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ABSTRACT 
 

In this dissertation, the design, analysis, and demonstration of multiple advanced compact 

and low-profile antennas with enhanced functionalities are presented with operational frequency 

bands ranging from microwave frequencies to the terahertz regime. Basic background knowledge 

is reviewed first in Chapter 1. In Chapter 2, three single-band antennas with compact sizes operating 

in the 4.0 GHz band are proposed. Specifically, the first two designs are linearly-polarized (LP) 

antennas with fractional bandwidths of more than 10% and unidirectional radiation patterns. The 

third design in Chapter 2 is a circularly-polarized (CP) antenna with an operational bandwidth 

exceeding 9% and a unidirectional radiation pattern. In Chapter 3, the design methodology of a 

dual-band antenna is introduced. The proposed LP antenna functions at both the 1.9 and 2.5 GHz 

frequency bands with unidirectional radiating characteristics. An ultra-compact footprint is 

achieved by the proposed antenna by virtue of rectangular complementary split ring resonator 

(CSRR) loadings, which also contributes to the dual-band functionality. In Chapter 4, a dual-band 

dual-sense CP antenna that operates at 1.9 and 2.5 GHz is proposed. The bi-anisotropic 

characteristic of the circular CSRR resonators is utilized in antenna engineering for the first time 

to realize the dual-band dual-sense CP radiation at broadside. Moreover, the size of the antenna is 

smaller than most of its counterparts reported in the literature. In Chapter 5, a highly miniaturized 

wideband wearable antenna with filtering characteristics is proposed for the 2.4 GHz industry, 

scientific, and medical (ISM) band based on the substrate-integrated-waveguide (SIW) technology. 

More importantly, the SIW structure is based on Eutectic Gallium-Indium (EGaIn) liquid metal 

and a flexible Styrene Ethylene Butylene Styrene (SEBS) polymer. This represents the first 

application of these flexible materials in antenna engineering. In Chapter 6, compact optical 

nanoantennas, referred to as surface plasma (SP) wave generators in this dissertation, are introduced 

to realize the generation of reconfigurable directional SP waves. In summary, these antennas with 
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miniaturized volumes and advanced functionalities are promising candidates for integration into 

various modern communication systems.   
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Chapter 1  
 

Introduction 

With the rapid development of modern wireless communication systems, the 

miniaturization of their constituting components has become increasingly emphasized. Hence, 

considerable research efforts have been devoted to the size reduction of antennas, as antennas act 

as the key elements in wireless communication systems by establishing wireless links between 

different nodes. Specifically, antennas in modern wireless communication systems are preferred to 

have low profiles, small footprints, low weights, and low costs. Numerous types of antennas have 

recently been proposed to meet these preferences.  

For example, traditional three-dimensional (3D) antennas have been modified to possess 

two-dimensional (2D) configurations. An example is the very low-profile monopole antenna used 

in mobile phones [1]. Another example is the printed microstrip patch antenna [5], which is widely 

used in different wireless communication systems, including global positioning systems (GPS), 

satellite communication systems, and wireless local area networks (WLAN), among other 

technologies. In Chapters 2, 3, and 4 of this dissertation, five low-profile and compact antennas are 

introduced. These antennas operate similar to a rectangular patch antenna but have the dispersive 

behavior to achieve wide-band or multi-band functionalities with linearly-polarized (LP) or 

circularly-polarized (CP) radiating characteristics. To help develop a better understanding of the 

working principles of the proposed antenna designs, a brief overview of the design and analysis of 

microstrip patch antennas is presented in Section 1.1.  

While microstrip patch antennas have been favored mostly in sub-6 GHz frequency bands, 

the frequency spectrum of certain communication systems has recently been extended to the 
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millimeter-wave (mm-wave) band to achieve a higher data rate, as measured in gigabits per second 

(Gbps). An example of these communication systems is the fifth-generation (5G) communication 

system expected to be available in the early 2020s [2]. The traditional microstrip or coplanar 

waveguide (CPW) structures are not suitable for such applications due to their high losses in the 

high frequency band and the difficulties in fabrication and integration in complex packaging 

environments [3]. To solve this problem, a new structure named the substrate-integrated-waveguide 

(SIW) has recently been proposed as a tool for developing mm-wave devices such as mm-wave 

antennas [4]. The SIW structure can be regarded as a low-profile 2D H-plane waveguide that can 

easily be fabricated with lightweight and low-cost features based on standard printed circuit board 

(PCB) techniques. Another desirable characteristic of the SIW is its high isolation from its 

surroundings, which allows SIW-based antennas to easily be integrated into various complicated 

packaging situations. Moreover, its low loss and high quality-factor are also highly preferred.  

Beyond their mm-wave applications, SIW-based antennas are fabricated based on novel 

flexible materials and used in wearable wireless communication systems [6]. These SIW-based 

wearable antennas possess a high isolation from human bodies. In Chapter 5 of this dissertation, a 

novel, highly miniaturized wideband wearable antenna based on SIW technology is proposed, 

operating at the 2.4 GHz industry, scientific, and medical (ISM) band. The dielectric layers of the 

proposed antenna are the Styrene Ethylene Butylene Styrene (SEBS) polymer with a dielectric 

constant 휀𝑟 = 2.52  and a loss tangent  tan𝛿 = 0.00045 . The vertical electroplated via holes 

involved in traditional PCB-based SIW structures (explained in detail in Section 1.2) are replaced 

by Eutectic Gallium-Indium (EGaIn) liquid metal [9] walls. In this way, the proposed wearable 

SIW-based antenna does not need to be ultra-thin to maintain its flexibility, a difficulty that is 

commonly seen in state-of-the-art designs. This development ultimately leads to the possibility of 

bandwidth enhancement. A brief introduction to the SIW technique is presented in Section 1.2.  
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In addition to the sub-6 GHz and mm-wave frequency ranges, terahertz and optical bands 

are also of interest in communication systems, where they can help to bridge the gap between 

electronics and photonics [3]. Nanoantennas have been thus developed to work at the terahertz and 

optical bands to enhance or tailor the light emissions [7]. Additionally, the manipulation of the 

surface waves, such as surface plasma (SP) waves, at optical frequency range have also been 

explored by researchers. This is because the SP waves have been widely applied in numerous 

nanotechnologies, including integrated photonic circuits, surface-enhanced Raman scattering 

(SERS), biological spectroscopy and sensing, among others [8]. The generation of the SP waves is 

thus a critical procedure. Many SP wave generators are designed by researchers to realize functional 

SP wave generation. Basically, an SP wave generator can couple the plan waves from free space to 

SP waves bonded at the interface between metals and insulators. While traditional SP wave 

generators suffer from bulky size and low efficiency, and can only provide bi-directional 

propagating SP waves, four novel SP wave generators are proposed in Chapter 6 of this dissertation 

to achieve the reconfigurable directional generation of SP waves with compact sizes. In this 

chapter, basic background knowledge about SP waves is reviewed in Section 1.3.  

1.1 Microstrip Patch Antennas 

A typical microstrip patch antenna consists of a metallic patch of a certain shape printed 

on a grounded dielectric slab. The patch of a microstrip patch antenna can be of different shapes, 

such as a disk, rectangle, or triangle. A patch antenna can be regarded as a radiating resonator, and 

two analytical methods are usually adopted to model its resonating behavior. The first one is the 

transmission line model, and the second is the cavity model. It should be noted that only the 

rectangular microstrip patch antenna is considered in this dissertation, but antennas with other 

shapes can be analyzed in similar ways.  
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Figure 1-1 shows the configuration of a rectangular patch antenna fed by a microstrip line 

[11]. The curved arrows show the E-field distributions at its two ends. The in-phase magnetic 

currents generated by these E-fields at the two edges contribute constructively to the far-field 

radiation of the antenna at broadside. It should be noted that the two notches cut into the rectangular 

patch are used to obtain an optimal impedance matching. Besides the microstrip line feeding 

method used in Figure 1-1, there are other ways to feed a microstrip patch antenna, including the 

probe-feeding, aperture-coupled, and proximity-coupled methods [11]. 

According to the transmission line model, a patch radiator can be modeled by a parallel 

resistor-inductor-capacitor (RLC) resonator, where the resistance accounts for the radiation from 

the patch antenna. This parallel RLC circuit approximation is held valid except for in the aperture-

coupled feeding method, where a more complicated equivalent circuit is required [11]. A microstrip 

line or probe feeds the antenna inductively, while a proximity-coupled or an aperture-coupled 

feeding tends to be capacitive. The transmission line model of a patch antenna is the simplest, but 

it can only offer analytical approximation with limited accuracy. Moreover, it cannot explain the 

field distribution within the patch antenna or its far-field radiation characteristics.  

 

Figure 1-1. Configuration of a rectangular microstrip antenna [11]. 
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The cavity model is another way to conduct patch antenna analysis. Basically, a patch 

radiator is approximated to a cavity resonator. The top and bottom surfaces of the patch radiator 

are approximated to perfect electrical conductors (PECs) and the four side walls are assumed to be 

perfect magnetic conductors (PMCs). By solving the electromagnetic fields inside the cavity with 

corresponding boundary conditions, the resonant frequencies as well as the field distributions 

within the antenna can be determined. It should be noted that, because the height of a patch antenna 

is extremely low, the E-fields are assumed to be perpendicular to the top and bottom surfaces with 

no phase variations. Figure 1-2 shows the fundamental 𝑇𝑀10 mode of a patch antenna [11] with 

arrows indicating the E-fields.  

 

Figure 1-2. 𝑇𝑀10 mode of a patch antenna approximated by the cavity model. 

1.2 Substrate-Integrated-Waveguide (SIW) 

SIWs, which originated from the concept of substrate-integrated circuits, have received 

increasing attention from researchers and engineers since they were first reported in [12]. An SIW 

simultaneously realizes the low profile of the traditional microstrip transmission line and the high 



6 

 

quality-factor of conventional 3D metallic waveguides. These features make the SIW the key 

enabling technology in many applications, such as mm-wave and wearable communication devices.  

Figure 1-3 shows a typical rectangular SIW. It should be noted that Figure 1-3 also shows 

two SIW-microstrip transitions [12] at the two ends of the SIW; through these, the SIW can be 

integrated with a microstrip-based circuit. As can be seen, the SIW-microstrip transitions are 

actually tapered microstrip transmission lines. The tapering of the microstrip transmission lines can 

be calculated based on the equations proposed in [13]. There have also been SIW-to-coplanar 

waveguide (CPW) transitions [14] reported in the literature. From the figure we can see that the 

SIW consists of two metallic layers printed on the two opposite faces of a standard PCB along with 

two columns of electroplated via holes penetrating the PCB and electrically connecting the two 

metallic layers. The distance between the two columns of via holes is denoted as 𝑊SIW, which is 

also referred to as the width of the SIW. The thickness of the PCB is denoted as 𝑡, and the diameter 

of a single via hole is 𝑑. The distance between via holes in each column is kept at a certain constant 

𝑝  so as to mimic the side walls of a traditional metallic waveguide. The value of 𝑝  can be 

determined based on [4] as 

𝑝

𝑑
< 2.5                                                                (1-1) 

and it is recommended that 𝑝 = 2𝑑. 
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Figure 1-3. 3D configuration of a rectangular SIW. 

 

In [15], the authors pointed out that only 𝑇𝐸𝑛0 modes can be supported by a rectangular 

SIW. Using both numerical simulations and experiments, they demonstrated that the dispersion 

characteristics of rectangular SIWs are equivalent to conventional rectangular waveguides. 

Specifically, according to [16], an SIW with a width equal to 𝑊SIW  has the same dispersion 

characteristics as a metallic rectangular waveguide with width 𝑊. That is, 

𝑊 = 𝑊SIW −
𝑑2

0.95𝑝
.                                                      (1-2) 

A more accurate relation is [15] 

𝑊 = 𝑊SIW − 1.08
𝑑2

𝑝
+ 0.1

𝑑2

𝑊SIW
,                                           (1-3) 

taking into account the effect of 𝑑/𝑊SIW. 

Although modern advanced computational resources have allowed full-wave simulations 

to be carried out in designing SIWs, the aforementioned equations can be utilized to give an 

approximated characterization of SIWs with high accuracy. Figure 1-4 shows the operation of an 

SIW by numerical simulation.  
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Figure 1-4. Snapshot of instantaneous magnitude of the E-field within a rectangular SIW. 

 

Given this SIW technology, both passive and active circuit components have been 

proposed, including SIW-based filters [17], antenna array beamforming networks [18], oscillators 

[19], and amplifiers [20]. Besides, the SIW technology has also been found to be widely applicable 

in antenna engineering. Chapter 5 illustrates the SIW-based antenna technology in detail. 

1.3 Surface Plasma (SP) Wave 

Metals at optical wavelength possess different properties than they do at microwave 

frequencies, where they are considered simply as PECs. However, as the frequency increases to 

optical frequency range, the behavior of the metals is more like dielectric materials with finite 

dielectric constants 휀𝑚. A well-known equation for calculating 휀𝑚 at frequency 𝑓 is based on [8]: 

휀𝑚 = 휀∞ −
𝜔𝑝

2

𝜔2−𝑖𝜔𝛾
,                                                        (1-4) 

where 휀∞ is a dielectric constant usually between 1 and 10, 𝜔𝑝 is the plasma frequency varying 

among different metals, 𝛾 is the characteristic collision frequency also varying among different 
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metals, and 𝜔 = 2𝜋𝑓 is the angular frequency. A More rigorous characterization of the complex 

dielectric constant of metals at optical and terahertz frequencies can be obtained through 

experiments.   

Researchers have already verified that at optical frequency, the real part of the dielectric 

constant of some noble metals, such as silver and gold, has negative value, i.e. Re{휀𝑚} < 0. This 

special characteristic leads to the existence of SP waves that are highly bonded at the interface 

between these noble metals and insulators with dielectric constant 휀𝑑. As pointed out in [8], a SP 

wave can be only a transverse magnetic (TM) wave with its E-field and H-field written as 

�⃗⃗� 𝑠𝑝 = �̂�𝐻𝑦(𝑥, 𝑦) = �̂�𝐴𝑒𝑖𝛽SP𝑥𝑒−𝑘𝑑𝑧                                     (1-5a) 

�⃗� 𝑠𝑝 = 𝑥𝐸𝑥 + �̂�𝐸𝑧 = 𝑥𝑖𝐴
1

𝜔𝜀0𝜀𝑑
𝑘𝑑𝑒𝑖𝛽SP𝑥𝑒−𝑘𝑑𝑧 − �̂�𝐴

𝛽SP

𝜔𝜀0𝜀𝑑
𝑒𝑖𝛽SP𝑥𝑒−𝑘𝑑𝑧             (1-5b) 

for 𝑧 > 0, and 

�⃗⃗� 𝑠𝑝𝑝 = �̂�𝐻𝑧(𝑥, 𝑦) = �̂�𝐴𝑒𝑖𝛽SP𝑥𝑒𝑘𝑚𝑧                                       (1-5c) 

�⃗� 𝑠𝑝𝑝 = 𝑥𝐸𝑥 + �̂�𝐸𝑧 = −�̂�𝑖𝐴
1

𝜔𝜀0𝜀𝑚
𝑘1𝑒

𝑖𝛽SP𝑥𝑒𝑘𝑚𝑧 − �̂�𝐴
𝛽SP

𝜔𝜀0𝜀𝑚
𝑒𝑖𝛽SP𝑥𝑒𝑘𝑚𝑧            (1-5d) 

for 𝑧 < 0, 

where 𝐴 is the complex magnitude of the SP wave, 𝛽SP is the SP wave propagation constant written 

as 

𝛽SP = 𝑘0√
𝜀𝑚𝜀𝑑

𝜀𝑚+𝜀𝑑
.                                                       (1-6) 

In Eq. (1-6), 𝑘𝑑 and 𝑘𝑚 are the components of the wave vector along the z-direction, respectively, 

and are written as 

𝑘𝑑
2 = 𝛽SP

2 − 𝑘0
2휀𝑑                                                       (1-7a) 

𝑘𝑚
2 = 𝛽SP

2 − 𝑘0
2휀𝑚.                                                     (1-7b) 
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Figure 1-5. Interface between dielectric and metal layers that can support the propagation of SP 

waves [8]. 

 

The detailed derivations of SP waves can be found in [8] by solving wave equations along 

with corresponding boundary conditions.  

Here, the normalized H-field profile of the SP wave along the z-axis at an arbitrary point 

along the interface between gold and air is calculated at 800 nm wavelength based on Eq. (1-5) 

with the dielectric constant of gold extracted from [21]. The SP wave is propagating along the 

positive x-direction. The H-filed profile is plotted as shown in Figure 1-6(a). The normalized H-

field (normalized to unity at x = 0) along the x-direction at an arbitrary distance from the interface 

is also calculated based on Eq. (1-5) and plotted in Figure 1-6(b). 

 

(a) 
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(b) 

Figure 1-6. Calculated normalized H-field along (a) z- and (b) x-directions based on Eq. (1-5). 

 

From Figure 1-6(a), it can be seen that the |𝐻𝑧| of the SP wave has a maximum value at 

the interface and experiences exponential decays into both the dielectric and metal layers. On the 

other hand, as shown, the |𝐻𝑧| experiences a small decay along the x-direction due to the imaginary 

part of 𝛽SP.  

In Chapter 6, various SP wave generation methods are reviewed, and the proposed 

reconfigurable directional SP wave generators are presented. 

1.4 Original Contribution 

During my Ph.D. studies at Penn State University, I have made the following contributions 

to the field of antenna engineering:  

• Designed, fabricated, and tested a compact and low-profile LP antenna with wide 

operational band at 4.0 GHz enabled by a metasurface (MS) loaded with 

interdigitated capacitors (ICs) along one dimension [59] 
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• Designed, fabricated, and tested a compact and low-profile LP antenna with a wide 

operational band at 4.0 GHz enabled by an MS loaded with ICs along two 

dimensions [59] 

• Designed, fabricated, and tested a compact and low-profile CP antenna with a wide 

operational band at 4.0 GHz enabled by an MS loaded with ICs [59] 

• Designed, fabricated, and tested an ultra-compact, dual-band antenna operating at 

1.9 and 2.5 GHz enabled by an MS loaded with complementary split ring 

resonators (CSRRs) [152] 

• Designed a compact dual-band, dual-sense CP antenna operating at 1.9 and 2.5 

GHz enabled by an MS loaded with CSRRs [153] 

• Designed a compact stacked quarter mode substrate-integrated-waveguide 

(QMSIW) wearable antenna operating at 2.4 GHz with a wide operational band 

and filtering characteristics 

• Designed a reconfigurable, directional SP wave generator consisting of two 

identical silicon (Si) nanowires (NWs) 

• Designed a reconfigurable, directional SP wave generator consisting of two 

distinct Si NWs 

• Designed a reconfigurable, directional SP wave generator consisting of a Si NW 

placed inside a gold nanogroove (NG) 

• Designed a reconfigurable, directional SP wave generator consisting of a dielectric 

NW and a vanadium oxide (VO2) NW.  
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Chapter 2  
 

Antenna Designs with Compact Form Factor Enabled by Metasurfaces 

Loaded with Interdigitated Capacitors 

2.1 Introduction 

2.1.1 Metasurfaces and Their Applications 

Metasurfaces (MSs), which are the 2D counterparts of 3D metamaterials with near-zero 

electrical thickness, have attracted more and more attention from researchers and engineers recently 

because of their artificial electromagnetic behaviors, fully planar configuration, and ease of 

fabrication. Numerous MSs have been reported, all of which can be generally categorized into three 

classes. The first class of MSs is reactive impedance surfaces (RISs) with engineered surface 

impedance of reactive values. The second class of MSs is referred to as electromagnetic bandgap 

(EBG) surfaces that can block the propagation of waves within certain frequency ranges. The third 

class of MSs is artificial magnetic conductors (AMCs), which mimic the behavior of magnetic 

conducting surfaces.  

