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ABSTRACT 

 

Performance Enhancement of Radiation and Scattering Properties of Circularly Polarized 

Antennas Using Frequency Selective Surface  

  

Mohammad Akbari Choubar, Ph.D.  

Concordia University, 2018 

 

At millimetre-wave (MMW) frequencies, losses associated with wireless link and system are 

critical issues that need to be overcome in designing high-performance wireless systems. To 

compensate the overall loss in a wireless communication system, a high-gain antenna is required. 

Circularly polarized (CP) antennas are among preferred choices to design because they offer many 

advantages due to their good resistance to polarization mismatch, mitigation of multipath effects, 

and some phasing issues and immunity to Faraday rotation.  On the other hand, frequency selective 

surface (FSS) technology is recently employed to enhance the performance of radiation and 

scattering properties of antennas used in different sectors such as aerospace, medical, and 

microwave industry. Therefore, it is appropriate and attractive to propose the use of FSS 

technology to design practical and efficient CP antennas. 

CP Fabry-Perot cavity (FPC) antennas based on FSS are investigated in this thesis to fulfil the 

growing demand for broadband high-gain antennas with low radar cross section (RCS). The thesis 

investigates both characteristic improvement of CP antennas and RCS reduction issues employing 

FSS structures.  

Initially, a high gain CP dielectric resonator (DR) antenna is proposed. Using an FSS superstrate 

layer, the considerable gain enhancement is achieved. A detailed theoretical analysis along with 

different models are presented and used to optimize the superstrate size and the air gap height 

between the antenna and superstrate layer.  

The second research theme focusses on developing an effective approach for mitigating the near-

field coupling between four-port CP antennas in a Multiple-Input, Multiple-Output (MIMO) 

system. This is obtained by incorporating a two-layer transmission-type FSS superstrate based on 

planar crossed-dipole metal strips. Another technique for suppressing the spatially coupling 
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between DR antennas using a new FSS polarization-rotator wall is studied as well. The coupling 

reduction is achieved by embedding an FSS wall between two DRAs, which are placed in the H-

plane. Utilizing this FSS wall, the TE modes of the antennas become orthogonal, which reduces 

the spatially coupling between the two DRAs.  

The third research theme of this thesis is to enhance the purity and bandwidth of CP with the least 

amount of insertion loss by the use of an LP-to-CP-polarizer, which is based on multilayer FSS 

slab. This polarizer is approximately robust under oblique illuminations. To have a high-gain CP 

antenna, an 8-element LP array antenna with Chebyshev tapered distribution is designed and 

integrated with the polarizer.  

Eventually, in order to enhance the scattering property, the fourth research theme investigates on RCS 

reduction by the use of two different approaches which are based on FSS. Initially, a wideband 

FSS metasurface for RCS reduction based on a polarization conversion is proposed. To distribute 

the scattered EM waves and suppress the maximum bistatic RCS of the metasurface over a broad 

band of incident angles at both polarizations, the elements are arranged using the binary coding 

matrix achieved by group search optimization (GSO) algorithm. The reflective two-layer 

metasurface is designed in such a way to generate reflection phase difference of 180° between two 

elements “0” and “1” on a broad frequency band. A theoretical analysis is performed on the ratio 

of the “0” and “1” elements using Least Square Error (LSE) method to find the best ratio value. 

As the second activity of this research theme, wideband CP antenna with low RCS and high gain 

properties is presented. The proposed antenna is based on a combination of the FPC and sequential 

feeding technique.  
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Chapter 1. Introduction 

1.1 Millimetre-wave and Ka-Bnad 

Millimetre-wave (MMW) electromagnetic spectrum (30-300 GHz) is essential for realizing the 

next generation 5G wireless cellular networks and Internet-of-Things (IoT) technology. This is 

because this region of the electromagnetic spectrum can offer data rate transmission in order of 

multi-Gbit/s due to larger available bandwidth, which satisfies the huge demand for increasing 

system capacity, ubiquitous super-fast connectivity and seamless service delivery several. In fact, 

the large available bandwidth will enable ‘real-time’ video streaming, Internet-of-Things (IoT) and 

Machine-to-Machine (M2M) communications. Meanwhile, the Ka-band as a small part of MMW 

spectrum is ranged from 26.5 GHz to 40 GHz, i.e. wavelengths from slightly over one centimetre 

down to 7.5 millimetres. The 30/20 GHz band is used in communications satellites, uplink in 

either the 27.5 GHz and 31 GHz bands, and high-resolution, close-range targeting radars aboard 

military airplanes. In satellite communications, the Ka-band permits greater bandwidth 

communication. Lately, the wireless community has conceived the notion of 5G as a new 

generation of mobile wireless technology that will deliver the higher data rates up to 10 Gbps, with 

orders of mount further capacity and lower latency than today’s wireless systems. The 5G will also 

partially overlap with Ka-band (28, 38, and 60 GHz). However, one of the major disadvantages of 

the MMW systems is high atmospheric attenuation, which reduces the range and strength of the 

waves. Due to its short range of about a kilometre, millimetre wave travels by line of sight, so its 

high-frequency wavelengths can be blocked by physical objects like buildings and trees [1]-[3]. 

On the other hand, due to the advanced signal propagation properties, CP technology offers 

significant performance benefits over traditional linear technologies, particularly in modern 

satellite and communication systems. The use of CP is the best solution for addressing challenges 

associated with adverse weather conditions, polarization mismatch, non-line-of- sight applications, 

phasing issues, and multipath effects [4]-[7].  

1.2 Polarization of Electromagnetic (EM) Wave 

The antenna polarization in a stated orientation is defined as “the polarization of the wave 

transmitted by the antenna. Practically, the polarization of the radiated energy changes with the 

direction from the antenna centre, so that diverse sections of the pattern can have various 

https://en.wikipedia.org/wiki/Communications_satellite
https://en.wikipedia.org/wiki/Radar
https://en.wikipedia.org/wiki/5G
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polarizations. Polarization of a radiated wave is defined as “that property of an EM wave 

explaining the time-changing direction and relative magnitude of the electric-field vector; 

particularly, the figure traced as a function of time by the extremity of the vector at a fixed location 

in space, and the sense where it is traced, as observed along the direction of propagation. 

Polarization then is the curve traced by the end point of the arrow indicating the instantaneous 

electric field. The field should be seen along the propagation direction. A typical trace as a function 

of time is depicted in Figures 1-1 (a) and (b) [8]. 

(b) Polarization ellipse(a) Rotation of Wave  

Figure 1-1: Rotation of a plane electromagnetic (EM) wave and its polarization ellipse at z = 0 as a function 

of time, (C. A. Balanis et al. [8], @ 2005 Wiley & Sons). 

The wave polarization can be expressed in terms of a wave transmitted or received by an antenna 

in a particular direction at a point in the far field. Polarization is categorized as linear, circular, or 

elliptical. If the vector that describes the electric field at a point in space as a function of time is 

always directed along a line, the field is named linearly polarized (LP). Although, the figure that 

the electric field traces is an ellipse, and the field is called elliptically polarized (EP). The linear 

and circular polarizations are specific cases of elliptical, and they are acquired once the ellipse 

becomes a straight line or a circle, respectively. The figure of the electric field is traced in a 

clockwise (CW) or counter-clockwise (CCW) sense. Clockwise rotation of the electric-field vector 

is also designated as right-hand polarization and counter-clockwise as left-hand polarization [8]. 

Linear, Circular, and Elliptical Polarizations  

The instantaneous field of a plane wave, traveling in the negative z direction, can be written as 

�⃗� (𝑧, 𝑡) = 𝐸𝑥(𝑧, 𝑡)�̂� + 𝐸𝑦(𝑧, 𝑡)�̂�                                                                         (1-1) 
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The instantaneous components are related to their complex counterparts 

by  

𝐸𝑥(𝑧, 𝑡) = 𝐸𝑥𝑜cos(𝜔𝑡 + 𝑘𝑧 + 𝜙𝑥)                                                                       (1-2)                                              

𝐸𝑦(𝑧, 𝑡) = 𝐸𝑦𝑜cos(𝜔𝑡 + 𝑘𝑧 + 𝜙𝑦)                                                                       (1-3) 

In which Exo and Eyo are, respectively, the maximum magnitudes of the x and y components. 

a) Linear Polarization 

For the wave to have linear polarization, the time-phase difference between the two components 

must be 

,        n=0, 1, 2, .....y x n                                                                          (1-4) 

b) Circular Polarization 

Circular polarization can be achieved only when the magnitudes of the two components are the 

same and the time-phase difference between them is odd multiples of π/2. That is, 

0 0x y x yE E E E                                                                                           (1-5) 

1
( 2 ) ,    n = 0,1,2,...   for CW
2

1
( 2 ) ,    n = 0,1,2,... for CCW
2

y x

n

n



  




 

    
 


                                        (1-6) 

If the direction of wave propagation is reversed (i.e., +z direction), the phases in (2-60) and (2-61) 

for CW and CCW rotation must be interchanged. 

c) Elliptical Polarization 

Elliptical polarization can be attained only when the time-phase difference between the two 

components is odd multiples of π/2 and their magnitudes are not the same or when the time-phase 

difference between the two components is not equal to multiples of π/2 (irrespective of their 

magnitudes). That is, 

0 0x y x yE E E E                                                                                           (1-7) 
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, n = 0,1,2,... 
2

y x

n
                                                                             (1-8) 

To summarize, a time-harmonic wave is circularly polarized at a given point in space if the electric 

(or magnetic) field vector at that point traces a circle as a function of time. The necessary and 

sufficient conditions to accomplish this are if the field vector (electric or magnetic) possesses all 

of the following: 

i. The field must have two orthogonal linear components and 

ii. The two components must have the same magnitude and 

iii. The two components must have a time-phase difference of odd multiples of 90◦. 

The rotation sense is always examined by rotating the phase-leading component toward the phase-

lagging component and observing the field rotation as the wave is viewed as it travels away from 

the observer. If the rotation is clockwise, the wave is right-hand (or clockwise) circularly polarized; 

if the rotation is counter clockwise, the wave is left-hand (or counter clockwise) circularly 

polarized.  

Advantages of Circular Polarization 

a) Immunity to Faraday rotation  

Faraday rotation happens once an LP signal passes through the ionosphere. When the EM wave 

interacts with the charged particles and the Earth's magnetic field, its plane of polarization is 

rotated. The rotation is proportional to the magnetic flux density in the propagation path and it is 

further problematic in higher sections of the atmosphere because of stronger magnetic fields 

produced by highly ionized plasma [9]. The magnitude of the effect varies since the density of 

electrons in the ionosphere changes greatly on a daily basis. Although, the rotation amount of the 

polarization angles is always inversely proportional to the square of the frequency. Consequently, 

there is a polarization mismatch for LP antennas. On the other hand, CP is immune as it has two 

equal orthogonal components and any rotation will be on both components, in the same manner, 

hence, the wave will still be CP. 
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b) Mitigation of multipath propagation 

Multi-path is caused when the primary signal and the reflected signal reach a receiver at nearly the 

same time. This creates an "out of phase" problem. The receiving radio must spend its resources 

to distinguish, sort out, and process the proper signal, thus degrading performance and speed. 

Linear Polarized antennas are more susceptible to multi-path due to increased possibility of 

reflection. 

c) Polarization mismatch loss 

The polarization mismatch happens because of misalignment of the transmit and receive antennas. 

For LP antennas, the transmit and receive antennas must be aligned to avoid polarization losses. 

However, a CP antenna receive an LP wave whatever its orientation is [10]. This is because a CP 

wave propagates in both horizontal and vertical planes and the planes in between so for an 

arbitrarily oriented LP antenna, there will always be a component of the CP wave that will be 

aligned with it. 

1.3 Periodic Structures 

The periodic structure is considered as a traditional concept in the EM field of investigation. The 

periodicity of the structure adds some features for the propagation inside. Furthermore, utilizing 

the periodicity of the structure to achieve some requirements in the device itself is a well-known 

procedure in microwaves. One of the most famous examples is frequency selective surface (FSS) 

which functions as a frequency filter. There are many applications based on the concept of periodic 

structures. Some of the periodic structures are given a special name based on their configuration, 

behaviour or basic operation. In the next chapter, a literature review and basic principles governing 

the operation and analysis of frequency selective surfaces (FSS) will be provided. A brief history 

along with an overview of the FSS basic characteristics and the different types of element shapes 

will be shown as well. 

 

1.4 Motivation 

One basic component in any communication system is the antenna, which is governing the 

characteristics of the communication transponder. Recently, there have been enormous research 
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and development in antenna design and optimization. The Ka-band as a small part of MMW 

spectrum is ranged from 26.5 GHz to 40 GHz. Recently, the wireless community has conceived 

the notion of 5G, a new generation of mobile wireless technology that will deliver the higher data 

rates up to 10 Gbps, with orders of magnitude further capacity and lower latency than today’s 

wireless systems. Although, one of the main drawbacks of the MMW is high atmospheric 

attenuation, which limits the range and strength of the waves. In order to enhance the total 

sensitivity and signal-noise ratio in systems, antenna designers are currently interested in designing 

highly gain antennas [11]-[12]. On the other hand, polarization is one of the fundamental 

characteristics and critical issues in wireless communication systems. Recently, because of the 

advanced signal propagation properties, systems using CP antennas offer considerable 

performance advantages over systems utilizing traditional LP antennas, particularly in modern 

satellite and communication systems. The use of CP is considered as a solution for addressing 

challenges associated with polarization mismatch, none-line-of- sight applications, phasing issues, 

and multipath effects [8]-[10].  Frequency selective surface (FSS) technology has many 

applications in various sectors such as aerospace, medical, and microwave industries. One of the 

practical applications of FSS is in aerospace industries, where FSS is mainly employed to enhance 

the performance and suppress the radar cross section (RCS) of different devices such as radom, 

reflector antennas, microwave circuits, etc.  Consequently, to fulfil the growing demand for the 

broadband high-gain antenna with low radar cross section (RCS), CP Fabry-Perot cavity (FPC) 

antenna based on FSS is found to be an appropriate choice. Furthermore, rigorous designs of FPC 

antennas always involve challenging procedures; especially where high performance of radiation 

and low RCS are expected from both the antenna and FSS superstrate. The lack of accurate and 

realistic modelling of FPC antennas while enhancing both properties of radiation and RCS 

reduction are yet a missing key point in the FPC antennas. In addition, there are series drawbacks 

such as narrow bandwidth, low purity in axial ratio and radiation efficiency, and large size. In other 

words, to the author’s best knowledge, as compared with previously published works in the open 

literature, it is not observed yet an FPC antenna satisfying all requirements of broadband CP, 

impedance matching, low RCS, high gain and small profile (one-layer metasurface), 

simultaneously. Ultimately, the idea of using FPC to enhance gain, suppress RCS, generate and 

conserve CP feature, and expand bandwidth is of great research potential. Therefore, different 

antenna designs with FSS layer can be exploited to satisfy the above-mentioned conditions. 
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1.5 Objective 

The focus in this thesis is based on four major aspects that assist to adequately characterize and 

design the antennas along with FSS layer. These aspects are: Providing an accurate modelling 

scheme to the Fabry-Perot Cavity (FPC) antennas for estimating the superstrate size and air gap 

and also to address the main drawback of FPC antennas, with expanding the 3-dB gain bandwidth 

using effective medium method. Suppressing spatially coupling in multiple-input multiple output 

(MIMO) antenna using FSS layers. Enhancing the CP purity and bandwidth with the least amount 

of insertion loss employing multilayer FSS slab. In order to enhance scattering property, two 

approaches for reducing RCS based on FSS are proposed. For each one of above sections, different 

approaches and designs will be presented, eventually, the purpose of this thesis is to design a 

wideband CP antenna with properties low RCS and high gain, simultaneously. 

1.6 Thesis Outline  

This thesis is organized into seven chapters and one appendix including this introduction chapter 

as follows. Chapter 2 provides a literature review and basic principles governing the operation and 

analysis of FSS. This contains a primary discussion, and brief history and background along with 

different practical applications. In chapter 3, gain enhancement of CP antenna based on FSS is 

represented. In chapter 4, two novel methods for coupling reduction MIMO antenna elements in the 

nearfield region using FSS are given. In chapter 5, a linear to circular polarizer based on multilayer 

FSS slab is proposed, which it profits from the excellent properties such as high purity of CP, broad 

bandwidth as well as low insertion loss. In chapter 6, two different approaches using FSS metasurface 

to improve the scattering property, the RCS reduction, are proposed. Chapter 7 concludes the thesis 

with suggested future work. Ultimately, the thesis is accomplished with an Appendix entitled “Bi-

Level Group Search Optimization (GSO) Algorithm”. 

1.7 Research Contribution  

Contributions of this thesis lie in investigating different properties of circularly polarized (CP) 

antennas using frequency selective surface (FSS). It is aimed to address some of the practical 

challenges and realistic assumptions concerning radiation and scattering properties. The first 

contribution is to enhance the antenna gain using FPC antennas, which is based on FSS. The goal 

here is to enhance gain and expand the 3-dB gain bandwidth at the same time. To reach these, for 
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the first time, a few accurate modelling schemes such as transmission line circuit model and 

diffraction and transmission rays will be presented [J1]. 

The second contribution concentrates on developing an effective approach for mitigating the near-

field coupling between four-port CP antennas. This is obtained by incorporating a two-layer 

transmission-type FSS superstrate based on planar crossed-dipole metal strips. Another technique 

for suppressing the spatially coupling between DR antennas using a new FSS polarization-rotator 

wall is studied as well. Utilizing this FSS wall, the TE modes of the antennas become orthogonal, 

which reduces the spatially coupling between the two DRAs. To the best of my knowledge for the 

first time, two effective approaches above for mitigating the near-field coupling between adjacent 

antennas are proposed [J3], [J6], [J20]. 

To enhance the purity and bandwidth of CP with the least amount of insertion loss, as the third 

contribution, one novel LP-to-CP polarizer is introduced, which is based on multilayer FSS slabs. 

This polarizer is approximately robust under oblique illuminations. To have a high-gain CP 

antenna, an 8-element LP array antenna with Chebyshev tapered distribution is designed and 

integrated with the polarizer [J4].  

Ultimately, to improve the scattering property, the fourth research theme investigates RCS 

reduction by the use of two different approaches which are based on FSS. Initially, a wideband 

FSS metasurface for RCS reduction based on a polarization conversion is proposed. To distribute 

the scattered EM waves and suppress the maximum bistatic RCS of the metasurface over a 

broadband of incident angles at both polarizations, the elements are arranged using the binary 

coding matrix achieved by group search optimization (GSO) algorithm. The reflective two-layer 

metasurface is designed in such a way to generate a reflection phase difference of 180° between 

two elements “0” and “1” on a broad frequency band. As the second activity of this research theme, 

wideband CP antenna with low RCS and high gain properties is presented. The proposed antenna 

is based on a combination of the FPC and sequential feeding technique [J2], [J14]. 

At the end, the thesis contains an Appendix entitled as “Bi-Level Group Search Optimization 

(GSO) Algorithm” [J2], [J15]. 
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Chapter 2.  Literature Review 

This chapter contains material extracted from the following publications [J1], [J2], [J3], [J4], [J6], [J14], 

[J20]. 

2.1 Frequency Selective Surface (FSS) 

This section provides a literature review on basic principles governing the operation and analysis 

of frequency selective surfaces (FSS). This contains a primary discussion on brief history and 

background along with different practical applications. A short overview of the FSS basic 

characteristics with the different types of element shapes are presented, as well.  

FSS Background and Applications 

Filters play a fundamental role in most electronic or RF circuits. Once being incorporated into a 

design, the filter acts as a device that controls the frequency content of the signal for mitigating 

noise and unwanted interference. Once exposed to the electromagnetic radiation, an FSS acts like 

a spatial filter; some frequency bands are transmitted and some are reflected. In such a way, an 

FSS can be a cover for hiding communication facilities. This is probably the first potential 

application of FSS structures, as they have actually been used as covers named radomes. Radomes 

are band-pass FSS filters that are used to reduce the radar cross-section (RCS) of an antenna 

system. Since the early 1960's, because of potential military applications, FSS structures have been 

the subject of intensive study [13-15]. Marconi and Franklin, however, are believed, [13] to be the 

early pioneers in this area for their contribution of a parabolic reflector made using half-wavelength 

wire sections in 1919 [16]. FSS is now employed in radomes, missiles, and electromagnetic 

shielding applications. FSSs as frequency-selective materials have been used traditionally in 

stealth technology for reducing the RCS of communications systems. The concept of stealth or 

being able to operate without the knowledge of the enemy has always been a goal of military 

technology. In order to minimize the detection, FSS layers cover the facilities to reduce the RCS. 

FSSs most commonly take the form of planar, periodic metal-dielectric arrays in two- dimensional 

space. Frequency behaviour of an FSS is entirely determined by the geometry of the surface in one 

period (unit cell) provided that the surface size is infinite. Although taking different shapes, 

conventional FSSs have similar operation mechanisms that can be explained by the phenomenon 

of resonance. Consider an array of elements on a planar surface. Upon contact with a plane-wave, 
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the elements of the periodic surface resonate at frequencies where the effective length of the 

elements is a multiple of the resonance length, λ/2 [14]. Corresponding to the phase front of the 

wave, these elements have a certain phase delay. As a result, the scattered radiations of individual 

elements add up coherently. An example of such arrangement of elements is Marconi and 

Franklin's reflector. This reflector is very much similar to the most famous FSS design, an array 

of half-wave dipoles. The resonance characteristics of an FSS usually depend on the way the 

surface is exposed to the EM wave. Another practical application of FSS is related to secure 

buildings [17]-[23], as shown in Figure 2-1. A collaborative project to design FSS for wireless 

propagation control within buildings between the Universities of Kent and Manchester in the UK 

and Auckland in New Zealand has been done. The rationale for the project was to find solutions 

to the pervasive problems of spectral overcrowding, interference, and security while at the same 

time allowing the emergency services to use their radio systems (TETRA in Europe) when they 

need to enter a building [23]. In addition, FSS building structures can also be three-dimensional 

wallboard-based structures, as suggested in a research conducted in [19]-[20] which offer greater 

selectivity and performance than their two-dimensional wall paper like counterparts. Furthermore, 

the signal isolation capability of a small FSS screened enclosure has been studied in [21]. There 

are other practical examples which have already being done and presented in the literature for 

further security (see Figure 2-2) [22]. 

(a) A civil office environment

(b) A prison building  

Figure 2-1: Example of finite FSS panel usage in different scenarios. In both cases it is assumed that the 

surrounding walls, floors, and ceilings are screened with thermally insulating metal sheeting (Q. Nidal, et 

al. [22], @ Loughborough University, 2012) and (J. Batchelor, et al. [23], @ Loughborough University, 

2009).  
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(a) FSS wall inside conference Room (b) Study Room surrounded by FSS wall  

Figure 2-2: Examples of finite FSS walls used in (a) conference room and (b) study room (Q. Nidal  et al. 

[22], @ Loughborough University, 2012). 

It is observed that FSS wall can be applied in the investigate areas such as the library to have more 

isolation. Another practical application of FSS is used as low emittance windows, as shown in 

Figure 2-3 [24]. It is observed that FSS walls can be applied in conference and study rooms such 

as the library to have more isolation. 

Heat

Cellular Phone

Visual light

 

Figure 2-3: Illustration of a frequency selective window. The infrared radiation (heat) is blocked by the 

window, but the indoor outdoor communication is possible. The visible part of the spectrum remains 

unchanged (M. Gustafsson, et al. [24], @ Lund University, 2005). 

The standard type of window pane is made of non-magnetic glass with a typical conductivity of σ 

= 10-12 S/m, a relative permittivity ɛr≃4, and a thickness of d≃4 mm. The pane presents no major 

obstacles to microwave radio propagation since it is thin compared to the wavelength and its 

conductivity is extremely small. The panes are transparent for more or less all radiation with 

frequencies below UV light [24]. Thus a window pane is a transparent to visible light (390 to 770 
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nm), infrared (IR) light (770 to 2100 nm) as well as microwaves. The transparency of IR light is 

during summer and winter unfavourable.  By using energy saving windows, one can improve 

thermal response leading to an economically viable solution. One drawback with these energy 

saving windows is the degrading of the radio channel properties [24].  

