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ABSTRACT 

 

Metamaterials are substances with subwavelength structures that are engineered to have specific 

electromagnetic properties. The metamaterials show significant control on the properties of 

constituent materials and thus introduce numerous physical phenomena. However, metamater ia ls 

deem as less attractive due to their excessive losses, bulk size, and fabrication difficulty. These 

limitations have led to flourishing two-dimensional metamaterials, which are known as 

metasurfaces. Metasurfaces can bring medium discontinuities to the wavefronts of electromagne tic 

waves. As a result, it enables the tailoring of electromagnetic fields across a subwavelength scale. 

The building blocks of metasurfaces are polarizable particles, which support strong current near 

resonance and control polarization and wavefront. This surface can be made as either reflective or 

transmissive surfaces. In this thesis, concentration is given on high-efficiency transmiss ion 

metasurface unit cells based on surface electric and magnetic impedances derived from Huygens ’ 

Principle. However, unit cells for low transmission loss (< 1 dB) over a wide transmiss ion 

phase range require at least three metallic layers, which complicates the unit cell design process.  

This work introduces high-efficiency Huygens’ metasurface unit cell topologies in double-

layer FR4 printed circuit board (PCB) by implementing surface electric and magnetic current 

using the top and bottom metallic patterns and via drills. Eleven unit cells were optimized for 

wide phase coverage (−150° to 150°) with a low average transmission loss of −0.82 dB at 10 

GHz. Then, the high-efficiency of the designed unit cells has been demonstrated by designing 

and fabricating two focusing lenses with dimensions of near 150 × 150 mm (5λ × 5λ) to focus 

a spherical beam radiated from short focal distances (f = 100 and 60 mm). The fabrica ted 

focusing lens showed 12.87 and 13.58 dB focusing gain for f = 100 and 60 mm at 10 GHz, 

respectively, with a 1 dB fractional gain bandwidth of near 13%.  

Next, as an extension of the above work, reconfigurable/tunable unit cells based on the highly 

efficient unit structure have been constructed. In this extended work, recent development in 

the area of tunable metasurface designs has been highlighted. The surface reconfigurability in 

real-time has been realized by many tunable components (MEMS, Vanadium Dioxide, Graphene, 

Liquid Crystal, GaAs switch, and Schottky diode). However, the addition or realization of these 
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components makes the structure bulky and thus hinders the construction of a compact device. 

As an alternative, we used PIN (positive- intrinsic-negative) and varactor diodes combined with 

unit cells structure to make the unit cell less bulky, fabrication friendly, and highly transmissive .  
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CHAPTER 1: INTRODUCTION 

 

The objective of this chapter is to illustrate a framework and overview of the research work. The 

whole chapter is divided into two sections motivation and goal, and the thesis organization.  

 

1.1 Motivation and Goal 

     When designing transmission-type meta-devices, thickness, layer, and efficiency are important 

factors to consider at the same time. Traditionally, metallic deflectors and dielectric lens were 

deployed to reform electromagnetics (EM) waves but the large size and weight make them less 

attractive for millimeter-wave application. Later on, dipoles or patches are placed on a substrate to 

form transmit-array or reflect-array with flat structures [1]. It is noted that at least three metallic 

layers are required to simultaneously achieve high transmission amplitude and whole phase 

coverage [1]. Researchers have investigated many ways to reduce both the thickness and layers. 

     In [2], ring-split ring transmit-array unit cells nested in a double layer PCB (printed circuit 

board) was proposed. This structure can cover the whole phase but possess high thickness (λ/3.8) 

and high transmission loss (-3 dB). In this structure, the only electric response was considered 

which made it difficult to achieve thin thickness, high transmittance, and broad bandwidth. 
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However, to control transmitted field effectively, magnetic responses are also needed to consider, 

which leads to the development of Huygens’ metasurface (HMS). Following the Huygens’ 

Principle, many attempts have been taken to improve transmission performance of the unit cell 

and to cover the whole phases and at the same time achieve low thickness of PCB  structure. In 

[56], a two-layer and high-efficiency transmissive Huygens’ metasurface has been investigated but 

air space between piled layers made it difficult to manufacture on PCB for practical usability. The 

other two-layer structures on PCB suffered from high transmission loss (>1 dB) [84-85]. 

Alternatively, three-layer structures increased transmission efficiency but incurred interference 

requiring large-scale structural tuning [79-80]. 

     Our goal is to design highly efficient unit cell on a two-layer PCB. We propose three topologica l 

structures to cover whole phase with average transmission loss less than 1 dB. The unit structures 

are comprised of electric and magnetic dipoles with vias. The thickness of the unit cell is λ/18.8, 

which implies that both layer and thickness are reduced significantly. These unit cells are used to 

construct two lenses of 100 mm and 60 mm focal lengths, which can increase the focusing gain of 

a dipole antenna up to 13 dB.  In this proposed design, we not only reduced thickness and layer 

but also make it easy to implement on PCB. In addition, we cover the whole phase with low 

average transmission loss and, at the same time, achieve high fractional bandwidth. The 1 dB and 

3 dB fractional bandwidth are 13% and 18%, respectively.  

Moreover, the unit cell will be used to construct a reconfigurable metasurface by incorporating 

PIN and varactor diodes. Our goal is to build a single unit cell structure to cover 0°, 90°, 180°, and 

-90° phases with good transmission performance. 

1.2 Thesis Organization 

     Chapter 2 illustrates the early-stage research on metamaterial and metasurface. More focus is 

given on transition from 3D structure to 2D structure and continued to metasurface which termed 

as a zero-thickness sheet. Then, metasurfaces are viewed in terms of application in the field of 

optics and microwaves. Through this development, Huygens’ metasurface emerged and offered 

efficient wave manipulation characteristics. In this chapter Huygens’ metasurfaces are also 

described from theoretical perspective. This theory describes Generalized Sheet Transit ion 

Condition (GSTC). As a result, GSTC is discussed in detail and some literatures are reviewed 
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which used GSTC.       

    In chapter 3, the design of focusing lenses by using highly efficient Huygens’ metasurface unit 

cells has been discussed. First, from the literature, two-layer and three-layer structures are 

considered and debated in terms of their transmission loss and PCB design difficulty. Then, the 

contribution of this work has been presented. Second, Huygens’ metasurface unit cell design 

method and the detail of three topological structures are described. The difference of these 

topological structures is shown in terms of their geometrical structure, resonance, surface electric 

admittance, surface magnetic impedance along the electric and magnetic fields. Third, a detail of 

lens design procedure based on the distance to phase relationship has been presented. In addition, 

a simulation setup in high-frequency structure simulator (HFSS) has also been described. Finally, 

two lenses of 10 mm and 60 mm focal lengths were fabricated and measured. The measurement 

setup, discussion on the result such as focusing gain and fractional bandwidth have been depicted. 

Moreover, the superiority of this work has been placed through a comparison with the state of the 

art of relevant works. 

     In chapter 4, the passive structure discussed in chapter 4 has been made active/reconfigurab le. 

In this chapter, some recent development in reconfigurable metasurface and some problem in those 

structures have been discussed. Then, the design method of unit cell and some simulation results 

have been presented.  

Finally, in chapter 6, the overall outcome of the study is summarized as well as few suggestions 

and future works are also analyzed of this research. 

 

CHAPTER 2: METAMATERIAL AND METASURFACE FUNDAMENTALS 

AND APPLICATIONS 

 

               Metamaterials are artificially constructed and manufactured structural units to achieve 

desirable properties and functions. Individually built unit cells are distributed in a three-

dimensional or two-dimensional lattice to create metamaterials and metasurfaces, respectively.  
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This chapter illustrates the general background of metamaterial and metasurface and their 

applications. This chapter also describes Huygens’ metasurface from theoretical perspective, 

reviews different transmitarray structures, and includes the application of Generalized Sheet 

Transition Condition (GTSC) on metasurface structure. The entire chapter is divided into several 

sections that contain literature review for background, theory, and Structure design.   

 

2.1 The Metamaterial 

     Here starts with the idea and history of “metamaterials”: artificial materials that show 

electromagnetic phenomena that are not found in nature or are not readily available. R. Walser is 

credited with discovering the concept of composite materials at a DARPA workshop in 1999, 

where the prefix "meta" was chosen to express that these composites have properties that go 

beyond those of natural materials. [3-4].  

     The first explanation of negative refraction sparked a whirlwind of action, as expected. The 

area was fundamentally multidisciplinary, incorporating topics ranging from physics and materials 

science to microwave engineering and optics, as well as plasmonics and nanotechnology. 

