS respectively

The reflection coefficients, ‘|S1;| dB’ of slot antenna and all the antenna prototypes
loaded with RL, MDRL and SL FSSs are measured using Keysight N9928A vector
network analyzer (VNA). Similarly, antenna boresight gain of all antenna prototypes
are evaluated using standard horn antenna where each antenna integrated with FSRs
under test and the horn antenna antennas are housed in an anechoic chamber at
far-field distance. Figure 5.11 shows the experimentally measured results along with

simulated results all together for comparison.
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Figure 5.11: Simulated and experimentally measured (a) |S1;| dB, and (b) Boresight
gain of slot antenna alone, and slot antenna integrated with RL, MDRL and SL FSS
respectively

From measurements of |Sy;| dB of the antennas, it is evident that there is a small
but 0.17 GHz drift in operating frequency of antenna when compared to obtained from
the simulation due to fabrication errors and practical tolerances. The slot antenna
offers 10.45% wide impedance band in the frequency range of 9.34-10.37 GHz and peak
boresight gain of 2.97 dB. Similarly, the drift in operating frequencies of antenna
integrated with FSSs is due to fabrication errors, practical and substrate (FR-4)
material properties of antenna as well as FSSs. The average gain enhancement of
4.87 dB, 4.85 dB and 7.17 dB is obtained when the developed antenna is back by
5x5 arrays of RL, SL and MDRL FSSs respectively. Further, all three FSSs arrays

2 are also developed and loaded with

with equal substrate dimension of 61x61 mm
the antenna at the same optimal separation, i.e., 21.5 mm. The developed prototypes

antennas backed by FSSs are displayed in Figure 5.12.

Figure 5.12: Fabricated antenna prototypes loaded with (a) RL FSS, (b) MDRL
F'SS, and (c) SL FSS, printed on equal dimensioned substrates
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The [S11| dB and boresight gain of the three antenna configurations are then
obtained through simulations and measured through experiments. A comparison be-
tween simulated as well as measured |S7;| with boresight gain of antenna backed by

all three F'SSs reflectors of same dimensions are presented in Figure 5.13.

Figure 5.13: Simulated and experimentally measured (a) [S1;| dB, and (b) Boresight
gain of slot antenna alone and slot antenna integrated with RL, MDRL and SL FSS
respectively

Antenna when backed by equal sized FSS reflectors, demonstrate the deviation
of 0.05, 0.07, and 0.07 GHz from the simulated operating frequencies when loaded
with RL, MDRL and SL FSSs respectively while, the antenna impedance bands are
almost retained for all antenna configurations. Moreover, the boresight gains of all
the antenna prototypes decently agree with the simulations. From the comparison,
it is found that antenna operating frequency and impedance band for all three cases
of loaded FSSs is still maintained. Also, a similar gain enhancement of antenna
is achieved when loaded with these (61x61 mm?) FSSs. Although, SL FSS offers
superior gain enhancement especially at higher frequencies, it is not a marginally
large when compared to those obtained by loading RL and MDRL FSSs with the
slot antenna. Therefore, the choice of loading AS or AU FSS does not make much
difference.

Other than substrate size, number of unit cells, size and geometry of of the unit
structure do not matter for gain enhancement at all. Any loop type unit cell array
printed on a substrate size quite larger than the planar antenna will be sufficient
antenna gain enhancement. The critical parameter hat preliminarly which ensure
good uniform gain within antenna operating band is the distance between antenna
and the reflector array and needs optimization before integration with the antenna.

Interestingly, MDRL FSS being non-PI and AU but larger element size demon-
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strates as a good reflector since, it provides comparable performance with AS and PD

reflectors. Simulation results and measurements are also compared in Table 5.3.