FSS Overview 

FSSs are planar periodic structures which show reflection and/or transmission features as a 

function of frequency. The surface consists of thin conducting elements, usually printed on 

dielectric substrates for support. In general, the FSS structures can be divided into patch-type or 

aperture-type metallic elements, being periodic in either a one or two-dimensional array. FSS 

behaviour can be divided into four frequency response types: low pass, high pass, band pass and 

band stop as shown in Figure 2-4. The low pass FSS and the high pass FSS are complementary 

surfaces in the sense that they together cover the entire surface. According to Babinet’s principle, 

the transmission and reflection coefficients of one surface will be the reflection and transmission 

coefficients of the other. 
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Frequency Frequency Frequency Frequency

(d)
 

Figure 2-4: Typical FSS types and their responses. The gray surface represents a metallic surface. (a) array 

of metallic patches and respective low pass behavior, (b)apertures on the conductive medium and ideally 

high pass transfer function. Figures (c) and (d) show the loop elements that have resonant characteristics 

(c) metallic loop and (d) aperture loop (M. Gustafsson, et al. [24], @ Lund University, 2005). 
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That implies that a high pass FSS is obtained from a low-pass FSS by exchanging the conductive 

parts with the non-conductive parts. This applies also to the band-pass FSS and band-stop FSS. 

However, the surface must meet certain requirements. Initially, screen thickness should be less 

than 1/1000λ (infinitely thin) and there should be no dielectric layer. When a layer of dielectric is 

added to a metallic FSS, the resonant frequency decreases. Figure 2-4 (a), depicts a periodic array 

of conducting elements (gray squares) that attains a low-pass characteristic. By using Babinet’s 

principle, the characteristic in Figure 2-4 (b) is obtained by simply reversing the materials. Using 

the same principle, the band-pass filter is shown in Figure 2-4 (d) has a structure that is the 

complement of the structure for the band-stop filter in Figure 2-4 (c).  

Types of FSS [25] 

There are many types of FSS elements with each shape having its unique transmission / reflection 

characteristics, sensitivity to oblique angle of incidence, polarization type, and bandwidth. FSS 

arrays are grouped into 4 classified according to [13]: 

 

 a) Centre connected or n-poles 

Centre connected elements including simple straight element such as dipoles, Cross dipoles [26], 

unloaded tripoles, anchor elements, and Jerusalem cross, as shown in Figure 2-5 (a). 

 

b) Loop Type Elements 

The most common loop elements are the square [27] and circular loops (rings) [28], [29], as well 

as three and four-legged loaded elements, as shown in Figure 2-5 (b). 

 

c) Solid interior or plate elements of various shapes 

This group includes simple squares, and hexagonal and circular conducting plates [30], as shown 

in Figure 2-5 (c) and (d). 

 

d) Combination Elements 

In this group, various combinations of elements are possible in order to take advantage of specific 

characteristics in order to enhance, for example, the array frequency response, independencies to 
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oblique incidence, reflection bandwidth, or lowering the resonant frequency. The dipole elements 

are shown in Figure 2-5 (a), are singly polarized structures, while dual polarised structures can be 

created with, for example, cross dipoles. The unloaded tripole arrays have very good dual 

polarisation and they can be packed tightly. However, the anchor elements have greater bandwidth 

and out of band grating response due to the end capacitance [13], [14], [26]. 

Dipole Tripole Anchor Jerusalem Cross

Ring Square
Loaded Cross 

dipole
Hexagon

Circular patch
Square Patch Hexagon Patch

Circular aperture loaded 

with a solid conducting disk
Circular aperture loaded 

with a conducting tripole

(a) Centre connect or N-pole element

(b) Loop Type Elements

(c) Solid interior or plates types of various shapes

(d) Combination elements

 

Figure 2-5: Common FSS element types (B. Turki, et al. [25], @ University of Kent, 2015). 

2.2 Antenna Gain Enhancement by FSS Layer  

Highly-efficient high-gain antennas have been at the centre of interest for various millimetre-wave 

(MMW) wireless applications. Parabolic reflector and array antennas are known as strong 

candidates aiming for high-gain radiation, at such high frequencies, accompanying their 

advantages and disadvantages for the desired application. For example, reflector antennas are 

bulky and in a need of mechanical motors for beam steering applications. Array antennas can be 
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planar structures with the capability of beam steering using an optimized phase distribution over 

the array elements; however, this type of antenna suffers from structural losses due to its feeding 

network/circuitry (especially for high-gain arrays which require a large number of elements). On 

the other hand, planar FPC antennas are also known for their ability to produce highly-efficient 

directive radiation pattern using a single excitation point, as shown in previous works [31]-[48]. 

These cavities are formed by placing a partially-reflective surface (PRS) on top of a ground plane 

[31]-[48]. Reviews of FPC antennas can be found in [38]-[39]. These antennas have been designed 

using various types of PRS superstrates made of periodic metallic patches or slots [40]-[42], 

multilayer dielectric slab superstrates [43]-[44]. In various detailed studies, as in [45]-[46], the 

radiation behaviour of these antennas was studied through excited leaky-waves (LW) inside these 

cavities similar to that of a general LW antenna as well described by Tamir [47] and Oliner [48]. 

The radiation behaviour of these antennas relies on the excitation of leaky-waves (LW) inside the 

cavity [45]-[46]. Based on LW explanation [45]-[46], a high-gain FPC antenna produces a 

broadside directive radiation beam (i.e. a pencil beam), perpendicular to the antenna plane (or FSS 

and ground plane), in the proximity of its resonance frequency. For frequencies larger than the 

resonance frequency of the cavity, the beam starts opening in the middle and steers to the sides of 

the antenna. For a highly reflective inductive or capacitive FSS, slight changes in the resonance 

height of the cavity (e.g. either by using a mechanical displacement or slight change in the relative 

permittivity of the material inside the cavity) can steer the main beam of the antenna around its 

centre frequency. One of the main constraints of such cavities is their 3dB gain/power bandwidth 

so that FPC antennas are resonance based that is why those suffer from the limited bandwidth. The 

lack of a theoretical model to estimate the FSS layer size is considered as other imperfection in 

FPC antenna‘s vicinity. Therefore, in this thesis, finding the alternative to address these drawbacks 

has been main contribution in this research area. 

2.3 Coupling Reduction between Antennas by FSS Layer 

Mutual coupling refers to the interactions between electromagnetic (EM) fields of the adjacent 

antenna elements [49]-[52]. It can degrade the antenna array performance in terms of impedance 

and radiation characteristics [53]. Depending on the shape of antennas (i.e., planar or nonplanar), 

fabrication technologies, arrangement type, and distance between them, mutual couplings are 

categorized as follows: (i) the signal leakage via surface wave propagating along substrate 
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dielectric and air interface [54], [55] (ii) the conducting current due to the existence of continuous 

metallic ground plane [56], (iii) the mutual coupling between the feeding lines [57], and (iv) the 

coupling due to the spatial electromagnetic fields [58]. Multiple-input multiple output (MIMO) 

systems in millimetre-wave (MMW) frequency band have become an emerging technology for 

future indoor and outdoor communications because they permit the next generation mobile 

networks (NGMN) to provide high data rates in order to improve the link performance [59]. 

Improvement in throughput and radiation efficiency of MIMO wireless systems demands a lower 

envelope correlation and further degree of isolation between the adjacent antennas [60]. Therefore, 

mutual coupling reduction between closely spaced antennas in MIMO systems has been studied 

by various authors [61]–[62]. Mutual coupling affects the MIMO system performance through 

varying the impedance and radiation characteristics, which degrades the side-lobe level and 

radiation pattern shape [63]. In order to increase the signal-to-noise ratio and enhance the channel 

capacity of MIMO systems, the inter-element spacing should be minimum (a half wavelength) 

[63]. However, the space left for antenna elements and fabrication restrictions are usually heavily 

restricted in the highly integrated wireless communication systems. One should note that such a 

limited inter-element spacing results in a strong mutual coupling, radiation efficiency reduction, 

and functional deterioration of the system [58]. Isolation approaches are extensively reported in 

the literature to reduce mutual coupling effects [54]-[72]. Lumped elements connected in shunt are 

adjusted to decouple the isolation between two adjacent patch antennas [63]-[64]. At low-

frequency 2.45 GHz, a new narrow-band decoupling technique has been proposed with a 

considerable compact decoupling network [63]. It is an effective technique for coupling reduction 

but typically results in a narrow-band behaviour and is considered as a complex structure to be 

utilized in antenna arrays. In a dielectric substrate, the parasitic cross coupling is achieved by 

surface modes and further improved when high permittivity and thick substrate are utilized. As a 

result, electromagnetic band-gap (EBG) structures are formed to prevent the surface-waves 

propagation toward the next antenna at the bandgap frequencies [61], [65]-[66]. Changing the 

radiation pattern and the occupied space by EBG are major drawbacks of these structures. Defected 

ground structures (DGS) methods by means of various slots etched off metallic background to 

increase isolation were presented in [67]-[68]. The disadvantage of DGS is related to a backward 

signal leakage. Eigen-mode decomposition approach is utilized based on a 180° coupler [69]. 

Decoupling networks based on coupled resonators in array structures was studied [70]. These 



 

9 

 

resonators are able to produce high-order resonance and broadband coupling reduction solution. 

However, both the Eigen-mode and decoupling network structures are inconvenient using complex 

structures [70]. A coplanar strip wall between two antennas was reported in [72]. However, such 

a technique deteriorates the antenna’s radiation pattern. This is because of the fact that the coplanar 

strip wall is not matched. Metamaterials have been widely analysed in the recent years to improve 

many antenna radiation characteristics due to their unusual electromagnetic properties [73]-[74]. 

In order to suppress the mutual coupling of the spatial electromagnetic fields, improving at the 

same time, the radiation performance of the antennas, metasurface, and frequency selective surface 

(FSS) as the superstrate of the antennas were proposed [58], [75]-[77]. Note that, depending on 

the antenna’s radiation pattern shape, the spatially mutual coupling is generated in near-field area. 

However, the decoupling designs operate on the basis of coupling reduction of either E or H-Fields 

between linearly polarized (LP) antennas. Recently, due to factors such as polarization mismatch, 

multipath phenomenon, and phasing subjects, the trend to design the circularly polarized (CP) 

antennas is expanding [31]-[34]. As mentioned before, the most of the studies in the 

literature apply the similar principle to reduce the coupling among LP antennas. In [75]-[76] a new 

technique has been observed based on metasurface layer on the top of MIMO planar dipoles with 

the inter-element spacing 0.3 λ and 0.5 λ. However, it functions for linear structures and also the 

coupling reduction is not tangible, so that the improvement of 3dB and between 8 to 14 dB in 

different cases in the orientation of H-plane is obtained, whilst in the E-plane coupling is not 

significant as compared with the air coupling (without superstrate).  

In this thesis, two different approaches which based on FSS layer are presented. Initially, coupling 

reduction behaviour on MIMO-CP antenna systems based on a two-layer transmission-type FSS 

is investigated. Correspondingly, the FSS layers transmit the large proportion of incident EM wave 

on the preferable frequency band. Therefore, the antenna’s radiation pattern is slightly 

concentrated upward, ending up a spatially mutual coupling reduction between the antennas. 

However, due to this fact that each FSS element with different phases is illuminated, insignificant 

reflections are scattered from the FSS layers which is considered as the main drawback of this 

approach. To solve this drawback, considering the FSS layers as a uniform planar array, the authors 

have determined the near-field behaviour of FSS layers on the backside toward the radiating 

antennas. It is realized that by tuning few design parameters, the phase of reflections can be 
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controlled. As a result, the insignificant reflections can easily be redirected along the nulls and 

away from the radiating antennas to prevent any interference.  

In this thesis for suppressing the spatially coupling between DR antennas, another technique using 

a new FSS polarization-rotator wall is studied as well. The coupling reduction is achieved by 

embedding an FSS wall between two DRAs, which are placed in the H-plane. Utilizing this FSS 

wall, the TE modes of the antennas become orthogonal, which reduces the spatially coupling 

between the two DRAs. The proposed FSS wall approximately has no influence on the DRA 

characteristics with respect to input impedance and radiation pattern. The radiation pattern is 

approximately unchanged as compared with a DRA MIMO antenna array without FSS wall.  

2.4 Enhancing the CP Bandwidth and Purity Using an FSS-type Polarizer   

Polarization properties play a critical role in wireless communication systems.  Recently, due to 

the advanced signal propagation properties, systems using CP antennas offer significant 

performance benefits over systems using traditional LP antennas. The use of CP is considered as 

a solution for addressing challenges associated with adverse weather conditions, and polarization 

mismatch, none-line-of- sight applications, phasing issues, and multipath effects [8]-[10], [31]-

[34]. Various CP antennas have been presented in the literature in the last few decades. An 

appropriate way of creating a CP wave is to radiate an LP wave to a polarizer plane. This method 

has become attractive in situations where the radiating structure contains a planar array. For this 

case, the polarizer is placed on top of the antenna to transmit CP waves. Basically, the polarization 

converter decomposes the LP incident plane wave into two orthogonal components of nearly equal 

amplitude with a phase difference of 90° to generate a CP transmitted plane wave. A transmission-

type polarizer have been extensively investigated by researchers in the open literature for several 

applications [78]-[87]. For example, some polarizers were designed utilizing FSS structures [78-

81], and others are based on traditional hybrid meander line and loop configuration [82]-[84]. In 

[78] a multilayer FSS was designed using square patches with truncated corners to obtain 90° 

phase difference between orthogonal linear components. The polarizer presented in [79] employs 

a miniaturized-element FSS composed of arrays of subwavelength capacitive patches and 

inductive wire grids separated by dielectric substrates. The polarizer in [80] uses a double-sided 

partially reflective surface (PRS), which controls independently the reflection and transmission 

coefficients. The work in [81] suggests a CP converter utilizing a four-layer FSS consists of split 
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rings bisected by a metal strip, in which distance between different layers is a quarter wavelength, 

but the layers’ dimensions are different. Despite structures suggested in [78]-[81] are broadband, 

they consist of multilayer structures with different configurations and dimensions for each layer, 

ending up with complicated geometry and configuration for the polarizers. In [83] single layer 

polarizer based on hybrid meander line and loop geometry are proposed. This structure can cover 

the AR bandwidth of 46.8%. However, the peak insertion loss is 3dB. In order to achieve a CP in 

[84], a meander line polarizer has been employed with the linear SIW antenna, while the structure 

does not have broadband behaviour. Another approach used in [85] included rotating FSS structure 

that was implemented using the substrate integrated waveguide (SIW) technology. The rotating 

FSS in [86] utilizing a triple-mode SIW cavity resonator resulted in improving the transmission 

bandwidth. Meta-surface and metamaterial have been applied in [86]-[87]. A meta-surface of 16 

rectangular loop unit cells each with a diagonal microstrip line is positioned above a source antenna 

in [86]. An ultra-compact chiral metamaterial (CMM) using triple-layer twisted split-ring 

resonators (TSRRs) structure was suggested in [87]. Despite the benefits proposed by these 

designs, the majority of them employ resonant elements that tend to be narrowband. 

 In this thesis, a Ka-band transmission–type polarizer based on multilayer FSS slab to transform 

LP incident EM wave into a CP transmitted wave is proposed. To simplify the structure, a unit cell 

is used in all dielectric layers. In addition, in order to illuminate the polarizer, an 8-element LP 

array antenna with Chebyshev tapered distribution to control the radiated pattern side lobe level 

(SLL) is also designed. In the configuration, the antenna is placed at a half free space wavelength 

from the polarizer with a 45° rotation. The size of the polarizer is determined using a diffraction 

and transmission rays’ model. The benefits of the proposed structure include wide CP bandwidth, 

high CP purity, robust under broad-angle oblique incident waves, the least amount of insertion 

loss, and design simplicity using same unit cell in all layers.  

2.5 RCS Reduction to Enhance Scattering Property 

In the past decade, FSSs have received substantial attention in wireless communication systems so 

that researchers have dedicated extensive efforts to investigation community due to their potential 

applications in the commercial and industrial sectors [88]. FSSs are typically periodic (2-D) array 

structures of suitably arranged metal patches or apertures that function as band-stop or band-pass 

spatial filters depending on the features of associated the unit cells [89]-[90]. They have been 
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extensively employed in many areas, such as electromagnetic capability [91], polarizers [93]-[93], 

high gain antennas [31]-[34], absorbers [94], and radar cross section (RCS) reduction [95]. 

Broadband RCS and manipulating the characteristics of scattered electromagnetic (EM) fields, 

have always been challenging objectives to designers [96]. Simultaneously, easy integration of 

FSSs with objects is another critical design issue [97]. Various traditional methods have been 

suggested in the literature to redirect the scattered waves away from the backscatter direction. They 

relied on loading the object with radar absorbing materials (RAM) and/or passive or active 

cancellation [98]. The principal benefits of employing RAM are convenience, efficiency, and 

flexibility at the expense of overall thickness [96]. However, this technique increases the weight 

and air drag. In addition, the ground plane with RAM is angle and frequency sensitive and as such 

it is a narrow frequency band [96]-[99]. Another technique is to shape the target geometry [100] 

as an effective alternative approach. However, this technique increases the design complexity in 

terms of the engineering aspects of the vehicle. In addition, it only functions well at high 

frequencies with potential adverse effects at low frequencies [96]-[99]. Another approach of 

achieving RCS reduction is based on a combination of perfect electric conductors (PEC) and 

artificial magnetic conductors (AMC) in a chess board [101]. The low profile and simple planar 

structure are the major advantages of this configuration. In this structure, AMC unit cells produce 

a 0° phase difference to the scattered waves whilst PEC reflects incident waves with a 180° phase 

difference. Using the contribution of the PEC and AMC cells, a 180° phase difference is obtained, 

resulting in destructive interference and creating a null in the specular angle [97]-[101]. The main 

drawback of the approach reported in [100] is the narrowband behavior of the AMC cells so that 

the chess board provides a 10-dB RCS reduction (normalized to a PEC surface) over a bandwidth 

of nearly 5%. In [97], two Jerusalem Cross AMCs with different sizes were applied. The chess 

board that combines two kinds of AMC is able to obtain a realized bandwidth of nearly 40%. 

Simulated results of RCS using chess board showed approximately 58% bandwidth for normal 

incidence but no experimental results were reported [102]. In [103] by modifying the blended 

checkerboard design, the 10-dB, RCS reduction covered 91% fractional bandwidth. It is clear that 

bandwidth expansion is still one of particular interests. On the other hand, polarization is the main 

feature of EM waves, and researchers have made considerable efforts to manipulate it. Recently, 

structures for RCS reduction that rely on the principle of polarization conversion have been 

presented in the literature [104]-[106]. However, the narrow bandwidth has restricted the practical 
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application of the polarization converters. For example, reference [104] has suggested a 

polarization conversion metasurface (PCM) based on fishbone-shaped arrays that produces some 

separate narrow bands. In [105] a polarization rotation reflective surface (PRRS) is presented.  It 

is based on connecting a square patch with the ground using two non-symmetric vias. A 49% 

bandwidth is obtained. In [106] a rotator is suggested which it can carry out 90° polarization 

rotation at three frequencies and maintains a 56% polarization conversion efficiency. It is obvious 

that bandwidth extension of these kinds of designs is still in need of further critical studies.  

In this thesis, in order to reduce RCS two different designs will be presented. Initially, a super-

wideband reflective metasurface for both monostatic and bistatic RCS suppression with different 

incident angles is presented. The design consists of a two-layer substrate with the identical material 

and thickness. The main metasurface is arranged by the binary elements “0” and “1”. Each of the 

Elements is composed of 4×4 FSS cells. The elements are formed by the binary coding matrix to 

distribute the scattered EM waves and reduce the maximum bistatic RCS of the metasurface over 

a wide band of incident angles at both polarizations. In order to achieve the binary coding matrix, 

group search optimization (GSO) algorithm is employed. The element arrangement on metasurface 

leads to a significant RCS reduction on frequency range from 5.1 GHz to 22.1 GHz (approximately 

125%) at normal incidence for both polarizations. Meanwhile, a theoretical analysis is performed 

on the ratio of the “0” and “1” elements using Least Square Error (LSE) method to find the best 

ratio value so that the optimum value of the ratio as a new constraint is added to GSO algorithm 

to attain a new coding matrix in another process of the optimization algorithm. As the second act 

of this part, a wideband CP antenna with low RCS and high gain properties is presented. The 

proposed antenna is based on a combination of the FPC and sequential feeding technique. The 

purpose of this antenna is to produce CP with the high directive level on wide bandwidth 

preserving low RCS.  

 



 

 

 

 

Chapter 3. Gain Enhancement of CP Antenna Based on FSS 

This chapter contains material extracted from the following publications: 

 [J1] M. Akbari, S. Gupta, M. Farahani, A. R. Sebak and T. A. Denidni, “Gain Enhancement of Circularly 

Polarized Dielectric Resonator Antenna Based on FSS Superstrate for MMW Applications,” IEEE 

Transactions on Antennas and Propagation, vol. 64, no. 12, pp. 5542-5546, Dec. 2016 

--------------------------------------------------------------------------------------------------------------------- 

3.1 Introduction 

Next generation of wireless systems needs broader bandwidths, higher speeds, and lower latency. 

As such, designers of fifth generation (5G) systems are seeking to use the MMW bands. In 

addition, the 5G systems look for high-gain and wideband antennas operating in the MMW band. 

One challenge of the MMW is the high free-space path loss. Thus, some designs have been 

proposed to address the radiation characteristics at MMW [35]–[48], [107]–[110]. One method to 

enhance the radiation characteristics (3-dB gain bandwidth) of antennas is applying a FPC 

approach in which an FSS superstrate or partially reflective surface (PRS) is embedded at 

approximately a half wavelength from a metallic ground plane, this generates an air-filled cavity. 

By illuminating the FPC by a source antenna, a considerable enhancement in the antenna radiation 

characteristics can be achieved [35]–[39]. These antennas have been designed using various types 

of PRS superstrates made of periodic metallic patches or slots [40]-[42], single-layer [108] or 

multilayer dielectric slab superstrates [43]-[44]. One of the main constraints of such cavities is 

their 3 dB gain/power bandwidth as it will be discussed in the second section of this chapter. In 

this chapter, initially, aiming for the minimum size of PRS superstrate, we are presenting a simple 

model of the diffraction and transmission rays. The limitation of the 3-dB gain bandwidth is one 

of the critical disadvantages of FPC antenna. Therefore, to expand the 3-dB gain bandwidth, an 

investigation in the next section of this chapter is given that relies on an image theory and effective 

medium method. 

 3.2 Gain Enhancement of Dielectric Resonator Antenna (DRA) Using FSS Layer 

In this section, a high gain circularly polarized (CP) dielectric resonator antenna (DRA) is 

proposed. The radiating DR is coupled to a 50-ohm microstrip line through an X-shaped slot etched 

off the common ground plane. Using an FSS superstrate layer, a gain enhancement of 8.5 dB is 

achieved. A detailed theoretical analysis is given and used to optimize the superstrate size and the 

air gap height between the antenna and superstrate layer. Meanwhile, the proposed DRA is 
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designed, simulated, implemented, and measured. The high gain CP DRA has the potential to be 

used for millimetre wave wireless communication and imaging systems. 

Dielectric Resonator Antenna (DRA) Design 

The geometry of the DRA with the FSS superstrate layer is depicted in Figure 3-1. The proposed 

FPC design consists of two substrate layers. The first layer is a 0.254 mm thick Rogers 3006 

substrate with relative permittivity of 6.15. The 50- microstrip feed line is printed on the bottom 

of the first layer. The second layer is a 0.787 mm thick substrate with dielectric constant of 2.2. 

An x-shaped slot is etched off the ground plane on the upper side of the lower substrate. The slot 

is coupled to a low-loss and high-efficiency rectangular DRA. The dimensions of DRA and x-

shaped slot are given in Figure 3-1 (b). The photographs of the implemented DRA are shown in 

Figure 3-2.  

 

Figure 3-1: The geometry of the FPC antenna with radiating DR and an FSS superstrate layer (a) 3D view 

and (b) top view (measurements are in millimetre), (M. Akbari et al. [31], @2016 IEEE). 

 

A simple dielectric waveguide model (DWM) has been used to evaluate the resonant frequencies 

in the DR. The resonant frequency for rectangular DRA can be computed as follows [111]- [112]: 
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(a) (b) (c) (d)
 

Figure 3-2: Photos of the fabricated antenna (a) the bottom surface of first layer (feedline), (b) top surface 

of the first layer (ground plane), (c) top surface of the second layer (DR), and (d) the bottom surface of the 

third layer (FSS elements), (M. Akbari et al. [31], @2016 IEEE).  