Most of the MSs have the same configuration, with subwavelength unit cells periodically 

placed to form planar arrays. Depending on the unit cells as well as their arrangement, MSs can be 

synthesized to exhibit either isotropic, anisotropic, or bi-anisotropic electromagnetic behaviors. 

Usually, a unit cell consists of specific metallic patterns printed on a grounded dielectric substrate. 

There can also be conducting vias/holes imbedded within the substrate in order to electrically 

connect the metallic patterns and the ground. In the literature, many unit cell designs have been 

reported. For example, in [22], the well-known mushroom-shaped unit cell was proposed. A 
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modified mushroom-shaped unit cell was subsequently reported in [23]. Unlike mushroom-type 

unit cells with the involvement of conducting vias, there are also uniplanar unit cells, such as the I-

shaped patch resonator reported in [24] and the Jerusalem cross dipole resonator reported in [25]. 

Unit cells that possess wide/multiple operational bands and/or polarization dependable responses 

with more complicated metallic patterns have been also developed in [26-28]. 

Researchers have developed an analytical measure, the surface impedance tensor [29], to 

describe the electromagnetic response of MSs. The electromagnetic behavior of MSs can also be 

rigorously characterized using numerical simulations performed by commercially available 

software such as the high frequency structure simulator (HFSS) [30].  

MSs are found to be widely applicable as the enabling components in a large number of 

radio frequency (RF) devices and systems. For example, MSs can be implanted in filters [31] to 

improve filtering performances. MSs have also been applied to the engineering of advanced 

electromagnetic waveguides [32], absorbers [33], and cloaks [34]. In addition, antenna engineers 

and researchers have adopted MSs in developing cutting-edge antennas. For example, in [35], a 

bandwidth-enhanced monopole antenna with a metasurface coating was reported. In [36], the 

functioning of a conformal antenna was improved through the phase compensation offered by a 

MS. When serving as antenna superstrates, MSs can realize the conversion of an LP input radiation 

from a feeding antenna to a CP output radiation [37]. In [38], the gain enhancement of a leaky wave 

antenna was realized by suppressing its spurious radiation though the usage of an MS. In [39], MSs 

were adopted to realize a conformal holographic antenna. Researchers have also found that the 

performances of transmit- and reflect-arrays can be improved by MSs [40, 41].  
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2.1.2 MS-based Artificial Antenna Ground Plane 

In antenna engineering, MSs can be implemented as artificial antenna ground planes. In 

this way, numerous antenna performance enhancements can be realized, including antenna gain 

improvements [42], bandwidth broadenings [43], side-lobe suppressions [44], radiation efficiency 

promotions [45], and antenna size reductions [46].  

An MS-based artificial ground plane can also be utilized to generate CP radiation from an 

LP feeding antenna placed above it, as reported in [47]. However, this design suffers from a narrow 

operational bandwidth. In [48, 49], a couple of MS-based artificial CP antenna designs were 

reported that have realized broadened operational bandwidths at the expense of increasing overall 

antenna volumes.  

In this chapter, MS-based artificial ground planes are synthesized and implemented in 

antenna designs to achieve bandwidth-enhanced antennas with low profiles and small footprints. 

The MS-based artificial ground planes are loaded with properly designed interdigitated capacitors 

(ICs) and thus are called interdigitated capacitive metasurfaces (ICMSs). Three novel antennas are 

introduced in this chapter, two of which are LP antennas and one of which provides CP radiation. 

For the first LP antenna design, the ICs are loaded along one dimension of the MS, leading to a 

fractional operational bandwidth equal to 15%. The second LP antenna realizes a further antenna 

size reduction by loading the ICs along both dimensions of the MS. Even with such a miniaturized 

volume, the second LP antenna still maintains a wide fractional bandwidth equal to 10%. The third 

proposed antenna is a CP antenna with enhanced axial ratio (AR) bandwidth. The antenna is also 

enabled by an ICMS artificial ground plane. However, unlike the previous two LP antennas, the 

CP antenna has an ICMS with ICs in triangular shapes. Moreover, on the top surface of each unit 

cell, a slot is etched off from the metallic patch along its diagonal line. By virtue of this ICMS, the 

LP radiation from the feeding antenna is converted into CP radiation. Even with a compact size, 
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this proposed antenna still possesses a fractional S11 < -10 dB bandwidth equal to 15.6%, fully 

covering a fractional AR < 3 dB bandwidth equal to 9.1%.  

This chapter is organized as follows. In Section 2.2, the design procedure as well as the 

simulated and measured performances of the one-dimensional (1D) loaded ICMS artificial ground 

plane enabled LP antenna are presented. In Section 2.3, the 2D loaded ICMS artificial ground plane 

based LP antenna is discussed. The ICMS artificial ground plane enabled CP antenna is illustrated 

in Section 2.4. This chapter is concluded in Section 2.5. 

2.2 1D Loaded ICMS Enabled LP Antenna Design 

The configuration of the proposed LP antenna with a 1D loaded ICMS artificial ground 

plane as well as the corresponding coordinate system is shown in Figure 2-1. As can be seen, the 

proposed antenna consists of two components, i.e. a printed planar monopole antenna and a 1D 

loaded ICMS artificial ground plane. The planar monopole feeding antenna consists of a 50Ω 

microstrip line and a circularly-shaped patch, both of which are printed on a 1.5 mm-thick Rogers 

RO3003 laminate with a relative dielectric constant 휀𝑟 = 3 and a dielectric loss tangent tan𝛿 =

0.001.  Before moving forward, it is worth mentioning that the metallic patch is not always circular. 

In fact, it can also be rectangular or in other shapes. However, the dimensions of the metallic patch 

can be tuned to obtain an optimal impedance matching of the integrated antenna. As is later 

explained, the monopole antenna serves as a feeding component or transducer to excite the ICMS 

artificial ground plane which is the actual radiator.  

The ICMS artificial ground plane is a 3 × 6 unit cell periodic array printed on a 2.5 mm-

thick Rogers RO3003 laminate. The synthesis and analysis of the ICMS unit cell are presented in 

subsection 2.2.1. As is also illustrated, the ICMS artificial ground plane is similar to a rectangular 

patch antenna but with engineered dispersion behavior so as to achieve a wide operational band. 
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The overall footprint of the integrated antenna is 33.0 × 62.4 mm2, which is equivalent to an 

electrical footprint of 0.37𝜆0
2, where 𝜆0 is the free-space wavelength at the center frequency 4.0 

GHz and equal to 75mm. The detailed dimensions of the proposed antenna are summarized in Table 

2-1. 

 

Figure 2-1. 3D configuration and side view of the proposed integrated LP antenna.  

 

Table 2-1. Detailed Dimension of the Proposed 1D Loaded ICMS Based Antenna (all in mm). 

𝑀𝑥1 𝑀𝑦1 𝐿𝑥1 𝐿𝑦1 𝑑1 ℎ𝑚1 ℎ𝑠1 𝑟1 𝑙𝑓1 𝑤𝑓1 𝑙𝑔1 𝑔1 

25 20 33 62.4 0.5 1.5 2.5 5.5 12.2 3.6 10 0.4 

 

2.2.1 Analysis of the ICMS Unit Cell  

In order to investigate the dispersion behavior of the ICMS, numerical simulations of the 

ICMS unit cell are carried out using HFSS [30], as shown in Figure 2-2. As can be seen, a plane 

wave with its E-field polarized along the x-axis is normally incident on the unit cell, and periodic 

boundary conditions (not shown here) are applied to mimic an infinite ICMS. The unit cell consists 

of an IC loaded patch printed on a grounded Rogers RO3003 laminate. Another unit cell (not shown 
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here) whose IC loading is replaced by a gap loading on the patch has also been simulated for 

reference. The equivalent circuit of a single ICMS unit cell is depicted in Figure 2-2(b) with 

resonant frequency calculated as [24] 

𝑓𝑟 =
1

2𝜋√(𝐿𝑠+𝐿𝑑)𝐶𝑠
                                                        (2-1) 

In the above equation, 𝐿𝑠 and 𝐶𝑠 are the equivalent inductance and capacitance of the unit cell, 

respectively.  

                    

                                         (a)                                                                    (b) 

Figure 2-2. (a) HFSS simulation and (b) the equivalent circuit model of an ICMS unit cell.  

 

The simulated reflection phases of a unit cell loaded with and without the IC loading are 

compared in Figure 2-3(a). As shown, the resonant frequency of a unit cell with IC loading is lower, 

leading to a smaller electrical size. This size reduction can be explained by Eq. (2-1). Since the 

capacitance 𝐶𝑠  provided by the IC loading is larger than that provided by a gap loading, the 

numerator on the right-hand side of Eq. (2-1) is larger with the IC loading, resulting in a smaller 

resonant frequency 𝑓𝑟.  
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                                      (a)                                                                            (b) 

         

                                       (c)                                                                            (d) 

Figure 2-3. (a) Simulated results of unit cells with and without IC loading, and parametric studies 

on (b) 𝑠1, (c) 𝑓1, and (d) the number of fingers. 

  

To realize further miniaturization, the resonant frequency must be further decreased while 

the overall size of the unit cell remains the same. To this end, the denominator of Eq. (2-1) needs 

to be increased, which possibly can be achieved by increasing either 𝐿𝑑, 𝐿𝑠, or 𝐶𝑠. An increase in 

𝐿𝑑 results in a larger profile of the unit cell, which should be avoided. On the other hand, a larger 

𝐿𝑠 and/or 𝐿𝑑 causes a narrower operational bandwidth of the unit cell. This is because Eq. (2-1) is 

equivalent to a serial connected LC resonant circuit with inductance and capacitance equal to 

(𝐿𝑑 + 𝐿𝑠) and 𝐶𝑠, respectively. An increase in either 𝐿𝑑 or 𝐿𝑠, or both, causes the quality-factor of 
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the resonant circuit to be larger. Hence, efforts are made to increase 𝐶𝑠, which can be realized by 

tuning the corresponding design parameters of the IC. Parametric studies of finger gap width 𝑠1, 

finger length 𝑓1, and the number of fingers of the IC are carried out and the corresponding results 

are shown in Figure 2-3(b) to Figure 2-3(d). In summary, a lower resonant frequency can be 

achieved by decreasing finger gap width, increasing finger length, or introducing more IC fingers. 

It should be noted that the compromise for achieving a smaller resonant frequency is a narrower 

fractional bandwidth, defined as the ratio of the frequency range where the reflection phase is 

between ±90𝑜 to the resonant frequency 𝑓𝑟. For instance, the fractional bandwidths are 11.3% and 

16.2% with resonant frequencies equal to 2.03 and 3.08 GHz, respectively, as shown in Figure 2-

3(c). This can be explained by the fact that although adjusting these design parameters mainly 

increases 𝐶𝑠, it also introduces parasitic inductance. Here, as a compromise between size reduction 

and bandwidth, a unit cell with 9 fingers that possesses a 0.2 mm finger gap width and a 1.8 mm 

finger length is adopted for ICMS construction.  

2.2.2 Simulated Antenna Performances 

After the finalization of ICMS engineering, a printed planar monopole antenna is designed 

and placed above the ICMS with a distance 𝑑1 = 0.5 mm. It is worth mentioning that an optimal 

impedance matching of the integrated antenna can be obtained by tuning 𝑑1. Here, the value of 𝑑1 

is obtained through parametric study, which is explained in detail later. It is likewise shown later 

that a small variance in 𝑑1only causes an ignorant effect on the overall performances of the 

integrated antenna. During antenna prototyping, a 0.5 mm-thick foam layer is inserted between the 

ICMS and the monopole antenna. In addition to 𝑑1, there are other parameters, including the radius 

of the circular metallic patch, that can be effectively tuned to obtain an optimal impedance. 



21 

 

The simulated impedance matching performance of the proposed antenna is presented in 

Figure 2-4(a). As can be clearly seen, two closely located resonances are observed, giving rise to a 

wide S11 < -10 dB impedance matching band equal to 600 MHz ranging from 3.63 to 4.23 GHz 

centered at 3.93 GHz. Equivalently, a fractional bandwidth equal to 15.3% is achieved. Figure 2-

4(b) presents the broadside gain performance of the proposed antenna. As can be seen, the gain 

value varies from 6.67 to 7.94 dBi within the impedance matching band.  

 

(a) 

 

(b) 

Figure 2-4. Simulated and measured (a) impedance matching and (b) broadside gain performances 

of the LP integrated antenna with a 1D loaded ICMS artificial ground plane. 
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A comparison between Figure 2-4(a) and Figure 2-3 reveals that within the operational 

band of the integrated antenna, the ICMS artificial ground plane is a capacitive impedance surface. 

Thus, the impedance matching can be achieved if it is fed by an inductive component so that the 

imaginary part of the input impedance can be cancelled out. The simulated results of the input 

impedance of the monopole antenna alone in free space are shown in Figure 2-5. As can be seen, 

the reactance of the monopole antenna within the operational band of the integrated antenna has a 

positive value, indicating that the monopole antenna is inductive. Thus, the capacitance of the 

ICMS is cancelled out by the inductance of the monopole feeding antenna.  

 

Figure 2-5. Simulated input impedance of the feeding monopole antenna alone in free space. 

  

The simulated radiation patterns of the antenna at three sampling frequency points, 3.8, 

4.0, and 4.2 GHz, on the E-plane and H-plane are presented in Figure 2-6. It is observed that 

unidirectional radiation patterns with the majority of radiation directed along the broadside are 

achieved on both planes at all three sampling frequencies. Specifically, the half-power beamwidths 

(HPBWs) at 3.8, 4.0, and 4.2 GHz on the E-plane are 84𝑜, 84𝑜, and 83𝑜, respectively. The HPBWs 

at the three frequencies on the H-plane are  64𝑜, 60𝑜, and 52𝑜, respectively. Moreover, the back 

radiations are well suppressed, leading to high front-to-back (FB) ratios above 10 dB for all 

radiation patterns.  
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(a) 

 

(b) 

Figure 2-6. Simulated and measured radiation patterns on the (a) E-plane and (b) H-plane (dashed 

line: simulated; solid line: measured). 

 

Before closing this section, it is worth investigating the effect of staggering the monopole 

antenna along the x and y directions (as illustrated in Figure 2-7) on the overall performances of 

the proposed antenna, as this may happen during antenna assembly. Specifically, shifting the 

monopole antenna along the x-axis is investigated with 𝑠𝑥 equal to 0, 1, and 2 mm. On the other 

hand, shifting along the y-axis is investigated with 𝑠𝑦  equal to 0 and 
𝑈𝑦

4
. The corresponding 

simulated impedance matching and antenna gain performances are shown in Figure 2-8. The results 

reveal that a small amount of staggering of the monopole antenna along the x-axis or y-axis causes 

only a minor effect on the overall performances of the integrated antenna. 
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(a) 

 

(b) 

Figure 2-7. Scenarios where the monopole antenna is shifted along the (a) x and (b) y directions. 

 

 

(a) 
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(b) 

Figure 2-8. Simulated impedance matching and gain performances with the monopole antenna 

staggered along the (a) x and (b) y directions.  

2.2.3 Antenna Working Principles 

As mentioned in previous sections, the ICMS in the proposed integrated antenna serves as 

the main radiator, operating similarly to a rectangular patch antenna but with modified dispersion 

behavior. In the following figures, the E-field distributions within the ICMS when excited by the 

feeding monopole antenna and the E-field distributions within a conventional rectangular patch 

antenna are compared for illustration. 

The simulated E-field distributions on the y = 0 and x = 33 mm planes (see Figure 2-1 for 

the two planes) at 3.75 GHz are shown in Figure 2-9(a) and Figure 2-9(b), respectively. The E-field 

distributions on the y = 0 and x = 33 mm planes at 4.20 GHz are illustrated in Figure 2-10(a) and 

Figure 2-10(b), respectively. For reference, the sketched E-field distributions of a conventional 

rectangular patch antenna operating in its  𝑇𝑀10 and 𝑇𝑀12 modes are also plotted based on the 

classical cavity model [11]. It can be seen that the E-field distributions of the proposed antenna 

working at 2.35 and 2.40 GHz are almost the same as those of a conventional rectangular patch 

antenna operating in its 𝑇𝑀10 and 𝑇𝑀12 modes, respectively. The minor differences are the field 
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enhancements on the top surface of the ICMS where the ICs exist. For differentiation, the 

corresponding two modes of the ICMS artificial ground plane are denoted as the ICMS-𝑇𝑀10 and 

ICMS-𝑇𝑀12 modes, respectively, in the rest of this chapter.  

 

(a) 

 

(b) 

Figure 2-9. Simulated and sketched E-field distributions on the (a) y = 0 and (b) x = 33 mm planes 

at 3.75 GHz. 

  

 

(a) 



27 

 

 

(b) 

Figure 2-10. Simulated and sketched E-field distributions on the (a) y = 0 and (b) x = 33 mm planes 

at 4.20 GHz. 

 

The frequency ratio of resonant frequencies of the 𝑇𝑀10  and 𝑇𝑀12  modes of a 

conventional rectangular patch antenna is always very large and the two frequencies can barely be 

tuned to be close to each other to offer a wide operation band. However, the ICMS-𝑇𝑀10 and 

ICMS-𝑇𝑀12  modes of the proposed ICMS artificial ground plane-based antenna are merged 

together to form a wide operational band. This mode-merging phenomenon can be attributed to the 

modified dispersion behavior of the proposed ICMS artificial ground plane. For illustration, the 

dispersion relations of the ICMS operating in the ICMS-𝑇𝑀10  and ICMS-𝑇𝑀12  modes are 

simulated using the eigenmode solver of HFSS. The corresponding simulation model is shown in 

Figure 2-11(a). To model the open space above the ICMS, an air box top-hatted with a perfect 

matching layer (PML) is built above the unit cell. Then, a larger air box is constructed to enclose 

all the structures. Finally, periodic boundaries are applied to the corresponding four facets of the 

second air box to realize the infinity of the ICMS along the x- and y-directions. The dispersion 

curves for the ICMS-𝑇𝑀10 and ICMS-𝑇𝑀12 modes are shown in Figure 2-11(b). The horizontal 

axis labeled as 𝑝𝑥(𝑝𝑦) represents the phase delay provided by a single unit cell along the x-(y-) axis, 

and the vertical axis indicates the frequency. For the occurrence of the ICMS-𝑇𝑀10 resonant mode, 

the following conditions must be satisfied: 
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𝑁𝑥 × 𝑝𝑥 = 180𝑜                                                     (2-2a) 

𝑁𝑦 × 𝑝𝑦 = 0𝑜                                                      (2-2b) 

where 𝑁𝑥 and 𝑁𝑦 indicate the number of unit cells in the ICMS along the x- and y-axes and equal 

3 and 6, respectively. Thus, in the simulation for the ICMS-𝑇𝑀10 mode, 𝑝𝑦 is pre-defined to be 0 

and a parametric sweep on 𝑝𝑥 is carried out. In addition, according to Eq. (2-2a), the resonance 

occurs when 𝑝𝑥 is equal to 60𝑜. Hence, based on Figure 2-11(b), the predicted resonant frequency 

of the ICMS-𝑇𝑀10 mode is 3.75 GHz, which agrees well with the first resonance of the integrated 

antenna observed in Figure 2-4(a). On the other hand, for the occurrence of the ICMS-𝑇𝑀12 

resonant mode, the following conditions must be satisfied: 

𝑁𝑥 × 𝑝𝑥 = 180𝑜                                                    (2-3a) 

𝑁𝑦 × 𝑝𝑦 = 360𝑜                                                   (2-3b) 

Thus, in the simulation for the ICMS-𝑇𝑀12 mode, 𝑝𝑥 is pre-defined to be 60𝑜 and a parametric 

sweep of 𝑝𝑦 is carried out. In addition, according to Eq. (2-3b), the resonance occurs when 𝑝𝑦 is 

equal to 60𝑜. Hence, based on Figure 2-11(b), the predicted resonant frequency of the ICMS-𝑇𝑀12 

mode is 4.30 GHz, which agrees well with the second resonance of the integrated antenna observed 

in Figure 2-4(a). In summary, the ICMS-𝑇𝑀10 and ICMS-𝑇𝑀12 modes correspond well with the 

𝑇𝑀10 and 𝑇𝑀12 modes of a conventional rectangular patch antenna based on the classical cavity 

model. Moreover, because the ICMS-𝑇𝑀10 and ICMS-𝑇𝑀12 modes are closely oriented in the 

frequency domain, they are merged together to form a wide operational band.  
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(a) 

  

(b) 

Figure 2-11. (a) Simulation setup and (b) dispersion curves of the ICMS-𝑇𝑀10 (left) and ICMS-

𝑇𝑀12 (right) modes. 