Consequently, it triggered immediate and long-term interest from several groups, each encouraged 

by the potentially unlimited possibilities of finding a new property or application. The persistent 

efforts of Pendry, notably the discovery that a perfectly constructed negative- index flat lens could 

theoretically give infinite resolution, breaking the classical diffraction limit, fueled this frenetic 

speed [5], and his prediction that metamaterials could be used to manipulate optical area in such a 

way that objects are made invisible [6-7]. These phenomena are demonstrated in experiments [8-

11]. Currently, several metamaterial implementations have been evolved in the area of SRR based 

complementary metamaterial [12] along with magneto dielectric, plasmonic and all-dielectr ic 

metamaterials [13-14]. 

 

2.2 The Metasurface and Applications 

     Despite their fascinating wave-manipulation properties, 3-D metamaterials posed a number of 

issues, including fabrication complexity and high insertion losses. Then 2-D assembly of 
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engineered particles was investigated to achieve similar interesting properties and applications,  

now commonly referred to as "metasurfaces". Among many works on metasurface, one early 

analysis termed artificial rigid surface as “metasurface” [15]. Later impedance surfaces for planar 

optical metasurfaces were investigated [16-17]. However, in “2003” the term “metasurface” was 

first used in a published work [18]. The interest grew in the field of metasurface after a 

groundbreaking work on gradient metasurface, which can manipulate the amplitude and phase of 

the incident wave [19]. Then, as a fast development, the idea of phased, reflect, transmit arrays 

and diffraction gratings have been revealed [20-23].   However, it is undeniable that these recent 

efforts have sparked fascinating technological advances of scientific and commercial importance, 

as well as increased awareness and interest in metamaterials and metasurfaces.  

2.2.1 Application of Metasurface 

     The spatial variation of elements on a metasurface causes the currents on the surface to lead (or 

lag) depending on the individual resonant element. This phenomenon helps us to tailor wavefronts 

as they move through a metasurface, which opens up a wide range of applications.  Efficient local 

control of the form, nature, arrangements, and organization of the components will allow for 

arbitrary amplitude, phase, and/or polarization manipulation. 

 

Figure 2.1 Examples of metasurface applications [24]. 

Metasurfaces are used to manipulate the optical field due to their exceptional light manipula t ion 
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abilities. They can eventually lead to the replacement of bulky traditional optical components with 

compact flat optics. The metasurface has been extensively investigated to realize the traditiona l 

functionalities of classic components such as waveplates [25-26], lenses [27-28], beam deflectors 

[29-30], holograms [31-32], polarimeters [33-34] and optical vortex converters [35], as depicted 

in Figure 2.1. Some more applications in optical filtering, light absorption, leaky-wave antennas, 

and nonlinear devices are also investigated [24]. 

2.3 The Huygens’ Metasurface 

     The amazing ability of metasurface to manipulate light can be realized from the Huygens -

Fresnel theory. The classic wave theory of light is analyzed based on the principle introduced by 

Christian Huygens in 1690 [36]. It explains that any point in space that receives an electromagne tic 

wave becomes a fictitious source of a new spherical wave moving in the forward direction, 

illustrating how light spreads gradually. The point sources depicted in Figure 2.2 (a) are known as 

Huygens sources, and they have long been a purely mathematical concept used to describe various 

properties in classical wave mechanics, such as refraction (Figure 2.2 b), diffraction, and 

interference. The theory that underpins the most well-known classes of metasurfaces, those 

dedicated to wavefront engineering, can be qualitatively explained using this picture.  When 

illuminated, each element on a metasurface can be viewed as a new source that scatters light, 

creating a secondary source of wavelets, similar to the Huygens theory.  In both propagation and 

reflection, the new wavefronts can be thought of as the sum of all secondary waves.  One may 

construct an artificial interface that forms optical wavefronts into arbitrary shapes by adding spatial 

variations in the phase retardation of the optical scatterers forming the metasurface. As a result, 

metasurfaces like these can be thought of as an engineered variant of Huygens' theory. 
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Figure 2.2 (a) - The Huygens-Fresnel theory is shown in this diagram, which depicts the 

incremental movement of a plane wave through secondary wave excitation. (b) - The Huygens-

Fresnel principle is used to explain the event of refraction. (c) – Concept of Huygens' metasurfaces 

is depicted [37].  

     According to Huygens' theory, each point on a wavefront acts as a secondary source of outgoing 

waves [38]. Love developed a more robust version of Huygens' theory in 1901, which described 

secondary sources in terms of fictitious electric and magnetic currents [39]. Love's Equivalence 

Principle was later expanded by Schelkunoff to allow for arbitrary field distributions on either side 

of a surface [40]. The Surface Equivalence Principle, as formulated by Schelkunoff, is widely used 

in the study of aperture antennas, diffraction problems, and computationa l electromagne tics 

formulations [41]. 

 

2.4 Theoretical Background of Huygens’ Metasurface  

     The phenomenon explained in section 2.3 can be examined from Maxwell’s equations. The 

differential form can be expressed as:  

                                                        ∆ × E = - Mi - 
𝑑𝐵

𝑑𝑡
 (1) 
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                                               ∆�× H = Ji + JC + 
𝑑𝐷

𝑑𝑡
 (2) 

                                               ∆ . D =�ρe (3) 

                                               ∆� . B�=�ρm (4) 

Where E is the electric field intensity, H is the magnetic field intensity, D is the electric flux density, 

and B is the magnetic flux density. J and M are the electric and magnetic volume current densities, 

and the subscript i indicates an impressed source, while c indicates a conduction current. In the 

equations ρe and ρm are electric and magnetic volume charge densities. JC is expressed as: 

                                                        JC = σE (5) 

Where σ is the conductivity. Electromagnetic boundary condition can be developed from equation 

(1) to (4) as below: 

                                              �n̂ �×�(E2 – E1) = - MS (6) 

                                               �n̂ �×�(H2 – H1) = JS (7) 

                                              �n̂ � ∙�(D2 – D1)�=��ρes (8) 

                                                      �n̂ � ∙�(B2 – B1)�=�ρms (9) 

 Here �n̂ is the unit normal to the boundary. JS and MS are electric and magnetic surface current 

densities whereas ρes and ρms are the electric and magnetic surface change densities. Only a perfect 

conductor has a non-zero surface current and charge density. Consider a plane wave hitting a 

dielectric boundary at an oblique angle (see Figure 2.3). In the figure Kinc, Krefr and Krefl are 

incident, refracted, and reflected wave vectors. Moreover, ε and µ are respectively the permittivity 

and permeability of the mediums.    
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Figure 2.3 Oblique incident of a plane wave at the boundary of two bulk mediums. 

Considering equations (6) to (7), the Fresnel coefficients for transmission and reflections can be 

extracted both for transverse electric (TE) and transverse magnetic (TM) modes [42]. The analysis 

outcome is as below: 

                                              ΓTE = 
η2 �sec�θt �−�η1 �sec�θi �����

�η2 �sec�θt�+�η1 �sec�θi �
 (10) 

                                              ΓTM = 
η2 �cos�θ𝑡�−�η1 �sec�θi �����

�η2 �cos�θ𝑡�+�η1 �sec�θi �
 

(11) 

                                             TTE = 1 + ΓTE (12) 

                                                     TTM = (1 + ΓTM ) 
cos�θi
cos�θt

 (13) 

In the above equations η is the intrinsic impedance of the medium. θ
𝑖
 , θ

𝑡
 are the incident and 

transmitted angle whereas Γ and T are the reflection and transmission coefficients, respective ly. 

Equations (10) to (13) depend on the parameter η. Thus, By engineering ε and µ, it is possible to 

introduce field discontinuities in a volumetric metamaterial to refract a plane wave in any arbitrary 

fashion as desired. This can be viewed from (8) to (9) which also demonstrates a relationship 

between B, H, and D, E as well. Now we will look at the case of the Huygens' metasurface, 

sketched in Figure 2.4. 
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Figure 2.4 A Huygens metasurface with surface current (JS, MS) orthogonal at the interface. This 

current produce transmitted (E2, H2) and reflected field from incident field. E1, H1 are the 

combination of incident and reflected fields. n̂ is normal to the surface [43]. 

     If the medium is not bulk then we can address field discontinuity instead of constitut ive 

parameter, which can be used to change the direction of the plane wave. We can add field 

discontinuities to adjust the direction of E and H if we can engineer either surface current or charge 

densities. Surface current densities and surface charge densities produce discontinuous tangentia l 

and normal fields, respectively. Only the surface current densities are considered here, and the 

surface charge densities are assumed to be zero. This is basically Schelkunoff's surface equivalence 

principle, which is a development of Huygens ‘Principle and an expansion of Love's equivalence 

principle. 

