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Abstract 

With the rapid development of wireless communication systems, there is an increasing demand 

for high-performance antennas. Broadband or wide beamwidth antennas are commonly 

required for several purposes, such as data transmission or energy harvesting. However, 

conventional microstrip antennas have limited bandwidth, and thus, are unable to meet the 

application demands. The MTS-based antenna has recently been proposed to improve the poor 

performance of traditional antennas. The antenna performance is improved through the co-

excitation of multiple desired MTS modes, such as broadband or wide beamwidth. The aim of 

this thesis is to explore further possibilities of MTS-based antenna designs in respect of 

broadband or wide beamwidth performance. This thesis is comprised of three parts. 

In the first part, a basic 33 MTS-based antenna is taken as an example to analyze the existing 

modes. When identifying the mode in the MTS-based antenna, the mode identification method 

used in the waveguide is used as a reference. This basic example can facilitate understanding 

of how the MTS-based antenna works and provide inspiration in terms of how to excite the 

desired modes to improve the antenna performance. 

The focus of the second part is on improving the bandwidth of the MTS-based antenna, and 

two designs are presented. The first design is a novel broadband MTS-based antenna achieving 

a broader bandwidth with hexagonal unit cells, which differs from the conventional square unit 

cells. Five modes could be excited to obtain a 56% fractional bandwidth. The second design is 

a dual-band MTS-based antenna, which can achieve the dual-band performance through a 

composite right-/left-handed structure. To maintain the broadband performance in the higher 

band, the positions of the shorting pins were analyzed. The second antenna could obtain 25% 

and 50% fractional bandwidth in the lower and higher frequency bands, respectively. 

The third part is mainly a discussion on improving the beamwidth of the MTS-based antenna. 

A wide beamwidth MTS-based antenna with high gain was designed to receive sufficient 

power at the receiver part in the energy harvesting system. Three modes with complementary 

radiation patterns were excited through one middle and two side aperture-coupled feeding ports. 

By exciting the three modes simultaneously, then linking three modes with a direct current 

combining rectifier circuit to a single load, a wide beamwidth of 114 could be achieved. 
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Chapter 1 Introduction 

As modern wireless communication has rapidly developed, a higher data rate has emerged for 

fourth generation/fifth generation (4G/5G) technology compared with the technology of the 

previous generation. To ensure the reliability and achievability of current communication or 

energy harvesting, the antennas installed on electronic devices or vehicles need to have the 

properties of broad bandwidth or wide beamwidth, particularly in the case of long-distance 

wide-coverage data transmission or energy harvesting systems [1]-[2]. Unfortunately, 

traditional antennas, such as the microstrip patch antenna, are typically hindered by a narrow 

bandwidth/beamwidth. To overcome such problem, several solutions have been proposed, 

including adding parasitic resonators, using a thicker substrate, cutting the U/E-structure on the 

patch layer, using a capacitive probe feed, and using a L-probe feed [3]-[6]. However, the 

aforementioned methods either increase the antenna size or the design complexity.  

Owing to its unique properties, the MTS antenna has recently emerged as a promising method 

for improving bandwidth/beamwidth performance. These unique properties allow for the 

possibility to excite multiple MTS modes and tune the resonant frequencies of excited modes 

[7]. Thus, exploring how to use the MTS antenna to improve the antenna performance in terms 

of broad bandwidth/beamwidth is meaningful in wireless communication and energy 

harvesting systems. 

1.1 Metasurface-Based Antennas  

Metamaterial (MTM) is an artificially structured material that exhibits unique electromagnetic 

properties that are not easily found in nature. The permittivity, permeability, and refraction 

index can be artificially constructed by changing the unit cells in MTM to affect the 

electromagnetic waves [1]-[3]. 

Metasurface (MTS) is regarded as two-dimensional or planar MTM. Compared with the 

wavelength of operation, the size of the unit cells is small [4]. When the unit cells on the MTS 

respond to electromagnetic resonance and radiation, the MTS is considered to act as an antenna.  
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The current range of MTS antennas is significantly extensive. The function of the MTS antenna 

is initially closer to that of the antenna array, and the size of the unit cell in the MTS antenna 

is around half-wavelength. To achieve diverse purposes, including reflective/transmissive 

focusing and reflection/refraction, devices such as phase shifters and lumped elements are 

added after the unit cell [5]. Subsequently, MTS is placed above or below the antenna to 

enhance the antenna performance in terms of bandwidth and gain. The antenna can still work 

without the MTS, but will perform poorly [6]. Recently, MTS and antenna have been designed 

as one, in that the unit cells of MTS serve as the radiator and the MTS itself operates as the 

radiating aperture receiving the electromagnetic waves from the feed. Combined with MTS 

electromagnetic functions, such MTS antennas can be designed to act as end-fire antennas or 

frequency reconfigurable antennas [7]. 

In this thesis, the MTS and the antenna in the present MTS-based antenna can be taken as a 

whole. The present MTS-based antenna is discussed from two categories: the field region, and 

the resonant state of the unit cell. For the field region, the MTS antenna can be classified into 

near-field MTS and far-field MTS. Since the present MTS-based antenna is always excited by 

a tightly coupled primary source, the antenna can be classified as near-field MTS [8]. For the 

resonant state of the unit cell, the present MTS-based antenna is composed of n×n (n is a finite 

number) unit cells. For an electrically small unit cell, the dimension is usually less than one-

tenth of the operational wavelength. By contrast, the unit cell in an MTS-based antenna is 

typically larger but still much less than one wavelength. As an example, the typical size of a 

unit cell for an MTS-based antenna is about 0.15 to 0.2 times the whole wavelength [8]. 

Additionally, the unit cells in MTS-based antennas are radiators rather than having the 

characteristics of reflection or refraction.  

The unit cells on the MTS layer can be excited in multiple modes, and the resonant frequencies 

of the multiple modes can be tuned. For instance, the frequency difference between different 

resonant modes can be small enough to achieve a broad bandwidth. Further, by appropriately 

choosing the structure and arrangement of unit cells, diverse resonant modes with different 

radiation patterns or polarizations can be obtained. With multiple modes, MTS-based antennas 

are suitable for extending the bandwidth, exciting multiple frequency bands, allowing antennas 

with different radiation patterns to be designed (or pattern reconfigurable antennas), allowing 

for antennas with different polarizations to be designed (or polarization reconfigurable 

antennas), and others [9]-[12]. 
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1.2 Performance Improvement of MTS-based Antenna 

A variety of MTS-based antenna designs have been developed in order to improve the 

performance [13]-[26]. In recent years, besides the fundamental mode, attempts have been 

made to excite other modes in the MTS-based antenna to achieve broadband performance [13]-

[17]. Said modes include higher TM mode (TM20 mode) [13], TE mode [14], slot mode [15], 

and others. To excite more modes, two layers are normally considered, the MTS layer and the 

feed layer. For the MTS layer, multiple resonance modes can be excited by choosing the 

uniform/non-uniform unit cells [13], [16], modifying the structure of the unit cells [11], and 

arranging the unit cells in various ways [17]. Regarding the feed layer, besides general 

aperture-coupled feed methods, L-probe feed [14], differential probe feed [20], and substrate 

integrated waveguide (SIW)/coplanar waveguide (CPW) feed [11], [17] have also been 

adopted to excite more modes. 

To design an appropriate MTS layer, the properties of the unit cells or the MTS structure layer 

need to be analyzed in advance, rather than trying different structures and arrangements of unit 

cells. Among the broadband MTS-based antenna designs, the dispersion diagram of the unit 

cell is taken as a general method to estimate the resonant frequencies of desired modes in an 

MTS-based antenna [13], [18]. However, because of the boundary setting, such analysis 

method is limited to the period unit cells and is not suitable for non-period unit cells. As such, 

there are limitations in terms of the estimation from the dispersion diagram. Additionally, in 

several designs, characteristic mode analysis (CMA) is utilized to take the whole MTS layer as 

a whole and modify the structures of partial unit cells to find the desired modes [11], [19]. In 

said designs, the characteristic current distributions in CMA provide guidance on how to 

separate or excite the desired modes.  

Compared with broadband antennas, dual-band antennas are more suitable for certain 

application scenarios. For instance, the integration of different radio modules into one piece of 

equipment has become a trend, and requires a dual-band antenna to cover two different modes. 

To extend the lifetime of the devices, the wearable or implantable antenna needs to switch 

between sleep and wake-up modes [21]. The satellite antenna also needs two different bands 

for low-speed up-link and high-speed downlink communications, respectively [22]. Based on 

such applications, several dual-band MTS-based antennas have been investigated since the 

MTS-based antenna itself has the advantage of broad bandwidth [11], [17], [29]. Such MTS-
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based antennas can realize dual-band performance by separating a broad bandwidth into two 

frequency bands [11], exciting the unit cells with different properties by different feed methods 

[17], and utilizing a composite right-/left-handed (CRLH) structure [23]. In broadband MTS-

based antenna designs, the general fractional bandwidth (FBW) can be over 30%, but in dual-

band MTS-based antenna designs, the FBW can normally be over 20% and 10%, respectively. 

Broadband/dual-band antennas always have a directional radiation pattern (main lobe), and 

thus, are more suitable for wireless communication systems. 

In addition to broad bandwidth, other performance improvements involving gain improvement 

[24], pattern diversity [25], polarization diversity [26], and function diversity [17] [24] have 

also been explored. The gain of an MTS-based antenna can be enhanced by modifying the 

structure of partial unit cells according to current distributions. Compared with an MTS layer 

with uniform unit cells, the square ring slots on four inner unit cells provide a higher gain [24]. 

Several techniques have been established to realize MTS-based antennas with various 

polarizations, such as circular polarization [27]-[32]. Such techniques can also be divided into 

the MTS layer and the feed layer. For the MTS layer, the methods include using truncated 

corners on the unit cells [27], using an oblique on the unit cells [28], and cutting an L-shaped 

slot on the unit cells [29]. Meanwhile, regarding the feed layer, the methods include realizing 

different phases by feeding networks [30], by a -shaped feeding structure [31], and by a 

coaxial probe feed [32]. Further, function diversity has also been explored based on MTS-based 

antennas that have a filtering function [33]-[34], a wireless charging function [35], a beam 

steering function [36]-[37], and other functions. There are mainly two methods for realizing 

the filtering function in the MTS-based antenna, which involve taking unit cells as the last-

stage resonator of the filter [33] and using unit cells with radiation null properties [34]. For the 

wireless charging function, the unit cells on the MTS layer are generally connected to the load 

via the feed network and integrated into the overall harvesting system. Recently, in one study 

[35], a thorough assessment of the different unit cell structures on the MTS layer was reported, 

which could be applied to harvest radio-frequency energy. Moreover, several methods for 

realizing the beam-steering function have been proposed, including using the feed structure to 

control the magnitude and phase of the coupling from the feed layer to the MTS layer [36], and 

applying a defected ground structure to the feed layer to extend the scanning range [37]. 

Additionally, with the advantages of broadband and being able to minimize electronic 

interference by switching the null location, pattern diversity MTS-based antennas have also 

gained much attention. Notably, such antennas can also save system energy by dynamically 
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directing the signal to the targets [25]. To design a pattern diversity MTS-based antenna, the 

initial step involves learning how to excite the mode with various radiation patterns in an MTS-

based antenna. The various radiation patterns of MTS-based antennas include omnidirectional 

radiation patterns and end-fire radiation patterns, which can be respectively achieved by 

specific feeding methods. Omnidirectional radiation patterns can be produced by a one-to-four 

power divider [38], while end-fire radiation patterns can be excited by an open-end substrate 

integrated waveguide feed [12]. In terms of designing pattern diversity MTS-based antennas, 

one type involves exciting multiple modes in the MTS-based antenna by different feeding 

structures, and then switching to different modes [20]. The other type involves designing the 

pattern reconfigurable MTS-based antenna through mechanical [39] or electronic means [25]. 

As a result, pattern diversity MTS-based antennas can be used not only in wireless 

communication systems but also in energy harvesting systems, as evidenced in the 

aforementioned scenarios. 

Regarding broadband and pattern diversity MTS-based antennas, the approaches for improving 

antenna performance obviously include but are not limited to modifying the structure or the 

arrangement of unit cells, utilizing multiple/complicated feeding structures, and adopting 

certain MTM properties, such as the CRLH structure. Among said methods, the ability to 

modify the structure and the arrangement or adopt the certain MTM properties can be attributed 

to the specific properties of the MTS-based antenna. MTS-based antennas have multiple 

radiating gaps on the MTS layer, which allows for different MTS modes to be excited. Co-

excitation of multiple desired MTS modes, such as broadband or wide beamwidth, can improve 

the antenna performance. At the same time, the MTS-based antenna improves performance 

without increasing the structural complexity or analysis difficulty. Hence, exciting more modes 

and exploring more possibilities of the MTS-based antenna can facilitate further improvement 

of the antenna performance. 

1.3 Thesis Motivation  

Despite the various approaches for increasing antenna bandwidth, research on the relationship 

between the structure of the unit cell and antenna bandwidth remains inadequate, and the 

geometry of the unit cell can be considered the most intuitive approach for altering the 

bandwidth. In addition, there is scarcity of designs for dual-band MTS-based antennas. Several 

of the existing designs lack the flexibility to control the bandwidth of two bands, and the 



 

6 

 

frequency ratio in other designs cannot be adjusted. Such shortcomings undoubtedly limit the 

dual-mode application of dual-band MTS-based antennas in wireless communication systems. 

Although the assumption is that a dual-band MTS-based antenna using a CRLH structure can 

overcome such shortcomings, the bandwidth in the higher-band is quite narrow [12]. Further, 

there is a limited number of studies on the beamwidth improvement of the MTS-based antenna, 

despite wide-beam high-gain antennas being ideal for energy harvesting applications. By 

utilizing the multiple modes feature of the MTS-based antenna, modes with various radiation 

patterns can be effectively excited to extend the beamwidth. However, such concept has yet to 

be reported in research on the MTS-based antenna. 

The aim of this thesis is to overcome the aforementioned concerns and problems. Thus, the 

motivations of this thesis can be summarized as follows: 

◼ Investigate the basic MTS-based antenna to learn its operating mechanism and how the 

modes are excited. 

◼ Explore the relationship between the geometry of the unit cell and the bandwidth of the 

MTS-based antenna. Based on the findings, design a broadband MTS-based antenna. 

◼ Determine why the bandwidth of dual-band MTS-based antennas designed with the CRLH 

structure is limited. Based on the findings, design a broader dual-band MTS-based antenna. 

◼ Design a wide beamwidth MTS-based antenna for energy harvesting by utilizing the 

multiple mode property of the MTS-based antenna. 

1.4 Thesis Organization 

This thesis is divided into six chapters, and the structural framework is shown in Fig. 1.1. The 

contents of this thesis are organized as follows. 

The background of the performance improvement techniques in the MTS-based antenna 

designs is investigated in Chapter 1, in addition to an introduction of the motivation and 

objectives of this thesis. 

The fundamental theory of the antenna and MTS-based antenna, the common analysis methods 

of MTS-based antenna, and the literature review of previous MTS-based antenna designs are 

introduced in Chapter 2. 
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A basic MTS-based antenna is taken as an example in Chapter 3 to explore how to identify its 

modes, how to excite the desired modes, and the relationship between the antenna structure 

and the modes. 

Two bandwidth improvement designs based on the MTS-based antenna for wireless 

communication systems are introduced in Chapter 4. The first design is a broadband MTS-

based antenna design using hexagonal unit cells. Based on two advantages of the hexagonal 

structure, five modes can be excited in this proposed antenna. The second design is a dual-band 

MTS-based antenna design with appropriate shorting pins. Dual-band performance is achieved 

by the CRLH structure. The position of the shorting pins is critical for maintaining broadband 

performance at higher bands while simultaneously exciting modes at lower bands. 

An aperture-shared beamwidth improvement MTS-based antenna for energy harvesting 

systems is introduced in Chapter 5. To receive sufficient power from the receiver in energy 

harvesting, a wide beamwidth antenna is achieved by exciting three modes with 

complementary radiation patterns and then connecting to three rectifiers, respectively. 

The key contributions of this thesis are summarized in Chapter 6. There are also some future 

work suggestions for the MTS-based antenna. 

 

Figure 1.1. Structural framework of this thesis.  
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For convenience of writing, ‘MTS antenna’ is hereinafter used to refer to ‘MTS-based antenna’. 
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Chapter 2 A Review of Metasurface-Based 

Antennas 

2.1 Antenna Fundamentals 

 Antenna Performance Parameters 

When designing the antenna, several important antenna performance parameters are S-

parameter, bandwidth, impedance, gain, radiation pattern, beamwidth, and polarization [1]-[7].  

◼ S-parameter (reflection coefficient) 

S11 refers to how much power is reflected from the antenna and is known as reflection 

coefficient or return loss. If S11= 0 dB, all power is reflected from the antenna, and nothing is 

radiated. If S11= -10 dB, 10% of the incident power is reflected towards the source from the 

antenna [8, 9]. 

◼ Bandwidth 

Bandwidth describes the range of frequencies over which the antenna can properly radiate or 

receive energy [8, 9]. 

◼ Impedance 

Antenna impedance relates to the voltage and the current at the input to the antenna. The real 

part of the antenna impedance represents power that is either radiated away or absorbed within 

the antenna. The imaginary part of the antenna impedance represents power that is stored in 

the near field of the antenna. Normally, an antenna with a real input impedance (zero imaginary 

part) is said to be resonant [8, 9]. 

◼ Gain 

Antenna gain describes the amount of power transmitted in the direction of peak radiation to 

that of an isotropic source [8, 9]. 

◼ Radiation pattern 
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Radiation pattern defines the power variation radiated by an antenna as a function of the 

direction away from the antenna, as shown in Fig. 2. 1. This power variation as a function of 

the arrival angle is observed in the antenna far field [8, 9]. 

