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With the increasing demand on wireless and portable devices, the radio frequency 

front end blocks are required to feature properties such as wideband, high frequency, 

multiple operating frequencies, low cost and compact size. However, the current radio 

frequency system blocks are designed by combining several individual frequency band 

blocks into one functional block, which increase the cost and size of devices. To address 

these issues, it is important to develop novel approaches to further advance the current 

design methodologies in both space and spectrum domains. In recent years, the concept 

of artificial materials has been proposed and studied intensively in RF/Microwave, 

Terahertz, and optical frequency range. It is a combination of conventional materials such 

as air, wood, metal and plastic. It can achieve the material properties that have not been 

found in nature. Therefore, the artificial material (i.e. meta-materials) provides design 

freedoms to control both the spectrum performance and geometrical structures of radio 

frequency front end blocks and other high frequency systems.  In this dissertation, several 

artificial materials are proposed and designed by different methods, and their applications 

to different high frequency components and circuits are studied. First, quasi-conformal 

mapping (QCM) method is applied to design plasmonic wave-adapters and couplers 

working at the optical frequency range. Second, inverse QCM method is proposed to 

implement flattened Luneburg lens antennas and parabolic antennas in the microwave 

range. Third, a dual-band compact directional coupler is realized by applying artificial 

transmission lines. In addition, a fully symmetrical coupler with artificial lumped element 



structure is also implemented. Finally, a tunable on-chip inductor, compact CMOS 

transmission lines, and metamaterial-based interconnects are proposed using artificial 

metal structures. All the proposed designs are simulated in full-wave 3D electromagnetic 

solvers, and the measurement results agree well with the simulation results. These 

artificial material-based novel design methodologies pave the way toward next generation 

high frequency circuit, component, and system design.                 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background 

Metamaterials/Artificial materials can manipulate incident waves at will to mimic 

material properties that have not been found in nature. They are formed from the 

combination of conventional materials such as air, wood, metal and plastic, and those 

materials are designed in certain repeating patterns in multi-dimension. Unlike the 

conventional materials, artificial materials generate arbitrary properties from their 

exactingly-designed structures. Their size, shape, geometry, orientation and arrangement 

play key roles and affect the incident wave in some manner to introduce novel phenomena 

not existing in natural materials. The frequency of incident waves ranges from radio 

frequency (RF)/microwave to Terahertz/optical, and these pre-designed artificial 

electromagnetic devices are scaled to achieve desired effects by incorporating structural 

elements of sub-wavelength sizes.  

In 1898, Jagadish Chandra Bose explored the earliest structure which may be 

considered as artificial materials. In late 1940s, artificial dielectrics were intensively 

studied, and Winston E. Kock developed materials that had similar characteristics to 

metamaterials.  After that, Victor Veselago proved that negative refractive index can 

transmit light. Sir John Pendry was the first to propose a method to design a left-handed 

material which is totally contrary to the conventional right-hand rule. By applying periodic 

arrays of metallic wires and split rings, Pendry achieved metamaterials with both negative 
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permittivity (ε<0) and negative permeability (µ<0). In 2000, Smith et al. experimentally 

demonstrated functional electromagnetic devices by periodically arranging split ring 

resonators and wires. Later, artificial lumped-elements loaded transmission lines (in 

microstrip technology) were introduced to realize the negative refractive index materials. 

From then, intensive researches were conducted to design various kinds of 

electromagnetic devices such as flattened lenses, cloakings and ‘epsilon-near-zero 

(ENZ)’ metamaterials.    

Compared to the conventional materials’ properties, the artificial materials provide 

significant design freedom to manipulate electromagnetic fields at will. Therefore, the 

artificial electromagnetic devices have potential applications in RF/microwave, Terahertz, 

photonic, and plasmonic. For example, metamaterial antennas have demonstrated better 

performance comparing to conventional antennas. For absorber applications, a 

metamaterial can be added to manipulate the lossy components of materials’ permittivity 

and permeability and absorb the large amount of electromagnetic radiations. Recently, 

cloaking devices, filters, and super lenses are also implemented by artificial materiels.     

      

1.2 Motivation 

Although the artificial materials bring great interest in manipulating electromagnetic 

waves, the classical design tools restrict it from real applications in many areas. Recently, 

transformation optics has been developed to generate material distributions in a specified 

area which can achieve the desired response of transmitting waves. In principle, there 

are several ways to implement the transformation optics such as coordinate 

transformation, discrete coordinate transformation, and conformal mapping. In 2008, 
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Pendry et al theoretically designed an invisibility cloak using quasi-conformal mapping 

(QCM). The QCM technique releases the material restriction imposed by previous design 

techniques and makes the design easy to implement by using traditional substrate 

materials, therefore leading to wide operating bandwidths. After that, Smith et al proves 

the theory by implementing GRIN devices in microwave regime. All of these great 

successes have inspired the engineers in the areas of microwaves, optics, and material 

science to develop various kinds of devices using transformation optics techniques, 

including cloaks, perfect lenses, wave concentrators and other new devices. Specifically, 

we will use the QCM technique to design the proposed space engineered devices.    

The increasing uses of the internet and multi-media data are fueling the drive to 

develop solutions for high frequency, multi-band, wide-band data transmission. The 

passive microwave circuits and components such as transmission lines, inductors, phase 

shifters, couplers, power dividers, high speed interconnects, phased arrays, and 

comparator networks are key components for wireless communication system. The 

primary disadvantages of conventional designs for passive circuits and components are 

high cost, complex structure, narrow bandwidth, high power loss, and large size, which 

constraint their applications to silicon-based integrated circuits, high speed interconnects, 

low cost automobile radars, and next generation 5G cellular communication systems etc.  

Similar to metamaterials in optical and THz applications, the artificial materials also 

inspire the design innovations for RF/microwave circuits and components. By applying 

artificial microstrip lines, novel transmission lines and tunable inductors are designed for 

RF integrated circuits such as voltage control oscillator, low noise amplifier, power 

amplifier and tunable phase shifter etc. Moreover, by modifying the structures of original 
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designs, novel couplers and radar tracking systems are designed to achieve the 

properties of multi-band operation, planar routing, high directivity, cost-effective, and low 

power consumption. Overall, artificially controlled electromagnetic devices will pave the 

way towards realizing future wireless communication systems.   

    

1.3 Thesis Overview 

This thesis presents several novel high frequency components and circuits and 

their applications, where intelligent artificial materials are applied to achieve the desired 

performance in the spectrum/space domain. Chapter 2 introduces a reconfigurable 

surface plasmon polariton (SPP) wave adapter designed by transformation optics, which 

can control the propagation of SPP waves on un-even surfaces. The proposed plasmonic 

device is constructed using homogeneously tunable materials (i.e. liquid crystals) so that 

the corresponding SPP wave transmission can be reconfigured by applying different 

control voltages. Meanwhile, different types of modified designs are investigated for the 

easy fabrication of proposed devices. 

In Chapter 3, we propose to apply the transformation optics techniques to the 

general Luneburg lens and 3D flattened parabolic reflector antenna design. In this way, 

the spherical lens surface will be transformed to flattened shapes, which can be practically 

fabricated on a flat substrate. Specifically, three-dimensional (3D) Luneburg lenses with 

different focal lengths have been studied. Moreover, in Chapter 4, we apply the Luneburg 

lens and its transformed counterpart to realize efficient coupling to plasmonic nano-

waveguides. 
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In Chapter 5, we propose novel designs of tunable THz plasmonic devices based 

on liquid metals. The designed devices will be able to dynamically control and change the 

spectrum responses of extraordinary THz wave transmissions. Different THz device 

configurations are investigated and numerical simulations have been conducted to 

theoretically verify the performance of the proposed structures. Moreover, an equivalent 

circuit model has been developed to describe the operating principle of the proposed THz 

devices. 

Chapter 6 presents a novel design method for dual-band 180° hybrid ring coupler 

which is composed of multiple transmission lines with specific electrical lengths and one 

half-wavelength phase shifter. The even-odd mode method is applied to derive the design 

equations for the proposed dual-band 3dB 180° directional coupler. Based on the analysis, 

it is found that the proposed coupler can support a wide range of frequency ratios.  

In Chapter 7, a new uni-planar 3dB 180° coupler with fully symmetrically allocated 

input and output ports is presented, and a low cost and high performance monopulse 

tracking radar system is designed.   

Chapter 8 introduces an innovative and practical architecture for a tunable spiral 

inductor with high quality factor (Q) on standard Complementary Metal-Oxide-

Semiconductor (CMOS) technology. Metamaterial-based winding ring structures are 

employed to achieve the proposed high performance inductor. Specifically, the proposed 

structure is realized by utilizing the multiple metal-layers and vias available in the CMOS 

process. In the second part of this chapter, we explore novel artificial metamaterial-based 

structures in the CMOS process to further reduce the size of proposed CPW transmission 

lines. 
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Finally, Chapter 9 summarizes several other works done by me and concludes the 

dissertation. Furthermore, a few future research directions are also presented. 
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CHAPTER 2 

SPACE ENGINEERED TRANSFORMATION OPTICS BASED RECONFIGURABLE 

WAVE ADAPTERS 

 

2.1 Introduction 

Surface plasmon polaritons (SPPs) are induced by the interaction between free 

electrons in the metal and electromagnetic radiation. Since SPP modes feature the 

capability to control light at sub-wavelength scale (e.g. nano-scale), SPP devices can be 

used to propagate optical signals. Therefore, it will find wide applications in future optical 

chips, where the dimension mismatch between the optical circuit (at the nanometer scale) 

and the optical waveguide (at the micron scale) becomes unacceptable. It is found that 

most of the current SPP devices [1-21] can only propagate on an even surface. This 

greatly limits their applications in real systems. Recently, transformation optics based 

techniques [22-26] have been applied to address this issue. However, all of these devices 

have fixed performance. To realize the fully controllable optical signal propagation, SPP 

devices with electrically tunable performance are needed, which is the goal of this chapter 

(i.e. with such reconfigurable transformation optics devices, we can electrically control the 

SPP wave transmission over the un-even surface). 

In this chapter, the reconfigurability / tunability of the designed SPP device is 

achieved by employing liquid crystals. Quasi-conformal mapping (QCM) [27] is applied to 

design the material property of the proposed SPP devices in the region around the un-

even bump to ensure desired SPP signal propagation. In the past, the QCM technique 
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has been successfully applied to design many different functional devices [28-33]. 

Meanwhile, in our design process of the proposed devices, finite difference method along 

with successive over-relaxation (SOR) and Gauss-Seidel relaxation scheme is applied. 

To demonstrate our design concept, three-dimensional SPP devices with un-even 

surfaces will be studied. Specifically, the impact of device design parameters including 

material property, and physical dimension is studied. Special algorithm is applied to 

optimize the SPP device performance. Finally, full-wave simulations are used to verify the 

performance of these devices. It is found that we can electrically control the SPP 

propagation on the un-even surface for different scattering ratios using the proposed 

devices. 

 

2.2 Device design and simulation 

The even surface SPP, un-even surface SPP and general schematic of the 

proposed transformation optics based SPP wave adapter (uniform in z dimension) are 

shown in Fig. 2.1 (cross-section view). As shown in Fig. 2.1(a), when the p-polarized SPP 

wave (excited by a 500 THz Gaussian Beam) is launched from the left, it will initially 

propagate along the interface without any interference. Once it reaches the bump as 

depicted in Fig.2.1 (b), strong wave scattering is observed, which indicates large 

propagation loss. Here we have assumed that the whole device is embedded in a 

background material with εref =2.4025. The input SPP waves are propagating on a 

dielectric-silver interface (referring to Fig. 2.1(a)-(c)) with a cosine-shaped bump at the 

center. The bump topology follows the Eq. (2.1): 
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where A is the normalized maximum distance of the convex part bulging from the y=0 

surface (here A=0.2µm), w=4µm, B=w-0.4µm. The permittivity of silver (Ag) is described 

by the Drude model. To control SPP wave propagation over such kind of un-even surface, 

transformation optics technique (i.e. quasi-conformal mapping technique [27-33]) is 

applied to the area surrounding the bump (as shown in Fig.2.1 (c)). 

 

(a) 

 

(b) 



10 
 

 

(c) 

 

(d) 

Figure 2. 1 E-field of SPP wave propagating. (a) On even surface. (b) On un-even surface. 

(c) On un-even surface with transformation optics based SPP wave adapter. (d) 

Calculated refractive index distribution of the optic wave adapter shown in Fig. 2.1(c). 

 

           By applying the QCM, the original rectangular region for which the length and width 

are 8 x 3.2µm2 is distorted to irregular shape and is decomposed into 20 x 8 unit cells. 

After the transformation, each cell can have different isotropic dielectric property and the 

relative permittivity of each unit cells is calculated as ε = εref /sqrt(det g) (here g is the 2x2 
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covariant metric of each cell [27, 28]). With the help of such a transformation, the un-even 

surface appears flat for the SPP waves. This is confirmed by the results plotted in Fig. 

2.1(c), where the wave scattering is minimized. In Fig.2.1 (d), the calculated refractive 

index distribution of the ideally transformed SPP wave adapter is illustrated. It is found 

that the required refractive index values are from 1.448 to 2.009 (i.e. permittivity varies 

from 2.0967 to 4.03608). 

In order to add tunability to the transformation optics based SPP wave adapter, we 

will use liquid crystals as the materials to realize different unit cells of it (as shown in Fig. 

2.1(d)). The general structure of the proposed device is shown in Fig. 2.2. The SPP wave 

is propagating laterally on the metal surface (xz-plane) along the x-direction as shown in 

Fig. 2.2(a). The liquid crystal and transformation optics based gradient index structures 

are designed in xy-plane. Such planar layout will not only be favored for the fabrication 

aspect but also provide spaces for other functional devices for the coupling of SPP with 

photonic band gap and nonlinear optical materials. As illustrated in the inset of Fig. 2.2, 

biasing voltages can be applied to each cell to electronically control its refractive index. 

In practice, there are two ways to tune the refractive indexes of liquid crystal cells. Under 

the first scenario, the biasing voltage is fixed for all cells and different cell heights are 

applied. For the second case, the uniform substrate height is applied and different biasing 

voltages are used. Since the second method will impose additional difficulties in 

fabricating the multiple biasing lines within the proposed device, the first configuration is 

employed in this paper. As a result, different cell heights are introduced for the proposed 

reconfigurable SPP wave adapter as shown in Fig. 2.2(b). In this way, we can apply single 

biasing voltage to switch the performance of the whole  
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(a)                                     

 

(b) 

Figure 2.2(a) 2D side view of the proposed reconfigurable SPP device. (b) 3D view of the 

proposed reconfigurable SPP device. 

 

device. To practically implement the biasing voltage, a polymer based stepped spacer 

can be fabricated using nano-fabrication technique such as spatial light modulator (SLM) 
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based projection lithography [34]. A conducting layer will be formed on top of this spacer, 

serving as the biasing pad. The alignment of the liquid crystal directors by the applied 

voltage relative to the E-field of the SPP changes the refractive index of the liquid crystal 

for SPP signals. 

          Next, the height of each liquid crystal cell needs to be designed. A high 

birefringence liquid crystal can have Δn~0.4 [35, 36]. In our design and numerical analysis 

processes, we have assumed that the liquid crystal will reach its maximum refractive 

index (i.e. nmax = 1.788) when the applied electric field is 25 V/µm, and it will exhibit the 

minimum refractive index of 1.48 (i.e. nmin = 1.48) when the applied electric field is 0 V/µm. 

One possible liquid crystal that can be used is TL-216. Within this range, a linear relation 

between the biasing voltage and the refractive index will hold. Following the above 

assumptions, Eq. (2.2) is derived to calculate the liquid crystal cell’s height. 

))(/( minmax nn
n

E
VD

diff

diff


                                   (2.2) 

where D is the height of each unit cell, Vmax = 25V, Ediff = Emax-Emin =25V/µm, and n is the 

refractive index of the specific transformed unit cell, ndiff  = nmax - nmin = 0.308. 

             Meanwhile, for the proper operation of the proposed reconfigurable device, we 

need to determine its corresponding control voltages under different states (e.g. we need 

to decide, under which biasing voltage, it will allow the SPP wave to completely pass.). In 

principle, different combinations of these control voltages can be used. For the purpose 

of demonstration, we have specifically assumed in our simulations that, when the biasing 

voltage is 25V, the proposed reconfigurable SPP wave adapter will act as the ideal case 

shown in Fig. 2.1(c). Based on this condition along with Eq. (2.2), the unit cell height can 
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be calculated (note: here to eliminate the negative calculation values when applying Eq. 

(2.2), we have used nmin = 1.4476 during our calculations for Fig. 2.3(a). For all of the 

other cases shown in Fig. 2.3, nmin = 1.48 is applied). The resulting refractive index 

distribution of the proposed device under 25V biasing voltage is depicted in Fig.2. 3(a), 

which matches with the results shown in Fig. 2.1(d). Under other biasing voltages, the 

refractive index distribution within the proposed device will deviate from the ideal case, 

leading to different extent of scattering. In this way, we can use the proposed device to 

electrically control the transmissions of SPP waves over un-even surfaces. 