     Surface currents are interpreted as quantities that can be engineered to achieve the desired effect 

in this case. As a result, we can see this as an issue of engineering Huygens' sources along a 

boundary [43]. This analysis can be generalized to arbitrary field distributions around the interface 

by noting that the fields in (6) to (9) are not limited to plane waves. This issue can also be seen 

through the framework of surface impedances. The surface current densities are viewed as coming 

from physical polarization currents produced by an array of polarizable objects to obtain these 

values. These objects are described as electric and magnetic surface polarizabilities α𝑒𝑠̿̿ ̿̿  andα𝑚𝑠̿̿ ̿̿ ̿, 

respectively, which introduce mutual coupling [44]. These polarizabilities are associated with 

surface current [45] through: 

                                               Js =�jωα𝑒𝑠̿̿ ̿̿ �E t, av |s, (14) 
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                                              Ms =�jωα𝑚𝑠̿̿ ̿̿ ̿�H t, av |s, (15) 

E t , av |s and H t , av |s are the average tangential electric and magnetic fields at the boundary. The 

respective electric and magnetic surface impedances Z𝑒̿̿ ̿ and Z𝑚̿̿ ̿̿  are then described.  

                                                Z𝑒̿̿̿ = (jωα𝑒𝑠̿̿ ̿̿ �)-1 =  E t, av |s /Js (16) 

                                               Z𝑚̿̿ ̿̿  =�jωα𝑚𝑠̿̿ ̿̿ ̿�=�Ms�/�H t, av |s, (17) 

Note that Ze and Zm are dyadics, corresponding to the anisotropies needed to regulate the input and 

output fields' polarizations. Combining (6) to (9) with (16) to (17), we can achieve below 

relationships: 

                                          �n̂ ×  
E2+E1

2
 = Ze��n̂ ×  (H2-H1) (18) 

                                               �n̂ ×  
H2+H1

2
 = -1(1/ Zm)��n̂ ×  (E2-E1) (19) 

This implies that the impedances Ze and Zm introduce field discontinuities across an interface, 

resulting in arbitrary field distributions. This is similar to applying equivalent principle for surface 

current.  

2.5 Generalized Sheet Transition Condition (GSTC)  

     The description in equations (18) and (19) is not considered from the standpoint of 

polarizability and is named “Generalized Sheet Transition Conditions" (GSTCs) [46]. For 

simplification full GSTCs consider normal components of the fields. However, an impedance 

boundary condition and its magnetic dual can be used to model the interaction of subatomic EM 

fields with a metasurface in a homogeneous medium [47].  

The impedance boundary condition is written as 

                                             �n̂ �×�(E2 – E1) = 0 (20) 
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                                                     �n̂ �×�(H2 – H1) = Js (21) 

                                                     �n̂ �×� E1 = Ze Js (22) 

Considering magnetic dual, the admittance boundary condition is  

                                             �n̂ �×�(E2 – E1) = - Ms (23) 

                                                     �n̂ �×�(H2 – H1) = 0 (24) 

                                                     �n̂ �×� H1 = (1/Zm) Ms (25) 

     Figure 2.4 can be used to depict (20) to (25). These boundary conditions can be combined to 

achieve a more compact definition in (18) and (19), as long as the impedances and admittances are 

collocated and do not couple. A lattice circuit model can be used to relate these impedances to the 

canonical two-port network parameters [48]. The unit cells are physically designed based on 

impedance profile by applying transmission line theory, infinite array analysis, and locally periodic 

approximation [49-50]. 

     We may view electric and magnetic sheet current densities, and thus Ze and Zm, as arrays of 

electric and magnetic dipoles, based on [51]. Infinite magnetic dipoles are the same as infinites ima l 

electric loops. Surface impedances along the same boundary can thus be engineered using sub-

wavelength arrays of collocated electric dipoles and loops, following the equivalence princip le.  

These electric dipoles and loops are implemented as reactive sheets in this work.  Pairs of 

orthogonal collocated electric and magnetic dipoles that correspond to orthogonal electric and 

magnetic currents, are Huygens’ sources. As a result, these metasurfaces are known as "Huygens' 

Metasurfaces." 

2.6 Literature Review on GSTC 

     In a homogeneous medium, the GSTCs model the interaction of macroscopic EM fields with a 

metasurface [46]. The GSTCs were not the first, but they are more general than previous attempts, 

and they provide a review of the literature. This can be linked to the surface currents of the 

equivalence principle, which were originally defined in terms of macroscopic surface 
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polarizabilities and later in terms of susceptibilities. These surface currents can be connected to 

impedances as described in section 2.5. However, in this section, the GSTCs will be only applied 

to the polarizability and susceptibility formulations, not the impedance formulation. The derivation 

is detailed in [46], as well as aptly summarized in [52]. 

     In [53], the GSTCs were used to investigate the reflection and transmission of plane waves 

using a metasurface. In this case, the investigation expands by considering the transmitted and 

reflected angles are the same as the incident angle. At both TE and TM polarizations, total 

transmission and reflection are calculated for plane waves of the arbitrary angle of incidence. 

Negative electric or magnetic susceptibilities can be needed in these circumstances. The Huygens' 

metasurface, on the other hand, is capable of perfect reflection and transmission for plane waves 

of arbitrary incidence, reflected, or transmitted angles. This implies that they don't have to be the 

same. In addition, the metasurface is made up of homogeneous unit cells. The Huygens 

metasurface, on the other hand, is generally inhomogeneous, allowing for broader applications. In 

[30], the phenomenon of absolute reflectance and transmission occurring in a metasurface for 

arbitrary angles of incidence is investigated. However, absolute reflection and transmission with 

arbitrary incident, reflected, and transmitted angles are still unaddressed. 

     The GSTCs are further generalized to apply on a material interface [52]. The GSTCs are used 

to extract parameters from a metamaterial when accounting for boundary effects [54]. In addition, 

the relationship between a metasurface's surface susceptibilities and its definition in terms of bulk 

effective medium parameters are investigated in [55]. Here, they vary the thickness of the 

metasurface. A metasurface is better described as an infinitely thin surface than as a thin layer of 

bulk media. In this case, the GSTCs' susceptance (or, in our case, impedance) definition is specific 

to the problem. 
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CHAPTER 3: FOCUSING LENS WITH HIGH EFFICIENT HUYGENS’ 

METASURFACE UNIT CELLS 

3.1 Literature Review on Huygens metasurface  

     Metasurface is a two-dimensional structure with subwavelength particles or unit cells for 

manipulating propagation direction [56–60], polarization [61–66], and orbital angular momentum 

(OAM) [67–70] of electromagnetic (EM) waves. The ground-breaking feature from the 

metasurface was introduced from extensive review papers [71–75], and metasurface-based lenses 

[76–78], antennas [79–82], and holographic imaging [83, 84] have been actively studied. After the 

advent of a popular metasurface design using the generalized Snell’s law [56], which deals with a 

phase gradient (scalar) on the surface, Huygens’ principle was utilized to improve the efficiency 

of wave-refracting metasurfaces by introducing surface electric and magnetic currents (vector 

quantities) [57]. Using Huygens’ Principle, a metasurface was modeled as a two-dimensiona l 

boundary and the required electric and magnetic surface impedances to control the propagation 

direction of a transmitted wave was achieved [57]. 

3.1.1 Generalized Laws of Reflection and Transmission 

     The phase discontinuity at the boundary of two media forces us to reconsider Fermat’s Principle. 

Suppose a plane wave impinges on the surface with angle θi. In Figure 3.11 two paths are shown 

which if infinitesimally close to the actual light way then zero phase difference will be shown 

                       [ko ni sin(θi)dx + (ϕ + dϕ) ] – [ko nt  sin(θt)dx + ϕ ]= 0 (26) 

In the equation, θt refraction angle and phase discontinuity at the interface for two paths are ϕ and 

ϕ + dϕ. The distance between two intersection points is dx whereas ni and nt  are medium refractive 

indices and ko =2π/λ, where λ free-space wavelength. Equation (26) turns to generalize Snell’s law 

for transmission if the phase gradient along the surface is constant. 

                       nt  sin(θt) – ni sin(θi)= λ/2π × dϕ/dx (27) 

  Equation (27) shows that refracted wave can have arbitrary direction. 
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Figure 3.11 Sketch of generalize Snell’s law of refraction. The phase shifts are ϕ and ϕ + dϕ 

where blue and red paths crossed the boundary [56]. 