◼ Beamwidth 

Beamwidth is the aperture angle from where most of the power is radiated, which is the peak 

power. One of the main considerations of beamwidth is half power beamwidth (HPBW), as 

shown in Fig. 2. 1. HPBW is the angular separation, in which the magnitude of the radiation 

pattern decreases by 50% (or -3 dB) from the peak of the main beam [8, 9]. 

 

Figure 2.1. Antenna radiation pattern (including HPBW) [10].  

◼ Polarization 

Polarization refers to the direction of the electric fields produced by an antenna as energy 

radiates away therefrom. The directional fields determine the direction in which the energy 

radiates away from. 

 

Figure 2.2. Antenna polarization (including linear/circular/elliptical polarization) [11]. 

Linear polarization:  
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The electric field of wave is confined to a single plane along the direction of propagation, as 

shown in Fig. 2. 2 [12]. 

Circular polarization:  

The electric field of wave consists of two linear components that are perpendicular to each 

other and equal in amplitude, but have a phase difference of /2. The resulting electric field 

that rotates in a circle around the direction of propagation is referred to as left-/right-hand 

circular polarization. Fig. 2. 2 shows the right-hand circular polarization [12]. 

Elliptical polarization: 

The electric field of wave describes an ellipse, which results from the combination of two linear 

components with different amplitudes and/or a phase difference that is not /2, as shown in Fig. 

2. 2(c) [12]. 

 Antenna Type (Related) 

2.1.2.1 Microstrip Patch Antenna 

The geometry of the microstrip patch antenna is shown in Fig. 2. 3, and consists of a patch 

layer, a substrate layer, and a ground plane layer. The patch layer, microstrip transmission line 

and ground plane layer are made of high conductivity metal (normally copper). The substrate 

layer is between the patch layer and the ground plane layer, with dielectric constant r and 

thickness d. Typically, the thickness d of substrate material is much lower than the full 

wavelength [8, 9]. 
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(a) 

 

(b) 

Figure 2.3. Microstrip patch antenna with (a) 3D view and (b) side view [13]. 

The patch is of length L, width W, and sits on top of a substrate material. The frequency of the 

patch antenna in Fig. 2. 3(a) is determined by the patch length L. The center frequency is 

approximately given by: 

𝑓𝑐 =
𝑐

2𝐿√𝑟
                                                             (2. 1) 

In equation 2. 1, c is the light speed, and the microstrip patch antenna should have a length 

equal to one half of a wavelength within the dielectric (substrate medium) [8, 9]. 

The width W of the microstrip patch antenna is related to the input impedance. 

Fig. 2. 3(b) shows the E-field distributions of the fundamental mode on the xoz cutting plane 

of Fig. 2. 3(a). The E-field distribution is zero at the patch center and has a maximum magnitude 
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on both edges. The E-field distributions do not stop abruptly near the patch edges, and the E-

field extends beyond the outer periphery. Such field extensions are fringing fields that induce 

the antenna radiation. The fundamental mode of the patch antenna is TM10 mode, which is 

demonstrated in Fig. 2. 3(b). In the figure, the H-field is transverse to the ground plane, but the 

E-field is not. Index "01" is the number of times the signs of the E-field are flipped along the 

x-axis and the y-axis, respectively [8, 9]. 

2.1.2.2 Waveguide (Waveguide Mode) 

In this section, the waveguide mode is introduced. The waveguide mode is introduced because 

the mode identification method in the waveguide (namely identifying the mode from E-/H-

field distributions) was taken as a reference while identifying the mode in the MTS antenna. 

A variety of modes exist in the waveguide during signal propagation, including TE, TM and 

TEM modes. The TE mode refers to when the waveguide mode is dependent upon the 

transverse electric wave, in which the electric vector is always perpendicular to the propagation 

direction. The TM mode refers to when the waveguide mode is dependent upon the transverse 

magnetic mode, in which the magnetic vector is always perpendicular to the propagation 

direction. The transverse electromagnetic wave cannot be propagated within a waveguide but 

is included for completeness. Both the electric vector and the magnetic vector are perpendicular 

to the propagation direction [14]. The TE, TM and TEM modes in the waveguide are 

represented in Fig. 2. 4. 

 

Figure 2.4. (a) TEM mode, (b) TE mode and (c) TM mode in waveguide [14]. 

Regarding the different waveguide mode, two integers will normally exist after the TE and TM 

modes, namely, the TEm,n and TMm,n modes. In a square or rectangular waveguide, for the TEmn 

or TMmn mode, m is the number of half-wave patterns across the width of the waveguide and 

n is the number of half-wave patterns across the height of the waveguide, as shown in Fig. 2. 

5. For example, in Fig. 2. 5(b), the E-field is represented by solid lines and the H-field is 
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represented by dashed lines. From the xoy plane, the H-field goes zero at the center along both 

the a dimension and the b dimension, which is one half wavelength. Thus, according to the H-

field distributions in Fig. 2. 5(b), the mode is TM11. 

 

Figure 2.5. (a) Rectangular waveguide and (b) square waveguide (TM11 mode) [14]. 

Waveguides have an extensive range of applications. For instance, a waveguide antenna is a 

form of antenna dish used in radar applications, for which waveguides are used to transmit the 

radio beam between the large steerable dish and the equipment for transmitting and receiving 

[9]. 

 Antenna in Energy Harvesting 

MTS antennas have the advantage of performance improvement in terms of bandwidth and 

beamwidth, which is beneficial not only for wireless communication but also for energy 

harvesting systems. As such, basic knowledge of energy harvesting systems is presented as 

follows. 

2.1.3.1 Fundamental of Rectenna 

A typical energy harvesting system is shown in Fig. 2. 6, which can be roughly divided into 

two parts: the RF power source part and the receiver part. The receiver part, normally referred 

to as the rectenna, contains the antenna, the matching circuit, the rectifier, the energy 

management, and the energy storage component [15]. The antenna captures the RF energy 

radiated from the RF source or environment. The matching circuit matches the impedance of 

antenna to the rectifier, which transforms the RF energy to DC energy. The energy management 



 

20 

 

module subsequently coverts the energy into usable DC output to the load, such as rechargeable 

batteries or supercapacitors [15]. 

 

Figure 2.6．Energy harvesting system model [15]. 

The RF input power of the antenna is PRF, and the DC output power of the rectifier is PDC. The 

RF-to-DC conversion efficiency of the rectifier can be expressed as follows [15]: 


𝑅𝑒𝑐𝑡𝑖𝑓𝑖𝑒𝑟

=
𝑃𝐷𝐶

𝑃𝑅𝐹
                                                       (2. 2) 

The overall efficiency of the energy harvesting system can be expressed as the ratio of the DC 

output power at the end of the system to the input RF power at the beginning of the antenna, 

which can be expressed as [15]: 


𝑅𝐹−𝐷𝐶

=
𝑃𝐷𝐶

𝑃𝑎𝑣
= (1 − |Γ|2) ∙ 

𝑅𝑒𝑐𝑡𝑖𝑓𝑖𝑒𝑟
                                (2. 3) 

2.1.3.2 Design Methods in Energy Harvesting 

In energy harvesting systems, the aim is to capture a sufficient number of electromagnetic 

waves and convert their RF energies into DC energies by means of a rectifier circuit. Typically, 

two considerations need to be taken in an energy harvesting system. One consideration is that 

the antenna needs to capture as many electromagnetic waves as possible in a specific frequency 

range. The other consideration is that the RF-to-DC conversion efficiency from the antenna to 

the rectifier circuit needs to be as high as possible. Through such considerations, the energy 

loss in the whole receiver part should be as small as possible [15]. The related design in this 

thesis focuses on the first consideration. 

To facilitate the capture of more power in an antenna, several antenna performance parameters 

could be improved, such as bandwidth, beamwidth, gain, and polarization. In most RF energy 

harvesting systems, the direction of the incident power is supposed to be unknown. Based on 
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such environment, a receiver antenna with a wide beamwidth is preferred for increasing the 

collected power from low RF densities. In this thesis, a multibeam or wide beamwidth antenna 

design with high gain was taken as the solution in the energy harvesting system. 

2.2 Basics of MTS Antenna 

 Definition of MTS Antenna 

MTS antennas contain an MTS layer and a feed layer. The MTS layer contains finite-sized unit 

cells as the main radiator, while the feed structure of the MTS antenna is placed at the near 

field of the main radiator, which is tightly attached to the MTS layer. Notably, the behavior of 

the MTS cannot be accurately predicted by period unit cell boundaries since the edges from 

the main radiator to the substrate boundaries have a large effect on the antenna performance 

[16]. 

Finite-sized MTS antennas, such as planar antennas, can excite multiple modes. As such, the 

MTS has several advantages, including: (a) the possibility of exciting multiple resonant modes 

to achieve broad bandwidth; (b) the possibility of exciting different radiation patterns and 

polarizations; (c) the possibility of optimizing the geometry of unit cells to tune the phase 

difference between modes for circular polarization; and (d) the possibility of suppressing 

higher order modes to reduce the pattern restoration in antenna array systems [7]. 

Despite the finite-sized unit cells on the MTS antenna appearing to be similar to the antenna 

array, several differences exist between the two. To illustrate, the typical antenna array 

designed for classical systems has a narrow bandwidth, while the conventional MTS antenna 

usually has a broad bandwidth [17]. Additionally, the space between unit cells in the antenna 

array can result in antenna coupling, and should be carefully considered [17]. However, the 

gaps between unit cells in the MTS antenna, allow for more design freedom in antenna design, 

and the unit cells on the MTS layer will be considered as a whole system rather than treating 

each unit cell individually to analyze the excited modes. 
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 Design Methods of MTS Antenna 

2.2.2.1 Dispersion Property Analysis Method 

2.2.2.1.1 Parameter definition in dispersion property method 

 

Figure 2.7. Geometry of the aperture-coupled fed mushroom antenna [3, 5]. 

The geometry of the aperture-coupled fed mushroom antenna is illustrated in Fig. 2. 7. Fig. 2. 

7 contains three layers: an MTS layer, a substrate layer and a ground plane layer. 

The MTS layer has width w of unit cell and gap g between neighboring unit cells. The period 

p refers to the width of the unit cell added to the gap between unit cells, namely, p=w+g. The 

number of the unit cells along the x- and y-axis directions is Nx and Ny, respectively. Since the 

numbers of the unit cells along x- and y-axis directions in Fig. 2. 7 are the same, the unit cell 

array along x- or y-axis directions is defined as Wp. Wp=Nxp-g. The unit cell array is assumed 

to have an additional extended length at each end, which is defined as L. 

The size G is defined as the substrate size, and the height and the dielectric constant of the 

substrate are h and r, respectively. 

The corresponding antenna performance is analyzed from the dispersion property of the unit 

cell on the MTS layer. The dispersion property describes the dispersion effect on the properties 

of waves in a medium and refers to the relationship between wavenumber and frequency. 



 

23 

 

Dispersion relations are more commonly expressed in terms of the angular frequency and 

wavenumber [3]. The unit cell in Fig. 2. 7 does not have shorting pins connected to the ground 

plane, and thus, only the right-handed (RH) dispersion branch is analyzed while the left-handed 

(LH) dispersion branch is absent. 

2.2.2.1.2 Design steps 

Assuming the TM10 and anti-phase TM20 modes can be excited in the MTS antenna proposed 

in Fig. 2. 7, after combining the dispersion property of the unit cell with that of TM10 mode and 

anti-phase TM20 mode, respectively, two intersection points could be found to estimate the 

resonant frequencies of the TM10 and anti-phase TM20 modes from the dispersion diagram, 

respectively. As such, Equation 2. 6 can be combined with Equations 2. 4 and 2. 5, respectively. 

The equations for estimating the resonant frequencies of two modes are listed as follows: 

𝛽𝑚𝑟∙𝑝

𝜋
=

1−
2∙𝛽𝑒𝑓𝑓∙∆𝐿

𝜋

𝑁𝑥
                                                     (2. 4) 

𝛽𝑚𝑟∙𝑝

𝜋
=

1−
2∙𝛽𝑒𝑓𝑓∙∆𝐿

𝜋
𝑁𝑥

2

                                                    (2. 5) 

𝛽𝑒𝑓𝑓 =
2∙𝜋∙𝑓∙√𝜀𝑟𝑒𝑓𝑓

𝑐
                                                   (2. 6) 

where βmr is the propagation constant of the unit cell; βeff is the propagation constant in the 

effective extend length L at each end along the resonant direction because of the fringing field 

effect; p is the period of unit cell; Nx is the number of the unit cells along the x-direction; f is 

the resonant frequency; and c is the speed of light in vacuum. 

For Equation 2. 6, the effective dielectric constant εreff can be obtained from the following 

equations: 

∆𝐿

ℎ
= 0.412 ∙

(𝜀𝑟𝑒𝑓𝑓+0.3)∙(
𝑊𝑝

ℎ
+0.262)

(𝜀𝑟𝑒𝑓𝑓−0.258)∙(
𝑊𝑝

ℎ
+0.813)

                                    (2. 7) 

𝜀𝑟𝑒𝑓𝑓 =
𝜀𝑟+1

2
+

𝜀𝑟−1

2
∙ (1 +

12ℎ

𝑊𝑝
)− 

1

2                                      (2. 8) 

where Wp is the length of unit cell array; h is the height of the substrate; and εr is the dielectric 

constant of the substrate. 



 

24 

 

The unit cell in Fig. 2. 7 was taken as an example to show the frequency estimation process of 

the aforementioned analysis method. Fig. 2. 8 shows the dispersion diagram of the unit cell in 

Fig. 2. 7, which could be obtained from the full-wave CST simulation. The dispersion property 

of the unit cell is represented by the solid line, while the dispersion properties of the TM10 and 

anti-phase TM20 modes are represented by two different dotted lines. An observation can be 

made from Fig. 2. 8 that two intersection points exist between the solid line and two dotted 

lines, respectively. Thus, the frequencies were estimated to be around 5.1 and 5.7 GHz. 

 

Figure 2.8. Dispersion diagram of the unit cell [18]. 

2.2.2.1.3 Advantages and disadvantages of dispersion property method 

Through the analysis method of the dispersion diagram, more information is provided on how 

the unit cell works, as well as the relationship between the unit cell and the estimated 

frequencies. However, there are still a number of drawbacks. The first drawback is that the 

boundary setting of the unit cell in the dispersion diagram is infinite, while the boundary setting 

in a real MTS antenna is finite. The second drawback is that the dispersion property is suitable 

for analyzing the uniform unit cell, but not suitable for analyzing non-uniform unit cells on the 

MTS layer. Moreover, the frequency estimation was made according to the dispersion diagram, 

which was simulated by CST. If the frequency estimation needs to be made from analyzing the 

antenna structure, rather than from a simulation, such analysis method will not be beneficial. 

2.2.2.2 Characteristic Mode Analysis Method 

2.2.2.2.1 Basics in Characteristic Mode Analysis 

Characteristic modes involve typical eigenfunctions, and are orthogonal over both the source 

region and the sphere at infinity. On a conducting body with arbitrary geometry, characteristic 
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mode analysis (CMA) generates a set of orthogonal currents, and the inherent resonance mode 

is used to represent the existing current patterns of a conducting body. The aforementioned 

modes depend on the geometry of the conducting body but are independent of the feed. 

According to the specific aim of the designer, several modes can be selected (excited) while 

others can be ignored (suppressed). The mode excitation is related to the structure and the 

location of the feed [19, 20]. 

The generalized eigenvalue equation is represented by: 

𝑋(𝐽𝑛) = 𝑛𝑅(𝐽𝑛)                                                  (2. 9) 

where 𝑛 is the eigenvalue; 𝐽𝑛 is the eigencurrent; X and R are the imaginary and real parts of 

an impedance matrix Z, which is achieved from the electric field integral equation [21]; n 

denotes the index of the order of each mode. When 𝑛=0, the mode is resonant. By illustration, 

different modes excited at different frequencies can exist in a conductor with fixed geometry 

and size. The frequency at which 𝑛=0 is regarded as the resonant frequency of the mode, and 

the mode with the lowest resonant frequency is regarded as the fundamental mode of the 

conductor. 

The total current on the conductor can be described as the sum of the orthogonal components 

[22]: 

𝐽 = ∑
𝑉𝑛

𝑖 𝐽𝑛

1+𝑗𝑛


𝑛=1                                                      (2. 10) 

where 𝑛, 𝑉𝑛
𝑖 and 𝐽𝑛 are the eigenvalue, modal excitation coefficients and modal current for the 

nth mode, respectively. Modal excitation coefficient represents the coupling between the 

current of the excitation source and that of the nth mode. The higher the coupling value, the 

greater the current contribution under the external source. 

Research on the variation of the eigenvalue with frequency is meaningful in antenna design, 

since information on the resonant frequency of modes is provided. However, another 

representation referred to as modal significance (MS) is preferred, which is inversely 

proportional to the eigenvalue. 

𝑀𝑆𝑛 = |
1

1+𝑗𝑛
|                                                     (2. 11) 
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MS represents the normalized amplitude of the current modes [22], and the term depends on 

the geometry and size of the conducting, but is independent from the excitation. The maximum 

value of MS is 1, and the nearest the MS value to 1, the most effectively the mode contributes 

to the conductor radiation. 

 

Figure 2.9. Modal significance of the first three modes versus frequency of a dipole 

structure [19]. 

Fig. 2. 9 shows the modal significance of the first three modes of a dipole structure versus 

frequency. The radiating bandwidth of a mode BWn is defined as the range of frequencies within 

which the mode radiated power is larger than half power radiated at resonance. Half power at 

resonance corresponds to a reduction of the normalized current by a factor √2 , where 

MS=1/ √2 =0.707. Therefore, the radiation bandwidth of a mode BWn is described as a 

proportion of frequency difference over the resonant frequency of the mode. Namely, 𝐵𝑊𝑛 =

𝑓𝑈−𝑓𝐿

𝑓𝑟𝑒𝑠
, where 𝑓res is the resonance frequency of the mode; and 𝑓U and 𝑓L are the upper and 

lower constraints, respectively. 