 

While a patch antenna working under the 𝑇𝑀10 mode provides unidirectional radiation 

along the broadside, it provides a bi-directional shaped radiation pattern with a null along the 

broadside when working under the 𝑇𝑀12 mode.  However, the radiation patterns shown in Figure 

2-6 indicate that the ICMS-𝑇𝑀12 mode still offers a unidirectional pattern with maximal radiation 

along the broadside. Here, a detailed explanation can be given as follows. In the first place, as 

shown in Figure 2-12(a), the currents on the top surface of the ICMS are mostly aligned along the 

x-axis. This behavior is different from the current distribution of a conventional rectangular patch 

antenna operating in its 𝑇𝑀12 mode and thus provides unidirectional radiations at far-field with the 
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E-field polarized along the x-axis. On the other hand, as plotted in Figure 2-12(b), the E-field is 

enhanced along the meandered gap of ICs, resulting in a strong magnetic current along the y-axis. 

These magnetic currents also contribute to the maximal radiation along the broadside.  

 

(a) 

 

(b) 

Figure 2-12. Simulated (a) current and (b) E-field distributions on the top surface of the ICMS 

artificial ground plane at 4.20 GHz. 

  

2.2.4 Experimental Results 

To experimentally verify the proposed 1D loaded ICMS artificial ground plane enabled 

integrated antenna design, an antenna prototype is fabricated, assembled, and measured. The 

antenna prototype is shown in Figure 2-13.  
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Figure 2-13. Antenna prototype of the 1D loaded ICMS artificial ground plane enabled integrated 

antenna. 

  

Figure 2-4(a) shows the measured impedance matching performance of the proposed 

antenna as a solid S11 curve. A good agreement between the simulated and measured results is 

obtained. Specifically, the measured S11 < -10 dB bandwidth is 600 MHz ranging from 3.63 GHz 

to 4.23 GHz, which is equivalent to a fractional bandwidth of 15.3%.  

Figure 2-4(b) shows the measured gain profile of the proposed antenna indicated by solid 

dots. As can be seen, the measured gain varies from 5.8 to 7.5 dBi, with the peak gain occurring at 

3.95 GHz.  

Figure 2-5 illustrates the measured radiation patterns at 3.8, 4.0, and 4.2 GHz on both the 

E-plane and H-plane as solid red curves. The measured HPBWs at 3.8 GHz are 98𝑜 and 60𝑜 on 

the E-plane and H-plane, respectively. At 4.0 GHz, the HPBWs are 101𝑜 and 56𝑜 on the E-plane 

and H-plane, respectively. The measured HPBWs at 4.2 GHz are 72𝑜 and 45𝑜 on the E-plane and 

H-plane, respectively. It can be clearly observed that the HPBW has larger values on the E-plane 

at all three sampling frequencies. This is because the proposed integrated antenna has a smaller 

dimension on the E-plane. 
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2.3 2D Loaded ICMS Enabled LP Antenna Design 

In order to realize further antenna volume miniaturization, a 2D loaded ICMS artificial 

ground plane is designed in this section. The proposed 2D loaded ICMS artificial ground plane 

possesses additional ICs along the y-axis. By virtue of these extra ICs, the ICMS consists only of 3 

× 3 unit cells, leading to a significant antenna footprint reduction. Moreover, both the simulated 

and measured results show that the miniaturized antenna still provides a wide operational band with 

unidirectional radiation patterns. The effect of the extra ICs is illustrated through a parametric 

study.  

Figure 2-14(a) and Figure 2-14(b) illustrate the configurations of the proposed 2D loaded 

ICMS and the monopole antenna, respectively. The detailed dimensions are summarized in Table 

2-2. As can be seen from Figure 2-14(a), only 3 × 3 unit cells are adopted to construct the ICMS. 

The monopole antenna is also different from the one used in the 1D loaded ICMS design presented 

in Section 2.2. As shown in Figure 2-14(b), stepped sections are introduced to the microstrip line. 

Moreover, a rectangular notch is etched off from the ground plane. These modifications introduce 

additional flexibility to obtain an optimal input impedance matching of the proposed integrated 

antenna. The monopole antenna is printed on a 1.5 mm-thick Rogers RO3003 laminate and the 

ICMS is printed on a 2.5 mm-thick Rogers RO3003 laminate. The overall thickness of the proposed 

antenna is 5.5 mm and the overall footprint is 36 × 36 mm2, which is equivalent to an electrical 

footprint of 0.23𝜆0
2. This is only 64% of the footprint of the antenna proposed in the previous 

section. It should be noted that 𝜆0 is the wavelength at 4.0 GHz in free space.  
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(a) 

 

(b) 

Figure 2-14. Configurations of (a) the 2D loaded ICMS and (b) the monopole antenna. 

  

Table 2-2. Detailed Dimensions of the Proposed 2D Loaded ICMS Enabled LP Antenna (all in 

mm). 

𝑀𝑥2 𝑀𝑦2 𝐿𝑥2 𝐿𝑦2 𝑑2 ℎ𝑚2 ℎ𝑠2 𝑟2 𝑙𝑓2 𝑤𝑓2 𝑙𝑔2 𝑔2 

25 20 33 62.4 1.5 1.5 2.5 5.5 12.2 3.6 10 0.4 

𝑡𝑙 𝑡𝑤 𝑒𝑥 𝑒𝑦 𝑙𝑝2 𝑠2 𝑓2      

6.9 1.5 2 6 10 0.18 1.92      
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2.3.1 Simulated Antenna Performances 

Figure 2-15(a) shows the simulated impedance matching performance of the proposed 2D 

loaded ICMS enabled LP antenna, as indicated by the dashed S11 curve. As can be clearly seen, two 

closely located resonances are observed; these form a wide S11 < -10 dB band despite the significant 

antenna miniaturization. Specifically, a 400 MHz bandwidth is achieved from 3.79 GHz to 4.19 

GHz, resulting in a fractional bandwidth equal to 10.0%. The simulated gain profile is depicted in 

Figure 2-15(b). As shown, within the S11 < -10 dB operational band, the antenna gain is above 6 

dBi, with the peak gain equal to 6.8 dBi.   

 

(a) 

 

(b) 
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Figure 2-15. Simulated (a) impedance matching and (b) gain profile of the 2D loaded ICMS enabled 

LP antenna.  

 

Figure 2-16 shows the simulated radiation patterns on both the E-plane and H-plane as 

dashed curves. Again, the three sampling frequencies are chosen to be 3.8, 4.0, and 4.2 GHz. At 

3.8 GHz, the simulated HPBWs are 82𝑜 and 96𝑜 on the E-plane and H-plane, respectively. At 4.0 

GHz, the simulated HPBWs are 82𝑜 and 92𝑜 on the E-plane and H-plane, respectively. At 4.2 

GHz, the simulated HPBWs are 81𝑜 and 84𝑜 on the E-plane and H-plane, respectively. Comparing 

the HPBWs of the proposed antenna in this section with those in Section 2.2, it can be clearly seen 

that the 2D loaded ICMS enabled antenna achieves more balanced HPBWs on the E-plane and H-

plane. Specifically, the HPBWs on the H-plane of the 2D loaded ICMS enabled antenna are larger 

than those of the 1D loaded ICMS enabled antenna. This is because the 2D loaded ICMS has a 

smaller size on the H-plane. In addition, the FB ratios of the simulated radiation patterns remain at 

high levels above 10 dB, indicating that the back radiations are well suppressed.  

     

(a) 
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(b) 

Figure 2-16. Simulated and measured radiation patterns on the (a) E-plane and (b) H-plane (dashed 

line: simulated; solid line: measured). 

2.3.2 Parametric Study of the ICs along the y-axis 

To investigate the effect of extra ICs along the y-axis, a parametric study of the number of 

fingers of the extra ICs is carried out. Five integrated antennas are included in the parametric study, 

as shown in Figure 2-17(a). The five ICMS artificial ground planes consist of unit cells with varying 

numbers of IC fingers along the y-axis. The simulated S11 performances of these five antennas are 

shown in Figure 2-17(b). It can be seen that extra ICs along the y-axis have a minor effect on the 

first resonance. In other words, the first resonant frequency remains almost the same among the 

five antennas. In terms of the second resonant frequency, it varies from 4.70 GHz to 4.15 GHz 

when the number of fingers of an IC in a single unit cell along the y-axis is increased from 0 to 9. 

Figure 2-17(c) summarizes the first and second resonant frequencies of the five integrated antennas. 

In conclusion, two operational bands with narrow bandwidth are obtained when the two resonances 

are separated from each other. However, a wide S11 < -10 dB operational band can be achieved 

when the two resonances are sufficiently close to each other. Thus, the extra ICs along the y-axis 

can tune the location of the second resonant frequency by adjusting the fingers of the ICs.  
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(a) 

 

(b) 

 

(c) 



38 

 

Figure 2-17. (a) Integrated antennas enabled by an ICMS artificial ground plane that contains extra 

ICs with different numbers of fingers along the y-axis, (b) simulated S11 of the antennas, and (c) 

resonant frequencies with varying numbers of fingers of ICs along the y-axis.  

2.3.3 Experimental Results 

To experimentally verify the proposed 2D loaded ICMS artificial ground plane enabled 

integrated antenna design, an antenna prototype is fabricated, assembled, and measured. The 

antenna prototype is shown in Figure 2-18. It should be noted that a 1.5 mm-thick foam is inserted 

between the monopole antenna and the ICMS to fix the distance between them. 

 

Figure 2-18. Antenna prototype of the 1D loaded ICMS enabled integrated antenna design. 

 

Figure 2-15(a) shows the measured impedance matching performance of the proposed 

antenna as a solid S11 curve. A good agreement between the simulated and measured results is 

obtained. The measured S11 < -10 dB bandwidth is 420 MHz ranging from 3.79 to 4.21 GHz, which 

is equivalent to a fractional bandwidth of 10.5%.  
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Figure 2-15(b) shows the measured gain profile of the proposed antenna as solid dots. As 

can be seen, the measured gain varies from 5.0 to 6.2 dBi, with the peak gain occurring at 3.95 

GHz.  

Figure 2-16 illustrates the measured results of the radiation patterns at 3.8, 4.0, and 4.2 

GHz on both the E-plane and H-plane as solid red curves. The measured HPBWs at 3.8 GHz are 

76𝑜 and 76𝑜 on the E-plane and H-plane, respectively. The measured HPBWs at 4.0 GHz are 83𝑜 

and 82𝑜 on the E-plane and H-plane, respectively. The measured HPBWs at 4.2 GHz are 81𝑜 and 

72𝑜  on the E-plane and H-plane, respectively. Because the proposed antenna has the same 

dimensions on x-axis and y-axis, the HPBWs on the E-plane and H-plane are almost the same. 

2.4 ICMS Enabled CP Antenna Design 

In Section 2.2 and Section 2.3, the design methodology of two ICMS enabled LP antennas 

was introduced. In this section, the design of an ICMS enabled CP antenna with enhanced axial 

ratio (AR) bandwidth and a small form factor is presented. Compared with LP antennas, CP 

antennas have numerous advantages. For example, the multi-path interference commonly seen in 

modern communication systems can be mitigated by CP antennas.  

Figure 2-19 shows the configuration of the ICMS enabled CP antenna. As can be seen, the 

CP antenna has a similar configuration to that of the previous two LP antennas, with a monopole 

antenna placed above an ICMS artificial ground plane. The ICMS unit cell has a diagonal slot cut 

into the patch and triangular IC fingers are introduced to provide CP radiations at far-field. The 

overall footprint of the proposed integrated antenna is 45.7 × 39.3 mm2, which is equivalent to an 

electrical footprint of 0.32𝜆0
2, where 𝜆0 is equal to 75 mm. Both the monopole antenna and the 

ICMS are printed on Rogers RO3003 laminates with a dielectric constant 휀𝑟=3 and a loss tangent 

tan𝛿=0.001. The thickness of the monopole antenna is 1.5 mm and the thickness of the ICMS layer 
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is 2.5 mm. The overall thickness of the antenna is 5.5 mm. Detailed dimensions are summarized in 

Table 2-3.  

 

Figure 2-19. Configuration of the ICMS enabled CP antenna design. 

  

Table 2-3. Detailed Dimensions of the Proposed ICMS Based CP Antenna (all in mm). 

𝑀𝑥3 𝑀𝑦3 𝐿𝑥3 𝐿𝑦3 𝑑3 ℎ𝑚3 ℎ𝑠3 𝑟3 𝑙𝑓3 𝑤𝑓3 𝑙𝑔3 𝑔3 

24.3 20 45.7 39.3 1.5 1.5 2.5 5.5 6.9 3.6 10 0.4 

2.4.1 Analysis of ICMS Unit Cell 

The goal of introducing the diagonal slot and triangular IC fingers is to generate two 

orthogonal modes when the ICMS is illuminated by an incident LP plane wave, as shown in Figure 

2-20(a). Basically, a TM plane wave with its E-field polarized along the x-axis is normally incident 

on the ICMS unit cell. Both the TM and transverse electric (TE) (E-field polarized along the y-axis) 

reflected waves are generated. Thus, the broadside radiation of the ICMS integrated antenna is the 

combination of the TM plane wave radiated by the monopole antenna and the TM and TE plane 

waves reflected by the ICMS. Hence, the broadside radiation contains both the TM and TE modes. 

If the two orthogonal modes have the same magnitude and 90𝑜 phase difference, a broadside CP 

radiation can be obtained at far-field. To this end, the unit cell design parameters shown in Figure 
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2-20(a) are optimized and their values are listed in Table 2-4. The simulated magnitude ratio of and 

phase difference between the TE and TM modes in the total broadside radiation are presented in 

Figure 2-20(b). Here, an assumption is made that the magnitude of the directly radiated TM mode 

is the same as that of the total reflected wave due to the bi-directional radiating characteristic of the 

monopole antenna. In addition, there is no phase difference between the directly radiated TM mode 

and the reflected TM and TE waves since the distance between the monopole antenna and the ICMS 

is very small compared to the wavelength. As can be seen from the simulated results, the frequency 

range is from 3.9 GHz to 4.3 GHz, where the magnitude ratio of TE to TM waves is kept at nearly 

unity and their phase difference is almost 90𝑜. Intuitively, CP radiation along the broadside is 

predicted within this frequency range. It is also observed from Figure 2-20(b) that the TM mode is 

90𝑜 behind the TE mode, leading to a right-handed circular polarization (RHCP).  

 

(a) 
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(b) 

Figure 2-20. (a) Simulation model and (b) simulated ratio of magnitudes of TE to TM modes and 

phase difference between TE and TM modes. 

 

Table 2-4. Optimized Design Parameters of the ICMS Unit Cell (all in mm). 

𝐶𝑥 𝐶𝑦 𝑠3 𝑓3 𝑡 

14.8 13.1 0.4 1.5 0.4 

2.4.2 Simulated Antenna Performances 

Figure 2-21(a) shows the simulated impedance matching performance of the proposed 

ICMS enabled CP antenna, as indicated by the dashed S11 curve. A 650 MHz bandwidth is achieved 

from 3.64 GHz to 4.29 GHz, resulting in a fractional bandwidth equal to 16.4%. The simulated 

broadside AR of the proposed CP antenna is depicted in Figure 2-21(b). As can be seen, a 400 MHz 

AR < 3dB band is achieved from 3.93 GHz to 4.33 GHz, resulting in a fractional bandwidth equal 

to 9.7%. It is observed that the S11 < -10 dB frequency band fully covers the AR < 3 dB frequency 

band. Thus, the operational band of the proposed CP antenna is the same as the AR < 3 dB band. 

As shown in Figure 2-21(c), within the operational frequency range, the antenna gain is above 5.5 

dBi, with the peak gain equal to 7.0 dBi at 3.9 GHz. 
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(a) 

 

(b) 

 

(c) 

Figure 2-21. Simulated and measured (a) impedance matching, (b) broadside AR, and (c) gain 

performances of the ICMS enabled CP antenna. 

 



44 

 

Figure 2-22 shows the simulated radiation patterns on both the xoz-plane and yoz-plane as 

dashed curves. The three sampling frequencies are chosen to be 3.8, 4.0, and 4.2 GHz. At 3.8 GHz, 

the simulated HPBWs are 77𝑜 and 88𝑜 on the xoz-plane and yoz-plane, respectively. At 4.0 GHz, 

the simulated HPBWs are 81𝑜 and 86𝑜 on the xoz-plane and yoz-plane, respectively. At 4.2 GHz, 

the simulated HPBWs are 89𝑜 and 87𝑜 on the xoz-plane and yoz-plane, respectively. In addition, 

the FB ratios of the simulated radiation patterns remain above 15 dB, indicating that the back 

radiations are well suppressed.  

   

(a) 

   

(b) 

Figure 2-22. Simulated and measured radiation patterns on the (a) xoz-plane and (b) yoz-plane 

(dashed line: simulated; solid line: measured). 

 

The angular AR performance is also investigated and the corresponding simulated results 

are plotted in Figure 2-23 as dashed lines. Specifically, the angular AR is simulated on the xoz-

plane and yoz-plane at 3.9, 4.0, and 4.1 GHz. Based on the results, at 3.9 GHz, the AR beamwidths 
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(ARBWs) within which AR < 3 dB are 60.0𝑜 (from −1.2𝑜 to 58.8𝑜) and 63.5𝑜 (from −60.4𝑜 to 

3.1𝑜) on the xoz-plane and yoz-plane, respectively. The ARBWs are 33.5𝑜 (from −13.4𝑜 to 20.1𝑜) 

and 116.8𝑜 (from −47.3𝑜 to 69.5𝑜) on the xoz-plane and yoz-plane, respectively, at 4.0 GHz. At 

4.1 GHz, the ARBWs are 19.2𝑜 (from −18.9𝑜 to 0.3𝑜) and 87.2𝑜 (from −1.6𝑜 to 85.6𝑜) on the 

xoz-plane and yoz-plane, respectively. 

 

(a) 

 

(b) 
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(c) 

Figure 2-23. Simulated and measured angular AR at (a) 3.9, (b) 4.0, and (c) 4.1 GHz.  

2.4.3 Experimental Results 

To experimentally verify the proposed ICMS enabled integrated CP antenna design, an 

antenna prototype is fabricated, assembled, and measured. The antenna prototype is shown in 

Figure 2-24. It should be noted that a 1.5 mm-thick foam is inserted between the monopole antenna 

and the ICMS to fix the distance between them. 

 

Figure 2-24. Antenna prototype of the ICMS enabled integrated CP antenna design. 
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Figure 2-21(a) shows the measured impedance matching performance of the proposed CP 

antenna as a solid S11 curve. A good agreement between the simulated and measured results is 

observed. Specifically, the measured S11 < -10 dB bandwidth is 620 MHz ranging from 3.67 GHz 

to 4.29 GHz, which is equivalent to a fractional bandwidth of 15.6%.  

Figure 2-21(b) shows the measured AR of the proposed antenna as solid dots. As can be 

seen, the measured AR < 3 dB frequency band spans from 3.90 to 4.27 GHz resulting in a 370 MHz 

frequency band, which is equivalent to a fractional bandwidth of 9.1%. Since the measured AR < 

3 dB frequency band is fully covered by the S11 < -10 dB band, the measured operational band of 

the antenna prototype is the same as the measured AR < 3 dB frequency band. 