0

2

2 2
2

2
r

m l
k k

ya d

 


   
     

   
                                                                              (3-3) 

Where c is the speed of light in vacuum, k0 and ky are the wavenumbers in free space and inside 

the DR in the y-direction, respectively. Parameters a, b and d are the length, width, and height of 

the DRA, respectively. Utilizing the DWM and Rogers 6010 substrate with dielectric constant 

10.2, a DR with a = 3.7 mm, b = 3.7 mm, and d = 0.64 mm is selected. This results in the dominant 

mode at the resonant frequency of 30 GHz. An FSS of 7×7 cells is printed on the rear side of the 

superstrate (the third layer). The superstrate is separated from the DRA by an air gap (H). Generally 

speaking, parameters such as the characteristics of the DR (dielectric constant, shape, and 

dimension), length and width of the coupling aperture, the height of the superstrate from radiator, 

dimensions and period of the FSS elements are key parameters to control different resonance 

frequencies for wideband applications. In this thesis, all simulation results, except for RCS, were 

obtained using Ansys HFSS. The simulated results for the reflection coefficient, axial ratio, total 

gain, and radiation efficiency of the antenna without superstrate layer are depicted in Figure 3-3. 

It can be observed that the antenna’s impedance bandwidth is from 25 GHz to 31.4 GHz (22.7%), 

CP bandwidth from 26.9 GHz to 34.8 GHz (25.6%), and total gain of 6.4 dB at 30 GHz. Impedance 

and CP bandwidths correspond to S11< -10 dB and AR< 3 dB. As can be seen in Figure 3-3, the 

radiation efficiency of the DRA alone is above 90% on the desirable bandwidth, but the gain of 

the antenna is not high enough for MMW applications. Therefore, the directivity must be 

enhanced, and this can be done using the technique that is described in the following section. 
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Figure 3-3: The simulated results of (a) reflection coefficient and axial ratio, and (b) total gain and radiation 

efficiency of the DRA without the FSS layer, (M. Akbari et al. [31], @2016 IEEE). 

Design of FSS Superstrate Layer  

To improve the antenna gain, this thesis proposes an FSS superstrate on the top of a basic aperture 

coupled DRA with a separating air gap. Furthermore, using one or more FSS superstrates, various 

resonant frequencies can be achieved, although there is a limitation due to the required compact 

antenna size. It should be noted that an FSS superstrate will reduce the impedance bandwidth 

significantly. The dimensions of the FSS unit cell are shown in Figure 3-4 (a). Figure 3-4 (b) 

illustrates a sketch of multiple reflections inside the cavity and the EM wave leakage through the 

FSS superstrate. It can be seen that waves reflected inside the air gap will be partially transmitted 

through the superstrate in the antenna broadside direction when the reflection and transmission 

wave phases of the DRA, air gap, and FSS superstrate are precisely tuned. Accordingly, a 

considerably directive beam is created at the desired frequency. Figure 3-5 depicts a transmission 

line circuit model of the suggested structure (shown in Fig. 3.1). 

 Reflections

Concentrated 

Waves

 

1.7mm

(a) (b)

0.64mm

3.5mm

3.5mm

 

Figure 3-4: (a) The dimensions of the FSS unit cell and (b) illustration of multiple reflections and leaky 

waves, (M. Akbari et al. [31], @2016 IEEE).  
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Figure 3-5: Transmission line circuit model for mismatched load and generator, (M. Akbari et al. [31], 

@2016 IEEE). 

It consists of two cascaded transmission lines with lengths H and h2, characteristic impedances Z0 

and Zd, and arbitrary generator and load impedances Zg and ZL, respectively. In this case, the input 

impedance is given by [113]:  
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z jz h
z z

z jz h









                                                                                                                                  (3-4) 

𝑍𝑖𝑛 is the input impedance of a transmission line of length h2 terminated with 𝑍𝐿. When a PEC 

ground plate is used as a terminating load as shown in Figure 3-5, we have 

     1 1 2tanl in dz z jz h                                                                                             (3-5) 

Where 𝑍𝑑 = (𝑍0/√𝜀𝑟) and 𝛽 = (
2𝜋√ 𝑟

𝜆0
). As shown in Figure 3-5, the reflection coefficient at the 

𝑍𝐿1 as the terminating load is given by 
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                                                                                              (3-6) 

From (3-6) the phase of reflection coefficient for the ground and substrate 5880 can be estimated 

as below  
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                                                                                           (3-7) 

Hence 
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                                                                                                     (3-8) 

Note that, “H” is air gap between antenna and superstrate and “N” is the integer number. It is 

concluded, based on (3-8) that the DRA bandwidth can be enhanced if the FSS reflection phase 

decreases gradually. The directivity can be obtained from the magnitude of the reflection coefficient 

on the broadside direction (𝜃=0) as [114], [31]: 
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FSS

FSS

Directivity
 


 

                                                                                         (3-9) 

It can be seen from (3-9) that the DRA directivity increases with the higher magnitude of the 

reflection coefficient. Thus, in order to have a perfect FSS superstrate, it must satisfy requirements 

of flat reflection phase and high reflection magnitude versus frequency [114]. The FSS was 

simulated and optimized utilizing commercial full-wave EM simulation software HFSS 15.0. The 

periodic boundary conditions (PBCs) and Floquet port are used to simulate the infinite periodic 

cells. Each FSS is printed on a Rogers 5880 with relative permittivity 2.2 and thickness of 0.787mm. 

The FSS structure shown in Figure 3-4 (a) is a simple circle with a 1.7mm radius within a 

3.5×3.5mm unit cell. The height of the unit cell is calculated for the centre frequency of 30 GHz. 

The phase of the reflection and transmission coefficients, as well as the reflection magnitude of the 

FSS, are depicted in Figure 3-6. 
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Figure 3-6: The phase and magnitude of reflection and transmission coefficients of the  FSS unit cell, (M. 

Akbari et al. [31], @2016 IEEE).  
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 It can be seen that reflection magnitude is higher than 0.9 in the frequency range from 20 to 40GHz 

and the reflection phase is decreasing steadily with frequency resulting in high directivity. One of 

the challenges in these antenna structures is to determine the size of the superstrate including the 

number of FSS units. In order to overcome this challenge, we apply and extend, as shown in Figure 

3-7, a method to approximate a square superstrate. 
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Figure 3-7: Model of the diffraction and transmission rays, (M. Akbari et al. [31], @2016 IEEE).  

The model demonstrates diffraction and transmission rays from the superstrate that will lead to the 

same phase of the transmitting and diffracting waves resulting in a further directivity enhancement. 

In Figure 3-7, rays 1 and 2 are the first diffracted and transmitted rays and their respective phase 

angles are given as 
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                                                        (3-11) 

where 𝛼 and θ are the elevation angles from the radiating centre to the edge of the superstrate and 

rays 2, respectively. In additon, φtr is the transmission phase of the FSS. Using (3-10) and (3-11), 

the phase angles of diffraction and transmission rays are equal when, 
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Here “θ” is suppoesed so small, hence, (3-12) can be re-written as 
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                                                                                       (3-13) 

In order to obtain the optimum size of the superstrate including the number of FSS unit cells, (3-4) 

to (3-8) are applied and result in φ(ground, sub) is 128° and air gap (H) equals 4.5mm. Parametric 

studies using HFSS, as depicted in Figure 3-8, are used to maximize the total gain while also 

adjusting the CP band over the desired bandwidth. Various parameters in (3-4) through (3-13) are 

summarized in Table 3-1. 

Table 3-1: Parameter values of equations of (3-4) to (3-13), (M. Akbari et al. [31], @2016 IEEE). 
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Figure 3-8: The simulated results of the reflection coefficient, total gain, and axial ratio for different values 

of the airgap heigh H, (M. Akbari et al. [31], @2016 IEEE). 

 

Parameter values Parameter values Parameter values 

fr (GHz) 30 β 0.9 φ(FSS) (deg) -163  

Z0 (ohm) 377 d (mm) 0.787 φtr (deg) -73 

εr 2.2 Zd (ohm) 254.7 α (deg) 22 

N 1 φ Γ(ground, sub) 128 X (mm) 12 
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It can be seen that the air gap “H” is 4.8 mm which is slightly different from the corresponding 

value of 4.5mm obtained from the theoretical analysis. Note that as shown in Figure 3-8, the 

parameter X is defined as the radius of the circular superstrate. Theoretically, the estimated size of 

the square FSS superstrate is acquired 24 mm×24 mm. Since the dimension of the unit cell is 3.5 

mm×3.5 mm, the minimum size for the (7×7) FSS superstrate is 25 mm×25 mm.  Figure 3-9 shows 

the 3D radiation patterns of the aperture coupled DRA for three cases at 30 GHz.  
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Figure 3-9:  3D radiation patterns of the aperture coupled DRA at 30 GHz for three cases: (a) the basic 

DRA, (b) the DRA with the only superstrate, and (c) DRA with the FSS superstrate, (M. Akbari et al. [31], 

@2016 IEEE). 

 

It can be observed that the simulated gain of single DRA, DRA with the only superstrate without 

FSS elements, and the proposed antenna have 7 dB, 9.27 dB, and 15.5 dB, respectively. There is an 

8.5 dB increase in the gain for the case of the proposed DRA with the FSS superstrate in comparison 

with the DRA alone. The E-field vector variations at a wavelength distance for various phases are 

shown in Figure 3-10. It can be observed that the radiated field from the antenna rotates in clockwise 

direction, indicating it is right-hand circular polarization. The proposed DRA with superstrate and 

FSS unit cells were fabricated and measured. The measurements of the reflection coefficient (S11) 

for the proposed antennas were done utilizing an Agilent N5227A PNA Network Analyzer 

(10MHz-67GHz). A linearly polarized (LP) probe was used to sequentially measure the electric 

field in two orientations during the radiation pattern measurements. The left and right-hand fields 

and AR of the antenna were then calculated from the measured electric fields, with both amplitude 

and phase [115]:  
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Figure 3-10: RHCP E-field variations at different phases (a) 0°, (b) 90°, (c) 180°, and (d) 270 °at the centre 

frequency 30 GHz, (M. Akbari et al. [31], @2016 IEEE). 
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The measured and simulated results of total gain, axial ratio, and reflection coefficient are 

depicted in Figure 3-11. It is obvious that both the simulation and measurement results have an 

acceptable agreement.  The fabricated antenna is able to cover an impedance bandwidth from 29 

GHz to 31.5 GHz (8.26%) with an axial ratio bandwidth from 29.7 to 30.6 GHz (2.97%), and a total 

gain of 15.5dB at the central frequency of 30GHz. Figure 3-12 illustrates the radiation pattern of 

the proposed DRA at the operating frequency (30GHz) on the x-z and y-z planes. It is observed 

that the side lobe level (SLL) is nearly -13 dB on both planes. In addition, the simulations and 

measurements have an acceptable agreement with each other. 
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Figure 3-11: Measured and simulated curves of the total gain, axial ratio, and reflection coefficient of the 

proposed antenna, (M. Akbari et al. [31], @2016 IEEE).  
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Figure 3-12: The normalized gain of the proposed antenna at 30GHz on both planes phi=0 and phi=90, (M. 

Akbari et al. [31], @2016 IEEE).  
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3.3 Conclusion 

As the first design in this chapter, theoretical analysis has been used to design and optimize a high 

gain CP Fabry-Perot DR antenna for MMW applications. The antenna gain has been improved 

using a superstrate layer configured as a 7×7 FSS structure. The CP has been achieved by etching 

an X-shaped slot off the ground plane of the aperture coupled antenna. The measured results of the 

fabricated antenna have shown that it is able to cover the impedance and axial-ratio bandwidths 

8.26% and 2.97%, respectively. Furthermore, it has a total gain of 15.5dB on broadside at 30GHz. 

There is an acceptable agreement between simulation and measurement results. These 

characteristics make the proposed antenna a suitable candidate for millimetre-wave wireless 

communication systems.  
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Chapter 4. Spatially Coupling Reduction in MIMO Antennas Using FSS  

This chapter contains material extracted from the following publications: 

[J3] M. Akbari, H. Abo Ghalyon, M. Farahani, A. Sebak and T. A. Denidni, “Spatially Decoupling of CP 

Antennas Based on FSS for 30-GHz MIMO Systems,” IEEE Access, vol. 5, pp. 6527-6537, April 2017. 

[J20] M. Farahani, J. Pourahmadazar, M. Akbari, M. Nedil, A. R. Sebak and T. A. Denidni, “Mutual 

Coupling Reduction in Millimeter-Wave MIMO Antenna Array Using a Metamaterial Polarization-Rotator 

Wall,” IEEE Antennas and Wireless Propagation Letters, vol. 16, pp. 2324-2327, June 2017. 

--------------------------------------------------------------------------------------------------------------------- 

4.1 Introduction 

The interactions between EM fields of the adjacent closely spaced antennas is defined mutual 

coupling. It can degrade the antenna array performance in terms of impedance and radiation 

characteristics [53], [176]-[178], [182]. Depending on the shape of antennas [158]-[159], [162]-

[163], [165]-[169], [180]-[188] (i.e., planar or nonplanar), fabrication technologies, arrangement 

type, and distance between them, mutual couplings are grouped as follows: (i) the signal leakage 

via surface wave propagating along substrate dielectric and air interface [54]–[55], (ii) the 

conducting current due to the existence of continuous metallic ground plane [56], (iii) the mutual 

coupling between the feeding lines [57], and (iv) the coupling due to the spatial electromagnetic 

fields [58].  

Multiple-input multiple output (MIMO) systems in MMW frequency band have become an 

emerging technology for future indoor and outdoor communications because they permit the next 

generation mobile networks (NGMN) to provide high data rates in order to improve the link 

performance [59]. Enhancement in radiation efficiency of MIMO wireless systems demands a 

lower envelope correlation and a further degree of isolation between the adjacent antennas [60]. 

Hence, mutual coupling reduction between adjacent antenna elements in MIMO systems has been 

investigated by different authors [72]–[74]. A coplanar strip wall between two antennas was 

studied in [72]. Although, such a technique deteriorates the antenna’s radiation pattern. This is due 

to the fact that the coplanar strip wall is not matched well. Metamaterials have been extremely 

analyzed recently to enhance many antenna radiation characteristics because of their unusual EM 

features [73]–[74]. In order to reduce the mutual coupling of the spatial EM fields, improving 

simultaneously, the radiation performance of the antennas, metasurface, and FSS as the superstrate 

of the antennas were proposed [58], [75]–[77]. Note that, depending on the antenna’s radiation 
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pattern shape, the spatially mutual coupling is generated in near-field areas. However, the 

decoupling designs operate on the basis of coupling reduction of either E or H-Fields between 

linearly polarized (LP) antennas. Recently, due to factors such as polarization mismatch, multipath 

phenomenon, and phasing subjects, the trend to design the circularly polarized (CP) antennas is 

expanding [4], [31]. As mentioned before, the most of the studies in the literature apply the similar 

principle to reduce the coupling among LP antennas. In [75]–[76] a new technique has been 

observed based on metasurface layer on the top of MIMO planar dipoles with the inter-element 

spacing 0.3 λ and 0.5 λ. However, it functions for linear structures and also the coupling reduction 

is not tangible, so that the improvement of 3 dB and between 8 to 14 dB in different cases in the 

orientation of H-plane is obtained, whilst in the E-plane coupling is not significant as compared 

with the air coupling (without superstrate).  

In this chapter, coupling reduction behaviour on MIMO-CP antenna systems based on a two-layer 

transmission-type FSS is investigated. Correspondingly, the FSS layers transmit a large proportion 

of incident EM wave on the preferable frequency band. Thus, the antenna’s radiation pattern is 

slightly concentrated upward, leading to a spatially coupling suppression between the adjacent 

antennas. However, due to the fact that each FSS element with different phases is illuminated, 

insignificant reflections are scattered from the FSS layers which is the main drawback of this 

approach. To address this imperfection, considering the FSS layers as a uniform planar array, the 

author has determined the near-field behaviour of FSS layers on the backside toward the radiating 

antennas. It is realized that by tuning few design parameters, the phase of reflections can be 

controlled. As a result, the insignificant reflections can easily be redirected along the nulls and 

away from the radiating antennas to prevent any interference. As the second design of this chapter, 

an effective approach for reducing the spatially coupling between DR antennas using a new FSS 

polarization-rotator wall is presented. The coupling reduction is obtained by embedding an FSS 

wall between two DRAs, which are placed in the H-plane. Using this FSS wall, the TE modes of 

the antennas become orthogonal, which suppresses the coupling between the two DRAs. The 

proposed FSS wall approximately has no influence on the DRA characteristics with respect to 

input impedance and radiation pattern. The radiation pattern is approximately unchanged 

compared to a DRA MIMO antenna array without FSS wall.  
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4-2 Spatially Decoupling of CP-MIMO Antennas Based on FSS  

In this section of this chapter, an effective approach for mitigating the near-field coupling between 

four-port circularly polarized (CP) antennas in a 30GHz Multiple-Input, Multiple-Output (MIMO) 

system is suggested and investigated. This is obtained by incorporating a two-layer transmission-

type frequency selective surface (FSS) superstrate based on planar crossed-dipole metal strips. The 

study presents a comparison between the mutual coupling when the patches are radiating in free 

space and in the presence of the FSS layers. The simulated results, when the FSS layers are applied, 

show an average of 6 to 12dB improvement in the isolation between four adjacent CP-MIMO 

antennas. In addition, an accurate study is carried out on the insignificant reflections produced by 

FSS layers to redirect those and also prevent any interference. The proposed 2×2 CP-MIMO 

antenna along with the superstrate is implemented and tested to validate the simulation results. 

Experimental results of coupling and reflection coefficients, and axial ratio show an acceptable 

agreement with the corresponding simulated ones. 

Unit Cell Model of FSS Layers  

The transmission-type FSS layer topology is shown in Figure 4-1, where it consists of two identical 

dielectric boards, insulating Rogers 5880 with relative permittivity 2.2 and thickness 0.787 mm, 

with the same cross dipole metal traces on each layer. The proposed FSS layer is able to transmit 

most of the CP incident wave within the desired frequency band without significant influence on 

its phase, magnitude and rotation orientation, as shown in Figure 4-1. Note that, in order to cover 

the broad bandwidth, the two dielectrics are attached to each other. 

 

Figure 4-1: The schematic model of the transmission-type FSS superstrate illuminating by CP wave 

(h=0.787mm, d=2.7mm, P=3mm, and W=0.3mm), (M. Akbari et al. [49], @2017 IEEE). 
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Figure 4-2: The equivalent circuit of FSS layers including inductive and capacitive elements [116], (M. 

Akbari et al. [49], @2017 IEEE). 

Figure 4-2 shows the equivalent circuit of FSS layer including inductive and capacitive elements, 

and transmission lines. The cross dipole traces can be separated into vertical and horizontal 

conducting strips and are modelled as inductive and capacitive elements, respectively. For an array 

of thin, continuous, infinitely long and perfectly conducting narrow strips, the shunt impedance is 

either inductive or capacitive, depending on the incident wave, whether it is polarized parallel to 

or perpendicular to the edge of the strips [116]. The vertical strips, parallel to the electric field in 

the case of TE-wave, are modelled as a shunt inductive reactance in the equivalent circuit. One 

should note that cross dipoles are symmetric in horizontal and vertical orientations. Also, a CP 

wave is considered as a superposition of two orthogonal LP waves. Meanwhile, detailed expression 

of equivalent circuit inductive and capacitive reactances are given in [116]. Different design 

parameters for the FSS unit cell of a crossed dipole is exhibited in Figure 4-3. It is observed that 

the same crossed dipole FSS traces are printed on the top, middle, and bottom of two substrate 

layers, Rogers 5880 with relative permittivity 2.2 and thickness 0.787mm. Once “P” is much lower 

than the wavelength, by the equivalent LC circuits in both directions of horizontal and vertical, not 

only the different resonances can easily be produced, but also the capability of phase control is 

yielded on the frequency band, contributing to a broader bandwidth. In order to observe the 

behaviour of the crossed dipole FSS with infinite elements, the unit cell model of Ansys HFSS, 

which is a Finite-Element-Method (FEM) based on a full-wave simulator, is applied. In this model, 

two Floquet ports to excite along with master/slave boundaries are utilized. As shown in Figure 4-

4, the impedance bandwidth of the proposed design for S11≤ -10dB is from 28.5GHz to 34.5 GHz 

(19%). 
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Figure 4-3: The unit cell model of crossed dipole FSS (a) side view and (b) top view (d=2.7mm, P=3mm, 

W=0.3mm and εr=2.2, and h=0.787mm,), (M. Akbari et al. [49], @2017 IEEE).  

 

The transmission behaviour of the crossed strip FSS elements can be determined by magnitude 

and phase of transmission coefficient. It is observed in Figure 4-4 that on the impedance bandwidth 

(28.5-34.5GHz), amplitude and phase difference of two orthogonal transmitted field components 

for the incident CP wave is insignificant. As a result, the FSS layers nearly have an ideal 

transmission characteristic for the input CP wave. 

 

Figure 4-4: simulated results of S-parameter for the unit cell model of FSS, (M. Akbari et al. [49], @2017 

IEEE). 

Single-Element Antenna Design 

In order to contribute to the wide frequency band and broadside pattern, a single aperture coupled 

microstrip antenna (ACMA) is presented. As depicted in Figure 4-5, the ACMA with the capability 

of circular polarization consists of two different dielectrics as substrates: A Rogers 3006 (εr=6.15, 

H1=0.254mm) substrate in the bottom while the top one is Rogers 5880 (εr=2.2, H2=0.787mm). 

On the middle of the ACMA, a conductive plate as a ground plane along with cross slot etched off 

its centre is used to provide the required coupling.  
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Figure 4-5: Geometry of single CP-ACMA (a) side view and (b) top view, (M. Akbari et al. [49], @2017 

IEEE). 

Besides, a 50-ohm microstrip feed line and a circle-shaped patch are printed on the lower and 

upper layers of the ACMA, respectively. The antenna is designed to operate at the centre frequency 

30GHz. Figure 4-6 shows the equivalent circuit of the single ACMA.  

 

Figure 4-6: The equivalent circuit model of the ACMA [117], (M. Akbari et al. [49], @2017 IEEE). 

 

It consists of the input port and a quarter-wave impedance transformer from the centre of the cross-

shaped slot to the end of the line to represent the open circuit behaviour. The simulated results of 

the reflection coefficient and axial ratio are shown in Figure 4-7, in which exhibits that the ACMA 

covers impedance and CP bandwidths from 28 GHz to 34 GHz (19.3%) and 30.2 GHz to 32 GHz 

(6%), respectively. 

https://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=imgres&cd=&cad=rja&uact=8&ved=0ahUKEwjf3IXhx6XNAhVFcD4KHYNOCboQjhwIBQ&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FQuarter-wave_impedance_transformer&psig=AFQjCNGYst1LGgsGAXehhLybRbXF6A8O6w&ust=1465926460516090
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Figure 4-7: Reflection coefficient and axial ratio of a single element CP patch, (M. Akbari et al. [49], @2017 

IEEE). 

 

MIMO - ACMA Design: Reflection Array Factor  

A Multiple-Input and Multiple-Output (MIMO) system is considered as a technique for 

multiplying the capacity of a radio link utilizing multiple transmit and receive antennas to 

exploit multipath propagation [118]. Using this concept, the proposed approach in this thesis aims 

to determine the influence of the coupling between elements of the MIMO-ACMA. To achieve 

this goal, four elements of the ACMA are formed in two by two array to illuminate the FSS layers. 

The schematic diagram of the MIMO-ACMA is exhibited in Figure 4-8, where the coupling 

coefficients in different directions and distance between the ACMAs are defined with parameters 

“Cd”, “Cv”, “Ch” and “di”, respectively. One of the main disadvantages of this approach is to scatter 

insignificant reflections from the FSS layers as compared with ones without FSS superstrate. These 

negligible reflections occur due to the fact that the antenna sources illuminate the FSS elements 

with different oblique incidence angles. However, when the FSS elements are formed as a uniform 

planar array, it can deteriorate radiation levels of the antenna elements and degrades the mutual 

coupling between the radiating elements as well. Therefore, to overcome this problem, the 

reflection power density in the near-field region is applied. Since the array radiation pattern is 

always dominated by the AF, which has a scalar factor representing how the fields emitted from 

the many elements either in the near-field or far-field region. Therefore, the reflection effect is 

dominant when the number of FSS elements on the superstrates is increased. 

https://en.wikipedia.org/wiki/Multipath_propagation
https://en.wikipedia.org/wiki/MIMO#cite_note-1
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Figure 4-8: The schematic diagram of the MIMO-ACMAs with coupling coefficients (Cd, Ch, and Cv) and 

the inter-ACMA element spacing (di), (M. Akbari et al. [49], @2017 IEEE).   

  

As shown in Figure 4-9, the schematic of transmission-type FSS superstrate with transmission and 

reflection gains with respect to the S- parameters and AF is observed. 

Transmission Gain=AF (Far-Field) × 

Antenna Gain × S21

Reflection Gain=AF(Near-Field) × 

Antenna Gain × S11

Transmission-type FSS layer

 

Figure 4-9: The schematic of the transmission-type FSS layer with transmission and reflection gains in two 

directions with respect to AF and S-parameters, (M. Akbari et al. [49], @2017 IEEE). 