If an antenna is to be designed using characteristic mode method, the following steps can be 

taken as the reference [19]: 

Step 1: Firstly, import the antenna structure (conducting) without the excitation. (The 

characteristic currents and fields of the conducting import are calculated. The resonance 

frequency of the modes present in the conducting import and corresponding radiating behaviors 

are determined from the eigenvalue.) 

Step 2: Secondly, change the geometry and size of the antenna (conducting) until the desired 

resonant frequency or desired radiating behavior is achieved. 
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Step 3: Finally, choose the optimum feed position and feed structure according to the modal 

current distributions of the desired modes in the optimized antenna. 

2.2.2.2.2 Design Steps 

Based on the advantages of characteristic modes, such as source-free, the MTS antenna was 

recently analyzed using CMA. One MTS antenna was designed using CMA [4], with the aim 

of designing a broadband MTS antenna with a directional radiation pattern for wireless 

communication. According to such example, studying and selecting modes with directional 

radiation patterns at different frequencies, and exciting them together appear to be the aim 

when designing such antennas. 

 

Figure 2.10. The boundary setting and the geometry of MTS [4]. 

The MTS geometry was simulated using the moments-based CMA tool in the simulation 

software CST MWS. As shown in Fig. 2. 10, five radiation boundaries (ABB’A’, BCC’B’, 

CDD’C’, DAA’D’, ADCB) were set as open boundary while the remaining (A’B’C’D’) were 

set as PEC boundaries. Hence, the unit cells on the MTS layer were meshed and the electrical 

currents on the unit cells were solved. 

 

Figure 2.11. Modal significances (MSs) of the first four modes in MTS structure 

mentioned in Fig. 2.9 [4]. 

The modal significances (MSs) of the first four modes of the MTS structure shown in Fig. 2. 

10 are presented in Fig. 2. 11. In the CMA simulation results, J1 represents the modal current 
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of the fundamental MTS mode. Fig. 2. 12 shows the corresponding modal currents and modal 

radiation patterns of the first four modes excited in Fig. 2. 11. The black arrows indicate the 

direction of the modal current. 

 

Figure 2.12. Modal currents and modal radiation patterns of the first four modes in MTS 

structure mentioned in Fig. 2.10 [4]. Modal currents (a) J1, (b) J2, (c) J3, (d) J4. Modal 

radiation patterns (e) J1, (f) J2, (g) J3, (h) J4. 

As demonstrated in Fig. 2. 12(a) and (b), the first two modes, J1 and J2, were a pair of 

orthogonal modes, which both resonated at around 5.9 GHz. The modal current J1 was always 

in the same direction, which induced the directional modal radiation pattern shown in Fig. 2. 

12(e). Similarly, the modal current J2 was also in the same direction, but the direction of J2 can 

be seen as rotating 90 based on the direction of J1. The other two modes, J3 and J4 were both 

self-symmetrical along the x-axis and the y-axis, respectively. Such distribution led to a null 

appearing at the boresight of the radiation pattern (shown in Fig. 2. 12(g) and (h)) because of 

the reversed modal currents, as shown in Fig. 2. 12(c) and (d). An observation can be made 

from Fig. 2. 12(g) and (h) that the radiation patterns of J3 and J4 were not directional, and thus, 

J3 and J4 could not be regarded as desired modes. Conversely, J1 and J2 could be regarded as 

desired modes, and exciting either one of the two modes would generate a linearly polarized 

antenna. 

Additionally, according to Fig. 2. 12(a), (c) and (d), the maximum modal current of J1 existed 

at the center unit cell, while the minimum modal currents of J3 and J4 appeared at the center 

unit cell. Cutting a slot at the center unit cell would be beneficial for selectively exciting the 

desired mode J1. Fig. 2.13 depicts the process of modal significance variation from an MTS 

structure to an MTS structure with a center slot. Compared with the modal significance of the 

MTS structure, that of the MTS structure with a center slot was slightly different, owing to the 
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resonant frequencies of J1 and J2 being different because of the asymmetrical MTS structure 

with a center slot along the x- and y-axis. The resonant frequencies of J3 and J4 were not 

affected since the center slot was positioned at the minimum modal current. 

 

Figure 2.13. Modal significances of (a) MTS structure and (b) MTS structure with a 

center slot [4]. 

To improve the broadband performance, the other mode with directional radiation patterns at 

different frequencies needed to be excited. Thus, further exciting the slot at the center unit cell 

could help excite the other ‘slot mode’. To further excite the center slot, a slot on the ground 

plane was introduced, as shown in Fig. 2. 14(b). Since both unit cells on the MTS layer and the 

ground plane with a slot were meshed, six radiation boundaries were set as open boundaries, 

as shown in Fig. 2. 14(a). 

 

Figure 2.14. MTS structure with a center slot [4]. (a) Boundary setting. (b) Geometry. (c) 

Modal significance. 

The modal significances of the first four modes in MTS structure with a center slot are shown 

in Fig. 2. 14(c). J1f is newly introduced because of the coupling between the slot at the center 

unit cell and the slot on the ground plane. The resonant frequency of each mode was decided 

from the peak value of modal significance, and thus, the resonant frequencies of J1f, J2f, J3f and 

J4f were 3.5, 6.0, 5.85 and 6.4 GHz, respectively. 
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Figure 2.15. Modal current of MTS structure with a center slot [4]. (a) J1f, (b) J2f, (c) J3f, 

(d) J4f. 

The corresponding modal currents of MTS structure with a center slot is displayed in Fig. 2.15. 

Modal current J1f had the same direction along the y-axis, which is the modal current of the 

slot mode. Modal current J2f is similar to the modal current J1 mentioned in Fig. 2. 12(a), which 

can be attributed to the fundamental MTS mode. Modal current J3f is also similar to the modal 

current J2 in Fig. 2. 12(b). Modal current J4f is similar to the modal current J4 in Fig. 2. 12(d). 

Finally, to successfully excite two modes with directional radiation patterns, the appropriate 

position and type of feed had to be selected. Since the two desired modes of J1f and J2f, which 

are shown in Fig. 2. 15(a) and (b), both had maximum modal currents at the two ends of unit 

cells, the desired feeds had to be positioned at the maximum modal current positions. As such, 

the aperture-coupled feed with maximum current distributions at two ends of the horizontal 

aperture were selected to effectively excite J1f and J2f, simultaneously. 

The process of designing an MTS antenna assisted by CMA was described in this section. 

Notably, the current density distribution bar was not present in the described example because 

the related paper did not provide such information. 

2.2.2.2.3 Advantage and Disadvantage of Characteristic Mode Analysis 

There are mainly two advantages of using CMA to design an MTS antenna. The first advantage 

is that the complex boundary setting is considered rather than the period boundary environment, 

and thus, the estimation of the resonant frequencies would be more accurate. The second 

advantage is that the ‘source-free’ property of CMA can be used to analyze the mode more 

clearly. As an example, in the described MTS antenna design, the slot mode is identified when 

adding the aperture (the aperture-coupled feed structure). Otherwise, there will be uncertainty 

in terms of whether the J1f mode is from the MTS layer or the ground plane layer. The third 

advantage is that CMA can be used to analyze either the uniform or non-uniform unit cells, 

which broadens the analysis range of MTS antennas. However, the resonant frequencies of the 
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desired mode are still obtained from a simulation tool, and thus, investigating the relationship 

between MTS geometry and related resonant frequencies will be more beneficial. 

2.2.2.3 Other Analysis Method 

In addition to the dispersion property method and the CMA method, other analysis methods 

can also be used to explore the properties of MTS, such as the equivalent circuit. The equivalent 

circuit analysis method can be used to represent the complicated MTS antenna models and 

quantify the impact of the unit cell structure on the performance. The equivalent circuit analysis 

method is usually used to estimate the fundamental resonant frequency from the unit cell 

structure [23]. 

An MTS antenna design with a composite right-/left-handed (CRLH) structure is a common 

example, and is typically analyzed in terms of the equivalent circuit and dispersion property. 

The CRLH structure includes both right-handed and left-handed structures. The right-handed 

structure is achieved from simultaneous positive permittivity and permeability while the left-

handed structure is obtained from simultaneous negative permittivity and permeability. 

 

Figure 2.16. Composite right-/left-handed (CRLH) structure. (a) 3D view. (b) equivalent 

circuit. (c) dispersion diagram. 

Fig. 2. 16(a) shows two adjacent CRLH unit cells. Each CRLH unit cell consists of a square 

radiating element, a ground plane, and a shorting pin connecting the radiating element with the 

ground plane. The property of the CRLH structure can be analyzed using the corresponding 

equivalent circuit, as shown in Fig. 2. 16(b). For the structure, the radiating element is 

equivalent to a series inductance LR; the gap between the radiating element layer and the ground 

plane layer is equivalent to a shunt capacitance CR; the gap between adjacent unit cells is 

modeled with a series capacitance CL; and the shorting pin is modeled with a shunt inductance 

LL. 
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The resonant frequencies of series LC circuit and shunt LC circuit are defined from the 

equivalent circuit of the CRLH unit cell model [18]: 

  ω𝑠𝑒 =
1

√𝐿𝑅𝐶𝐿
                                                        (2. 12) 

ω𝑠ℎ =
1

√𝐿𝐿𝐶𝑅
                                                      (2. 13) 

If ωse ≠ ωsh , then the case is unbalanced, which means that there is a stopband in the 

dispersion diagram. If ωse = ωsh, then the case is balanced, which is used for designing a 

broad bandwidth. 

The propagation constant of the CRLH unit cell can be determined by the following equation 

[18]: 

𝛽𝐶𝑅𝐿𝐻 = 𝑠(𝜔)√𝜔2𝐿𝑅𝐶𝑅 +
1

𝜔2𝐿𝐿𝐶𝐿
− (

𝐿𝑅

𝐿𝐿
+

𝐶𝑅

𝐶𝐿
)                            (2. 14) 

where, 

𝑠(𝜔) = {
−1, 𝑖𝑓 ω < 𝜔𝑠𝑒 = min (

1

√𝐿𝑅𝐶𝐿
,

1

√𝐿𝐿𝐶𝑅
)

+1, 𝑖𝑓 ω > 𝜔𝑠ℎ = max (
1

√𝐿𝑅𝐶𝐿
,

1

√𝐿𝐿𝐶𝑅
)
                           (2. 15) 

Notably, Fig. 2. 16(c) shows a balanced case with a smooth transition from LH to RH 

propagation in the dispersion diagram. Owing to the negative and zeroth-order resonance in 

the CRLH antennas, there is more freedom to design antennas with multiple but narrow 

bandwidths [3]. 

2.3 Performance Enhancement in Metasurface-Based Antennas 

MTS antennas with finite unit cells have several unique properties, including the ability to 

excite multiple modes on the MTS layer with different radiation patterns or polarizations and 

tune the resonant frequencies of multiple modes [7]. Due to such properties, MTS antennas can 

be designed to have a broad bandwidth or diverse radiation patterns. Several related studies on 

MTS antennas have recently been conducted. An overview and a detailed discussion of the 

research is provided in this section. 
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 Metasurface-Based Antennas with Bandwidth Enhancement 

As wireless communication systems have rapidly developed, there have been significant 

increases in the requirements for broad bandwidth antenna design. Compared with 

conventional microstrip patch antennas, MTS antennas can be more easily designed with 

broadband performance due to the radiating gaps of such antennas. The current methods for 

expanding the bandwidth of the MTS antenna are mainly applied to two parts: the MTS layer 

and the feed layer. 

In terms of the MTS layer, researchers have focused on exciting more MTS modes at different 

frequencies to broaden the bandwidth. The first excited mode is the fundamental MTS mode. 

In one previous study on the higher MTS mode [3], the TM20 mode was excited by the existing 

aperture-coupled feed structure. The resonant frequencies of the fundamental TM10 mode and 

TM20 mode were estimated from the equations related to the propagation constant and the 

dispersion diagram of the unit cell. The frequency difference between the fundamental TM10 

mode and the excited TM20 mode could be tuned by the gap width on the MTS layer, indicating 

that the bandwidth could be shrunk or extended by tuning the gap width. Fractional bandwidth 

with 25% is acquired at around 5 GHz. The mode analysis in the previous study [3] was 

designed according to the dispersion relation, and such method has several drawbacks, which 

are mentioned in Section 2.2.2.1.3.  

To overcome some of the problems of the dispersion analysis method, an MTS antenna design 

based on the CMA method was proposed in one study [4]. The bandwidth was composed of 

the fundamental TM10 mode and slot mode. The slot mode was excited by the coupling between 

the slot on the center unit and the aperture on the ground plane. Similarly, the frequency of the 

slot mode could be tuned by the slot length. Hence, the bandwidth could be improved 

accordingly. The proposed MTS antenna could achieve 31% fractional bandwidth at around 

5.5 GHz. 

In addition to the exciting mode from the MTS layer, bandwidth improvement can also be 

realized from the feed layer. In a previous study [24], a pair of edge-fed slots assisted by a 

fictitious short was designed to excite the MTS layer, as shown in Fig. 2. 17(a). With the MTS 

layer, the pair of edge-fed slots could excite the fundamental mode and the higher mode. The 

length of the fictitious short could tune the frequency difference between the two modes. 
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Further, the feed structure could provide a better polarization purity over the bandwidth, and 

the antenna could obtain 21% fractional bandwidth at around 6.25 GHz. 

 

Figure 2.17. The structure of broadband directive slot antenna loaded with cavities and 

single/double layer(s) of MTS [24]. (a) Slot antenna bottom view. (b) Slot layer top view. 

(c) MTS layer. (d) MTS antenna side view. 

Despite the aforementioned MTS design allowing for the bandwidth to be extended from the 

feed layer rather than the MTS layer alone, only TM modes are excited. To explore the mode 

diversity to increase the design freedom, both the TM and TE modes were excited in one MTS 

antenna design [6]. The TM and TE modes were excited simultaneously because of the 

proposed L-probe feed, as shown in Fig. 2. 18(b). The vertical part in the L-probe feed structure 

could excite the TM mode along the x-axis, while the horizontal part in the feed could excite 

the TE mode along the y-axis of the MTS layer. Similar to the method of estimating the 

resonant frequency of the TM mode, that of the TE mode could also be estimated from the 

dispersion relation, but along the y-axis of the MTS layer. The proposed MTS antenna could 

realize 34.5% fractional bandwidth at around 5.5 GHz. 



 

35 

 

 

Figure 2.18. Configuration of the L-probe fed MTS antenna. (a) Top view of MTS. (b) 

Side view and the top view of L-probe [6]. 

Different broadband MTS antenna designs are proposed. The bandwidth in some antennas is 

improved from the different structures while that in some antennas is increased from different 

types of modes. However, the bandwidths of all the above-mentioned MTS antenna designs 

are not wide enough. To achieve a broader bandwidth, [25] proposed an MTS antenna fed by 

coplanar waveguide aperture coupled structure. The stair-shape feeding aperture shown in Fig. 

2. 19 greatly increase the antenna bandwidth because the special stair-shape aperture makes 

the input impedance of the antenna be adjusted for wideband characteristic. The fractional 

bandwidth of this MTS antenna is 67.3% at around 7 GHz, which is much broader than the 

other mentioned designs. 

 

Figure 2.19. The geometry of a broadband coplanar waveguide (CPW)-fed aperture 

coupled MTS antenna [25]. 

The broadband antenna design is applied so that more frequencies can be covered in wireless 

communication. However, in certain applications, dual-band performance is preferred over 
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broadband. Two scenarios of a base station and a satellite can be taken as examples. In the base 

station application, an antenna may be required to simultaneously cover two frequency bands 

that are close to each other in terms of the base station frequency range, in which the 

frequencies between the two bands are rejected [26]. In the satellite application, a dual-band 

antenna is also desired since both a low-frequency mode and a high-frequency mode are 

required for low-speed uplink and high-speed downlink communications, respectively [27]. 

Notably, depending on different applications, the ratio of two bands in a dual-band antenna 

needs to be considered. In one previous study [28], a dual-band MTS antenna with a large 

frequency ratio for 5G application was proposed. One band operated at sub-6 GHz while the 

other band operated at millimeter (mm)-wave. The unit cell of the MTS contained the subcell 

of a square ring and an inner square patch, which featured different characteristics at the S-

band and K-band, respectively. The subcell of a square ring was generated at the S-band by the 

aperture-coupled feed, whereas an inner square patch was generated at the K-band by the plane 

wave feed, shown in Fig. 2. 20. The aperture-shared MTS antenna could realize 23.45% and 

4.8% fractional bandwidth at S-band (3.2-4.05 GHz) and K-band (25.22-26.46 GHz), 

respectively. 

 

Figure 2.20. Shared-aperture antenna [28]. (a) Geometry of separated layers and side 

view of antenna. (b) Working mechanism of antenna. 

By contrast, in another study [29], a dual-band MTS antenna with a small frequency ratio for 

wireless local area network (WLAN) and 5 GHz applications was presented. Two bands were 

generated from the CRLH structure, as shown in Fig. 2. 21. The resonant frequencies of the 

two bands could be estimated from the equivalent circuit and dispersion diagram of the unit 

cell, and the frequency ratio could be evaluated accordingly. The MTS antenna with the CRLH 

structure could achieve two fractional bandwidths with 25.8% and 15.1% at around 2.6 and 5.6 

GHz, respectively. 



 

37 

 

 

Figure 2.21. Geometry of dual-band MTS antenna with CRLH structure [29]. (a) Top 

view. (b) Back view. (c) Side view. 

 Metasurface-Based Antennas with Beamwidth Enhancement/Pattern 

Diversity 

Since MTS antennas can achieve different radiation patterns by exciting different modes, 

research on MTS antennas with different radiation patterns can be regarded as meaningful. 