Table 5.3: Antenna Simulation and Measurement Results

Operating Impedance Peak Avg in-band Peak Gain Avg Gain
Antenna+FSS | Reflector Size Frequency Band, % Boresight Boresight Enhance- Enhance-
(GHz) FBW gain (dB) gain (dB) ment(dB) ment(dB)
Antenna+RI, 42.5%42 9.89 9.38-10.72, 6.37 5.93 3.10 423
(5%5) 13.33
. ) Antenna-+SL ) ) 0 0 9.46-10.70, N X o .
Simulated (5x5) 40x40 9.93 12.30 6.80 6.02 3.54 4.32
An- .
tenna+MDRL 61x61 9.96 9’36‘_10“75‘ 8.96 7.69 5.70 5.99
13.82
(5%5)
Antenna+RL o 9.38-10.72, . - )
(7x7) 61x61 9.9 13.33 8.65 7.94 5.39 6.24
Antenna+SL 9.44-10.64, )
(7x) 61x61 9.9 o5 9.26 9.11 6 7.41
AntennatRL o 5g0 9.81 9211038, 6.36 5.56 3.39 187
(5x5) 11.94
Measured | AntennatSL 40%40 9.82 9.21-10.39, 6.44 5.54 347 4.85
(5x5) 12.04
An- 9.32-10.35
tenna-+MDRL 61x61 9.89 ’ 16 47 % 8.67 7.86 5.70 7.17
(5x5) )
Antenna+RL ) 005 9.25-10.48, . ) . .
(7x7) 61x61 9.95 1247 8.65 7.94 5.68 7.25
Antenna+SL 9.31-10.38,
(7x7) 61x61 9.97 10.87 9.04 8.79 6.07 8.10

From the comparison, it is clear that SL FSS being AS and PI is clearly a winner
but non-PI and AU FSSs are not far behind and show comparable performance. Thus,
antenna gain enhancement applications using FSRs may not require stringently to
characterize FSRs for AS and PI features.

Further, the radiation patterns in both principal planes of all the antenna proto-
types are obtained through measurements carried out in the same anechoic environ-
ment and normalized before presenting in Figure 5.14.

From the radiation pattern measurements of all antenna prototypes, as expected,
the slot antenna radiates in both §=0° and 180° directions. This antenna demonstrates
directional radiation pattern when backed by RL, MDRL and SL FSS respectively.
The back lobe (#=180°) of the antenna is suppressed by 11 dB, 15 dB and 7 dB when
antenna is loaded with 5x5 arrays of RL, MDRL and SL FSSs respectively. Addition-
ally, the back lobe is suppressed by 14.5 dB and 16.25 dB when antenna is backed by
RL and SL FSSs printed on substrates with equal dimensions to that of MDRL FSS.
Therefore, SL FSS suppresses the back lobe of antenna more than RL and MDRL
F'SSs while RL and MDRL FSSs perform similar in case of equal substrate size. Con-
sequently, it is found that all the reflective F'SSs assist in antenna gain enhancement
along boresight direction while suppressing back radiation through reflections. Also,
the performance of the developed antennas fairly follows the simulations.

The relevance of AS and PI of FSSs towards antenna gain enhancement is also
summarized in Table 5.4 through the comparison of previously reported antennas

loaded with FSSs in the literature and the performance of present antennas loaded
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Figure 5.14: Measured radiation patterns of (a) slot antenna, slot antenna loaded
with (b) RL FSS (5x5), (¢) SL FSS ( 5x5), (d) MDRL FSS (5x5), (e) RL FSS array
size equal to MDRL FSS and (f) SL FSS size equal to MDRL FSS respectively

Table 5.4: Comparison of performance of proposed FSRs performance

Unit cell Reflector 10dB Average
. Dimensions Unit Cell Antenna (Array of | Impedance | Gain En-
Ref. (Year) (mm3),Unit cell Type AS Pl Type unit band hancement
description cells:nxm) (GHz) (dB)
TxTx2, Four cross .
hape slots Symmetric,
[118], 2018 S ted :’tl single N.A. N.A. Slot-Loop (4x5) 7.5-13 3.3
connected WIth | Jayered, AMC
ring slots
14x14x1.6, Four
asymmetric Asymmetric, Monopole
60], 2019 rectangular single sided, Yes N.A. : pote 6x6 4.7-14.9 4.5
Antenne
patches with single layered ntenna
circular slots
14x14x1.6,
Circular loop Asymmetric,
[142], 2021 | combined with two | single sided, Yes Yes Slot Antenna (7TxT7) 3.6-6.1 4
parallel metallic single layered
strips
7.25%x7.25%x2.4,
Circular patch Symmetric,
[62], 2021 surrounded by single N.A. N.A. Planar dipole (5x5) 5.08-5.31 N.A.
parasitically layered, AMC
coupled patches
|4 P
15l>;ioiifgei?2§re Asymumetric, Yes, At Monopole
[138], 2022 op conne single sided, No Normal vonop (2x3) 2.82-12.92 3.6
with inscribed . . Antenna
single layered Incidence
hexagonal loop
. . a:(9.21-