It is apparent that the transmission gain at broadside is greater than reflected one at backside which 

demonstrates that the FSS layer is a transmission–type superstrate As a result and as shown in 

Figure 4-9, it is able to transmit a large proportion of the incidence wave and reflects a small part 

at the backside. In order to address the reflection drawback, some design parameters of the 

proposed structure should be tuned, so that the radiation pattern of the reflection AF be redirected 

along the radiation nulls of the external antenna sources. These design parameters prevent any 
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interference and deterioration in the radiation performance of external antenna sources. To address 

the above issues, the near-field reflection array factor is investigated. Figure 4-10 shows the sketch 

of 9×9 FSS elements on the superstrate along with the 2×2 MIMO ACMA below the FSS 

superstrate. The FSS array to be considered is uniform and planar in the x-y plane, as shown in 

Figure 4-10. The air gap between the external antenna sources and FSS layer is 2.5mm (λ0/4 at 

30GHz). Therefore, the induced current amplitude on each FSS element is assumed to be identical 

and isotropic. Therefore, to formulate the array factor, the phases of FSS elements’ excitation 

currents when illuminated by a 2×2 MIMO antenna system should be computed. Figure 4-11 

shows the geometry of a uniform planar array including 81 FSS elements above 2×2  MIMO-

ACMA system with an air gap λ/4 at 30GHz (2.5mm) to compute the AF in the near-field region. 

Each FSS element occupies an identical area of 3×3mm2 on the x-y plane. Referring to Figure 4-

11, 𝑅𝑠(𝑛) represents the location of each antenna element, n=1, 2, 3, 4, and the centre position of 

the FSS unit cell is given by𝑅𝑐𝑒𝑙𝑙(𝑚), where m=1, 2, 3, …, 81. 

x

y
Ant.1Ant.2

Ant.3Ant.4
3mm

 

Figure 4-10: The formation schematic of FSS superstrate including 9×9 FSS elements, and the precise 

position of a 2×2 MIMO-ACMA below the superstrate in the x-y plane (the inter-element spacing di= λ/2), 

(M. Akbari et al. [49], @2017 IEEE). 

 

Therefore, the electric field at the centre of the mth FSS unit cell when illuminated by the nth 

antenna element can be calculated as 

�⃗� 𝑡(𝑛,𝑚) = 𝐸0(𝑒
−𝛼𝑅𝑡(𝑛,𝑚) × 𝑒−𝑗𝛽𝑅𝑡(𝑛,𝑚))�̂�𝑟                                       (4-1) 

Where 
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        ( , ) ( ) ( )t cell sR n m R m R n                                                                                 (4-2) 

and 𝛼 is the propagation loss in  the air gap, and it is negligible and almost zero, and 𝛽 is the 

corresponding propagation phase. 
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Figure 4-11: The sketch of a uniform rectangular array of 81 FSS elements with spacing 3mm along the x 

and y-axis above 2×2 MIMO-ACMA with an air gap 2.5mm along z-axis, (M. Akbari et al. [49], @2017 

IEEE). 

In addition, 𝐸0 is the magnitude of the electric field which is assumed to be a constant. Thus, it can 

be simplified as 

�⃗� 𝑡(𝑛,𝑚) = 𝐸0𝑒
−𝑗𝛽𝑅𝑡(𝑛,𝑚)�̂�𝑟                                                                       (4-3) 

Meanwhile, 𝑅𝑝 and 𝑅𝑟(𝑚) can be defined as 

          �⃗� 𝑃 = 𝑥�̂�𝑥 + 𝑦�̂�𝑦                                                                                            (4-4) 

     ( ) ( )r p cellR m R R m                                                                                        (4-5) 

When the nth antenna element is illuminating the FSS layer, the reflected electric field at point (x, 

y, z=0) can be calculated as 
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�⃗� 𝑟(𝑥, 𝑦, 𝑧 = 0, 𝑛) = 𝐸0∑ Γ(𝑛,𝑚) ×81
𝑚=1 𝑒−𝑗𝛽𝑅𝑡(𝑛,𝑚) × 𝑒−𝑗𝛽𝑅𝑟(𝑚)�̂�𝑟                 (4-6) 

where 𝛤(𝑛,𝑚) is the reflection coefficient at the centre of the mth unit cell, when the wave is 

radiated by the nth antenna element. Note that, 𝛤(𝑛,𝑚) is calculated using the unit cell simulation 

model by Ansys HFSS, as shown in Figure 4-4. The antenna has circular polarization, so the vector 

𝑎�̂� in (4-1) is rotating with an angular speed of𝜔𝑜 = 2𝜋𝑓𝑜, where 𝑓𝑜 is wave frequency. Since CP 

wave is considered as superposition of two orthogonal LP waves, therefore, the normalized 

reflection power density at a point (x, y, z=0) when the nth antenna is radiating can be calculated 

as 

�⃗� 𝑟(𝑥, 𝑦, 𝑧 = 0, 𝑛) = ∑ Γ(𝑛,𝑚) ×81
𝑚=1 𝑒−𝑗𝛽𝑅𝑡(𝑛,𝑚) × 𝑒−𝑗𝛽𝑅𝑟(𝑚)�̂�𝑟                     (4-7) 

Figure 4-12 shows the simulated 2D normalized reflection power density at z=0, when individual 

antenna elements is radiating. As a result, it is observed that the air gap between FSS superstrate 

and the antenna plane is considered as a key design parameter.  For the proposed structure, the air 

gap with value 2.5mm (λ/4 at 30GHz) is a reasonable choice to redirect the reflection power density 

away from the MIMO-ACMA in order to prevent interference and deterioration in the antenna 

radiation characteristics. 
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Figure 4-12: The 2-D reflection power density of the FSS elements on the antenna plane (the x- and y-axis) 

when those are illuminated separately by (a) Ant. 1, (b) Ant. 2, (c) Ant. 3, and (d) Ant. 4, (M. Akbari et al. 

[49], @2017 IEEE).   
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Simulated Results of the MIMO-ACMAs  

In this section, the simulated results of 2×2 MIMO-ACMA for air and FSS couplings using the 

full-wave simulator Ansys HFSS are presented. One should note that in order to prevent enlarging 

the structure size and redirect reflected power density away from the MIMO antennas, the air gap 

between ACMA elements and FSS layer is considered to be 2.5mm (λ/4 at 30GHz). The simulated 

results of the axial ratio and S-parameters of the proposed structure for the two cases of air and 

FSS couplings, when the inter-element spacing varies from 0.5λ to 0.7λ, are presented in Figure 

4-13.  

 

Figure 4-13: Simulated results of axial ratio and S-parameters for different cases of (a) Air coupling and 

(b) FSS coupling; including  (a1) and (b1) (di = 0.5λ), (a2) and (b2) (di = 0.6λ), and (c1) and (c2) (di = 

0.7λ), (M. Akbari et al. [49], @2017 IEEE). 
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It is observed that the impedance bandwidth (s11≤ -10dB) for all cases is nearly identical, covering 

a band from 28GHz to 33GHz (16.4%). Therefore, it is noticed that the inter-element spacing and 

FSS layer do not significantly affect the impedance characteristics. On the other hand, the axial 

ratio is determined when the inter-element spacing is changed for the two cases of air and FSS 

couplings. It is seen that in the case of air coupling by varying antenna distance from 0.5λ to 0.7λ, 

the axial ratio magnitude has a negligible change without any frequency shift. However, the axial 

ratio is degraded in terms of magnitude and frequency shift when FSS layer is employed. It is 

believed that the air gap (2.5mm) between FSS element and MIMO antenna changes the phase of 

two electric field components (𝐸𝜃, 𝐸∅). The left and right-hand fields and AR of the antenna were 

then calculated from the measured electric fields, with both amplitude and phase which is given as 

(3-14) to (3-16) [72]. Thus, in order to satisfy the requirement of the 3dB-axial ratio in the case of 

FSS coupling, the inter-element spacing 0.5λ has an acceptable response as compared with 0.6λ 

and 0.7λ spacing as shown in Figure 4-13 (a2)-(c2). It is worthwhile to mention that coupling 

reduction is higher when the inter-element spacing is considered 0.7λ in comparison to the other 

0.5λ and 0.6λ spacing. However, the priority here is to maintain the 3dB-AR bandwidth and then 

coupling reduction. Table 4-1 summarizes the maximum coupling coefficients in the two cases of 

air and FSS couplings for different inter-element spacing values on the CP bandwidth. As it is 

apparent, in spite of the further coupling suppression when the antenna distance is 0.7λ or 0.6λ, 

the CP bandwidth does not meet the AR≤3dB. Consequently, in order to satisfy the AR≤3dB, the 

inter-antenna spacing 0.5λ is considered for the implementation. The simulated electric field 

distribution for two cases of air and FSS couplings at 31.2 GHz using Ansys HFSS is shown in 

Figure 4-14. 

 Table 4-1: The coupling coefficients on CP bandwidth, (M. Akbari et al. [49], @2017 IEEE).  

di Without superstrate (air coupling) 

(dB) 

With superstrate (FSS Coupling) (dB) 

0.5λ Ch =16     

Cv =18 

Cd =24 

Ch =24                 (AR≤3dB) 

Cv =24 

Cd=36 

0.6λ Ch =20  

Cv =24 

Cd =20 

Ch =32                 (AR≤4dB)  

Cv =27 

Cd =34 

0.7λ Ch =23  

Cv =25 

Cd =20 

Ch =43                 (AR≤4dB) 

Cv =30 

Cd =34 
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Figure 4-14: Simulated E-Field distribution on the 2×2 MIMO-ACMA for both cases air and FSS couplings 

in the xz- and yz- planes at frequency 31.2GHz, (M. Akbari et al. [49], @2017 IEEE). 

Note that the reason to select 31.2 GHz is that the best value of the axial ratio for both cases is 

obtained at that frequency. It can be found out that in the case of FSS coupling, the field leakage 

through adjacent antennas in the xz- and yz- planes is less than the one in the case of air coupling.  

Fabrication and Measurements 

Finally, the proposed 2×2 MIMO-ACMA system with the inter-antenna spacing λ/2 for both cases 

of air and FSS coupling are fabricated and measured. The photographs of the implemented 2×2 

MIMO-ACMA are shown in Figure 4-15. For the sake of comparison, the coupling coefficients 

without and with the FSS layers were measured. The coupling between 2×2 MIMO-ACMA is 

measured with a two-port Agilent N5227A PNA Network Analyzer (10MHz - 67GHz). For all 

structures, the coupling amounts are achieved by normalizing the experimental results with the 

radiated power [75]. Thus, the coupling coefficient can be expressed as [75]: 

                   

2
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2 2

11 22

( ) 10log( )
(1 )(1 )

s
c dB

s s


 
                                                                     (4-8) 

Using (4-8) and the measured s-parameters, the coupling coefficients “𝐶ℎ”, “𝐶𝑣”, and “𝐶𝑑” can be 

computed. The photography of the implemented structure and also the measurement setup are 

observed in Figure 4-16(a) and (b). A side view of the configuration is shown in Figure 4-16(c). It 

should be noted that the simulated results for the coupling coefficients S21, S31, and S41, are 

computed directly using HFSS without applying (4-8).  
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Figure 4-15: Photos of the fabricated 2×2 MIMO-ACMA: (a) and (b) FSS layers, (c) feedlines, and (d) 

patches, (M. Akbari et al. [49], @2017 IEEE). 

 

 

Figure 4-16: (a)  The photography of the fabricated 2×2 CP-MIMO antennas under test as transmitter, (b) 

the photo of open-ended waveguide (NSI RF WR28) as receiver in the far-field anechoic chamber, and (c) 

side view of the proposed 2×2 MIMO-ACMA under test by network analyzer, (M. Akbari et al. [49], 

@2017 IEEE). 

Figure 4-17 shows the simulated and experimental s-parameters and axial ratio for the proposed 

design for the two cases of air and FSS couplings. The measurements show an acceptable 

agreement with simulations. The highest values of measured coupling coefficients for the proposed 

structure in the absence and presence of the FSS superstrate on the CP bandwidth in three 

directions of horizontal, vertical, and diagonal are also summarized in Table 4-2. The same 

conclusion as before can be reached with the presence of FSS superstrate.  
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Figure 4-17: Measured and simulated results of axial ratio, reflection coefficient for different cases of (a) 

air and (c) FSS couplings, along with measured and simulated results of coupling for different cases of (b) 

air and (d) FSS couplings, (M. Akbari et al. [49], @2017 IEEE). 

 

The isolation improvement in the diagonal direction is better than the ones in other directions. In 

addition, the coupling reduction in the horizontal and vertical directions approximately is the same. 

Figure 4-18 shows the effect of mutual coupling on the radiation performance of ACMA. The left-

hand circularly polarized (LHCP) gain in the xz- and yz- planes were simulated using HFSS. 

 

Table 4-2: The maximum amount of measured coupling coefficients on CP bandwidth, , (M. Akbari et al. 

[49], @2017 IEEE).  

Without superstrate (air coupling) (dB) With superstrate (FSS Coupling) 

(dB) 

Ch = -18 

Cv = -20 

Cd = -24 

Ch = -25  

Cv = -26 

Cd= -31 
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Figure 4-18: Measured and simulated LHCP gain for both cases of (a), (b) air coupling and (c), (d) FSS 

coupling in the yz- and xz- planes at frequency 31GHz, (M. Akbari et al. [49], @2017 IEEE). 

The radiated patterns are also measured in the presence and absence the FSS superstrate at 31 GHz. 

As shown in Figure 4-18(a) and (b), when the ACMA elements are radiating in free space at 31 

GHz, the radiation pattern is slightly tilted due to the spatially mutual coupling and the presence 

of the common ground plane. In addition, the reason for the 10° tilting in radiation pattern can be 

attributed to the design of FSS unit cell element under normal incident waves, while in the 

proposed integrated structure it is illuminated at oblique angles as shown in Figure 4-10. 

Furthermore, using FSS superstrate, the radiation pattern is slightly concentrated upward in the 

broadside direction, improving the antenna gain by about 1.5dB such that the FSS superstrate acted 

as a dielectric lens [31].  

4-3 Spatially Coupling Reduction Using a FSS Polarization-Rotator Wall  

An effective approach for suppressing the spatially coupling between DR antennas using a new 

FSS polarization-rotator wall is studied in this section of the thesis. The coupling reduction is 

achieved by embedding an FSS wall between two DRAs, which are placed in the H-plane. 
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Utilizing this FSS wall, the TE modes of the antennas become orthogonal, which reduces the 

spatially coupling between the two DRAs. The wall is composed of 1 × 7 FSS cells along the E-

plane. The mutual coupling is suppressed by greater than 16 dB on average (8 dB at 57 GHz, 22 

dB at 60 GHz, 14 dB at 62 GHz) once the FSS wall is located between the DRA. The proposed 

FSS wall approximately has no influence on the DRA characteristics with respect to input 

impedance and radiation pattern. The radiation pattern is approximately unchanged compared to a 

DRA MIMO antenna array without FSS wall.  

FSS Polarization Rotator Wall 

The proposed wall comprises a periodic structure of FSS unit cell, as shown in Figure 4-19.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-19: (a) Perspective view of the unit cell. (b) Metallic SRR-like on the top surface. (c) Metallic 

strip on the middle surface. (d) Metallic SRR-like on the bottom surface. (e) Specific boundary conditions 

d defined Floquet port excitation to extract scattering parameters. (f) E-fields distribution at 60 GHz. The 

dimensions are Lcell = 2, Lr 1 = 1.6, Lr 2 = 1, g = 0.05, Ws = 0.2, h = 0.127, and all in millimetre, (M. 

Farahani et al. [51], @2017 IEEE). 

 

It consists of a split-ring resonator (SRR) in one side, a coupling strip in the middle, and another 

SRR on the other side. The SRR is a common structure to obtain negative effective permeability 

and is used for designing metamaterials. The ring produces inductance, and the gap between the 



 

44 

 

rings produces capacitance. It also depicts a large magnetic dipole moment once excited by a 

magnetic field directed along its axis. The proposed FSS wall is embedded on the host substrate 

Rogers RT5880 with the relative permittivity of 2.2. As depicted in Figure 4-19 (e), the bottom 

xy-plane is the first master boundary, and the top xy-plane is the correspondent slave boundary. 

Likewise, the xz-planes are the second correspondent master/slave boundaries. The Floquet port 

settings, under the specified boundary conditions [depicted in Figure 4-19 (e)], excite two plane 

waves with orthogonal electric fields such as TE(0,0) and TM(0,0) modes in the FSS wall plane. 

Moreover, higher order modes may also be specified in the port properties. The simulated co- and 

cross-polar coupling between the modes, both reflection and transmission, are given with respect 

to S-parameters in Figure 4-20. As exhibited in Figure 4-20, the FSS wall functions as a 

transmission layer with low insertion loss nearly 0 dB on a broad band. 

 

 

Figure 4-20: Transmission/reflection coefficients of the proposed MPR unit cell, (M. Farahani et al. [51], 

@2017 IEEE). 

Although, the E-field rotates 90° through the FSS wall [see Figure 4-19 (f)] and makes the two 

DRA antennas orthogonal with respect to receiving the signal from each other. Thus, the FSS wall 

has a negligible influence on the DRA with respect to input impedance and radiation pattern. As 

it can be observed from Figure 4-20, the bandwidth of the FSS unit cell is about 12 GHz from 55 

to 67 GHz. 
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MIMO Antenna with FSS Wall 

The DR MIMO antenna array is designed based on reference [61]. The DR antenna is constructed 

by a cylindrical dielectric resonator with a relative permittivity of 10.2 (RT-6010). By exciting the 

DR antenna with a slot at the centre of the dielectric resonator, the fundamental mode 𝐻𝐸𝑀11𝛿 is 

excited. The configuration of 1×2 DR antenna array is arranged in the H-plane with a centre-to-

centre distance of 2.5 mm corresponding to λo/2 at 60 GHz. To suppress the spatially coupling 

between the DR radiating elements, the FSS wall is placed between the two DRA, as shown in 

Figure 4-21.  

 

Figure 4-21: The layout of the 1×2 DR MIMO antenna with the FSS wall. The dimensions are Rd=0.53, 

hd=1.27, Wc=0.18, Lc=0.87, W50=0.41, Lq=0.3, and all in millimetre, (M. Farahani et al. [51], @2017 

IEEE). 

As it can be observed from Figure 4-21, the FSS wall is composed of 1×7 unit cells along the E-

plane. The number of FSS cells is chosen through a parametric investigation. As it can be depicted 

from Figure 4-20, the FSS wall is matched over the desired frequency band (57-64 GHz). The 

spatially coupling reduction happens from the fact that the E-field rotates 90o and makes the 

coupling between the two antennas orthogonal. The rotation of the E-field is exhibited in Figure 

4-19 (f). Therefore, the two radiating elements are orthogonal, which yields coupling reduction 

between the DR antennas. Although, they have the same polarization with respect to far-field 

radiation. Figure 4-22 depicts the scattering parameters of the antennas with and without FSS wall. 

As it can be observed from Figure 4-22, the spatially coupling is decreased by further than 16dB 

on average (8dB at 57GHz, 22dB at 60 GHz, 14dB at 62GHz).  



 

46 

 

 

Figure 4-22: S-parameters simulation results of 1×2 DRA MIMO antennas with and without FSS wall 

between the two DR antennas, (M. Farahani et al. [51], @2017 IEEE). 

 

As compared to other techniques such as using EBG structures for blocking the surface waves 

[61], the use of the FSS wall does not affect the radiation pattern. The radiation pattern is nearly 

unchanged due to having an acceptable matched FSS wall (Figure 4-20). Table 4-3 compares the 

various techniques for reducing mutual coupling in literature. 

 

Experimental Results 

The MIMO antenna system with FSS wall was fabricated and measured. The measured coupling 

and reflection coefficient of the MIMO antenna system is depicted in Figure 4-23 (a). The 

photograph of the fabricated prototype is shown in Figure 4-24, and the measurement setup is 

shown in Figure 4-25. As it can be noted from Figure 4-22, the mutual coupling is reduced by 

more than 16 dB on average (8 dB at 57 GHz, 22 dB at 60 GHz, 14 dB at 62 GHz). Figure 4-23 

(b) shows the normalized measured and simulated radiation patterns in the E- and H-planes at 60 

GHz of the DRA, while the other element is matched. In Table 4-3, it is apparently indicated that 

the radiation pattern is tilted more than 30° in other approaches given in the literature [61], [77], 

[72]–[77], [116]–[122]. It can be seen that the radiation pattern is not tilted in this work as 

compared to the MIMO antenna system without FSS wall.  
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Table 4-3 Comparisons to other decoupling structures, (M. Farahani et al. [51], @2017 IEEE). 

Reference  
Frequency 

Band 

Average 

Mutual 

Coupling 

Reduction 

Absolute MUTUAL COUPLING 

Tilted beam 

(deg) 57 GHz 60 GHz 64 GHz 

[61] 57-64 GHZ 13dB -3dB -10dB 0dB 30o 

[77] 4.06-4.095 GHZ 10dB - - - 36o 

[72] 5-7 GHz 14dB - - - 27o 

[121] 57-64 GHz 14dB -18dB -15dB 0dB 33o 

[122] 57-64 GHz 15dB -10dB -13dB -7dB 34o 

This WORK 57-64 GHZ 16dB -8dB -22dB 0dB Almost 

unchanged 

 

 

Figure 4-23: Simulated and measured results of 1 × 2 DRA MIMO antenna system with FSS wall between 

two radiating elements. (a) Scattering parameters. (b) Radiation pattern, (M. Farahani et al. [51], @2017 

IEEE). 
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Figure 4-24: photograph of the proposed fabricated prototype, (M. Farahani et al. [51], @2017 IEEE). 

 

 

Figure 4-25: Radiation pattern measurement setup with receiving mode of the antenna under test, (M. 

Farahani et al. [51], @2017 IEEE). 

 

4-4 Conclusion 

As the first design in this chapter, an effective method for suppressing the near-field coupling 

between 2×2 CP-MIMO antennas around 30GHz has been presented. The suppression has been 

achieved by incorporating a two-layer transmission-type FSS superstrate. Due to the concentration 

of the power density using the FSS superstrate, enhancement in the structure gain and improvement 

in isolation have been achieved. The main disadvantage of this method is the partial reflection of 

power density from the FSS elements because the antenna illuminates each FSS element in 
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different oblique incidence angles. The FSS unit cells are considered as a uniform planar array 

scattering back a small portion of the power density through the radiating antennas. In order to 

address this disadvantage, the reflected power density in the near-field area, when the FSS 

elements are illuminated by the antennas, has been studied. It is found out that by adjusting few 

design parameters such as the inter-antenna spacing or air gap, the insignificant reflections can be 

redirected far from the main beam direction to prevent any interference. However, by varying the 

air gap spacing, the CP bandwidth may be slightly varied due to variations in the phases of the 

electric field components (𝐸𝜃, 𝐸∅). The study has also compared the mutual coupling between CP-

MIMO antennas when the patches are radiating in the air and in the presence of the FSS layers. In 

order to validate the simulation results, the proposed structures with an inter-antenna spacing of 

0.5λ have been implemented and measured. The measured results indicate when the FSS layers 

are employed, an average coupling suppression of 6 to 7dB on the 3dB-AR bandwidth has been 

achieved. As the second design in this chapter, an FSS wall for reducing the mutual coupling 

between two DR antennas in a MIMO system has been designed and represented. The proposed 

FSS wall has been used to suppress the spatially coupling between two adjacent DR antennas. It 

provides broadband operation and low insertion loss for incident waves. The guidelines for 

designing the DR antenna and FSS unit cell have been discussed in details. The investigation has 

depicted that the proposed FSS wall has the capability to enhance the isolation between the 

radiating elements without disturbing the performances of the DR antennas with respect to 

radiation pattern and input impedance. The radiation pattern is approximately unchanged as 

compared to the antenna without FSS wall.  
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Chapter 5.  Linear to Circular Polarizer Based on Multilayer FSS Slab 

This chapter contains material extracted from the following publication: 

[J4] M. Akbari, M. Farahani, A. Sebak and T. A. Denidni, “Ka-Band Linear to Circular Polarization 

Converter Based on Multilayer Slab With Broadband Performance,” IEEE Access, vol. 5, pp. 17927-17937, 

Sep. 2017. 

--------------------------------------------------------------------------------------------------------------------- 

In this chapter, an LP-to-CP-polarizer based on multilayer FSS slab in Ka-band is presented. In 

order to improve impedance matching, metallic circular traces are printed periodically on each 

dielectric multilayer slab. Simulated results of the polarizer show that it can transform LP to CP 

fields over a frequency band from 23 GHz to 35 GHz (42%) with an insertion loss less than 0.5dB. 