Among the recent MTS antenna designs, the radiation pattern has generally been designed to 

be directional, because such antennas are usually used in wireless communication systems. 

However, if a pattern-diverse MTS antenna is required, more possibilities for MTS antenna 

with various radiation patterns, such as omnidirectional, endfire, and others, should be explored. 

In general, an MTS antenna with pattern diversity can be achieved through mechanical or 

electrical means. In one previous study [30], a pattern reconfigurable MTS antenna was 

designed based on a planar semi-circular MTS layer, shown in Fig. 2. 22. The pattern 

reconfigurable could be realized by rotating the MTS around the center of the patch antenna. 

However, such method is achieved through mechanical means, and methods achieved through 

electrical means are usually preferred. 
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Figure 2.22. Assembly schematic of pattern reconfigurable MTS antenna [30]. 

In several designs, electrical methods were used to realize MTS antennas with different 

radiation patterns [31], [32], [33]. In one previous study [31], an MTS antenna with an 

omnidirectional radiation pattern was developed, which was excited according to a desired 

characteristic mode and fed by a one-to-four power divider, as shown in Fig. 2. 23. The MTS 

antenna had 16.6% fractional bandwidth at around 5.2 GHz. The bandwidth of the developed 

antenna [31] was relatively narrow, and thus, further research is needed on broader MTS 

antennas with omnidirectional radiation patterns. 

 

Figure 2.23. Structure of omnidirectional MTS antenna [31]. (a) Top view. (b) Bottom 

view. (c) Side view. 

To improve the bandwidth of omnidirectional MTS antennas, a novel nonuniform tapered MTS 

antenna was designed in one previous study [32], with 33.1% fractional bandwidth. The 

antenna bandwidth could be improved by changing the ratio between two excited frequencies. 

The ratio could be tuned by changing the radiating gap positions on the MTS layer, as shown 

in Fig. 2. 24. 
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Figure 2.24. Geometry of omnidirectional surface-wave MTS antenna [32]. (a) Top view. 

(b) Side view. 

In addition to omnidirectional radiation patterns, another MTS antenna with an endfire 

radiation pattern was designed in one previous study [33]. The endfire pattern was excited by 

an open-end substrate integrated waveguide (SIW) feed, as shown in Fig. 2. 25. The MTS 

antenna had 37% fractional bandwidth at 32.65 GHz. The antenna design was applied for mm-

wave communication technology, which could potentially be a candidate for the next 

generation of communication systems. 

 

Figure 2.25. Configuration of substrate-Integrated waveguide- (SIW) fed endfire MTS 

antenna [33]. 

As well as antenna designs with different radiation patterns, MTS antenna designs with pattern 

diversity are also appealing. Pattern diversity antennas can be used in a variety of applications 

[35]-[37]. For example, by redirecting the null location of the radiation pattern, a pattern 

diversity antenna can prevent interference from noise sources originating from a known 

direction [37]. Such antennas can also cover a large area by redirecting the main beam [35], in 

addition to having the potential to enable numerous independent far-field radiation patterns, 
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which is beneficial for improving the performance and environmental adaptability of mobile 

systems [36]. 

In one previous study [34], an MTS antenna by dual-port excitations with different patterns 

was proposed. The differential probe feed excited the broadside mode, while the stepped probe 

excited the conical mode, as shown in Fig. 2. 26. Additionally, an appropriate position choice 

of the two types of feeds ensured good isolation between the two ports. To provide a more 

systematic design method for MTS antennas with pattern diversity, CMA was introduced due 

to the advantages of being accurate and source-free. The proposed MTS antenna could realize 

11.2%/30.8% fractional bandwidth at 5.3 GHz. 

 

Figure 2.26. Geometry of pattern-diversity MTS antenna [34]. (a) Front view. (b) Feed 

view. (c) Side view. 

To realize pattern diversity, another MTS antenna with two excited modes was presented in 

previous research [38]. The two modes were successfully excited on the MTS layer to achieve 

pattern diversity, shown in Fig. 2. 27. Additionally, CMA was used to suppress the higher order 

mode (HOM) to improve the distorted radiation pattern. The proposed MTS antenna with 

pattern diversity had 20.2% fractional bandwidth at around 6 GHz, and was designed for 

unmanned aerial vehicle communications. The main limitation of the design is that the feeding 

structure for exciting the two modes is slightly complicated. As such, simpler feed methods 

need to be further explored. 
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Figure 2.27. Geometry of pattern-diversity MTS antenna [38]. (a) Front view. (b) Feed 

view. (c) Side view. 

2.4 Summary 

The fundamentals of the antenna theory as well as the description of the MTS antenna are 

covered in this chapter. The benefits of the MTS antenna are also mentioned, which indicate 

that such antennas can improve the antenna performance in terms of bandwidth or beamwidth. 

The common analysis methods of the MTS antenna include the dispersion property method 

and the CMA method, which are introduced and discussed in detail. Moreover, a review of 

previous MTS antenna research with broad bandwidth and diverse radiation patterns is 

provided, which facilitates further understanding of how the current methods and technology 

can be used to explore the potential of MTS antennas and improve the antenna performance 

accordingly. 
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Chapter 3 Mode Analysis in Metasurface-based 

Antenna 

This chapter presents an approach to analyze modes that exist in an metasurface (MTS). The 

mode study is based on a basic 3×3 MTS antenna with square solid elements. This study 

provides a clear physical understanding of excited MTS modes in basic MTS antennas. It offers 

a guideline for designing and controlling the mode resonances in MTS antenna design. The 

parametric studies (including beamwidth and gain) on excited MTS modes are also discussed.  

3.1 Mode Analysis in MTS Antenna 

 Mode Analysis from MTS Antenna Structure 

Two methods are used to analyze and verify the modes existing in the MTS antenna, 

respectively. The MTS antenna is analyzed from the antenna structure by antenna theory. Then, 

the characteristic mode analysis (CMA) method can verify whether the existing modes are due 

to the MTS layer or the feed layer. The reason is that once the sizes, structures, and arrangement 

of the unit cells are determined, an MTS is fully characterized. 

Fig. 3. 1 shows a basic MTS antenna with 3×3 square solid elements. This basic MTS antenna 

has two layers: the MTS layer and the feeding layer. The geometry and specific details of these 

two layers are shown in Figure 3. 1. These two layers are coupled through an aperture and 

connected using a Rogers RO4003c substrate together. The heights of the two layers are 3.18 

mm and 0.813 mm, respectively. This antenna is modelled and simulated using CST 

Microwave Studio (MWS) for current, electric (E)-field, and magnetic (H)-field distributions 

performance [1]. 



 

47 

 

 

Figure 3.1. Geometry of the basic 3×3 MTS antenna with 3×3 square solid elements. (a) 

Top view. (b) Bottom view. (c) Side view. (W= 60 mm, u= 9 mm, g= 1 mm, lg= 20 mm, wg= 

2.5 mm, ls= 34.5 mm, ws= 1.88 mm). 

In the antenna theory, a moving set of charges, namely current, will have radiation. In addition, 

the E- and H-field distributions on the MTS look similar to the mode on the waveguide, so the 

mode identification method in the waveguide (namely identifying the mode from E-/H-field 

distributions) will be taken as the reference while identifying the mode in the MTS antenna. 

The current, E-field, and H-field distributions of this basic 3×3 MTS antenna will be all 

displayed in this section. 

With the feeding structure shown in Fig. 3. 1, the basic MTS antenna is fed by a microstrip line 

along the y-axis. It is coupled to the MTS layer via an aperture on the ground plane. As a result, 

the E-field vector generated by this feeding structure is not parallel to the MTS surface. So, TE 

modes cannot be excited in this way. On the contrary, TM modes can be easily excited, such 

as the fundamental and higher TM modes.  

Notably, the fundamental TM mode is excited because the electromagnetic (EM) wave will be 

coupled from the microstrip line (along the y-axis) to the center of the MTS via the aperture 

center on the ground plane. This mode is similar to the fundamental mode in microstrip patch 

antennas. The E-field is zero at the patch center and has a maximum magnitude on both edges. 
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The fundamental mode of the microstrip patch is commonly referred to as the TM10 mode using 

waveguide theory [2]-[3]. 

Apart from the fundamental patch TM01 mode, it is also possible that higher TMxy modes can 

be excited. The values of x and y are decided by different factors, which will be discussed as 

follows. 

 

Figure 3.2. (a) MTS layer with two horizontal radiating gaps. (b) The feed structure with 

a horizontal aperture on the ground plane. 

In the basic 3×3 MTS antenna with square solid elements, two horizontal and two vertical gaps 

exist between each unit cells, as shown in Fig. 3. 2. (The N×N MTS antenna has (N-1) 

horizontal/vertical radiating/non-radiating gaps [4].) Among these gaps in this case, two 

horizontal gaps are radiating while two vertical gaps are non-radiating according to the 

direction of the feeding structure. In this proposed aperture-coupled feeding structure, the EM 

wave propagates from the microstrip line to the aperture on the ground, coupled from the 

aperture to the horizontal gaps on the MTS layer. Under this condition, the horizontal gaps 

parallel to the aperture can radiate while the vertical gaps that are orthogonal cannot radiate. 

Additionally, the number of horizontal radiating gaps is related to the excited MTS mode types. 

In particular, for the excited TMxy modes, ‘y’ should be equal to 2 since there are only two 

horizontal radiating gaps in this basic MTS antenna. Thus, other modes with ‘y’ unequal to 2 

could be ignored in the analysis. 

Differently, the ‘x’ value in TMxy should be odd since the EM field concentrates at the center 

of the feed. In the xoz plane, the magnitude of the E-field is maximum at the center and reaches 

a minimum at two edges. Consequently, only odd modes can be excited, and even modes are 
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largely suppressed (‘x’ should be odd). Therefore, TM1y and TM3y can be excited in this basic 

MTS antenna, and there are a total of three excited modes: TM01, TM12, and TM32. 

 Current/E-/H-field Distribution to Analyze MTS Modes 

To verify the above analysis, the current distribution (‘I’ in Table. Ⅰ), the E-field distribution 

(‘E’ in Table. Ⅰ), and the H-field distribution (‘H’ in Table. Ⅰ) of three excited modes are shown 

in Table. Ⅰ. Normally, the current distribution of each mode is used to illustrate the radiation 

property of the antenna. The E- and H-field distributions are used to identify the MTS modes. 

The reason is that the E- and H-field distributions on the MTS look like the mode on the 

waveguide, so the mode identification way in the waveguide will be used as a guide here. The 

E-field and H-field distributions of each mode are orthogonal to each other, and these field 

distributions obey the right-hand rule. 

The current, E-field, and H-field distributions of three excited modes are shown in Table Ⅰ. For 

TM01 mode, the current distribution is in-phase across the unit cells on the MTS layer. The H-

field distribution is in-phase across the entire MTS, but orthogonal to the current distribution. 

For TM12 mode, the current distribution on the 1st and the 3rd columns is in-phase up across the 

unit cells on the MTS layer, while that on the 2nd column is in-phase down. The H-field 

distribution has two closed magnetic field loops along with the horizontal gaps on the MTS 

layer. For TM32 mode, the current distribution on the center and corner unit cells ((1st (row), 1st 

(column)), (1st, 3rd), (2nd, 2nd), (3rd, 1st), (3rd, 3rd)) on the MTS layer is in-phase up, whereas that 

on the side unit cells ((1st (row), 2nd (column)), (2nd, 1st), (2nd, 3rd), (3rd, 2nd)) is in-phase down. 
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Table I. The Current, E-field, and H-field Distributions of TM01, TM12, and TM32 Modes. 

 TM01 TM12 TM32 

I 

   

E 

   

H 

   

It is noted that most MTS antenna designs in this thesis are analyzed by their current 

distributions at each frequency. Only the modes of the first MTS antenna design in Chapter 4 

are analyzed by its H-field distributions. The reason is that this is the first design in this thesis, 

and we want to use H-field distributions to describe these transverse magnetic (TM) modes 

more clearly (take the mode identification method in the waveguide as the reference). 
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3.2 Parametric Studies in MTS Antennas 

According to the above-mentioned mode analysis, in this basic 33 MTS antenna, the 

parameters on the MTS layer are the main factors affecting the resonant frequencies while those 

on the feeding layer are the minor factors. There are two determining factors on the MTS layer, 

including the unit size and the gap width. In contrast, the feeding layer has two related factors: 

the aperture length and the aperture width. 

The MTS antenna with CMA has been simulated to verify which parameters are the major 

factors and which are the minor factors. The MTS antenna is simulated by the method of the 

moments-based CMA tool in CST MWS software. Only the MTS layer is considered and 

meshed, as shown in Fig. 3. 3(a). The currents are solved on the MTS layer. The substrate 

material is Rogers RO4003c, which is set as lossless. As can be seen in Fig. 3. 3(b) and (c), the 

four-sided and top boundaries are set as open while the bottom boundary is set as PEC.  

  

Figure 3.3. (a) Geometrical modeling. Boundary setup of (b) four sides and (c) top and 

bottom sides. 

The modal significances of the first 20 modes from 4 to 10 GHz are calculated at 5.8 GHz. 

Among these modes, three TM modes mentioned in the Section 3. 1 can be found, which are 

TM01, TM12, and TM32 modes. The modal current distributions of these three TM modes are 

shown in Fig. 3. 4. The feeding layer is appropriately designed to excite three TM modes. 

Therefore, the parameters on the MTS layer determine three TM modes while those on the 

feeding layer affect three modes. 
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Figure 3.4. Modal current distributions of three TM modes in 33 MTS antenna. 

 Effect of Main Factors on MTS Performance 

A. Unit Size 

  

(a) 

 

(b) 

Figure 3.5. (a) Variation of modal significance against different unit sizes (u). (b) 

Variation of radiation pattern against different unit sizes. 

Unit size has a major effect on determining the resonant frequency and the radiation pattern of 

three TM modes. Fig. 3. 5 shows the effect of unit size on the modal significance and radiation 
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patterns of three TM modes. As can be seen in Fig. 3. 5(a), as unit size u increases, the resonant 

frequencies of three TM modes shift downward due to the increasing electrical size of the MTS. 

As shown in Fig. 3. 5(b), when the unit size grows, the beamwidth of TM01 extends whereas 

the gain of TM01 mode decreases (the gain value is shown in Table Ⅱ). When the unit size 

increases, the beamwidths of TM12 and TM32 modes increase initially and then decrease while 

the gains of TM12 and TM32 modes show a trend from decline to rise.  

B. Gap Width 

 

(a) 

 

(b) 

Figure 3.6. (a) Variation of modal significance against different gap widths (g). (b) 

Variation of radiation pattern against different gap widths. 

Another important parameter that determines the resonant frequency and the radiation pattern 

of three TM modes is gap width. It can be observed from Fig. 3. 6(a) that when the gap width 

reduces, the resonant frequency of TM01 mode lowers, the resonant frequency of TM12 mode 

keeps almost the same, and the resonant frequency of TM32 mode increases. The gap width can 
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be equivalent to the capacitance. When the gap width reduces, the equivalent capacitance value 

increases. The fundamental TMx1 mode is related to half-wavelength which is greatly affected 

by the gap width while the higher TMx2 mode is related to full wavelength which has no effect 

on the gap width. When the gap width decreases, the beamwidths of the three TM modes 

increase, and the gains of the three TM modes decrease, which is shown in Table Ⅱ. 

C. Number of Unit Cells 

 

 

(a) 

 

(b) 

Figure 3.7. (a) Variation of modal significance against the different unit number (n). (b) 

Variation of radiation pattern against the different unit numbers. 

The number of unit cells is also taken into account when designing an MTS antenna. Due to 

the increasing electrical size of the MTS, the resonance frequency of three TM modes shifts 
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downward as the number of unit cells grows, as illustrated in Fig. 3. 7(a). As observed in Fig. 

3. 7(b) and Table Ⅱ, when the number of unit cells grows, the beamwidth of TM01 mode 

increases, and the gain of TM01 mode also increases. When the number of the unit cells 

increases, the beamwidths of TM12 and TM32 modes decrease and the gains of TM12 and TM32 

modes decrease as well.  

 Effect of Minor Factors on MTS Performance 

Different from the major factors, two minor factors are on the ground plane. The MTS antenna 

with aperture-coupled feeding structure and feeding port is studied using CST MWS to test the 

influence of the feeding layer on three TM modes. Six directions are all set as open boundaries. 

A. Aperture Length 

 

(a) 

 

(b) 

Figure 3.8. (a) Variation of modal significance against different aperture lengths (gl). (b) 

Variation of radiation pattern against different aperture lengths. 

B. Aperture Width 
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(a) 

 

(b) 

Figure 3.9. (a) Variation of modal significance against different aperture widths (gw). (b) 

Variation of radiation pattern against different aperture widths. 

The minor factors are the aperture length and aperture width, which are mainly used to excite 

three modes and adjust the impedance matching. The aperture length does not affect the 

resonant frequency of TM modes but the resonant frequency of aperture mode. However, the 

aperture mode is not considered here. As observed in Fig. 3. 8 and Table Ⅱ, when the aperture 

length increases, the resonant frequencies, the beamwidths, and gains of three TM modes 

nearly have no change. A similar phenomenon can be seen in Fig. 3. 9 and Table Ⅱ, when the 

aperture width changes, three performances of three modes almost remain stable. 
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Table Ⅱ. The Current, E-field, and H-field Distributions of TM01, TM12, and TM32 Modes. 