           To further improve the design of proposed SPP wave adapter and make it practical 

for real implementation, several modifications have been made to the ideal design shown 

in Fig. 2.3(a). First, for the ideal design, the required refractive index varies from 1.448 to 

2.009, which is beyond the liquid crystal’s index variation range in the market. To address 

this issue, we have simply truncated the original design to confine the refractive index 

within the range of 1.48< n ≤1.788. The results are shown in Fig. 2.3(b). Secondly, the 

calculated cell height of the ideal design has large variations, which is not suitable for 

practical fabrication. For example, for the structure shown in Fig. 2.3(a), the calculated 

cell height could vary from 1µm to 81µm or even larger, showing very large height 

variations. Also, since the size of each cell is around 0.4µm x 0.4µm, the large cell height 

(e.g. cell 1 and cell 2 as labeled in Fig. 2.3(a)) will lead to a very large aspect ratio, which 

is hard for fabrication. Therefore, another modified design is given in Fig. 2.3(c), where 

we have also truncated the height of each cell to be within the range from 1 to 25µm. 

          Furthermore, based on the design presented in Fig. 2.3(c), we have employed the 

so-called sectional-straight-line-fitting (SSLF) method [37] to optimize the whole device 
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performance and minimize the cell height variations. As an example, we have shown the 

calculated heights for the cells in the top row before (the DLC row in Table 2.1) and after 

(the DSSLF row in Table 2.1) the modifications and the results are given in Table 2.1 

(note: here we list the parameters for the left half row (10 cells), the right half is the same 

due to the symmetry.). To better explain the implementation procedure of the SSLF 

method, the refractive indices of the cells before (the nLC row) and after (the nSSLF row) 

the modifications are also given in Table 2.1. During the calculation, the refractive index 

difference between the neighboring cells in the original design is calculated and listed in 

the fourth row of Table 2.1. By examining these index differences, if ∆n≤0.0071 

(truncation threshold), the corresponding neighboring cells will be combined to share the 

same height. If ∆n>0.0071, the cell heights will keep the original values. After applying 

this iterative process to all cells, the modified cell refractive indices and heights are given 

(the last two rows in Table 2.1). It is observed that, after applying the SSLF method, the 

cells 1 to 6 in the top row are reformed to have the same height (therefore they together 

form a big cell). Following the same procedure, we have re-designed the whole structure. 

Fig. 2.3(d) illustrates the proposed device optimized by the recursive SSLF algorithm, 

where all of the reformed bigger cells have been highlighted with closed red lines. With 

such modification, the height variations within the proposed device can be reduced to the 

minimum level, which make it easy for fabrication. 
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(a) 

 

(b) 

 

(c) 



17 
 

 

(d) 

Figure 2.3 Calculated refractive index distribution (a) Originally proposed SPP wave 

adapter. (b) Truncated SPP wave adapter with refractive index 1.48< n ≤1.788. (c) 

Truncated SPP wave adapter with both refractive index and cell height confined within a 

certain range. (d) Modified SPP wave adapter with SSLF method applied to the design in 

(c). 

 

To verify the performance of the original and modified reconfigurable SPP wave 

adapters proposed in this chapter, full-wave electromagnetic simulations are conducted 

[38]. First, the behaviors of proposed devices under the maximum transmission condition 

(i.e. biasing voltage = 25V) are investigated. The simulation results are plotted in Fig. 2.4, 

where the SPP wave is induced by a Gaussian beam with a field magnitude of 0.5V/m. 

In Fig. 2.4(a), the performance of the proposed reconfigurable SPP device with ideal 

parameters (as shown in Fig. 2.3(a)) is shown. As desired, the incident SPP wave 

propagates along the un-even surface smoothly. Similar results are observed in Fig. 
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2.4(b), where the modified design with practical refractive index values is simulated. 

When both the refractive index and the cell height are confined within a certain range for 

practical realization, small scattering appears as shown in Fig. 2.4(c) (the structure shown 

in Fig. 2.3(c) is considered here). Such un-wanted wave scattering can be eliminated after 

we apply the sectional-straight-line-fitting method to optimize the whole structure. Fig. 

2.4(d) illustrates the results of this device. 

Table 2. 1. Heights and refractive indices of top row cells before and after the application 

of SSLF method (Note: for the purpose of accuracy, the height is listed to the accuracy of 

0.00001um. In practice, this is not necessary.) 

Cell (i) 1 2 3 4 5 6 7 8 9 10 

DLC (µm) 4.7427

1 

 

4.6449

47 

 

4.4577

51 

 

4.2321

19 

 

3.9601

7 

 

3.6569

89 

 

3.3447

99 

 

3.0359

68 

 

2.6980

76 

 

2.5183

76 

 

nLC 1.5449

42 

 

1.5463

09 

 

1.5490

93 

 

1.5527

77 

 

1.5577

74 

 

1.5642

22 

 

1.5720

83 

 

1.5814

5 

 

 

1.5941

55 

 

1.6023

01 

 

∆n=nLC(i+

1)-nLC(i) 

 0.0013

67 

 

0.0027

85 

 

0.0036

84 

 

0.0049

98 

 

 

0.0064

48 

 

0.0078

61 

 

 

0.0093

67 

 

0.0127

05 

 

0.0081

46 

 

 

nSSLF 1.5642

22 

 

1.5642

22 

 

1.5642

22 

 

1.5642

22 

 

1.5642

22 

 

1.5642

22 

 

1.5720

83 

1.5814

5 

1.5941

55 

 

1.6023

01 

DSSLF 

(µm) 

3.6569

89 

 

3.6569

89 

 

3.6569

89 

 

3.6569

89 

 

3.6569

89 

 

3.6569

89 

 

3.3447

99 

 

3.0359

68 

 

2.6980

76 

 

2.5183

76 
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(a) 

 

(b) 
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(c) 

 

(d) 

Figure 2. 4 Simulated SPP wave propagation within the proposed 3D SPP devices: (a) 

Proposed SPP wave adapter with ideal parameters. (b) Modified SPP wave adapter with 

refractive index 1.48< n ≤1.788. (c) Modified SPP wave adapter with both refractive index 

and cell height confined within a certain range. (d) Modified SPP wave adapter with SSLF 

method applied. 

 

Finally, the electrical tuning/reconfiguration of the proposed liquid crystal based 

SPP device are modeled and the results are given in Fig. 2.5. For the purpose of 

demonstration, three typical scenarios are considered, among which the biasing voltage 

changes from 25V to 22V. Correspondingly, the refractive index distributions within the 

proposed device under these different biasing voltages are shown in Fig. 2.5(a)-(c). 

Apparently, the color of refractive index map fades from Fig. 2.5(a) to Fig. 2.5(c), which 

will introduce the desired different levels of SPP wave transmissions. This is confirmed 

by the simulation results shown in Fig. 2.5(d)-(f). As seen from Fig. 2.5(d), when biasing 
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voltage of 25V is applied to the proposed SPP device, there is almost no wave scattering. 

When the control voltage decreases to 24V, a small extent of SPP wave scattering is 

observed as reflected in Fig. 2.5(e). By keeping decreasing the biasing voltage to 22V, 

large SPP wave scattering is observed (Fig. 2.5(f)). In principle, we can use the proposed 

device to fully control the SPP wave transmission over un-even surface by applying 

different biasing voltages, which is convenient for practical implementation and can 

provide fast tuning speed. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 
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(f) 

Figure 2. 5 Calculated refractive index distribution of the proposed SPP device under 

different biasing voltages: (a) 25V. (b) 24V. (c) 22V. E-field of SPP wave propagation 

within the proposed device under different biasing voltages: (d) 25V. (e) 24V. (f) 22V. 

 

2.3 Further discussion on the proposed devices 

To clearly illustrate and compare the performance of different types of proposed 

designs for SPP wave transmission (e.g. the structures discussed in Fig. 2.3), we have 

sampled and plotted the magnitude of scattered electric field intensity at a fixed point on 

the SPP wave transmitting route. Fig. 2.6(first plot) shows the plotted field intensity at 

x=6µm and 0.5µm≤ y ≤3µm (referring to Fig. 2.3) for different cases. As desired, under 

the complete transmission condition (i.e. biasing voltage = 25V), the proposed 

transformation optics based SPP wave adapters can reduce the wave scattering very well. 

This can be further illustrated by the figure shown in the second plot of Fig. 2.6, where 

the trapezoidal numerical integrations of the curves shown in the left of Fig. 2.6 have been 

calculated. It is clear that all of the proposed SPP devices work properly for guiding SPP 

waves over un-even surfaces (with reduced scattering field level).  
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Figure 2. 6 Distribution of scattered electric field intensity for different types of SPP 
devices. 
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In Fig. 2.7, similar curves are drawn for the proposed device with different biasing 

voltages. From the left of Fig. 2.7, it is clearly observed that, by changing the biasing 

voltage from 25V to 22V, the level of the SPP wave scattering is increased. Moreover, 

from the bottom of Fig. 2.7, the magnitude of the calculated trapezoidal integral at 22V 

biasing voltage is almost twice of that when the biasing voltage is 25V. All of these results 

have further proved that, with different biasing voltages, the SPP wave scattering level 

can be controlled, leading to the desired reconfigurable SPP wave adapter performance. 

 

 

Figure 2. 7 Distribution of scattered electric field intensity for the proposed reconfigurable 

SPP device under different biasing voltages. 
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2.4 Summary 

A new type of reconfigurable transformation optics based SPP device is presented, 

where liquid crystals are used to realize the tuning. To practically implement the proposed 

space engineered devices, several modified and optimized designs are investigated. 

Their performance is verified by full-wave electromagnetic simulations. Therefore, the 

new class of reconfigurable space engineered SPP device permits fast tuning of the 

whole device with realizable materials and fabrication procedures. It is expected that the 

proposed device can be used to realize plasmonic circuits with the capability to transmit 

signals at the nano-scale arbitrarily. 
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CHAPTER 3 

SPACE ENGINEERED FLATTENED LENS AND ANTENAA DESIGN AND THEIR 

APPLICATIONS 

 

3.1 Transformation Optics Designed General Luneburg Lens with Flattened Shapes 

Imaging is one of the important topics in the area of applied optics. The 

conventional optical lenses with uniform materials have been used as the imaging tools 

for centuries. However, their performance is greatly limited by the effects such as 

aberrations and diffraction limits. Therefore, engineered optical solutions which can 

arbitrarily manipulate optical waves can be applied to increase the efficiency and 

assembly ease of small scale devices. Examples include the Maxwell fish-eye lens, Eaton 

lens and Luneburg lens [39-55] of recent interest is the well-studied, so called, Luneburg 

lens, which has the advantage over a traditional lens of being aberration free. Recently, 

2D/3D Luneburg lenses have been successfully fabricated and tested at the microwave 

frequency range [51, 56]. It is desired to design and fabricate 3D Luneburg lenses 

operating at the IR and visible spectrum range. Advances in nano/micro fabrication have 

attracted increased interest in this lens design because recent technology advancement 

has made it possible to realize it in the optical regime [57, 58]. The transition to fabrication 

realities imposes many constraints that have been addressed well by others with regards 

to constituent material properties. Further design modification is required in order to 

specifically address fabrication procedures and final application assembly. Lithography 

and many other fabrication processes necessitate construction on a substrate, most 
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commonly flat. This presents a morphological constraint on an inherently spherical design 

(e.g. the conventional Luneburg lens). 

 

(a) 

 

(b) 

Figure 3. 1 (a) The schematic of the conventional Luneburg lens; (b) the schematic of 

general Luneburg lens (i.e. modified Luneburg lens) with arbitrary focal length. 
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In this chapter, we propose to modify the general Luneburg lens through space 

engineering by the methods of transformation optics (i.e. quasi-conformal mapping). We 

will discuss both the design and the fabrication of proposed transformed Luneburg lenses. 

It is desired to ensure that the modification lies within the available material properties of 

various polymer photoresists. Of the well-studied Luneburg Lens designs we choose the 

two-external foci arrangement. One focus is located at infinity and the other is located at 

finite distance. Lenses with different focal lengths will be investigated. In this way the 

Luneburg lens is furthered in its practicable design. 

 

3.1.1 Design and Simulation Results of the General Luneburg Lens 

Fig. 3.1 shows the schematics of the conventional Luneburg lens and the 

generalized Luneburg lens. Both of them are spherical. Assuming the radius of the sphere 

is equal to r0, the conventional Luneburg lens’ focus point is on the outer boundary, which 

means F = r0. Correspondingly, the refractive index of the conventional Luneburg lens 

follows the equation: 

 
22 rn                                                 (3.1) 

where r = R/r0 is the normalized radius, which is from 0 to 1. Applying this equation, the 

calculated refractive index distribution of the conventional Luneburg lens is plotted in Fig. 

3. 2. Although the conventional Luneburg lens features the attractive properties such as 

perfect imaging, there are several disadvantages of it for practical applications. First, the 

focus of it is always on the outer surface of the lens, which has limited its performance. 

Second, the refractive index within the lens needs to have a variation range of 0.414, 
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which is very large and imposes difficulties in material selections. To address these issues, 

the general Luneburg lens as shown in Fig. 3.1(b) is explored. For such design, the focal 

length of it can be arbitrarily chosen (e.g. F > r0 as shown in Fig. 3.1(b)). As a result, the 

refractive index of it has to be re-calculated based on the given focal length F. During the 

calculation, the generalized Snell’s law as given in Eq. (3.2) is applied: 

knd sin                                             (3.2) 

where n is the refractive index at a specific point along the light path, d is the distance to 

the center of the lens, φ is the angle from the positive direction along the ray to the 

direction of increasing d, and k is a constant for a particular ray. Applying this equation 

along with some mathematical manipulations [41-43], the calculated refractive index 

distributions are given in Fig. 3.2. Here, two different cases are investigated, where F = 

1.1r0, 1.2r0, respectively. The 2D views of the refractive index distributions within these 

lenses are shown in Fig. 3.3. Full-wave electromagnetic simulations have been conducted 

at the optical frequency to verify the performance of these lenses. It is observed that the 

focus point of the general Luneburg lens is apart from the lens’ outer surface (i.e. the focal 

length can be arbitrarily selected), which confirms the design. 

In addition to the flexible focal length, another attractive characteristic of the 

general Luneburg lens is that the required refractive index variation range is smaller than 

that of the conventional Luneburg lens design. In Table 3.1, we have listed the minimum 

and maximum refractive indexes of these lenses. It is clear that the general Luneburg 

lens (modified Luneburg lens) features less refractive index variation, which makes them 

easy for practical fabrications. In principle, using the general Luneburg lens, we can 

further tune the refractive index variation range by choosing different focal lengths. 
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Figure 3. 2 The calculated refractive index as a function of r for different Luneburg lenses. 

.  

(a) 

F = r0

F = 1.1r0

F = 1.2r0
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(b) 

Figure 3. 3 The 2D view of the refractive index distribution for different general Luneburg 

lenses: (a) F = 1.1r0, (b) F = 1.2 r0. 

 

Table 3. 1 The refractive index range of different Luneburg lenses. 

Luneburg Lens 
Design with 

Different Focal 

Length “F” (the 

lens radius = r0) 

Minimum 
Refractive Index 

(nmin) 

Maximum 
Refractive Index 

(nmax) 

Index Variation 
(Δn) 

F = r0 (conventional 
design) 

1 1.414 0.414 

F = 1.1 r0 1 1.370 0.370 

F = 1.2 r0 1 1.330 0.330 
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3.1.2 Design of Flattened General Luneburg Lens  

At first, the QCM will be applied to design flattened generalized Luneburg lenses. 

The Luneburg lens has attracted a lot of research interests recently because it can 

manipulate the light to focus at a perfect focal point which improves the imaging 

technique. However, the spherical surface of the lens imposes additional difficulties for 

lens fabrication. Here, to address these issues, the main idea of QCM transformation is 

to take a spherical region and flatten it without changing the nature of original lens; only 

the face of the focusing plane is changed. The QCM follows angle preserving transform 

and forms gradient index meshes based on the orthogonal meshing technique. There are 

several steps to numerically implement this technique. First, an initial approximation for 

the grid should be proposed and the linear transfinite interpolation can be used to give an 

acceptable initial guess as shown in Fig. 3.4.  

 

Figure 3. 4 The initial linear transfinite interpolation approximation for conventional 

Luneburg lenses F = 1r0. 
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Secondly, the metric coefficients which are the important parameters to keep the 

grid orthogonal are calculated. Thirdly, the boundary conditions should be considered. 

There are two kinds of boundaries in our design. One is Dirichlet boundary which means 

it follows the linear equation at this kind of boundary. The other one is Neumann-Dirichlet 

boundary (slipping boundary) condition which leads to a nonlinear equation at the 

boundary. Finally, the QCM transformed lens is achieved by iteratively updating the 

meshes as shown in Fig. 3. 5. 

 

Figure 3. 5 The QCM transformed conventional Luneburg lenses F = 1r0. 