The transmitted CP wave by the polarizer is approximately robust under oblique illuminations. 

The polarizer is fabricated and measured by a wideband horn antenna satisfying the simulated 

results. Then, to design a high-gain circularly polarized structure around 30 GHz, an 8-element LP 

array antenna with Chebyshev tapered distribution is designed and integrated with the polarizer. 

Obviously, the antenna limits the overall bandwidth (nearly 28 GHz to 31.5 GHz) due to the 

narrowband nature of the LP antenna array. When the polarizer is illuminated by an incident LP 

wave, the two linear components of the transmitted wave with approximately equal amplitudes 

and 90° phase difference on the frequency band of interest are produced.  

5-1 Introduction  

In antenna design, the select of the polarization of the radiated wave generally depends on the 

application as well as the propagation environment. Namely, in satellite communications or 

navigation systems, CP waves are demanded because of the benefits such as lower sensitivity to 

multipath fading and reduced sensitivity to Faraday rotation or the orientation of the receiver’s 

antenna [8]-[10], [79]. In communication systems involving satellite-earth links, an LP wave 

experiences an unpredictable rotation as it propagates through the ionosphere. This rotation may 

cause polarization mismatch at the receiver that impacts the link budget of the system [79]. On the 

other hand, CP waves do not suffer from these matters and have been utilized in modern satellite 

and point-to-point communication systems to enhance the polarization efficiency and propagation 

link budget. A polarizer is a slab of an anisotropic medium that converts an incident wave with a 

given polarization to a reflected or a transmitted wave with a different polarization (e.g., LP to CP 
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or vertical to horizontal). Planar polarizers are generally implemented utilizing FSS. These designs 

operate relied on decomposing a wave into two orthogonal components and yielding a 90◦ phase 

difference between them. A simple implementation for such a polarizer is a reactive surface having 

inductive impedance for one component of the field and capacitive impedance for the other. This 

way, a phase shift of 90◦ may be obtained between the two components of the emerging transmitted 

wave. If these two components have equal amplitudes, the incident LP wave will be transformed 

to a transmitted CP wave at the output [79]. A transmission-type polarizer has been extensively 

investigated by researchers in the open literature for several applications [78]-[85]. For example, 

some polarizers were designed utilizing FSS structures [78]-[81], and others are based on 

traditional hybrid meander line and loop configuration [82]-[84]. In [78] a multilayer FSS was 

designed using square patches with truncated corners to obtain 90° phase difference between 

orthogonal linear components. The polarizer presented in [79] employs a miniaturized-element 

FSS composed of arrays of subwavelength capacitive patches and inductive wire grids separated 

by dielectric substrates. The polarizer in [80] uses a double-sided partially reflective surface (PRS), 

which controls independently the reflection and transmission coefficients. The work in [81] 

proposed a CP converter utilizing a four-layer FSS consists of split rings bisected by a metal strip, 

in which distance between different layers is a quarter wavelength, but the layers’ dimensions are 

different. Despite structures suggested in [78]-[81] are broad band, they consist of multilayer 

structures with different configurations and dimensions for each layer, ending up with complicated 

geometry and configuration for the polarizers. In [83] single layer polarizer based on hybrid 

meander line and loop geometry are proposed. This structure can cover the AR bandwidth of 

46.8%. However, the peak insertion loss is 3dB. In order to achieve a CP in [84], a meander line 

polarizer has been employed with the linear SIW antenna, while the structure does not have 

broadband behaviour. Another approach used in [85] included rotating FSS structure that was 

implemented using the substrate integrated waveguide (SIW) technology. In this thesis, a 

transmission–type polarizer based on multilayer dielectric structure to transform LP incident EM 

wave into a CP transmitted wave is proposed. To simplify the structure, a unit cell is utilized in all 

dielectric layers. Moreover, to illuminate the polarizer, an 8-element linearly polarized linear array 

antenna with Chebyshev tapered distribution to control the radiated pattern side lobe level (SLL) 

is also designed. In the configuration, the antenna is placed at a half free space wavelength from 
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the polarizer with a 45° rotation. The size of the polarizer is determined using a diffraction and 

transmission rays’ model.  

 

5-2 Theoretical Analysis 

In this section, we consider the theoretical analysis of the polarizer. Figure 5-1 exhibits the 

topology of the polarizer which converts linearly polarized EM wave into a circular one. Let us 

consider an incoming plane wave that propagates in the +z direction, whose incident and 

transmitted electric fields can be expressed as [124]. 
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where , k, Ex, and Ey are the frequency, wave number, and the complex amplitudes of x- and y- 

electric field components, respectively [125]. 
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To further realize the polarization conversion of the polarizer, the transmission coefficient T.C. is 

defined as: 

          . .
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                                                                                                          (5-3) 

The linear transmission matrix can be expressed as [125] 
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                                                  (5-4) 

Thus, the circularly polarized transmitted EM wave can be defined as [125]: 
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                      (5-6) 

where the factor 
1

√2
 in (5-6) is due to power normalization. The matrix in (5-6) states the ability of 

the polarizer to convert an LP electromagnetic wave into a CP one.  

5-3 Polarizer Design 

The schematic model of the multilayer dielectric LP to CP polarizer is shown in Figure 5-1. The 

polarizer is illuminated by a planar LP electromagnetic wave propagating in the k direction and 

tilted away from the x-axis by 45°. Therefore, the electric field is decomposed into two orthogonal 

components: the former along the x-axis and the latter along the y-axis. Figure 5-2 exhibits the 

unit cell model simulated by ANSYS HFSSTM. The unit cell consists of two Floquet ports in 

distance of one wavelength (λ) far from the dielectric with constant εr=10.2 and thickness 

kx=0.254mm. The width and length of the dielectric piece are ky=1mm and d=4.6mm, 

respectively. The radius of the metal circle is 0.3mm. In addition, the method applied in the unit 

cell model is the periodic boundary conditions of the Master/Slave in order to evaluate the infinite 

structure. Both Floquet ports contain two dominant modes with two orthogonal waves along x- 

and y-axis. The main idea of LP-to-CP polarizer and simulation model is from references [123], 

[127]-[128]. 

Polarization Converter

Y X

Z

Linear Polarization (LP)

Circular Polarization (CP)

Z

 

Figure 5-1: Schematic model of a linear-to-circular polarizer, (M. Akbari et al. [93], @2017 IEEE).  
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Figure 5-2: The unit cell model by HFSS software (x1=1.6mm, y1=1mm, d=4.6mm, kx=0.254mm, 

ky=1mm, εr=10.2, Radius=0.3mm), (M. Akbari et al. [93], @2017 IEEE).   
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Figure 5-3: One dimensional lattice of dielectric slabs of width kx in a periodic lattice with period x1, (M. 

Akbari et al. [93], @2017 IEEE). 

In order to study a fundamental theory for multilayer dielectric slabs, Figure 5-3 is presented. A 

representative one-dimensional periodic array of dielectric slabs with period x1 and dielectric insert 

width Kx is depicted in Figure 5-3. If the electric field does not have a component in the x –

direction, the mode is denoted TEx or horizontal. If the magnetic field does not have a component 

in the x -direction, the mode is denoted TMx or vertical. The effective dielectric constants given in 

two directions by the volumetric average of the constitutive phases are [129]-[130]. 
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From (5-7) and (5-8) it can be noted that the effective dielectric constant in y-direction depends 

on
𝑘𝑥

𝑋1
, while the x-directed component has a constant value close to 1. Therefore, due to the 

existence of the periodic dielectric slabs, a phase difference happens between the E-field 

orthogonal components when the incident EM wave transmits through the LP-to-CP polarizer. The 

phase difference is estimated as:  

   2
y x ry rxd d


    


                                                                    (5-9) 

where λ, 𝛽 are the wavelength and phase constant, respectively. The phase difference between the 

E-field orthogonal components is tuned using a length parameter d, as shown in Figure 5-2. In 

order to satisfy the CP requirement in (5-9), the phase difference must be  
𝜋

2
, therefore      
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The dielectric multilayer slab characteristics at a resonant frequency (𝑓𝑟) are governed by (5-7) 

through (5-10), in which 𝜀𝑟𝑥 can be estimated to 1. Thus, at 30 GHz with dielectric constant 10.2, 

thickness kx=0.254mm, and the periodic distance between slabs x1 =1.6mm, d =4.6mm is 

obtained.  

5-4 Simulation Results of Polarizer 

Reflection and Transmission Coefficients 

In order to investigate and verify the polarizer performance, a full-wave simulation is carried out 

using Ansys HFSS-15. Initially, the dielectric multilayer slabs with numerical values obtained 

from (5-7) to (5-10) are simulated. The magnitude and phase of transmission coefficients are 

presented in Figure 5-4 (a) and (b), respectively. It can be noticed that the cross-transmission 

coefficients Tr(xy) and Tr(yx) are nearly zero. Concerning the reflection coefficient curve depicted 

in Figure 5-4 (c), there are two resonant frequencies at about 21GHz and 41GHz. Figure 5-4 (d) 

shows the magnitude and phase differences between transmission coefficients for both 

polarizations (xx and  yy). 
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Figure 5-4: The simulated of transmission coefficients of dielectric slab without the conductor in unit cell 

model (a) magnitude of transmission coefficients, (b) phase of transmission coefficients, (c) reflection 

coefficient, and (d) difference of phase and magnitude between transmission coefficients, (M. Akbari et al. 

[93], @2017 IEEE). 

It is observed that the phase difference (90+20°) and magnitude difference (less than 1dB) of 

transmission coefficients for both polarizations remain between 24GHz to 38GHz (45%). In terms 

of design simplicity without any conductors, the dielectric multilayer slabs can be a good polarizer 

candidate. However, the -10 dB impedance bandwidth is very limited. In order to satisfy the 

standard impedance bandwidth (S11≤-10dB), a circular conductor, due to its shape simplicity, is 

printed on one side of each dielectric slab. The circular conductor gives the designer freedom to 

achieve the desired impedance bandwidth. The dependence of transmission and reflection 

coefficients of the dielectric slab on the radius of the integrated circular conductor are given in 

Figure 5-5. A conducting circle with radius 0.3mm is chosen as a reasonable value. Finally, the 

simulated transmission and reflection coefficients of the proposed polarizer with the conductor in 

the unit cell model are depicted in Figure 5- 6. It is obvious that the dielectric slab with a circular 

conductor has the same behaviour in transmission coefficient curves in comparison with the 

dielectric slab without the conducting circle. The main improvement is observed in the bandwidth 

of reflection coefficient (S11≤-10dB), where it covers the frequency band 22.5GHz to 40GHz 

(56%). However, the phase difference of transmission coefficients (90+20°) limits the frequency 

band from 23GHz to 35GHz (42%). 
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Figure 5-5: (a) variations of transmission coefficients and (b) reflection coefficients in the unit cell model 

when the radius of the circle conductor changes, (M. Akbari et al. [93], @2017 IEEE). 

 

 

Figure 5-6: The simulated of transmission coefficients of dielectric slab with the conductor in unit cell 

model (a) magnitude of transmission coefficients, (b) phase of transmission coefficients, (c) reflection 

coefficient, and (d) difference of phase and magnitude between transmission coefficients, (M. Akbari et al. 

[93], @2017 IEEE). 

All obtained results are based on normal incident EM wave when the LP wave is titled away from 

the x-axis by 45°. Practically, the incident wave can be oblique or deflected due to the type of 

radiation pattern of antenna or installation inaccuracy. Therefore, the robustness of the polarizer 

under oblique incidence wave must be examined as well. As illustrated in Figure 5-7, it is observed 

that the broad -10dB impedance bandwidth is still maintained up to an oblique angle of 30°.  
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Figure 5-7: The results related to the dielectric slab with circle conductor in the unit cell model when is 

illuminated by an incident wave with different oblique angles (a) magnitude and phase of transmission 

coefficients, (b) reflection coefficients, (M. Akbari et al. [93], @2017 IEEE). 

It is also found out that with varying the incident wave angle, the transmission performance is 

approximately stable. 

Dielectric Multilayer Slabs Arrangement 

One of the challenges in designing multilayer structures is to specify the number of layers and 

estimate the size of the superstrate. To address this challenge, the model of diffraction and 

transmission ray is shown in Figure 5-8 [31]. Where β and θ are the alevation angles from the 

radiation centre to edge of the superstrate and rays 2, respectively. 

h
  

  

1

2

R

 

Figure 5-8: Model of the diffraction and transmission rays [31]., (M. Akbari et al. [93], @2017 IEEE).   

This technique is useful for circular layers, but it can also give a good estimation of square shape 

layers. In this model, the phase of diffraction and transmission rays radiated from the antenna 

source to dielectric multilayer slabs should be equal. In Figure 5-8, rays 1 and 2 are the first 

diffraction and transmission with phases 1 and 2, respectively. Since the wave phase is defined as  
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Therefore, with respect to Figure 5-8, we have 
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In order to keep the diffraction and transmission rays in phase, we impose the following conditions, 
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Note that, here, “θ” is supposed to be so small, hence (5-14) can be evaluated as 
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The proposed polarizer involves the transmission phaseϕ𝑡 in x- and y- polarization, which are 

179.7° and 87.5°, respectively. In order to have the minimum size of the polarizer, “N” should be 

a positive integer. The elevation angle 𝛽 from the antenna source to the edge of the polarizer, for 

the two aforementioned directions, is computed as 15° and 17°, respectively, resulting in an ellipse 

with major and minor axes of 37mm and 33.4mm. Based on the diffraction and transmission rays’ 

model, the size of the proposed dielectric slab as exhibited in Figure 5-2 is 33×25 unit cells. It 

means that the proposed polarizer consists of 33 circular conductors which are linearly printed on 

each of the 25 dielectric layers.  

 Position of the Transmitted Wave Polarization 

In order to investigate the purity of transmitted wave CP, the polarization azimuth angle ψ, and 

ellipticity angle χ are used to examine the orientation and case of the elliptical polarization, as 
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shown in Figure 5-9. The parameter ψ specifies the angle between the major axis of the ellipse and 

the x-axis, while the angle χ examines the ellipticity behaviour.  

Y-Axis

X-Axis

ψ 

χ

  

Figure 5-9: The polarization ellipse with two angles shown ψ and χ as the geometrical parameters of the 

ellipse, (M. Akbari et al. [93], @2017 IEEE). 

The angles ψ and χ can be calculated from the following equations [131]:         
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where “r” in (5-17) is the amplitude ratio. As shown in in Figure 5-10 (a), the variations of 

polarization azimuth angle (ψ) and ellipticity angle (χ) of the transmitted wave with frequency are 

highlighted. Whenever the ellipticity angle of the transmitted wave is +45°, it means that 

polarization is purely circular. Correspondingly, the ellipticity angle of the transmitted wave in the 

proposed polarizer is -45° at around 30GHz, indicating the pure CP at the frequencies close to 

30GHz, as shown in Figure 5-10. To further understand the tendency of the polarization ellipses 

and its dependence on the frequency, sixteen uniformly distributed frequencies along the 

bandwidth were selected.  The corresponding results are shown in Figure 5-11. It can be noticed 

that by increasing the frequency from 25GHz to 40 GHz, the polarization is right hand rotated. 

Also, as an acceptable estimation, it is observed that when the ellipticity angle (χ) corresponds to 

-45+5°, an excellent CP from 26GHz to 33GHz is obtained.  
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Figure 5-10:  (a) The simulated angles of polarization azimuth (ψ) and ellipticity (χ) and (b) the phase 

difference (Δ𝜙) and amplitude ratio (r) versus frequency, (M. Akbari et al. [93], @2017 IEEE). 
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Figure 5-11: Theoretically predicted polarization cases in the plane perpendicular to the wave vector at 

different frequencies from 25GHz to 40 GHz, (M. Akbari et al. [93], @2017 IEEE). 

However, an elliptical polarization is observed in the rest of the frequency band.  It is expected 

that the distortions in the circular polarization at the edges of the band are mainly caused by 

elevated reflections. Table 5-1 summarized a brief comparison between the proposed design and 
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sample published polarizers in literature in terms of 3-dB AR bandwidth and maximum insertion 

loss in the band of interest. 

Table 5-1: Performance comparison of the design wih other designs, (M. Akbari et al. [93], @2017 IEEE). 

Year/ Ref.  Design 3-dB AR (BW) (%) Peak Insertion loss (dB) 

2016/ [79] anisotropic FSS 40 ≤ 3 

2012/ [82] Meander line and stub 36 1 

2011/ [132] Cross slot 14.5 3.2 

2011/ [132] Split circular ring FSS 21 3.3 

Proposed FSS slab 42 ≤ 0.5 

 

According to the table, the proposed design has a better performance compared to other structures, 

particularly in the insertion loss performance.  In order to realize the polarizer performance in 

practical applications, it is implemented and axial ratio is measured using a wideband horn 

antenna, as shown in Figure 5-12. Fortunately, the measured axial ratio approximately has an 

acceptable agreement with the simulated one, covering 41% (AR ≤ 3dB). 
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Figure 5-12: The measured and simulated axial ratio of the polarizer with the wideband horn antenna, (M. 

Akbari et al. [93], @2017 IEEE). 

Integrated Antenna Design 

In order to realize the polarizer, the existence of antenna component is essential [158]-[159], [162]-

[163], [165]-[169], [180]-[188]. Here, for verifying the polarizer performance with an antenna, an 

8-element linear array antenna is designed. The wide bandwidth and broadside pattern are two 

main reasons for choosing an aperture-coupled microstrip antenna (ACMA) as the primary 

prototype. Figure 5-13 shows the geometry of a single ACMA feeding operating on Ka-band 
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around 30GHz. The antenna consists of two different substrates, a Rogers RT/Duroid 5880 with 

dielectric constant 2.2 and thickness 0.787mm on the top and the other is Rogers 3006 with 

dielectric constant 6.15 and thickness 0.254mm on the bottom. Due to the limitation in the inter-

element spacing of linear array structures, an H-shaped slot is etched off the common ground plate 

[133]. Figure 5-14 illustrates an equivalent circuit of ACMA similar to the model in [117]. Figure 

5-15, shows the reflection coefficient and gain of the single ACMA.  
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Figure 5-13: The Geometry of the single linear ACMA (a) top view and (b) side view (optimized values 

are versus millimetre), (M. Akbari et al. [93], @2017 IEEE). 

 

Figure 5-14: The equivalent circuit model of the ACMA [117], (M. Akbari et al. [93], @2017 IEEE). 

In order to illuminate the transmission-type polarizer, the high gain array antenna with the 

capability of lower side lobe level (SLL) is proposed. Thus, an 8-element series-fed linearly 

polarized array antenna using suitable Chebyshev taper distribution operating at 30GHz is 

designed. Each antenna element is fed with a 50-ohm input impedance. To design the microstrip 
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series-fed array, firstly the feeding network is divided into two linear subarrays and fed at the 

center by microstrip line [134].  

 

Figure 5-15:  (a) The reflection coefficient and (b) radiation pattern of single ACMA at 30GHz, (M. Akbari 

et al. [93], @2017 IEEE). 

In order to guarantee the same phase among the elements and to obtain the radiation pattern at 

broadside, the distance between the feed points of the array elements s to be equaled to one guided 

wavelength (λg). The symmetric arrangement reduces the cross-polarization level of the array and 

minimizes the beam-squinting with frequency [51], [134]. For this case, the cross-polar component 

produced in one direction of the antenna array is abandoned by the cross-polar component created 

in the reverse orientation of the antenna array at broadside. Moreover, a tapered distribution is 

achieved utilizing quarter-wavelength transformers (𝜆𝑔/4) along the line. The simulated reflection 

coefficient along with radiation pattern on the E-plane and H-plane at 30GHz are shown in Figure 

5-17. It is observed that the ACMA array resonates at a centre frequency close to 30GHz with -

23dB H-plane SLL and a gain of 13 dB.  

Ant. 1Ant. 2Ant. 3Ant. 4Ant. 5Ant. 6Ant. 7Ant. 8

 

Figure 5-16: The 8-element linearly polarized array ACMA with Chebyshev tapered distribution, (M. 

Akbari et al. [93], @2017 IEEE).   
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Figure 5-17: (a) The reflection coefficient and (b) radiation pattern of 8-element linear array antennas at 

30GHz, (M. Akbari et al. [93], @2017 IEEE). 

   

5-5 Fabrication and Experimental Results 

In this section, both the 8-element ACMA LP array and polarizer structures are combined to form 

the final proposed structure. The LP array is placed under the polarizer using two spacers (holders) 

with a thickness 5mm (a half wavelength at 30 GHz), as shown in Figure 5-18. In order to connect 

the spacers to the antenna array structure, four screws are used. In addition, an end launch 

connector from Southwest Company to feed and excite the array is applied.  

 

Figure 5-18: The final proposed design, including the multilayer slab polarizer, the antenna array, spacer, 

screws; (a) isometry view and (b) top view, (M. Akbari et al. [93], @2017 IEEE). 

To verify the design and integrated structure’s performance, the proposed dielectric multilayer slab 

polarizer and the 8-element LP-ACMA were fabricated and tested.  Figure 5-19 shows the photo 

of the assembled prototype. It consists of two different substrates as the antenna array, dielectric 

multilayer slabs as the polarizer, spacers, screws, and connector. The measured reflection 

coefficient of the 8-element linear array ACMA with and without the polarizer were carried out 

utilizing an Agilent N5227A PNA Network Analyzer (10MHz-67GHz).   
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Figure 5-19: The photo of (a) the assembled design and (b) the proposed structure, (M. Akbari et al. [93], 

@2017 IEEE).   
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Figure 5-20: The photo of the antenna under test in the far-field anechoic chamber, (M. Akbari et al. [93], 

@2017 IEEE). 

 

Also, the far field anechoic chamber is utilized to measure the radiation patterns and axial ratio as 

depicted in Figure 5- 20. The left and right-hand electric fields, and AR of the antenna are 

calculated from the measured electric fields, with both amplitude and phase following [115], [135]: 

   ,E E E E E E                                                                                      (5-19)  
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Figure 5-21: The measured and simulated curves of total gain, axial ratio, and reflection coefficient of the 

proposed design; including the LP antenna array with the polarizer, (M. Akbari et al. [93], @2017 IEEE).   

The measured and simulated results including the reflection coefficient, axial ratio, and total gain 

are exhibited in Figure 5-21. It can be observed from Figure 5- 21 that the experimental results and 

simulated ones have an acceptable agreement. The measured results of the polarizer along with the 

antenna array show that impedance bandwidth (|s11|≤-10dB) covers 28GHz to 32GHz with an 

axial ratio bandwidth (AR≤3dB) from 28GHz to 31.5GHz, and a total gain of 13dBi with a pure 

CP at the central frequency of 30GHz.  

As shown in Figure 5-22, the radiation patterns of the proposed antenna array with and without 

the polarizer at 30GHz are presented. From the normalized total gain curve in Figure 5- 22(a), it 

can be observed that the sidelobe level (SLL) is nearly -20dB due to the Chebyshev tapered 

distribution used in the feed line. Figure 5-22 (b) shows the normalized RHCP gain of the final 

proposed integrated structure including both the antenna array and polarizer. The simulated and 

measured results have an acceptable agreement in the main beam angular region. In Figure 5-23, 

it can be realized that the radiated field from the antenna rotates in clockwise direction 

demonstrating a right-hand circularly polarized wave.  
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Figure 5-22:  (a) The normalized total gain of the LP antenna array without the polarizer and (b) the 

normalized RHCP gain of the polarizer with the antenna array at 30GHz, (M. Akbari et al. [93], @2017 

IEEE).   
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Figure 5-23: (a) RHCP far E-field variations at different phases (a)0°, (b)90°, (c)180°, and (d)270 °at the 

centre frequency 30 GHz, (M. Akbari et al. [93], @2017 IEEE).   
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5-6 Conclusion 

In this thesis, a new polarizer based on dielectric multilayer slabs for MMW applications is 

presented. The polarizer can function from 23 GHz to 35 GHz (42%) with excellent impedance and 

AR bandwidths. The insertion loss of polarizer is less than 0.5 dB which in industrial applications 

can be excellent. The polarizer is fabricated and measured by a wideband horn antenna satisfying 

the simulated results. Next, in order to design a high-gain circularly polarized structure at around 

30 GHz, an 8-element LP array antenna with Chebyshev tapered distribution is designed and 

integrated with the polarizer. Obviously, the antenna restricts the overall bandwidth due to the 

narrowband nature of the LP antenna array. The combined structure was fabricated and measured. 