Gain (dBi) 

Parameter (mm) Mode 1 

(TM01) 

Mode 13 

(TM12) 

Mode 19 

(TM32) 

Unit Size (u) 

9.6 9.75 10.42 9.65 

9.8 9.75 10.2 9.6 

10.0 9.75 9.9 8.26 

10.2 9.74 11.9 8.30 

10.4 9.74 12.2 9.2 

Gap Width (g) 

1.1 9.8 11.7 8.27 

1.2 9.77 11.9 8.01 

1.3 9.69 11.9 7.85 

1.4 9.63 12.1 7.6 

1.5 9.56 12.2 7.37 

Unit Number (n) 

2 7.97 11.3 11.44 

3 7.03 10.7 9.5 

4 9.15 9.49 10 

5 11.9 8.92 7.17 

Aperture Length 

(gl) 

6 

9.02 8.6 7.5 

8 

10 

12 

14 

Aperture Width 

(gw) 

1.2 

8.84 8.95 7.1 

1.6 

2.0 

2.4 

2.8 
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3.3 Summary 

This chapter covers the mode analysis from MTS antenna structure and identify the modes 

from E-/H-field distributions. It also includes the parametric studies between different 

parameters and the MTS performance (such as S11, beamwidth and gain). It also verifies that 

the parameters on the MTS layer are main factors (determining three excited TM modes) while 

the parameters on the feeding layer are minor factors (no affecting on three TM modes). 
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Chapter 4 Design of MTS Antenna Designs with 

Bandwidth Improvement 

The metasurface (MTS) antenna can excite several MTS modes because of the unique structure 

with several radiating gaps. The unit size and gap width are the main determinants of MTS 

modes, hence designing unit cells on the MTS with specific shape/structure can have an impact 

on MTS antenna performance. In this Chapter, two designs demonstrate that the MTS antenna 

has the possibility to achieve broad/dual- bandwidth. Unit cells with hexagonal shape and unit 

cells with a composite right-/left-handed (CRLH) structure are applied in these designs. 

4.1 Introduction 

The antenna is a critical component in the wireless communication system. It has a significant 

impact on the overall performance of a wireless communication system. There will be a loss if 

the antenna is not correctly designed and precisely fitted for its working frequency, resulting 

in the system failing. As a result, one of the essential techniques in wireless communications 

is antenna design with performance improvements such as broad bandwidth, multiband, high 

gain, high efficiency, or polarization diversity. 

Nowadays, modern communication systems are utilizing an increasing number of frequency 

bands. The antennas with broadband performance appeal to engineers and researchers because 

they can cover more frequencies. In some applications, dual-band antenna design is more 

appropriate than broadband one. The dual-band dual-mode antenna is employed to switch 

between sleep and wake-up modes for wearable/implantable devices [8]. A lower frequency 

range is typically used for downlink power transmission to the wireless-powered device. In 

comparison, a higher frequency band is generally used for uplink information transmission to 

the satellite [9].  

Traditional antennas such as microstrip patch antennas have several advantages, such as low 

profile and ease of fabrication, but their use is limited due to their inherent narrow bandwidth. 

Various approaches such as aperture coupling [1], usage of coupled parasites [2], stacking [3], 

[4], E-shaped patch [5], and feed modifications [6], [7] have been explored to extend the 
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bandwidth of a microstrip patch antenna. Different from these methods, the MTS antenna, due 

to its unique multiple radiating gaps, can excite more modes, resulting in broadening the 

bandwidth. 

In this Chapter, two MTS antennas are designed for wireless communication system. One is 

the broadband MTS antenna with a novel hexagonal loop-shaped unit cell structure. The other 

is a dual-band nonuniform MTS-based antenna with hexagonal radiating elements and parasitic 

elements. Dual-band performance is obtained by CRLH structure. 

4.2 Bandwidth of Hexagonal Structure 

The antenna in this Chapter is designed and analyzed in computer simulation technology (CST) 

microwave studio (MWS) software. Different parameters like reflection coefficient (S11), gain, 

radiation patterns, and impedance matching are simulated using the time domain solver in CST. 

Simulations are carried out from 4 to 9 GHz, and the boundary settings of six directions are all 

open.  

In addition, the results like modal significances and characteristic current distributions are 

obtained using the method of the moments-based CMA tool in CST MWS. The boundary of 

the ground plane is set as electric while the rest five boundaries are all set as open, which is 

detailed described in Chapter 3. 

 Radiating Bandwidth Comparison between Unit Cells with Different 

Shapes 

In MTS antennas, the choice of the element structure and the layout of the radiating elements 

determine the resonant frequencies and radiation bandwidth. The antenna performance can be 

improved by optimizing the shape of the radiating elements, as well as the gaps between 

neighbouring elements. In this chapter, the hexagon structure is chosen to design the proposed 

antenna to achieve a wider bandwidth compared with other antennas built based on traditional 

unit cells such as square or circular ones. 

The reason that the hexagonal structure is a suitable option is mainly because unit cells 

incorporating tapered or rounded edges lead to the surface current flowing through smooth 

paths. The smooth transition on the edge of the radiating elements will cause a smaller variation 
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in the input impedance, defined as the impedance seen from the input port of the whole MTS 

antenna with the presence of the feeding structure. Such a difference will lead to broad 

bandwidth performance and impedance matching improvement [19]. Compared with 

conventionally designed square radiating elements [14]-[18], a smoother transition brought by 

hexagonal unit cells will potentially enable the antenna to achieve wider bandwidth 

performance. 

 

Figure 4.1. The modal significance comparison between square, hexagonal and circular 

elements. 

 Gap Effect on Unit Cells with Different Shapes 

 

(a)                                     (b) 

Figure 4.2. The characteristic current distributions on (a) square unit cells and (b) 

hexagonal unit cells. 

The characteristic mode analysis technique is employed to compare the bandwidth of 

hexagonal and square unit cells. With the aid of the characteristic mode analysis, the radiating 

bandwidth of a structure can be predicted without considering the feed. In modal significance, 

the radiating bandwidth of a mode is defined as the range of frequencies within which the 
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power radiated by the mode is no less than one-half the power (equivalent to  𝑀𝑆 =
1

1+j𝜆𝑛
=

1

√2
= 0.707, where λn is the eigenvalue of the generalized impedance matrix) [20]. To make a 

fair comparison, the tessellation of square unit cells and hexagonal unit cells with almost 

identical metallic areas are analyzed, as shown in Fig. 4. 1. By evaluating the modal 

significance at the fundamental frequency, the hexagonal structure can achieve a wider 

radiating bandwidth (41%) than the square one (35%). 

Furthermore, as can be seen in Fig. 4. 2, the characteristic current (depicted using red arrows) 

at the edge of the hexagonal unit cell flows with a much smoother transition, compared with 

that of the square unit cell in which the current is flowing in straight lines. This is consistent 

with the explanations in the last paragraph. Such an appealing property brought by hexagonal 

unit cell will lead to a wider bandwidth. 

However, not all radiating structures with a smooth transition on the edge are suitable choices, 

particularly when considering the influence on the bandwidth brought by gaps between 

neighbouring unit cells. One representative example is the circular patch which has the 

smoothest structural transition. When the circular unit cells are used, gaps between composing 

elements cannot be kept constant. As demonstrated in [19], the bandwidth can be affected by 

changing impedance values. When considering potential influence between neighbouring unit 

cells, the transition of gaps between neighbouring circular unit cells is not constant, compared 

with that of hexagonal ones or square ones.  

To evaluate the gap effect on unit cells with different structures, the equivalent circuit has been 

used to do the comparison. The equivalent circuit provides a simple and quick way to 

understand the behaviour of unit cells. For the period unit cell, the equivalent inductive (L) and 

capacitive (C) construct the circuit. Both L and C values of the equivalent circuit are commonly 

calculated using (1) and (2), where d, p, s, and g are the unit size, period size, loop width, and 

gap width. θ is the incidence angle, which is 0 here. 

𝑋𝐿

𝑍0
= ωL =

𝑑

𝑝
cos 𝜃 𝐹(𝑝, 2𝑠, 𝜆, 𝜃)                                     (4. 1) 

𝐵𝐶

𝑌0
= ωC = 4

𝑑

𝑝
sec 𝜃 𝐹(𝑝, 𝑔, 𝜆, 𝜃)𝜀𝑒𝑓𝑓                                  (4. 2) 

where 
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𝐹(𝑝, 𝑤, 𝜆, 𝜃) =
p

𝜆
[ln (csc

𝜋𝑤

2𝑝
) + 𝐺(𝑝, 𝑤, 𝜆, 𝜃)]                          (4. 3) 

𝐺(𝑝, 𝑤, 𝜆, 𝜃) =
1

2


(1−𝛽2)2[(1−
𝛽2

4
)(𝐴++𝐴−)+4𝛽2𝐴+𝐴−]

(1−
𝛽2

4
)+𝛽2(1+

𝛽2

2
−

𝛽4

8
)(𝐴++𝐴−)+2𝛽6𝐴+𝐴−

                   (4. 4) 

with 

𝐴± =
1

√[1±
2𝑝 sin 𝜃

𝜆
−(

𝑝 cos 𝜃
𝜆

)
2

]

− 1                                          (4. 5) 

𝛽 = sin(
𝜋𝑤

2𝑝
)                                                   (4. 6) 

𝜀𝑒𝑓𝑓 = 0.5(𝜀𝑟 + 1)                                              (4. 7) 

According to the equations from (1) to (7) [21]-[22], the inductance value of unit cell with 

square solid structure (Lsq) is 1.89 (nH) while the capacitance value of that (Csq) is 2.43 (pF). 

The inductance value of unit cell with circle solid structure (Lcir) is 2.38 (nH) while the 

capacitance value of that (Ccir) is 1.78 (pF). The inductance value of unit cell with hexagon 

solid structure (Lhex) is 1.7 (nH) while the capacitance value of that (Chex) is 2.73 (pF). The gap 

effect on different structures, which is equivalent from capacitance value, can be concluded as: 

Chex > Csq > Ccir. The equivalent capacitance value of hexagon unit cell is largest among these 

three structures. 

In short, the hexagonal structure has a wider bandwidth than the other two. Therefore, it is 

chosen as the radiating element. 

4.3 Design Ⅰ: Broadband MTS Antenna Design with Hexagonal Loop 

Elements 

 Antenna Design 

1) Mode analysis in a basic MTS antenna with hexagonal radiating unit cells 

To achieve broadband performance as analyzed above with the simplest and most compact 

settings, a basic MTS antenna using hexagonal unit cells is designed. In this model, the basic 

MTS antenna consists of the MTS layer and the feeding layer. The geometry and detailed 

dimensions of the MTS layer and the feeding layer are shown in Fig. 4. 3(a). These two layers 
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are coupled through an aperture. A Rogers RO4003c substrate is used to connect these two 

parts, of which the relative dielectric constant is 3.38. The heights of the first and the second 

layers are 3.18 mm and 0.813 mm, respectively. 

Potentially, both the TE and TM modes could be excited using MTS antennas. Nevertheless, 

as shown in Fig. 4. 3(a), the basic antenna is fed by a microstrip line, along the y-axis and 

perpendicular to the z-axis. It is coupled to the MTS layer via the aperture on the ground plane. 

Consequently, there is no electric field vector parallel with the MTS surface generated by this 

feeding structure. In this sense, since the feed is underneath the center of the hexagonal units, 

TE modes cannot be excited. On the contrary, TM modes can be easily excited, including the 

fundamental and higher TM modes. The fundamental TM mode is excited since the 

electromagnetic wave will be coupled from the microstrip line to the center of the MTS via the 

center of the aperture. In more detail, it is the fundamental patch TM01 mode since the feed is 

parallel with the y-axis. Fig. 4. 3(b) verifies this since the direction of the magnetic field on the 

MTS is along the x-axis.  

 

Figure 4.3. (a) Geometry of the basic MTS antenna using hexagonal radiating elements: 

MTS layer and feed layer (Dimensions: W= 60 mm, l= 10.5 mm, g= 1 mm, lg= 25 mm, wg= 

2.4 mm, ls= 35.5 mm, ws= 1.55 mm). The magnetic field distributions at (b) the 1st 

frequency and (c) the 2nd frequency on the xoy plane. 

Apart from the fundamental patch TM01 mode, it is also possible that higher TMxy modes can 

be excited. The values of x and y are decided by different factors, which will be discussed as 

follows. 
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The value of x should be odd. As can be seen in Fig. 4. 3(a), for hexagonal tessellation, the unit 

cells have to be placed in a staggered manner. Otherwise, non-tessellation or overlapping will 

occur if they are aligned in a conventional way as the case for square unit cells. Based on this 

staggered geometry, units 1 and 2 are symmetric along the y-axis. In the area above the feed 

line, e.g. on unit 4 or on the gap between unit 1 and 2, the magnetic field must be parallel to 

the MTS surface along the x-axis. Therefore, the directions of the magnetic field on units 1 and 

2 must be in the same direction. The same applies to units 6 and 7 due to symmetry. Since the 

magnetic field must form complete loops, the number of loops along the x-axis direction must 

be an odd number. The directions of the magnetic field on unit 1 and unit 2 cannot be the same 

if the number of loops was an even number.  

Differently, the value of y is determined by the number of horizontal radiating gaps that are 

parallel to the aperture on the ground plane. Vertical gaps are not radiating because they are 

orthogonal to the aperture. For this reason, y is equal to 2 for lower modes since there are only 

two horizontal radiating gaps in this basic MTS antenna. 

To verify the prediction, the magnetic field distributions at the 2nd resonant frequency are 

illustrated in Fig. 4. 3(c). In each horizontal radiating gap, there will be one single closed 

magnetic field loop. Therefore, the MTS antenna operates at the TM12 mode. Higher modes 

are possible, but it will be beyond the frequency of interest. 

2) Mode analysis of the MTS antenna with hexagonal loop elements 

To achieve a broader operating bandwidth, two changes are made to the fundamental antenna. 

Firstly, 12 extra hexagonal loop unit cells are placed outside of the basic MTS antenna, as 

shown in Fig. 4. 4. Secondly, hexagonal loop unit cells are used instead of hexagonal patch 

ones. This is because using loops can lower the resonant frequency of the MTS antenna [16]. 

The feeding structure is kept the same as the basic MTS antenna. In the proposed MTS antenna, 

there are in total 19-unit cells placed to form three concentric rings, namely the inner, the 

middle, and the outer ring with one, six, and 12-unit cells, respectively. Let UC-i denote the 

unit cell indexed as i as shown in Fig. 4. 4. The notation of the unit cell set can be defined as 

{UC-i, i∈I}, where the set of I contains all the possible indices. Based on this, for the inner 

ring, it is UC-10. For the middle ring, it is {UC-i, i∈{5, 6,  9, 11, 14, 15}}. For the outer ring, 

it is {UC-i, i∈{1, 2, 3, 4, 7, 8, 12, 13, 16, 17, 18, 19}}. These three rings are seen in Fig. 4. 4. 
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The unit cells in the inner and middle rings are of the same size. The size of unit cells in the 

outer ring is slightly smaller than those in the inner and middle rings, to be discussed later. 

 

Figure 4.4. Geometry of the proposed MTS antenna using hexagonal loop unit cells. (a) 

Top view. (b) Bottom view. (c) Side view. (W= 60 mm, li= 10.5 mm, lo= 9.5 mm, wi= 2.6 

mm, wo= 2.3 mm, gi= 1 mm, go= 1.7 mm, lg= 25 mm, wg= 2.4 mm, ls= 35.5 mm, ws= 1.55 

mm). 

The same mode analysis method will be used to see only TMxy modes can be excited. 

Specifically, the fundamental TM01 mode can still be excited since the microstrip line of the 

aperture coupled feeding part is along the y-axis. If x is not 0, it can only be an odd positive 

integer, as discussed in previous section. 

As can be seen in Fig. 4. 4, there are in total four horizontal radiating gaps in the proposed 

MTS antenna. Therefore, y=2 or 4. Except for TM01, two kinds of TM modes (TMx2 or TMx4) 

can be possibly excited. The resonant frequencies of modes with x>1 are too high for the 

operational band of interest. The resonant frequencies of modes with y≥4 are also very high. 

These high modes are not considered in this design. Therefore, only the TM12 mode can be 

excited. 

However, the TM12 mode can be excited in different ways, i.e., at different radiating positions 

corresponding to different resonant frequencies. To better demonstrate this, those involved unit 

cells are divided into five rows. As shown in Fig. 4. 4, the 1st row to the 5th row contain unit 

cells {UC-i, 1≤i≤3},  {UC-i, 4≤i≤7}, {UC-i, 8≤i≤12}, {UC-i, 13≤i≤16}, and {UC-i, 
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17≤ i≤19}, respectively. Since the unit cells are symmetric, the electromagnetic field 

distribution on elements from the 1st to the 3rd rows will be symmetric to that from the 3rd to 

the 5th row. In the top half {UC-i, 1≤i≤12} in Fig. 4. 4, closed magnetic field loops can be 

excited in two positions. One loop can be excited around the gaps between the 1st and the 2nd 

row. Another loop can be excited around the gaps between the 2nd and the 3rd row. In each case, 

the loop can involve different units. 

3) Study on the excited modes 

To verify the prediction above, the operation of the antenna is evaluated by simulation. Five 

resonant frequencies can be observed in the simulation. The magnetic field distributions on the 

xoy planes are shown in Fig. 4. 5. The magnetic field along the MTS layer is marked in black.  

 

Figure 4.5. The magnetic field distributions on the xoy plane at (a) the 1st frequency, (b) 

the 2nd frequency, (c) the 3rd frequency, (d) the 4th frequency and (e) the 5th frequency. 

For the fundamental mode, the magnetic field distribution is similar to the patch antenna 

operating in the TM01 mode [10]. At the 2nd resonant frequency, in terms of the magnetic field, 

two closed magnetic loops can be observed on the gaps between unit cells {UC-i, i∈{4, 5, 6, 
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7, 9, 10, 11}} and {UC-i, i∈{9, 10, 11, 13, 14, 15, 16}}. The MTS antenna operates in an anti-

phase TM12 mode.  