3.1.2 Two-Layer Structures on printed circuit board (PCB) 

     Metasurface design based on Huygens’ principle is theoretically sound; however, it is not 

straightforward to implement electric and magnetic surface impedances that cover a wide 

transmission phase range with high transmission efficiency in a planar 2D structure, e.g., printed 

circuit board (PCB). In [57], Pfeiffer et al. designed electric and magnetic dipoles in two-layer 

PCB strips but had to stack the strips between air space (see Figure 3.12.) to align the vector 

components of the incident electric and magnetic fields with the corresponding surface impedance 

vectors. 

 

 

 

 

 

 (a) 

(b) 

(c) 
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Figure 3.12 (a) Fabricated Huygens Surface. (b) Top view which provides electric polarization 

current (c) Bottom structure for magnetic polarization current [57]. 

More fabrication-friendly unit cells with the required surface impedances have been designed 

and laid out in two-layer PCBs, but the unit cells were not able to maintain low transmission loss 

(<1 dB) (see Figure. 3.13 and 3.14) for all the required surface impedances, especially high 

electric and magnetic resonance cases [85–92]. 

 

Figure 3.13 (a) Transmit Unit cell of two-layer. (b) S21 Parameters of the Unit cell. [89] 

 

Figure 3.14 (a) Top and side view of two-layer unit cell with via. (b) Transmission performance 

of unit cell. [90] 
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3.1.3 Three-Layer Structures 

     For better efficiency, a three-layer PCB capable of generating a loop current from the first and 

third layers using two vias was implemented [93–95]. Recently, in the same three-layer PCBs, 

symmetric and asymmetric unit cells with two magnetic dipoles (dogbone shape) on the top and 

bottom layer and an electric dipole (capacitor-loaded dipole) in the middle layer have been 

implemented [78,81,96,97]. This three-layer structure is shown in Figure 3.15. Despite the higher 

transmission efficiency of these three-layer unit cells, the drawbacks can be increased geometrica l 

parameters that need to be tuned and interference by waves propagating along the multiple layers, 

which require optimization. 

 

Figure 3.15 Dog bones and loaded dipole structure of three-layer. [97] 

3.1.4 This Work 

     In this paper, we introduce double-layer metasurface unit cells with high transmission efficiency 

and wide phase coverage at 10 GHz by constructing electric and magnetic dipole structures based 

on Huygens’ Principle. In the unit cells, electric and magnetic dipoles were implemented in 1.6 

mm-thick (≈λ/18.8) double-layer FR4 PCB and via drills were used to form antisymmetr ic 

conducting loops for magnetic dipole resonance by connecting top and bottom metallic traces. Vias 

were also implemented in the electric dipole structure and the desired capacitance of the unit cell 

was achieved. Overall, we designed 11 unit cells to cover transmission phases from −150◦ to 150◦ 

and achieved a low average transmission loss of −0.82 dB at 10 GHz. To assess the practical 
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performance of the unit cells, we designed two compact lenses with near 5λ × 5λ (152.1 × 156 mm) 

size to focus a spherical beam to specific focal points of 100 mm (f/D = 0.65) and 60 mm (f/D = 

0.39). The lenses were designed for such low f/D values to be used for a compact and low profile 

transmit-array [101, 102]. From the fabricated devices, radiated power from the half-wave dipole 

located at the focal distances was enhanced by 12.87 and 13.58 dB at 10 GHz for f/D = 0.65 and 

0.39 cases, respectively, and a wide 1 dB gain bandwidth near 10% was demonstrated. 

3.2 Huygens’ Metasurface Unit Cell Design 

3.2.1 Unit Cell Design Method 

     The generalized sheet transition condition (GSTC) models a metasurface as electric and 

magnetic polarizability densities (αES and αMS) and relates those to the transmission coeffic ient 

(T) and reflection coefficients (R) of the metasurface [53]. Then, using Equations (1) and (2), αES 

and αMS can be converted to the electric surface admittance (Yes) and magnetic surface impedance 

(Zms), which are familiar concepts from Huygens’ Principle. Here, we assume isotropic surface 

electric admittance and magnetic impedance. 

Yes = jωεαES (28) 

Zes = jωμαMS (29) 

By the simple conversion, the normalized values of Yes𝜂0 and Zms/𝜂0 are given in terms of T and 

R in Equations (30) and (31). It is important to note that these simple equations can be derived 

when the propagation directions of the incident and transmitted waves are normal to the boundary 

[53]. More general equations with the arbitrary incident and transmitted angles were also derived 

in [100]. 

Yesη0 = 2
1− T − R

�1 + T + R
 (30) 

Zms/η0 = 2
1− T +R

1+ T −R
 (31) 

Here, 𝜂0 is the intrinsic impedance of free space. Equations (30) and (31) indicate that a 

reflectionless (R = 0) metasurface requires the same values of Yes𝜂0 and Zms / 𝜂0. To mainta in 



 
 

25 

 

almost perfect transmission (T = 1) with wide transmission phase variation, only the imaginary 

part of Yes and Zms should be utilized. Figure 3.16 shows that the simultaneous change of 

Im{Yes𝜂0} and Im{Zms / 𝜂0} from −15 to 15 covers transmission phases from −165° to 165°. Here, 

Yes𝜂0 and Zms/𝜂0 are purely imaginary numbers. 

 

Figure 3.16. Transmission phases versus the imaginary part of the normalized surface 

electric admittance Im{Yes𝜂0} and the normalized surface magnetic impedance Im{Zms / 

𝜂0}. 

3.2.2 Unit Cell Dimension 

     First, we determined one period (42.42 mm) of the metasurface units which needs to cover 

360° transmission phase range to refract normal incident beam to 45° using λ/sin45° at 10 

GHz. To have enough discretization, we chose 11 unit cells in one period and fixed the width 

of the unit cell to 3.9 mm. The unit cell thickness was then fixed with 1.6 mm from the given 

FR4 substrate. Finally, we varied the length of the unit cell using a structure for +150° 

transmission phase and found the optimum length of 6 mm for the highest transmission at 10 

GHz as shown in Figure 3.17. 
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Figure 3.17 Transmittance along the frequency from different unit cell lengths. 

3.2.3 Unit Cell Topology Design and Analysis 

     We designed unit cells to provide desired normalized Yes and Zms values to cover a wide range 

of transmission phases (−150° ~ 150°) with low transmission loss (< 1 dB) at 10 GHz. Instead of 

using one topology for all the phases, we designed three optimum unit cell topologies for specific 

transmission phase ranges. First, we designed a unit cell with a high positive Yes and Zms to realize 

the −150° transmission phase with low transmission loss. Generally, electric dipole resonance can 

be implemented easily with capacitor-like structures and is stronger than magnetic resonance. To 

increase magnetic resonance strength, which should match the electric resonance strength, we 

implemented two magnetic dipoles on the sides and one electric dipole at the center using vias, as 

shown in Figure 3.18. 
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   (a)      (b) 

Figure 3.18. Electric and magnetic dipole in topology 1 from the (a) side–side view and 

(b) top view. 

     Here, the alignment of both dipoles was based on a y-polarized TEM wave propagating 

along the z-axis. The unit cells were simulated using Ansys high frequency structure simula tor 

(HFSS) and the excitation and boundary conditions were used with wave ports and perfect 

electric conductor (PEC)/perfect magnetic conductor (PMC) boundaries, respectively. In the 

design, we used a 1.6 mm-thick double-layer FR4 substrate with a relative permittivity (휀r) of 

4.3 and loss tangent (tan 𝛿) of 0.008. The unit cell area was fixed to a length (l) of 6 mm and 

width (w) of 3.9 mm. We used the rectangular-shaped unit cell to support long asymmetr ic 

current flow and a close space between the two magnetic dipoles to achieve a high Zms value 

and a low discretization error along the x-axis. Geometrical parameters of the unit cell 

included ml (the length for the magnetic dipole), g (the gap between the capacitively coupled 

electric dipoles), and ew (the width of the capacitor of the electric dipoles). Last, el indicates 

the electric dipole length, which is dependent on g. Therefore, we varied ml for the desired 

Zms values and g and ew for the Yes tuning. One benefit of this unit cell topology is that electric 

and magnetic resonance can be controlled independently because both electric and magnetic 

structures are implemented perpendicularly by the intuition of Huygens’ surface electric and 

magnetic currents. Finally, a unit cell with ml = 3.64 mm, g = 3.68 mm, and ew = 1.7 mm 

achieved high Yes and Zms values of 7.55 and 5.87, respectively, with an S21 of −0.96 dB and 

−150° transmission phase. To balance Yes and Zms, Yes resonance where the peak of Yes occurs 
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has to be located near 12.4 GHz, which was implemented with lower capacitance by using a 

wide gap distance (g = 3.68 mm) between the two electric dipoles, as shown in Figure 3.19 b. 

