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合成波導之設計與應用  
 

研究生：吳憲順       指導教授：莊晴光 博士 

國立交通大學 電信工程學系 

摘要  

 
本篇論文係研究立體式(Three-dimensional)與平面式(Two-dimensional)合成波

導以多層印刷電路板( Multi-layer Printed Circuit Board)製程與矽(Silicon)半導體製

程之實現並提出相關應用。傳統立體式矩形波導(Rectangular Waveguide)可藉由微

小化週期結構  (Periodical Structure)重新合成，並透過成熟之矩形波導轉換器

(Rectangular Waveguide Transition)，設計出合成矩形波導(Synthetic Rectangular 

Waveguide, SRW)。經由實驗與理論相互驗証，該立體傳輸線具備慢波效應

(Slow-Wave Effects)可突破傳統矩形波導之理論限制，有效縮小面積達 60%以上。

該微小化特性應用到 5GHz 積體化近全向性矩形波導天線  (Omni-directional 

Rectangular Waveguide Antenna)。更進一步，由於週期結構在能階止帶 (Energy 

Bandgap) 呈現出完美磁性金屬 (Perfect Magnetic Conductor) 特性，使該立體合成

波導可傳播傳統金屬矩形波導無法存在之第一階横向磁場模(TM10 mode) 而本論

文亦針對該模態提出其模態轉換器 (Mode Converter)。 

除外，本論文研究互補式金屬(Complementary-Conducting Strip, CCS)合成波導

在多層結構 (Multi-layer Structure) 之特性與提出相關應用。透過實驗與理論驗

証，互補式金屬在多層結構實現下，除保有原多樣化特徵阻抗合成之特性，亦突

破傳統夾心線 (Stripline)之理論限制，具備更高之慢波因子 (Slow-Wave Factor)。

該 平 面 式 合 成 波 導 以 多 層 印 刷 電 路 板 技 術 ， 應 用 在 以 傳 輸 線 為 主 

(Transmission-Line based) 之 WLAN 2.4GHz 微小化帶通濾波器設計。而設計出之

濾波器尺寸為 5.0 mm X 5.0 mm X 0.18 mm，甚接近傳統以低溫陶瓷共燒 (Low 

Temperature Cofired Ceramic)之濾波器體積。 

本論文最後一部份提出平面式合成波導應用於改進傳統晶片繞線電感 

(On-chip Spiral Inductor) 之設計困難。該設計同時以印刷電路板與標準多層 CMOS 

製程驗証其可行性。 
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ABSTRACT 
 

This dissertation presents a new class of the transmission lines so-called synthetic 

waveguide, which can be realized by mass-producible technologies, such as multi-layer 

print-circuit-board (PCB), and silicon-based monolithic integrated circuit foundry. 

Meanwhile, the novel design methodologies incorporating the proposed synthetic 

waveguide are reported to demonstrate the impacts on the designs either in 

component-level or system-level for meeting the trends of modern portable devices. A 

new synthetic waveguide, which is the composite structure including the rectangular 

waveguide transitions and rectangular waveguide synthesized by the periodical 

electromagnetic bandgap (EBG) structures at top and bottom surfaces of the rectangular 

waveguide, is theoretically and experimentally verified, showing the following 

characteristics. First, the slow-wave factor of the synthesized rectangular waveguide 

(SRW) exceeds the theoretical limit of the conventional metallic rectangular waveguide 

in the TE10 mode, significantly increasing the size-reduction more than 60%. One 

example employing the TE10 mode of the proposed SRW was the design of integrated 

waveguide antenna in the 5 GHz ISM band, demonstrating its potential on circuit 

miniaturization. Second, the proposed SRW can support TM00 and TM10 mode 

propagation in the same SRW. Notably, no TM00 and TM10 mode can exist in the 

conventional rectangular waveguide with an all-metallic enclosure. Additionally, the 

waveguide transitions for the synthetic TE10, TM00 mode, and TM10 mode of the SRW 

are also presented for the further applications. 

The second part of the dissertation focuses on the design and application of the 

synthetic quasi-TEM transmission line so-called complementary conducting strip 

transmission line (CCS TL) in multi-layer portion. A series of experimental and 

theoretical verifications conclude that the stacked CCS TL not only provides a wide 

design solutions for the circuit requirements but also achieve a low-loss slow-wave 

device whose slow-wave factor (SWF) exceeding the theoretical value of the 
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conventional stripline. Moreover, a typical multi-layer system, which includes two 

filters in different signal layers, is realized by the stacked CCS TL, revealing good 

isolation between two filters during the system design. Furthermore, the proposed 

two-dimensional synthetic waveguide is applied to design an transmission-line based 

2.4GHz ISM-band bandpass filter for demonstrating a new filter design methodology, 

which can systematically reducing the size of filter based on multi-layer CCS TL. A 

quick estimate on the prototype filter with the size of 5.0 mm X 5.0 mm X 0.18 mm 

reveals that the volume of the prototype approaches that of state-of-the-art device, such 

as multi-layer low temperature cofired ceramic (LTCC) filters.  