This Asymmetric, . - . . .
Work(RL | 8.5x14.5x1.6, RL | single sided, Yes No Triangular | a: (5x5) 10.38), | a: 4.87, b:
FSS) single layered slot antenna | b: (7x7) b:(9.25- 7.25

! 10.48)
This Symmetric, Yes, At U
Work(MDRL 12'231])2;;1'6“ single sided, No Normal J(;;i‘i:;“;d (5x5) | 9.32-10.35 7.17
FSS) ) ’ single layered Incidence '
. . a: (9.21-

This Symmetric, . ) Eor ac . . _—
Work(SL | 6.93x6.93x1.6, SL | single sided, Yes Yes Triangular a'_(“o) 10.39), b | a: 4.85, b:
FSS) single layered slot antenna b:(7x7) (9.31- 8.10

) 10.38)
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with RL, MDRL and SL FSSs. It is evident from present work that developed antenna
prototypes integrated with either AU but PD RL FSS or AU MDRL or AS and PI
SL FSSs, demonstrate a superior gain enhancement compared to previously reported

antennas.

5.7 Conclusion

This study explores the influence of AS and PI F'SS on applications for antenna gain
improvement. Three distinct loop type FSSs such as SL, TRL and MDRL FSSs are
designed and integrated with triangular slot antenna. RL and SL FSSs are formed
by printing closely packed arrangements of RLs and SLs and demonstrate stopband
response in the X-band frequency range with PD and PI respectively under oblique
incidences. The third FSS unit cell is designed by patterning two orthogonally ori-
ented arrays of RLs over a dielectric substrate while keeping the RLs in pairs to
exhibit bandstop characteristics with PI under normal incidence. A simple microstrip
line feed excited antenna with triangular slot is then produced to operate at 10 GHz.
Later, the slot antenna is integrating by all the three finite FSSs composed of same
number of (5x5) unit cells but with distinct substrate dimensions at an optimum
separation. The significance of AS and PI is then analyzed by rotating the F'SSs that
are kept behind the antenna with respect to two directions that are orthogonal to one
another and loading the FSSs to the two orthogonally orientations of the antenna,
respectively. All the three antenna prototypes are fabricated for experimental vali-
dation. The gain enhancements of 4.87, 7.17, and 4.85 dB in the boresight direction
are achieved when the antenna is loaded by 5x5 RL, MDRL, and SL FSS, respec-
tively. The effectiveness of reflector size is further demonstrated through simulations
and experiments by loading the antenna with FSSs developed on equal-sized (61x61
mm?) substrates. It is found that AS and PI SL FSS is a clear winner by providing
8.10 dB gain enhancement but non-PI and AU RL and MDRL FSSs provide a com-
parable gain of 7.25 dB and 7.17 dB respectively which suggests that features like
AS and PI for an FSS to be a suitable reflector do not appear to be much relevant
and can be compromised for gain enhancement applications. The simulations and the

measurements agree with one another to a reasonable degree.
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Chapter 6

F'SSs prospects for THz applications

Since, the transmission response and impact of dielectric as well as conducting
materials on the conventional SL and CSL FSSs at THz and even at IR frequency
range have already been explored through simulations in chapter 2, the FSSs show
promise and are expected to be beneficial at THz frequency range as well. Few more
conventional FSSs at THz frequency range are designed and analyzed to demonstrate
bandstop and bandpass characteristics. Moreover, the features of such selective trans-
mission may find potential solution to reduce mutual coupling and interference among
adjacent functional blocks of an IC. Two such planar and non-planar FSSs are ex-

plored in this chapter.