 

After applying the procedure described above, the QCM transformed conventional 

Luneburg lens and its flattened counterpart are shown in the following figures.  In Fig. 3.5, 

the circular protruding part is mapped to the bottom straight line in Fig. 3.6. During the 

transformation, the slipping boundary condition is applied to the bottom boundary of Fig. 
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3.5; and the Dirichlet boundary condition is used in left, right and top surfaces (green dash 

line) where the transformation is stopped. In Fig. 3.7, the 2D view of refractive index 

distribution of conventional and general Luneburg lenses with focal length 1.0r0 (r0 is 

radius of lens) and 1.5r0 are shown respectively. By applying the inverse procedure as 

shown in Fig. 3.6, the refractive index distribution of the flattened lenses can be 

calculated. It is found that the generalized Luneburg lens’ refractive index varying range 

is smaller than the conventional Luneburg lens as shown in Fig. 3.7 (a) and Fig. 3.7 (c). 

Therefore, compared with the flattened lens based on the conventional Luneburg lens, 

the resulting refractive index varying range of the flattened general Luneburg lens is 

smaller as shown in Fig. 3.7 (b) and Fig. 3.7 (d). This further improves its easiness for 

practical fabrications.  

 

Figure 3. 6 The inverse QCM transformed flattened Luneburg lenses F = 1r0. 



36 
 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 3. 7 The 2D view of the refractive index distribution for conventional Luneburg lens 

and generalized Luneburg lenses: (a) The 2D Luneburg lens with focal length F = 1.0r0 
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(r0=1) and its transformation space. (b) The 2D flattened Luneburg lens and its refractive 

index distribution. (c) The 2D generalized Luneburg lens with focal length F = 1.5 r0 (r0=1) 

and its transformation space. (d) The 2D flattened generalized Luneburg lens and its 

refractive index distribution. 

 

3.1.3 Simulation of Flattened Generalized Luneburg Lens and Conventional Luneburg 

Lens 

The simulation results of conventional Luneburg lens are shown in Fig. 3.8(a). It is 

observed that the focal point is located on the surface of the lens, matching with the 

design theory. The inset of Fig. 3.8(a) shows the refractive index distribution of 

conventional Luneburg lens where n is in the range of [1~1.414]. Next, the generalized 

Luneburg lens is studied. It can achieve arbitrary focus length. The refractive index of the 

generalized Luneburg lens can be calculated by applying generalized Snell’s law 

according to the given focal length. The typical simulation results of a generalized 

Luneburg lens are plotted in Fig. 3.8(b). Here the focal point of the simulated lens is 

located at F=R1=1.5r0. The refractive index distribution of this generalized Luneburg lens 

(F=1.5r0) is shown in the inset where n is in the range of [1~1.244]. Comparing with the 

conventional Luneburg lens, the general Luneburg lens has smaller refractive index 

variation, which makes it easier for practical fabrications. 

Similarly, the 3-D Full wave Electromagnetic simulations are applied to the QCM 

flattened conventional Luneburg lens and generalized Luneburg lens. From the Fig. 3.9(a), 

the focal point of conventional Luneburg lens locates bottom center where the strongest 

E-field is observed. This simulation results show strong agreement with the  
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(a) 

 

(b) 

Figure 3. 8 Simulation results of conventional and generalized Luneburg lens. 
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non-flattened circular Luneburg lens which has focal point at outer surface. In Fig. 3.9(b), 

the flattened generalized Luneburg lens with R=1.5r0 is simulated, and the results shows 

that the focal point are observed at the surface of outer circular which matches with the 

original generalized lens in Fig. 3.8(b). 

 

(a) 

 

(b) 

Figure 3. 9 Simulation results of Flattened conventional and generalized Luneburg lens. 
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3.1.4 Fabrication Considerations 

Once the proposed lens is designed, another important issue is its fabrication. In 

practice, the proposed lens can be fabricated using the multi-beam interference 

lithography method [59, 60]. Assuming 5 beams are applied and the SU-8 is used as the 

polymer material to construct the lens, the corresponding calculation results are shown in 

Fig. 3.10. In general, for the 5-beam interference structures (i.e. the proposed lenses), 

there are several processing parameters that dictate the realizable localized volume 

fraction. If one takes the 5 beams to be equal intensity with uniform beam profiles then 

the design landscape is represented in Fig. 3.10(a). There are two important parameters 

that constrain the parameter landscape. The first is the volume fractions achievable as a 

consequence of the phase control for a given exposure threshold (experimentally 

equivalent to exposure time). This constraint is depicted as the curved gray areas in Fig. 

3.10(a). The second constraint is that imposed from fabrication structural integrity and the 

ability for proper wet development. This is often referred to as requiring bi-continuous 

structures. The gray regions in Fig. 3.10(b), (d) are these. Fig. 3.10(c) shows how the bi-

continuous structure is manifest in the final structure. It can see that the constraint 

imposed by the fabrication need of bi-continuous structures depends critically on the limit 

of the normalized exposure condition that meets continuity at the phase control factor of 

π radians. Since the constraints are symmetric about the half exposure condition, 

maximizing the range of available filling fractions controllable by phase is equivalent to 

maximizing the threshold at this point. This value is dependent on the relative beam 

intensities of central to the side beams. If the relative beam intensities are equal, the 
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manifested effective index range is of the order of 0.05=neff , whereas if the central beam 

has a field strength 5 times greater than the side beams, then 0.13=neff . 

 

(a) 

 

(b) 

 

(c) 
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(d) 

Figure 3. 10 Effective refractive index range achievable from polymer structures as a 

function of normalized exposure condition threshold. 

 

3.1.5 Conclusion 

In this sub-section, general Luneburg lenses with different focal lengths are 

employed to release the limitations such as fixed focus point imposed by the conventional 

Luneburg lens. The lens performance has been verified by full-wave electromagnetic 

simulations. After that, the transformation optics techniques have been applied to 

transform the original spherical lens into a flattened lens, which is easy for practical 

fabrication. Finally, practical issues related to the fabrications of proposed lenses have 

been discussed. In the future, we will investigate more lens design to further enhance the 

fabrication feasibility of the proposed transformation optics based optical 3D lenses. 

 

3.2 Flattened 3-D Parabolic Antenna 

 As the second design example, the 3D flattened parabolic reflector antenna is 

presented. The conventional parabolic reflector antenna has a curved surface, which is 
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hard for fabrication. By applying the same procedure as used in designing the flattened 

Luneburg lens, the QCM transformed space of parabolic antenna [61-66] and its inverse 

flattened antenna are shown in Fig. 3.11. The aperture diameter of the reflector antenna 

is 20 cm and the material refractive index in the region above the bending surface is 1. 

When the inverse transformation is applied to flatten the curve surface, the refractive 

index of each grid is changed according to the geometrical size scaling and the minimum 

refractive index has been assigned to be 1. 

In the flattened 2D reflector antenna as shown in Fig. 3.11 (a), the grids in the 

range of [-10 10] cm will play the major role in manipulating the wave to focus at the focal 

point. In Fig. 3.11 (b), the whole procedures and steps to implement inverse QCM. The 

gray line indicates the QCM, and red and blue line show the inverse steps. In Fig. 3 .11(c), 

the 3D refractive index pattern of the flattened antenna is illustrated.  

 
(a) 
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(b) 

 
(c) 

 

(d) 
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Figure 3. 11 Design procedures for flattened parabolic antenna. (a). Parabolic reflector. 

(b) Inverse QCM steps. (c) Refractive index distribution of flattened shape. (d) 3-D model 

of flattened antenna. 

 

The full-wave EM simulation results of parabolic reflector antenna and the 

proposed 3D flattened reflector antenna are shown in Fig. 3.12. In the simulations, the 

parabolic reflector (given in Fig. 3.12 (a)) and the flattened reflector (in Fig. 3.12 (b)) are 

excited by plane waves operating at 10 GHz. It is observed that both reflectors have 

almost the same focusing point (about 11cm away from the bottom center of the reflector 

antennas as shown in Fig. 3.12). In Fig. 3.13, the radiation patterns of parabolic antenna 

and the flattened antenna are given. It proves that the far-field distribution of the proposed 

3D flattened reflector antenna matches with the original parabolic reflector antenna. 

In this sub-section, we present the design of a 3D flattened parabolic reflector 

antenna. Quasi-conformal mapping and its inverse mapping are applied to transform one 

side of the spherical parabolic reflector antenna into a flat shape which is easy to fabricate 

and implement. After that, full-wave electromagnetic simulation results have verified the 

performance of the 3D flattened parabolic reflector antenna. In the future, we will 

investigate the fabrications of the designed flattened lens and antenna and implement 

those using suitable low-cost materials. 
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(a) (b) 

Figure 3. 12 Full-wave 3D Electromagnetic simulation for flattened parabolic antenna. (a). 

Non-converted parabolic reflector. (b) Flattened 3D parabolic antenna with Inverse QCM 

steps. 
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Figure 3. 13 Full-wave 3D Electromagnetic simulation for flattened parabolic antenna. 

(a). Non-converted parabolic reflector. (b) Flattened 3D parabolic antenna with Inverse 

QCM steps 
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CHAPTER 4 

A WIDE-ANGLE BROADBAND LUNEBURG LENS BASED OPTICAL COUPLERS 

FOR PLASMONIC SLOT NANO-WAVEGUIDES 

 

Gradient index (GRIN) structures have attracted great interests since their 

invention. Especially, the recent advance in the fields of transformation optics, 

plasmonics, and nanofabrication techniques has opened new directions for the 

applications of GRIN structures in nano-photonic devices. In this chapter, we apply 

Luneburg lens and its transformed counterpart (as discussed in Chapter 3) to realize 

efficient coupling to plasmonic nano-waveguides. Specifically, we study the performance 

of these lenses for coupling electromagnetic signals to nano-waveguides (the metal-

insulator-metal (MIM) nano-waveguide). Different coupling schemes are investigated. It 

is found that the proposed Luneburg lens based optical couplers can be used to provide 

broadband light couplings to plasmonic nano-waveguides under wide incident angles. 

 

4.1 Introduction 

Recently, as a compact nano-scale device, plasmonic waveguide has attracted a 

lot of attentions as a potential front-end building block of future optical communication 

systems. Up to now, many kinds of plasmonic slot waveguides have been proposed. 

However, the corresponding challenges such as propagation loss, field diffusion, and 

unable to couple the light from free space to the waveguides have prevented plasmonic 

waveguides from being widely used in highly integrated photonic circuits. In the past, 

several approaches were proposed to overcome these challenges [67-70]. In [67], to 
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increase the transmission efficiency, Delacour et al. proposed a complicated plasmonic 

photonic structure which is composed of silicon waveguides with grating coupler, 

directional coupler and slotline metallic waveguide. Two copper strips are separated with 

nanoscale slot to form a slotline waveguide and overlap front and back end silicon 

waveguide.  The overall transmission of this structure can reach up to 50%. However, this 

structure includes several parts, which results in large device size in real applications. In 

[68], Andreyieuski et al. suggested that the coupling efficiency of slotline waveguide could 

be increased up to 26% by adding compact optical dipole antenna along with side and 

bottom reflector in front of plasmonic slot waveguides. However, the bandwidth of this 

structure is limited by the operating frequency range of the optical antennas.  In [69], 

Gabrielli et al. proposed a fiber-to-chip coupler based on integrated Luneburg lens 

manipulating the light to silicon waveguide. The resulting fiber-to-waveguide coupler 

mediated by a Luneburg lens will not suffer from total insertion losses and it can reduce 

the losses introduced by misalignment. However, due to the spherical shape of 

conventional Luneburg lens, the performance of this device will be greatly limited by the 

incident angle of incoming optical signals. 

To address all the issues mentioned above, it is highly desirable to design an 

efficient optical coupler to plasmonic slot nano-waveguides, featuring compact size, broad 

bandwidth, and wide incident angle. In this chapter, we propose to achieve this design 

goal by combining the Luneburg lens with transformation optics techniques. As discussed 

previously, transformation optics technique is a powerful tool in designing space 

engineered functional electromagnetic devices [28, 71]. One advantage of transformation 

optics method is that it can transform curved surface to flattened shape (i.e. space 
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engineering), which is much easier for fabrication. In principle, there are several ways to 

implement the transformation optics such as coordinate transformation, discrete 

coordinate transformation, and conformal mapping [64, 72, and 73]. In 2008, Pendry et al 

theoretically designed an invisibility cloak using quasi-conformal mapping (QCM) [27]. 

The QCM technique releases the material restriction imposed by previous design 

techniques and makes the design easy to implement by using traditional substrate 

materials, therefore leading to wide operating bandwidths. After that, Smith et al proves 

the theory by implementing GRIN devices in microwave regime [51]. All of these great 

successes have inspired the engineers in the areas of microwaves, optics, and material 

science to develop various kinds of devices using transformation optics techniques, 

including cloaks, perfect lenses, wave concentrators and other new devices [56, 73-75]. 

Specifically, we will use the QCM technique to design the proposed devices. 

To demonstrate our design concept, we will first present the general structure of 

proposed devices and the design process of flattened Luneburg lenses with different 

focus lengths using QCM technique. These lenses will be combined with plasmonic nano-

waveguides through different coupling schemes. The wide-angle broadband optical 

coupling to plasmonic waveguides is demonstrated.  The performance of the proposed 

devices has been verified by numerical simulations. It is expected that the new optical 

couplers can help to build robust on-chip photonic circuits for next-generation optical 

communication systems. 
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4.2 General Design of Luneburg Lens Based Optical Coupler 

 

Figure 4. 1 The structure of proposed plasmonic slot waveguide with the Luneburg lens 

coupler. 

 

The general schematic of the proposed Luneburg lens based optical coupler is 

shown in Fig. 4.1. It is composed of two components, the plasmonic slot nano-waveguide 

and the Luneburg lens. The original plasmonic slot nano-waveguide is constructed by 

silver (Ag), which is modeled by the Drude model. The gap (d as labeled in Fig. 4.1) 

between the two silver strips is 100nm. In principle, such a device can provide a balance 

between mode confinement and propagation length comparing with other types of 
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plasmonic waveguides. However, due to its nano-scale feature size, it is not easy to 

practically feed optical signals into this device. To solve this problem, we propose to 

integrate Luneburg lenses with the plasmonic slot waveguide so that the Luneburg lens 

can help to manipulate the optical signals from the sources and smoothly guide them into 

the plasmonic waveguide. In practice, we can use the proposed optical coupler to realize 

a reliable fiber-to-chip or free space-to-chip coupling, which is essential for on-chip optical 

systems. In the proposed device (as shown in Fig. 4.1), the distance between the 

Luneburg lens and the plasmonic waveguide is D; the radius (r) of the Luneburg lens is 

1µm; the silver strips which form the plasmonic slot waveguide have a geometry of 

W=3µm, length L=10µm and thickness T=200nm. 

To optimize the performance of proposed optical couplers, different types of 

Luneburg lenses (as discussed in Chapter 3) will be applied, including conventional 

Luneburg lenses, generalized Luneburg lenses, and flattened Luneburg lenses (designed 

by transformation optics technique). Both the conventional and the generalized Luneburg 

lenses are spherical lenses which have a radius R0=r0, but with different focus lengths. 

Moreover, to provide better matching of the plasmonic waveguide with a flat cross section, 

the so-called quasi-conformal mapping (QCM) technique is applied to flatten the spherical 

Luneburg lenses. The QCM, as a transformation optics method to generate grid meshes, 

follows angle preserving transform and forms gradient index meshes based on orthogonal 

meshing technique. The design procedures for different Luneburg lenses and flattened 

lenses have been discussed in Chapter 3. 
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4.3 Simulation and Discussion 

Full-wave electromagnetic simulations are conducted to examine the performance 

of the proposed optical couplers. The commercial finite element method solver for 

electromagnetic structures – High Frequency Structure Simulator (HFSS) is applied to 

conduct the simulations of proposed devices. The PML boundary condition is applied at 

the six boundaries of the simulation area to eliminate reflections. Different coupler 

configurations are studied and the results are plotted in Fig. 4.2.  In the simulations, a 

Gaussian beam (uniform in y-direction) operating at 0.857µm wavelength with a 2.5µm 

beam width (in z-direction as labeled in Fig. 4.2(b) is excited from the left of the plasmonic 

slot waveguide and normally incident into the waveguide (the detailed dimensions of the 

plasmonic waveguide are listed in Fig. 4.1).  When the optical signals are directly incident 

to the plasmonic slot waveguide, the signals that can be coupled into the waveguide are 

very weak due to the strong mismatch between the free space and the nano-waveguide, 

as shown in Fig. 4.2(a).  In Fig. 4.2(b), a Vee-shaped notch (as shown in the inset of Fig. 

4.2(b)) is applied at the front part of the plasmonic waveguide. It is observed that, with the 

help of such a structure, more signals are coupled into the waveguide. To further increase 

the coupling efficiency, the proposed Luneburg lens based couplers with different 

configurations are applied. In Fig. 4.2(c) and (d), the conventional Luneburg lens (with 

focus length F=r0) is butt coupled with the plasmonic waveguide (i.e. D=0µm), forming the 

optical couplers. In Fig. 4.2(c), the waveguide is directly integrated with the Luneburg lens. 

It is found that, by using this structure, the coupling is still weak. In Fig. 4.2(d), the 

plasmonic waveguide with Vee-shape notch is applied, which greatly increases the 

magnitude of coupled signals. Moreover, in Fig. 4.2(e) and (f), two other coupler 
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configurations are studied. In Fig. 4.2(e), a generalized Luneburg lens (focal length 

F=1.5r0) is applied to efficiently couple the light into the plasmonic slot nano-waveguide. 