However, the Zms resonance should be near 10 GHz to achieve a sufficiently high Zms value 

to match the Yes value at 10 GHz. Figure 3.19 c shows a high magnetic field excited along the 

x-axis due to current flows on the magnetic dipoles. 

  

 

                  (a)        (b)         (c) 

Figure 3.19. (a) Yes and Zms values of the unit cell according to frequency for a 

transmission phase of –150°. (b) The y component of the electric field Ey. (c) The x 

component of the magnetic field Hx along the x–y plane in the middle of the unit cell at 

10 GHz. 

Next, we reduced the Yes and Zms resonance frequencies to achieve balanced negative values 

for both Yes and Zms at 10 GHz for the +150° transmission phase, as shown in Figure 3.2 a. Based 

on the unit cell with a transmission phase of –150°, the gap (g) of the electric dipole was lowered 

up to 1.30 mm and the magnetic dipole length (ml) was decreased to 3.61 mm. This structure 

moved the Yes and Zms resonance frequencies to 8.2 and 9.8 GHz, respectively, and achieved 

balanced Yes (−7.19) and Zms (−7.15) at 10 GHz, providing −1.1 dB S21 with +150° phase. Figure 

3.2 b,c shows the unit cell structure for the +150° phase and Ey and Hx on the x–y plane in the 

middle of the structure. Ey was confined near the gap of the electric dipole’s capacitor structure, 

which was responsible for the lower resonance frequency of Yes compared to the unit cell for the 

−150° phase. Figure 3.2 c shows that the strong x components of the magnetic field were 
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distributed in the middle of the magnetic dipoles, lowering the resonance frequency of Zms and 

yielding a negative Zms value at 10 GHz. 

 
 

    (a)         (b)          (c) 

Figure 3.2. (a) Yes and Zms values of the unit cell along frequency for a transmission phase of 

+150°. (b) The y component of the electric field Ey. (c) The x component of the magnetic field Hx 

along the x–y plane in the middle of the unit cell at 10 GHz. 

 

     We realized the unit cells for the other positive phases from +120° to 0° by lowering negative 

Yes and Zms values at 10 GHz. To do that, we lowered the resonance frequency of Yes and Zms by 

reducing the gap of the electric dipole (g) and tuning the electric dipole width (ew), and increasing 

the length of the magnetic dipole (ml), respectively. Figure 3.21 a shows the normalized Yes and 

Zms values from the unit cell for +120° with g = 0.37 mm, ew = 1.0 mm and ml = 3.70 mm. The 

balanced Yes and Zms values of −3.5 and −3.3 at 10 GHz are shown; this condition provided a low 

S21 of −1.1 dB. As shown in Figure 3.21 b, c, Ey and Hx from the unit cell with +120° had a similar 

confined Ey field near a smaller gap of the electric dipole and stronger magnetic field due to a 

longer ml compared to the unit cell for the +150° phase. This phenomenon corresponded to lower 

Yes and Zms resonance frequencies in the +120° phase structure. We decreased the Yes and Zms 

resonance frequencies by using a more confined Ey and higher Hx, and finally covered phases from 

+90° to 0°. Detailed geometries and Yes and Zms values are shown in Table 1. 
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     (a) (b)            (c) 

Figure 3.21. (a) Yes and Zms values of the unit cell according to frequency for a transmission phase 

of +120°. (b) The y component of the electric field Ey. (c) The x component of the magnetic field 

Hx along the x–y plane in the middle of the unit cell at 10 GHz. 

 

Table 1. Geometric parameters, simulated electric surface admittance (Yes), magnetic surface 

impedance (Zms), transmission phases, and transmission loss of the 11 metasurface unit cells with 

topologies 1, 2, or 3. 

Cell Topology 

g 

(mm) 

g1 

(mm) 

g2 

(mm) 

ml 

(mm) 

ew 

(mm) 

Im 

(Yes) 

Im 

(Zms) 

Trans. 

phase (°) 

Trans. loss 

(dB) 

1 1 0.20   4.60 1.7 0 0 0 -0.4 

2 1 0.20   4.15 1.7 -1.1 -0.2 30 -1.1 

3 1 0.20   3.72 2.1 -1.5 -0.9 60 -1.0 

4 1 0.20   3.76 1.0 -2.4 -1.7 90 -1.0 

5 1 0.37   3.70 1.0 -3.5 -3.3 120 -1.1 

6 1 1.30   3.61 1.7 -7.19 -7.15 150 -1.1 

7 1 3.68   3.64 1.7 7.55 5.87 -150 -0.96 

8 1 4.60   3.61 1.7 3.9 2.8 -120 -0.72 

9 2    3.47 2.0 2.8 1.4 -90 -0.72 

10 3  0.5 0.8 3.6  1.4 0.88 -60 -0.59 

11 3  1 0.6 2.8  0.7 0.4 -30 -0.34 
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     For negative transmission phases, we used the unit cell for −150° and achieved −120° by 

increasing the Yes and Zms resonance frequencies. For lower effective capacitance and 

inductance of the unit cell, the gap (g) between the electric dipole was increased from 3.68 to 

4.60 mm and the magnetic dipole length (ml) was shortened from 3.64 to 3.61 mm. Finally, 

lower positive Yes (3.9) and Zms (2.8) values at 10 GHz were achieved with a low S21 of −0.72 

dB. Figure 3.22a shows the Yes and Zms values according to frequency for the unit cells for the 

−150° and −120° phases. Lower Yes and Zms values were observed for the −120° case at 10 

GHz due to the higher Yes resonance frequency near 14.8 GHz. The lower Zms value in the 

−120° case was due to a resonance frequency shift to a higher frequency near 10.2 GHz. Figure 

3.22b shows that Ey for the unit cell with the −120° phase was distributed over a larger area 

than observed for the −150° case (Figure 3.19.a). Figure 6c for Hx also shows lower magnetic 

fields between two magnetic dipoles. Both trends correspond to higher resonance frequenc ies 

for both Yes and Zms and lower values at 10 GHz for the −120° case. 

 
 

(a) (b)           (c) 

Figure 3.22. (a) Yes and Zms values of the unit cell according to frequency for transmiss ion 

phases of −150° and −120°. (b) The y component of the electric field Ey for the transmiss ion 

phase of −120°. (c) The x component of the magnetic field Hx for −120° along the x–y plane 

in the middle of the unit cell at 10 GHz. 

     For the −90° transmission phase, lower positive Yes and Zms are needed; however, the gap 

of the electric dipole (g) cannot be further increased due to fabrication limits. Therefore, we 

used one electric dipole structure to provide a lower Yes at 10 GHz and two magnetic dipoles 
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were maintained, as shown in Figure 3.23a. The geometrical parameters are shown in Figure 

3.23b; an ew of 2 mm and ml of 3.47 mm provided a normalized Yes of 2.8 and Zms of 1.4, 

resulting in the achievement of a −90° phase with a low S21 of −0.72 dB. Figure 3.23c shows 

that Yes and Zms values became lower at 10 GHz due to Zms and Yes resonance frequenc ies 

higher than 10 GHz. Figure 3.23d,e shows that Ey was distributed over a larger area and Hx 

was weaker in the −90° case than the −120° case. 

 

 

(a)     (b) 

  

                            (c)          (d)              (e) 

Figure 3.23. Electric and magnetic dipoles in the topology 2 structure from the (a) side–side 

view and (b) top view. (c) Yes and Zms values of the unit cell according to frequency for a 

transmission phase of −90°. (d) The y component of the electric field Ey. (e) The x component 

of the magnetic field Hx along the x–y plane in the middle of the unit cell at 10 GHz. 
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     To further reduce Yes and Zms to cover the −60° and −30° transmission phases, we used 

one magnetic dipole in the center of the unit cell and located the electric dipoles around the 

boundary of the unit cell on the top and bottom layers, as shown in Figure 3.24a. Figure 3.24b 

shows the geometrical parameters of topology 3. The length of g3 was fixed at 0.5 mm and 

horizontal gaps (g1 and g2) between the magnetic and the electric dipole structures, and 

magnetic dipole length (ml) were mainly tuned to control the near-zero Yes and Zms accurately 

such that Yes and Zms became 0.7 and 0.4 for the −30° case. Here, ml and g2 determine the 

vertical length of the electric dipole. Finally, we achieved almost zero transmission loss for 

the −30° and −60° cases (−0.34 and −0.59 dB, respectively). This topology achieved near-

zero Yes values at 10 GHz because maximum Yes resonance frequencies were located under 8 

GHz and the zero-crossing Yes frequency was near 10 GHz, as shown in Figure 3.25a,b. 