Figure 2-21(c) shows the measured gain profile of the antenna prototype. Within the 

operational band, the antenna gain varies from 5.5 dBi to 7.3 dBi, with the peak gain at 3.95 GHz.  

Figure 2-22 presents the measured radiation patterns at 3.8, 4.0, and 4.2 GHz on both the 

xoz-plane and yoz-plane as solid red curves. The measured HPBWs at 3.8 GHz are 81𝑜 and 72𝑜 on 

the xoz-plane and yoz-plane, respectively. The measured HPBWs at 4.0 GHz are 73𝑜 and 79𝑜 on 

the xoz-plane and yoz-plane, respectively. The measured HPBWs at 4.2 GHz are 64𝑜 and 65𝑜 on 

the xoz-plane and yoz-plane, respectively.  

The measured angular AR performances at 3.9 GHz, 4.0 GHz, and 4.1 GHz are displayed 

in Figure 2-23(a) to Figure 2-23(c) as solid curves. A reasonable agreement is achieved between 

the measured and simulated results. Specifically, the measured ARBWs at 3.9 GHz are 57.9𝑜 and 

54.7𝑜 on the xoz-plane and yoz-plane, respectively. The measured ARBWs at 4.0 GHz are 35.0𝑜 

and 114.7𝑜 on the xoz-plane and yoz-plane, respectively. The measured ARBWs at 4.1 GHz are 

14.0𝑜 and 75.0𝑜 on the xoz-plane and yoz-plane, respectively. 
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2.5 Conclusion 

In this chapter, the design methodology of three compact antennas enabled by ICMS 

artificial ground planes were discussed. Two ICMS artificial ground planes with 1D and 2D IC 

loadings were proposed for LP antenna designs. Another ICMS artificial ground plane with 

modified IC loadings and additional slot loadings was proposed to realize an integrated antenna 

with CP radiation. Unit cell analyses were carried out to illustrate the operating principles of these 

antennas. Specifically, dispersion analysis of unit cells was done to realize the theory of bandwidth 

enhancement for the LP antennas. In addition, reflection analysis of unit cells was carried out to 

explain the CP radiation provided by the third antenna. All three proposed antennas realize 

performance enhancements in numerous aspects including operational bandwidth, gain, and FB 

ratio. To experimentally demonstrate the designs, three antenna prototypes were fabricated. 

Reasonable agreements between measured and simulated results were observed for the three 

proposed antenna designs. It is worth mentioning that due to the fabrication imperfections as well 

as the unwanted scatterings and power losses from the connecting cables used during 

measurements, small differences between the measured and the simulated results were observed.  

Table 2-5. Comparison of Artificial Ground Plane Enabled Antenna Designs. 

 Freq. (GHz) S11 BW (%) AR BW (%) 

Gain 

(dBi/dBic) 

FBTR (dB) Footprint (𝜆0
2) 

[24] 2.45 5.5 - 6.2 23 0.15 

[26] 2.45/5.8 4/12 - 6.4/7.6 > 10 0.96 

[44] 2.45 18 - 5 8 0.29 

[46] 1.92 6.7 - 4.5 5.6 0.09 

[47] 

3 8.18 3.3 5.1 - 0.19 

2.86/3.1 1.75/2.57 1.05/1.61 4.15/4.77 - 0.18 
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[48] 6.4 54.6 25.2 6.5 - 0.62 

[49] 2.3 11.4 14.9 5.7 - 0.59 

[50] 5.0 16 - 6.2 - 0.97 

[51] 5.6 50 - 10 > 10 2.85 

[52] 5.5 25 - 10.8 - 1.21 

[53] 3.7 24 5.6 - - 2.85 

LP1 4 15.3 - 7.5 > 10 0.37 

LP2 4 10.5 - 6.2 > 10 0.23 

CP 4 15.6 9.1 7.3 > 15 0.32 

 

Table 2-5 presents a comparison of the proposed antennas in this chapter and other MS 

artificial ground plane enabled antenna designs reported in the literature. It can be seen that the 

footprints of the proposed antennas in this chapter are smaller than most of their counterparts in the 

literature. Only the antenna designs reported in [24], [46], and [47] have smaller footprints. Even 

with their miniaturized form factors, the proposed antennas maintain wide operational bands as 

well as moderate gain performances. In summary, the proposed antennas in this chapter are 

promising candidates to be integrated in modern compact communication systems with wideband 

requirements. 
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Chapter 3  
 

Miniaturized Dual-band Antenna Enabled by an Artificial Ground Plane 

Loaded with Complementary Split Ring Resonators 

3.1 Introduction 

The miniaturization of modern communication systems demands antennas with more than 

one operational band. Compared to antennas with a single operational band, dual-band and multi-

band antennas can offer significant size reduction by accommodating multiple communication 

channels within a single antenna aperture. In Chapter 2, MSs were adopted as artificial ground 

planes to realize compact wideband antenna designs. In this chapter, the design of a dual-band 

compact antenna with a CSRR-loaded MS as the antenna’s artificial ground plane is introduced.  

There have been many MS-based dual-band or multi-band planar antenna designs with 

various functionalities reported in the literature [23, 26, 47, 54-57]. MSs are implemented in dual-

band or multi-band antenna designs in three primary ways.  

The first way is to make an MS a part of the main radiator. For instance, an MS formed as 

a 2 × 2 array of modified mushroom unit cells was proposed in [54]. The MS was then incorporated 

into a patch antenna to realize a dual-band antenna operating at 2.4 and 3.5 GHz. By virtue of the 

MS, the antenna was able to realize not only size reduction but also gain enhancement. Another 

antenna design was reported in [23]. In this design, a conventional patch radiator was loaded with 

an MS that was a 5 × 5 periodic array of shielded mushroom unit cells. Because of the MS loading, 

the antenna simultaneously achieved multiple operational bands and two different operating modes. 

A dual-band antenna with a small frequency ratio enabled by an MS that serves as the main radiator 

was reported in [55]. The MS was a 2D composite right/left-handed (CRLH) transmission line 
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realized by CSRRs and gap loadings. Another dual-band linearly-polarized (LP) antenna with a 

distinct sense of polarizations at two operational bands was proposed in [58]. The authors 

implemented an MS that was a 2 × 2 periodic array of modified mushroom unit cells as part of the 

feeding component. This type of MS-enabled antenna design has also been applied to wearable 

communication systems. For example, in [40], by loading a conventional patch antenna with an 

MS that was a 2 × 1 array of modified mushroom unit cells, a wearable antenna operating at WLAN 

bands with a small form factor and high isolation from the human body loading was realized. In 

[57], a dual-band dual-mode antenna with an MS consisting of a 2 × 2 array of modified mushroom 

unit cells incorporated into a conventional patch antenna realized omnidirectional and 

unidirectional radiation patterns at two operational bands.   

The second way is placing MSs below conventional patch antennas. Unlike using an MS 

directly as an antenna ground plane, patch antennas and MSs in this class share the same ground 

plane. One example is the antenna design reported in [47]. The reported antenna was a dual-band 

CP antenna operating at 2.9 and 3.1 GHz. This functionality was accomplished by inserting an MS 

with the reactive impedance characteristic beneath a slotted patch antenna. The MS was an 8 × 8 

unit cell array, and each unit cell consisted of a square patch printed on a grounded dielectric slab. 

Similar square-patch type unit cells were also used in [56] and [58], where dual-band antennas 

based on a 5 × 5 array of such unit cells were utilized to achieve dual-band functionality.  

The last category of MS-enabled dual-band or multi-band antenna designs employs MSs 

as artificial ground planes. A planar monopole antenna is always included, serving as the feeding 

component, and the MS is the main radiator. A dual-band wearable antenna (2.45/5 GHz) was 

proposed in [26]. The MS was a 3 × 3 periodic array of unit cells fabricated based on clothing 

fabrics. Each unit cell consisted of two concentric conducting square-shaped rings printed on a 

grounded fabric layer. A monopole that was also fabricated by using the fabric materials was placed 

above the MS as the feeding component. The proposed antenna not only possessed miniaturized 
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antenna volume, but also achieved multiple antenna performance enhancements such as an 

improved broadside gain and FB ratio, which are desirable features for wearable applications. In 

summary, researchers and engineers have discovered that the MS artificial ground plane enabled 

antenna exhibits numerous advantages, including high gain [42, 50, 51, 44, 26, 24, 59], wide 

operational bandwidth [60, 46, 59, 48, 43, 49], a small form factor [60, 44, 46, 24, 59, 53], and a 

high FB ratio [42, 46, 44, 24, 59, 61].  

In this chapter, a novel low-profile and compact MS artificial ground plane enabled dual-

band LP antenna is presented. The MS is loaded with CSRRs together with capacitive gaps. The 

CSRR loadings are proven to realize the dual-band operational bands and antenna volume 

miniaturization simultaneously. The proposed antenna works at 1.9 and 2.5 GHz with an overall 

electrical footprint 0.062 𝜆0
2, where 𝜆0 is the wavelength at 1.9 GHz in free space. Moreover, the 

two operational bands can be independently tuned by adjusting the corresponding design 

parameters. Unidirectional radiation along the broadside is observed at both bands. The detailed 

antenna design is presented in Section 3.2. In Section 3.3, the independent band-tuning techniques 

are discussed. A comparison between the proposed antenna and U-slot patch antennas is made in 

Section 3.4. The simulated antenna performances and experimental results of measuring an antenna 

prototype are shown in Section 3.5. This chapter is concluded in Section 3.6. 

3.2 Antenna Design 

The configuration of the proposed MS artificial ground plane enabled integrated antenna 

is shown in Figure 3-1(a). The integrated antenna consists of an MS artificial ground plane as well 

as a printed planar monopole antenna. The monopole antenna consists of a circular patch connected 

to a SubMiniature version A (SMA) connector (not shown) by a 50Ω microstrip line with stepped 

sections, which are adopted here to offer additional design flexibility for tuning a better impedance 
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matching. In addition to the stepped sections, tuning the radius of the circular metallic patch helps 

to obtain the optimal impedance matching of the integrated antenna. As the monopole antenna only 

serves as the feeding component to reactively couple power from the source to the MS artificial 

ground plane, its shape is not a critical factor and thus not limited to be circular. This is confirmed 

by additional simulations that reveal that the replacement of the circular patch with a rectangular 

one has only a minor effect on the overall antenna performances. Both the monopole antenna and 

MS artificial ground plane are printed on Rogers RO3003 laminates with a dielectric constant 휀𝑟 =

3 and a dielectric loss tangent tanδ = 0.001. The thickness of the monopole layer is 1.52 mm and 

that of the MS artificial ground plane layer is 5.6 mm. The MS artificial ground plane is actually 

an array formed by 4 × 1 unit cells. Figure 3-2 illustrates the configuration of a single unit cell. 

Basically, two layers are involved: a rectangular gapped metallic patch printed on a dielectric 

substrate and a rectangular CSRR printed on another grounded dielectric substrate. The thickness 

of the first and the second layers is 1.04 and 4.56 mm, respectively. As the MS artificial ground 

plane is highly truncated and only contains four unit cells, a highly miniaturized antenna footprint 

of 24 × 64 mm2  is accomplished. This is equivalent to 0.062𝜆0
2 , where 𝜆0  is the free space 

wavelength at 1.9 GHz.  

 

                                              (a)                                                                 (b) 
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Figure 3-1. Configurations of (a) the dual-band MS artificial ground plane enabled integrated 

antenna and (b) the printed planar monopole feeding antenna.  

 

Figure 3-2. Exploded and stacked view of a CSRR loaded double-layered unit cell.  

3.2.1 Unit Cell Synthesis and Analysis 

The characterization of a single MS artificial ground plane unit cell is carried out by 

numerical simulation using HFSS [30]. The simulation model and the corresponding simulated and 

calculated dispersive properties of the unit cell are shown in Figure 3-3(a). The unit cell simulation 

is based on the simulation methods in [52, 60]. Basically, port 1 and 2 are assigned to the two faces 

of the dielectric substrate perpendicular to the x-axis (refer to Figure 3-2 for the corresponding 

coordinate system). An air box (not shown) is also built up to enclose the whole unit cell model to 

model an infinite free-space environment. The simulated dispersive curve (solid blue) of wave 

propagating along the x-axis within the MS unit cell is presented in Figure 3-3(a). The dispersive 

behavior of light propagating in air (dashed grey) is also shown for reference. It is observed that 

the simulated dispersive curve splits at 2.37 GHz to form two frequency bands due to the resonating 

characteristic of the CSRR structure. In other words, the unit cell has a self-resonance occurring at 

2.37 GHz mainly due to the resonating characteristic of the embedded CSRR structure. As is 
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explained in detail in the following sections, it is the two frequency bands that enable the dual-band 

functionality of the proposed integrated antenna.  

While the aforementioned unit cell simulation is based on the “Driven Model” solver in 

HFSS, another unit cell simulation is carried out based on the “Eigenmode” solver in HFSS. The 

simulation setup and corresponding results are not shown here. It is found that the two simulations 

reasonably verify each other. The two TM modes (with an in-phase E-field aligned along the z-

axis) obtained from the “Eigenmode” simulation have exactly the same dispersive behaviors as the 

two bands of the simulated dispersion curve in Figure 3-3(a). 

In addition to full-wave simulations, the dispersive property of a single MS unit cell is 

analytically calculated based on the developed equivalent circuit shown in Figure 3-3(b). In the 

circuit model, 𝐶se indicates the serial capacitance provided by the patch gap on the top surface of 

the unit cell. 𝐶𝑓 represents the capacitive coupling between the gapped patch and the embedded 

CSRR structure. 𝐶CSRR and 𝐿CSRR are used to characterize the capacitance and inductance of the 

CSRR resonator. 𝐶sh models the capacitive coupling between the CSRR and the unit cell ground. 

The gapped patch is considered to be formed by two equal-length microstrip transmission lines. 

Based on the dielectric constant, the thickness of the unit cell substrate, and the width of the gapped 

patch, the characteristic impedance of the equivalent microstrip transmission lines is 59 Ω. Then, 

𝐶CSRR and 𝐿CSRR are calculated based on the equations in [62]. It should be mentioned that the 

equations are modified in this particular case because the CSRR in our proposed design is 

rectangular instead of circular as in [62]. Then, curve fitting is carried out by tuning the lumped 

element values. The finalized lumped element values are listed in the caption of Figure 3-3. As can 

be seen from Figure 3-3(b), the calculated dispersive curve represented as a red dashed line is 

almost the same as the simulated dispersive curve, validating the proposed equivalent circuit model.  
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(a) 

 

(b) 

Figure 3-3. (a) Simulated and calculated dispersion properties and (b) the equivalent circuit of a 

single MS unit cell. The finalized circuit parameters are 𝐶𝑠𝑒 = 1 pF, 𝐶𝑓 = 5 pF, 𝐶𝑠ℎ = 0.3 pF, 

𝐶CSRR = 0.48 pF, and 𝐿CSRR = 5.7 nH.  

3.2.2 Simulated Antenna Performances 

Once the unit cell synthesis is completed, the MS artificial ground plane is constructed as 

a 4 × 1 periodic unit cell array. Then, the proposed dual-band antenna is integrated by placing a 

printed planar monopole antenna 1.5 mm above the MS artificial ground plane. It should be noted 

that during the antenna prototyping, a 1.5 mm-thick foam is inserted between the monopole antenna 
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and the MS artificial ground plane. Since the dielectric constant of the foam is almost the same as 

that of the air, the gap between the monopole antenna and the MS artificial ground plane is modeled 

as an air layer. It should be mentioned that the gap size is tuned to be 1.5 mm in order to obtain the 

optimal impedance matching for the integrated antenna. The detailed dimensions associated with 

Figure 3-1 and Figure 3-2 are shown in Table 3-1. 

Table 3-1. Detailed Dimensions of the Proposed Dual-Band Antenna (all in mm). 

𝐿 𝑊 𝐿𝑚 𝑊𝑚 𝑑 ℎ𝑚 ℎ𝑠 𝑟 𝑤0 𝑤1 𝑙0 𝑙1 𝑙𝑔 

64 24 49 20 1.5 1.5 5.6 8 3.6 1.2 6 22.8 26 

𝑒𝑥 𝑒𝑦 𝐿𝑢 𝑊𝑢 𝐿𝐶 𝑊𝐶 𝑠1 𝑠2 𝑔1 𝑔2 𝑑𝑢1 𝑑𝑢2  

4 4 16 20.8 12.1 20 0.8 0.8 0.8 0.8 1.04 4.56  

 

The simulated impedance matching performance of the proposed antenna is presented in 

Figure 3-4. As can be clearly seen, two resonances are observed at 2.02 and 2.51 GHz, respectively, 

giving rise to two S11 < -10 dB frequency bands. The simulated bandwidth of the first frequency 

band is equal to 50 MHz ranging from 1.99 to 2.04 GHz. This is equivalent to a fractional 

bandwidth of 2.5%. The second S11 < -10 dB impedance matching band is 50 MHz ranging from 

2.49 to 2.54 GHz, which is equivalent to a fractional bandwidth of 2.0%.  
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Figure 3-4. Simulated and measured impedance matching performances of the proposed dual-band 

LP antenna enabled by an MS artificial ground plane.  

 

The simulated broadside gain performances for the two operational bands are plotted in 

Figure 3-5(a) and Figure 3-5(b), respectively. Specifically, within the first and second simulated 

S11 < -10 dB band, the antenna gains along the broadside are above 5 dBi. 

 

(a) 

 

(b) 

Figure 3-5. Simulated and measured broadside gains of the (a) first and (b) second frequency band.  

 

The simulated normalized radiation patterns of the integrated antenna on both the E-plane 

and H-plane at 2.0 and 2.5 GHz are plotted in Figure 3-6(a) and Figure 3-6(b), respectively. At 2.0 
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GHz, the simulated HPBWs are 82𝑜 and 142𝑜 on the E-plane and H-plane, respectively. At 2.5 

GHz, the simulated HPBWs are 76𝑜 and 128𝑜 on the E-plane and H-plane, respectively. It can be 

clearly seen that the HPBWs on the H-plane are larger than those on the E-plane. This is because 

the proposed integrated antenna has a much smaller size on the H-plane. In addition, the FB ratios 

of the simulated radiation patterns are all maintained above 10 dB, indicating that the back lobes 

are well suppressed. 

       

(a) 

         

(b) 

Figure 3-6. Simulated and measured normalized radiation patterns on the E-plane and H-plane at 

(a) 2.0 and (b) 2.5 GHz (dashed lines: simulated; solid lines: measured; black lines: co-polarization; 

grey lines: cross-polarization). 
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3.2.3 Antenna Working Principles 

The integrated antenna can be regarded as formed by two parts, i.e. the feeding and 

radiating parts. The feeding part is the planar monopole antenna and the radiating part is the MS 

artificial ground plane. The power is transferred from the planar monopole antenna to the MS 

artificial ground plane through capacitive coupling. As is later shown, the MS artificial ground 

plane operates like a conventional rectangular patch antenna working in the 𝑇𝑀10 mode at both 

bands. For purpose of differentiation, the resonant mode of the MS artificial ground plane is 

denoted as the MS-𝑇𝑀10 mode. For the MS-𝑇𝑀10 mode to be excited the following equation must 

be satisfied: 

𝑁𝑥𝛽𝑥𝑝𝑥 = 𝑚𝜋, (𝑚 = 0,±1,±2,… )                                      (3-1) 

where 𝑁𝑥 is the number of unit cells along the x-axis. In the proposed MS artificial ground plane, 

𝑁𝑥 = 4. The parameter 𝛽𝑥 indicates the propagation constant of the standing wave within the MS 

artificial ground plane along the x-axis, and 𝑝𝑥 is the length of one unit cell along the x-direction. 