In this coupler, the Luneburg lens radius (r0) is chosen to be 1µm. To provide a good 

coupling efficiency, the distance D (referring to Fig. 1) between the plasmonic waveguide 

and generalize Luneburg lens is optimized. It is found that, when D=0.5µm (means the 

focus point of the lens is located on the edge of the plasmonic waveguide), the input 

optical signals can be most efficiently coupled into the waveguide. Finally, in Fig. 4.2(f), 

a flattened conventional Luneburg lens as presented in Fig. 4.2(d) is employed to 

construct the optical coupler. Similar to the conventional Luneburg lens based coupler, 

the flattened Luneburg lens is butt coupled with the plasmonic waveguide (i.e. D=0µm). 

Under this condition, significant optical signal coupling is observed (as shown in Fig. 

4.2(f)). Overall it is found that, when the incident optical signals are normally incident 

(incident angle=0o) into the plasmonic slot nano-waveguide, all the proposed Luneburg 

lens based couplers as shown in Fig. 4.2(d) – (f) can work efficiently. Especially, among 

these three types of couplers, the flattened Luneburg lens based coupler is very attractive 

when optical signals are incident from a wide angle range. This is because, for the 

flattened Luneburg lens, the focus points for waves with different incident angles are all 

located on the same outer flat surface, which is aligned with the edge of the plasmonic 

waveguide. Therefore, in the following sections, we have studied the properties of this 

type of coupler in more detail. 
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(a) 

  

(b) 

 

(c) 
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(d) 

 

(e) 

 

(f) 
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Figure 4. 2 The simulation results of plasmonic slot nano-waveguides with or without 

couplers when a Gaussian beam is incident along the x-direction at 0.857 µm wavelength; 

(a) the bare plasmonic waveguide, (b) the plasmonic waveguide with a Vee-shape notch, 

(c) the plasmonic waveguide with the conventional Luneburg lens based coupler, (d) the 

plasmonic waveguide with the coupler based on conventional Luneburg lens and Vee-

shape notch, (e) the plasmonic waveguide with the coupler based on generalized 

Luneburg lens (F=1.5r0), (f) the plasmonic waveguide with the coupler based on flattened 

conventional Luneburg lens. 

 

We first investigate the performance of the flattened Luneburg lens based optical 

coupler for input signals with different incident angles.  The simulation results are plotted 

in Fig. 4.3. It is observed that, when the incident angle is equal to 5o (with respect to the 

x-axis), the optical signals can be efficiently coupled into the plasmonic slot waveguide 

(as shown in Fig. 4.3(a)). Similar performance is achieved in Fig. 4.3(b), (c), where the 

signal incident angles are 10o and 20o, respectively. When the incident angle is larger 

than 20o, the coupling efficiency (i.e. the conversion efficiency from the signal source to 

the plasmonic waveguide) starts to drop.  In Fig. 4.3(d), when the incident angle is equal 

to 25o, the signal that can be coupled into the plasmonic slot waveguide becomes weak. 

According to our simulation, within the incident angle range of [-20o~20o], efficient 

coupling (to the plasmonic waveguide) can be achieved using the proposed flattened 

Luneburg lens based optical coupler. To verify this conclusion, the power enhancement 

factor which is the power ratio of Pα and Pγ is introduced, where Pα represents the output 

power at L=10μm in the plasmonic slot waveguide with flattened Luneburg lens (L is 
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labeled in Fig. 4.1) when the incident wave angle is α, and Pγ represents the output power 

at L=10μm in the bare plasmonic waveguide (as shown in Fig. 4.2(a)) when the incident 

wave angle is 0o. The calculated results of power enhancement factor at different incident 

wave angles (i.e. α) are plotted in Fig. 4.4. For example, the output power of the proposed 

plasmonic waveguide integrated with flattened Luneburg lens is enhanced approximately 

165 times if the incident angle α=0o (the case shown in Fig. 4.2 (f)) comparing to the bare 

plasmonic slot waveguide (i.e. the power enhancement factor is Pα/ Pγ |α=0
o≈165). When 

α=22o, the power enhancement factor is around 12. When α is larger than 22o, the power 

enhancement factor becomes even smaller, which indicates low coupling efficiency. From 

Fig. 4.3 and Fig. 4.4, it proves that the proposed flattened Luneburg lens coupler 

waveguide can efficiently couple the wide angle optical signal into the plasmonic slot 

waveguide. 

Moreover, since the flattened Luneburg lens is a GRIN lens constructed by 

dielectric materials, the coupler based on it will feature wide operating bandwidths (note: 

the proposed optical couplers shown in Fig. 4.2(d),(e) can also operate  over a wide 

spectrum range). To verify this property, simulation results of the proposed coupler for 

waves at different wavelengths are given in Fig. 4.5 (the incident angle is 0° in all cases). 

At all these wavelengths (i.e. 0.75µm, 1µm, 1.5µm, 3µm), the incident optical signals can 

be successfully coupled into the plasmonic waveguide. These results have clearly 

demonstrated that the proposed flattened Luneburg lens based optical couplers can 

operate very well within the wide spectrum range of [0.75~3 µm] (our simulations have 

also shown that it can even operate at a wider spectrum range). Based on the results 

shown in Fig. 4.3, Fig. 4.4 and Fig. 4.5, it is found that the new type of optical coupler 
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based on flattened Luneburg lens can provide a robust performance (due to its wide-

angle performance) across a wide spectrum range, which is attractive for future 

applications (e.g. future optical communication networks). 

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 4. 3 Simulation results of the flattened Luneburg lens based coupler for plasmonic 

slot nano-waveguide when the optical signals are incident from different angles: (a) with 

5o incident angle, (b) with 10o incident angle, (c) with 20o incident angle, (d) with 10o 

incident angle, (c) with 20o incident angle, (d) with 25o incident angle. 

 

4.4 Conclusion 

In this chapter, we proposed several different types of Luneburg lens based optical 

couplers, including conventional Luneburg lens based coupler with Vee-shape notch, 
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generalized Luneburg lens based coupler, and flattened Luneburg lens based coupler. 

All of them can be used to efficiently couple the normally incident optical signals into the 

plasmonic slot nano-waveguide. In addition, we found that the flattened Luneburg lens 

based coupler (transformed by the QCM technique) can be used to provide a broadband 

coupler performance under a wide incident angle range, which is verified by full-wave 

electromagnetic simulations. 

 

 

Figure 4. 4 Power enhancement factors at different incident angles. 

 

(a) 
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(b) 

 

(c) 

 

(d) 

Figure 4. 5 Simulation results of the flattened Luneburg lens based coupler for plasmonic 

slot nano-waveguide working at different wavelengths (under 0° incident angle): (a) 0.75 

µm, (b) 1 µm, (c) 1.5 µm, (d) 3 µm.  
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CHAPTER 5 

A TUNABLE EXTRAORDINARY THZ TRANSMISSION USING LIQUID METAL BASED 

DEVICES 

 

5.1 Introduction 

Due to the fact that many physical and chemical systems have specific fingerprints 

at the THz frequency band, THz technology has drawn a lot of attentions both in academia 

and in industry [76]. Consequently, many THz devices have been proposed and studied 

for different applications, such as, medical/biomedical sciences [77], THz 

communications [78-81], THz spectroscopy and imaging [82, 83], etc. For all these 

applications, it is highly desirable to effectively manipulate the THz wave propagation with 

properties such as enhanced transmissions, modulations, etc. 

     Meanwhile, the extraordinary optical transmission (EOT) phenomenon has 

been intensively investigated in the past decade based on the mechanisms such as 

surface plasmon polaritons [84-86]. EOT in THz region has also been demonstrated using 

both metallic and semiconductor materials [87-89]. However, it is still challenging (yet 

important) to realize an active control of the THz transmission spectrum. Very recently, 

liquid metals have been experimentally verified to be a suitable material for THz 

plasmonic devices [90, 91], which offer unique capabilities for manipulating and guiding 

THz electromagnetic wave propagations. All of these previous works have inspired us to 

explore the liquid metal based tunable THz plasmonic devices. Specifically, the proposed 

devices will be used to achieve an active control of THz wave transmissions. Different 
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from the tunable metallic structures in [92-95], the key geometrical parameters (the 

shapes, dimensions, tilting angles, and orientations) of these liquid metal based devices 

can be actively controlled. In this way, the physical tuning of these devices can be easily 

realized by tuning mechanisms such as electro-wetting controls [96-99]. 

To demonstrate our design concept, liquid metal based periodic structures (similar 

to the extraordinary optical transmission devices) are designed featuring different 

transmission spectrum responses for THz waves. Two types of tunable THz devices are 

investigated. For the first type of devices, it is found that, by tuning their geometrical 

parameters, we can reconfigure the responses of these devices from wideband [100-105] 

to dual-band. For the second type of devices, they feature tunable single frequency 

responses for extraordinary THz wave transmissions. The performance of the proposed 

devices has been verified by numerical simulations. To provide a design guideline for the 

proposed devices, an equivalent circuit model is proposed and derived based on the 

transmission line theory [106-109]. The transmission responses of these devices are then 

quantitatively obtained using the straightforward impedance matching method, which 

agree very well with the simulation results and verify our design concept. It is expected 

that the proposed liquid metal-based tunable THz devices will pave the way towards the 

development of high performance THz systems.   

5.2 Structures and Results of the Proposed Tunable THz Devices 

Fig. 5.1 shows the schematic diagram (cross-section view) of the two types of 

liquid metal-based tunable THz devices. Each device contains two layers of liquid metals. 

Each layer consists of periodic metallic slits with a periodicity of “d” as shown in Fig. 5.1. 

The neighboring slits are separated by certain distance. Along the y-direction, the whole 
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structure is uniform with infinite length. Based on the EOT theory, when the incident wave 

is TM-polarized with electric-field oriented along the x-direction, extraordinary wave 

transmission can be achieved at the working frequencies of the proposed devices. In the 

first type of design (Design-A as shown in Fig. 5.1(a)), the top and the bottom layers in 

the unit cell  share the same surface and are symmetrical if folded along the middle line 

in x-direction. In the second design (Design-B as shown in Fig. 5.1(b)), the two layers in 

the unit cell have the same pattern but are translated. Both of them are symmetrical if 

folded along the middle line in z-direction. It is found that, due to these “folding-symmetry” 

and “translational-symmetry” characteristics, these two types of designs will show 

different extraordinary transmissions for THz waves. 

 

Figure 5. 1 The general schematic of the proposed two types of liquid metal based tunable 

THz devices. 

 

The property of “Design-A” tunable THz device is investigated first. Specifically, 

we propose to achieve the tuning of this device by changing the size of its top and bottom 

surfaces (“a” and “b” as marked in Fig. 5.1). Figure 5.2(a)-(c) show three typical patterns 
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of this kind of devices. All of them have the same layer thickness (“h” = 0.34mm (1.13λ0 

at 1THz)) and periodicity (“d” = 0.3mm (1λ0 at 1THz)), but with different combinations of 

“a” and “b”. The detailed dimensions of them are listed in Table 1 (Note: in this table, the 

cross-sectional area of each device is kept the same so that the total amount of liquid 

metal allocated in each unit cell is kept the same during the tuning). To verify the device 

performance, full wave electromagnetic simulations are carried out using the commercial 

software High Frequency Structure Simulator (HFSS). The Eutectic Gallium Indium 

(EGaIn) is applied as the liquid metal with complex dielectric properties [90]. The periodic 

boundary condition is used to simulate the infinite periodic structure. A TM-polarized wave 

is incident from the top propagating along the z-direction. By sensing the output signals 

at the bottom, the transmission spectra are obtained. The simulated spectral responses 

are given in solid line in Fig. 5.2(d)-(f) correspondingly. Extraordinary transmissions are 

observed in all of these plots. Most importantly, it is found that due to the geometry 

changes of these devices, they exhibit different transmission bandwidths and frequencies. 

For example, in Fig. 5.2(d) and Fig. 5.2(e), wideband extraordinary transmissions are 

achieved. On the other hand, two extraordinary transmission peaks are observed in Fig. 

5.2(f), leading to a dual-band performance. These results have clearly demonstrated that 

tunable wave transmissions can be realized using the proposed devices. In practice, by 

varying the dimensions of “a” and “b”, we can achieve the reconfiguration between single 

wideband response and dual-band response using the proposed “Design-A” tunable THz 

device. 
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(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

 

(f) 
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Figure 5. 2 Typical patterns and transmission spectra of the proposed “Design-A” type of 

THz devices with tunable responses. (d)~(f) are the transmission spectra corresponding 

to structures in (a)~(c) respectively. 

 

Table 5. 1.  Proposed tunable THz devices (“Design-A”) with different dimensions. 

Different Designs a (mm) b (mm) d (mm) h (mm) 

Structure  in Fig. 2(a) 0.27 0.12 0.3 0.34 

Structure in Fig. 2(b) 0.24 0.15 0.3 0.34 

Structure in Fig. 2(c) 0.17 0.22 0.3 0.34 

 

To obtain the physical insight on the wideband EOT responses of the proposed 

structure, it is highly desirable to explore the E-field distributions in the structure at the 

resonance frequencies. As an explicit example, Fig. 5.3 shows the field distributions of 

the structure shown in Fig. 5.2(b) at the two resonance frequencies of 0.47THz and 0.7 

THz. It is observed that the E-field distributions in the structure are similar at the two 

resonance frequencies (with slight difference due to the different operating frequencies). 

Both of them have shown significant signal transmissions (i.e. EOT responses at working 

frequencies as expected). 

The property of “Design-B” tunable THz device is also studied. As mentioned 

before, it features a translational-symmetrical structure (as shown in Fig. 5.4). Due to this 

structural change (compared with “Design-A”), the “Design-B” can be used to realize 

tunable single-band extraordinary transmissions. Two “Design-B” devices with different 

geometrical parameters are simulated, as shown in Fig. 5.4(a) (a = 0.23mm and b = 
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0.16mm) and Fig. 5.4(b) (a = 0.27mm and b = 0.12mm). The “d” and “h” are equal to 

0.3mm and 0.34mm in both structures. The simulation results are given in solid lines in 

Fig. 5.4(c) and Fig. 5.4(d) respectively. As expected, the extraordinary transmission peak 

is shifted due to the tuning of “a” and “b” values (from 0.35THz to 0.3THz when structure 

changes from Fig. 5.4(a) to Fig. 5.4(b)). In principle, by changing the dimensions of the 

“Design-B” type of devices, both the bandwidth and the working frequency can be tuned 

at the THz frequency range. 

 

                                                         (a)                               (b) 

Figure 5. 3 Simulated E-field distributions of the proposed “Design-A” type of THz devices 

as shown in Fig. 2(b) at the resonance frequencies of (a) 0.47 THz, (b) 0.7 THz. 
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(a) 

 

(b) 

 

(c) 



73 
 

 

(d) 

Figure 5. 4 Geometries and transmission spectra of the proposed “Design-B” type of 

tunable THz devices. (c)~(d) are the transmission spectra corresponding to structures in 

(a)~(b) respectively. 

 

5.3 Equivalent Circuit Model and Further Analysis of Proposed Tunable THz Structures 

To gain deep insights into the operating principle of the proposed two types of THz 

devices, we developed an equivalent circuit model based on the transmission line theory 

[31-34]. As shown in Fig. 5.5(a) for “Design-A” type devices, it can be viewed as 

sandwiched by two infinite long transmission-lines with the characteristic impedance per 

unit length of Z0 = η0d (η0 is the free space characteristic impedance, d is the periodicity 

of the structure). Inside the device, the air slot formed by the two neighboring liquid metal 

slits will behave as a tapered transmission line. The corresponding transmission line 

model is given in the left of Fig. 5.5(b). By decomposing the tapered transmission lines 

into multiple short sections, it can be approximated by a staircase structure as shown in 
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the center of Fig. 5.5(b). Without loss of generality, the staircase model can be simplified 

as the structure shown in the right of Fig. 5.5(b). Finally, the resulting equivalent circuit 

model (a simplified version) is shown in Fig. 5.5(c). The proposed device is modeled as 

a multi-section transmission line, which is terminated at its two ends by the impedance 

“Z0”. The extraordinary transmission is achieved when the perfect matching condition is 

satisfied. Under this condition, the proposed device will transform the impedance of the 

top free space to match the impedance of the bottom free space. 