Finally, the new spiral inductor architecture, named EBG enhanced inductor, 

incorporating the synthetic waveguide is presented, providing another solution for 

designing planar inductors on lossy substrate. The two-dimensional EBG array servers 

as a ground plane beneath the conventional spiral inductor, providing a shielding for 

inductor on the lossy substrate. The proposed approach is verified through the 

experiments using the conventional multi-layer PCB technology and standard 0.25um 

CMOS foundry, showing that the performance of a spiral inductor can be improved in 

almost aspects.  
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CHAPTER 1  

Introduction 

 
1.1  Background 

Portable wireless devices have evolved into the convergence realm, integrating 

multi-frequency and multi-standard protocols. One key factor for such success of 

wide acceptance is the miniaturization of wireless apparatus. The continuing 

improvement of semiconductor processes, shrinking photolithography, and 

multi-layer integration technologies such as the low temperature cofired ceramics 

(LTCCs) and printed circuit boards (PCBs) lead the continuing technological 

development in system-on-chip (SOC) and system-in-package (SIP) [1-7]. Although 

as many as possible wireless building blocks have been integrated into SOC, the radio 

frequency (RF) front-end module (FEM) and other devices are mostly in discrete 

forms or embedded into the SIP. A complete solution for making a wireless device 

with a very small form factor is becoming a reality by combining advanced 

techniques of SOC and SIP.  

On the other hand, closely examining the integration scheme of the FEM, the 

functional blocks, including antenna, filter, balun, etc., and various transmission lines 

which are designed based on different circuit principle and realized by different 
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technologies, may require additional transitions to establish the smooth interfaces 

between the adjacent building blocks. Additionally, two kinds of transmission lines, 

which are connected, require the mode converter for the energy transformation. Those 

transitions and mode converters also become an important part during the components 

design and seriously dominate the performance and appearances of the FEM. 

In the Year 2000, a new design methodology so-called the advanced coplanar 

strips system (ACSS) was proposed for in millimeter-wave module and RFIC designs 

[8]. The ACSS is a system of guiding structures embedded in a multilayered 

printed-circuit environment such as print circuit board (PCB) and low temperature 

cofired ceramics (LTCC) for RF system-on-chip (SOC) design. The ACSS 

millimeter-wave transceiver module, which incorporates typical PCB process for 

making all-in-one module, has demonstrated all aspects of planar realizations of 

antennas, antenna arrays, resonators, filters, mixers, oscillators and packages [9]. The 

ACSS exploits the multi-layered guiding system into the unprecedented domain, 

which creates new approaches for RFIC design and module integration. The 

unprecedented domain is best described by the concepts of the synthetic waveguides 

in which most popularly known guiding modes such as planar (microstrip), quasi 

planar (CB-CPW), non-planar (rectangular waveguide) structures propagate freely in 

the multi-layered ACSS system with a little increasing of propagation losses or 
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transition losses. 

In the 2005 international microwave conference (IMS2005), the transmission 

line community organized a section titled “Synthetic Transmission Lines and Their 

Applications”, revealing the trends of the researches on synthetic waveguides [10-14]. 

This special section demonstrated a single processing technology, achieving 

unprecendted guiding characteristics such as high slow-wave factor, wide solutions of 

characteristic impedance syntheses, and build-in transitions for the system 

integrations. The efforts organized by IMS2005 sub-community faithfully reflected 

the contributions of this dissertation undertaken in the past six years. Perhaps on e 

best notion on the synthetic waveguide could be quoted from an invited speech at City 

University of Hong-Kong in July 2004, when Professor Ching-Kuang C. Tzuang gave 

a seminar on the synthetic waveguide and its applications to the RF SOC and SIP 

designs. This dissertation covers all aspects of the synthetic waveguide as quoted 

above. 

 

Incompatible guiding structures, which are conventionally made by different 

technologies, are blended into a mass-producible technology or new waveguide 

structures that exhibit extraordinary characteristics, behaviors, and merits using 

the same mass-producible technology belong to the domain of synthetic waveguide. 
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1.2 Review of Synthetic Waveguides 

 

Fig. 1 shows the developing trends of the synthetic waveguide in the past ten 

years. An amount design of the synthetic waveguides is involved with the periodical 

structures, which can be classified by photonic bandgap (PBG), electromagnetic 

bandgap (EBG), Metamaterials, and etc.. One example of designing synthetic 

waveguide with periodical structure is proposed by Itoh et al. in 1998 [15].  