The product of 𝛽𝑥 and 𝑝𝑥 is the phase shift along the x-axis of a single unit cell corresponding to 

the horizontal axis of Figure 3-3(a). The parameter m on the right-hand side of Eq. (2-1) indicates 

the order of the MS artificial ground plane resonant modes. Here, as is explained later, only the 

fundamental mode with 𝑚 = +1 is of interest and 

𝛽𝑥𝑝𝑥 =
𝜋

4
                                                                (3-2) 

According to Figure 3-3(a), the corresponding resonant frequency can be predicted as the value of 

the vertical coordinate of the point on the dispersive curve with the phase shift along the x-axis to 

𝜋

4
. Based on Figure 3-3(a), the predicted resonant frequencies are 1.9 and 2.5 GHz. Comparing the 

predicted frequencies with those simulated and shown in Figure 3-4, it can be seen that the resonant 

frequencies of the integrated antenna can be predicted with high accuracy through the dispersive 

behavior of a single unit cell. The reason why only the fundamental modes are considered is 
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explained as follows. The zeroth order mode with 𝑚 = 0 is known to have an omnidirectional 

radiation pattern and cannot be excited through our capacitive coupling feeding method. Within the 

first band shown in Figure 3-3(a), higher-order modes with 𝑚 ≥ 2 are featured with high quality-

factor and resonant frequencies very close to the self-resonance of the unit cell. These multiple 

resonances are merged to form a single spurious resonance with the narrow band of the integrated 

antenna (see Figure 3-4) at around 2.3 GHz. On the other hand, within the second band shown in 

Figure 3-3(a), the higher-order modes give undesirable radiation patterns and a large electrical 

antenna size. For example, as shown in Figure 3-7, when 𝑚 = +2, this second order resonance 

occurs at 3.15 GHz and a conical radiation pattern instead of a unidirectional broadside pattern is 

achieved. In addition, higher-order modes are inherently narrow-band, making them of little 

interest. It should also be noted that because there are no left-handed modes supported in our 

proposed MS, 𝑚 can only be a positive integer in Eq. (3-1). 

 

Figure 3-7. Illustration of the second order within the second band.  
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(a) 

 

(b) 

Figure 3-8. Simulated and sketched E-field distributions at 2.0 and 2.5 GHz on (a) y = 0 and (b) x 

= 64 mm planes. 

  

In order to compare the MS-𝑇𝑀10 mode of the MS artificial ground plane with the 𝑇𝑀10 

mode of a conventional rectangular patch antenna, the simulated E-field distributions of the 

proposed MS artificial ground plane and the sketched E-field distributions of a rectangular patch 

antenna operating in 𝑇𝑀10 are plotted in Figure 3-8. The simulated E-field distributions are plotted 

on the y = 0 and x = 64 mm planes (see Figure 3-1 for the coordinate system) at both 2.0 and 2.5 

GHz. Similarities are observed between the simulated and sketched E-field distributions, verifying 

that the MS-𝑇𝑀10 mode of the MS artificial ground plane at both 2.0 and 2.5 GHz is equivalent to 



63 

 

the 𝑇𝑀10 mode of a rectangular patch antenna. Thus, broadside unidirectional radiation patterns 

are expected for the MS artificial ground plane at the 2.0 and 2.5 GHz bands.  

To further demonstrate the validity of Eq. (3-1) and (3-2) and the radiation mechanisms, 

integrated antennas with different MS artificial ground plane configurations are simulated and 

compared. Figure 3-9(a) shows the integrated antennas under investigation. It should be noted that 

the integrated antenna enabled by the 4 × 1 MS artificial ground plane discussed in previous 

sections is also included. In addition, three MS artificial ground planes formed as 3 × 1, 5 × 1, and 

4 × 2 periodic unit cell arrays are shown. All the MS artificial ground planes are fed by the same 

printed planar monopole antenna. The simulated S11 performances are summarized in Figure 3-

9(b). The simulated resonant frequencies of these integrated antennas and those analytically 

calculated based on Eq. (3-1) and (3-2) are compared and tabulated in Table 3-2. Specifically, the 

resonant frequencies of the 4 × 1 and 4 × 2 MS artificial ground plane based integrated antennas 

should be the same, according to Eq. (3-1) and (3-2). This is indeed the case, as shown in Table 3-

2. The predicted resonant frequencies for the integrated antennas with 3 × 1 and 5 × 1 MS artificial 

ground planes are 2.14/2.62 GHz and 1.79/2.50 GHz, respectively. These analytically predicted 

frequencies correspond well with those obtained through full-wave simulations, which are 

2.18/2.55 GHz for the 3 × 1 MS artificial ground plane based antenna and 1.94/2.50 GHz for the 5 

× 1 MS artificial ground plane based antenna. In conclusion, the validity of Eq. (3-1) and (3-2) is 

demonstrated. In addition, the radiation patterns of these integrated antennas are examined (not 

shown here). As expected, they all possess unidirectional radiation patterns along the broadside at 

both operational bands. It should be mentioned that a larger MS artificial ground plane leads to a 

higher antenna gain and FB ratio.   
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(a) 

 

(b) 

 

Figure 3-9. (a) Configurations and (b) simulated S11 performances of integrated antennas with 

different MS artificial ground planes. 
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Table 3-2. Analytically Predicted and Numerically Simulated Resonant Frequencies of Different 

Dual-band MS Artificial Ground Plane Enabled Antennas. 

Number of Unit Cells Predicted Frequencies (GHz) Simulated Frequencies (GHz) 

4 × 1 1.92/2.53 2.02/2.51 

3 × 1 2.14/2.62 2.18/2.55 

4 × 2 1.92/2.53 1.95/2.49 

5 × 1 1.79/2.50 1.94/2.50 

 

3.3 Individual Band-tuning Technique 

It is desirable for multi-band antennas to have adjustable frequency ratios and for their 

operational bands to be tuned independently. Based on the equivalent circuit mode depicted in 

Figure 3-3(b) as well as full-wave parametric studies on different design parameters, techniques for 

individually tuning the operational bands of the proposed dual-band MS artificial ground plane 

enabled integrated antenna are developed in the section. The design parameters included to realize 

the individual band tuning techniques are 𝑑𝑢1, 𝑑𝑢2, 𝑊𝐶, and 𝐿𝐶, which represent the thickness of 

the first and second MS artificial ground plane layers and length and the width of the embedded 

CSRR resonators, respectively. 

The simulated S11 performances of the integrated antenna with varying 𝑑𝑢1 are plotted in 

Figure 3-10. As can be seen, by increasing 𝑑𝑢1 from 0.76 to 1.52 mm, the resonant frequency of 

the first band is shifted from 1.95 to 2.09 GHz while the resonant frequency of the second band is 

maintained at 2.50 GHz. Thus, the independent tuning of the first operational band can be easily 

achieved by adjusting 𝑑𝑢1,the thickness of the first layer of the MS artificial ground plane. This 

band tuning functionality can be explained by the equivalent circuit model shown in Figure 3-3(b). 
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Basically, adjusting the value of 𝑑𝑢1 affects the capacitive coupling between the gapped patch and 

the CSRR structure. Consequently, the value of 𝐶𝑓 in the equivalent circuit is tuned. Specifically, 

the value of 𝐶𝑓 is decreased with the increased value of 𝑑𝑢1 due to a weaker coupling. Simple 

calculation based on the circuit model shows that varying values of 𝐶𝑓 lead to variation in the first 

band of the dispersion of a single unit cell but have a minor effect on the second band. In summary, 

the independent tuning of the first band is achieved by adjusting 𝑑𝑢1 which can be explained by the 

equivalent circuit shown in Figure 3-3(a). 

However, it is found that the second operational band cannot be tuned independently by 

only varying a single parameter. Thus, the feasibility of simultaneously changing two parameters 

to tune the second operational band is explored in the rest of this section. Intuitively, if there exists 

a design parameter that can be adjusted to tune the two operational bands at the same time, a proper 

tuning of this parameter together with  𝑑𝑢1 may only vary the second operational band.  

 

Figure 3-10. Independent tuning of the first operational band by adjusting 𝑑𝑢1. 

 

The simulated S11 performances with varying 𝑑𝑢2, 𝑊𝐶 , and 𝐿𝐶  are plotted in Figure 3-

11(a), Figure 3-11(b), and Figure 3-11(c), respectively. From these figures, it is concluded that the 

two operational bands can be tuned together towards either higher or lower frequency bands by 
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tuning one of the three parameters under investigation. This can also be explained by the equivalent 

circuit model shown in Figure 3-3(b). Firstly, if 𝑑𝑢2  is decreased, the coupling between the 

embedded CSRRs and the ground plane becomes stronger. In other words, 𝐶sh becomes larger. A 

simple calculation based on the equivalent circuit reveals that by increasing 𝐶sh simultaneous blue 

shifts of both operational bands can be obtained, as shown in Figure 3-11(a). Secondly, changes in 

𝐿𝐶 and 𝑊𝐶 mainly affect the resonant frequency of the CSRR resonator. Thus, in the equivalent 

circuit in Figure 3-3(b), the capacitance 𝐶CSRR and the inductance 𝐿CSRR are changed accordingly. 

Specifically, larger values of 𝐿𝐶 and 𝑊𝐶 result in larger 𝐶CSRR and 𝐿CSRRvalues, leading to a lower 

resonant frequency of CSRR. Through circuit calculation, we can see that this ultimately gives rise 

to the simultaneous band shifts of the two operational bands of the integrated antenna, as illustrated 

in Figure 3-11(c).  

 

(a) 
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(b) 

 

(c) 

Figure 3-11. Parametric studies of (a) 𝑑𝑢2, (b) 𝐿𝐶, and (c) 𝑊𝐶. 

 

Using the above parametric studies, the independent tuning of the second band is 

demonstrated in Figure 3-12. Basically, three tuning methods that include simultaneously adjusting 

the values of (𝑑𝑢1, 𝑑𝑢2), (𝑑𝑢1, 𝐿𝐶), and (𝑑𝑢1,𝑊𝐶) are introduced. These methods are shown in 

Figure 3-12(a), Figure 3-12(b), and Figure 3-12(c), respectively.  

It is worth mentioning that further antenna miniaturization can also be obtained by the 

tuning technique discussed above.  
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(a) 

 

(b) 
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(c) 

Figure 3-12. Individual band-tuning technique for the second operational band, which relies on 

simultaneously varying the parameters (a)  𝑑𝑢1 and 𝑑𝑢2, (b) 𝑑𝑢1 and 𝐿𝐶, and (c) 𝑑𝑢1 and 𝑊𝐶. 

3.4 Comparison with Conventional U-Slot Antenna 

For a better illustration of the advantages of the proposed antenna over conventional patch 

antennas, a comparison among the proposed dual-band antenna, a conventional dual-band probe-

fed U-slot patch antenna based on an FR4 substrate with a thickness of 2 mm, and a conventional 

dual-band probe-fed U-slot patch antenna based on an RO3003 substrate with a thickness of 5.6 

mm (equal to that of the MS in our proposed antenna) is presented.  

The configurations of the antennas are shown in Figure 3-13(a) to Figure 3-13(c). It should 

be noted that all three antennas have the same footprint, which is 64 mm × 24 mm. For the two 

conventional patch antennas, the width of their radiating patches is kept the same and equal to 24 

mm. However, the lengths of the patch antennas, the dimensions of the U-shaped slots, and the 

positions of their feeding probes are tuned so that impedance matchings are realized at 2.0 GHz as 

well as 2.5 GHz.  
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The simulated S11 results of the antennas are summarized in Figure 3-13(d). The simulated 

S11 < -10 dB bandwidths at the 2.0 GHz frequency band of the MS artificial ground plane based, 

the FR4-based, and the RO3003-based dual-band antennas are 50 MHz (2.5%), 86 MHz (4.3%), 

and 102 MHz (5.1%), respectively. The simulated S11 < -10 dB bandwidths at the 2.5 GHz 

frequency band of the MS artificial ground plane based, the FR4-based, and the RO3003-based 

dual-band antennas are 50 MHz (2.0%), 69 MHz (2.8%), and 84 MHz (3.4%), respectively. In 

Figure 3-13(e) and Figure 3-13(f), the gains of the MS artificial ground plane based, the FR4-based, 

and the RO3003-based dual-band antennas are plotted at 2.0 GHz and 2.5 GHz, respectively. It can 

be seen that at 2.0 GHz, the gains of the three antennas are 5.4 dBi, 2.0 dBi, and 4.1 dBi, 

respectively. At 2.5 GHz, the gains of the three antennas are 5.1 dBi, 2.3 dBi, and 5.0 dBi, 

respectively. 

       

                               (a)                                                                              (b) 

    

                                 (c)                                                                              (d) 
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                                       (e)                                                                         (f) 

 

                                        (g)                                                                         (h) 

Figure 3-13. Configurations of (a) proposed antenna, (b) FR-4, and (c) RO4003 U-slot patch 

antennas. Comparisons of (d) S11, gain performances at (e) lower and (f) higher bands, and FB 

ratios at (e) lower and (f) higher bands among the three antennas. 

  

As shown in Figure 3-13(f), the simulated FB ratios at 2.0 GHz of the MS artificial ground 

plane based, the FR4-based, and the RO3003-based patch antennas are 12.5 dB, 4.3 dB, and 7.3dB, 

respectively. As presented in Figure 3-13(h), the simulated FB ratios at 2.5 GHz of the MS artificial 

ground plane based, the FR4-based, and the RO3003-based patch antennas are 12.3 dB, 7.3 dB, 

and 11.7 dB, respectively. Thus, within the 2.0 GHz frequency band, our antenna has the highest 

gain and FB ratio. As for the 2.5 GHz frequency band, it is observed that the proposed antenna still 

provides the highest FB ratio and an antenna gain similar to that of the RO3003 based-antenna but 

much better than that of the FR4-based antenna. The sacrifice made to achieve these superior 

radiation characteristics is the relatively narrow bandwidth of our proposed antenna.  
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It is worth mentioning that the proposed dual-band antenna can be further miniaturized by 

appropriately tuning the corresponding design parameters based on the individual band tuning 

techniques discussed in the previous section. For example, by either reducing the thickness of the 

first MS layer 𝑑𝑢1, or slightly increasing the thickness of the second MS layer 𝑑𝑢2, or the width of 

the CSRR 𝐿𝐶, both operational bands can be tuned to lower frequencies.  

3.5 Experimental Results 

To experimentally verify the proposed dual-band MS artificial ground plane enabled 

integrated antenna design, an antenna prototype is fabricated, assembled, and measured. The 

antenna prototype is shown in Figure 3-14. 

 

Figure 3-14. Antenna prototype of the proposed dual-band MS artificial ground plane enabled 

integrated antenna. 

 

Figure 3-4 shows the measured impedance matching performance of the proposed dual-

band antenna as a solid S11 curve. A good agreement between the simulated and measured results 

is observed. Two measured operational bands are centered at 1.89 and 2.51 GHz, respectively. The 

slight band shifts toward the higher frequency ranges of both operational bands are due to 

fabrication errors such as the introduction of air layers in the MS artificial ground plane when the 

RO3003 laminates are put together. As shown in the previous sections, varying the thickness of the 
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MS artificial ground plane results in the band shift of both operational bands. The measured S11 < 

-10 dB bandwidth for the first operational band is 110 MHz ranging from 1.84 GHz to 1.95 GHz, 

which is equivalent to a fractional bandwidth of 5.8%. The measured S11 < -10 dB bandwidth for 

the second operational band is 100 MHz ranging from 2.46 GHz to 2.56 GHz, which is equivalent 

to a fractional bandwidth of 4.0%. The measured operational bands are within the frequency 

spectrum of the GSM-1900 mobile communication frequency band and the industry, scientific, and 

medical (ISM) frequency band. Hence, the proposed antenna can possibly be integrated into 

communication systems where the two bands are accommodated. It is worth mentioning that, by 

tuning the design parameters, the operational bands of the proposed antenna can be tuned to support 

other frequency bands.  

The measured gain profiles of the proposed dual-band antenna are presented in Figure 3-

5(a) and Figure 3-5(b) as solid curves. Obviously, the measured results correspond well with the 

simulated ones. In addition, as can be seen, within the first operation band, the measured gain varies 

from 3.2 to 5.3 dBi, with the peak gain at 1.92 GHz. As for the second operation band, the measured 

gain varies from 3.3 to 4.8 dBi, with the peak gain at 2.53 GHz. The reasons for the small gain 

drops of the measured results and the ripples along the measured gain profiles are as follows. The 

first reason is the existence of unwanted loss and radiation from connecting cables used during the 

antenna measurements. The second reason is the existence of interference noises. The final reason 

is the fabrication imperfections such as thickness variation as well as extra loss due to the thin 

adhesive layers introduced when dielectric laminates are assembled.  

Figure 3-6(a) and Figure 3-6(b) illustrate the measured radiation patterns at 1.9 and 2.5 

GHz, respectively, on both the E-plane and H-plane as solid red curves. The measured HPBWs at 

1.9 GHz are 105𝑜 and 93𝑜 on the E-plane and H-plane, respectively. The measured HPBWs at 2.5 

GHz are 108𝑜  and 120𝑜  on the E-plane and H-plane, respectively. The measured cross-

polarization patterns are well suppressed for both bands. The measured FB ratios at both 1.9 and 
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2.5 GHz are all above 6 dB. Hence, the majority of the radiated power is along the broadside with 

suppressed back radiation and cross-polarization at both bands.  

A comparison can be made between the proposed MS artificial ground plane based dual-

band antenna and its counterparts already reported in the literature, as shown in Table 3-3. All the 

reported antennas possess dual-band or multi-band functionality enabled by MSs and unidirectional 

radiation patterns along the broadside at all bands. In the first place, the proposed MS artificial 

ground plane enabled dual-band antenna has the smallest footprint. It should be noted that 𝜆0 is the 

wavelength in free space at the lower band frequency for each antenna. Despite the small footprint, 

the operational bands of the proposed antenna are wider than most of its counterparts’ bands. Only 

the antennas reported in [26] and [55] have wider second operational bands. However, the 

bandwidths of their first operational bands are narrower. When it comes to gain performances, the 

proposed antenna provides a higher gain at the lower band compared to all its counterparts except 

for the antenna reported in [26]. This is because the antenna in [26] has a very large footprint that 

is almost 15 times larger than that of the proposed antenna in this chapter. Moreover, the proposed 

antenna has a more balanced gain profile between the first and the second band compared to all the 

other antennas. Specifically, the smallest gain difference between the first and second band is 

achieved by the proposed antenna; this gain difference is only 0.37 dBi. In conclusion, these 

comparisons reveal that the proposed MS artificial ground plane enabled dual-band antenna 

achieves the smallest footprint while still maintaining wide operational band and moderate gains at 

both operational bands.  

Table 3-3. Comparison of Dual-Band and Multi-Band Antennas Enabled by MS.  

 

Freq. 

(GHz) 

Freq. 