6.1 Introduction

With increased demand of enormous data transfer rate, negligible latency, seamless,
almost reliable, real-time links without interference among devices, new standards in
THz regime are proposed [143]. EM waves with the frequency range from (0.1 to
10)x10'* Hz are considered as THz waves and find numerous applications such as
imaging and spectroscopy [144], chemical and bio-chemical sensing [145] etc. The
signals at THz frequencies are required to be isolated and protected from one another
to assist secure communication between devices. Therefore, a selective transmission
of THz signals is necessary. F'SS may provide a potential solution to such issues for
THz wireless communications. At THz frequency range, metallic [146], [147], metallo-
dielectric [148], [149] and all dielectric FSSs [150] have been explored for bandpass and
band reject characteristics. The inherent features of selective transmission of FSSs
make them feasible for few essential requirements such as mutual coupling reduction
[151], EM shielding, etc. Several F'SSs based on conventional unit cells such as metallic
square patch [152], [153], aperture [154], loop [155], ring aperture as complementary
loop [156], cross [157], [158], etc, are widely explored at microwave to optical frequency
regime.

Recently, FSS are also integrated with THz antennas for gain enhancement [159],

[160] and RCS reduction applications [161]. Moreover, F'SSs have also been inves-
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tigated in MIMO applications to minimize mutual coupling between adjacently po-
sitioned antennas [162]. Since, cross-shaped graphene-based FSS arrays [163] and
inductively coupled resonators [151] are investigated as potential methods for reduc-
ing the mutual coupling between planar antennas, there is a huge scope of exploiting

the inherent characteristics of FSSs at THz frequency range.

6.2 Electromagnetic isolation

To develop ICs at THz is challenging because the functional blocks of IC are suscep-
tible to interference and power coupled by individual blocks [164]. Such ICs require a
precise floorplan in order to accomplish a high level of isolation between adjacent as
well as distant blocks without compromising other constraints of IC design, such as
layout plan and delay budget. The stopband FSSs could be a potential solution for
such challenges. In this section, metallo-dielectric F'SSs based on pixeleted pattern

are designed and proposed to improve isolation among functional blocks of THz ICs.

6.2.1 Unit cell design

The unit cell layouts are depicted in Figure 6.1. As displayed in Figure 6.1 (a),
Square patches are arranged as a 4x4 array with gold layer of 0.1 pum thickness are
patterned on a lum thick silicon dioxide Si0, substrate (¢,=3.9). By adjusting the
electrical lengths of these pixels, the transmission response of FSSs can be modified.

The geometric features 'a’ = 60 pum, 'p’ = 90 pm, and g’ = 30 pum are depicted in

Figure 6.1: Unit cell designs (a) FSS-1, (b) FSS-2, (3) FSS-3, and (d) FSS-4
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Figure 6.1. To determine the length electrically, any linear connection among any
two pixels is considered to equal to ¢ + 2a , whereas a bend with 90° will result in

‘2g+3a’ or ‘a+2p’, as shown in Figure 6.1.

6.2.2 Results and discussions

The unit structures of FSSs are evaluated using full-wave simulations, with boundary
conditions employed to both vertical and horizontal orientations periodically. Fig-
ure 6.2 and Table 6.1 illustrate and compare the wave propagation properties of unit
cells of all FSSs. In Table 6.1, all FSSs are assessed based on bandstop frequency
(fstop), passband frequency (fpass), transmission, isolation 10 dB stopband (The fre-
quency range where |Sy;| < -10 dB), 3 dB passband (the frequency range where |Ss |
>3dB) and at last, FBW respectively. The transmission properties of the array of
unconnected and interconnected pixels resemble those of a bandstop-bandpass filter,

with the bandstop frequency (fstp) appearing at a lower frequency than the band-

Figure 6.2: Transmission response of FSSs (THz) (a) |S21| (dB), (b) [S11| (dB), and
(c) £S11 (degree)
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Table 6.1: Transmission properties of FSS-1 to FSS-4

FSS StopBand PassBand
Foop (TT2), | 1008 Fouos (THZ), | 3-dB
Isolation stopband | FBW (%) | Transmision | Passband | FBW (%)

(dB) (THz) (dB) (THz)
FSS-1 2.97 (-41.41) 2.54-3.18 22.37 3.35 (-0.45) 3.29-3.39 2.99
FSS-2 0.57 (-31.51) 0.54-0.59 8.84 0.67 (-0.10) 0.62-0.99 45.96
FSS-3 0.88 (-33.36) 0.85-0.91 6.82 0.96 (-0.16) 0.93-1.16 22
FSS-4 0.47 (-23.3) 0.45-0.47 4.34 0.51 (-0.37) 0.49-0.66 29.56

pass frequency (fpess). When compared to FSS-2, FSS-3, and FSS-4, the FSS array
of disconnected pixels has a broader stopband and superior signal rejection capacity.
However, when interconnected over itself, the FSS array rejects bands at distinct fre-
quencies from one another. This also indicates that interconnections tend to reduce
rejection frequencies. Figure 6.2 (c) depicts that the linearity in the reflection phase
of FSS-1 is maintained over a broad range of frequencies compared to the other three
FSSs.