Using the simplified circuit model shown in Fig. 5.5(c) and according to the 

transmission line theory, the satisfaction of the impedance matching condition depends 

on the following parameters: characteristic impedances per unit length of the tapered 

transmission line 1 (Ztaper1) and line 2 (Ztaper2), θ1, and θ2 (referring to Fig. 5.5(c)). Since 

the height of the proposed device is fixed during the tuning, θ1, and θ2 are assumed to be 

almost unchanged in our model. When the parameters “a” and “b” (as shown in Fig. 5.2(a)) 

are tuned, the dimensions of the air slot are changed. Therefore the impedances per unit 

length of the tapered transmission line (i.e. Ztaper1, Ztaper2) are tuned. In general, the perfect 

matching is achieved at multiple resonant frequencies (f1, f2, etc.). Considering the first 

two resonant frequencies (as shown in Fig. 5.5(f)), the ratio between them will be tuned 

by varying values of line impedances. For example, due to the air slot shape in Fig. 5.5(c), 

Ztaper1is smaller than Ztaper2 in the corresponding equivalent circuit model. This will result 

in a large ratio between f2 and f1 (i.e., f2/f1 >2). This is demonstrated in the simulation 

results given in Fig. 5.2(f), where two distinct transmission peaks are observed leading to 

a dual-frequency extraordinary transmission. With the change of the air slot shape, Ztaper1 

becomes larger than Ztaper2 in Fig. 5.2(b). The ratio between f2 and f1 reduces (i.e., f2/f1<2), 
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forming a wideband response as shown in Fig. 5.2(e). Finally in Fig. 5.2(a), Ztaper1 

becomes much larger than Ztaper2 and the two frequencies f2 and f1 are very close (i.e., 

f2/f1~1). Therefore a wideband extraordinary transmission response is also achieved as 

shown in Fig. 5.2(d). 

 

(a) 

 

(b) 
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(c) 

Figure 5. 5 The equivalent circuit model of the proposed tunable THz devices. 

 

The above discussion has verified effectiveness of the circuit model in modeling 

the proposed THz devices. Next, we will show that the transmission responses of these 

devices can be accurately modeled by dividing the tapered transmission line into multiple 

short sections (as shown in the center of Fig. 5.5(b)). For each short section of the tapered 

transmission line, the wave number '

i , the modified wave number βi and the characteristic 

impedance per unit length Zi can be described as follows:  

                              mmiiii kkwk  /]2/tanh[ 2

0

2'2

0

2'2

0

2'                                (5.1) 

                                                  '

ii                                                                  (5.2) 

                                                     )/( 00 ckwZ iii                                                         (5.3) 

where i =1, 2, …, N (N is the number of short sections, N should be larger than 30 to 

approximate a practical tapered transmission line), 0k is the free space wave number, iw

is the width of the ith section transmission line, m is the relative permittivity of the liquid 
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metal, c is the speed of light in free space, 0 is the free space permittivity, α is the added 

fitting coefficient to take into account the difference between theoretical analysis and 

actual simulation. Correspondingly, the transmission responses of the tunable devices 

can be easily evaluated as the following steps: 

i). Solve equation (5.1) and obtain the wave number '

i  for each short section of the 

tapered transmission line. 

ii). Evaluate the modified wave number βi and the characteristic impedance per unit length 

Zi based on equation (5.2) and (5.3). 

iii). Calculate the transmission matrix (ABCD-matrix [109]) of each short section of the 

tapered transmission line. 

iv). Multiply the transmission matrixes of all the short sections together to get the 

transmission matrix of the whole tapered structures [109]. 

v). Attain the transmission spectra of the proposed devices using the whole transmission 

matrix obtained in step iv.  

Following the aforementioned steps, the evaluated transmission responses of the 

“Design-A” type devices with the dimensions in Table 5.1 are obtained and plotted in red 

dashed lines (the fitting coefficient α is chosen to be constant value of 1.17) in Fig. 

5.2(d)~5.2(f). As shown in Fig. 5.2(d)~2(f), the theoretically evaluated transmission 

magnitudes (peak values close to unity) of the tunable devices are larger than that of 

simulations. This is because the losses of the liquid metal are not considered in the 

theoretical analysis. Meanwhile, it is observed that the theoretically analyzed transmission 

spectra based on the proposed circuit models (dashed line) are in good agreement with 

the numerical simulation results (solid line) for all the three different configurations (they 
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show the same resonant frequencies and transmission patterns). In addition, the 

theoretical analysis effectively predicts the extraordinary transmissions as well as the 

reconfiguration between single wideband response and dual-band response by varying 

the device dimensions.  

The same equivalent circuit model and transmission evaluation procedure are also 

applied for the “Design-B” type devices. With the same α value of 1.17, the theoretical 

transmission responses (red dashed line) of the devices again agree well with the 

simulation results (solid line), as shown in Fig. 5.4(c) and Fig. 5.4(d) correspondingly. All 

these results have clearly demonstrated the validity of the proposed circuit model. In 

principal, we can use it to rapidly and conveniently design proposed tunable liquid metal 

based THz devices. 

 

5.4 Further Discussion of Designed Tunable THz Structures 

As mentioned earlier, the actuation of designed tunable THz structures can be 

realized using electro-wetting techniques. Specifically, the electro-wetting on dielectric 

(EWOD) can be applied to realize the tuning. Similar EWOD control as described in [97-

99] can be applied for experimental implementations. 

Finally, the performance of designed liquid metal based devices under different 

perturbations is studied. Two scenarios are considered. In the first scenario, the designed 

structures as shown in Fig. 5.1 are overlaid with glass substrates. Since the refractive 

index of the glass is larger than air (which is used in original designs), a large frequency 

shift is expected after the glass substrate is applied. To verify this effect, we have 

simulated the structure shown in Fig. 5.2 (c) and the results are given in Fig. 5.6 (a) along 
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with the results with air. From this figure, it is clear that the working frequencies of 

designed structure are shifted to the lower frequency range after the glass substrate is 

applied. But the general characteristics of the designed device (i.e. multiple resonant 

peaks) are kept except the frequency shift. According to our simulations, similar results 

can be obtained for the structures shown in Fig. 5.2 and Fig. 5.4. In general, when the 

designed devices are surrounded by different substrates, the working frequencies of them 

will be shifted to different levels according to the substrates’ dielectric properties. 

In the second scenario, the sharp edges in designed structures are replaced by 

rounded corners as shown in the inset of Fig. 5.6 (b). To investigate the influence of this 

change to device performance, the structure shown in Fig. 5.2 (b) has been modified and 

simulated. The results with and without the change are plotted in Fig. 5.6 (b). It is 

observed that the device performance is almost un-changed. Therefore, it is concluded 

that the impact of the edge shape to the device performance is small. 

 

(a) 
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(b) 

Figure 5. 6 The performance of designed devices under different perturbations: (a) effect 

of substrate to the designed devices, (b) effect of edge shape to the designed devices 

(inset shows the rounded edge). 

 

5.5 Conclusion 

In this chapter, we presented novel liquid metal based tunable THz devices with 

engineered spectrum responses. The proposed devices are used to realize extraordinary 

THz wave transmissions with different tunable characteristics. Two types of design with 

folding-symmetrical and translational-symmetrical structures are investigated numerically 

and theoretically. The simulation results show that, by tuning the physical dimensions of 

these devices, they can provide the tunable responses such as from wideband to dual-

band and tunable working frequencies. An equivalent circuit model is also derived to 

explain the underlying working principle of proposed devices. Moreover, quantitative 
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evaluations of the transmission responses of the devices using the circuit model are 

provided, which agree very well with the simulation results. In practice, tuning techniques 

such as electro-wetting can be used to achieve the active and adaptive tunings of 

proposed THz devices. 
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CHAPTER 6 

A NOVEL DESIGN OF DUAL-BAND 3dB 180° DIRECTIONAL COUPLER 

 

6.1 Introduction 

The dual-band/multiband and wideband transceiver architectures [110~112] 

attract great interest in electronic industries in recent years since they can simultaneously 

support multiple frequency bands for consumers to meet their requirement of multi-task 

and multi-function operations in modern wireless communication systems. The passive 

microwave circuits such as transmission lines [113, 114], phase shifters [115], filters [116-

117], duplexers [118], power dividers [119~123], baluns [124, 125] and directional 

couplers [126,127] are key components for radio frequency (RF) transceiver systems. 

Specifically, the hybrid couplers are fundamental and important components [128-130], 

which are widely used in microwave, millimeter-wave, and even terahertz circuits. For 

example in RF front-end circuits, the hybrid couplers are indispensable components for 

balanced mixers,  balanced power amplifiers, low noise amplifiers, and beam forming 

phased array circuits. Among all the hybrid couplers, the conventional 180° coupler (or 

rat-race coupler) [109] is constructed by transmission lines with entire ring circumference 

of 1.5λ at its operating frequency, which is too big for practical applications such as in the 

CMOS technology. In the past, several works [131~133] have been published to design 

compact 3dB 180° directional couplers. One of the approaches is focusing on using folded 

lines or loaded lines to reduce the physical area, and another method is applying lumped 

components such as capacitors and inductors to miniaturize the coupler size. However, 
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all of these methods suffer from performance degradation of the circuits, and they are 

operating at single frequency. Therefore, it is difficult to design dual-band 180° couplers 

based on them. To address this issue, several papers [134~135] presented dual-band 

180° coupler designs. One of the methods is applying shunted stubs on each section of 

the coupler to realize dual-band operation. Another solution is adding single shunted stub 

to the center of the longest branch line (among the four branches of the coupler) for dual-

band applications. However, the frequency ratio (i.e. ratio between the two working 

frequencies) of these coupler designs is still limited to a small range. Also the design 

theory of them is complex. 

In this chapter, a novel design of dual-band rat-race coupler which is composed of 

simple transmission lines and phase shifters has been considered. The proposed design 

has the following characteristics: 1) the same transmission line is applied to all four 

branches of the coupler to support dual-band operations (more details will be discussed 

in section II-B); 2) only one dual-band line with multiple transmission line sections (i.e. a 

dual-band 180° phase shifter) is applied in the proposed dual-band 180° coupler; 3) the 

characteristic impedance of the transmission line-based dual-band 180° phase shifter can 

be arbitrary. All these features have led to the dual-band rat-race coupler with flexible 

frequency ratios due to the flexibility in choosing the electrical lengths of transmission 

lines. 

The whole chapter is organized as follows. In Section 6.2, the basic analysis 

method and equations are presented to explain the design procedure of proposed dual-

band rat-race coupler. In Section 6.3, to verify the proposed design concept, numerical 

simulations are conducted to design a dual-band coupler with a frequency ratio of 2.2. 
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The experiment is performed on the dual-band rat-race coupler with four identical branch 

lines and one 180° phase shifter to validate the design theory. The conclusion is 

presented in the last section. 

 

Figure 6. 1 The structure of proposed dual-band 3dB 180° directional coupler. 

 

6.2 Theoretical Analysis 

The topology of proposed dual-band 3dB 180° directional coupler is shown in Fig. 

6.1. In this general schematic, four identical transmission line sections and a 180° phase 

shifter are applied. Here, Y denotes the characteristic admittance of each branch, and Ѳ 

represents the electrical length of each section as labeled in Fig. 6.1. Half-wavelength 

transmission line with arbitrary characteristic impedance is employed to realize the 180° 

phase shifter. To explain the working principle of this coupler, we will first derive design 
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equations for a generalized single-band 3dB 180° hybrid coupler (as shown in Fig. 6.2). 

Based on this design, the design theory of the proposed dual-band 180° coupler is 

presented. 

 

Figure 6. 2 General structure of the single-band 3dB 180° directional coupler with arbitrary 

branch lengths. 

 

 6.2.1 Theoretical Analysis of a Generalized Single-Band 180° Hybrid Ring Coupler 

The structure of the single-band generalized 180° hybrid coupler is shown in the 

left of Fig. 6.2, where the length and impedance of each branch have been marked. Based 

on the even-odd mode analysis, this 4-port network is decomposed into two 2-port 

networks as shown in the right of Fig. 6.2. Here we assume )2/tan( 1la  , )2/tan( 3lb  , 

2cos lC  , and 2sin lD   , where l1 = λ/n, l2 = λ2, and l3 = λ/n+λ/2. The ABCD matrix under 

the even-mode excitation is: 
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Under the odd-mode excitation, the ABCD matrix is: 
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𝑌0𝑌3+

𝐷

𝑎
𝑌0𝑌1) −𝑗 [

𝐶

𝑎
𝑌1𝑌2+

𝐷

𝑎𝑏
𝑌1𝑌3−𝐷𝑌0

2−𝐷𝑌2
2+

𝐶

𝑏
𝑌2𝑌3]

}  

𝑆31 =
1

2
{ 

2𝑌0𝑌2

2𝐶𝑌0𝑌2− 𝑏𝐷𝑌0𝑌3+𝑎𝐷𝑌0𝑌1 +𝑗  𝒂𝑪𝑌1𝑌2−𝑎𝑏𝐷𝑌1𝑌3+𝐷𝑌0
2+𝐷𝑌2

2+𝒃𝑪𝑌2𝒀𝟑 
−

2𝑌0𝑌2

2𝐶𝑌0𝑌2+(
𝐷

𝑏
𝑌0𝑌3+

𝐷

𝑎
𝑌0𝑌1) −𝑗 [

𝑪

𝒂
𝑌1𝑌2+

𝐷

𝑎𝑏
𝑌1𝑌3−𝐷𝑌0

2−𝐷𝑌2
2+

𝑪

𝒃
𝑌2𝒀𝟑]

}  

𝑆41 =
1

2
{ 

𝑎𝐷𝑌0𝑌1−𝑏𝐷𝑌0𝑌3  −𝑗  𝑎𝐶𝑌1𝑌2−𝑎𝑏𝐷 𝑌1𝑌3−𝐷𝑌0
2+𝐷𝑌2

2+𝑏𝐶𝑌2𝑌3 

2𝐶𝑌0𝑌2− 𝑏𝐷𝑌0𝑌3+𝑎𝐷𝑌0𝑌1 +𝑗  𝑎𝐶𝑌1𝑌2−𝑎𝑏𝐷 𝑌1𝑌3+𝐷𝑌0
2+𝐷𝑌2

2+𝑏𝐶𝑌2𝑌3 
−

−
𝐷

𝑎
𝑌0𝑌1+

𝐷

𝑏
𝑌0𝑌3  +𝑗 [

𝐶

𝑎
𝑌1𝑌2+

𝐷

𝑎𝑏
𝑌1𝑌3+𝐷𝑌0

2−𝐷𝑌2
2+

𝐶

𝑏
𝑌2𝑌3]

2𝐶𝑌0𝑌2+(
𝐷

𝑏
𝑌0𝑌3+

𝐷

𝑎
𝑌0𝑌1) −𝑗 [

𝐶

𝑎
𝑌1𝑌2+

𝐷

𝑎𝑏
𝑌1𝑌3−𝐷𝑌0

2−𝐷𝑌2
2+

𝐶

𝑏
𝑌2𝑌3]

}  
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Based on equations (6.1), (6.2), the corresponding S11
e, S21

e, S11
o and S21

o can be 

calculated and are given in equation (6.3). With the S11
e, S21

e, S11
o and S21

o, the four-port 

network S-parameters can be derived as: 
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The derived equations for these S-parameters are again given in equation (6.3) (at 

the bottom of it). Since the hybrid coupler is a reciprocal and symmetric 4-port network, 

the following three conditions need to be satisfied for its proper operation. 

1) Two output ports and two input ports are isolated from each other. Thus S31=S42=0 

and we get the following equations: 
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2) The input port needs to be matched. Thus S11=0 and two equations are obtained:       
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3) The 3dB coupler features equal power division at the output port 2 and 4. Thus 

|S21|=|S41| and another two equations are derived as: 
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4) Based on these conditions, we can rearrange and simplify these 6 equations 

(equations (6.5)-(6.10)) into 4 generalized design formulas as shown below. 
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From equation (6.11), we can demonstrate that Y1=Y3 since ab=-1 (since there is 

a 90° phase difference between a and b), which means that the opposite arms l1 and l3 

have the same characteristic admittance. By substituting this condition into (6.12), (6.13) 

and (6.14), the following two equations are derived. 
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Utilizing the above two equations, the generalized single-band 3dB 180° 
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directional coupler with arbitrary branch lengths can be designed. 

 

6.2.2 Design of a Generalized Single-Band 180° Hybrid Ring Coupler 

To prove the design theory of proposed coupler, two prototypes are designed, 

where λ/12 (i.e. n=12 in Fig. 6.2) and λ/10 (i.e. n=10 in Fig. 6.2) transmission-lines are 

used, respectively. The design parameters of these two couplers are listed in Table 6.1.  

It is worth to mention that there are two degrees of freedom for designing the 

proposed coupler. One is the electrical length of l1, and the other one is implementable 

Y2 which is related to Y1 and l2. The simulation is performed in ADS at the operating 

frequency of 2.4GHz and the results are summarized in Fig. 6.3.  

 

Table 6. 1 Design Parameters  

Parameter  λ/12  λ/10 

a 2-√3 0.3249 

b -(2-√3) -3.077 

Y1 1

√5−4𝐶2−4√3𝐶
  

1

3.894−2.894𝐶2−4.683𝐶
  

Y2 2√1 − 𝐶2Y1 1.7013√1 − 𝐶2 Y1 

C 0 ~ 0.5481 0 ~ 0.6052 

l2 λ/4 ~ λ/6.3421 λ/4 ~ λ/6.8228 

 

The S21, S41, S32 and S42 of the coupler using λ/12 transmission-line are around -

3dB at the design frequency as shown in Fig. 6.3 (a), and the rerun loss is less than -

50dB at each port as shown in Fig. 6.3 (c). The red line in Fig. 6.3(e) is the phase  
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Figure 6. 3 The simulation results of rat-race couplers using λ/12, and λ/10 transmission 

lines. (a) coupling responses of  the coupler with λ/12 transmission line. (b) coupling 

responses of the coupler with λ/10 transmission line. (c) isolation and reflection of t he 

coupler with a λ/12 section. (d) isolation and reflection of the coupler with a λ/10 section. 