Ratio 

S11 BW (%) 

AR BW 

(%) 

Gain 

(dBi/c) 

FBTR 

(dB) 

Footprint 

(𝜆0
2) 

[23] 1.34/2.38 1.78 1.72/4.54 (-6dB) - 1.8/5.9 7.5/13 0.1 



76 

 

[23] 1.33/2.41 1.81 1.88/10.03 (-6dB) - /1 2.1/5.7 8/10 0.1 

[26] 2.45/5.8 2.37 4/12 - 6.4/7.6 > 10 0.96 

[47] 2.86/3.1 1.08 1.75/2.57 1.05/1.61 4.15/4.77 - 0.18 

[55] 1.75/4.06 2.32 - /6 - 1.2/6.86 15 0.08 

[56] 2.41/3.82 1.59 0.91/1.76 - -2.1/5.04 5.2/13 0.074 

[56] 2.39/2.96 1.24 1.32/2.68 - 0.21/3.13 8.2/14 0.077 

[56] 2.31/2.83 1.23 1.38/3.29 - -2.1/3.85 8.3/14 0.07 

[58] 2.4/2.9 1.21 2.1/3.45 - 2.25/3.11 6/10 0.078 

This 

Work 

1.9/2.5 1.32 5.8/4.0 - 4.52/4.15 > 6 0.062 

 

3.6 Conclusion 

In this chapter, the design methodology of an MS artificial ground plane enabled 

miniaturized dual-band antenna with unidirectional radiation patterns along the broadside at both 

bands was introduced and explained. The MS artificial ground plane was proven not only to provide 

dual-band functionality, but also to achieve antenna performance enhancements in numerous 

aspects including bandwidth, FB ratio, and gain. The working principles of the proposed antenna 

were explained by the dispersion analysis of a single MS unit cell. It was found that the self-

resonance of the unit cell resulting from the resonating CSRR structure actually enables the two 

operational bands of the proposed antenna. The significant size reduction of the proposed antenna 

can also be attributed to the CSRR structure. The methods for independently tuning each 

operational band were explored, making the antenna more flexible for integration into different 

communication systems with different frequency requirements. Finally, an antenna prototype was 
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fabricated and tested to validate the antenna design. Good agreement was observed between the 

simulated and measured results. A comparison between the proposed antenna in this chapter and 

other MS-enabled dual-band antennas reported in the literature reveals that the proposed antenna 

has numerous desirable features that are preferred in modern communication systems [63].  
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Chapter 4  
 

A Compact Dual-Band Dual-Sense Circularly-Polarized Antenna Enabled by 

a CSRR Loaded Metasurface 

4.1 Introduction 

In order to increase the capacity of modern communication systems, more than one 

frequency band is often used to accommodate multiple communication channels. As a result, 

increasing research has been devoted to developing antennas with more than one operational 

frequency band. Instead of using multiple antennas in a system, a single dual-band or multi-band 

antenna can achieve size reduction by sharing different communication channels within one 

antenna aperture. Recently, dual-band or multi-band antennas are widely used in many 

communication systems, such as multifunctional radar systems and satellite communication 

systems.  

On the other hand, to avoid the multipath fading effect commonly seen in communication 

systems, and to release the restriction on the relative positions of transmitting and receiving 

antennas, CP antennas are more suitable for certain applications such as transmitting nodes in radio 

frequency identification (RFID) systems than the linearly-polarized (LP) antennas. Therefore, a 

dual-band CP antenna is very attractive for modern compact communication systems. As a result, 

dual-band CP antennas are now widely used in numerous applications such as GPS [64-75], RFID 

[76-81], WLAN [81-83], and satellite communications [84-88].  

There are many dual-band CP antennas reported in the literature, including slot antennas 

[89-92], cavity-backed antennas [69, 73, 75, 82, 93-95], and antennas with properly designed 

feeding networks [64, 68, 74, 76-80, 85, 96-102]. The dual-band slot antennas can provide wide 
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axial ratio (AR) < 3 dB operational bands but their bi-directional radiation patterns limit their gain 

performances. The cavity-backed antennas possess unidirectional radiation patterns along the 

broadside, but the introduction of the cavity significantly increases antenna profiles. The dual-band 

antenna designs with extra feeding networks eliminate the usage of cavities to achieve 

unidirectional radiation patterns. However, the high insertion losses introduced by the complicated 

networks result in lower antenna efficiency.  

There are also low-profile antennas reported with unidirectional radiation patterns along 

the broadside that do not need extra feeding networks. [65, 66, 70-72, 81, 83, 84, 86-88, 103-114]. 

These antenna design methods can be categorized into three classes. In the first class, the different 

shapes of slots are cut on conventional patch antennas either to break the symmetry of the antenna 

structure or to introduce additional orthogonal mode at two bands. The second design method is to 

stack parasitic antennas on top of the original antenna. The final design method is applying 

metasurfaces (MSs) into dual-band CP antenna engineering. One example is reported in [81], where 

a dual-band CP antenna is proposed by integrating a dipole antenna with artificial magnetic 

conductor (AMC) surface.  

Among the dual-band CP antennas, only a small number of antennas with distinct sense of 

polarization at the two bands are reported [84, 87, 88, 90, 91, 101, 108, 111-114]. Within this 

category, dual-band dual-sense CP antennas are actually very preferable in some applications where 

high isolation between the two bands are required, as in satellite communications. For example, 

two slot antennas were reported in [90, 91] with two different senses of CP polarization achieved 

at the two operational bands. However, as mentioned, their gains are relatively low. Stacked patch 

with or without slot loadings were reported [84, 87, 101, 108, 112, 113] to be able to provide dual-

band dual-sense CP functionality. However, they all suffer from narrow operational bandwidths. 

By virtue of MSs, antennas [111, 114] were also capable of providing dual-band dual-sense 

unidirectional CP radiation.  
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In this chapter, a novel dual-band dual-sense CP antenna design is proposed with low 

antenna profile and without any extra feeding networks. 

4.2 Antenna Design 

Figure 4-1(a) and Figure 4-1(b) show the 3D exploded and side views of the proposed dual-

band dual-sense CP antenna. It can be seen that the proposed antenna consists of two parts similar 

to the MS artificial ground plane enabled antennas proposed in previous chapters. The first part is 

a printed planar monopole antenna serving as the feeding element while the second part is a MS 

below it acting as the main radiating element. There is an air gap between the two elements to 

realize the reactive coupling between them. The monopole antenna is a rectangular metallic patch 

fed by a 50Ω microstrip line. Both the rectangular patch and the transmission line are printed on a 

Rogers RO4003 laminate with a relative dielectric constant 휀𝑟 = 3.55 and a loss tangent tan𝛿 =

0.0027. Figure 4-1(c) presents the top and bottom views of the monopole antenna. The MS is 

actually a 2 × 2 periodic unit cell array with each unit cell consisting of a rectangular metallic patch 

and a CSRR resonator printed on the top and bottom surfaces of a RO4003 laminate. In order to 

achieve mechanical robustness of the proposed antenna, nylon nuts, spacers, and screws are 

adopted as illustrated in Figure 4-1(a). 
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(a) 

 

(b) 
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(c) 

Figure 4-1. (a) 3D exploded and (b) side views of the proposed antenna. (c) Top (left) and bottom 

(right) views of the monopole antenna. 

4.3 Unit Cell Analysis 

The configuration of a single unit cell extracted from the MS is shown in Figure 4-2(a). As 

proven in previous chapters, for MS artificial ground plane enabled antennas, the MS artificial 

ground plane is the actual radiator reactively excited by the planar monopole antenna above it. 

Moreover, the resonant frequencies of the MS and also the integrated antennas can be predicted 

accurately by investigating the dispersive behavior of a single unit cell and approximating the MS 

resonator to a rectangular microstrip patch antenna.  

However, unlike the designs proposed in previous chapters, two orthogonal modes are 

excited simultaneously for the proposed antenna design, which is illustrated in Figure 4-3. As 

shown, the E-field 𝐄𝑚 generated by the monopole antenna can be decomposed as 𝐄𝑚 = 𝑥𝐸⊥ +

�̂�𝐸∥ , where 𝐸⊥  and 𝐸∥  represent the decomposed E-fields perpendicular and parallel to the 

symmetrical line of the CSRR, respectively. When the MS is excited by 𝐄𝑚 , two orthogonal 
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resonant modes are excited, and they are similar to the TM10 and TM01modes of a rectangular patch 

antenna. 

        

                                           (a)                                                                      (b) 

Figure 4-2. (a) Configuration of a single unit cell. (b) Detailed dimensions of the CSRR resonator.      

 

Figure 4-3. Field decomposition of 𝐄𝑚. 

 

It is intuitive to say that if the two orthogonal modes can be excited to have almost the 

same magnitudes but a 90-degree phase difference at certain frequency 𝑓, a CP radiation can be 

achieved. In terms of a patch antenna, this means that the two resonant frequencies 𝑓01 and 𝑓10 of 
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the TM10  and TM01  modes must satisfy either 𝑓01 < 𝑓 < 𝑓10  or 𝑓10 < 𝑓 < 𝑓01  with 𝑓01  and 𝑓2 

close to each other. In addition, the sense of CP polarization is determined by the sign of 𝑓01 − 𝑓10.  

Thus, for the proposed antenna to provide dual-band functionality at two bands 𝑓𝑎 and 𝑓𝑏, 

two orthogonal modes resonating at 𝑓01
𝑎  and 𝑓10

𝑎  and the other two orthogonal modes at 𝑓01
𝑏  and 𝑓10

𝑏  

must be excited. Moreover, for the CP radiations at 𝑓𝑎  and 𝑓𝑏  to have a distinct sense of 

polarization, the signs of (𝑓01
𝑎 − 𝑓10

𝑎 ) and (𝑓01
𝑏 − 𝑓10

𝑏 ) must be different and not equal to 0. In fact, 

the following dispersive unit cell analysis reveals that the two conditions can be satisfied by the 

proposed MS in this chapter. As is later shown, the self-resonance of the CSRRs and their bi-

anisotropic characteristics contribute to the dual-band functionality and dual-sense CP radiation, 

respectively. 

The simulation models of the unit cell dispersion analysis of the two orthogonal resonant 

modes are shown as the insets in Figure 4-4(a) and Figure 4-4(b). Similar to the unit cell simulations 

in previous chapters, in each model, two lumped ports are applied to the two faces of the unit cell 

parallel (Figure 4-4(a)) or perpendicular (Figure 4-4(b)) to the symmetrical line of the CSRR 

resonator. It should be noted that in these two simulations, the metallic patch on the top surface of 

the unit cell is of a square shape with 𝑔1 and 𝑔2 equal to 0.75 mm so that only the bi-anisotropic 

effect of the CSRR resonator is investigated. 
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(a) 

 

(b) 

Figure 4-4. Dispersion behavior of a single unit cell with wave propagating (a) parallel and (b) 

perpendicular to the symmetrical line of the CSRR resonator.  

 

The simulated dispersive curves of the two resonant modes of the MS are shown in Figure 

4-4. It is obvious that because of the bi-anisotropic characteristic of the CSRR resonator, the two 

dispersive curves are distinct from each other. Specifically, the resonant frequencies can be 

predicted based on the following equation: 

𝑁 × 𝑃 = 𝑛𝜋                                                          (4-1) 

where 𝑁 is the number of unit cells along directions parallel or perpendicular to the symmetrical 

line of the CSRRs, and 𝑃 is the associated phase delay introduced by a single unit cell along the 

directions. As will be shown, only the fundamental TM mode is of practical interest; therefore 𝑛 is 

assigned to be equal to 1. Based on Eq. (4-1), the resonant frequencies are the vertical coordinate 

of the points along the dispersive curves with horizontal coordinate equal to 𝜋/2.  

Consequently, the resonant frequencies are predicted to be 𝑓01
𝑎 = 1.98 GHz, 𝑓10

𝑎 = 2.10 

GHz, 𝑓01
𝑏 = 2.62 GHz, and 𝑓10

𝑏 = 2.36 GHz. The aforementioned conditions for the generation of 

the dual-band dual-sense polarization are all satisfied. Based on the discussion above, CSRRs are 
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the key elements to realize dual-band dual-sense CP radiation, because they not only split the 

dispersive curve into two band by virtue of their self-resonance, but also give rise to distinct 

dispersive behaviors of the two orthogonal TM  modes as a result of their bi-anisotropic 

characteristics.  

To further prove that dual-sense CP radiation is enabled by the bi-anisotropic behavior of 

the CSRR, dispersive analysis of a non-bianisotropic CSRR (NBCSRR) loaded unit cell is carried 

out. The configuration of the NBCSRR and the simulated results are shown in Figure 4-5. Except 

for the replacement of the CSRR by the NBCSRR, all other design parameters of the NBCSRR 

unit cell are kept the same as those of the CSRR loaded unit cell. The results show that the 

dispersive curves are the same for both modes, indicating that only LP radiation can be achieved 

for the two operational bands if the MS is loaded with NBCSRR resonators.  

 

Figure 4-5. Dispersion behavior of a unit cell loaded with NBCSRR.  

 

Similar to the field analyses in previous chapters, the E-field distributions within the MS 

artificial ground plane are also investigated (not shown here), and prove the similarity between the 

resonant modes of the MS artificial ground plane and those of a conventional rectangular patch 

antenna. 
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4.4 Simulated Antenna Performances 

The detailed antenna dimensions associated with Figure 4-1 and Figure 4-2 are summarized 

in Table 4-1. 

Table 4-1. Detailed Dimensions of the Proposed Dual-Band Dual-Sense CP Antenna (all in mm). 

ℎ𝑚 ℎ𝑠 ℎ𝑑 𝑙𝑚 𝑤𝑚 𝑙𝑓 𝑙𝑝 𝑤𝑝 𝑑𝑝 𝑑𝑠 

0.81 1.57 4.56 52 52 16 30.2 23.2 2.36 3.8 

𝑔𝑚 𝑈𝑥 𝑈𝑦 𝑔1 𝑔2 𝑟𝑐 𝑠1 𝑠2 𝑠𝐶  

18 26 26 0.75 1.8 2 0.8 0.8 0.8  

 

The simulated impedance matching performance of the proposed antenna is presented in 

Figure 4-6. Two resonances are observed at 1.9 and 2.4 GHz, giving rise to two S11 < -10 dB 

frequency bands. The simulated bandwidth of the first frequency band is equal to 150 MHz ranging 

from 1.81 to 1.96 GHz. This is equivalent to a fractional bandwidth of 8.0%. The second S11 < -10 

dB impedance matching band is 250 MHz ranging from 2.30 to 2.55 GHz, which is equivalent to 

a fractional bandwidth of 10.3%. It should be noted that there is an additional narrow band centered 

at 2.06 GHz in between the two operational bands. This is the combination of higher order modes 

within the first dispersive band and the self-resonance of the unit cell as illustrated in Chapter 3.  
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Figure 4-6. Simulated S11 of the proposed dual-band dual-sense CP antenna.  

 

The simulated broadside AR performance of the proposed antenna is presented in Figure 

4-7. It can be seen that the proposed antenna has two AR < 3 dB bands centered at 1.90 and 2.47 

GHz, respectively. The simulated bandwidth of the first AR < 3 dB frequency band is equal to 50 

MHz ranging from 1.87 to 1.92 GHz. This is equivalent to a fractional bandwidth of 2.6%. The 

second AR < 3 dB band is 30 MHz ranging from 2.45 to 2.48 GHz, which is equivalent to a 

fractional bandwidth of 1.2%. Therefore, the simulated S11 < -10 dB bands fully cover the AR < 3 

dB bands. Thus, the simulated operational bands of the proposed antenna are the same as the 

simulated AR < 3 dB bands.  
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Figure 4-7. Simulated broadside AR performance of the proposed antenna. 

  

The simulated broadside gain performances for the two operational bands are plotted in 

Figure 4-8(a) and Figure 4-8(b), respectively. Within the first operational band, the broadside 

antenna gain varies from 4.31 to 4.43 dBi. Within the second operational band, the broadside 

antenna gain is from 5.52 to 5.63 dBi.  

 

(a) 

 

(b) 

Figure 4-8. Simulated broadside antenna gains of the proposed antenna at the (a) first and (b) second 

operational bands. 
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The simulated normalized radiation patterns of the proposed antenna on both 𝜙 = 45𝑜 and 

𝜙 = 135𝑜 planes (see Figure 4-1(a) for the definition of 𝜙) at 1.90 and 2.47 GHz are plotted in 

Figure 4-9(a) and Figure 4-9(b), respectively. The right-handed CP (RHCP) radiation patterns are 

represented by the blue lines while the left-handed CP (LHCP) radiation patterns are depicted by 

the red lines. It can be seen that two distinct senses of CP polarization are achieved at the two 

operational bands. Specifically, RHCP is achieved at the lower band while LHCP is realized at the 

higher band. Moreover, unidirectional patterns with the peak gain along the broadside and 

suppressed back radiations are accomplished for both bands. On 𝜙 = 45𝑜  plane, the simulated 

HPBWs are 99𝑜 and 90𝑜 at 1.90 and 2.47 GHz, respectively. On 𝜙 = 135𝑜 plane, the simulated 

HPBWs are 103𝑜 and 98𝑜 at 1.90 and 2.47 GHz, respectively.  

 

(a) 

 

(b) 
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Figure 4-9. Simulated normalized radiation patterns on (a) 𝜙 = 45𝑜 and (b) 𝜙 = 135𝑜 planes at 

1.90 (left) and 2.47 (right) GHz. 

4.5 Conclusion 

In this chapter, the design methodology of a dual-band dual-sense CP antenna was 

introduced. An MS was designed, serving as an artificial ground plane of the proposed integrated 

antenna. The CSRRs not only achieve the significant antenna size reduction, but also introduce the 

dual-band dual-sense CP radiation functionality. The antenna working principle was revealed by 

the dispersive analysis of a single unit cell extracted from the MS. Modest operational bandwidths 

and moderate broadside gains are achieved at both bands. Unidirectional radiation patterns are 

generated by the antenna at the two operational bands with well suppressed back radiations. In 

summary, the proposed antenna is a promising candidate for integration into modern multi-channel 

communication systems.  
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Chapter 5  
 

A Novel Wearable Quarter-Mode Substrate Integrated Waveguide Antenna 

Design Enabled by Flexible Materials 

5.1 Introduction 

5.1.1 SIW Antenna 

Since the SIW slot array antenna was first proposed in [115], numerous SIW-based 

antennas have been proposed by researchers and engineers. For example, in [116], by virtue of the 

multimode SIW feeding technology, a dual V-type linearly tapered slot antenna was proposed 

which is suitable for monopulse antenna applications. In [117], an SIW-based leaky wave antenna 

was proposed for millimeter-wave band. Another example is an H-plane horn antenna based on 

SIW technology as presented in [118]. 

The SIW cavity-backed antennas were also proposed and implemented into many 

applications. For example, in [119], a low-profile SIW cavity-backed antenna was reported, based 

on the TE120 mode of the SIW cavity. This antenna was a single slotted SIW cavity fed by the 

grounded CPW (GCPW) feeding method. Another SIW-cavity backed antenna was reported in 

[120], where a patch antenna is backed with a circularly-shaped SIW cavity. Compared to 

conventional patch antenna design, the proposed SIW cavity-backed patch antenna achieves both 

efficiency and bandwidth enhancements.  

Similar to the relationship between rectangular SIW and traditional metallic rectangular 

waveguide described in Chapter 1, there is equivalence between SIW-based rectangular cavity and 

traditional metallic rectangular cavity. Here, the length and width of the SIW cavity are denoted as 
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𝐿SIW and 𝑊SIW, respectively, and the thickness of the SIW cavity is denoted as 𝑡. The resonant 

frequency of an SIW rectangular cavity with operating in TE𝑚𝑛𝑙 (𝑚 = 1,2,… ; 𝑛 = 1,2, … ; 𝑙 =

0,1,… ) mode can be derived based on Eq. (1-3) and written as 

𝑓𝑚𝑛𝑙 =
𝑐

2√𝜀𝑟𝜇𝑟

√(
𝑚

𝐿
)
2
+ (

𝑛

𝑊
)
2
+ (

𝑙

𝑡
)
2
                                        (5-1) 

𝐿 = 𝐿SIW − 1.08
𝑑2

𝑝
+ 0.1

𝑑2

𝐿SIW
                                              (5-1a) 

𝑊 = 𝑊SIW − 1.08
𝑑2

𝑝
+ 0.1

𝑑2

𝑊SIW
                                           (5-1b) 

It should be noted that Eq. (5-1) only provides approximated resonant frequency for SIW cavity-

backed slot antenna design, because the introduction of the slot along with the feeding structure 

modifies the cavity configuration, and thus results in frequency shift.  