In this work, a metal over dielectric pixelated unit cell array-based FSS is pre-
sented as a method for providing electromagnetic isolation among blocks of THz IC
architecture in order to combat EMI is suggested. In one FSS, square patches of
metal supported by a substrate made of SiO, forms the structure, while in other
three FSSs, the structures are formed by interconnections between individual pixels.
Proposed FSSs are capable of rejecting electromagnetic THz signals between 0.3 and
3 THz. Wire bonding pads may be employed as periodically patterned arrays of de-
coupling FSSs to reject EMI within architecture of ICs intended for application in
THz range.

6.3 Mutual coupling reduction

This section contains a three-dimensional (3D) array of dielectric micropillars of cubic
form located repeatedly in a single and two dimensional grid. When the micro pillars
are illuminated by EM waves from two perpendicular planes, arrays show narrow
band rejection at THz frequency ranges where air is assumed to be filled in the gaps
between micro pillars. Later, the gap among the micro pillars is filled with Si0Oy for
purposes of comparison. Afterwards, metal is applied to dielectric pillars. The wave
propagation characteristics of all THz FSSs are demonstrated and analysed using EM
full-wave simulations. Observations suggest that a metal layer results in a broader
band rejection than dielectric surfaces. The proposed method is an effective means

to diminish interference and coupling within THz ICs.
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Figure 6.3: Design of micro pillar based unit cell:(a) Top View, (b) Side View

6.3.1 Design of unit cells and FSS arrays

As displayed in Figure 6.3, the proposed all-dielectric FSS (AD-FSS) is composed of
up of an array of cubic pillars by depositing cyclic olefin copolymer (COC) polymer
(e, = 2.3 and tand= 0.007) over a SiO, substrate.

The geometric parameters, where,'d” is the edge of cube, P’ is the periodicity,
and ’h’ is the COC pillar height,while ¢’ is the SiO; substrate thickness, are also
depicted in Figure 6.3, with values of 90, 60, 60, and 30 um, respectively. The unit
cell element is designed such that the substrate thickness and inter-pillar spacing stays
constant, i.e., ‘d = h’, implying that the COC pillar is actually a cubic unit cell. The
periodicity,’p’ is approximately 0.5 )\;flf/z, where A is the wavelength at 1 THz and
eff is the effective permittivity determined by the weighted average method. The
substrate dielectric FSS (SD-FSS) is formed when the oxidation process replaces the
air in inter-element spacing among COC cubic pillars with a Si0, layer of thickness
equivalent to ‘h’. In addition, a metalo-dielectric FSS (MD-FSS) can be formed by
selectively metallizing only the COC cubes of an AD-FSS to produce a gold layer 0.01
pm thick.

6.3.2 Results and discussions

Figure 6.4 (a), (b), and (c) illustrate the construction of the 1x3 arrays used in AD-
FSS, SD-FSS, and MD-FSS, respectively. Simulations are carried out for these finite
arrays by employing wave ports in X-Y plane-shown as k) and Y-Z plane-shown as k)
directions in Figure 6.4. Then, the wave ports in k, and the k, directions are applied
to the 3x3 finite arrays of AD-FSS, SD-FSS, and MD-FSS, respectively. Since, 3x3
array look to incident waves incident from k, or k. directions, similar propagation
characteristics are expected.

Figure 6.5 (a) compares the responses of 1x3 arrays of AD-FSS, SD-FSS, and MD-
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Figure 6.4: FSS (1x3) array (a) AD-FSS, (b) SD-FSS, (¢) MD-FSS, FSS (3x3) (d)
AD-FSS, () SD-FSS and (f) MD-FSS

Figure 6.5: Comparison of propagation characteristics of AD-FSS, SD-FSS and MD-
FSS for (a) 1x3 and for (b) 3x1 arrays

FSS when exposed to EM waves incident in the k, direction or XY plane. AD-FSS
offers wideband rejection with two center frequencies that are respectively 1.89 and
2.32 THz, whereas SD-FSS facilitates propagation at lower frequencies. SD-FSS is an
excellent option for narrowband rejection applications due to the fact that it offers a
stopband that is 0.24 THz broad operating at a frequency of 2.32 THz. Contrarily,
MD-FSS is an excellent choice for achieving greater isolation across a broad frequency
range.