The MTS can operate in the TM12 mode in different ways. Another two resonant frequencies 

can be generated. As can be seen in Fig. 4. 5(c) and (d) at the 3rd and 4th frequencies, 

respectively, the MTS operates in the anti-phase TM12 mode as well. However, these two 

modes differ from each other since the corresponding magnetic loops are in different areas. At 

the 3rd resonant frequency, two closed magnetic loops are mainly generated by unit cells {UC-

i, 1≤i≤7}, and its symmetric area on the bottom half of the MTS surface. While at the 4th 

resonant frequency, the two loops are in the region of unit cells {UC-i, i∈{1, 2, 3, 5, 6}} and 

its symmetric region. Since the effective area shaping the magnetic loop at the 3rd frequency is 

larger than that at the 4th one, the 3rd frequency is lower than the 4th frequency. 

Due to that a similar number of unit cells are involved in the generation, the 2nd and 3rd 

frequencies would have been very close to each other. To separate the two frequencies, the 

units in the outer ring are slightly smaller than the units in the middle and inner rings. The 3rd 

frequency will be shifted higher, to improve the in-band performance of the antenna. 

At the 5th resonant frequency, in Fig. 4. 5(e), two closed magnetic loops are present around unit 

cells {UC-i, i∈{5, 6, 10}} and its symmetric region {UC-i, i∈{10, 14, 15}}. The magnetic 

field distribution pattern suggests that the MTS still mainly operates at the TM12 mode. 

However, since the operating frequency is relatively high, the surrounding unit cells {UC-i, i

∈{1, 3, 4, 7, 8, 12, 13, 16, 17, 19}} also make the contribution to the radiation. As a result, 

this radiation is influenced both by the anti-phase TM12 mode and parasitic element effect. 

 Parametric Studies 

A. Unit Size 
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Figure 4.6. The S-parameter comparison of the antenna (a) with the same size of unit cells 

and the antenna with different sizes of unit cells on the MTS layer and (b) with different 

widths of unit cells. 

It is interesting to investigate the effect of altering the dimensions of unit cells on different 

rings. It is noticed that each magnetic field loop is mainly generated by seven-unit cells at the 

2nd and the 3rd frequency, as shown in Fig. 4. 5(b) and (c) respectively. The loops of the 2nd 

frequency are generated by unit cells on the middle and inner rings, while the loops of the 3rd 

frequency are on the middle and outer. Thus, a simple comparison is conducted by applying 

two different unit cell dimension settings: one is when all the unit cells are of the same size and 

the other is when the size of unit cells on the outer ring is different from the middle and inner 

rings. Such a variation will affect the anti-phase TM12 modes at the 2nd and the 3rd frequencies 

differently. The comparison result is shown in Fig. 4. 6. It can be clearly seen that when unit 

cells are of the same size, the 2nd and the 3rd frequencies are very close to each other. When the 

ratio of the size of unit cells on the outer ring to that of others decreases, the difference between 

the 2nd frequency and 3rd frequency will increase. By changing the ratio of lo/li  from 1 to 0.85, 

the difference of the two resonant frequencies is increased from 0 to 0.65 GHz. Therefore, the 
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bandwidth can be increased, or the in-band performance can be improved by tuning the size of 

unit cells on the outer ring. 

A further study is carried out to evaluate the effect of the width of the hexagonal loop. It has 

been studied in [16] that changing the width of a square loop will alter the resonant frequency 

of the loop. When the loop width wi is decreased the resonant frequencies of all modes (the 1st 

frequency to the 5th frequency) will drop accordingly. 

B. Gap Width 

 

Figure 4.7. (a) The voltage difference, (b) the current distributions on the MTS layer at 

the 1st resonant frequency, and (c) the S-parameter comparison of the antenna with 

different gap widths between unit cells. 

When the gap width between each unit cell is decreased, the 1st frequency will decrease 

dramatically, while other frequencies remain almost stable. This is because the electric field 

distribution for the fundamental mode leads to the significant voltage difference between 

adjacent unit cells [24]. The capacitance between unit cells significantly pulls the resonant 

frequency downward. In contrast to the fundamental mode, the resulted voltage differences are 
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much mixed in other modes. It leads to insignificant variations on other resonant frequencies, 

as shown in Fig. 4. 7(a).  

At the fundamental frequency, due to the electric field distribution pattern at the TM01 mode, 

the corresponding current distributions on all units are polarized on the y-direction and in phase 

across the entire MTS layer. It will induce positive charges to accumulate on the bottom part 

of each row of unit cells and negative ones on the top part, as shown Fig. 4. 7(b).  

As investigated in [24], due to the voltage difference between gaps at the fundamental 

frequency, increasing the capacitance between adjacent unit cells will significantly lower the 

resonant frequency. When considering the gap effect, hexagonal loop elements will form far 

greater equivalent capacitance compared with other types of elements, e.g., square ones [23].  

Further verification of the relationship between the gap width and the frequency of the 

fundamental mode is shown in Fig 4. 7(c). When the gap width is decreased from 1.2 mm to 

0.6 mm, the fundamental frequency was lowered by 16.7%, from 5.6 GHz to 4.8 GHz. 

Differently, because the electric field distributions are not as uniform in other modes, the gap 

width has much less effect on other resonant frequencies, as can be seen in Fig. 4. 7(c). 

In summary, decreasing the gap will significantly lower down the 1st frequency, while the 

resonant frequencies of other modes will be kept relatively constant. Taking this effect into 

consideration, the bandwidth of the antenna can be broadened by optimizing the gap width. 

 Experimental Results 

 

Figure 4.8. Experiment setup. 

The experimental setup is shown in Fig. 4. 8. The horn antenna works as the transmitting 

antenna while the MTS antenna serves as the receiving antenna. The transmitting antenna and 
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the receiving antenna are set in the line of sight aligned to each other. The distance between 

them is kept as 
2𝐷2

λ
 (guarantee far-field environment), where the maximum overall dimension 

of the antenna is D, and 𝜆 is the operating wavelength. Two cables on Port 1 and Port 2 of the 

vector network analyzer (VNA) are connected to the transmitting and receiving antennas, 

respectively. The receiving antenna is fixed to the stand whose rotation can be controlled by 

the stepper motor controller. 

VNA can directly read the S11 and bandwidth of the receiving antenna. For the radiation 

patterns measurement, rotate the receiving antenna stand from 0 to 360° on its axis in steps of 

30° and record the S21 reading from VNA. After that, repeat the measurement for radiation 

pattern in another plane (E-plane) by rotating both transmitting and receiving antennas by 90°. 

 

Figure 4.9. (a) Photographs of the fabricated antenna. Simulated and measured (b) S 

parameters and (c) gain of the proposed antenna. 

To validate the proposed design method, an MTS antenna using hexagonal loop unit cells was 

prototyped and measured, shown in Fig. 4. 9(a). Dimensions of the antenna are illustrated in 

Fig. 4. 4. 
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Figure 4.10. The simulated and measured radiation patterns of the proposed antenna at 

(a) 5.1 GHz, (b) 6.4 GHz, (c) 6.9 GHz, (d) 7.5 GHz and (e) 8.1 GHz. 

Fig. 4. 9(b) presents a comparison between the simulated and measured S-parameters. The 

simulated bandwidth with a reflection coefficient better than -10 dB is from 4.65 to 8.3 GHz 
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while the measured bandwidth is from 4.7 to 8.5 GHz. The fractional bandwidth of the 

measurement results is 57.6%, and the resonance frequencies are 5.1, 6.4, 6.9, 7.6, and 8.1 GHz, 

respectively. As a comparison, the simulated fractional bandwidth is 56.3%. As shown in Fig. 

4. 9(c), the simulated gain is from 7.7 to 11 dBi. By contrast, the measured gain is 7 to 11 dBi, 

which agrees with the simulated results very well. 

The simulated and measured normalized radiation patterns at 5.1 GHz, 6.4 GHz, 6.9 GHz, 7.5 

GHz, and 8.1 GHz are shown in Fig. 4. 10. They are in consistent agreement with the simulation. 

Due to the symmetrical feeding design, both the simulated and measured cross-polarization 

levels at boresight are below -30 dB in both the x-z and y-z planes across the operating 

frequency band. As can be seen, the proposed antenna has a very directional pattern at 5.1 GHz 

and 6.4 GHz. Meanwhile, the radiation patterns at 6.9 GHz and 7.5 GHz are with small side 

lobes. By contrast, relatively greater side lobes can be found in patterns at 8.1 GHz, which is 

mainly caused by the complexity of modes at higher frequencies. The discrepancy between the 

simulated and measured cross-polarization levels might be caused by the SMA connector used 

in the measurement, the fabrication errors, and the test environment variations. 

Table Ⅲ. Performance Comparison of Broadband Directional Metasurface Antennas. 

Reference Antenna Size 

(mm3) 

Centre 

Frequency 

(GHz) 

10 dB 

Impedance 

Bandwidth 

(%) 

3 dB Gain 

Bandwidth 

(%) 

Peak Gain 

(dBi) 

[11] 1.1 λ0 × 1.1 λ0 × 0.09 

λ0 

5.3 GHz 44% 45% 11.6 

[12] 2.0 λ0 × 2.0 λ0 × 0.16 

λ0 

6.5 GHz 55% N/A (50%) 11.8 

[13] 1.0 λ0 × 1.0 λ0 × 0.075 

λ0 

5.6 GHz 25% 18% 10.3 

[14] 1.1 λ0 × 1.1 λ0 × 0.06 

λ0 

6.0 GHz 54% 32% 10.7 

[25] 1.2 λ0 × 1.2 λ0 × 0.09 

λ0 

7.0 GHz 67.3% N/A (45%) 9.2 

This work 1.2 λ0 × 1.2 λ0 × 0.09 

λ0 

6.5 GHz 56% 48% 11.2 

P.S. ‘N/A’ means no relevant data in this reference. 
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The performance of the proposed antenna is compared with other broadband directional MTS 

antennas in Table Ⅲ. Particularly, designs in [11]-[12] aim at improving the antenna 

performance by increasing the number of the MTS layers. The proposed hexagonal MTS 

antenna has achieved a similar fractional bandwidth (56%) with a single MTS layer compared 

with [12] (55%), and broader bandwidth than [11] (44%). Compared with other relevant 

designs, e.g., [13], [14], the proposed hexagonal MTS antenna has achieved a broader 3 dB 

gain bandwidth (48% of the proposed one compared with 18% and 32% obtained by [13] and 

[14] respectively). 

4.4 Design Ⅱ: Dual-Band MTS Antenna Design with Shorting Pins 

 Antenna Design 

1) Mode analysis in a dual-band MTS antenna with shorting pins 

 

Figure 4.11. Geometry of the proposed MTS antenna using nonuniform unit cells. (a) 

MTS layer. (b) Ground plane layer. (c) Feedline layer. (d) Side view. 

The layout of the proposed antenna is shown in Fig. 4. 11. The detail dimensions are: W= 45 

mm, l2= 13 mm, aw= 18 mm, ah1= 5.2 mm, ah2= 5.2 mm, g= 0.8 mm, g0= 0.7 mm, ucw= 2.3 
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mm, r= 0.25 mm, u2x= 4.5 mm, u2y= 1.2 mm, ax= 3.7 mm, ay= 1.5 mm, fd_w= 1.9 mm, fd_l= 

4 mm, fd_moving= 0.5 mm, gdcw= 0.9 mm, gdend_w= 10 mm, gdend_l= 9.3 mm. Firstly, a 

basic MTS antenna using seven hexagonal radiating unit cells with a center slot is designed. 

Next, to further improve the impedance bandwidth while keeping the structure compact, six 

polygon-shaped parasitic unit cells are added around the seven hexagonal radiating unit cells. 

Then, to achieve a lower frequency band at around 2.45 GHz, shorting pins are added at ten of 

these radiation unit cells. The positions of the shorting pins will affect the impedance 

bandwidths both at the lower frequency and the higher frequency band, to be discussed further 

in the next section. 

The proposed nonuniform MTS antenna consists of the MTS layer, the ground plane layer, and 

the feedline layer. Two substrate materials are used to connect these three-layer structure 

respectively. A Rogers RT5870 substrate is used for connecting the MTS layer and the ground 

plane layer, whose dielectric constant and thickness are 2.33 and 3.18 mm respectively. An 

alternative substrate material TMM6 is used to support the ground plane layer and the feedline 

layer. The geometry and detailed dimensions of the above-mentioned layers are shown in Fig. 

4. 11(a), (b) and (c). 

2) Mode analysis of the MTS antenna with shorting pins 

 

Figure 4.12. Modal significance of the proposed MTS. 
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Figure 4.13. Modal current distributions of (a) Mode 1, (b) Mode 2, (c) Mode 3, and (d) 

Mode 4. 

 

Figure 4.14. Modal radiation patterns of (a) Mode 1, (b) Mode 2, (c) Mode 3, and (d) 

Mode 4. 

For symmetry, simplicity and compactness, regular tessellation structures are desirable shapes 

to construct an MTS. The hexagonal structure can potentially achieve the broadest bandwidth, 

compared with the other tessellation shapes [28].  

To better understand the modes excited in this proposed antenna, the proposed MTS layer is 

analyzed by the characteristic mode analysis with simulation software CST MWS and the first 

four modes are calculated. The boundary of the ground plane is set as electric while the rest 

five boundaries are all set as open, which is detailed described in Chapter 3. Simulations are 

carried out from 4 to 9 GHz. The modal significance, modal current distributions, and modal 
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radiation patterns at resonant frequencies are illustrated in Figs. 4. 12-4. 14. As shown in Fig. 

4. 12, Mode 1 resonates at 5.3 GHz. The corresponding current distributions of Mode 1 on the 

MTS layer mainly in the same direction, as shown in Fig. 4. 13(a). The modal radiation pattern 

of Mode 1 has a main lobe which is orthogonal to MTS layer, as shown in Fig. 4. 14(a). Mode 

2 resonates at around 5.9 GHz. As shown in Fig. 4. 13(b), the modal current distributions of 

Mode 2 are similar to Mode 1. This current distribution produces a main lobe orthogonal to 

MTS layer. 

Mode 3 resonates at 7.0 GHz. For the modal current distributions shown in Fig. 4. 13(c), the 

modal currents on the hexagonal elements on the 2nd and the 4th row are in the same direction. 

While those on the four diamond-shape parasitic elements are of opposite directions to adjacent 

hexagonal elements. In addition, the modal currents on the hexagonal elements on the 3rd row 

form a circle. The resonant frequency of this mode can be tuned by changing the size of the 

four parasitic elements, so that overall operational bandwidth of the MTS based antenna can 

be adjusted. The radiation pattern of Mode 3 has a main lobe and two side lobes. By contrast, 

Mode 4 resonates at around 7.6 GHz. As presented in Fig. 4. 13(d), the modal current 

distributions on the seven hexagonal radiating elements are directed in the same direction while 

those on the four parasitic elements are with the opposite direction. The modal radiation pattern 

of Mode 4 is similar to that of Mode 3. To effectively excite these four modes, an aperture-

coupled feeding structure is used [26], [27]-[28]. 

4.4.1.1 Dual-band Performance 

To generate a mode in the lower frequency band to achieve dual-band performance, shorting 

pins are added to the radiating elements. The mushroom-like unit cell, namely, a composite 

right-/left-handed (CRLH) structure, contains both left-handed (LH) and right-handed (RH) 

parts. In the structure of the mushroom-like unit cell, the metallic radiating elements can 

provide series inductance. The gaps between metallic radiating elements can provide series 

capacitance. The shorting pins connecting the radiating elements and the ground plane can be 

viewed as shunt inductors. The gaps between radiating elements and the ground plane have 

shunt capacitance. Among these equivalent components, the series inductance and the shunt 

capacitance mainly contribute to the RH resonance operation modes at the higher frequency 

band. Meanwhile, the shunt inductance and the series capacitance mainly contribute to the LH 

operation modes at the lower frequency band. Dual-band antenna performance can be achieved 

by the RH and LH resonance operation modes. 
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Figure 4.15. Mushroom-like unit cells. (a) hexagonal unit cell arrangement and (b) cross-

section of hexagonal unit cell. 

Fig. 4. 15(a) shows the hexagonal unit cell arrangement of the proposed antenna. Fig. 4. 15(b) 

illustrates the cross-section view of the hexagonal unit cells. Adjacent unit cells are connected 

to ground by shorting pins. The fringing coupling between the adjacent unit cells generates 

series capacitance. The current loop along the shorting pins, the unit cells and the bottom 

ground plane constitute inductance. Hence, the resonance at the lower frequency is produced 

by this capacitance and inductance. 

4.4.1.2 Position of Shorting Pins 

    

Figure 4.16. Electric field distributions of the proposed MTS antenna at four resonant 

frequencies in the higher frequency band, with (a) 5.0, (b) 5.8, (c) 7.0 and (d) 7.6 GHz.  

More importantly, the positions of the shorting pins at each radiating element can affect the 

excited modes in both the lower and higher frequency bands. The main consideration is that 
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the shorting pins should not affect the desired modes excited at the higher frequency band too 

much. If the shorting pins are added at the nulls of the electric field distribution, the existence 

of these shorting pins will not greatly affect the above-mentioned TM modes in the higher 

frequency band due to the equal electric potentials at the two opposite ends of the shorting pins. 

The positions of the shorting pins are marked as black dots as shown in Fig. 4. 16. The positions 

of common nulls of electric field distributions at these four resonant frequencies are around: 

upper-right part of unit 1 and unit 3, lower-right part of unit 8 and unit 10, upper-left part of 

unit 2 and unit 4, lower-left part of unit 9 and unit 11, and the center part of unit 5 and unit 7. 

 Parametric Studies 

It is important to understand the relationship between the main parameters and the resonant 

frequencies in both lower and higher bands. Hence, three related parameters are swept to study 

their effect on antenna performance. They are the size of the hexagonal element (L2 shown in 

Fig. 4. 11), the gap between radiating unit cells g, and the radius of the shorting pin r. 