Similar to the other negative phase cases, Zms resonance frequencies were higher than 10 GHz, 

resulting in near-zero Zms values at 10 GHz. Figure 3.25c,d shows that Ey was distributed 

along the entire area of the unit cells for transmission phases of −60° and −30°, in contrast to 

the other negative phase cases. We attributed the wide distribution of Ey to the near-zero Yes 

at 10 GHz for both cases. Compared to the −60° case, the −30° case showed a more distributed 

Ey; therefore a slightly higher Yes value was achieved in the −60° case. Figure 3.25e,f shows 

that the −60° case had higher magnetic fields along the x-axis, resulting in a higher Zms value 

at 10 GHz. 

 
 

(a)   (b) 
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Figure 3.24. Electric and magnetic dipoles in the topology 3 structure from the (a) side–side 

view and (b) top view. 

 

                         (a)                        (b) 

 

   (e)   (f) (g)     (h) 

Figure 3.25. Yes and Zms values of the unit cell according to frequency for transmission phases 

of (a) −60° and (b) −30°. The y component of the electric field Ey for transmission phases of 

(c) −60° and (d) −30°. The x component of the magnetic field Hx for transmission phases of 

(e) −60° and (f) −30° along the x–y plane in the middle of the unit cell at 10 GHz. 

     Figure 3.26 provides a top view of all the unit cells with topologies 1, 2, or 3. Yes and Zms 

values of the corresponding unit cells and their transmission parameters are presented in Table 

1. The highest and lowest transmission loss levels were −1.1 and −0.34 dB, respectively, and 

the average loss was −0.82 dB, which was lower than the average S21 of −1.04 dB reported 

for a similar double-layer PCB-based unit cell operating at 10 GHz [87]. Moreover, previous ly 

reported structures had a maximum transmission loss of −2.5 dB, while that of the proposed 
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unit cells was −1.1 dB. These findings demonstrate that unit cell topologies optimized for 

specific transmission phases significantly reduce transmission loss of the overall unit cells 

 

Figure 3.26. Top view of 11 unit cells with topologies 1, 2, or 3. 

 

3.3 Focusing Lens Design 

     Based on the high transmission efficiency of the 11 unit cells covering the −150° to 150° phases, 

we designed two focusing lens structures to collimate incident spherical waves radiated from short 

distances. Because the designed unit cells had subwavelength dimensions of w = 3.9 mm (λ / 7.7) and 

l = 6 mm (λ / 5), we were able to design a compact-sized (5λ × 5λ) array with short focal points (f) of 

100 and 60 mm. Both 100 and 60 mm focal points means low f/D numbers of 0.65 and 0.39, 

respectively, that would be needed for a compact focusing lens-integrated system. 

 

3.3.1 Distance to Phase Relationship 

     The required transmission phases (ϕi) to collimate the spherical waves from both focal points 

were determined from Equation (32), as shown in Figure 3.27 a, b, and the corresponding unit cells 

were arranged accordingly. The target phases, drawn in Figure 3.27 a, b, were discretized using 30° 

steps. 

ϕ𝑖 = k0(Ri− f) +ϕ0  (32) 

In Equation (32), Ri is the distance between the center of the unit cell element and the focal point 

and f is the focal distance. We used the wavenumber (k0) from the 10 GHz frequency and set ϕ0 to 

−150° as the default phase at the center of the array where Ri and f are equal. One thing to note is 
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that due to the unit cells’ compact size, steeper phase changes required for short focal distances 

could be realized with a low discretization error. Finally, we arranged different numbers of 

rectangular-shaped (3.9 × 6 mm) unit cells along the x-axis (39 cells) and y-axis (26 cells) to realize 

a near 5λ × 5λ-sized (152.1 × 156 mm) focusing lens. Figure 3.27 c, d shows the implemented 

phase distribution of both focusing lenses. Because the calculated phases near the center of the 

focusing lenses were located in the middle of the 30° phase gap of the unit cells, a slight phase 

difference between Figure 3.27 a, b and Figure 3.27 c, d near the center area was allowed in the 

design process. 

  

  (a)   (b) 

  

  (c)   (d) 

Figure 3.27. Required phase distributions calculated from Equation (5) for the focusing lens with 

(a) 100 mm and (b) 60 mm focal distances. Implemented phase distributions of the focusing lens 

with (c) 100 mm and (d) 60 mm focal distances. 
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3.3.2 Simulation Setup 

     In simulations, both focusing lenses with 3D unit cell structures were implemented in HFSS 

and the focusing gain was calculated. For the simulation load reduction, a quarter of the focusing 

lens in the first quadrant was used with symmetric boundaries in the simulation tool (see Figure 

3.28). A spherical wave as the incident wave was implemented by a half-wave dipole antenna 

operating at 10 GHz at a focal distance from the focusing lens. The focusing gain, defined as the 

gain from the focusing lens–combined dipole antenna minus the gain of the dipole antenna at the 

boresight [104–107] was calculated as 13.47 and 14.09 dB at 10 GHz for f = 100 and 60 mm, 

respectively. Gain patterns from the simulations were compared with those obtained 

experimentally (see below). 

 

Figure 3.28. Simulation setup for the focusing lens with a half-wave dipole antenna as a feeding 

source in symmetry boundaries. 

 

3.4 Fabrication and Measurement 

     For experimental verification, both focusing lenses with the same PCB size (156 × 160 mm) for f 

= 100 and 60 mm were fabricated, as shown in Figure 3.29(a) and (b). Extra spaces on the boundary 

were added for stable patterns and via fabrication based on the designed size of 152.1 × 156 mm.  
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                                   (a) (b) 

Figure 3.29. (a) Top view of the fabricated focusing lenses with 100 mm focal distance. (b) Top 

view of the fabricated focusing lenses with 60 mm focal distance. 

 

3.4.1 Measurement Setup 

     Figure 3.3 shows the measurement setup; a focusing lens was fed by a half-wave dipole 

operating at 10 GHz at a specified focal distance and the focused beam from the array was captured 

by a standard horn antenna. The transmission coefficient (S21) between the two antennas was 

measured using a vector network analyzer (Anritsu MS46122B, Anritsu Company, Morgan Hill, 

USA), and S21 values with and without the focusing lens were used to assess the focusing gain of 

the lens. For gain pattern measurements, the dipole antenna and the focusing lens were rotated 

horizontally in the same platform with a 1° step size and the measured pattern was compared with 

the simulation result. Distances between the dipole antenna and the focusing lens were mainta ined 

at the designed focal distances (100 and 60 mm). 
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Figure 3.3. Setup for measuring the focusing gain of the focusing lens using a half-wave dipole 

antenna as the feeding source and a standard horn antenna. Both antennas were connected to a 

vector network analyzer. 

 

3.4.2 Simulation and Measured Result 

     Figure 3.31 a,b demonstrates that the measured focusing gain at the boresight and sidelobe 

levels of both focusing lens correlated well with the simulation results at 10 GHz. The main beams 

at the boresight provided a focusing gain of 12.87 dB for f = 100 mm and 13.58 dB for f = 60 mm, 

which are approximately 0.5 ~ 0.7 dB lower than the simulated results of 13.47 and 14.09 dB, 

respectively. We attributed this difference to fabrication uncertainty, e.g., substrate property 

deviation in the focusing lens and the nonideal spherical wave radiation from the half-wave dipole 

antenna. However, a near 13 dB focusing gain level from a lossy FR4-based compact focusing lens 

(5.1λ × 5.2λ) with a low f/D value of 0.39 is noteworthy. In Figure 3.31a, the discrepancy between 

both data in terms of the dip of the main lobe is noticeable and the reason should be slightly 

perturbed current distributions on the fabricated lens due to the manufacture-related factors. 

Focusing gain at the boresight according to frequency was also measured and compared with the 

simulation results, as shown in Figure 3.31 c, d. 
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     (a)      (b) 

  

    (c)      (d) 

Figure 3.31. Simulated and measured and focusing gain patterns on the x–z plane as a function of 

theta at 10 GHz from the focusing lenses (a) with f = 100 mm and (b) with f = 60 mm. Simulated 

and measured focusing gain according to frequency from (c) f = 100 mm and (d) f = 60 mm. 

 

3.4.3 Fractional Bandwidth Calculation 

     The measured data showed a slightly broader bandwidth compared to the simulated one with a 

wide 1 dB and 3 dB gain fractional bandwidth of near 13% and 18%, respectively. Figure 3.32(a) 

shows 1 dB fractional bandwidth calculation where fc is the center frequency. In our case fc=10 
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GHz. The other parameters fH and fL are the 1 dB higher and lower frequency from the center 

frequency, respectively. 