There is an excellent agreement between the experimental results with the simulated ones. The 

measured results of the fabricated structure show that the final design is able to cover impedance 

and axial-ratio bandwidths nearly 28 GHz to 31.5 GHz. Furthermore, it has a pure CP and realized 

a gain of 13 dBi at 30 GHz. This polarizer with the antenna array can be a suitable candidate for 

several applications including satellite communications, orthogonal polarization transformers, sub-

reflectors, and CP lenses.  
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Chapter 6. Broadband RCS Reduction using FSS Metasurface 

This chapter contains material extracted from the following publications: 

[J2] M. Akbari, F. Samadi, A. R. Sebak, and T. A. Denidni, “Superbroadband diffuse wave scattering based 

on coding metasurfaces: Polarization conversion metasurfaces,” IEEE Antennas Propag. Mag., vol. 61, no. 

2, pp. 40–52, Apr. 2019. 

[J14] S. Zarbakhsh, M. Akbari, F. Samadi, and A. R. Sebak, “Broadband and high-gain circularly polarized 

antenna with low RCS,” IEEE Transactions on Antennas and Propagation, vol. 67, no. 1, pp. 16–23, Oct. 

2019. 

--------------------------------------------------------------------------------------------------------------------- 

6-1 Introduction 

Recently, FSSs have received extensive attention in MMW wireless communication and imaging 

systems so that designers have allocated extensive efforts to investigation community because of 

their potential applications in the commercial and industrial sectors [88]. To control, manipulate, 

and reduce the characteristics of the scattered EM fields, wideband RCS suppression has always 

been a challenging goal and interesting issue to designers [96], [160], [164], [174], [175]. Different 

methods have been proposed in the literature to steer the scattered waves away from the backscatter 

direction which has based on loading the object with radar absorbing materials (RAM) and/or 

passive or active cancellation [98]. However, this technique rises the weight and air drag. 

Furthermore, the metallic ground plane with RAM is angle and frequency sensitivity because it 

has a narrow frequency band [96]-[99]. Another approach is to shape the target geometry [100] 

that it can be considered as an effective alternative, but this technique increases the design 

complexity in terms of the engineering aspects of the vehicle so that it only functions well at high 

frequencies while adversely affects is observed at low frequencies [96]-[99]. Another alternative 

of attaining the scattering purpose, using a planar structure has been given by [101], in which it is 

based on a combination of perfect electric conductors (PEC) and artificial magnetic conductors 

(AMC) in a chess board. The low profile and simple structure are the main benefits of this 

structure. In this configuration, AMC unit cells produce a 0° phase difference to the scattered 

waves while PEC reflects incident waves with a 180° phase difference at its operating frequency. 

Applying the contribution of the PEC and AMC cells, a 180 phase difference is obtained, resulting 

in destructive interference and creating a null in the specular angle [97]-[101]. The main 

disadvantage the mentioned configuration, in [101], is the narrowband behaviour of the AMC cells 
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so that the chess board earns a 10-dB RCS reduction (normalized to a PEC surface) over a 

bandwidth of nearly 5% in [100], which is not enough for most applications. It is obvious that 

bandwidth extension of these kinds of designs is still one of the critical study interests. In this 

chapter of the thesis, in order to reduce RCS, two different designs will be proposed. Initially, a 

super-wideband reflective metasurface for both monostatic and bistatic RCS suppression with 

different incident angles is presented. The major property of the proposed metasurface is to rotate 

90° linear polarization. The design consists of a two-layer substrate with the identical material and 

thickness. The main metasurface is arranged by the binary elements “0” and “1”. Each of the 

Elements is composed of 4×4 FSS cells. The elements are formed by the binary coding matrix to 

distribute the scattered electromagnetic waves and reduce the maximum bistatic RCS of the 

metasurface over a wide band of incident angles at both polarizations. In order to achieve the 

binary coding matrix, group search optimization (GSO) algorithm is employed. The element 

arrangement on metasurface leads to a significant RCS reduction in frequency range from 5.1 GHz 

to 22.1 GHz (approximately 125%) at normal incidence for both polarizations. Meanwhile, a 

theoretical analysis is performed on the ratio of the “0” and “1” elements using Least Square Error 

(LSE) method to find the best ratio value so that the optimum value of the ratio as a new constraint 

is added to GSO algorithm to attain a new coding matrix in another process of the optimization 

algorithm. As the second design of this chapter, a wideband CP antenna with low RCS and the 

high gain feature is presented. The proposed antenna is based on a combination of the FPC and 

sequential feeding technique. The purpose of this antenna is to produce CP with the high directive 

level on wide bandwidth keeping low RCS.  

6-2 Broadband Coding FSS Metasurface for RCS  

In this section of this chapter, a wideband metasurface for RCS reduction based on a polarization 

conversion is presented [156]-[157], [161], [170]-[173]. The unit cell composes of a two-layer 

metasurface based on FSS backed by a thin grounded dielectric substrate. In addition, a 

polarization conversion ratio (PCR) of nearly 131% for an efficiency of higher than 90% is 

achieved. To distribute the scattered electromagnetic waves and suppress the maximum bistatic 

RCS of the metasurface over a broad band of incident angles at both polarizations, the elements 

are arranged using the binary coding matrix achieved by group search optimization (GSO) 

algorithm. The reflective two-layer metasurface is designed in such a way to generate reflection 
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phase difference of 180° between two elements “0” and “1” on a broad frequency band. A 

theoretical analysis is performed on the ratio of the “0” and “1” elements using Least Square Error 

(LSE) method to find the best ratio value. The simulated and experimental results show that the 

structure can significantly reduce 10-dB RCS over a wide frequency range from 5.1 GHz to 22.1 

GHz (125%) at the normal incidence for both polarizations. 

 Unit Cell Structure   

The proposed FSS cell consists of a two-layer dielectric substrate, identical materials, and 

thicknesses, with a full PEC ground plane on the bottom and a double-head arrow FSS on the 

middle, while there is no copper on the top of the second layer, As shown in Figure 6-1. The 

double-head arrow and the backing sheet are separated by a Rogers’s 5880 dielectric spacer with 

a thickness 3.175mm, a dielectric constant ɛr=2.2, and a loss tangent tan δ=0.009. 
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Figure 6-1: The FSS unit cell: (a) front view, (b) side view of the unit cell, (c) x- and y–axes are used to 

highlight EM wave direction, while u- and v-axes are used to show the FSS anisotropic axes, (M. Akbari 

et al. [136], @2019 IEEE).   

The periodicity of the FSS unit cell is 8mm. The other parameters of the double-head arrow 

structure are summarized in Table 6-1.  The proposed FSS has a symmetric axis defined by u-axis 

along 45° direction with respect to y-direction as shown in Figure 6-1(c). Thus, the FSS can be 

considered as an anisotropic homogeneous layer with a dispersive relative permeability tensor µ⃗  

and a relative permittivity put on top of a copper groundsheet, which is shown by u, v, and z axes. 

Table 6-1: The proposed FSS unit cell dimensions, (M. Akbari et al. [136], @2019 IEEE).   

 

 

 

Parameter Size (mm) Parameter Size (mm) 

p 8 b 1.13 

L 10.75 c 1.05 

W 0.3 h 3.175 

a 3 t 1.13 
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Therefore, µ⃗  can be indicated by diagonal elements µ𝑢𝑢,µ𝑣𝑣, andµ𝑧𝑧. As it can be observed in 

Figure 6-1(c), the proposed FSS is combined by oblique v-shaped resonators and wire resonator. 

Hence, it is apparent that the proposed FSS resonator has multiple resonances [145]. In order to 

prove this declaration, the FSS resonance behaviour is determined using the model unit cell with 

the Floquet port by ANSYS HFSS. Figure 6-2 exhibits curves of the co-polarization reflection 

versus frequency.  
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Figure 6-2: The four resonances of the proposed FSS under normal incidence: (a) u-polarized case and (b) 

v-polarized case, (M. Akbari et al. [136], @2019 IEEE).   

It is obvious that two resonances (i) and (iii) are excited in the u-polarized case as depicted in 

Figure 6-2(a), whilst the two other resonances (ii) and (iv) are excited in the v-polarized case as 

illustrated in Figure 6-2(b). Once x-polarized waves are incident as depicted in Figure 6-1 (c), four 

resonances are excited since the u- and v- components exist at the same time. To determine if a 

resonance is magnetic or electric, it should be examined the resonance type through surface current 

distribution, as shown in Figure 6-3. It is observed that the resonance parts of the FSS how to 

behave in both polarized cases. Electric and magnetic resonances are produced by the symmetric 

and anti-symmetric couplings of the currents on the FSS resonator and PEC groundsheet, as shown 

in Figures. 6-3(a) and 6-3(b), respectively. As a matter of fact, the electric and magnetic resonances 

are determined qualitatively with respect to the electrical length between two metallic layers [137]. 

The operating wavelength of the resonances (iii) and (iv) are much smaller than operating 

wavelength of resonances (i) and (ii). So, the electrical length between the two metallic parts for 

resonates (iii) and (iv) is much greater than it for resonances (i) and (ii) under the same unit cell 

thickness (h). 
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Figure 6-3: The surface current distributions induced on (a) FSS and (b) ground plate for resonance (i) to 

resonance (iv), (M. Akbari et al. [136], @2019 IEEE).   

Hence, it can be concluded that magnetic coupling for resonances (iii) and (iv) is much less than 

resonances (i) and (ii) [137]. After realizing the physics of multiple resonances, the concept of the 

polarization conversion in the FSS becomes apparent. Preferably, the polarization must be entirely 

converted orthogonally after reflection. In order to examine the polarization conversion 

mechanism of the FSS cell, a schematic diagram can be applied. Figure 6-4 exhibits the elements 

of “0” and “1” along with incident and reflection electric fields. As it can be seen the elements are 

able to generate “symmetric” and “antisymmetric” modes via electric-field components along the 

ν- and u-axes, respectively. According to a normally illuminating plane wave “Ei” linearly 

polarized in the x-direction, “Ei” can be decomposed into the parallel components and the 

perpendicular term “Eiv” and “Eiu”, respectively.  
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Figure 6-4: Intuitive image of the x-polarized wave (E incident field along the x-axis) normally illuminating 

the FSS cell of (a) the elements “0” and (b) “1” , (M. Akbari et al. [136], @2019 IEEE).   
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As shown in Figure 6-4 (a), the function in the “v” direction can be taken into account as a PEC 

because of the electric resonance, therefore “Erv” and “Eiv” after being reflected will be out-of-

phase. Although, the function in the “u” direction can be considered as a high-impedance surface 

in the “u” direction due to magnetic resonance. Hence, “Eru” and “Eiv” are in–phase. Using vector 

synthesizing, y-polarized reflective wave “Er” is achieved by conversion of the illuminating x-

polarized wave “Ei”. Element “1” in Figure 6-4 (b) behaves in opposite side. Regarding the 

examination aforementioned, reflective wave “Er” generated by both structures, elements “0” and 

“1”, produces 180°-phase difference. For verifying polarization conversion, numerical simulations 

are carried out using both softwares Ansys HFSS and CST Microwave Studio. The periodic 

boundary conditions by master and slave in x- and y-directions and a Floquet port along the z-

direction are applied. As aforementioned above, the proposed polarization conversion metasurface 

is composed of FSS unit cells, which can be utilized for controlling the reflective parameters of 

scattering EM waves. The reflected EM wave is mainly composed of cross- and co-polarized 

reflection components 𝑅𝑥𝑦 and 𝑅𝑦𝑦 respectively, which can be computed as below [138]. 

rx
xy

iy

E (1-cosΔφ)
R = =

2E
                                                                                           (6-1) 
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ry
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E (1+cosΔφ)
R = =

2E
                                                                                          (6-2) 

where ∆𝜑 is defined as the phase difference between R𝑢𝑢 and R𝑣𝑣. Meanwhile, the polarization 

conversion ratio (PCR) is considered as [138] 

2
xy

2 2
xy yy

R
PCR=

R +R
                                                                                                       (6-3) 

As shown in Figure 6-5, the FSS unit cells with a property of reflective polarization conversion 

have been introduced as elements “0” and “1”. The elements “0” and “1” desirably direct the 

scattering amplitude and phase of incidence in a broadband band, as depicted in Figure 6-5 (b) and 

(d). It is observed that in the frequency range from 4.8 GHz to 23 GHz, the co-polarized reflection 

𝑅𝑥𝑥 is less than -10dB. 
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Figure 6-5: The geometry of the FSS elements “0” and “1”, respectively the rotators with angles of -45° 

and 45°. (a) Amplitude of reflective coefficients for elements “0” and “1” with co-polarization (xx) and 

cross-polarization (xy), (b) Phase of reflective coefficients versus frequency, (c) Polarization conversion 

ratio (PCR) of the elements “0” and “1”, and (d) Phase difference between the element “0” and element “1” 

, (M. Akbari et al. [136], @2019 IEEE).   

Hence, it is predicted that the PCR will be higher than 90 % with a relative bandwidth closely 

131%. Now, by (6-3), the PCR of elements “0” and “1” is computed. As shown in Figure 6-5(c), 

it is observed that the PCR for an efficiency of higher than 90% is wider than 130%. Table 6-2 

gives a comparison between the proposed structure and other reported polarization converters 

[138], [141]-[146]. It is depicted that the proposed FSS has a super-broadband as compared with 

it in other studies in which the PCR is higher than 130%. Figure 6-6 depicts the simulated results 

of reflective parameters for the polarization conversion when it is impinged by EM wave with 

different oblique angles of incidence versus frequency. The amplitudes of reflective coefficients 

with co-polarization with varying oblique angles of incidence from normal to 40° versus frequency 

approximately have a clear transformation from 0 to 1, as shown in Figure 6-6(a). In addition, it is 

seen that magnetic to electric resonances (i) to (iv) are nearly preserved for different oblique of 

incidences at 5 GHz, 8 GHz, 14.5 GHz, 22 GHz, respectively.  
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Table 6-2: Comparison with other wideband polarization convertors, (M. Akbari et al. [136], @2019 IEEE).   

 

 

 

 

 

 

O. BW. : Operation bandwidth (PCR ≥ 90 %) 

R. BW. : Relative bandwidth (PCR ≥ 90 %) 

 

As predicted before, the amplitudes of reflective coefficients with cross-polarization with varying 

oblique angles of incidence approximately have an opposite manner with it in co-polarization, as 

shown in Figure 6-6(b). It means that reflective coefficients with cross-polarization nearly for all 

oblique angles of incidence completely reflect on the desired frequency band. Correspondingly, 

the PCR results of the reflective FSS are presented for various oblique angles of incidence versus 

frequency band in Figure 6-6(c). From the PCR results, it can be found out that with changing 

oblique angles of incidence only at two frequencies (approximately 16.5 GHz and 18.5 GHz) the 

PCR is deteriorated, while it nearly behaves persistently at the lower frequency band (5 GHz to 16 

GHz) for oblique incidence. 

 In order to understand the design procedure of FSS unit cell Figure 6-7 is shown. From Figure 6-

7, it is evident that the PCR of one-layer FSS in case I, has not satisfied efficiency 90%. Therefore, 

in order to modify the PCR, the second layer with the identical substrate (without any copper) is 

added as the FSS in case II. In comparison with the case I, PCR in case II little improved. In case 

III as the proposed design, with adjustment in design parameters of the double-head arrow of the 

FSS, PCR is expanded from 4.8 GHz to 22.8 GHz (approximately 130%) for efficiency higher 

than 90%. 

 

Year/ References O. BW. (GHz)/  

 R. BW. (%) 

Electrical size 

(width × length × thickness) 

2010/ [141] 14.7-18 (20%) 0.9λg × 0.3λg × 0.4λg 

2010/ [142] 10.6-17.5 (49%) 0.6λg × 0.6λg × 0.2λg 

 2015/ [143] 12.4-28 (77%) 0.7λg × 0.7λg × 0.2λg 

 2016/ [144] 5.7-10.3 (58%) 0.4λg × 0.4λg × 0.1λg 

2016/ [145] 7390-13870 (61%) 0.7λg × 0.7λg × 0.2λg 

 2016/ [138] 10-18.4 (59%) 0.6λg × 0.6λg × 0.2λg 

2017/ [146] 6-17.8 (98%) 0.3λg × 0.3λg × 0.3λg 

Proposed 4.8-22.8 (131%) 0.4λg × 0.4λg × 0.3λg 
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Figure 6-6: Simulated results of reflective parameters of FSS with different incident angles versus 

frequency band. (a) The amplitude of reflective coefficients with co-polarization, (b) amplitude of reflective 

coefficients with cross-polarization, (c) PCR of reflective coefficients, (M. Akbari et al. [136], @2019 

IEEE).   
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 Figure 6-7: The PCR results for the different FSS cells with respect to the design procedure, (M. Akbari et 

al. [136], @2019 IEEE).    
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 Metasurface Mechanism  

The mechanism of metasurface including the FSS is determined in this section. The fundamental 

of FSS metasurface is that the reflective fields will abandon and shape scattering characteristics 

within a frequency band of interest once the phase difference of the scattered fields between the 

two designs is 180◦. RCS suppression and bistatic maximum scattering angle are evaluated through 

array theory [96]. To reach this goal, a metasurface containing N N identical-sized FSS cells with 

dimension “D” is designed. Each FSS cell is occupied using elements “0” and “1”, as depicted in 

Figure 6-4. The reflective phase of each FSS element is supposed to be φ(m,n)  which is either 0° 

or 180° for the frequency band of interest. The far-field function reflected by the FSS metasurface 

is given as: 

N N

e

m=1 n=1

1 1
f(θ,φ)=f (θ,φ) exp -i φ(m,n)+kDsinθ m- cosφ+ n- sinφ  

2 2

        
      

        
                       (6-4) 

where k is the wave vector. φ and θ are the azimuth and elevation angles of an arbitrary direction, 

respectively, while ef (θ,φ) is considered as the pattern function of a unit cell. Meanwhile, the 

coupling between unit cells “0” and “1” is ignored due to the quick computations and configurable 

orthogonality. Directivity equation of the reflective metasurface can be expressed as  

2

2π π/2
2

0 0

4π f(θ,φ)
Dir(θ,φ)=

f(θ,φ) sinθdθdφ 

                                                                              (6-5) 

The ef (θ,φ) term is eliminated due to the phase difference between unit cells “0” and “1”. Hence, 

the functions (6-4) and (6-5) above let us control the scattering waves using the metasurface coding 

of FSS cells. The RCS reduction of a reflective chess board, compared to that of a PEC, can be 

expressed by [96] 
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lim

RCS reduction
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2
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2 2i s
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E
4πr
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 =10log =10log
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                                                (6-6) 
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In is study, some preliminary assumptions are made to limit the search space and in turn, steer the 

optimization process toward the optimal solution. To perform, so, the following patterns should 

be avoided: 

 (i) A chessboard with all FSS cells equal to either zero or one; 

(ii) The coding sequences of 010101/010101…; and, 

(iii) The coding sequence of 010101/101010… 

The best RCS reduction is obtained using optimizing the coding sequences of elements of “0” and 

“1” based on FSS cells. 

Binary  Search
Continues 

Search Min (Max AF)
Max (AF)

Binary  Sequence

Binary  

Constrains

Continous  

Constrains

𝜃  and φ 

 

Figure 6-8: The Defined bi-level model of the algorithm, (M. Akbari et al. [136], @2019 IEEE).   

 

Least Square Error (LSE) Method 

In this investigation, group search optimization (GSO) algorithm is employed for finding an 

optimal arrangement of the FSS unit-cells. Here, a new constraint is considered which restricts the 

ratio of “1” and “0” elements to a predefined value. According to the set of analysis based on a 

trial-and-error process, it has been obtained that having a special ratio between elements leads to 

better solutions, as shown in Figure 6-9. However, finding the accurate ratio is a formidable issue. 

In this study, we have proposed a new method to find the best value associated with ratio of “1” 

and “0” elements. As an example, the structure and matrix shown in Figure 6-10 are presented for 

the first objective function (OF) while its ratio is 0.4. Given the value of the objective function, 

namely OF, for different ratios, say R1, R2,…, 
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Figure 6-9: Optimized OF values versus ratio of “1” and “0” elements, (M. Akbari et al. [136], @2019 

IEEE).   

 

  it is proposed to obligate a poly nominal relation such as (6-7) between each pair of OF and R which is 

depicted in matrix format by (6-8):  



 n
i n i i

n=0

                                      OF = a R +ξ i=1,2,                                                           (6-7)                                  
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Figure 6-10: Proposed metasurface and associated coding matrix with ratio 0.4, (M. Akbari et al. [136], 

@2019 IEEE).   
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Where Nu is a number of unknown variables and Ns is a number of input samples. To minimize 

the estimation error, an appropriate error indicator based on the square value of individual errors 

is defined as follows: 

 
T2

J(X)=ξ = OF-HA (OF-HA)                                                                                   (6-9)                                                                            

 The minimum of J( X ) is obtained when the gradient of J( X ) , namelyJ( X ) , is 0. Doing so “A” 

is computed as: 

T -1 T
A=[H H] H OF                                                                                               (6-10)                                                                                                   

Having a sufficient number of samples, the unknown variables can be estimated. In order to satisfy 

maximum likelihood criteria, the number of OF samples should be larger than that of unknown 

variables. Considering uN to be 2, we will come up with a polynomial equation such as (6-11): 

2
2 1 0OF=a R +a R+a                                                                                                 (6-11)                                                             

Hence, optimal ratio is: 

opt 1

2

-a
R =

2a
                                                                                                             (6-12) 

Note that, the relationship between OF and R can be described by any other polynomial function. 

A high degree function would need extra input samples which add to the computational burden of 

the whole process; however, a low value might jeopardize the accuracy of the estimation. Thus, a 

compromised decision should be made on the degree of polynomial function. This was done based 

on a trial-and-error process in simulation studies. To summarize the entire process Figure 6-11 is 

given. The chart presented in Figure 6-11 indicates the procedure of choosing the binary coding 

matrix. Firstly, the GSO optimization for equal iterations gives different OFi separately, which for 

each OF we will have a different ratio Ri. Then, in this study, we have used LSE method to achieve 

the extremum point or optimal ratio
optR . After achieving

optR , it is operated in GSO in the new 

process as a new assumption which the optimization must satisfy that requirement. 

Reflective Metasurface Configuration 

Now, an optimized binary coding matrix corresponding to the whole metasurface is attained, as 

shown in Figure 6-12. 
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LSE method to find extremum points

GSO optimization algorithm including 

constraint of predefined ratio 

    Optimized OF with     

Ropt

OFi Ri

GSO optimization algorithm 

opt 1

2

-a
R =

2a
 

Figure 6-11: Flowchart of GSO optimazation and LSE method to find the best coding arrangemnt for the 

metasurface board, (M. Akbari et al. [136], @2019 IEEE).   

 

The proposed coding matrix and associated metasurface are observed with an optimum ratio 0.5, 

in which each element “0” and  “1” is formed by 4×4 FSS unit cells with a size 32×32mm2. In 

order to realize the importance of the ratio issue, Figure 6-13 is exhibited, where it is observed 

how the RCS reduction in the reflective metasurface can be changed by various ratios. As 

mentioned above, ratio 0.4 for the first OF using GSO optimization is earned while after employing 

LSE method the optimum ratio 0.5 is computed. It means that the number of elements “0” and  “1” 

should be identical. This phenomenon is mostly attributed to the identical data entropy and the 

reciprocity fundamental between the element “0” and element “1”. In order to achieve broadband 

RCS suppression, the combinational format optimization can be the best alternative for designing 

the reflective metasurface. In this study, an optimized format has been chosen by GSO algorithm. 

As shown in Figure 6-13, it is quite evident that how much the RCS reduction in a reflective 

metasurface for a normal incidence is improved when the number of elements “0” and  “1” become 

equal. It is also observed that broadband RCS reduction of the reflective metasurface with 

optimized coding matrix can be expanded from 5.1 GHz to 22.1 GHz (125%) for both x- and y-

polarized incidence. It should be mentioned that the results for x- and y- polarizations are quite the 

same that is why those are not distinguished individually in the Figure 6-13. The similarity of RCS 

reduction between x-polarization and y-polarization is attributed to the square matrix (M = N=10). 

The peaks of RCS reduction are obtained for reflective metasurface at 7 GHz, 9.2 GHz, and 13.6 

GHz and 19.6 GHz approximately close to those in PCR curve in Figure 6-5(c). 
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Figure 6-12: Proposed coding matrix and associated metasurface, (M. Akbari et al. [136], @2019 IEEE).   
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Figure 6-13: Normal incidence RCS reduction for different ratios versus frequency, (M. Akbari et al. [136], 

@2019 IEEE).   