Figure 6.5 (b) compares the responses of the 1x3 arrays of AD-FSS, SD-FSS, and
MD-FSS when exposed to EM waves propagating in the k, direction. AD-FSS and
SD-F'SS both support the partial propagation of EM as evident due to the increase in
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Figure 6.6: Magnitudes of transmission and reflection coefficients compared for 3x3
arrays of AD-FSS, SD-FSS and MD-FSS

Table 6.2: Comparison of COC based FSS arrays

Array | EM Wave incidence plane | Peak Isolation (dB), Frequency (THz) | Stopband | Fabrication Complexity
XY -25.78, 2.88
ADFSS YZ -25.82, 0.68 Narrow Low
XY or YZ -25.63, 2.45
XY -29.14, 2.32
SDFSS YZ -25.59, 0.7 Narrow Low
XY or YZ -21.22, 2.63
XY -41.59, 2.68
MDFSS YZ -53.04, 2.07 Wide High
XY or YZ -34.08, 1.24

losses in the THz range. However, MD-FSS has an extremely broad stopband and a
high level of signal isolation. Figure 6.6 compares the responses of a 3x3 array of AD-
FSS, SD-FSS, and MD-FSS. MD-FSS here again exhibits a higher isolation alongwith
a wider stopband near 1 THz, whereas AD-FSS exhibits a narrower bandstop at
higher frequencies. SD-FSS enables transmission at lower frequencies and prohibit
the transmission on EM signals partially at higher frequencies.

Table 6.2 also provides a summary of the propagation characteristics of COC based
FSS arrays. MD-FSS fabrication mandates 3D metallization process, which increases
the process complexity in development of ICs. If complexity is not an issue, only
the interacting faces of cubic pillars may be coated with metal. However, AD-FSSs
are less expensive and an effective method for preventing unwanted interferences and
cross-talk at THz. In lieu of COC, more popular but lossy poly-methyl-methacrylate
(PMMA) can be utilized to obtain nearly equivalent propagation characteristics. Tun-
ing of the frequencies of stopbands is possible by further optimizing the geometrical
features of COC pillars.
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6.3.3 Conclusion

All dielectric and metalo-dielectric pillar based finite FSSs arrays for reduction of
mutual coupling in ICs operating at THz are investigated and presented here. The
cubic pillar array is organized in a single straight line and later in a square grid, while
it is exposed to by EM waves from two orthogonally lateral X- and Y- directions. Both
S104-filled COC micro pillars based arrays and metal-coated COC micro pillars based
arrays are investigated and compared. Comparing the propagation characteristics of
all micro pillar based FSSs demonstrate that AD-FSS is a cost-effective and efficient
in reducing mutual coupling in narrowband frequency ranges, whereas MD-FSS has
a broader stopband and superior rejection magnitude. Therefore, the proposed AD-
FSS and MD-FSS serve as solutions for mitigating crosstalks in THz ICs of the next

generation.
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Chapter 7

Conclusions and future directions

7.1 Conclusion

The thesis presents and discusses the features and characteristics of FSS reflectors
and their impact on compact antennas for gain enhancement applications.

To accomplish the objectives of the thesis, the thesis begins with a comparison
of CD and SL FSS. Using full-wave EM simulations, these fundamental unit cells
are analysed. For an infinitely large array FSS, the characteristics of of these unit
cells translated by half the periodicity in the horizontal and vertical directions re-
main unchanged. Comparing CD with SL-FSS suggests that SL array offers a wider
bandwidth and higher signal isolation level than CD array. FSS made up of low-loss
substrate show a high potential to reject incident EM waves.