In order to realize size reduction, antennas based on half mode SIW (HMSIW) was 

proposed. The HMSIW-based cavity possesses only half the footprint of its SIW-based [118, 121] 

counterparts. In [122], a HMSIW cavity-backed LP antenna was reported to have a compact form 

factor while maintaining the advantages of SIW cavity-backed antennas. To further miniaturize 

antenna volumes, a QMSIW-based cavity, which requires only a quarter sector of an SIW-based 

cavity, was adopted. For example, a QMSIW-based antenna was proposed in [123]. For another 

example, in [124], a CP QMSIW cavity-backed antenna was reported. 

5.1.2 SIW Wearable Antenna  

The SIW-based antenna designs are combined with textile material systems to offer 

antenna solutions to wearable communication systems. The low profile and high isolation between 

the SIW-based antenna and its surroundings make the SIW-based antennas promising candidates 

for wearable applications.  
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There are several SIW-based wearable textile antenna reported in the literature. The first 

textile SIW-based antenna design was reported in [125], where an SIW cavity-backed slot antenna 

is implemented with the closed-cell expanded rubber protective foams with a dielectric constant 

휀𝑟 = 1.495 and a loss tangent tan𝛿 = 0.016. Conductive fabrics are used as antenna metallic 

layers. In [126], a HMSIW textile antenna was proposed with the dual-band functionality to cover 

2.4 and 5.8 GHz ISM bands. This antenna was fabricated using closed-cell expanded rubber 

protective foams. The copper-plated polyester taffeta fabrics were used to construct the antenna 

conducting layers. In [128], a QMSIW antenna was proposed, operating within the 2.4 GHz ISM 

band. The antenna was also fabricated with flexible closed-cell expanded rubber protective foam 

as its dielectric substrate. A conductive e-textile copper-plated polyester taffeta fabric was used to 

form the metallic layer. To realize antenna size reduction, a metamaterial inspired SIW textile 

antenna was proposed in [130], based on wool felt with a dielectric constant 휀𝑟 = 1.4 and a loss 

tangent tan𝛿 = 0.0254.  

Among the aforementioned textile antenna designs, the vertical electroplated via holes of 

SIW structures are all realized by metallic eyelets. However, in [127], a HMSIW textile antenna 

was proposed with embroidered vias. In addition, the substrate used in this antenna design is a low-

loss nonabsorbent foam with a dielectric constant 휀𝑟 = 1.06. The metallic layers were realized by 

conductive fabrics. In [129], a dual-band textile QMSIW antenna was proposed to cover both 2.4 

and 5.8 GHz ISM bands. In this design, the vertical electroplated via holes were directly realized 

by a solid piece of the ShieldIt super conducting textile whose dielectric substrate is a 3 mm-thick 

felt with a dielectric constant 휀𝑟 = 1.3 and a loss tangent tan𝛿 = 0.044. 
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5.2 Flexible QMSIW Antenna Design with Novel Flexible Materials 

Figure 5-1 shows the simulation model for a conventional square QMSIW antenna. The 

EGaIn liquid metal is used to build up the flexible metallic wall to mimic vertical electroplated via 

holes of a QMSIW cavity. The flexible dielectric substrates are the SEBS polymer with a dielectric 

constant 휀𝑟 = 2.52 and a loss tangent tan𝛿 = 0.00045. The thickness of the QMSIW cavity is 6.3 

mm. The thickness of the SEBS substrate where the microstrip feeding line is printed is 0.508 mm. 

Another 0.508 mm-thick SEBS substrate is attached below the microstrip feeding line to isolate it 

from human body. A vertically oriented EGaIn probe connecting the top metallic patch of the 

QMSIW and the microstrip feeding line is used to excite the QMSIW resonant cavity. There is a 

circular disc etched off from the antenna ground plane to let the probe go through.  

 

Figure 5-1. Configuration of a conventional QMSIW antenna with equal length and width. 

 

A parametric study is carried out on (𝑑𝑥 , 𝑑𝑦) to investigate the effect of the position of the 

feeding probe on the resonant frequency and the input impedance matching of the QMSIW antenna. 

The simulated results are plotted in Figure 5-2(a) and Figure 5-2(b) for the resonant frequency and 
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the impedance matching performance of the QMSIW, respectively. In Figure 5-2, 𝑓𝑥 =
𝑑𝑥

𝐿𝑄
 and 𝑓𝑦 =

𝑑𝑦

𝐿𝑄
. It should be noted that the frequency range in the parametric study is from 2.3 to 2.8 GHz, thus 

when the probe is near the open corner (𝑓𝑥 , 𝑓𝑦 → 1) of the QMSIW antenna, the actual resonance 

of the antenna is above 2.8 GHz. In Figure 5-2, a red-dashed curve is also plotted. When the feeding 

probe is at positions represented by the red curve, the impedance of the antenna is well matched at 

around 2.5 GHz. It is concluded that the distance between the feeding position and the open corner 

of the QMSIW antenna determines both resonant frequency and impedance matching. Specifically, 

when the distance is larger, the resonant frequency shifts toward lower frequency band, but the 

impedance matching is degraded. This conclusion serves as a guideline for the following QMSIW 

antenna design. 

 

                                       (a)                                                                          (b) 

Figure 5-2. The simulated (a) resonant frequency and (b) S11 at the resonant frequency of the 

QMSIW antenna. 

  

Along the red-dashed line in Figure 5-2, three sampling points with (𝑓𝑥 , 𝑓𝑦) equal to (0.2, 

0.8), (0.25, 0.6), and (0.35, 0.4) are investigated. The corresponding simulated S11 performances of 

the QMSIW antenna are shown in Figure 5-3. The results show that the quality-factor of the 
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QSMIW cavity antenna is independent from the position of the probe as long as the coordinate 

(𝑓𝑥 , 𝑓𝑦) is on the red-dashed line shown in Figure 5-2.  

 

Figure 5-3. Simulated S11 performances of the QMSIW antenna with different feeding positions. 

  

It is well known that one method to increase the bandwidth of a microstrip patch antenna 

is to stack an additional parasitic antenna element above the original one. However, to the author’s 

best knowledge, the stacked QMSIW antenna has not been reported yet. The design methodology 

of a stacked wearable flexible QMSIW antenna with bandwidth enhancement is explored in the 

rest of this Chapter.  

Figure 5-4 shows the configuration of a stacked flexible QMSIW antenna. The thickness 

of the SEBS layer where the feeding microstrip line is printed on is 0.508 mm. Another 0.508 mm-

thick SEBS substrate is attached below the feeding network to provide isolation from human body.  
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Figure 5-4. Configuration of the stacked QMSIW antenna. 

  

A preliminary simulated S11 of the stacked QMSIW antenna is shown in Figure 5-5, with 

detailed dimensions listed in the figure caption. A comparison of Figure 5-5 and Figure 5-3 shows 

that the stacked QMSIW antenna provides two resonances instead of only one resonance provided 

by a conventional QMSIW antenna. Specifically, the first and second resonances are centered at 

2.4 and 2.6 GHz, respectively. If the two resonances can be tuned to be sufficiently close to one 

another, a wide bandwidth can be formed.  

 



99 

 

Figure 5-5. Simulated S11 of the preliminary stacked QMSIW antenna design with 𝐿𝑆 = 𝑊𝑆 = 36, 

𝐿𝑄 = 𝑊𝑄 = 26 , 𝐿𝑄
𝑠 = 𝑊𝑄

𝑠 = 26 , 𝑟1 = 0.5 , 𝑟2 = 1.0 , 𝑤𝑓 = 2.6 , ℎ = 6.3 , 𝑚𝑥 = 𝑚𝑦 = 0 , 𝑓𝑥 =

𝑓𝑦 = 0.3, all in millimeter. 

 

To this end, a series parametric studies on corresponding design parameters are carried out 

to explore the possibility of merging the two resonances together.  

The first parametric study is of parameters 𝑓𝑥 and 𝑓𝑦. The corresponding simulated results 

are shown in Figure 5-6(a) and Figure 5-6(b), respectively. It should be mentioned that all the other 

dimensions are kept the same as the preliminary design. The results clearly demonstrate that the 

effects of changing 𝑓𝑥 and 𝑓𝑦 are the same. Specifically, the two resonances are kept at 2.4 and 2.6 

GHz. In other words, the coupling between the original and the stacked QMSIW antennas are the 

same with different values of 𝑓𝑥 or 𝑓𝑦. In addition, a smaller 𝑓𝑥 or 𝑓𝑦 results in a better impedance 

matching for the second resonance and a worse one for the first resonance, and vice versa.  

 

(a) 
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(b) 

Figure 5-6. Parametric studies on (a) 𝑓𝑥 and (b) 𝑓𝑦. 

 

The second parametric study focuses on parameters 𝑚𝑥  and 𝑚𝑦 . The corresponding 

simulated results are shown in Figure 5-7(a) and Figure 5-7(b). The results show that the effects of 

changing 𝑚𝑥 and 𝑚𝑦 are almost the same. Specifically, by increasing the value of 𝑚𝑥 or 𝑚𝑦, the 

two resonances get closer to each other. In other words, the coupling between the original and the 

additional QMSIW antennas become smaller. Consequently, 𝑚𝑥 and 𝑚𝑦 can be adjusted to tune 

the coupling strength. Another effect of tuning 𝑚𝑥 and 𝑚𝑦 is on the impedance matching of the 

two resonances. As demonstrated, a smaller 𝑚𝑥 or 𝑚𝑦 causes a better impedance matching for the 

first band and a worse one for the second band.  
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(a) 

 

(b) 

Figure 5-7. Parametric studies on (a) 𝑚𝑥 and (b) 𝑚𝑦. 

 

The third parametric study focuses on the size of the stacked antenna. To avoid the change 

of coupling between the stacked and original antenna, the length and the width of the stacked 

antenna are assigned as 𝐿𝑄
𝑠 = 𝐿𝑄 − 𝑚𝑥 and 𝑊𝑄

𝑠 = 𝑊𝑄 − 𝑚𝑦. In this way, adjusting 𝐿𝑄
𝑠  and 𝑊𝑄

𝑠 are 

equivalent to changing 𝑚𝑥 and 𝑚𝑦. The corresponding results for stacked antenna with different 
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length and width are shown in Figure 5-8(a) and Figure 5-8(b). As shown, the effects of changing 

𝐿𝑄
𝑠  and 𝑊𝑄

𝑠 are almost the same. Basically, the increase of either parameter causes the second band 

to shift toward lower frequency range, while the first band remains almost unaffected. However, 

with larger values of 𝐿𝑄
𝑠  and 𝑊𝑄

𝑠, impedance matchings for both bands are degraded.  

 

(a) 

 

(b) 
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Figure 5-8. Parametric studies on (a) 𝐿𝑄
𝑠  and (b) 𝑊𝑄

𝑠. 

 

Based on the parametric studies discussed above, the stacked QMSIW antenna is optimized 

and the finalized design parameters are summarized in Table 5-1. The overall size of the antenna 

is thus 36.9 mm × 36.9 mm × 7.3 mm, which is equivalent to an electrical dimension 

of 0.3𝜆0 × 0.3𝜆0 × 0.06𝜆0, where 𝜆0 is the wavelength at 2.44 GHz in free space.  

Table 5-1. Finalized Design Parameters for the Stacked QMSIW Antenna (all in mm). 

𝐿𝑆 𝑊𝑆 𝐿𝑄 𝑊𝑄 𝐿𝑄
𝑠  𝑊𝑄

𝑠 𝑓𝑥 𝑓𝑦 𝑚𝑥 𝑚𝑦 𝑤𝑓 𝑟1 ℎ 𝑟2 

36.9 36.9 25.9 25.9 25.9 24.9 0.3 0.4 -2 -1 2.6 0.5 6.3 1.0 

 

The simulated S11 and gain performance of the proposed stacked QMSIW antenna is shown 

in Figure 5-9. As shown, the S11 < -10 dB bandwidth is 140 MHz ranging from 2.36 to 2.50 GHz, 

centered at 2.43 GHz. This bandwidth is equivalent to a fractional bandwidth of 5.8%, despite the 

small antenna volume. It should be mentioned that the S11 < -10 dB band fully cover the industrial, 

scientific, and medical (ISM) band. The gain within the S11 < -10 dB band varies from 4.3 to 5.0 

dBi. Moreover, there is a gain null located at 2.6 GHz, resulting in a steep higher band edge of the 

gain profile and thus an improved frequency selectivity. In other words, the stacked QMSIW 

antenna also possesses a filtering characteristic.  
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Figure 5-9. Simulated S11 and gain of the proposed stacked QMSIW antenna. 

  

In order to illustrate the bandwidth enhancement achieved by the stacked QMSIW antenna, 

a reference single-layered QMSIW antenna is simulated with exact overall and QMSIW cavity size 

as the proposed QMSIW antenna. The simulated results (not shown here) show that without the 

stacked structure, the bandwidth is only 70 MHz ranging from 2.41 to 2.48 GHz, which is only half 

of the bandwidth of the proposed antenna. In summary, the proposed stacked QMSIW antenna 

successfully improves the bandwidth and the frequency selectivity at the same time.  

The simulated normalized radiation patterns of the proposed stacked QMSIW antenna at 

2.44 GHz on both the E-plane and H-plane are plotted in Figure 5-10(a) and Figure 5-10(b), 

respectively. The co-polarization is denoted as solid curves, while the cross-polarization is 

represented by the dashed curves.  
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                                          (a)                                                                     (b) 

Figure 5-10. Simulated normalized radiation patterns on the (a) E-plane and (b) H-plane at 2.44 

GHz. 

5.3 Wearable Stacked QMSIW Antenna 

In this section, the effects of antenna deformation and human body loading, both of which 

are commonly observed when antennas are integrated in wearable systems, are investigated.  

5.3.1 Antenna Deformations 

Figure 5-11 shows the scenario when the stacked QMSIW antenna is bent by an angle 

denoted as 𝜃𝑏.  
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Figure 5-11. Bent stacked QMSIW antenna.  

 

To investigate the effects of different bent angles, a parametric study on the value of 𝜃𝑏 is 

carried out, and the simulated S11 is shown in Figure 5-12. As shown, when 𝜃𝑏 is equal to 10𝑜, 

20𝑜,30𝑜, and 40𝑜, the corresponding S11 < -10 dB bandwidths of the antenna are 130 MHz (from 

2.38 to 2.51 GHz), 130 MHz (from 2.39 to 2.52 GHz), 130 MHz (from 2.40 to 2.53 GHz), and 110 

MHz (from 2.42 to 2.53 GHz), respectively. In addition, it is clear that the increase of 𝜃𝑏 cause the 

operational bands of the stacked QMSIW antenna to slightly shift to higher frequency range. 

However, wide bandwidths are still achieved, and are much larger than the bandwidth of a 

conventional QMSIW antenna.  
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Figure 5-12. Simulated banding effect on the S11 of the proposed stacked QMSIW antenna. 

  

The simulated gain performances are shown in Figure 5-13. As shown, when 𝜃𝑏 is 10𝑜, 

20𝑜,30𝑜, and 40𝑜, the gains are well maintained around 5 dBi within corresponding S11 < -10 dB 

operational band. Obviously, the increase of 𝜃𝑏 does not cause the any degradation of antenna gain 

performance. 

 

Figure 5-13. Simulated banding effect on the gain of the proposed stacked QMSIW antenna. 

 



108 

 

The simulated normalized radiation patterns at 2.44 GHz when the proposed antenna is 

bent are shown in Figure 5-14(a) and (b) on the E-plane and H-plane, respectively. As shown, when 

𝜃𝑏 is equal to 10𝑜, 20𝑜,30𝑜, and 40𝑜, the co-polarization patterns on both the E-plane and H-plane 

remain almost the same as those when the antenna is not bent. Although slight increases of cross-

polarization are observed, the cross-polarization levels are still well suppressed and are at least 17 

dB below the co-polarization level along the broadside.  

 

                                             (a)                                                              (b) 

Figure 5-14. Simulated bending effect on the normalized radiation patterns of the proposed stacked 

QMSIW antenna on the (a) E-plane and (b) H-plane. 

5.3.2 Human Body Loading Effect 

In order to investigate the human body loading effects on the stacked QMSIW antenna’s 

performances, the corresponding human body models are built up, as shown in Figure 5-15 and 

Figure 5-18, to model human chest and arm. The electromagnetic properties and dimensions of 

skin, fat, muscle, and bone are summarized in Table 5-2. It should be noted that the thicknesses 

characterize the human chest model and the radius describe the human arm model. Figure 5-15 

shows the scenario when the stacked QMSIW antenna is placed on a truncated human chest model. 

Table 5-2. Electromagnetic Properties and Dimensions of Skin, Fat, Muscle, and Bone of Human 

Body Models. 
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 Skin Fat Muscle Bone 

Dielectric Constant 37.952 5.2749 52.668 18.49 

Conductivity (S/m) 1.487 0.1067 1.773 0.8229 

Thickness (mm) 2 5 20 - 

Radius (mm) 40 38 33 13 

 

 

Figure 5-15. Simulation setup for modeling antenna being placed on human chest. 

  

The simulated S11 and gain of the stacked QMSIW antenna when it is placed on human 

chest is shown in Figure 5-16 with different values of 𝑑ℎ𝑎. The simulated performances of the 

QMSIW antenna in free space is also included as references. The results show that the S11 < -10 

dB impedance matching bands slightly shift toward higher frequency regions. In addition, the 

bandwidth is slightly decreased as the antenna is approaching the human model. In terms of the 

gain performances, a 1.5 to 2.0 dBi drop is observed within the operational bands when the antenna 

is loaded by the human body model. Specifically, the gain profile of the antenna for each value of 

𝑑ℎ𝑎 are almost the same varying from 2.0 to 3.0 dBi.  

The simulated normalized radiation patterns at 2.44 GHz of the stacked QMSIW antenna 

when it is placed on human arm model on the E-plane and H-plane are plotted in Figure 5-17(a) 
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and Figure 5-17(b), respectively. The antenna radiation patterns in free space are also included for 

references. As shown, the unidirectional radiations along the broadside of the antenna are well 

maintained. In addition, the cross-polarization level is decreased on the E-plane when the antenna 

is loaded by human body model. However, on the H-plane, the cross-polarization level is increased.  

 

Figure 5-16. Simulated antenna performances when the antenna is placed human chest model. 

  

 

                                           (a)                                                                (b) 

Figure 5-17. Simulated normalized radiation patterns at 2.44 GHz on the (a) E-plane and (b) H-

plane when the antenna is placed human chest model (dot line: antenna in free space; solid line: co-

polarization; dashed line: cross-polarization). 
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Figure 5-18 shows the scenario when the stacked QMSIW antenna is placed on a truncated 

human arm model. To make the antenna conform to the human arm, the antenna is bent with an 

angle of 30𝑜.  

 

 

Figure 5-18. Simulation of the stacked QMSIW antenna placed on human arm. 

 

The simulated S11 and gain of the antenna with varying distance 𝑑ℎ𝑎 between the proposed 

antenna and human arm model are shown in Figure 5-19. The simulated performances of the 

QMSIW antenna in free space, but bent with an angle equal to 30𝑜, is also shown for reference. 

The results show that the S11 < -10 dB impedance matching bands remain almost the same as that 

of the free space case, but the bandwidths slightly decrease. In terms of the gain performances, a 

1.5 to 1.8 dBi drop is observed within the operational bands when the antenna is loaded by the 

human body model. Specifically, the gain profile of the antenna for each value of 𝑑ℎ𝑎 are almost 

the same, varying from 2.2 to 3.5 dBi. 

The simulated normalized radiation patterns at 2.44 GHz of the stacked QMSIW antenna 

on E-plane and H-plane when it is placed on the human chest model are plotted in Figure 5-20(a) 

and Figure 5-20(b), respectively. The radiation patterns in free space with the antenna bent by 30𝑜 

are also included for reference. As shown, the unidirectional radiations of the antenna are well 
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maintained. In addition, the co- and cross-polarization patterns for the antenna loaded by human 

arm are almost the same as those for the antenna in free space. 