(e) phase difference between output ports of the coupler with a λ/12 section. (f) phase 

difference between output ports of the coupler with a λ/10 section. 

 

difference of S21 and S41, and the black line indicates the phase difference of S32 and S34. 

Similarly, the simulation results of the coupler using λ/10 transmission-line are presented 

in Fig. 6.3 (b), (d) and (f). 

 

6.2.3 Experimental Results of the Proposed Single-Band 180° Hybrid Ring Coupler 

To validate the design theory of proposed couplers with arbitrary branch lengths, 

an experimental prototype working at 1GHz (based on the λ/12 transmission-line) is 

constructed on FR4 board (εr=3.66, T=1.5mm, and tanδ=0.0117) and measured.  

Fig. 6.4 shows the simulation and measurement results of this coupler. The photo 

of the fabricated sample is shown in Fig. 6.5. At the design frequency 1GHz, the 

measured S21, S41, S32, and S34 are around -3.4dB which agree well with the simulation 

results. In Fig. 6.4 (b) the isolation and reflection responses are plotted, and all of them 

are below -25dB at the design frequency. The phase responses are presented in Fig. 

6.4(c) and (d). When the signal is input from port 1, output signals at port 2 and port 4 are 

equal phase. When the signal is input from port 4, the phase difference between port 2 

and port 4 is around 180-degree, validating the proposed design concept. 
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Figure 6. 4 The response curve of λ/12 section rat-race coupler. (a) Coupling of λ/12 

section coupler. (b) Isolation and reflection of λ/12. (c) Equal phase between output ports 

of λ/12 section coupler. (d) 180 degree phase difference between output ports of λ/12. 

 
 
Figure 6. 5 The photograph of fabricated rat-race coupler with Z1=Z3=78.7, Z2= Z4=41.4, 

Ѳ1=π/6, Ѳ2= Ѳ4=2π/5, Ѳ3= 2π/3. 
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6.3 Analysis of the Proposed Dual-Band 180° Hybrid Ring Coupler 

Based on the single-band 180° coupler, a new dual-band 180° coupler is designed. 

The general structure of the new coupler is shown in Fig. 6.1. Since it is composed of four 

identical transmission lines and a 180° phase shifter, the design principle for these 

components to support dual-band operations is presented as follows. For the four 

identical transmission lines, the ABCD matrix is: 
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(Where Ѳ is the electrical length and Y is characteristic admittance of the transmission 

line). For the purpose of dual-band operation, the necessary condition is: 

                                                  12 ff m                                                 (6.18) 

Here Ѳf1 and Ѳf2 are electrical lengths of the line at the two working frequencies (Ѳf1< 

Ѳf2), and m =1, 2, 3….For the electrical lengths of these transmission lines, the following 

relation is always held at two operating frequencies: 
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By substituting (6.18) into (6.19), it can be further derived as: 
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Where R=f2/f1 and m=1, 2, 3…. According to (6.20), once the frequency ratio R is selected, 

the electrical length of the transmission line will be determined. For the proposed coupler 
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to operate at two frequency bands simultaneously, we have employed the same length 

for two branches (the electrical length of Y2 is equal to that of Y1, λ2=λ/n as labeled in the 

left of Fig. 6.2). In general, Y1, Y2, l1, and l2 can be numerically analyzed by solving (6.15) 

and (6.16). In principle, there are many possible solutions as listed in Table 6.2. 

Specifically, for the proposed dual-band coupler, since l1 needs to be equal to l2, the 

lengths of them are confined within the range from λ/8 to λ/4 according to Table 6.1 (these 

lengths are evaluated at the lower operating frequency f1). Also, since l1 = l2, according to 

(6.15) and (6.16), Y1 is equal to Y2. Therefore, in the proposed dual-band coupler, the 

transmission lines applied in all four branches are identical and their electrical lengths are 

calculated by (6.20). 

For the dual-band 180° phase shifter used in the proposed 180° coupler, its 

general structure is shown in Fig. 6.6. It is realized by cascading two dual-band 90° 

transmission lines. The ABCD matrix of each dual-band 90° transmission line is given in 

(6.21): 
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(6.21)                             

where Za, Zb, Ѳa, and Ѳb represent the characteristic impedances and electrical lengths 

of the series and shunted stubs as shown in Fig. 6.6. Yp is the characteristic admittance 

of equivalent λ/4 transmission line (Note: Yp can be arbitrary values as will be explained 

in the end of this section). 

For the purpose of dual-band operation of the transmission line, the design 

equations are derived from (6.21) and the results are given in (6.22)-(6.25). 
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Here Ѳaf1 and Ѳbf1 are electrical lengths of series and shunted stubs at the first design 

frequencies (f1); Yp can be any value, N=1, 2, 3, …, and M=1, 2, 3,…. By solving equations 

(6.22) – (6.25), the design parameters of the dual-band phase shifter can be obtained.  

Based on the above discussions and design equations (e.g. equations (6.15), 

(6.16), (6.20), (6.22)-(6.25)), the proposed dual-band 180° 3dB directional coupler can be 

TABLE 6. 2 RELATION BETWEEN TWO BRANCHES (I.E. Y1 AND Y2) 

l1 Y1 l2  
Y2 

λ/12 0.4772~31.665 λ/6.3421~ λ/4 0.8944~52.9691 

  λ/10 0.5067~36.222 λ/6.8228~ λ/4 0.8621~49.0629 

λ/8 0.5774~161.45 λ/8~ λ/4 0.8165~161.45 

λ/6 0.6547~57.626 λ/15.06~λ/4 0.756~26.966 

λ/4 0.7071 λ/4 0.7071 
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designed. 

 

 

Figure 6. 6 General topology of the 180° dual-band phase shifter used in the proposed 

coupler 

 

Finally, an important feature of the proposed dual-band coupler, namely the 

realizable frequency ratio range, is discussed. In practice, this parameter is often limited 

by the realizable impedance range of the transmission lines (i.e. microstrip line in this 

paper). In our analysis, we have assumed that the impedance is within the range of 20 to 

140 Ω (according to our analysis, these impedances can be realized using the 

conventional microstrip transmission lines). Following the design procedure, the 

calculated branch line impedance Z (Z = 1/Y in Fig. 6.1), and series and shunted 

impedances of the 180° phase shifter ( Za and Zb in Fig. 6.3) are plotted in Fig. 6.7 under 

different frequency ratios (all of these values have been normalized to 50 Ω). It is 

observed that the frequency ratio from 1.2 to 2.9 can be supported. Moreover, it is worth 

to point out that the characteristic impedance (i.e. 1/Yp in (6.21)) of the dual-band 180° 
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phase shifter can be arbitrary. As long as its total phase shift is 180° at the two design 

frequencies, it will guarantee the performance of the proposed dual-band coupler. This 

property has ensured that the dual-band 180° phase shifter can support a large range of 

frequency ratio (since for a specific frequency ratio, we can find a suitable Yp that is 

convenient for dual-band operation). For the four identical transmission lines (with an 

admittance of Y as shown in Fig. 6.1), its length is within the range of λ/8 - λ/4 (as 

discussed in Section 6.2.2). According to equation (6.20), it can support the frequency 

ratio from 1 to 3 when m is 1 in equation (6.20). For a frequency ratio beyond that, a 

different m can be applied to meet the requirement. Overall, the proposed dual-band 

coupler can support a wide range of frequency ratio with a simple structure. 

 

Figure 6. 7 Calculated normalized impedances of different branch lines used in the 

proposed coupler at different frequency ratios. 
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6.4 Simulation and Measurement Results of the Proposed Dual-Band 180° Hybrid Ring 

Coupler 

To verify the design theory of the proposed coupler, a dual-band coupler working 

at 0.9/1.98GHz has been designed. The electromagnetic simulations results of the 

designed coupler are shown in Fig. 6.8. In Fig. 6.8(a), the simulated insertion losses S21, 

S41, S32 and S34 are plotted. It is found that they are around -3dB at two design frequencies. 

In Fig. 6.8(b), the simulated return loss and isolation are shown. As desired, at the two 

working frequencies, the return loss is better than 45dB and the isolation is better than 

50dB. The phase responses are shown in Fig. 6.8(c), (d). As desired, at the two working 

frequencies, S21 and S41 are equal-phase, and S32 and S34 have a 180° phase difference. 

The designed coupler has been fabricated and characterized experimentally 

(using Rogers RT/Duroid 5880 board (εr=2.2, H=0.787mm, and tanδ=0.0009)). Fig. 6.9 

shows the photo of the fabricated dual-band 3dB 180° directional coupler. The design 

parameters are: Z=56.62Ω, Ѳ=56.25°, Za=30.07Ω, Ѳa=56.25°, Zb=87.63Ω, Ѳb=112.5°, 

where the parameters are calculated at the lower design frequency 0.9GHz. The port 

impedance is 50Ω. The measurement results are shown in Fig. 6.10. A summary of 

measured performance of this coupler is listed in Table 6.3. From the experiment results, 

it is found that the two operating bands are slightly shifted from 0.9/1.98GHz to 

0.94/2.06GHz which is due to the fabrication errors. From Table 6.3, the S31 (isolation) is 

less than -26dB at two design frequencies, and the S11 is less than -18dB at both 

frequency bands. All the measured insertion losses are around 3dB at the design 

frequencies. Moreover, when the signal is input from port 1, the phase difference between 

port 2 and port 4 is close to 0°(at most 2.57°). When the signal is input from port 3, the  
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(a) 

 

(b) 
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(c) 

 

(d) 

Figure 6. 8 Simulation results of the dual-band 3dB 180° directional coupler working at 

0.9GHz and 1.98 GHz. (a) Insertion losses. (b) Return loss and isolation. (c) Phase 

difference between the two output ports (when signal is input from port 1). (d) Phase 

difference between the two output ports (when signal is input from port 3). 
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Figure 6. 9 Photo of the fabricated dual-band rat-race coupler 

TABLE 6. 3 MEASURED PERFORMANCE OF PROPOSED DUAL-BAND RAT-RACE COUPLER 

Frequency 940MHz 2.06GHz 

Input return loss 22.5dB 18.6dB 

Isolation 29.2dB 26.4dB 

Insertion loss 

(S21) 

3.2dB 3.6dB 

Insertion loss 

(S41) 

3.0dB 3.5dB 

∠S21-∠S41 2.57° 1.3° 

Insertion loss 

(S32) 

3.0dB 3.6dB 

Insertion loss 

(S34) 

3.2dB 3.4dB 

∠S32-∠S34 180.9° 177.1° 
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(a) 

 

(b) 
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(c) 

 

(d) 

Figure 6. 10 Measurement results of the designed dual-band 3dB 180° directional coupler. 

(a) Insertion losses. (b) Return loss and isolation. (c) Phase difference between the two 

output ports (when signal is input from port 1). (d) Phase difference between the two 

output ports (when signal is input from port 3). 
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phase difference between port 2 and port 4 is close to 180° (177.1° in the worst case). 

Considering the amplitude and phase mismatch, the bandwidth of the designed coupler 

is larger than 50MHz at both two working frequency bands (Here, the tolerances of 

amplitude and phase mismatches are 1dB and 5°, respectively). The performance of this 

work and state-of-the-art dual-band 180° directional couplers is listed in Table IV. In 

comparison, the proposed design can provide a superior frequency ratio with large design 

flexibility. 

 

6.5 Conclusion 

In this chapter, a new design of dual-band 3dB 180° directional couplers have been 

presented. Based on the even-odd mode method, explicit design equations are derived 

for the proposed design. It is found that, a wide range of frequency ratio can be achieved 

by the proposed dual-band rat-race coupler. Applying the derived design equations, an 

TABLE 6. 4 PERFORMANCE COMPARISON OF THIS WORK WITH THE STATE-OF-ART DUAL-
BAND RAT-RACE COUPLER  

Reference 
[134] [135] This work 

Frequency ratio 1.75~2.75 1.7~2.75 1.2~2.9 

Bandwidth 50MHz 140MHz 50MHz 

Size 0.25λ0 x 0.5λ0 

λ0 is the free-

space 

wavelength 

@1.45GHz 

0.4λ0 x 0.78λ0 

λ0 is the free-

space wavelength 

@1GHz 

0.35λ0 x 0.35λ0 

λ0 is the free-space 

wavelength 

@0.9GHz 
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experimental prototype is designed, simulated, and characterized. Good agreement 

between the simulation and measurement results has been achieved.  It is expected that 

this new coupler can be readily applied in various dual-band/multiband wireless industrial 

products. 
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CHAPTER 7 

A UNI-PLANAR SYMMETRICALLY ALLOCATED PORTS 180° COUPLER AND ITS 

APPLICATION IN MICOWVE CIRCUIT SYSTEM 

 

7.1 Introduction 

The passive microwave circuits such as transmission lines, phase shifters, filters, 

power divider, and directional couplers are key components for wireless communication 

systems. Especially, couplers [135, 136] as discussed in Chapter 6 are fundamental and 

important components widely used in radio frequency and microwave circuits to split or 

combine RF signals. Moreover, the 180° coupler is needed to construct Butler matrix for 

beam forming networks (e.g. array system) and monopulse comparator network for 

tracking radar receivers. However, in the conventional 180° coupler (i.e. the rat-race 

coupler), the coupling and through ports are crossed between ∑ and ∆ ports. Due to this 

limitation, it is difficult to realize these microwave systems (e.g. beam forming networks) 

using uni-planar circuits. In [137], the monolithically integrated passive monopulse 

comparator network is constructed using four rat-race hybrids, and the Polystrata 3-D 

sequential micromachining process is applied to eliminate the routing complexity of the 

planar layout. However, the 3-D processes used in this work are expensive and still not 

available for mass-production. In [138], the modified Butler matrix feeding network 

includes one quadrature and three rat-race couplers and the whole structure is 

implemented using the nine-layer multilayer process which is not practical for low-cost 

systems. 
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To address the issue mentioned above, in this chapter, a new 180° coupler is 

presented, within which the ∑ and ∆ ports are located symmetrically to the coupling and 

through ports. This is for the first time a coupler featuring such a property has been 

reported. The even-odd mode method is applied to analyze the coupler. And a lumped 

component-based compact crossover is applied to realize the desired functions. An 

experimental prototype is designed, fabricated and characterized. The measurement 

results match well with the simulation results, which validate the design concept of the 

proposed coupler. 

 

7.2 Design Theory of Proposed Coupler 

 

Figure 7. 1 The structure of the proposed 180° coupler (in black solid line). 
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The topology of the new 180° coupler is shown in Fig. 7.1. In general, it is designed 

based on a modified conventional rat-race coupler and a lumped elements-based 

crossover. The detailed design methodologies are discussed in the following sections. 

 

7.2.1 Theoretical Analysis of 180° Hybrid Ring Coupler 

First, the modified rat-race coupler is analyzed. It is composed of four identical 90° 

transmission line sections with impedance √2𝑍0 (black trace in Fig. 7.1) and a 180° phase 

shifter with impedance Z1 (gray dash line in Fig. 7.1). The even-odd mode equivalent 

circuits are given in Fig. 7.2. The ABCD-matrix under even-/odd-mode is: 
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(b) 

Figure 7. 2 The even- and odd-mode equivalent circuits of the modified rat-race coupler. 
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In the even/odd-mode circuit shown in Fig. 7.2, it is found that the transmission line 

with an impedance of Z1 (the gray dash line in Fig. 7.1) has an electrical length of 90° with 

either open- or short-circuited termination. Therefore, its characteristic impedance doesn’t 

affect the ABCD-matrices in equations (7.1) and (7.2). As a result, the S-parameters of 

the rat-race coupler are independent of the impedance of this half-wavelength 

transmission line. Due to this feature, the impedance of the 180° phase shifter can be 

arbitrarily chosen, which gives the design freedom for integrating the crossover into the 
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coupler. In the proposed coupler, this transmission line will be substituted by the 

crossover (more details are presented below). 

 

 

Figure 7. 3 Topology of the lumped elements-based crossover and its even- and odd-

mode equivalent circuits. 

 

7.2.2 Analysis of Lumped Elements-Based Crossover 

With the above conclusion on the modified coupler, a crossover is proposed to re-

allocate the four ports (P1, P2, P3, and P4) in Fig. 7.1 to realize the proposed coupler. 

Crossover is a uni-planar microwave component, allowing two lines to cross over each 
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other with high isolation. There are several ways to design planar crossovers. In this work, 

two quadrature couplers are connected in series to perform as the crossover.  

 

Figure 7. 4 Fully symmetrical analysis of the lumped elements crossover and its even-

even, even-odd, odd-even, and odd-odd mode equivalent circuits. 



114 
 

Each of them is implemented using lumped components. The general topology of the 

coupler is shown in Fig. 7.3 (e.g. the top left of Fig. 7.3). It contains four identical 

capacitors and three identical inductors. Their values are derived from the following 

equations: 
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1                                                          (7.4) 

Where Z0 is the port impedance and w=2πf. 