With such observations, the conventional SL. FSSs and its complement, CSL are
further analyzed for microwave to IR frequency ranges. The transmission responses of
both FSSs at 3, 15, 33 and 200 GHz are compared alongwith two frequencies in THz,
i.e., 3 THz, and 300 THz. In order to develop FSSs at required operating frequency,
widths of stopband and passband, signal isolation /transmission, the role of metal and
dielectric layer on these FSS transmission properties are investigated. It is found
that low-loss substrates increase signal isolation as expected while wave transmission
degrades at THz and IR range.

Then, the rectangular loop, elliptical loop, and rhombic loop-based unit cells with
asymmetric diagonals are designed and analysed to compare their transmission re-
sponses for normally incident EM waves. The responses of these FSSs are also studied
when they are illuminated by obliquely incident TE/TM waves. Despite the fact that
these FSSs are PD by nature, they are AS. When orthogonally oriented PD FSSs are
stacked BTB on opposite sides of the FR-4 substrate, stopband with broader rejection
range are observed. However, cascaded FSSs such as BTB RECT, BTB ELIP, and
BTB RL FSSs exhibit similar Sy, whereas the reflection phases of these FSSs are
nonlinear. Later, when both orthogonally oriented PD FSS arrays are printed on any

one of the sides of the FR-4 substrate, these nonlinearities are compensated.
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Further, DRL based wide bandstop reflectors are designed using two orthogonal
layers of PD rhombic loops arranged in pair. Both layers are printed on opposite
sides of the FR-4 laminate to develop a wide stopband BTB DRL FSS. By bringing
both orthogonal pairs on the same side of a FR-4 substrate, the reflection phase non-
linearity is compensated. The BTB DRL exhibits a wide 4.3 GHz stopband with two
zero resonances at 7.9 and 10 GHz, whereas MDRL provides a 3.7 GHz wide stopband
with a strong rejection magnitude capability. The effectiveness of these FSS reflectors
towards compact antenna gain is then investigated. Three discinct configurations of
DRL FSS reflectors such as CDRL, BTB DRL and MDRL reflectors are applied be-
neath a triangular slot antenna operating at 10 GHz. The antenna impedance band
and radiation characteristics are then investigated through simulations. For experi-
ments, the proposed MDRL FSS is further integrated with triangular slot antenna.
The triangular slot antenna demonstrates an impedance band of 7.79 - 8.61 GHz with
a boresight gain of 3.88 dB at 8.2 GHz. After the antenna is integrated with the
proposed MDRL FSS, an impedance band of 640 MHz from 7.96 to 8.6 GHz with an
enhancement of gain by 8.38 dB is attained in the antenna boresight at 8.31 GHz. An
enhancement of 4.5 dB in antenna gain is achieved using frequency selective reflector
with linear reflection phase.

Afterwards, an attempt to expand the width of the stopband to attain a wide or
UWB is made. Hence, two FSS with WB and UWB rejection potential based on a
RLP array are proposed and experimentally validated. On a dielectric substrate, two
PD RLP unit cells orthogonally oriented to each other and arrayed in a square grid
are printed BTB that exhibit PI and wide rejection band. In addition, RLP unit
elements when arranged in a rectangular grid further increase the rejection BW. Sim-
ilar to MDRL FSS, MRLP and MDRLP FSSs also demonstrate linearities in phase
reflection. Before their fabrication and experimental verification, wave propagation
and polarisation characteristics of MRLP and MDRLP FSSs are analyzed. The pro-
posed MRLP is PI, AS and a C-band reflector possessing linear reflection phase. The
MDRLP FSS is not AS but rejects UWB from 2.3 to 11.5 GHz for both TE and TM
incidences.

In addition, a Norman window-shaped slot antenna is designed, and experimen-
tally validated to exhibit a steady and bidirectional radiation pattern throughout the
UWB. The effect of antenna-MDRLP reflector integration on the impedance match-
ing and antenna radiation patterns in different arrangements is studied. The optimal
configuration for experimental validations is determined, then its radiation character-
istics are studied. The Norman window slot antenna exhibits a directional radiation
pattern when combined with the UWB FSS as the back lobe in the antenna radiation
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pattern is suppressed due to the presence of UWB reflector. When FSS is applied as
a reflector between the antenna, the proposed antenna exhibits an enhancement of
gain by 3.6 dB in the antenna boresight. This takes the peak gain to a value of 7.86
dB in the boresight direction.