The 3-D RCS pattern of the proposed metasurface based on FSS at the resonant frequencies are 

illustrated in Figure 6-14. In comparison with 3-D RCS pattern of the uniform structures in the 

previous literature, it can be observed that the grating lobes are decreased and scattered fields are 

distributed more uniformly around. Meanwhile, it is interesting to mention that the maximum 

grating lobes have more than 14dB RCS reduction at the whole 3-D space concerning the same 

size of the metal surface. 
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Figure 6-14: 3-D RCS pattern of the proposed metasurface under normal incidence at (a) 7 GHz, (b) 9.2 

GHz, (c) 14 GHz, and (d)19.6 GHz, (M. Akbari et al. [136], @2019 IEEE).   

As aforementioned, using equation (6-4), the scattered fields can obviously be controlled through 

coding matrix of the reflective metasurface. For instance, once the FSS cells are set as elements 

either “0” or “1” as shown in Figure 6-15(a), 1 1 1 2f (θ,φ)=c (cosψ +cosψ ) is simply derived; once the 

coding sequence is selected as shown in Figure 6-15(b), 2 2 1 2f (θ,φ)=c (sinψ +sinψ )  is obtained, where 

c1 and c2 have constant values, 
1

ψ = kD(sinθcosφ+sinθsin )
1 2

  and 2
1

ψ = kD(-sinθcosφ+sinθcos )
2

 . The 

investigation of the expressions above demonstrates that by the various coding structures, as 

exhibited in Figure 6-15, the normally incidences are scattered as a single principle beam, two 

main beams, and four major beams, respectively. The predictions based on the analyses are in 

acceptable agreement with the simulation results carried out using the commercial software CST 

Microwave Studio. From Figures 6-15 (b) and (c) can be found out that only the equal number of 

elements “0” and “1” without optimization algorithm can never be enough. In order to determine 

the RCS reduction behaviour of the designs for various cases (shown in Figure 6-15), Figure 6-16 

is presented, where the proposed design (case # IV) suppresses the RCS greater than it in other 

designs (case # II and case # III). The broadband reflective metasurface is validated using 

simulation to quantify the RCS reduction of the design using CST at different incidence angles 

versus frequency under TM and TE polarizations, as exhibited in Figure 6-17. 
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Figure 6-15: 3-D simulation patterns of periodic coding metasurfaces to indicate their ability to control 

scattering patterns using various coding sequences under the normal incidence of EM waves at the centre 

frequency 14 GHz. (a) case #I (000000…/000000...), (b) case #II (010101…/010101...), (c) case #III 

(010101…/101010...), and (d) case #IV (the proposed metasurface) , (M. Akbari et al. [136], @2019 IEEE).    

An RCS reduction less than −10 dB is obtained in a broad frequency range for both polarizations, 

and the RCS reduction was more than -10 dB at the 50° incidence. It can be found out that by 

increasing incident oblique angle 𝜃 from normal to 50°, the RCS reduction bandwidth is slightly 

decreased as it is expected before. The incident angle is obviously demonstrated to have a 

significant influence on the RCS reduction bandwidth. 
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Figure 6-16: Normalized RCS reduction of the designs for the different cases (shown in Figure 6-15) at 

normal incidence with respect to an equal size metallic plate, (M. Akbari et al. [136], @2019 IEEE). 
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In the case of oblique incidence as shown Figure 6-18, where EM waves run back and forth in a 

two-layer dielectric substrate, the propagation phase can be denoted as [143] 

 
4

4
r o

t

k h
=

cos





                                                                                                  (6-13)                                                                             

Which is greater than that under normal incidence conditions. The additional propagation phase 

will generate a destructive interference condition at the surface of the metasurface and more affect 

the bandwidth. At higher frequencies, the additional propagation phase varies further extremely 

once θi is increased. 
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Figure 6-17: Maps of the simulated RCS reduction versus frequency range at different incidence angles for 

(a) TM and (b) TE polarizations, (M. Akbari et al. [136], @2019 IEEE).   
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Figure 6-18: Diagrammatic sketch of EM wave propagation in a two-layer dielectric substrate at oblique 

incidence (θt1≃ θt2≃ θt) , (M. Akbari et al. [136], @2019 IEEE).   

Moreover, a drop in the RCS reduction bandwidth for oblique incidence appears at around 17 GHz, 

which indicates that the EM energy is absorbed. This EM absorption originates from an extra 

resonance between the metallic ground and metasurface [143]. In order to further understand the 

performance of the proposed reflective metasurface, the RCS reduction bandwidth at various 
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incidence angles under TM and TE polarizations are summarized in Table 6-3. It is interesting to 

mention that in spite of the set of negligible variations, the bandwidth preserves more than %110 

for the incident angle up to 20° which verifies the least dependency of the proposed design to the 

incidence angle. However, the RCS reduction bandwidth for 30ᵒ incident angle is significantly 

dropped by 81% under TE polarization as compared with it under TM polarization. Therefore, the 

RCS reduction bandwidth approximately conserves property of the minimum tendency to TE and 

TM polarizations at different incidence angles except for 30ᵒ which exist a difference 26% in the 

RCS reduction bandwidth between two polarizations. In order to verify the RCS suppression of 

the reflective metasurface by the optimized coding matrix, the near-fields of oblique incidence for 

both TE and TM polarizations at the centre frequency 14 GHz are depicted in Figure 6-19. The 

reflection-phase difference of 180° between two FSS elements “0” and “1” leads to the 

cancellation for the scattered waves, especially in the normal incidence. When the plane wave 

incidence impinges on the PEC plane and the coding metasurface individually, difference between 

the scattering waves becomes significant; the former wave is approximately a plane wave. Hence 

the far-field scattering pattern will generate a single beam, and RCS suppression will not generate 

at this frequency. However, in the case of the proposed coding metasurface, the reflection-phase 

difference of FSS cells is 180°, and the scattered wave is canceled. Therefore, the wavefront is 

wavy like, and far-field scattering pattern generates different beams in various directions. It can 

be observed that the near scattering fields have been directed at an incident angle not only of 0°, 

20° but also of 40°.  One should note that the components of scattering fields in TE and TM 

polarizations have been significantly steered by the suggested reflective metasurface because of 

the control of amplitude and phase by polarization conversion and the destructive interference by 

FSS cells “0” and “1” at 14 GHz. 

Table 6-3: Specular direction RCS reduction bandwidth for different incident angles, (M. Akbari et al. 

[136], @2019 IEEE).   

 

 

 

 

 

Incident  angle 𝜃 10-dB RCS reduction 

BW%  TE-Polarization 

10-dB RCS reduction BW%   

TM-polarization 

0 125% 125% 

10 124% 125% 

20 110% 119% 

30 81% 107% 

40 61% 64% 

50 52% 52% 
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Figure 6-19: Near-fields of reflective metasurface with optimized coding matrix and PEC at 14 GHz for an 

incident angle of 0 deg, 20 deg, and 40 deg (a) TE polarization and (b) TM polarization, (M. Akbari et al. 

[136], @2019 IEEE).    

From Figure 6-19, the variation disposition of the scattering fields is approximately uniform for 

the TE- and TM- polarized incidences as the incident angle varies from 0° to 40ᵒ. 

Fabrication and Measurements 

In order to experimentally validate the performance of the reflective metasurface with simulation 

results, the proposed two-layer design is fabricated and measured. The proposed two-layer 

structure is fabricated utilizing the standard printed circuit board (PCB) technology. Both 

substrates are RT/duroid 5880 with ɛr=2.2 and thickness 3.175mm. The photographs of the 

fabricated two-layer metasurface are shown in Figure 6-20. The entire size of the fabricated 

metasurface is 320×320mm2. This size corresponds to a square structure composed by 10×10 

elements of “0” and “1”. Each FSS elements are simultaneously formed by 4×4 FSS cells, 

respectively. Meanwhile, the size each of FSS cells is 8mm. As shown in Figure 6-20, the first 

layer consists of the reflective coding matrix while the second layer (without any copper) is placed 

on the top. The purpose of using the second layer only is to broaden the RCS reduction bandwidth.  
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Figure 6-20: The photo of fabricated two-layer metasurface (a) bottom layer (reflective coding matrix 

metasurface) and (b) top layer (without any copper), (M. Akbari et al. [136], @2019 IEEE).   

It should mention that in order to attach two layers to each other using screws, the main size of the 

structure is considered 10 mm greater than 320 mm. Because of the difficulties associated with 

bistatic measurements, just backscatter results (incident angle 0ᵒ) of the proposed reflective 

metasurface is experimentally measured in the anechoic chamber of the Concordia University. 

Two identical kinds broadband ridged horn antennas operating from 750 MHz to 18 GHz (ETS-

Lindgren, #3115) and from 18 GHz to 40 GHz (Com-Power AH-840) are utilized as the 

transmitting and receiving antennas which are connected to two ports of an E8364B PNA 10 MHz 

to 50 GHz. The reflective metasurface is located far enough from the radar antennas inside the 

anechoic chamber in the far-field of the antennas to guarantee plane wave impingement, as 

exhibited in Figure 6-21. The backscatter is tested in two stages over the bandwidth of 4-18 GHz 

and then 18-24 GHz in the stepped frequency mode. In order to compute the RCS reduction, the 

scattering waves from metallic surfaces involving the equal sizes are measured as well. Due to 

restriction in the size of the anechoic chamber and inaccuracy in the target alignment and the 

fabrication, the negligible discrepancies are seen between simulation and experimental results. The 

simulation results for the monostatic RCS reflects a suppression of minimum 10 dB from 5.1 GHz 

to 22.1 GHz which compares approvingly to the measurements, as shown in Figure 6-22. An 

approximately 125% fractional bandwidth is achieved for both simulations and measurements. To 

clarify the capability the proposed design concerning the RCS reduction bandwidth at the normal 

incidence, it is compared with a series of similar structures reported in the references in Table 6-

4. It can be concluded that the metasurface has a wider bandwidth in terms of -10-dB RCS 

reduction as compared with the similar reported designs in the recent literature. 



 

91 

 

(a) (b)  

Figure 6-21: (a) the same antennas as transmitting and receiving along E8364B PNA and (b) the 

measurement set up and the proposed fabricated design inside the anechoic chamber, (M. Akbari et al. 

[136], @2019 IEEE).   
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Figure 6-22: Normalized RCS reduction of the proposed reflective metasurface at normal incidence with 

respect to an equal size metallic plate. Solid and dashed lines represent: the simulated and measured 

diagrams, respectively, (M. Akbari et al. [136], @2019 IEEE).    

 

Table 6-4: Comparison between similar designs and proposed metasurface under normal incident, (M. 

Akbari et al. [136], @2019 IEEE).   

 

 

 

 

 

 

 

Year/References Frequency Band (GHz) -10-dB RCS reduction B.W  

2015/ [96] 4.1-7.6 63% 

2013/ [97] 14.5-21.8 41% 

 2014/ [99] 9.5-15.8 50% 

 2017/ [103] 3.75-10 91% 

2017/ [139] 7.5-13.2 60% 

2015/ [140] 9-23 87% 

2017/ [146] 6.1-17.8 98% 

 2015/ [147] 5.7-15.1 90% 

Proposed  5.1-22.1 125% 
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6-3 Broadband and High-Gain Low-RCS CP Antenna Based on FSS 

In this section of this chapter, in order to reduce RCS, the second design including wideband CP 

antenna with low RCS and high gain properties is presented and investigated. The proposed 

antenna is based on a combination of the FPC and sequential feeding technique. The purpose of 

this antenna is to produce CP with the high directive level on wide bandwidth, whilst conserving 

low RCS. The principle of FPC and resonance is earned by employment one FSS metasurface. It 

is indicated that all the benefits above-mentioned can be attained over a wide frequency band by 

designing an appropriate FSS metasurface and modifying the feeding lengths to tune desirable 

phase. RCS suppression is realized by 180° + 37° reflection phase variations between adjacent 

FSS unit cells on the metasurface. The experimental results show that the gain of the antenna with 

the metasurface is at least 8 dB greater than that of the primary antenna with a peak value 

approximately 20 dB at 28.5 GHz. Moreover, bandwidths of 3-dB gain, impedance (|S11| ≤ -10 

dB), and axial ratio (AR) ≤ 3 dB are ranged from 27.5 to 33.5 GHz (19.7%), 26.7 to 34.2 GHz 

(24.6%) and 26.8 to 33.1 GHz (21%), respectively. The monostatic RCS reduction for a normal 

incidence is effectively reduced from 28 to 48 GHz (52%). 

Modelling and Analysis  

The proposed FPC antenna is initially examined with ray theory approach [37], which is 

convenient in realizing the operation fundamental of antenna gain increase and RCS reduction. 

The FPC antenna considered here consists of two reflectors and a small printed patch antenna. One 

of the two reflectors is the FSS metasurface used as a transmitting window, which permits the EM 

wave to transmit partially because it is also named partially reflective surface (PRS). As shown in 

Figure 6-23 (a), the schematic view of the proposed FPC antenna for the goal of RCS reduction is 

presented. It is seen that the incident waves transmit through the metasurface, air gap, and the 

antenna’s the second substrate, and then is reflected by the metallic ground. Hence, the operating 

principle of RCS suppression relies on destructive interference which is arranged by the 

combination of two kinds of FSS unit cells and FPC. It means that the unit cells are regarded as 

one box containing the metasurface, air gap, second substrate and metal ground plate, (see Figure 

6-23). With respect to Figure 6-23 (a), the incident field ( iE ) is equal to the sum of transmitted 

field ( tE ) and reflected field ( rE ) which is given as i r tE E E   where rj
r r eE E


 and tj

t t eE E


 . 
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Here, because of two types of FSS unit cells, the reflected field is formed as r r1 r2E E E   where 

r1j
r1 r1 eE E


 and r2j

r2 r2 eE E


 . So, the reflected waves produced by FSS#1 and FSS#2 generate 

destructive interference in the specular direction once r1 r2   is satisfying |180°+37°| as it is 

acceptable for low-RCS requirements. Moreover, the criteria of |180°+37°| relies on a compromise 

of in-band and out-of-band RCS suppression. Note that, the RCS suppression would be enhanced 

when reflection phase difference become roughly 180°, which is useful and efficient for in-band 

RCS suppression. 

 

Figure 6-23: The schematic view of the proposed structure including the antenna with the FSS metasurface 

for two cases of (a) RCS reduction and (b) gain enhancement, ], (S. Zarbakhsh, M. Akbari et al. [32], @2019 

IEEE).   

However, it limits the bandwidth of low RCS. On the other hand, we should satisfy requirements 

related to the FSS metasurface or partially reflective surface (PRS). Once the FSS metasurface is 

located at a resonant air gap (cavity height) from source antenna which itself embedded in a 

metallic ground plate, the antenna gain is increased considerably, as shown in Figure 6-23 (b). The 

rays radiated by the source antenna are reflected multiple times with reducing amplitudes between 

the metasurface and the ground plane (see Figure 6-23 (b)). These multiple reflections end up 

constructive interference and increase the antenna gain along the broadside considerably once the 

air gap “h” between the ground plate and the metasurface corresponds to [31] 

λ
h= ((φ)-2Nπ)

4π
                                                                                               (6-14) 

sub,airgap
φ=φ +φ

FSS                                                                                         (6-15) 

in which φ  and λ  are the reflection phase of FPC and free space wavelength, respectively. N is 

an integer and order of resonant mode (N = 0, 1, 2…). In addition, as N is increasing the side-lobe 

levels become greater. 
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Antenna Design  

The geometry of a two-layer single element antenna fed by aperture coupling is depicted in Figure 

6-24. It consists of two substrates: the bottom substrate is Rogers RO3006 whilst the top one is 

Rogers RT/duroid 5880 with an x-shaped slot etched off the metallic ground [4]. As shown in 

Figure 6-24, a parallel feeding technique as one of the sequential feeding networks is presented. 

This structure is based on the architecture presented by the authors in [4]. The feeding network is 

an anti-phase equal power divider which this feeding network has four output ports with 90° phase 

delay in an anti-clockwise sequence, as shown in Figure 6-25. 

 

Figure 6-24: The geometry of patch antenna (a) top view and (b) side view [4], (S. Zarbakhsh, M. Akbari 

et al. [32], @2019 IEEE).   

 

Figure 6-25: The sequential feeding network (a) 2×2 antenna subarrays and  (b) parallel feeding (RHCP) 

[4] (L=12mm), ], (S. Zarbakhsh, M. Akbari et al. [32], @2019 IEEE).   

 

Note that, in order to have a design freedom to optimize the phase in final design, the authors 

consider parameter “L” connected to the four output ports as a variable design parameter. One 

should note that, since parameter “L” has a 50-ohm characteristic impedance, its length variations 

do not impact the impedance matching of the feeding network.   
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FSS Cell  

In order to suppress RCS, two different FSS unit cells with various reflection phase responses are 

necessary. In terms of modeling and analysis mentioned above and also prevent any mistakes, the 

FSS unit cells are regarded as a box containing the metasurface, air gap, second substrate and 

metallic ground, as depicted in Figure 6-26. To fully investigate the reflection features of the FSS 

unit cells, the full-wave numerical analysis is performed in Ansys HFSS utilizing a unitary cell 

under proper periodic boundary conditions (PBC) and floquet port excitation.  

 

Figure 6-26: The simulated models of the FSS unit cells (a) FSS#1 and (b) FSS#2 (P=3.5mm, K=3.2mm, 

h=4.8mm, h2=0.787mm, hs=1.52mm, ɛr=2.2), (S. Zarbakhsh, M. Akbari et al. [32], @2019 IEEE).   

Apparently, the FSS unit cell analysis approach not only reduces the computation time but also 

accurately anticipates the reflection and transmission coefficients as compared to treating the entire 

superstrate layer. The relative permittivity and dielectric loss tangent are 2.2 and 0.0009, 

respectively. The difference between FSS #1 and FSS #2 is only the copper patch while all 

dimensions and materials are identical. For FSS #1, a copper patch is printed on the bottom surface 

of superstrate, as shown in Figure 6-26 (a). In order to realize the reflection frequency response of 

FSS unit cells, the simulation results of reflection coefficients for both magnitude and phase are 

exhibited in Figure 6-27. From Figure 6-27 (a),  it can be seen that magnitude of the reflection 

coefficient for both the FSS cells are greater than 0.99 which ensures the high gain with respect to 

(6-16) as follows [37]  

    
  
  

1+ Γ f, θ=0
Dr=

1- Γ f, θ=0
                                                                                              (6-16) 



 

96 

 

20 22 24 26 28 30 32 34 36 38 40

1

0.99

R
e
fl

e
c
ti

o
n
 (

M
a
g
)

Frequency (GHz)(a)
20 22 24 26 28 30 32 34 36 38 40

Frequency (GHz)(b)

300

200

100

0

-100

-200

R
e
fl

e
c
ti

o
n

 P
h

a
se

 (
d

e
g

)

FSS #1

FSS #2 FSS #1

FSS #2

diff. phase

300

180° +37° 

 
Figure 6-27: The reflection coefficients of FSS units (a) magnitude and (b) phase, (S. Zarbakhsh, M. Akbari 

et al. [32], @2019 IEEE).   

Where Dr is the relative directivity on the broadside direction (θ=0)  and Γ  is the magnitude of the 

reflection coefficient. Moreover, the half-power fractional bandwidth (HPBW) of highly reflecting 

superstrate with frequency dependent reflection characteristics can be calculated using (6-17) as 

follows [37].  

          Δf λ 1-Γ
HPBW= =

f 2πh Γ0

                                                                                          (6-17) 

As one can observe from (6-16), the directivity is based on the reflectivity (Γ) of the metasurface 

so that directivity (Dr)  increases significantly by reflectivity (Γ) . Therefore, high directivity is 

achieved with a greatly reflective screen. However, from (6-17) it can be realized that bandwidth 

reduces as (Γ) increases, and a narrow BW is predicted for air gap. The best alternative to address 

this problem is to optimize the reflectivity (phase and magnitude) using (6-14) to (6-17) [37]. After 

the optimization process by HFSS, the reflection phase of both the FSS unit cells and also the 

difference between those computed as shown in Figure 6-27 (b). it can be observed that the phase 

difference of the reflected waves remains in the range 180°+37° from 28.2 GHz to 48 GHz (52%). 

Therefore, a wideband RCS reduction (nearly 52%) for the proposed structure is expected. 

FPC Antenna Structure 

The proposed source antenna excited by a sequential-phase feed (see Figure 6-25). To form the 

FPCA, the FSS layer is placed over the source antenna at an air gap of “h”. As shown in Figure 6-

28, all material and thickness of the proposed FPC antenna are given, as well. Figure 6-29 shows 
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the top view of the FSS metasurface, where to satisfy the RCS reduction requirements, each FSS 

structure is formed by 4×4 FSS unit cells with an entire dimension of 14×14 mm (see Figure 6-

29). Note that, the copper patches of FSS #1 are printed on the bottom surface of the superstrate. 

 

Figure 6-28: (a) The 3-D configuration and (b) side view of the FPC antenna (h1=0.25mm, h2=0.787mm, 

h=4.8mm, hs=1.52mm), (S. Zarbakhsh, M. Akbari et al. [32], @2019 IEEE).   

 
Figure 6-29: The FSS metasurface including structures of FSS#1 and FSS#2, (each FSS structure is formed 

by 4×4 FSS unit cells), (S. Zarbakhsh, M. Akbari et al. [32], @2019 IEEE).   

 

So, initially, by selecting suitable the air gap “h”, the broad impedance bandwidth of the source 

antenna must be conserved. Second, gain enhancement is acquired by the FPC formed by the 

metasurface and the metallic ground. Third, to protect CP feature of the source antenna, the 

appropriate arrangement of the FSS unit cell is needed. Fourth, by the FSS layer backed by the 

ground plate, a reflective broadband RCS reduction is attained. Evidently, it is complicated to 

optimize the four functions simultaneously. Hence, our goal is to acquire a compromise between 

above features. The FSS metasurface is designed with respect to the following procedure. 
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(i) Design the FSS unit cell with determining the reflectivity properties according to the flat phase 

to generate the broadband FPC and the highest magnitude to enhance directivity or gain. (Figure 

6-26 and Figure 6-27)   

 (ii) Find the proper air gap “h” between the source antenna and the FSS metasurface to cover the 

preferable impedance bandwidth of the antenna (26–34 GHz). 

(iii) Arrange the FSS unit cells in terms of the number and the place at the bottom of the 

metasurface to fulfil the CP-wave requirements including generate, preserve, and expand 

3dB axial-ratio (AR) bandwidth. 

(iv) Reduce the wideband RCS by 180° + 37° reflection phase variations between adjacent FSS 

unit cells (FSS #1 and FSS #2). One should note that FSS #2 must somehow behave not to 

deteriorate the other factors generated by FSS #1 such as the impedance and CP bandwidths and 

gain enhancement (see Figure 6-26 and Figure 6-27). 

(v) Optimize length of parameter “L” with a characteristic impedance of 50 ohms to adapt the 

phases and earn an appropriate trade-off between four main factors (impedance and CP 

bandwidths, gain enhancement, RCS reduction). 

 

In order to compare the simulation results of the reflection coefficient and axial ratio, and gain for 

both source antenna without the metasurface and the suggested FPC antenna (with the 

metasurface) Figure 6-30 is presented. One should note that after optimization by Ansys HFSS the 

air gap between the source antenna and the metasurface acquired 4.8 mm (close to half a 

wavelength). With respect to Figure 6-30, it is observed that impedance bandwidth the source 

antenna and FPC antenna (with metasurface) are ranged from 25.6 to 34.5 GHz (29.6 %) and 26.5 

to 35 GHz (27.6 %), respectively. Those have a great agreement because the air gap (h=4.8 mm) 

is approximately half a wavelength of free space. The simulated 3-dB AR bandwidth for the source 

antenna at broadside is extended from 26.3 to 31.2 GHz (17 %) whilst it for the FPC antenna is 

ranged from 26.5 GHz to 32.9 GHz (21.5 %) showing the metasurface fulfils the CP-wave 

requirements, namely, produce, protect, and extend 3dB axial-ratio (AR) bandwidth. 
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Figure 6-30: The simulated gain, AR, and reflection coefficient, for both the source antenna (without 

metsurface) and the FPC antenna (with metasurface), (S. Zarbakhsh, M. Akbari et al. [32], @2019 IEEE).   