In the higher frequency band, the fundamental resonant frequency is mainly related to the 

dimensions of radiating unit cells. It can be clearly seen in Fig. 4. 17(a) that in the higher 

frequency band, the larger the value of L2, the lower the resonant frequencies. By contrast, this 

relationship is reversed in the lower frequency band. 

Apart from the dimensions of radiating unit cells, the gap between adjacent radiating unit cells 

will also affect the bandwidth since the fundamental frequency will be affected by gap. This is 

verified by the S-parameter curves shown in Fig. 4. 17(b). When the gap width was decreased 

from 1.2 mm to 0.8 mm, the fundamental frequency of the higher frequency band was lowered 

by 10%, from 5.4 GHz to 4.9 GHz while the fundamental frequency of the lower frequency 

band was lowered by 17%, from 2.45 GHz to 2.05 GHz. In the lower frequency band, the 

impedance bandwidth is related to the series capacitance and shunt inductance, which are 

determined by the gap width and the radius of the shorting pins respectively. When the radius 

of the shorting pins is decreased from 0.45 mm to 0.05 mm, the resonant frequency is decreased 

as well, as can be seen in Fig. 4. 17(c). The radius of the pins has little effect on the higher 

radiation band, as the inductance produced by the pins contribute very little to the RH operation 

resonance. 
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(a) 

 

(b) 

 

(c) 

Figure 4.17. Parametric studies of the proposed antenna, with the variation of (a) the 

hexagon-shaped unit size (L2), (b) the gap width between the unit cells (g), and (c) the 

radius of the shorting pins (r). 
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 Experimental Results  

 

Figure 4.18. Experiment setup. 

The experimental setup is shown in Fig. 4. 18. The horn antenna works as the transmitting 

antenna while the MTS antenna serves as the receiving antenna. The transmitting antenna and 

the receiving antenna are set in the line of sight aligned to each other. The distance between 

them is kept as 
2𝐷2

λ
 (guarantee far-field environment), where the maximum overall dimension 

of the antenna is D, and 𝜆 is the operating wavelength. Two cables on Port 1 and Port 2 of the 

vector network analyzer (VNA) are connected to the transmitting and receiving antennas, 

respectively. The receiving antenna is fixed to the stand whose rotation can be controlled by 

the stepper motor controller. 

VNA can directly read the S11 and bandwidth of the receiving antenna. For the radiation 

patterns measurement, rotate the receiving antenna stand from 0 to 360° on its axis in steps of 

30° and record the S21 reading from VNA. After that, repeat the measurement for radiation 

pattern in another plane (E-plane) by rotating both transmitting and receiving antennas by 90°. 

To validate the proposed design method, an MTS-based antenna with hexagonal unit cells and 

parasitic elements was prototyped and measured, shown in Fig. 4. 19(a). Dimensions of the 

antenna are illustrated in Fig. 4. 11. 
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Figure 4.19. (a) Photographs of the fabricated antenna. Simulated and measured (b) S-

parameters and (c) gains of the proposed antenna. 

Fig. 4. 19(b) presents a comparison between the simulated and measured S-parameters. The 

simulated bandwidth with a reflection coefficient better than -10 dB in the lower frequency 

band is from 2.25 to 2.9 GHz and in the higher frequency band is from 4.95 to 8.35 GHz. By 

contrast, the measured bandwidths in the lower and higher frequency band are from 2.35 to 2.9 

GHz and from 4.9 to 8.3 GHz respectively. In the lower frequency band, the simulated and 

measured fractional bandwidths are 25% and 21%, respectively. In the higher frequency band, 

the simulated and measured factional bandwidths are 50% and 51.5%, respectively. The 

difference between simulated and measured results is mainly due to fabrication precision. 

Especially the tightness between two substrate materials, which was bonded together using 
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plastic screws, has a greater effect at higher frequencies. The comparison between the 

simulated and the measured gain of the antenna is shown in Fig. 4. 19(c). In the lower frequency 

band, the range of the simulated gain is from 4.8 to 5.6 dBi, compared with the scope of the 

measured gain is from 4.4 to 5.0 dBi. In the higher frequency band, the ranges of simulated and 

measured gain are from 6.5 to 9.8 dBi and from 6.1 to 9.6 dBi respectively. It should be noted 

in Fig. 4. 19(b) that there exists a resonant frequency at around 3.8 GHz. This resonant 

frequency is the zeroth-order mode in the CRLH structure. 

 
(a) 

 
(b) 

 
(c) 
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(d) 

 
(e) 

 
(f) 

Figure 4.20. Simulated and measured radiation patterns of the proposed antenna at (a) 

2.5 GHz, (b) 3.0 GHz, (c) 5.0 GHz, (d) 6.0 GHz, (e) 7.0 GHz and (f) 7.5 GHz. 

The normalized radiation patterns of the proposed antenna in the lower and higher frequency 

band at 2.5, 3.0, 5.0, 5.8, 7.0 and 7.6 GHz are shown in Fig. 4. 20. The simulated and measured 

results are in good agreement. Due to the symmetry of the feeding structure, both the simulated 

and measured cross-polarization levels at boresight are below -30 dB in both the xoz and yoz 

planes over the two operating frequency bands. As can be seen, the proposed antenna has a 

very directional radiation pattern at 2.5, 3.0, 5.0 and 5.8 GHz. While the radiation patterns at 

7.0 GHz and 7.6 GHz have slightly higher side lobes. Overall, consistent boresight radiation 

with a low cross-polarization level has been achieved across both operating frequency bands. 

The size, fractional bandwidth, gain and type of proposed dual-band antenna are compared 

with the other works, as summarized in Table Ⅳ. As can be seen, the fractional bandwidths 

achieved by the patch antenna [29]-[30] are less than 20% in both frequency bands and the size 

is not compact enough. Compared with patch antennas, MTS-based antennas, such as those in 

[32] and our proposed work, are with a more compact size and broader fractional bandwidths 

in both frequency bands. The metamaterial in [31] is taken as an artificial magnetic conductor, 

so there exists an additional antenna in the whole design, which will increase the size. 

Additionally, two bandwidths in [31] are both narrower than those in our proposed antenna  
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design. Therefore, compared with these designs, the proposed dual-band MTS antenna has 

achieved broader bandwidths, especially at the higher frequency band.  

4.5 Summary 

Two MTS antenna designs with bandwidth improvement are proposed for modern wireless 

communication systems. The unit cells of these two designs are both with hexagonal structure 

to extend the bandwidth. This chapter explains the benefits of hexagon-shaped unit cells in 

detail. To further design the dual- broadband MTS antenna, CRLH structure is introduced to 

provide the other band. Then, the appropriate positions of shorting pins are selected to 

extend/remain the bandwidth. This chapter verifies that the geometry of unit cell will affect the 

antenna bandwidth and positions of shorting pins in CRLH structure are critical. 

Table Ⅳ. Performance Comparison of the Dual-band Directional Antennas. 

Ant. Type Ref. No. Dimensions (mm3) 
Center Frequency 

(GHz) 

Fractional 

Bandwidth (%) 
Peak Gain (dBi) 

Patch Antenna 

[29] 0.8 λ0 × 0.6 λ0 × 0.006 λ0 2.4/5.8 17.67/9.61 2.0/5.58 

[30] 0.49 λ0 × 0.49 λ0 × 0.089 λ0 2.45/5.35 3.42/17.15 6.97/10.37 

Metasurface 

Antenna 

[31] 0.86 λ0 × 0.86 λ0 × 0.088 λ0 2.4/5.4 15.6/9.3 7.2/7.3 

[32] 0.264 λ0 × 0.24 λ0 × 0.034 λ0 2.45/5.8 25.8/15.1 2.0/6.9 

This work 0.375 λ0 × 0.375 λ0 × 0.035 λ0 2.45/5.8 25/50 5.3/9.8 
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Chapter 5 Aperture Sharing MTS-Based Wide-

Beam Antenna for Energy Harvesting 

Metasurface (MTS) antenna can excite different MTS modes due to its unique structure with 

multiple radiating gaps. Exciting different MTS modes with different frequencies but similar 

directional radiation patterns simultaneously can achieve an MTS antenna with broad bandwidth. 

Alternatively, exciting different MTS modes with similar frequencies but various radiation 

patterns effectively can obtain an MTS antenna with wide beamwidth. 

5.1 Introduction 

Besides the broadband performance, the wide beamwidth performance is also attractive in 

antenna performance improvement. The wide beamwidth property will make the MTS antenna 

suitable for energy harvesting systems. 

The rectenna, which consists of an antenna, a matching network, and a rectifying circuit, is 

commonly used to realize RF energy harvesting. The overall performance of a rectenna is 

determined by the performance of the antenna and the efficiency of the rectifying circuit [1]-

[2]. In practice, if the antenna does not receive enough power from the surrounding 

environment, the rectenna efficiency will be less than desired. One solution is to increase the 

input power levels of the antenna in multiple directions, which requires the use of wide-beam 

or multi-beam antennas to successfully collect incident RF waves from different directions [3]. 

However, if a wide-beam antenna with one port is used to collect the power, the antenna will 

inevitably have a low gain, hence a low level of sensitivity due to the low power density. This 

is because, for a one-port antenna, the gain is normally inversely proportional to the beamwidth 

[4]. To resolve this problem, the utilization of a wide-beam (or multi-beam) antenna with 

multiple ports could be a solution. By using multiple ports, the potential of the antenna aperture 

can be maximized since each port can be assigned to excite one beam focusing on one direction 

[5].  

The MTS antenna can realize the wide beamwidth performance excited by multiple ports. For 

a conventional N×N MTS antenna, the unit cells on the MTS layer can be regarded as the 
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radiator. Thanks to these unit cells, single/multiple transverse magnetic (TM) /transverse 

electric (TE) mode(s) can be excited successfully by using appropriate feeding methods. It has 

been proved that, by using appropriate feeding methods, different radiation patterns can be 

achieved, such as directional, directional with tilted angles, omnidirectional, and end-fire 

radiation patterns [9]-[12]. It indicates that an MTS antenna has the potential to be excited in 

different ways to realize the desired radiation pattern. 

Therefore, for MTS antennas, different modes with different radiation patterns can be excited 

by suitable feeding methods. By exciting these different modes simultaneously, a wide 

beamwidth antenna can be achieved to harvest more power. 

5.2 Wide-beam Multiport MTS Antenna Design 

The purpose of this chapter is to demonstrate that exciting different modes on the MTS layer 

multiple times and then combining these modes in direct current (DC) way, a receiver with 

wide beamwidth and high gain can be achieved. The design in this chapter is just an example 

to verify the feasibility of this idea. The MTS antenna with square unit cells is used as a simple 

example here. It is easier to analyze the modes with square unit cells than other structures 

because square unit cells are symmetrical along the x- and y-axis. A 44 MTS antenna with 

square unit cells is proposed, where the number ‘4’ is randomly selected since the difference 

in the chosen number affects this design is only how many beam numbers are combined finally. 

 MTS Modes 

Without loss of generality, a typical MTS with 4×4 square elements is shown in Fig. 5. 1. 

Either TM or TE characteristic modes can be excited on the MTS depending on the feeding 

structures. For this MTS, the fundamental TM mode (TM01) can be excited for radiation if the 

feed structure is positioned in the middle of the feeding slot between the 2nd and the 3rd column 

of unit cells. For the TM01 mode, the modal current distribution is in phase across the entire 

MTS [8]. Due to the modal current distribution on the MTS, the radiation pattern will be a 

directional one. In [7]-[9], a broadside gain of 10 dBi can be achieved for an MTS with 4×4 

elements.  



 

94 

 

Apart from the fundamental TM01 mode, it is also possible to excite higher TMxy modes (x≥

1, y≥1) as analyzed in [15]. The choice of the higher TMxy mode is decided by various factors, 

which will be further discussed in this subsection.  

Since the unit cells on the MTS layer are symmetric about the x- and y-axis, there exist pairs 

of orthogonal higher modes, such as TM12 and TM21 mode, that can be potentially excited. 

When the direction of the feeding structure is chosen, only one set of higher modes can be 

realized.  

If the radiation pattern is not a concern, any higher TMxy mode can be considered. However, 

to complement the directional radiation pattern of the TM01 mode, it is desirable to choose 

those higher TMxy modes with a radiation null in the direction perpendicular to the MTS layer. 

The reason is that if multiple modes are combined, it will be easier to achieve a wider 

beamwidth of the combined radiation pattern.  

One particular high TMxy mode of interest is described below. For this mode, the modal current 

distribution is in-phase across the unit cells on the 1st and the 2nd columns. By contrast, the 

modal current distribution on the 3rd and the 4th column is also in-phase but are out-of-phase 

with those unit cells on the 1st and the 2nd column. Since the modal current distributions are 

opposite about the center, this MTS mode has a radiation null in the direction perpendicular to 

the MTS layer. 

Since the modal current distributions of the fundamental TM01 mode and this TMxy mode are 

different, two modes cannot be effectively excited by the same feed simultaneously. In addition, 

for the higher TMxy mode itself, there are two symmetrical positions where the modal current 

is maximum, which will induce one main radiation lobe on each side, but a radiation null 

orthogonal to the MTS layer. This TMxy mode can be excited if one feed structure with two 

branches is used, with each branch underneath the gap between the 1st and the 2nd column and 

the gap between the 3rd and the 4th column, respectively.  

A better solution is to decompose this mode with two high-gain radiation lobes into two modes. 

Each of these two decomposed modes is with one main radiation direction. The first 

decomposed mode is with a stronger current distribution on the 3rd and the 4th column while 

with a weaker current distribution on the 1st and the 2nd column. Thus, the radiation pattern of 

this first decomposed mode will have a main lobe inclining along the 1st and the 2nd column 

and a side lobe inclining along the 3rd and the 4th column. This decomposed mode can be 
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effectively excited by a feed underneath the gap between the 3rd and the 4th column. By contrast, 

the second decomposed mode has a stronger current distribution on the 1st and the 2nd column 

while weaker on the 3rd and the 4th column. The radiation pattern of the second decomposed 

mode will have the main lobe inclining along the 3rd and the 4th column. The effective feeding 

position of this decomposed mode is underneath the gap between the 1st and the 2nd column.  

To make use of these modes and their associated radiation patterns, three feeding networks 

with three ports are needed. The dimensions of the MTS elements can be optimized so that the 

excited decomposed mode will have a similar resonant frequency as the fundamental TM01 

mode.  

These three radiation patterns are generated by three independent feeding ports. Each radiation 

pattern has a relatively narrow beam but a high gain. For energy harvesting purposes, when a 

signal is from the left (or right), the right (or left) port can receive the signal with a high gain, 

respectively. When the signal is from the middle, the centre port can receive the signal with a 

high gain. The received signal can then be converted to DC individually and combined. 

Effectively, a rectenna with a high gain and a wide beamwidth is achieved.  

 Mode Analysis of Proposed Metasurface Antenna 

To verify the theory, characteristic mode analysis (CMA) is used to analyze the modes on the 

proposed MTS layer. Once desired modes are identified, suitable feed structures can be 

designed to effectively excite these modes. 

Normally, in the feed design, it is important to consider the type of the feeding structure and 

the feeding position. As for the feed type, the aperture-coupled feed type is a conventional 

method to excite desired modes in an MTS antenna since it can reduce the interference between 

different layers and be easier to match the impedance [7]-[9], [19]. The apertures on the ground 

plane can effectively couple electromagnetic energy from the feed to the MTS layer. For the 

proposed MTS antenna, there are strong modal current distributions at two ends of the unit 

cells on the MTS layer. If an aperture on the ground plane is positioned right underneath the 

radiating gaps, it can selectively excite the desired modes [11]-[13]. Therefore, three apertures 

are positioned right underneath the radiating gaps to excite the three above-mentioned desired 

modes. 
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Figure 5.1. Configuration of the MTS antenna: (a) MTS layer, (b) a slot on the right hand 

side of the ground for exciting Mode 1, (c) a slot in the middle to excite Mode 2 (d) a slot 

on the left to excite Mode 3, and (e) modal significance of the proposed MTS antenna 

when excited only from the slot on the right (Mode 1), only the slot in the middle (Mode 

2) and only on the left (Mode 3). 

To reveal the operation mechanism of the proposed MTS antenna, the MTS layer, two 

substrates and three apertures on the ground plane are considered. The geometry and layout of 

the MTS layer remain the same, which are shown in Fig. 5. 1(a). Three feeding positions are 

shown in Fig. 5. 1(b), (c) and (d), respectively.  

Fig. 5. 1(e) shows the modal significances (MSs) for the proposed MTS with different aperture 

positions on the ground plane. The resonant frequencies of Mode 1 (right aperture-coupled 

feed), Mode 2 (center aperture-coupled feed), and Mode 3 (left aperture-coupled feed) are all 

at around 2.45 GHz. Although Mode 1 and Mode 3 are two decomposed high TMxy modes, of 

which frequencies should be higher than the fundamental mode, the difference between the 

resonant frequencies of the fundamental mode and the decomposed higher TMxy modes is not 

large. Hence, these three modes can be excited at a similar resonant frequency. After effectively 

exciting these three modes, the modal current distributions, and the radiation patterns of Mode 

1, Mode 2, and Mode 3 are shown in Fig. 5. 2. It can be seen that the current distribution of the 
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fundamental TM01 is in phase across the MTS layer, and the main beam of the radiation pattern 

of the fundamental mode is perpendicular to the MTS surface. For Mode 1, the current 

distribution is in-phase across the unit cells on the 1st and the 2nd columns, but out-of-phase 

with the current distribution on unit cells of the 3rd and the 4th columns. The amplitude of modal 

current distributions on unit cells of the 3rd and the 4th column is much stronger than that on 

the 1st and the 2nd column, which is because of the aperture-coupled feed being on the right. 