Tessellated TRL based FSS for bandstop characteristics is suggested and developed
to increase the gain of a modified hexagonal slot antenna when excited by a sectoral
feed for UWB frequencies. The slot antenna is integrated in different combinations
with RL FSS from slot and feed sides to evaluate F'SS loading on antenna performance.
Slot antenna prototypes with RL FSS loaded at slot and feed sides are built and tested.
The antenna has 4.31 dB peak gain in zenith and 4 dB in nadir. RL FSS loaded at
feed side increases zenith gain by 2.4 dB and nadir gain by 3.8 dB.

Three loop-type FSSs- SL, RL, MDRL are also integrated with triangular slot
antenna operating at 10 GHz. RL and SL FSSs are generated by printing densely
packed RLs and SLs which show stopband in the X-band region with PD and PI
responses under oblique incidences. MDRL also show bandstop properties with alike
TE and TM responses under normal incidence. A fundamental 10 GHz microstrip line
fed triangular slot antenna is then developed. Later, the three finite FSSs with the
same number of (5x5) unit cells but different substrate sizes back the slot antenna at
an optimal spacing. The importance of AS and PI is examined by rotating the FSSs
behind the antenna in two orthogonal directions and loading them to two antenna ori-
entations. Three separate antenna prototypes are made for experimental validation.
Loading the antenna with RL, MDRL, or SL FSS increases boresight gain by 4.8,
7, or 4.8 dB. Simulations and tests show the efficacy of reflector size by loading the
antenna with FSSs constructed on equal-sized (61x61 mm?) substrates. It is found
that SL F'SS being AS and Pl is a clear winner by providing 8.1 dB gain enhancement,
but RL and MDRL FSSs, although PD and AU, provide comparable gains of 7.25
dB and 7.17 dB, respectively, recommending that features like AS and PI for an F'SS
to be a suitable reflector are not much relevant atleast in gain enhancement applica-
tions. FSSs at THz frequency range (300GHz-3THz) are also designed and explored
for suitable application. A metalo-dielectric pixel array-based FSS is presented first
as a method for providing EM isolation among adjacent and distant blocks contained
within architecture of futuristic THz ICs. In one FSS, patches of square form made
of gold supported by substrate made up of Si0O, forms the structure, while in three
other FSSs, the structures are formed by interconnections between individual pixels.
Proposed FSSs are capable of rejecting electromagnetic THz signals between 0.3 and
3 THz. The array of pixelated form of square patches can be employed as decou-

pling FSSs to reject frequency bands within ICs visioned for THz communication
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applications if they are patterned periodically.

Finally, arrays of dielectric as well as metalo-dielectric unit structure for reduction
of mutual coupling in THz ICs have also been investigated. The dielectric cubic micro
pillars are organized in a single direction and in a square grid, before it is exposed to
EM waves from two orthogonal directions laterally. Arrays of SiO,-filled and metal-
coated COC micro pillars are investigated. Comparing the transmission responses
COC pillar based FSSs concludes that AD-FSS is a cost-effective and efficient tech-
nique for reducing mutual coupling in narrowband frequency ranges, whereas MD-FSS
has a broader stopband and superior signal rejection magnitude. Therefore, the pro-
posed AD-FSS and MD-FSS serve as solutions for mitigating EMI in THz ICs of the
next generation.

The simulations and measurements exhibit reasonable agreement with each other.
Overall, this thesis provides a comprehensive analysis and experimental validation of

F'SS reflectors for gain improvement applications in slot antennas.

7.2 Future scope and prospects

From the conclusion made from the work presented in this thesis, it is evident that
there is still a wide spectrum of applications where FSSs may be designed and ex-
plored further. Apart from integrating FSSs reflectors with compact antennas, they
may be employed as superstrate also to expect high directive beams with enhanced
gain. These techniques may further be incorporated with multiple antennas for mu-
tual coupling reduction and in MIMO antennas [165]. Moreover, use of active FSSs
has also been introduced as key enabler approaches to attain highly directional an-
tenna [112], reconfigurable beam generations [166],and beam steering [167] for the
existing and the forthcoming wireless applications. Also, the features of reconfig-
urable transmission characteristics of active FSSs offer potential solutions to modern
wireless communications as intelligent reflecting surfaces [168], [169], intelligent omni
surfaces [170], [171] and so on.
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