Since its overall structure is symmetric, the even-odd mode method is applied for 

the analysis. The equivalent circuits are shown at the bottom of Fig. 7.3. The 

corresponding ABCD-matrices are expressed as follows: 
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The reflection and transmission coefficients of the quadrature coupler can be 

derived from the equations (7.5) and (7.6). By cascading the two couplers as in Fig. 7.4, 

the designed crossover is achieved. The fully symmetrical even-odd method is applied, 

and their equivalent circuit models are shown in Fig. 7.4. The impedance of even-even, 

even-odd, odd-even, and odd-odd are derived from the equations: 

                                                              eeZ                                                      (7.7) 
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Based on the above equations, the corresponding reflection coefficient can be derived as: 
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0

0

ZZ

ZZ

eo

eo

eo





                                            (7.12) 

                                                      
0

0

ZZ

ZZ

oe

oe

oe





                                            (7.13) 

                                                        
00

0

ZZ

ZZ

o

oo
oo






                                            (7.14) 

The S-parameter can be written as: 
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From the definition of the crossover, the S-parameter should satisfy the following 

conditions:  

                                                             011 S                                                       (7.19) 

                                                             021 S                                                       (7.20) 

                                                             131 S                                                       (7.21) 

                                                             041 S                                                       (7.22) 

Based on these equations, the values of C1, L1, C2, and L2 are calculated using the 

following equations: 
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Where f0 is the operating frequency of the lumped-element crossover. 
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7.2.3 Simulation of Lumped Elements-Based Crossover 

 

 

(a) 

 

(b) 
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(c) 

Figure 7. 5 Simulation results of the lumped elements crossover. 

 

In order to prove design methodology of the lumped-element crossover, the ADS 

simulation is conducted to validate the performance. Here, the operating frequency is 

1GHz, and C1 and L1 are selected as 3.2pF and 8nH. From the derived equations (7.23) 

and (7.24), the C2 and L2 will be 6.4pF and 4nH. The S-parameter simulation results are 

shown in Fig. 7.5. From Fig. 7.5(a), the S31 and S42 are 0dB at operating frequency, which 

indicates port 1 and port 3 are through ports, and port 2 and port 4 are another pair of 

through ports. In Fig. 7.5(b), ports 1 is isolated from ports 2 and 4, and its return loss is 

very small, indicating good impedance matching. Another important feature of crossover 

is the phase difference between through ports, which is shown in Fig. 7.5(c). From the 

simulation, no phase delay is observed. 
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7.2.4 Design Procedures of Lumped Elements Crossover Based Coupler 

By applying the designed crossover, the proposed coupler is realized as shown in 

Fig. 7.1. Here, the 180° phase shifter in the modified rat-race coupler has been replaced 

by the signal path from P1 to A (blue dashed line in Fig. 7.1) using the crossover. 

Furthermore, the lumped elements crossover moves the port 3 of the original rat-race 

coupler (gray dash line in Fig.7.1) to the new location as shown in black solid line in Fig. 

7.1, leading to the full function of the proposed 180° coupler. 

Based on the above discussions, the design procedure for the proposed 180° 3dB 

coupler can be summarized as follows: 

1) Using the modified rat-race coupler with four identical 90° lines and one 180° 

phase shifter.  

2) Applying equations (7.23)-(7.25), the lumped components-based crossover can be 

designed. 

3) Choosing desired impedance for port and phase shifter, the through port is moved 

to the same side of the coupling port without affecting the overall performance.  

 
7.3 Simulation and Experimental Results 

Based on the proposed design theory of the new hybrid 3dB 180° directional 

coupler, we have designed an experimental prototype working at 2GHz. Full-wave 

electromagnetic simulations have been conducted, and the results are shown in Fig. 7.6. 

The S21, S41, S32 and S34 of this coupler are shown in Fig. 7.6(a), and all of them are 

around -3dB at the design frequency.  The corresponding return loss is less than -25dB, 

and the isolation is less than -25dB at the design frequency. The phase responses are 
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shown in Fig. 7.6(b). At the working frequency, S41 and S43 are equal-phase, and S21 and 

S23 have a 180° phase difference. 

To validate the design, an experimental prototype working at 2GHz is fabricated 

on Rogers RT/Duroid 5880 board (εr=2.2, H=0.787mm, and tanδ=0.0009). The picture of 

the fabricated 180° directional coupler is shown in Fig. 7.7. Here, the port impedance is 

50Ω, and the characteristic impedance of 180° phase shifter is defined as 50 Ω which 

matches with the crossover port impedance.  The lumped components used in the 

crossover (referring to Fig. 7.1) are: L1=3.38nH, L2=1.65nH, C1=1.5pF, C2=3pF. The 

measurement results are given in Fig. 7.8. From the experiment results, it is found that 

the experimental results agree well with the simulation results, which proves the proposed 

design theory. Considering the insertion loss mismatch, the tolerance and parasitic effect 

of lumped component, the working frequency of actual circuit is shifted around 50MHz 

compared to simulation results. Both the simulation and measurement results show that 

the bandwidth of proposed hybrid is around 100MHz, which qualify for the current wireless 

applications. 

 

(a) 
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(b) 

Figure 7. 6 Simulation results of the designed new 3dB 180° directional coupler. (a) S-

parameters (magnitude). (b) Phase responses. 

 

Figure 7. 7 Photo of the fabricated 3dB 180° coupler 
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(a) 

 

(b) 

Figure 7. 8 Measurement results of fabricated hybrid coupler. (a) Insertion loss, return 

loss, isolation, through and coupling ratios. (b) Phase responses at two output ports. 
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Figure 7. 9 Schematic of the feeding network of a monopulse tracking radar employing 

the designed coupler. 
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Figure 7. 10 Simulation set up for monopulse tracking radar system based on designed 

coupler. 
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(a) 

 

(b) 

 

(c) 
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(d) 

Figure 7. 11 Simulation results of monopulse tracking radar system based on designed 

coupler 

 

Figure 7. 12 Layout and fabricated board for 2GHz monopulse tracking radar comparator 

feeding network. 
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7.4 Microwave System Design Based on the Proposed Coupler 

It is found that the designed coupler is suitable for implementing different 

integrated systems. One practical example is shown in Fig. 7.9, where a novel monopulse 

tracking radar feeding network applying the designed planar coupler is illustrated. 

Monopulse tracking radar is a microwave system that compares the received signal from 

a single pulse against itself in order to compare the signal as seen in multiple directions, 

polarizations, or other differences. This kind of radar compares the returned signals from 

two directions to directly measure the location of the target. Therefore, it is commonly 

used in target tracking system. The simulation set up for planar and low cost Monpulse 

tracking radar based on the proposed coupler is shown in Fig. 7.10, and the simulation 

results are shown in Fig. 7.11. When the signal is received from port1 (as labeled in Fig. 

7.12), the power will evenly be divided to output port at 5, 6, 7 and 8, which is -6dB. 

Similarly, the received signal from port 2 will be divided to output ports as shown in Fig. 

7.11(b), and their phase response are shown in Fig. 7.11(c) and (d). The actual layout 

and fabricated board for Monopulse tracking radar comparator feeding network working 

at 2GHz are shown in Fig. 7.12  

Another system application of the designed coupler is shown in Fig. 7.13, where a 

Butler matrix is designed. A phased array is an array of antennas in which the relative 

phase of the respective signals feeding the antennas are varied in such a way that the 

effective radiation pattern of the array is reinforced in a desired direction and suppressed 

in undesired directions. Butler matrix is a type of beam-forming network widely used in 

phased array system. Based on the novel coupler, a planar Butler matrix could be 

implemented on a single layer printed circuit board, and this new Butler matrix can hold 
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high performance comparing to the conventional structure. Overall, it is found that, by 

applying the designed coupler, the routing complexity and fabrication cost of the whole 

microwave system can be greatly reduced. 

  

Figure 7. 13 Schematic of the Butler matrix for phased array antenna system employing 

the designed coupler. 

 

7.5 Summary 

In this chapter, a novel 180° directional coupler with symmetrically distributed ports 

is presented. Following the presented design equations and procedure, the port locations 

of the conventional rat-race coupler can be re-located, leading to a simple planar structure 

which is convenient for complex microwave feeding network implementations. To verify 

the performance of the new coupler, a prototype working at 2GHz is designed, simulated, 

and characterized. The measurement results match well with the simulations. Meanwhile, 
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several microwave systems using the proposed coupler, including a radar tracking system 

and a phased array feeding network, are proposed and implemented.    
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CHAPTER 8 

METAMATERIALS INSPIRED CMOS ON-CHIP SPRIAL INDUCTORS AND 

TRANSMISSION LINES 

 

8.1 Introduction 

As a passive component – high quality factor (Q) spiral inductor is very important 

for analog circuit design, especially for RF/microwave integrated circuit components such 

as Low Noise Amplifiers (LNA), Voltage Controlled Oscillators (VCO) [139], Phase-

Locked Loop (PLL), etc. Meanwhile, on-chip spiral inductor with the small inductance (i.e., 

several nH) is a challenging topic since complicated optimization process is needed to 

achieve the target specifications of inductance, Q factor and occupied space. In general, 

the performance of the on-chip spiral inductor depends on the number of the turns, line 

width and spacing, pattern shape, number of metal layers, the oxide thickness and 

conductivity of substrate [140]. Currently, there are many approaches to improve the 

characteristic of on-chip spiral inductors, such as using different kinds of magnetic 

materials (e.g. NiFe film, CoZrTa) [141] to enhance the inductance and Q factor [142], 

and using different patterned magnetic film (e.g. patterned NiFe Dots, with continuous 

permalloy NiFe ring)[143,144] to increase the inductance and Q.  However, all of these 

methods are not compatible with the standard CMOS process. Moreover, they cannot 

provide the tuning capability. 

Passive elements play key roles in high frequency circuits. Especially, 

transmission lines and interconnect lines are basic components to construct 

RF/Microwave circuits such as phase shifters, couplers, power dividers, matching 
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networks, and other integrated or distributed circuits. Recently, with increasing demand 

of high frequency and high data rate communication systems, the integrated on-chip 

CMOS transmission line and interconnect are critical elements in realizing RF circuits and 

high speed digital circuits. Especially, highly integrated mm-wave systems such as 

software-defined transceiver, multi-beam array, and automotive radar require high 

performance and compact on-chip transmission lines in their circuits. Up to now, a lot of 

researches have been conducted in the areas of materials and layout routing 

methodologies to improve the performance of integrated RF circuits and digital circuits in 

terms of size and cost. However, these methods still suffer from various drawbacks such 

as compatibility with CMOS process, and the quarter-wave (λ/4) transmission line in 

CMOS process is still suffering from large chip-size area. 

To address all of the contemporary issues for inductors, in the first section of this 

chapter, a metamaterial based tunable on-chip spiral inductor is proposed. To the best of 

our knowledge, this is the first time such a structure is implemented on a standard CMOS 

process for tunable inductor applications. Our simulation results indicate that this simple 

structure can not only vary inductance values of the inductor, but also enhance the Q 

factor of the original inductor without increasing the total occupied area. Therefore, it 

provides an efficient and high performance solution for tunable on-chip inductor design. 

In the second part of this chapter, we will develop metamaterials inspired 

transmission lines in CMOS technology. Unlike the conventional on-chip transmission line, 

artificially patterned metal structures are routed underneath the layer of the original 

transmission line. These engineered metal layers along with the original substrate will 

form new substrate which produces exotic electromagnetic properties for 
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interconnect/transmission lines. From the full-wave 3D EM simulation, it is found that the 

new metamaterials-based interconnect/transmission line has a smaller RC delay 

comparing to the conventional interconnect. Moreover, by employing artificial inter-digital 

load stubs, a compact CMOS CPW transmission line is achieved. By further modifying 

the metal layer of the transmission line, a new transmission line with even smaller size is 

designed. From the numerical simulation and measurement results, the proposed novel 

transmission lines can take as less as 42% space of the conventional CPW line while 

exhibiting the same electrical performance. It is expected that the proposed 

metamaterials inspired on-chip passive components will pave the way towards next 

generation RF and digital circuits with significant performance improvement.   

 

Figure 8. 1 The general schematic of the tunable spiral inductor with metamaterials-based 

winding ring structure.  
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8.2 Tunable Metamaterials Inspired Spiral Inductor Design in CMOS Technology 

The structure of the proposed metamaterials-based tunable inductor is shown in 

Fig.  8.1. Multiple metallic rings (the blue rings shown in Fig. 8.1) are applied to enclose 

the original spiral inductor, forming the metamaterials-based inductor. Due to the 

interactions between the inductor and the additional rings, the magnetic field around the 

metamaterial inductor structure is changed and additional currents will be induced on the 

additional ring structures. According to the electrodynamics theory [145], the induced 

currents along with the ring structures will form magnetic dipole moments, leading to the 

magnetization vector. In this way, the effective permeability of the whole structure is 

increased. Therefore, we can use this metamaterials-based structure to increase the 

inductance. In practice, to control the inductance value, transistor based switches are 

applied to the rings to electrically tune the total length of the enclosed ring structure over 

the inductor. Depending on the total number of enclosed ring structures, different 

inductance values can be realized. In this way, various inductances will be achieved using 

one inductor structure. The resulting tunable inductor will also feature low phase noise 

due to its passive structure. 

To verify our design concept, we have simulated the magnetic field distributions 

around the proposed inductors. In our simulations (as shown in Fig. 8.2), three scenarios 

are considered, namely, the conventional spiral inductor, the proposed inductor with one 

turn of additional ring structure (the cyan colored part in Fig. 8.2(b)), and the proposed 

inductor with two turns of additional ring structure (the cyan colored part in Fig. 8.2(c)). 

Comparing the results shown in Fig. 8.2(d)-(f), it is clear that, with the additional ring 
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structures applied, the magnetic field is focused and well confined to the inductor surface, 

leading to the change of the effective permeability. 

Moreover, the proposed inductor will feature the improved Q factor. In order to 

investigate the fundamental reason for the quality factor enhancement, extensive H-field 

simulations and comparison of extracted data at frequency 17GHz are performed. The 

results are plotted in Fig. 8.3. In this figure, magnetic field simulations for three type 

structures which have the same geometry as displayed in Fig. 8.2 (a), (b) and (c) 

respectively on 300µm silicon substrate are depicted. Here, for the ease of explanation, 

we have only plotted the field distribution in the region underneath the inductors (i.e. the 

substrate including the silicon dioxide and the low resistivity silicon). For the region above 

the inductor, since the air is almost lossless, it will not affect the inductor’s Q considerably. 

 

 

(a) 
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(b) 

 

(c) 

 

(d) 
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(e) 

 

(f) 

Figure 8. 2 Geometry of spiral inductor and XZ-plane H-field simulation, (a) original spiral 

inductor, (b) one turn closed winding ring structure is added on the original spiral inductor, 

(c) two turns closed winding ring structure are added on the original spiral inductor, (d) 

XZ-plane H-field simulation of original spiral inductor, (e) XZ-plane H-field simulation of 

spiral inductor adding one turn closed winding ring structure, (f) XZ-plane H-field 

simulation of spiral inductor with two turns closed winding ring structure. 
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Basically, Q-factor is explained as proportional to stored energy and inversely 

proportional to the energy loss of inductors. For on-chip CMOS spiral inductors, the major 

energy loss is introduced by displacement current loss caused by the lossy silicon 

substrate. In lumped equivalent circuit model [146], substrate energy loss effect is 

represented by energy consuming components such as parasitic resistors. 
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Q  2                 (8.1) 

Therefore, the fundamental definition of Q [147] can be derived as equation (8.1), 

which indicates quality factor is inversely proportional to the substrate losses of on-chip 

inductors. In practice, since magnetic field intensity is directly related to energy 

distributions, it is easy to point out the energy losses of different inductors by comparing 

H-field distributions of them, which are shown in Fig. 8.3. From Fig. 8.3(a) to (c), it is 

observed that the magnetic field’s penetration into the lossy substrate reduces gradually. 

This indicates that, when more additional rings are applied, the field intensity under 

inductor becomes much weaker (e.g. the red area in Fig. 8.3(c) is smaller than that in Fig. 

8.3(a)). According to Eq. (8.1), less substrate energy loss will lead to increased Q of the 

inductor. 

 

(a) 



138 
 

 

(b) 

 

(c) 

Figure 8. 3 H-field distribution within the inductor’s substrate: (a) original spiral inductor, 

(b) one turn closed winding ring structure is added to the original spiral inductor, (c) two 

turns closed winding ring structure are added to the original spiral inductor. 