 

As shown in Figure 6-30, the simulated 3-dB gain bandwidth for the source antenna is from 26.4 

to 35 GHz (28 %) with the maximum gain of 12 dB at 29 GHz, which is less than it for the FPC 

antenna, expanding from 26.8 GHz to 32.6 GHz (19.5 %) with peak gain of 20 dB at 28 GHz. It 

can be realized that the FSS metasurface increases the peak gain by 10 dB at 28 GHz. As 

aforementioned above, for the suggested design, the parameter “L” gives a design freedom to 

optimize all the pointed factors such as the gain, AR, and RCS. Thus, in order to examine the 

structure performance with “L” parameter variations Figures 6-31 and 6-32 are given. From Figure 

6-31 it can be found out that the performance of radiation and impedance of the proposed antenna 

under “L” parameter variations is trivial. However, to make an appropriate decision concerning 

the best value “L”, the scattering behaviour (monostatic RCS) for various values of “L” should be 

considered. As shown in Figure 6-32, it can be concluded that the monostatic RCS variations in 

the normal incidence for different values of “L” is significant. Consequently, with respect to Figure 

6-32, to fulfil the RCS suppression requirement, the best value of “L” corresponds to 12 mm. 
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Figure 6-31: The simulated reflection coefficient , AR, and gain for FPC antenna (with metasurface) for 

“L” parameter variations, (S. Zarbakhsh, M. Akbari et al. [32], @2019 IEEE).     
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Figure 6-32: The monostatic RCS comparison of  the FPC antenna with both the proposed and PEC 

metasurface with “L” parameter variations, (S. Zarbakhsh, M. Akbari et al. [32], @2019 IEEE).   

Experimental Results 

To validate the great impedance, radiation, and scattering performance of the proposed structure, 

the prototype of FPC antenna is implemented utilizing common printed circuit board (PCB) 

fabrication approach. The photograph of the assembled fabricated antenna is exhibited in Figure 

6-33.  
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 Figure 6-33: The photo of the assembled fabricated antenna (a) the sequential feeding, (b) the patch, and 

(d) the FSS metasurface, and (e) the proposed FPCA, (S. Zarbakhsh, M. Akbari et al. [32], @2019 IEEE).   

The RHCP and LHCP fields and then AR of the proposed FPC antenna are computed by measured

E E E   and E E E   as follows [31] 

1
E = ( E + jE )RHCP θ φ

2
, 

1
E = ( E - jE )LHCP θ φ

2
                                                   (6-18) 

E + ERHCP LHCP
AR (dB)= 10 log ( )

E - ERHCP LHCP
                                                               (6-19) 

 

The measured and simulated results of the total gain, axial ratio (AR), and reflection coefficient 

are compared with each other, as exhibited in Figure 6-34. It can be observed there exist an 

excellent agreement between simulations and measurements so that reflection coefficient (

11S -10dB ) of the fabricated FPC antenna is extended from 26.7 to 34.2 GHz (24.6 %). The 

simulated and measured AR and gain at broadside is shown in Figure 6-34, as well. The measured 

3-dB AR bandwidth is 21%, expanding from 26.8 to 33.1 GHz while the measured 3-dB gain 

bandwidth is 19.7%, ranging from 27.5 to 33.5 GHz with a peak gain of approximately 20 dB at 

28.5 GHz. The normalized simulations and measurements of RHCP and LHCP gain for the FPC 

antenna at φ=45° for three frequencies of 27.5, 30, and 33 GHz are demonstrated in Figure 6-35. 

(a) (b) (c)

(d)
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Figure 6-34: The simulated and measured  reflection coefficient , AR, and gain for FPC antenna (with 

metasurface), (S. Zarbakhsh, M. Akbari et al. [32], @2019 IEEE).   

The maximum radiation all occurs at broadside orientation and the significant gain difference is 

observed between RHCP and LHCP in the main beam for the three frequencies.  It is also found 

out that with the frequency increment from 28 GHz to 33 GHz, side-lobe level (SLL) is increasing 

which inherits the radiation features of the source antenna. In addition, the measured patterns have 

considerable resemblance trends with simulated ones. To validate the effectiveness of the proposed 

design on RCS suppression, the FPC antenna is terminated with match load and placed vertically 

on a foam platform. Two types of horn antennas for transmitting and receiving which are connected 

to an E8364B PNA (10 MHz to 50 GHz) placed in front of the FPC antenna. Note that, due to the 

set of difficulties associated with bistatic measurements, only backscatter results (under normal 

incidence) of the proposed FPC antenna is experimentally measured in the anechoic chamber of 

the Concordia University. Meanwhile, the FPC antenna terminated with a matching load is placed 

far enough from the antennas inside the anechoic chamber in the far-field of the horn antennas to 

ensure plane wave impingement.  
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One should note that to calculate the RCS reduction, measurement of the scattering waves from 

the metallic metasurface with the identical size are essential, as well. The measured and simulated 

monostatic RCS of both the FPC antenna and the metallic metasurface with the same size under 

normal incidence is shown in Figure 6-36. It can be observed that considerable RCS reduction is 

obtained from 28 to 48 GHz with a relative bandwidth of 52 %, covering the in- and out-band. The 

3-D RCS pattern of the FPC antenna at different frequencies of 30 GHz, 35GHz, and 42.2 GHz 

are shown in Figure 6-37. In comparison with 3-D RCS pattern of the metallic metasurface with 

the same size (see Figure 6-37 (a)), it can be found out that the grating lobes are chiefly diminished 

by the proposed metasurface and scattered fields are distributed further uniformly around. 
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Figure 6-35: The normalized simulations and measurements of RHCP and LHCP gain at φ=45° for the FPC 

antenna at three frequencies of (a) 27.5 GHz,  (b) 30 GHz, and (c) 33 GHz, (S. Zarbakhsh, M. Akbari et al. 

[32], @2019 IEEE).  
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Figure 6-36: The simulated and measured monostatic RCS of the proposed FPC antenna and the PEC 

metasurface with the identical size under normal incidence, the photo of two types of horn antennas used 

for transmitting and receiving, (S. Zarbakhsh, M. Akbari et al. [32], @2019 IEEE).   
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Figure 6-37: The 3-D RCS pattern of the FPC antenna terminated with the matching load under normal 

incidence for (a) particular case of the mettalic plate, the proposed metasurface at (b) 30 GHz, (c) 35 GHz, 

and (d) 42.2 GHz. (the plots are normalized with a metallic plate), (S. Zarbakhsh, M. Akbari et al. [32], 

@2019 IEEE).   

Table 6-5: Comparison between the proposed structure with the similar designs in reference, (S. Zarbakhsh, 

M. Akbari et al. [32], @2019 IEEE).    

Year/ 

Reference 

Impedance B.W.  

(GHz) and (%) 

CP property/ Relative 

3-dB AR B.W.  (%) 

Relative 3-dB 

Gain B.W. (GHz) 

Peak Gain 

(dB) 

RCS Reduction 

B.W.  (GHz) 

2014/ [148] 11.2-12.0 (6.9%) LP/ - 3.7 13.5 80 

2015/ [149] 9.0-9.9 (9.5%) LP/ - 17.3 13 54.5 

2015/ [150] 9.9-10.9 (9.6%) LP/ - N/A 10.8 85.7 

2016/ [151] 5.4-5.8 (7.1%) LP/ - 7.5 9.5 66.7 

2016/ [152] 9.5-10.9 (13.7%) LP/ - 7.0 11.0 133.3 

2018/ [153] 9.4-11.3 (18.3%) LP/ - 16.6 10.5 76.9 

Proposed 26.7-34.2 (24.6%) CP/ 21 19.7 20 52 
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6-4 Conclusion 

As the first design of this chapter, a new binary coding matrix with an optimal arrangement of the 

FSS cells on the metasurface to reduce the RCS on a wide frequency range has been proposed. 

The coding matrix has been attained using group search optimization (GSO) algorithm. Also, a 

theoretical analysis has been carried out on the ratio of the “0” and “1” elements using Least Square 

Error (LSE) method to achieve the best ratio value so that the optimum value of the ratio as a new 

constraint is considered in GSO algorithm. The simulations and measurements are in acceptable 

agreement with a considerable reduction of the RCS over a wide frequency range from 5.1 GHz 

to 22.1 GHz (125%) at the normal incidence for both polarizations. As the second design of this 

chapter, a broadband low-RCS, high directivity (gain), and CP antenna by employing the FSS 

metasurface at the Ka-band has been presented. The RCS reduction has been attained because of 

phase cancellation of two types of FSS structures which are formed by 4×4 FSS unit cells. The 

structure of FSS unit cell is new so that it consists of three layers terminated by the metallic plate 

of the source antenna. This approach prevents any deterioration in both radiation performance and 

scattering property of the FPC antenna at the identical frequency. In addition, the proposed 

structure has been based on FPC and resonance. Also, a microstrip slot array excited by a 

sequentially rotated feeding network has been applied as the source antenna to illuminate the FSS 

metasurface. The experimental results indicate that by the employment of the FSS metasurface the 

structure gain has been enhanced at least 7 dB as compared with it for the source antenna without 

the metasurface while the gain peak reaches nearly 20 dB at 28.5 GHz. Furthermore, bandwidths 

of 3-dB gain, impedance (|S11| ≤ -10 dB), axial ratio (AR) ≤ 3 dB, and monostatic RCS reduction 

are 19.7%, 24.6%, 21%, and 52%, respectively. It is worth mentioning that approach introduced 

provides a new strategy to give an alternative to solve the confliction between radiation and 

scattering performance of a source antenna. This type of antenna can be used to the set of 

conditions in which RCS suppression and gain enhancement are both necessary, such as stealth 

platforms.  
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Chapter 7. Conclusion and Future Work 

7-1 Conclusion 

At millimetre-wave (MMW) frequencies , losses associated with wireless link and system are main 

issues of concerns and need to be overcome in designing high-performance wireless systems. In 

order to compensate the overall loss in a MMW wireless communication system, a high-gain 

antenna is demanded [154]-[155], [162]-[167], [177], [179]. In addition, circularly polarized (CP) 

antennas are among desired options because they offer many benefits such as great resistance to 

polarization mismatch, mitigation of multipath effects, and some phasing issues and immunity to 

Faraday’s rotation. On the other hand, frequency selective surface (FSS) technology is recently 

employed to enhance the performance of radiation and scattering properties of antennas utilized in 

various sectors such as aerospace, medical, and microwave industry. In this thesis, we propose the 

use of FSS technology to design practical and efficient CP antennas. Consequently, CP Fabry-

Perot cavity (FPC) antennas based on FSS are investigated in this thesis to fulfil the growing 

demand for broadband high-gain antennas with low radar cross section (RCS). In light of this, the 

thesis studied performance enhancement of radiation and scattering features of CP antennas 

employing FSS structures. The thesis’ main contribution is to develop CP antennas with high 

directive level on wide bandwidth, whilst conserving low RCS. A comprehensive literature review 

and basic principles governing the operation and analysis of FSS are presented in Chapter 2. 

Chapter 2 also presented a short history and background along with diverse practical applications. 

In addition, the various types of element shapes were given. In chapter 3, a high gain CP dielectric 

resonator (DR) antenna was suggested. Applying an FSS superstrate layer, a gain improvement of 

8.5 dB is attained. A detailed theoretical analysis along with various models were proposed and 

utilized to optimize the superstrate size and the air gap height between the antenna and superstrate 

layer. In Chapter 4, two reduction techniques of spatially coupling are investigated. An effective 

approach for reducing the near-field coupling between 2×2 CP-MIMO antennas around 30 GHz 

was first presented. Due to the concentration of the power density using the FSS superstrate, an 

enhancement in the structure gain and improvement in isolation are achieved. Also, a short 

investigation on the reflected power density by the FSS superstrate in the near-field area is 

performed. It was found out that by adjusting few design parameters, the reflections can be 

redirected far from the antenna’s main beam to prevent any interference. The study also compared 
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the mutual coupling between CP-MIMO antennas when the patches are radiating in air and in the 

presence of FSS layers.  In the second design of spatially coupling reduction, an FSS polarization-

rotator wall for reducing the spatially coupling between two DR antennas in a MIMO system is 

designed and proposed. Using this FSS wall, the TE modes of the antennas become orthogonal, 

which reduces the spatially coupling between the two DRAs. The guidelines for designing the 

DRA and FSS unit cell are discussed in details. The investigation depicted that the proposed FSS 

wall has the capability to enhance the isolation between the radiating elements without disturbing 

the performances of the DRAs with respect to both radiation pattern and input impedance. In 

Chapter 5, a new LP-to-CP-polarizer based on multilayer FSS slab in Ka-band is presented. Results 

indicated that the polarizer is able to transform an LP wave to a pure CP wave over a broad 

frequency band with a trivial insertion loss. The transmitted CP wave by the polarizer was 

approximately robust under oblique illuminations. The polarizer is fabricated and measured by a 

wideband horn antenna verifying the simulated results. To have a high-gain CP antenna, an 8-

element LP array antenna with Chebyshev tapered distribution was designed and integrated with 

the polarizer. It is observed that this polarizer with the antenna array was an acceptable candidate 

for several applications including satellite communications, orthogonal polarization transformers, 

sub-reflectors, and CP lenses. In chapter 6, initially, as the first structure, to suppress the RCS on 

a broad frequency band, a new binary coding matrix with an optimal arrangement of the FSS cells 

on the metasurface band proposed. The coding matrix acquired using group search optimization 

(GSO) algorithm. Also, a theoretical analysis carried out on the ratio of the “0” and “1” elements 

using Least Square Error (LSE) method to achieve the best ratio value. This optimum value of the 

ratio utilized as a new constraint in GSO algorithm. As the second design of this chapter, a 

broadband low-RCS, high gain, and CP antenna by employing the FSS metasurface at the Ka-band 

presented. The RCS reduction obtained due to phase cancellation of two types of FSS structures. 

This approach prevented any deterioration in radiation performance and scattering property of the 

FPC antenna. It is worth mentioning that the introduced approach provides a new strategy to 

address the conflict requirements between radiation and scattering performance of a source 

antenna. This type of antenna can be used to provide both RCS suppression and gain enhancement 

requirements for different systems such as stealth platforms. This work can be considered as a step 

toward the standardization of the frequency selective surface technology.  
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7-2 Future Work 

This work can be extended by exploring other transmission-type or reflection-type surfaces based 

on the frequency selective surface (FSS) technology such as coding diffuse surfaces, LP 

conversion metasurface based on grounded vias, and reflective anisotropic surfaces for cross 

polarization rotation. 

New polarizers based on FSS with different properties can have the extensive potential for research 

subjects. These surfaces enable the deployment of the FSS technology in future communication 

systems in the commercial and industrial sectors. In addition, the active components can be a very 

useful extension of this work.  
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Appendix.      Bi-Level Group Search Optimization (GSO) Algorithm 

This Appendix contains material extracted from the following publications: 

 [J2] M. Akbari, F. Samadi, A. R. Sebak, and T. A. Denidni, “Superbroadband diffuse wave scattering based 

on coding metasurfaces: Polarization conversion metasurfaces,” IEEE Antennas Propag. Mag., vol. 61, no. 

2, pp. 40–52, Apr. 2019. 

[J15] F. Samadi, M. Akbari, M. R. Chaharmir, and A. Sebak, “Scatterer surface design for wave scattering 

application,” IEEE Transactions on Antennas and Propagation, vol. 67, no. 2, pp. 1202–1211, Feb. 2019. 

 

--------------------------------------------------------------------------------------------------------------------- 

In this section, initially, a short overview on basics of group search optimization algorithm is given. 

Then, the proposed bi-level-GSO algorithm is discussed in detail. The proposed bi-level GSO 

algorithm is efficient for handling minimax mixed-integer problems which contain continuous and 

binary [18], [136], [189]-[195].  

A. Basics of GSO 

The principal idea of the GSO is inspired by animal group-living theory. The searching behaviour 

of animals combined with the producer-scrounger (PS) model, which uses either “producing” as 

the finding process or “scrounging” as the joining strategy, are the prime bases of GSO. The GSO 

is a population-based heuristic algorithm and the population is called the group [18], [136], [189]-

[195]. In this theory, the group members are categorized as follows: 

 

- Producer: A member which possesses the best position in comparison to other members 

and equipped to vision ability.  

- Scroungers: Scroungers are joiners which follows the producer member. 

- Rangers:  Random walkers. 

 

The producer scans the vicinity of its existing position to obtain better states. The scanning ability 

is named vision ability and mentions to a process of testing some particular point in the vicinity of 

the producer member. Scroungers define their searching path in terms of the producer member. 

Ultimately, scrounger members try to be in the closest location relative to the producer member. 

In addition, in order to avoid getting stuck in local minima, rangers are committed as random 

walkers to carry out the random search. The continuous and binary searching spaces have various 
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properties. Hence, the mathematical formulation for modelling the behaviour of GSO group 

members must be different in each space. In the following sections, the appropriate mathematical 

formulation for modelling GSO group members in each searching space, are given [18], [136], 

[189]-[195]. 

B. Continuous search space 

Basically, GSO has been presented in [18], [136], [189]-[195]. as a continuous searching tool. It 

continues searching space, each member of GSO group is identified utilizing two vectors, i.e. 

position vectors and head angle vectors. The position and head angle of ith member at the kth 

iteration are 
k n

iX R  and 
1

1 ( 1)( ,..., )k k k n

i i i n R  


  , respectively. Where, R is a series of real numbers 

and n is the dimension of search space. Moreover,  in  is the polar angle of ith member relative to 

the nth dimension. As before mentioned, the producer member should use its vision ability to obtain 

better solutions. Vision ability is defined as the ability of testing some points in the vicinity of 

producer location [165]. In GSO, three points should be selected [164]. These points are labelled 

zero, right and left. At kth iteration, for the producer member which is located in k
pX , zero, right 

and left points could be defined using equations (A-1) to (A-3), respectively [18], [136], [189]-

[195]. 

  1 max ( )k k k
z p pX X r l D                                                                                         (A-1) 

1 max 2 max( / 2)k k k
r p pX X r l D r                                                                            (A-2) 

1 max 2 max( / 2)k k k
l p pX X r l D r                                                                        (A-3) 

( )k k
i iD   is the search direction vector of ith member at the kth iteration. Each member of the search 

direction vector, k
ijd , could be computed as below [A-6]: 
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The group members who are assigned as scroungers will keep searching for opportunities by 

tracking the producer member. At the kth iteration, the ith scrounger members are modelled as 

random trackers of the producer. Scroungers compare their position with the position of producer 

and try a random path to reach it. Therefore, the mathematical model of their behaviour is as 

follows [18], [136], [189]-[195]. 

1
3 ( )k k k k

i i p iX X r X X                                                                                      (A-5) 

As the third type of GSO members, rangers play an outstanding role in GSO searching and finding 

the procedure. Rangers could be modelled as random position and head angle vector. During kth 

iteration, the random length is defined utilizing (A-6): 

1 maxl a r l
i
                                                                                                       (A-6) 

Then, in order to calculate the random position vector, the random length is inserted to equation 

(A-7):  

1 1( )k k k k
i i i iX X l D                                                                                         (A-7) 

C. Binary search space 

The binary GSO (BGSO) is proposed to investigate the performance of GSO in binary searching 

space. In the following different sections of BGSO is discussed [18], [136], [189]-[195]. 

 

C-1. Producer 

In binary searching space, all the members of GSO group are either 0 or 1. According to (A-1) to 

(A-3), the zero, right and left points are defined using the term 1 maxr l  as a random length. Therefore, 

in order to simulate the producer searching ability, a random part of producer member array should 

be chosen. In Figure A-1 (a), the random length selection for the producer member is illustrated. 

According to Figure A-1(a), for  1 n  array, 3r  is a random pointer in the range of (1, n) and 4r  

is also a random pointer in the range ( 3r , n). After simulating the random length, similar to (A-1) 

to (A-3), zero, right and left points should be discriminated. For the selected sub array, each two 

sequential columns could be defined as one step of head angle revising steps. Since there are 2 

binary variables in each step, four states are possible. Therefore, equations (A-1) to (A-3) are 

simulated by generating three new arrays. Once the arrays are evaluated, if the new one has better 
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fitness value in comparison with that of the older producer, the new array is chosen as a producer 

member. On the other hand, if a better solution is not achieved, the producer should change its 

head angle and performs producing. The scanning process for a sample sub-array along with 

producing action at the second step of head angle is depicted in Figure A-1(b) and Figure A-1(c), 

respectively [18], [136], [189]-[195]. 

 

 

Figure A-1: (a) Random length selection for the producer member (b) Defining zero, right and left points, 

and (c) Producing procedure at the second step of head angle (F. Samadi, M. Akbari et al. [18], @2019 

IEEE). 

C-2. Scrounger 

As mentioned in this Section, scroungers try to follow the producer member. According to (A-5), 

a random length should be multiplied to term k k
p iX X . As previously mentioned, in binary space, 

random length selection is performed using two random pointers. The term k k
p iX X  could be 

simulated as: 

( , )k k k k
p i p iX X XOR X X                                                                                   (A-8) 



 

126 

 

Where, k
pX  is producer member position at kth iteration and k

iX  is ith scrounger member at kth 

iteration. After computing the term k k
p iX X , a random length using pointers 5r  and 6r  should be 

selected. Figure A-2 depicts the simulation of term ( )
k k

p ir X X .  

 

 

Figure A-2: Scrounging process, (F. Samadi, M. Akbari et al. [18], @2019 IEEE) 

 

Components of the sub-array which are equal to 1, represent the difference. Hence, the state of 

their relevant components in the k
iX  should be varied. Finally, a new scrounger member is 

produced and equation (A-8) is simulated [18], [136], [189]-[195]. 

C-3. Ranger 

With respect to (A-5), ranging process is performed using a random length and head angle. Similar 

to the producer and scroungers, random length is accomplished by using two random pointers, ( 7r  

and 8
r ). In this process, the random direction could be generated using (A-9): 

int(1, )iX rand l                                                                                                 (A-9) 

Where, iX  is the selected sub-array using 7r  and 8r . int (1, )rand x  is an operator which generates 

a random binary array with length of x, and l  is a randomly generated length [18], [136], [189]-

[195]. 

D. Outline of the proposed model 

The general framework of the proposed methodology is exhibited in Figure A-3. Referring to 

Figure A-1, the problem is decomposed into a binary (master) level and continuous (slave) level. 

The object associated with binary space is to minimize maximum of array factor (A-10). 

Meanwhile, continuous space operates optimization to reach the maximum of array factor (A-10), 

considering  

1 0 1 1 0 0 1 0 1 0 1 1 0 1 1 0 0 1

5r 6r5 6( ) ( )k k

p ir r X X 

1
k

iX 
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0° < θ < 180° and -180° < φ < 180°. Moreover, technical constraints are embedded in binary space 

as follows: 

 

( 1)( sin cos ) ( 1)( sin sin )

1 1
( , )

M Mj m kD j m kD jn

m m
f e e e       

 
                              (A-10) 

Max (AF)

Binary sequence

 and Min(Max AF)
Continuous 

Search
Binary Search

Continuous 

Constraints

Binary 

Constraints
 

Figure A-3: Defined bi-level model of algorithm, (M. Akbari, F. Samadi et al. [136], @2019 IEEE) and (F. 

Samadi, M. Akbari et al. [18], @2019 IEEE).   

 

D-1. Binary search space  

Here, some preliminary assumptions are made to restrict the search space and in turn, steer the 

optimization process toward the optimal solution [18], [136], [154]-[160]. To do so, the following 

patterns should be avoided: 

 

- A metasurface with all lattices equal to either zero or one; 

- The coding sequences of 010101…/010101…; and, 

- The coding sequence of 010101…/ 101010….. 

 

The key reason for discarding these sequences is that by inserting them in (A-10) and using 

geometric series concept, equations (A-11), (A-12), and (A-13) are yielded, respectively. Here, the 

coefficients C1, C2, C3 are constant values. The radiation patterns associated with (A-11) to (A-13) 

possess one, two, and four main beams, respectively. Such a number of scattered main beams are 

too small to provide impressive RCS reduction. In order to implement the mentioned constraints 

to the optimization algorithm, two 1×N index vectors are defined as x0 and x1 (see Figure A-4). 
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Based on the initial digit of each column or row, the proper index matrix should be chosen. Then, 

the constraint handling process should be performed as depicted in Figure A-5. If the outcome of 

constraint handling process, i.e. xoutput, is zero, the constraint is violated and new random data 

should be generated [18], [136], [189]-[195]. 

 

2 2
2 1

1 1
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2 2
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Figure A-4: (a) 1×8, x0   and x1 vectors, (b) 8×8, random matrix, and (c) 1×8, x output, (F. Samadi, M. 

Akbari et al. [18], @2019 IEEE). 

 

Considering aforementioned constraints and minima x feature of our problem, bi-level GSO is 

devised. Figure A-6 shows the flowchart of this algorithm in details. It can be obviously clarified 

that the binary space optimizes its objective by anticipating the optimal response of the continuous 

part [18], [136], [189]-[195]. 
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Fig. A-5: Constraint handling process in binary space, (F. Samadi, M. Akbari et al. [18], @2019 IEEE) 
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Figure A-6: Flowchart of bi-level GSO algorithm, (F. Samadi, M. Akbari et al. [18], @2019 IEEE)  
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