The radiation pattern induced by the modal current distribution is shown in Fig. 5. 2. The main 

beam is tilted to the left side, and the side lobe is tilted to the other side. 

 Mode 1 Mode 2 Mode 3 

I 

   

Pattern 

   

Figure 5.2. Modal currents distributions, and modal radiation patterns of Mode 1, Mode 

2, and Mode 3. 

For Mode 3, since it is totally symmetrical with Mode 1, its modal current distribution and 

radiation pattern are symmetrical with those of Mode 1. 
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 Mode Analysis of Proposed MTS Antenna 

 

Figure 5.3. Geometry of the proposed wide-beam multi-port MTS antenna. (a) Top view 

of the MTS layer. (b) Top view of the ground plane. (c) Bottom view of the feed layer. (d) 

Side view of the whole structure. (w= 120 mm, wi= 28 mm, wo= 23.8 mm, gi= 2 mm, go= 

6.2 mm, lg_m= 26.6 mm, wg_m= 3.2 mm, lg_s= 31.2 mm, wg_s= 1.2 mm). 

To verify the above analysis, a wide-beam and high gain MTS antenna with multiple ports is 

designed as shown in Fig. 5. 3. The proposed MTS antenna is composed of three layers: the 

MTS layer, the ground plane layer, and the feeding and rectifying circuit layer. A Rogers 

RT6002 substrate and a Rogers RT5880 substrate were used to connect these three layers. The 

heights of the two substrates are 3.1 mm and 0.79 mm, respectively. The geometry and detailed 

dimensions of the MTS layer and ground plane layer are shown in Fig. 5. 3.  

On the MTS layer, there are in total 16-unit cells of square metal plates. The sizes of the four 

inner unit cells are the same and are larger than that of those 12 outer unit cells. For the 

decomposed modes, if the ratio of the inner cell size and the outer cell size is changed, the 

resonant frequency, the beamwidth and the gain will change accordingly. When the ratio is 

increased, the beamwidth decreases while the gain increases. It is worth noting that this 

proportional/inverse-proportional relationship does not apply to the fundamental mode. On the 

ground plane layer, there are three vertical apertures. The positions of these apertures are 

aligned with the positions of those three vertical gaps between elements on the MTS layer. On 

the feeding and rectifying circuit layer, three horizontal transmission lines are positioned 

underneath and orthogonal to the three apertures on the ground plane as feeding lines.  
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Current distributions of these three modes after being excited individually are demonstrated in 

Fig. 5. 4(a), (c), and (d), respectively. They agree well with the mode analysis by CMA. Fig. 5. 

4(b) shows the current distribution of the high TMxy mode when fed by a feeding structure with 

two branches. In this feeding structure, a power divider is used to split the power into two 

branches. The positions of the two branches and the coupling apertures for these two branches 

are very similar to that for Mode 1 and Mode 3. This high TMxy mode is shown here to 

demonstrate how it can be transformed to Mode 1 and Mode 3. 

 

Figure 5.4. Current distributions of the proposed MTS antenna on the xoy plane at (a) 

the fundamental MTS mode (TM01) excited at Port 2, (b) the higher TMxy mode excited 

by a feeding structure with two branches, (c) the decomposed higher mode excited at the 

Port 1, and (d) the decomposed higher mode excited at Port 3. 

 Rectifier Design 

Three different modes with different radiation patterns as mentioned above can be combined 

to effectively widen the angle coverage of RF energy harvesting. The harvested RF power 

needs to be converted to DC and combined to power a single load. The topology and detailed 

dimensions of a single-branch rectifying circuit are shown in Fig. 5. 5. The circuit consists of 

a transmission line which is the feed to the antenna, an impedance matching network, and a 
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voltage-doubler rectifying circuit. The DC output was combined with other branches to power 

a load. 

 

Figure 5.5. Topology of a single branch voltage doubler rectifying circuit. (TL_w1= 2.5 

mm, TL_l1= 3.2/4.8/4.0 mm (for all three branches), TL_l2= 7.3/7.3/6.3 mm (for three 

branches), TL_θ= 52.3/26.5/55º (for the right/middle/left branch respectively), C1= 1000 

pF, C2= 100 pF). 

This rectifier is fabricated on a 0.813-mm-thick RT5880. It is shown as Substrate 2 in Fig. 5. 

3(d). The dielectric constant is 2.2 and the loss tangent is 0.0009. In the impedance matching 

part, the network consists of a radial stub and a short stub, as shown in Fig. 5. 5. The radial 

stub TL1 is regarded as an open stub, which is equivalent to an adjustable capacitor by adjusting 

its angle. This capacitance value can be more easily matched to achieve a broadband 

performance, compared to a quarter stub. The short-circuit stub TL3 is used to cancel the 

imaginary part of its input impedance, making the real part nearly constant. The matching 

network is implemented by transmission lines rather than lumped elements to reduce loss. The 

rectifier consists of two diodes D1 and D2 and two capacitors C1 and C2. Schottky diodes 

SMS7630 were selected because of their low biasing voltage requirement [16]. 
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5.3 Measurement Result 

 Antenna measurement 

 

Figure 5.6. Photograph of the fabricated antenna. (a) Front view. (b) Back view of the 

antenna. 

The front and back views of the fabricated MTS antenna are demonstrated in Fig. 5. 6. The 

simulated and measured S11 and gain of the antenna are compared in Fig. 5. 7 and Fig. 5. 8, 

respectively. The simulated bandwidth of the MTS antenna with -10 dB reflection coefficient 

is 19.6% when the antenna is excited at Port 2, and 7% at Port 1 and Port 3 while the measured 

one is 22% at Port 2, and 12% at Port 1 and Port 3. The measured bandwidth is much wider 

than the simulated one because of the fabrication loss. The simulated and measured gain when 

the antenna is excited by the center and the two side ports are 9.5 dBi and 8.7 dBi, respectively, 

at 2.45 GHz. 
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Figure 5.7. Simulated and measured reflection coefficients when the antenna is excited by 

Port 1, Port 2, and Port 3, respectively. 

 

Figure 5.8. Simulated and measured gains when the antenna is excited by Port 1, Port 2, 

and Port 3, respectively. 

Fig. 5. 9 shows the simulated and measured normalized radiation patterns of the MTS antenna 

at 2.45 GHz. The tilted-angles of H-plane radiation patterns when excited by each port are at 

+35, 0, and -35, respectively. The beamwidth for each port is around 46. For energy 
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harvesting applications, when the DC output powers from the three ports are combined, a wide 

beamwidth of 117 can be achieved, effectively. The beamwidth for each port in E-planes are 

similar, at around 90. The measured normalized radiation patterns are all in good agreement 

with the simulated results. 

 H-plane E-plane 

Port 1 

  

Port 2 

  

Port 3 

  

Figure 5.9. Simulated and measured normalized radiation patterns at 2.45 GHz when the 

antenna is excited by Port 1, Port 2, Port 3, respectively, and the effective radiation 

pattern when they are combined. 

   Rectifier measurement 
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Figure 5.10. Simulated and measured RF-to-DC conversion efficiency of the rectifier 

versus different input power levels at 2.45 GHz with a resistive load. 

Three rectifiers are connected to Port 1, Port 2, and Port 3 of the MTS antenna, respectively, 

for RF-to-DC conversion. The output DC voltage VDC of the rectifier is measured across the 

resistive load RL. To evaluate the RF-to-DC conversion efficiency of the rectifier, the rectifier 

is connected to a signal generator, and a multimeter is used to measure the VDC. The RF input 

power was from -35 to 5 dBm at 2.45 GHz. The RF-to-DC conversion efficiency of the rectifier 

can be obtained from 

η =
Vdc

2

RL
×

1

Pin
                                                      (5.1) 

where Pin denotes the input RF power provided by the signal generator. The measured RF-to-

DC conversion efficiency of the rectifier versus input RF power levels is plotted in Fig. 5. 10. 

It can be seen that, for the rectifying circuit with a single load resistance, the maximum 

conversion efficiency is around 63% at -1 dBm, and over 30% when the input power level is 

higher than -20 dBm. This rectifier circuit can still work with an efficiency of around 1.5% at 

a low input RF power level of -35 dBm. 
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   Rectenna measurement 

 

Figure 5.11. (a) Diagram and (b) photograph of the measurement setup. 
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Figure 5.12. Photograph of the proposed rectenna. Front and back view. 

 

Figure 5.13. DC output voltage versus different incident angles. 

The measurement setup of the rectenna is shown in Fig. 5. 11. The source signal was generated 

by a Keithley 2920 RF signal generator and was amplified by a 43 dB gain power amplifier. 

The signal was transmitted by a calibrated horn antenna. The proposed rectenna was used to 

receive the signal at 1 m from the transmit antenna. The front and back views of the proposed 

rectenna are shown in Fig. 5. 12. The power delivered to the transmit antenna was measured 

by a power meter while the received power by the rectenna was calculated using the Friis 

transmission equation [20]: 

𝑃𝑟 = 𝑃𝑡 + 𝐺𝑡 + 𝐺𝑟 + 20 log10
λ

4𝜋𝑟
                                        (5.2) 

where Pr is the received power in dBm, Pt is the transmitting power in dBm (43), Gt is the gain 

of the horn in dBi (9.8), Gr is the gain of the proposed rectenna in dBi, 𝜆 is the free space 

wavelength at 2.45 GHz, and r is the distance between the transmitter and the receiver in meter 

(1). The measurement was carried out in an anechoic chamber. The power density at the 

rectenna was controlled to be 1 μW/cm2 at 2.45 GHz. The rectenna was rotated over a 180 
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angle to vary the incident angle of the RF radiation on the rectenna. The DC output voltage 

was measured after every 5 rotation. The total RF-to-DC conversion efficiency of the rectenna 

could then be calculated. The DC voltages of Ports 1, 2, and 3 are mathematically combined. 

In Fig. 5. 13, the combined output voltage of three ports is simulated and measured at different 

incident angles. The measured output DC voltage was over 0.7 V within the angle range of -

50 to +50 and was over 0.3 V from -60 to +60. It is noted that the simulated 3 dB beamwidth 

of the receiver is around 117, which combines the beamwidths of Port 1, Port 2, and Port 3. 

The measured beamwidth of the receiver is about 100 because of the fabrication tolerance. 

The effective beamwidth of the proposed rectenna is 2.5 times that of the rectenna with a single 

port. Fig. 5. 13 verified that the proposed design method could achieve an extended angle 

coverage range. 

In Table Ⅴ, the achieved results are compared with other multi-port rectennas designed for 

harvesting energy from low power RF sources. The gain of the proposed MTS rectenna, when 

excited by individual ports, is comparable with that of other rectennas. Compared with [17], 

the proposed rectenna has a much simpler structure, smaller dimensions, and a wider 

beamwidth. By using a grid-array antenna in [5], the size of the whole rectenna is five times 

bigger than the proposed rectenna. Compared with the rectenna design with a similar size, the 

beamwidth of our rectenna is 30% wider than that in [6].  
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Table Ⅴ. Comparison of the Proposed Rectenna and Related Designs. 

 

Ref. 

Rectenna 

Dimension 

(mm3) 

Complexity of 

the Overall 

Design 

Frequency 

(GHz) 

Overall -3dB 

beamwidth 

(°) 

Peak 

Gain 

(dBi) 

RF-to-DC 

conversion 

efficiency (％) 

[17] 
2.0λ0 ×0.83 λ0 × 

0.04 λ0 
Complex 2.45 

Center lobe: 80 

Side lobe: 80 

8.7 

42.4% 

(input power=-10 

dBm) 

55.3% 

(input power=-4 dBm) 

[5] 
2.8λ0 × 1.88λ0 × 

0.03 λ0 
Simple 2.45 

Each beam (2): 

70 
14.6 

16.3%–45.3% 

 (Power density=1 

µW/cm2) 

[6] 
1.25λ0 × 0.67λ0 × 

0.03 λ0 
Simple 2.45 90 8.5 

19.5%–44.6%  

  (Power density: 0.05-

1 

µW/cm2) 

This 

work 
λ0 × λ0 × 0.03 λ0 Simple 2.45 117 7.8 

47.4%  

 (Power density=1 

µW/cm2, input power: 

-35-0 dBm) 
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5.4 Summary 

In this chapter verified the possibility to achieve a high gain and wider beamwidth MTS 

antenna for energy harvesting system. Different MTS modes having high gain radiation 

patterns can be excited individually with their outputs combined. For example, when the 

electromagnetic waves are from the left side, the MTS mode with a main lobe on the right can 

receive these electromagnetic waves with a high gain. If the electromagnetic waves are vertical 

to the MTS layer, the fundamental mode with a directional main lobe orthogonal to the MTS 

layer can harvest energy with a high gain. Therefore, it can effectively receive electromagnetic 

waves from a wide angle. At the same time, the receiver part is low-profile and with simple 

structures permitting easy implementation. This rectenna design is particularly suitable for 

scenarios where the source location is unknown or multiple sources exist from different 

directions. 
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Chapter 6 Key Contributions and Future Work 

6.1 Key Contributions  

In this thesis, a comprehensive study of exciting multiple modes in MTS antennas to improve 

antenna performance is presented, such as broad/dual bandwidth or wide beamwidth. This 

thesis also demonstrates that the properties of MTS antennas render them suitable for both 

wireless communications and energy harvesting systems. 

 Mode Analysis of the basic MTS antenna 

In Chapter 3, the mode analysis from the structure of a basic MTS antenna is proposed, which 

facilitates further understanding of the working mechanism behind an MTS antenna. Such 

analysis illustrates that the radiation property can be attributed to the current distributions of 

the MTS mode, while the electric-/magnetic-field distributions are used to identify the MTS 

mode, which is referenced from the mode identification method of the waveguide. Additionally, 

several parametric studies are discussed to provide further understanding of the relationship 

between the modes and the antenna structure, such as the size of the unit cells, the gap between 

neighboring unit cells, the number of the unit cells, and the geometry of the unit cells. 

 MTS Antenna with Bandwidth Improvement in Wireless 

Communication System 

In Chapter 4, attractive designs of an MTS antenna with bandwidth improvement in wireless 

communication systems are introduced. A discussion is provided on the relationship between 

the geometry of the unit cell and the bandwidth, which could be a direct way to increase the 

bandwidth. Compared with conventional square-shaped unit cells, a broader bandwidth can be 

achieved by utilizing hexagonal-shaped unit cells. Two reasons for such findings are illustrated 

in detail in Chapter 4. Another proposed dual broadband nonuniform MTS antenna is also 

analyzed, in which a composite right-/left-handed structure is used to excite the left-handed 

property at the lower band and the right-handed property (normal MTS modes) at the higher 

band. The main novelty of the design is that the appropriate positions of the shorting pins can 
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be selected to maintain the broad bandwidth performance at the higher band. The positions 

should be chosen at the nulls of E-field distributions at each excited mode at the higher band. 

 MTS Antenna with Beamwidth Improvement in Energy Harvesting 

System 

In Chapter 5, a discussion is provided on developing an MTS antenna with beamwidth 

improvement and high gain simultaneously to collect more power in the energy harvesting 

system. In the developed MTS antenna, three modes with different radiation patterns are 

excited through the middle and two side aperture-coupled feedings, respectively. By exciting 

the three modes simultaneously, then linking each excited mode with a rectifier circuit, and 

finally combining the three rectifiers at direct current (DC) with a single load, a wide 

beamwidth can be obtained to harvest incident waves from different directions. The key 

novelty of using such multiport MTS antenna as a receiver is that the unit cells on the MTS 

layer could be reused to effectively excite different MTS modes with different radiation 

patterns, thereby achieving a collector with beamwidth improvement. 

6.2 Future Work 

Based upon the aforementioned summaries and considering the challenges of existing 

technologies, further research can be conducted in the following areas: 

 Optimization of broadband MTS antenna 

1. Broadband MTS antennas can be realized by exciting different MTS modes resonating at 

different frequencies and then combining said modes. The difficulty lies in determining how 

to excite desired modes and suppressing the undesired modes simultaneously. 

2. To obtain a broadband MTS antenna, different MTS modes with similar directional radiation 

patterns resonating at different frequencies should be excited simultaneously. However, as the 

frequency increases, the directional radiation pattern of excited MTS modes will have 

larger/more side lobes, which is not preferred. As a result, investigating the bandwidth 

limitation of a broadband MTS antenna while maintaining the integrity of the directional 

radiation pattern is meaningful. 
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 Optimization of MTS antenna for energy harvesting 

1. The design of MTS antennas in energy harvesting systems can be further improved. Several 

properties of MTS antennas have not been fully explored. The antenna performance can be 

improved in terms of several aspects, such as (a) designing a dual-polarization MTS antenna; 

and (b) designing a broad bandwidth MTS antenna by changing the structure of radiating 

elements or the layout of the MTS layer. Additionally, the rectifier design can be improved to 

be more suitable for broader bandwidths and different input power levels. 

2. The MTS antenna design in Chapter 5 is a simple example that can be used to demonstrate 

how the advantages of MTS antennas can be used to design a receiver in energy harvesting. 

Although more ports can be used to cover wider incident angles in reality, there will be an 

optimal value for the number of the ports versus the maximum radio frequency (RF)-to-DC 

conversion efficiency (or output DC power). As such, exploring and evaluating the port number 

will be a meaningful investigation. 

3. Owing to the uncertainty and randomness of ambient environments, adaptive and 

reconfigurable MTS antennas might be worth exploring. The MTS antenna can be optimized 

using a hybrid technique that combines RF and DC. The pattern and beam direction can be 

adaptive and self-reconfigurable in real-time to deal with varying ambient EM field conditions. 

 New materials 

New materials with unique properties have recently been applied as conductive or substrate 

materials in several antenna designs. To illustrate, the bandwidth can be extended by liquid 

materials with a high dielectric constant. The utilization of new materials in MTS antennas can 

improve the antenna performance. 
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