 

Figure 5-19. Simulated antenna performances when the antenna is placed human arm model. 

 

 

                                          (a)                                                                   (b) 

Figure 5-20. Simulated normalized radiation patterns at 2.44 GHz on the (a) E-plane and (b) H-

plane when the antenna is placed human arm model (dot line: antenna in free space; solid line: co-

polarization; dashed line: cross-polarization). 



113 

 

5.4 Conclusion 

In this chapter, the design of a novel compact stacked QMSIW wearable antenna based on 

flexible material system was introduced. The footprint of the proposed antenna is only 0.3𝜆0 ×

0.3𝜆0, where 𝜆0 is the wavelength at 2.44 GHz in free space. The dielectric layers of the proposed 

antenna is a flexible material SEBS. The vertical electroplated via holes of conventional QMSIW 

antenna are replaced by liquid metal walls based on the EGaIn material. To the author’s best 

knowledge, this is the first time that liquid metal has been applied in SIW-based antenna design. 

The stacked QMSIW configuration is proven not only to provide a wide fractional bandwidth of 

6%, but also to achieve filtering characteristic by introducing a gain null at the higher frequency 

edge. To test its flexibility, the effects of bending the antenna are investigated. The results show 

that the wideband performances of the antenna are maintained and for a bending angle smaller than 

30𝑜, the targeted ISM band can be fully covered. To explore the human body loading effect, the 

antenna was placed on human chest and arm models. The results illustrate that in both situations 

the ISM band are fully covered. The wideband as well as the filtering characteristic are well 

maintained. However, the gains experience around 1.5 to 2.0 dBi drop for both cases. This is 

commonly seen in wearable antennas. The unidirectional patterns with low cross-polarization 

patterns are achieved despite the human body loadings. In summary, the proposed compact 

wideband stacked QMSIW antenna is a promising candidate in wearable applications. 
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Chapter 6  
 

Reconfigurable Directional Surface Plasma (SP) Wave Generators 

6.1 Introduction 

Traditional approaches for the generation of SP waves utilize bulky prisms [131, 132] or 

gratings to couple light propagating in free space into surface waves (SWs) guided along the 

interface defined between an insulator and a metal. However, due to the fact that prisms are large 

the applicability of this coupling mechanism is rather limited. Recently, several SP wave generators 

with compact size have been proposed [133, 134]. For example, in [133], the proposed SP generator 

consists of a single Si NW placed on a gold substrate. When the Si NW is illuminated with a 

normally incident plane wave (impinging from air), it couples the incident wave into SP waves 

along the interface defined between the air and the gold substrate. The advantages that this coupling 

technique offers are the following: (a) the NW is of deep sub-wavelength size, and (b) the coupling 

efficiency of the Si NW SP wave generator is higher than that of previously reported SP wave 

generators.  

Because of the inherent geometrical symmetry that the aforementioned SP wave couplers 

exhibit, they can only support the generation of bi-directional SP waves; this feature is not 

advantageous for the realization of modern advanced functional photonic devices. Consequently, 

the ability to generate unidirectional SP waves is a highly desirable feature and a considerable 

research effort has been put towards its realization. Several approaches have been reported so far 

that successfully realize the generation of unidirectional SP waves. For example, in [135- 139], the 

unidirectional generation of SP waves was realized by illuminating the SP wave generators with 

plane waves incident at an oblique angle. Another approach is based on designing asymmetrical SP 
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wave generators. For example, the involvement of reflectors on one side of the SP generators [140-

143] can achieve SP waves propagating only on the other side. In addition, modifications are made 

to symmetrical SP wave generators to make them asymmetrical [144-149]. For example, the 

traditional symmetrical nanoslit, NG, or grating were redesigned to be asymmetrical to realize 

unidirectional SP wave generations. The third methods is to design an array of SP wave generators 

[150, 151].  

All of the SP wave generators discussed above, however, can only provide fixed 

functionality. In the following sections, four SP wave generators with reconfigurable functionalities 

are proposed based on Si NWs. 

6.2 Unidirectional SP wave Generator Based on Nanowires (NWs) 

6.2.1 NW Pair 

The configuration of a Si NW pair on a gold film is shown in Figure 6-1(a). Figure 6-1(b) 

shows the side view of the proposed two-element NW array. The diameters 𝑑1 and 𝑑2 of the two 

NWs are both equal to 170 nm. Because the NWs are much longer than the wavelength in free 

space, they are considered to be infinitely long. The distance between the two NWs is denoted as 

𝑑. A plane wave is obliquely incident upon the structure, with its wave vector lying in the yoz-

plane, forming an angle of 𝜃 with respect to the z-axis. Simulation of a single Si NW on the gold 

film reveals that an optimal launch of SP waves occurs at 350 THz, therefore this is set as the 

operating frequency for this study. This frequency is also close to the resonant frequency of the 

𝑇𝐸00 mode of a single Si NW illuminated by a TE𝑥 polarized plane wave in free space.  

Before discussing the working principle of the proposed SP wave generator, it should be 

noted that the near-field coupling between the two Si NWs is disregarded, and the excitation of SP 
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waves from the two Si NWs is therefore considered to be independent. Consequently, the E-fields 

of the SP wave propagating along –y and +y directions is expressed as: 

𝑬−𝒚(𝑦, 𝑧, 𝑡) = √
1

2
𝑬𝒔𝒑(𝑦, 𝑧, 𝑡)[1 + 𝑒𝑗(𝛽𝑠𝑝𝑑+𝜙)]                                (6-1) 

𝑬+𝒚(𝑦, 𝑧, 𝑡) = √
1

2
𝑬𝒔𝒑(𝑦, 𝑧, 𝑡)[1 + 𝑒𝑗(−𝛽𝑠𝑝𝑑+𝜙)]                               (6-2) 

where 𝛽𝑠𝑝 = 𝑘𝑠𝑝 − 𝑗𝛾  is the complex propagation constant of the SP wave; 𝑘𝑠𝑝𝑝  and 𝛾  are 

respectively the corresponding wavenumber and the attenuation constant. 𝑬𝒔𝒑(𝑦, 𝑧, 𝑡) is the E-field 

of the SP wave generated by a single Si NW. The parameter 𝜙 represents the phase difference of 

the SP waves generated by the two Si NWs and is expressed as: 

𝜙 = −𝑘0𝑑𝑠𝑖𝑛𝜃                                                         (6-3) 

 

 

(a) 
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(b) 

Figure 6-1. (a) 3D configuration and (b) side view of a two-element Si NW array on top of a gold 

film. 

 

Based on Eqs. (6-1) to (6-3), the total field of an SP wave propagating along the y-axis, 

excited by a normally incident plane wave (𝜃 = 0), is calculated. Corresponding results are shown 

in Figure 6-2(a). It can be seen that the –y and the +y propagating waves overlap. This indicates 

that the maximal and minimal generation of SP waves can be achieved simultaneously by adjusting 

the distance between the two Si NWs. According to the curve in Figure 6-2(a), the first null of the 

SP wave excitation occurs when 𝑑 = 400 nm, while the maximal excitation of the SP wave happens 

when 𝑑 = 800 nm. However, when the plane wave is obliquely incident on the two-element NW 

array, the SP waves propagating along ±y directions are not identical, as shown in Figure 6-2(b). 

Numerical simulations are carried out to validate the analytical predictions discussed 

above. In order to quantify the unidirectional SP wave generation the extinction ratio (ER) is 

defined as: 

ER (dB) = 20 × log10 (
|𝐸𝑧,+𝑦|

|𝐸𝑧,−𝑦|
)                                          (6-4) 

Intuitively, if ER > 0, the majority of the generated SP wave propagates along the +y direction. 

However, if ER < 0, the majority of the generated SP wave propagates along the -y direction. 

In the simulation, a parametric study on 𝑑 is carried out where the value of 𝑑 varies from 

300 to 1300 nm. To characterize the intensity of the generated SP waves, two probes are placed 20 

μm away from the two-element NW array system to record the magnitudes of the z-component of 

E-fields. Because the E-field of the SP waves have only a z-component 𝐸𝑧, the power flow of the 

SP waves is characterized in terms of 𝐸𝑧. The simulated |𝐸𝑧,±𝑦| is presented in Figure 6-3(a). As 

shown, the maximal values of |𝐸𝑧,+𝑦|  and |𝐸𝑧,−𝑦|  occur when 𝑑 = 400  nm and 𝑑 = 600  nm. 

However, the analytically predicted the maximal values of |𝐸𝑧,+𝑦| and |𝐸𝑧,−𝑦| occur when 𝑑 =
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750 nm and 𝑑 = 1000 nm. The discrepancies between the analytical and simulated results is 

attributable to the phase shift when the SP waves are propagating through the Si NWs.  

The simulated ER is presented in Figure 6-3(b). As shown, when 𝑑 =  300 nm, 𝑑 = 800 

nm, and 𝑑 = 980 nm, the excitation of the SP waves are achieved only along +y direction, only 

along –y direction, and along both ±y directions. The corresponding E-field distributions are shown 

in Figure 6-4(a) to Figure 6-4(c).  

 

(a) 

 

(b) 
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Figure 6-2. Analytically calculated |
𝐸±𝑦

𝐸𝑠𝑝𝑝
| with plane wave incident angle equal to (a) 0 and (b) 

𝜋

23
. 

 

       

                                        (a)                                                                             (b) 

Figure 6-3. Simulated (a) |𝐸𝑧,±𝑦| (V/m) and (b) ER (dB) with varying 𝑑. 

 

 

Figure 6-4. Snapshots of the 𝐸𝑧 when the SP wave generator is illuminated by an obliquely incident 

plane wave with 𝑑 = 300 nm, 𝑑 = 980 nm, and 𝑑 = 800 nm. 

 

While the Si NW pair discussed above achieves reconfigurable directional SP wave 

generations with an obliquely incident plane wave, the following SP wave generator design can 

realize reconfigurable directional SP wave generations with a normally incident plane wave.  
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For a Si NW in free space illuminated by a plane wave, where its propagation direction and 

E-field vector are perpendicular to the Si NW axis, the resonant modes of the Si NW can be 

described by 

𝐽𝑚
′ (

𝑛𝑘0𝑑

2
)

𝐽𝑚(
𝑛𝑘0𝑑

2
)
= 𝑛

𝐻𝑚
′ (

𝑘0𝑑

2
)

𝐻𝑚(
𝑘0𝑑

2
)
                                                (6-5) 

If Eq. (6-5) is numerically solved it can be shown that the diameter 𝑑 of a Si NW in its 

fundamental resonant mode at 350 THz is 85 nm. It is also found that a Si NW with a smaller 

diameter can have similar resonance strength to that of a Si NW with a larger diameter. However, 

the phase of the resonance of the two NWs can be different. As mentioned in [131], the generation 

of SP waves by the Si NW is highly correlated with the self-resonances of the NW. Two Si NWs 

with different radii generates SP waves with similar strength, but with different phases. When they 

are placed on the gold sheet at a carefully chosen separation distance, it is possible to excite 

unidirectional SP waves. 

To validate the proposed SP wave generator, corresponding numerical simulation is carried 

out, as shown in Figure 6-5(a). It can be seen that a normally incident wave at 350 THz impinges 

upon two Si NWs. Figure 6-5(b) illustrates the detailed dimensions of the proposed SP wave 

generator. The diameters of the first and second NW are 150 nm and 190 nm, respectively. The 

distance between the two NWs is denoted as 𝑑.  

A parametric study was carried out with respect to 𝑑, and the simulated |𝐸𝑧,±𝑦| and ER are 

presented in Figure 6-6(a) and Figure 6-6(b), respectively. As shown, when the distance between 

the two NWs is 310 nm, the unidirectional SP wave generation is observed with the majority of the 

generated SP wave propagating along the -y direction. In this case, ER equals to -11 dB. When 𝑑 

increases, the intensity of the SP wave propagating toward the -y direction decreases while that of 

the SP wave propagating toward +y direction increases. When 𝑑 = 460 nm, bi-directional SP wave 

generation is observed with SP waves propagating equally along the +y and -y directions. In this 
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case, ER equals to 0. When the distance increases to 630 nm, the majority of the generated SP wave 

propagates toward the +y direction (ER = 7 dB), and the unidirectional generation of SP wave 

appears again. Figure 6-7(a) to Figure 6-7(c) show three snapshots of the 𝐸𝑧 with distance 𝑑 equal 

to 310 nm, 460 nm, and 630 nm, respectively. These figures further illustrates the directional 

generations of the SP waves from a normally incident plane wave by the proposed SP wave 

generator. More importantly, the direction of the SP wave propagation is reconfigurable by 

adjusting the distance between the two Si NWs. 

 

(a) 

 

(b) 

Figure 6-5. (a) 3D configuration and (b) 2D side view of the simulation setup. 
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                                      (a)                                                                          (b) 

Figure 6-6. Simulated (a) |𝐸𝑧,±𝑦| and (b) ER (dB) with varying NW-separation 𝑑. 

 

 

Figure 6-7. Snapshots of the 𝐸𝑧  when the proposed SP generator is illuminated by a normally 

incident plane wave with 𝑑 = 310 nm, 𝑑 = 460 nm, and 𝑑 = 630 nm. 

6.2.2 NW in Nanogroove (NG) 

In this section, another SP wave generator design is presented to achieve directional 

coupling of SP waves from normally incident plane waves. The 3D configuration of the proposed 

SP wave generator is shown in Figure 6-8(a). A normally incident plane wave at 350 THz with its 

E-field polarized along the y-axis and its H-field along the x-axis is utilized for optical excitation. 

The proposed SP wave generator consists of a Si NW placed in a NG etched on the surface of an 
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Au sheet with a thickness of 500 nm. Figure 6-8(b) shows the detailed dimensions of the NW and 

NG. The parameter 𝑑 represents the distance from the Si NW to the left edge of the NG. As is later 

shown, the reconfigurability is achieved by tuning the position of the NW inside the NG along the 

y direction.  

A parametric study is carried out in terms of 𝑑 from 0 to 515 nm, and the simulated |𝐸𝑧,±𝑦| 

and ER are presented in Figure 6-9(a) and Figure 6-9(b), respectively. When 𝑑 = 0, the majority 

of the generated SP wave propagates along the –y direction with ER = -16 dB. When 𝑑 = 220 nm, 

the SP waves generated by this structure propagate equally along the ±y directions with ER = 0. 

When 𝑑 = 140 nm. The majority of the generated SP wave propagates along the –y direction with 

ER = 13 dB. 

 

(a) 

 

(b) 

Figure 6-8. (a) 3D configuration and (b) 2D side view of the simulation setup. 
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                                          (a)                                                                    (b) 

Figure 6-9. Simulated (a) |𝐸𝑧,±𝑦| and (b) ER (dB) with varying NW-separation 𝑑. 

 

Figure 6-10 shows the snapshots of the simulated 𝐸𝑧 with distance 𝑑 equal to 0, 220 nm, 

and 140 nm. Figure 6-10 further illustrates the directional generation of SP waves from a normally 

incident plane wave by the proposed SP wave generator. 

 

Figure 6-10. Snapshots of the 𝐸𝑧 when the proposed SP wave generator is illuminated by a normally 

incident plane wave with 𝑑 = 0, 𝑑 = 220 nm, and 𝑑 = 140 nm. 

6.3 Reconfigurable SP Wave Generator Based on VO2 Material 

6.3.1 VO2 Material  

Recently, Vanadium (IV) dioxide (VO2) has received increasing research interest because 

of its unique characteristic: its dielectric properties can be tuned if the material is externally excited, 
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for instance by temperature variations and an optical pumping. Here, the phase transition means 

the insulator-to-metal transition (IMT) of VO2. Specifically, the permittivity of VO2 at 1.5 µm are  

{
휀ins = 7.72 + 𝑗2.08

휀met = −4.22 + 𝑗9.39
 

when the VO2 operates in the insulator and metal phases, respectively.  

6.3.2 VO2 based SP wave generator Design 

Based on the IMT provided by the VO2 material, a reconfigurable SP wave generator at 

1.5 µm is proposed in this section. The configuration of the SP wave generator is presented in 

Figure 6-11. The diameters of the VO2 NW and a conventional dielectric NW are 𝑑1  and 𝑑2 , 

respectively. The separation between the two NWs is denoted by 𝑑. The dielectric constatnt of the 

conventional dielectric NW is 휀𝑑. The thickness of the Au sheet is 150 nm.  

 

(a) 

 

(b) 
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Figure 6-11. (a) 3D configuration and (b) 2D side view of the proposed reconfigurable SP wave 

generator. 

 

A 2D parametric study is carried out in terms of 𝑑 and 휀𝑑 to explore the reconfigurability 

of the generator when the VO2 NW is switched between the insulator phase and metal phase. The 

simulated ERs are shown in Figure 6-12. As shown, the ER within region A enclosed by a dashed 

ellipse in Figure 6-12(a) is significantly larger than that within the corresponding region B in Figure 

6-12(b). In other words, the propagation of the generated SP wave toward –y direction is highly 

suppressed when the VO2 NW operates in the metal phase. However, when the VO2 NW is in its 

insulator phase, the SP wave propagating toward –y direction is recovered.  

 

                                     (a)                                                                            (b) 

Figure 6-12. Simulated ER (dB) with varying 𝑑 and 휀𝑑 when the VO2 NW is in (a) metal and (b) 

insulator phase. 

  

For a better illustration of the ERs in regions A and B in Figure 6-12, the simulated 

snapshots of the 𝐸𝑧 with (𝑑, 휀𝑑) = (2600 mm, 6) are plotted in Figure 6-13(a). The result shows 

that when the VO2 NW is in the metal phase, the generated SP wave that propagates along the –y 

direction is almost eliminated. However, when the VO2 NW is in the insulator phase, as shown in 
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Figure 6-13(b), the SP wave propagating along –y direction is recovered. Thus, a reconfigurable 

SP wave generator has been realized.  

 

Figure 6-13. Snapshots of the 𝐸𝑧 of the generated SP wave that propagates along the –y direction 

when the SP wave generator is illuminated by a normally incident plane wave with the VO2 NW in 

(a) metal and (b) insulator phases. 

6.4 Conclusion 

In this chapter, four reconfigurable SP wave generators for directional SP wave generation 

were introduced. Specifically, the first three designs are based on Si NWs and the final design is 

enabled by VO2 NWs with an IMT capability. The Si NW-based reconfigurable SP wave generators 

can achieve the unidirectional or bi-directional SP wave generations when they are illuminated with 

either oblique (the first design) or normal (the second and third designs) incident plane waves. The 

reconfigurable generation of SP waves is made possible by varying the separation between a Si 

NW pair (the first and second designs) or the position of a Si NW within an Au NG (the third 

design). The fourth design can turn on and off the generated SP wave that propagates along the –y 

direction, while keeping the SP wave propagating along the +y direction unaffected. This is 

achieved by switching a VO2 NW between its insulator and metal phases. In summary, these 

reconfigurable SP wave generators have numerous applications including integrated photonic 

circuits. 
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Chapter 7  
 

Future Work 

There are many possible future research directions envisioned based on the work presented 

in this dissertation.  

In the future, antenna array concepts could be studied based on the antenna element designs 

presented in Chapter 2 and Chapter 3. The dual-band dual-sense CP antenna designs proposed in 

Chapter 4 will be fabricated and tested to verify the simulated results. In terms of the novel stacked 

QMSIW antenna proposed in Chapter 5, the fabrication procedure will be explored in collaboration 

with Prof. Michael Dickey’s research group at the North Carolina State University (NCSU). 

Specifically, the methods of injecting the EGaIn liquid metal into the SEBS polymer layer will be 

investigated. Once the antenna is fabricated, measurements of the antenna will be carried out. 

Fabrications of the NW-based SP wave generators proposed in Chapter 6 will also be investigated. 

The experimental characterization of the generation of SP waves will be explored. Moreover, the 

working principles of the SP wave will also be studied to explain the theory behind the directional 

generation of SP waves.  
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