  

     (a)      (b) 

Figure 3.32. Fractional bandwidth for 100 mm focusing Lens. (a)1 dB fractional bandwidth (b) 3 

dB fractional bandwidth. 

      The 1 dB fractional bandwidth for the 100 mm focusing lens is shown as 13% using FBW= 

(fH − fL)/fc × 100 =�(10.8 − 9.5)/10× 100 = 13%. The 3 dB fractional bandwidth for the 

100 mm focusing lens is shown as 18% using FBW= (fH − fL)/fc × 100 =�(11 − 9.2)/10 ×

100 = 18%(see Figure 3.32(b)). Now for 60 mm focusing lens 1 dB and 3 dB focusing gain 

have been displayed in Figures 3.33. 

The 1 dB fractional bandwidth for the 60 mm focusing lens is shown as 13% using FBW= 

(fH − fL)/fc × 100�= (10.8-9.5)/10×100 = 13% (see Figure 3.33(a)). 
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     (a)      (b) 

Figure 3.33. Fractional bandwidth for 60 mm focusing Lens. (a) 1 dB fractional bandwidth (b) 3 

dB fractional bandwidth. 

The 3 dB fractional bandwidth for the 60 mm focusing lens is shown as 17% using FBW= (fH −
fL)/fc�× 100 =�(11 − 9.3)/10 × 100 = 17%�(see Figure 3.33(b)). 

 

3.5 Discussion 

     We designed high transmission efficiency metasurface unit cells operating at 10 GHz in a double-

layer FR4 with a thickness of 1.6 mm (λ / 18.8) for wide transmission phase coverage. The unit cells’ 

physical structures were devised to implement perpendicularly directed surface electric and magnetic 

currents using the top and bottom metallic patterns and via drills. The proposed unit cells had three 

different topologies to control surface electric admittance (Yes) and surface magnetic impedance (Zms) 

independently, providing compact (3.9 × 6.0 mm) 11 unit cells with an averaged −0.82 dB 

transmission loss and −150° ~ 150° transmission phases. Performance comparison with the referenced 

designs is shown in Table 2 and it is important to note that the designed unit cells achieved the lowest 

transmission loss even in a lossy FR4 (tan 𝛿� = 0.008) substrate compared to the recently reported 

double-layer unit cells from Table 2.  

     To assess the efficiency of the proposed unit cells experimentally, we designed two focusing 

lenses with a size of 156 × 160 mm (5.1λ × 5.2λ) to focus a radiated spherical beam in short focal 

distances (f = 100 and 60 mm). We expected the compact unit cell to maintain a low discretiza t ion 
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error with low f/D numbers (f / D = 0.65 and 0.39), which required steep phase variation in the 

focusing lens design. The fabricated focusing lenses boosted the half-wave dipole’s gain more than 

13 dB despite the short focal distances and achieved a wide 1 dB gain bandwidth of near 13%. 

Moreover, the focusing gain was increased by 0.7 dB with a focal distance change from 100 to 60 

mm, demonstrating the low discretization error of the designed unit cells. From Table 2, the 

focusing gain levels of this work were lower within 3 dB compared to at least four times larger 

lenses in terms of center wavelength (λ), proving the higher focusing efficiency. Two slightly 

smaller lenses also showed 4 ~ 5 dB lower focusing gain values, and specifically, in [86], a compact 

(3.5λ × 3.5λ) and a double-layer focusing lens with a low f/D of 0.29 showed focusing gain of 8.2 

dB at 10 GHz. For a fair comparison, the aperture efficiencies using the measured focusing gain 

were calculated and a higher value of 6.88% from this work compared to 4.37% from [86] was 

shown. The higher efficiency from the designed lenses corresponds to the lower transmission loss 

from the proposed unit cells and manifests that higher spillover loss due to the broad radiation 

from the dipole antenna compared to the high gain patch antenna from [86] was also recovered. 

Moreover, the lens from [86] utilized narrow lateral dimensions for the phase coverage; it is thus 

subject to the narrow bandwidth (it was not reported).  

Table 2. Performance comparison of the proposed focusing lenses with the referenced designs. 

Ref. 
Layer 

# 

Freq. 

(GHz) 

Loss 

 tangent 

Max. loss of 

 unit cell (dB) 

Lens size 

(mm × mm) 

Thickness 

(mm) 

Bandwidth 

(3 dB/1 dB) 
f/D 

Focusing gain 

 (dB) 

[90] 2 20 0.0014 −1.75 
338 × 338 

(22.5λ × 22.5λ) 

1.575 

(λ / 9.5) 
-/5.9 1.24 14.91 

[92] 2 28 0.0027 −1.63 
165 × 165 

(15.4λ × 15.4λ) 

1.524 

(λ / 7.0) 
13.3/- 0.95 16.4 

[88] 2 26.2 0.001 −1.56 
171.6 × 171.6 

(15λ × 15λ) 

1.5 

(λ / 7.6) 
15.7/- 0.99 15.71 

[87] 2 13 0.0037 −2.5 
328 × 328 

(14.2λ × 14.2λ) 

0.762 

(λ / 30) 
3/- 0.8 11.5 
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[89] 2 10 0.005 −3 
360 × 500 

(12λ × 16.6λ) 

2 

(λ / 15) 
6/- 0.3 7.65 

[104] 3 10.2 0.004 −2.75 
376.5 ×376.5 

(12.8λ×12.8λ) 

1.1 

(λ / 26.7) 
9.8/- 0.8 14.4 

[91] 2 6 - −1.4 
210 × 210 

(4.2λ × 4.2λ) 

2 

(λ / 25) 
15/- 0.8 9 

[86] 2 10 0.001 −1.4 
104 × 104 

(3.46λ × 3.46λ) 

3 

(λ / 10) 
-/- 0.29 8.2 

This 

Work 
2 10 0.008 −1.1 

156 × 160 

(5.1λ × 5.2λ) 

1.6 

(λ / 18.8) 
20/10 

0.65/ 

0.39 

12.87/ 

13.58 

1Focusing gain was calculated using the simulated gain from the feeding antenna. 

CHAPTER 4: RECONFIGURABLE INTELLIGENT SURFACE DESIGN FOR 

BEAM STEERING 

 

In chapter 3, the detailed structure and performance of passive transmissive metasurface have 

been shown. To make the structure intelligent/reconfigurable, I incorporated PIN (positive-

intrinsic-negative) diode and varactor diodes in topology-1 structure. In this chapter, I will present 

recent progress on reconfigurable metasurface and our design. 

 

4.1 Reconfigurable Metasurface State of The Art 

 

Nowadays, intelligent reconfigurable surfaces (IRS)/tunable metasurfaces have taken huge 

attention due to their beam manipulation capability in real-time. This tunable type metasurface can 

be used in the application of dynamic holography, imaging, beam shaping/steering, and focusing. 

However, in recent years, many attempts have been taken to achieve active control of metamater ia l 

and metasurfaces by incorporating switchable meta-atom or active components such as 

microelectromechanical (MEMS), vanadium dioxide (VO2), graphene, liquid crystal, GaAs 

switch, Schottky diode, PIN diode, and varactor diodes. A reconfigurable reflect-array based on 

MEMS has been presented for phase-shifting application [105]. This structure was fabricated on 
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SU-8 photo resistor substrate and provided discrete phase states of 0°, -90°, -180°, and -270°. In 

another work, an ultra-first switching mechanism by utilizing an insulator to metal transition of 

VO2 has been proposed [106]. This structure can manipulate wave front and provide four 

discontinuous reflection phase responses 0°, 90°, 180°, and 270°. Adopting the same technology, 

another structure has been presented with a phase scanning range of 0° to 59° [107]. Recently, 

graphene- based structures have taken attention due to their low loss plasmonic resonance and high 

operational frequency. A graphene patch embedded with Silicon Dioxide (SiO2) has been revealed 

which can focus beam both in vertical (11.25°) and horizontal (0°) direction [108]. In another 

approach, reflect-array structure used graphene to achieve beam steering, shaping and broadband 

phase modulation [109]. This structure provides one-bit beam steering of 0° and 180° with an 

efficiency of -8 dB. One more active component, liquid crystal, has become a promising tool for 

beam steering application due to its low dielectric loss. In [110], a reflect-array with liquid crystal 

as RF substrate has been presented. The dielectric property of this structure can be varied upon the 

application of external voltage and can regulate beam focusing of 0°, 25°, and -10°. A similar 

liquid crystal-based structure has also been investigated in [111]. The beam steering angles of this 

structure are -6°, 0°, and 6° with gain of 25.1 dB. 