 

8.3 Simulation Results of Tunable Metamaterials Inspired Spiral Inductor in CMOS 

Technology 

As shown in Fig. 8.2 and Fig. 8.3, comparisons of field simulation of spiral inductor 

with different number of metamaterial rings can give the reasons why the inductance and 

Q-factor increase when additional metamaterial based structures are added to the bare 

spiral inductor. In order to quantitatively elaborate the increasing range of inductance and 
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Q with the proposed metamaterial ring structures, results extracted from numerical 

simulations for the three structures (as shown in Fig. 8.2) are given in Fig. 8.4. Also 

formulas for the calculations of the inductance and Q are given in equations (8.2) and 

(8.3). 
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In Fig. 8.4 (a), inductance of original spiral inductor with no ring (the green line in 

Fig. 8.4(a)) is 1.05~1.15nH at frequencies ranging from 2GHz to 12GHz. Correspondingly, 

the inductances of proposed inductors with one turn closed winding ring structure and two 

turns closed winding ring structure are  1.25~1.45nH, and 1.34~1.6nH, respectively. In 

Fig. 8.4(b), Q factors of these three types of inductors are around 2.75, 3.15 and 3.75, 

respectively. In summary, Fig. 8.4 shows that adding one and two turns metamaterials-

based winding ring structures can increase the inductance by the amount of 19% ~38% 

and enhance the Q factor by the amount of 15%~36% on a 300µm thickness silicon 

substrate. Finally, the inductance tuning of the proposed on-chip spiral inductor can be 

easily realized on a CMOS technology by utilizing multiple switches [148] to control the 

total number of enclosed ring structures applied. Therefore, the proposed tuneable 

inductors are suitable for RFIC applications [149] such as VCOs and LNAs. 



140 
 

 

                                                                      (a) 

 

(b) 

Figure 8. 4 Simulation results of inductance and Quality factor with different structure. 

 

8.4 Voltage Control Oscillator Design Based on the Tunable Metamaterial Spiral Inductor  

The voltage control oscillator (VCO) is an electrically controlled oscillator whose 

oscillation frequency is controlled by a voltage input. VCOs are used in function 

generators, phase-locked loop, and frequency synthesizers in wire/wireless 
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communication systems. There are two types of VCOs. One is waveform oscillators, and 

the other is resonant oscillators. From system point of view, the specifications for VCOs 

are low noise, low power, highly integrated, wide tuning range, small die area, and high 

operating frequency. However, it is unlikely to find VCOs which can meet all above 

requirements. For example, LC tank VCO (resonant oscillator) holds outstanding phase 

noise and jitter performance at high frequency, but it has disadvantage in chip area, tuning 

range, and power consumption. In our work, the goal is to validate the performance of 

proposed tunable inductors for VCO applications. Therefore, LCVCO is designed using 

the proposed inductor. The general structure of an LC tank VCO is shown in Fig. 8.5. 

 

Figure 8. 5 The general topology of an LCVCO. 

 

The open loop transfer function from Fig. 8.5 is  
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The corresponding phase response is: 
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 From the equation (8.5) and resonant circuit model, the equation (8.6) can be simplified 

as:  
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From the Q of LC tank derived in (8.7), the relation of phase noise and Q can be 

summarized as: 
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In order to minimize the phase noise, high Q inductor is needed. As the proposed 

metamaterial inductor hold higher Q than the conventional inductor, the two types of 

inductors have the similar inductance value are applied in the LCVCO circuit to compare 

the phase noise performance. Full-wave 3D EM simulation is conducted on two inductors 
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and the results are exported to S-parameter files. The imported S-parameter files in the 

circuit simulator (e.g. Cadence) will represent the inductor in LCVCO circuit shown in Fig. 

8.6. 

 

Figure 8. 6 The LCVCO circuit layout in the circuit simulator. 
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Based on the same oscillation condition, the transient simulation is performed, and 

the phase noise comparison results are shown in the Fig. 8.7. The conventional inductor 

 

(a) 

 

(b) 

Figure 8. 7 Spectra RF PSS and phase noise simulation. (a) Inductor without 

metamaterial ring. (b) Inductor with metamaterial ring. 
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has Q=7 and L=1.34nH with 5 turns, and the metamaterial inductor has Q=9 and L=1.36 

with 4 turns. The two oscillators resonate at 3.8GHz, and the capacitors are 1.167pF and 

1.159pF. From the simulation results, it is observed that the VCO circuit with metamaterial 

inductor has a better phase noise, but the harmonic effect is worse than the VCO using 

conventional inductors. The actual tapeout of the tunable inductor is shown in Fig, 8.8(a), 

and the measurement setup is shown in Fig. 8.8(b).  

 

 

(a) 
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(b) 

Figure 8. 8 (a) Microphotograph of the fabricated tunable inductor in a 0.35µm CMOS 

process. (b) Measurement and test bench setup. 

 

8.5 Design of Compact CMOS On-Chip CPW Transmission Lines 

In recent years, the transistor fT is continuously increasing, and the circuit 

application beyond 300GHz has been explored. However, the low resistivity substrate 

(10Ω-cm) causes serious signal loss for the passive components such as transmission 

lines, inductors, matching networks, phase shifters, and filters. Some research works 

have proposed slow-wave structure in CMOS process to achieve low loss and high Q 

transmission lines. Meanwhile, the same concept is applied to reduce the total size of the 

circuit chip.  

In this section, we explore novel structures in CMOS process to further reduce the 

size of transmission lines. Fig. 8.9 describes the structures of conventional and proposed 

novel transmission lines. The conventional CMOS  
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(a)                                                                   (b) 

  

(c)                                                                   (d) 

 

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

 

(i)                                                                   (j) 

Figure 8. 9 (a) General CPW transmission line using top metal layer. (b) Stub-loaded 

CPW transmission line. (c) Interdigital-stub loaded CPW transmission line. (d) Interdigital-

stub loaded with slotted ground shield. (e) Elevated CPW transmission line. (f) stub-

loaded elevated CPW transmission line. (g) Layer2 elevated CPW transmission line. (h) 

Layer2 elevated stub-loaded CPW transmission line. (i) Elevated interdigital-stub loaded 

CPW transmission line. (j) Sandwich intedigital-stub loaded transmission line.  
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Figure 8. 10 Transmission line model. 

 

CPW Transmission line is shown in Fig. 8.9(a). A transmission line can be modeled as a 

lumped-element circuit, as shown in Fig. 8.10, where R, L, G, C, are resistance, 

inductance, conductance, capacitance per unit length, respectively. From the Kirchhoff’s 

voltage law and current law, the time domain propagation equations can be derived. By 

solving these time domain equations, the traveling wave solution will be found. Here the 

propagation constant can be written as: 

                                  jwCGjwLRj                            (8.9) 

It is a complex number and function of traveling wave frequency. The wavelength on the 

line is: 
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The phase velocity is: 
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Where f is the operating frequency. For the lossless transmission line, the attenuation 

constant α is zero since R and G are zero. Therefore, the equation (8.10) can be derived 

as: 

                                       








wLCw
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                                 (8.12) 

whereµ is the permeability, and ε is the permittivity of the media. Thus the equation (8.11) 

can be simplified as: 
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Here the µr and εr are relative permeability and relative permittivity. From the equation 

(8.12), it is found that larger C will decrease the wavelength of traveling wave on 

transmission line. In order to increase the C, the typical method to reduce the total 

wavelength is adding open-stub in signal line. And this structure is named as stub-loaded 

CPW transmission line as shown in Fig. 8.9(b). To further reduce the electrical length, the 

structures shown in Fig. 8.9(c) and (d) are proposed. The ground plane in both structures 

consists of extended metal fingers orthogonal to the direction of current flow on the strips. 

Here, the extended metal strips are inserted between the sub-loaded signal strips to form 

interdigital loadings which can cause strong coupling between ground and signal to 

increase the C in equation (8.12). All the signal and ground strips are routed on the top 

metal layer in the CMOS process. Based on the structure in Fig. 8.7(c), additional floating 

strips are added under the CPW transmission line, resulting in the structure shown in Fig. 

8.9(d). These floating strips (as shown in red-color in Fig. 8.9(d)) block the E-field 

penetrating the silicon substrate and reduce the loss further. Also, by inserting metal strips 
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in SiO2, the effective dielectric permittivity will be increased. Thus, signal field is more 

concentrated around the signal path. From the equation (8.12), it is found that the 

electrical length will be reduced further with the high dielectric constant property.  

In the above, the methods to reduce the wavelength of transmission line have been 

discussed under the case that the characteristic impedance is not varying. However, in 

different microwave circuit applications, it requires various value for characteristic 

impedance of the transmission line such as the branch lines in coupler and power divider 

(discussed in chapter 6 and 7). The lossless transmission line impedance can be derived 

as: 

                                                     
r

r

C

L
Z






                                           (8.14) 

There are several ways to increase the impedance. For example, reducing the width of 

transmission line, reducing the dielectric constant of substrate, and increase the thickness 

of substrate. However, there are not many freedoms to realize higher impedance in single 

layer due to the CMOS process has restricted substrate thickness, dielectric property, 

and metal thickness. Therefore, the only option is reduce the width of the transmission 

line. However, the narrow transmission line introduce more loss due to the skin depth 

effect. To address this problem, the elevated CPW (ECPW) transmission line is 

introduced, where the signal path and ground path are routed in two layers (signal path 

is in top metal layer, and the ground path is in adjacent lower layer) as shown in Fig. 

8.9(e). To reduce the wavelength of the ECPW, loading stubs which intentionally create 

step discontinuities are placed periodically along the signal path as shown in Fig. 8.9(f). 
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Similarly, ECPW transmission lines using metal layer 2 and layer 3 are shown in Fig. 

8.9(g) and (h). 

Based on the previous proposed method, the interdigital stubs are loaded on 

ECPW transmission line as shown in Fig. 8.9(i) which can further reduce the electrical 

length of the transmission line. Utilizing the multi-metal-layer option, a novel sandwiched 

interdigital stub loaded structure is proposed to minimize the wavelength of transmission 

line. The general structure is shown in Fig. 8.9(j), where the signal line with loading stubs 

is located in the layer 2, and the ground layers are cover the signal path from top and 

bottom. Here the two ground layers are routed in layer 3 and layer 2, and each of them 

hold extended distributed stub loading along the path.                 

 

8.6 Simulation and Measurement Results of Proposed CMOS CPW Transmission Lines 

To compare the performance of all proposed transmission lines, the full wave 3D 

electromagnetic simulation is conducted.  The 0.18µm CMOS technology features 4 metal 

layers with the P- substrate resistivity of 10Ω-cm, and the thickness of substrate is 90 µm. 

The top metal thickness is 4µm and all other metal layers are 0.7 µm in thickness. The 

simulation setups are shown in Fig. 8.11, which correspond to proposed structures in Fig. 

8.9(a) to (d). In Fig. 8.12, the simulation results show that the loaded-stub CPW line 

features a larger phase shift comparing to a conventional CPW transmission line with the 

same physical size. The interdigital loaded-stub CPW transmission line shown in Fig. 

8.9(c) will feature an even larger phase shift, indicating further size reductions. To further 

reduce the size, we proposed the structure in Fig. 8.9(d), and the simulation results agree 

with the analysis and validate the size reduction. 
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The HFSS simulation setups of proposed elevated high impedance CPW 

transmission line structures are shown in Fig. 8.13. From the simulation results in Fig. 

8.14, it is found that the artificially designed structures increase the phase shift and further 

reduce the size of transmission lines. To validate the performance of proposed 

metamaterials inspired transmission lines, different types of designed CPW transmission 

lines are taped out in the MagnaChip 0.18µm CMOS process. The layout in a 4x4 mm2 

chip size is shown in Fig. 8.15. 

    

     (a)                                                             (b) 

  

                             (c)                                                         (d)              

Figure 8. 11 The simulation setups in HFSS. (a) General CPW transmission line. (b) Stub-

loaded CPW transmission line. (c) Interdigital-stub loaded CPW transmission line. (d) 

Interdigital-stub loaded with slotted ground shield. 
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Figure 8. 12 The simulation results. Line in blue is transmission phase response of 

conventional CPW. Line in green is phase response of stub-loaded CPW transmission 

line. Line in black is phase response of interdigital-stub loaded CPW transmission line. 

Line in red is phase response of interdigital-stub loaded with slotted ground shield CPW 

transmission line. The dash lines represent the phase response after the de-embedding 

the pads. 

 

                      (a)                                                     (b)               
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                    (c)                                          (d) 

Figure 8. 13 The simulation setups in HFSS. (a) Elevated CPW transmission line. (b) 

Elevated Stub-loaded CPW transmission line. (c) Elevated Interdigital-stub loaded CPW 

transmission line. (d) Sandwich Interdigital-stub loaded CPW transmission line. 

 

Figure 8. 14 The simulation result. Line in blue is transmission phase response of elevated 

CPW. Line in green is phase response of elevated stub-loaded CPW transmission line. 

Line in black is phase response of elevated interdigital-stub loaded CPW transmission 
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line. Line in red is phase response of sandwich interdigital-stub loaded CPW transmission 

line. The dash lines represent the phase response after the de-embedding the pads. 

 

 

Figure 8. 15 The layout of proposed CPW transmission lines. 
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Figure 8. 16 The microphotograph of the fabricated metamaterials inspired CPW 

transmission lines. 

 

Figure 8. 17 The measurement results of proposed CPW transmission lines. 



158 
 

 

The photo of fabricated CPW transmission lines are shown in Fig. 8.16, and the 

measurement results are in Fig. 8.17. It is found that the simulation results agree well with 

the measurement results. It is also validated that the proposed artificially designed CPW 

transmission lines feature compact size. They can be applied in current RF front end 

circuits and components such as power dividers, couplers, low loss filters, impedance 

matching networks, and power amplifier circuits. 

 

8.7 Conclusion 

In this chapter, we first investigate a new type of on-chip inductor (using the 

commercial CMOS process) that can be tuned in inductance and improve the quality 

factor by adding winding interconnected ring structures to regulate the electromagnetic 

fields of the original spiral inductor. By comparing electromagnetic simulation results of 

inductors with different number of rings, it is found that resistive losses in a CMOS 

substrate is reduced so that the quality factor of the proposed inductor is improved. 

Meanwhile the resulting permeability of the proposed inductor is increased, which causes 

increase of the inductance. Due to the high performance of the proposed metamaterials-

based inductor, it is expected to find broad applications in the areas of integrated 

electronic systems. Secondly, on-chip CPW transmission lines are analysed, and the 

metamaterials inspired CPW transmission lines are proposed to reduce the size of 

conventional transmission lines. By comparing the simulation and measurement results, 

it is proved that the proposed novel structures take as less as 42% space of conventional 

CPW lines while exhibiting the same electrical performance. It is expected that the 
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proposed metamaterials inspired on-chip passive components will pave the way towards 

next generation RF and digital circuits with significant performance improvement.  
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CHAPTER 9 

CONCLUSION AND FUTURE WORK 

 

In this dissertation, several artificial structures are proposed and designed by 

different methods, and their applications to different high frequency components and 

circuits are studied to achieve space and spectrum engineered responses. First, quasi-

conformal mapping (QCM) method is applied to design plasmonic wave-adapters and 

couplers working at the optical frequency range. Second, inverse QCM method is 

proposed to implement flattened Luneburg lens antennas and parabolic antennas in the 

microwave range. Third, frequency-reconfigurable THz filters are designed based on 

liquid metals. Fourth, a dual-band compact directional coupler is realized by applying 

artificial transmission lines. In addition, a fully symmetrical coupler with artificial lumped 

element structure is also implemented. Finally, a tunable on-chip inductor, compact 

CMOS transmission lines, and metamaterial-based interconnects are proposed using 

artificial metal structures. All the proposed designs are simulated in full-wave 3D 

electromagnetic solvers, and the measurement results agree well with the simulation 

results. These artificial material-based novel design methodologies pave the way toward 

next generation high frequency circuit, component, and system design. 

All the research works presented in this dissertation have been validated. But it is 

not the end of my research on these topics. There are still several on-going projects and 

interesting topics that are to be explored more. One of the on-going projects is the 

modified transmission line for CMOS RF circuit design. By re-designing the transmission 

line, the resulting low loss transmission line with small parasitic effects will attract great 
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interest in RF integrated circuit design. A preliminary design has been sent out for tape 

out, and the measurement will be conducted early next year to verify the overall 

performance. 

Also, we have fabricated and tested several spectrum engineered broadband 

optical antennas. From the measurement results, they perform very close to the 

simulation results. For the next step, we will add graphene to the broadband optical 

antennas for further tuning their spectrum responses. After adding the pad, the proposed 

broadband graphene tunable optical antenna will be tested. Similarly, microwave baluns 

attract great interest in RF integrated circuit and distributed high frequency circuit design. 

Due to the phase difference, baluns can reduce the noise in low noise amplifiers and 

increase the isolation in T/R switch circuits which can improve the performance of RF 

front end circuits. However, conventional active baluns suffer from the nonlinearity issues, 

and passive baluns in current CMOS process have high losses which limit their 

applications in current RFIC modules. Therefore, a low insertion loss balun with high 

power handling capability will be one of my future research topics. By combing baluns 

with LNAs, PAs, and T/R switches, there will be a lot of research opportunities. 

Finally, based on my current research experience on microwave circuits, design of 

novel microwave passive networks is another potential research area, especially for 

wireless communication and THz circuit applications. For example six-port networks can 

replace current complex RF transceivers which suffer from energy leakages through 

signal paths. Due to its inherent property of high isolations among different ports, the 

passive six-port network can be used to achieve low signal leakage. Also, novel phased 

array feeding networks and monopulse radar tracking networks can be implemented by 
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applying the couplers presented in this dissertation.   Applications of the designed high 

frequency circuits and components include biosensors, medical health monitoring 

systems, and wireless power charging systems. 
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