 

     In addition, investigation in diode-based structures is going on. A Schottky diode behaviour has 

been realized by using hybrid metal-semiconductor as substrate [112]. The doped semiconductor 

substrate was modified by the application of external voltage. This structure is a transmit-array 

and can deflect the beam at 17°, 59°, 118° and 137°. Alternatively, PIN diode has become a popular 

active component due to having some attractive features: low cost, low power consumption, and 

low driving voltage. The recent work on GaAs and PIN diode combination provides 1 bit switching 

in reflect-array [113]. Here, GaAs was used as substrate whereas ON/OFF condition of PIN diode 

generates two different phases of -180° and +180°. Another PIN diode structure achieves beam 

steering angle of 180° ± 20° [114]. Recently, varactor diodes have been actively investigated due 

to high-frequency operation and large-scale capacitance tuning. In [115], a varactor-based tunable 

reflect-array has been investigated. In this structure, MACOM varactor of model MAVR–011020–

1411 has been used which can vary capacitance from 0.032 pF to 0.216 pF for 0-15 V bias voltage. 

This structure can switch beam focusing points in a range of ±48°. 
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4.2 Problem Statement 

 

     Our main target is to achieve wide beam steering angles with high gain at 10 GHz. However, 

MEMS, Vanadium Dioxide, Graphene, Liquid Crystal, GaAs switch, and Schottky diode-based 

structure are bulky and heavy which make them less attractive for a compact device. On the other 

hand, these types of structures need complex fabrication technology and are difficult to achieve 

continuous phase scanning with a wide range. As an alternative, PIN diode can be seen as a 

promising component but for higher phase tuning range, it needs to connect many PIN diodes in 

complex structure [116]. The above-mentioned limitations were minimized by considering 

varactor diode as an active component for a wide range of beam scanning at high frequency [116]. 

Recently available microscale varactor diode and PIN diode made them perfect for integration in 

compact devices.      

 

4.3 Unit Cell Design Process 

 

     We constructed a meta-atom or unit cell which comprises electric and magnetic dipole based 

on Huygens’s principle. Although most of the tunable structures are reflection-based, our target is 

to make a transmit-array with highly transmissive unit cells by using fabrication-friendly PCB 

technology. We incorporated varactor diodes and PIN diode with magnetic and electric dipoles 

and connect them with a voltage source by using 0.2 mm width bias lines. The side view of the 

unit cell structure has been presented in Figure 4.1(a). However, the length of the PIN diode, pl = 

0.63mm, length of the varactor diode, vl =1.5mm, length of a RF blocking resistor, rl = 0.6 mm 

were fixed based on the commercial availability of those components. Electric dipole width ew = 

0.9 mm and length of magnetic dipole arm ml = 3.61 mm, fixed through optimization. The top 

view of the unit cell with active components and dimensions is presented in Figure 4.1 (b). 
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Figure 4.1 (a) Side view of electric and magnetic dipole in tunable unit cell. (b) Top view of unit 

cell.  (c) Reconfigurable components PIN and varactor embedded with electric and magnetic 

dipole. Bias lines are for providing voltage across diodes. The 20 KΩ resistor and DC blocking 

Capacitor help to block RF and DC current, respectively. (d) Sketch of voltage application across 

diode. 

     The change of voltage will change the capacitance of the varactor and thus will vary excitation 

on the magnetic field of impinging electromagnetic wave. On the other hand, ON and OFF 

condition of PIN diode provides different excitation on the electric field. I used a single unit cell 

with average S21 of near -3 dB to cover -0°, +90°, +180°, and -90° phase at 10 GHz. The 

transmittance (S21) will be made higher by carefully tuning surface electric admittance (Yes) and 

surface magnetic impedance (Zms). The surface will be reflectionless when Yes = Zms. However, In 
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HFSS, the varactor and PIN diode are realized by using lumped elements. In addition, the lumped 

elements were used for high resistors (20 KΩ) on the bias line. The resistors were used to suppress 

unwanted RF current on the bias line. The DC current flow between adjacent unit cells was reduced 

by using a DC blocking capacitor (1uF) (see Figure 4.1 (c) and (d). The reconfigurable unit cell 

transmission performance and phase profile are shown in Table 3. 

 

Table 3. Geometric parameters simulated electric surface admittance (Yes), magnetic surface 

impedance (Zms), transmission phases, and transmission loss of the tunable metasurface unit cells.  

 

Varactor capacitance 

(pF) 

PIN State 

(ON/OFF) 

ml 

(mm) 

ew 

(mm) 

Im 

(Yes) 

Im 

(Zms) 

Trans. 

phase (°) 

Trans. loss 

(dB) 

1 ON 

3.61 0.9 

0.67 -1.03 -11 -5.6 

0.3 OFF -4.11 -0.93 100 -3.1 

0.13 OFF -4.68 -3.27 160 -3.9 

0.11 ON 1.01 3.18 -89 -3.4 

 

4.4 Lens Design and Expected Result 

 

The required phases to form a lens were calculated using the Matlab program and unit cells will 

be placed accordingly. A λ/2 dipole antenna was used to feed the lens. The lens will not only 

increase the focusing gain but also tune the beam based on applied voltages. Our target is to achieve 

a continuous scanning range from -60° to +60° with high gain at every focusing point. In this way, 

we can be able to change the behavior of the radio environment between sender and receiver in 

real-time. 

 

 

 

 

 



 
 

49 

 

CHAPTER 5: CONCLUSION AND FUTURE WORK 

 

5.1 Conclusion 

 

Significant advances in two-layer transmissive metasurfaces were reported in this thesis. First, 

the invention of metamaterial and its development from a literature perspective was discussed. 

Then, the transition of three-dimensional and bulky metamaterials to two-dimensional and near-

zero thickness sheets (metasurface) was illustrated. The metasurface can be designed both for 

reflection and transmission. Our contribution is in the area of transmissive metasurface s which 

were discussed in detail throughout this thesis. However, in the first development of metasurface , 

the only electric dipole was used, which could not excite the magnetic field. As a consequence, 

full transmission and whole phase coverage could not be achieved simultaneously. This limita t ion 

was overcome by introducing Huygens’ metasurface, which comprises both electric and magnetic 

dipoles and can simultaneously excite electric and magnetic currents. Firstly, Huygens’ 

metasurface of different layers and comparison of their transmission performance was illustrated. 

Later, a detailed design procedure of Huygens’ metasurface as our contribution was presented. 

Next, highly efficient transmissive unit cells based on Huygens’ principle were designed. Then, 

thorough search, the recent development in transmission metasurfaces was communicated. Next, 

a mathematical representation and analysis of generalized sheet transition condition (GSTC) and 

Huygens’ principle were presented. After that, the analysis and implementation of the metasurface 

was performed by full-wave simulation software, HFSS. Moreover, the focusing performance of 

the fabricated lens was verified with simulation results. Finally, the superiority of this structure 

was compared with a wide range of relevant states of the arts. 

 

     This research was extended to a reconfigurable metasurface by using the above-mentioned 

highly efficient Huygens’ metasurface unit cells. In this case, PIN and varactor diodes as tunable 

components were embedded. By changing the state of the PIN diode from ON to OFF and by 

varying capacitance of the varactor diode, four-phase states were achieved with good transmiss ion 

performance. The target was to regulate the beam focusing point from +60° to -60° with high gain. 

Finally, as an expectation, the high gain focusing lens with a low f/D based on the FR4-based high-
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efficiency double-layer unit cells can be utilized for low-profile beam-forming antenna systems in 

5G and millimeter-wave communications. 

 

5.2 Proposal for future works 

 

     Throughout this thesis, we demonstrated the principle and design criteria of Huygens’ 

metasurface unit cell with good transmission performance. We presented different techniques 

adopted by researchers to reduce the thickness of the metasurface in the chapter 2. In addition, in 

section 3.1 we demonstrated layer reduction techniques through a literature review. The complete 

design procedure of the lens was developed in chapter 3 with an explanation. However, based on 

the design in chapter 3, we designed reconfigurable metasurface unit cells by incorporating PIN 

and varactor diodes. The design procedure of a reconfigurable metasurface unit cell was depicted 

in chapter 4. In the future, we will expand our research to use the surface for 5G and 6G 

applications. We can make the reconfigurable surface more intelligent, real-time, and practical by 

deploying a machine learning algorithm. In this case, a sensor will collect data about the location 

of the mobile station (MS). Then, the algorithm will be trained for generating the required voltage 

combination to regulate the beam towards the mobile location. When the mobile location is 

changed, the sensor will sense and urge the algorithm to generate the newly required voltage 

combination. A Field Programmable Gate Array (FPGA) will be used to provide the necessary 

voltage to the structure.   
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