The microstrip line incorporating the uniplanar compact photonic bandgap 

(UC-PBG) ground plane become a new slow-wave device. Additionally, this new 

slow-wave transmission line, which differs from the thin-film transmission lines 

reported from 1970 to 1993, can achieve small attenuation constant less than one dB 

per guiding wavelength [16]. Such synthetic waveguide is realized by the 

conventional print circuit board (PCB) technology and had been demonstrated its 

wide applications on the microwave active and passive circuits, including 

improvement of power amplifier efficiency, and bandpass filter design with 

wide-band rejection [17]. 
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Fig. 1.1 Development trends of Synthetic Waveguide. 
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Another example of synthetic waveguide incorporating with periodical structure 

is reported by Tzuang et al. in 2001 [18]. The signal trace of the conventional 

microstrip consists of the coil-coupled electromagnetic bandgap (EBG) cells, 

revealing electric, magnetic and electric properties along the transverse plane of the 

microstrip line [16]. The modal behavior of the electric-magnetic-electric (EME) 

microstrip line had been carefully investigated, revealing the first high-order mode of 

EME microstrip line can be controlled and synthesized in different frequencies. Such 

new modal behavior is also applied to design a dual-band leaky wave antenna [19]. 

On the other hand, the synthetic waveguides, which can be synthesized to exhibit 

the negative permittivity and permeability, are classified as the metamaterials. 

Metamaterials are commonly referred to as left-handed (LH) transmission lines 

because of their unique guiding characteristics such as the reversal of Snell’s Law, the 

Doppler effect, and the VavilovCerenkov effect, which is the radiation produced by a 

fast-moving particle as it travels through a medium [20].  

The idea of left-handed (LH) transmission line was first presented by the Russian 

physicist Veselago in 1967. Veselago theoretically showed that the electric field, 

magnetic field, and wavevector of an electromagnetic wave in an LH transmission 

line form a left-handed triad. Therefore, LH transmission lines support energy 

propagation with group and phase velocities that are antiparallel, a phenomenon 
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which is associated with negative index of refraction [21]. The experimental 

verifications of metamaterials were performed by the Smith et. al in 2001 [22]. 

During the experiments, the metamaterial was realized by a wedge-shaped 

two-dimensional periodical array consisting of the magnetic resonator so-called 

split-ring resonators (SRRs) and thin conducting wires. The periodical array was 

excited by the plane wave and the wavefront of the transmission wave traveled 

backward toward the incident wave, confirming the existing of negative index of 

refraction [22]. Parallel to the findings of Smith, the planar LH transmission line 

based on SRRs is also reported in the very recently [23-24]. 

On the other hand, the composite right/left hand (CRLH) transmission line (TL) 

realized by the non-resonant elements is also reported by Itoh et al. [25]. The 

characteristics of CRLH TL have been investigated by the transmission line theory 

and its guiding properties are modeled by a lossless LC network. Furthermore, the 

development of equivalent LC network, which consists of shorted shunt stubs and 

series inter-digital capacitors, is also presented [26]. Both theoretical and 

experimental results show that the CRLH TL can propagate the electromagnetic wave 

with the right-handed and left-handed triads alternatively [27]. Many applications 

based on CRLH TL are also reported for demonstrating the capability of such new 

planar synthetic waveguide [28-32]. 
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This dissertation focus on the development of synthetic waveguides which have 

three main features: 1) Compact circuit design is compared to those based on 

popularly known guiding structures, 2) High Q-value of the guiding structure is 

maintained or much better than the conventional guides, and 3) practical realization is 

based on the existing technologies without any modifications.  

 

1.3 Organization 

The first kind of synthetic waveguide, presented in Chapter 2, is named synthetic 

rectangular waveguide (SRW). The SRW, which is consist of two electrical sidewalls 

and two parallel periodical structures placed at top and bottom surfaces of the 

waveguide, is made by multi-layered integrated circuit processes with large ratios of 

SRW lateral dimensions to substrate thickness. The two-dimensional periodical 

structures comprise unit cells made of coupled coils; show a slow-wave region for the 

lowest band and a stopband region above the slow-wave region. Chapter 2 reports 

both theoretically and experimentally that combining the two distinct regions of 

propagation of two-dimensional periodical structures leads to the design of a SRW 

that simultaneously exhibits the following unique characteristics. First, the slow-wave 

factor of the particular SRW significantly exceeds the theoretical limit of rε for the 

conventional metallic rectangular waveguide in the TE10 mode. Second, SRW can 

support the propagations of TM00 and TM10 modes in the same SRW. Notably, no 
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TM00 and TM10 mode can exist in the conventional rectangular waveguide with an 

all-metallic enclosure. Third, the Q-factor of the SRW is high in TE10 mode, TM00 

mode, and TM10 mode for the particular case study. Fourth, the waveguide transitions, 

including the tapered microstrip, the finline, and tapered coplanar waveguide (CPW), 

are integrated with the SRW in the same polymer substrate for the synthetic TE10, 

TM00 mode, and TM10 mode converters, respectively. One example employing the 

TE10 mode of the proposed SRW was the design of miniaturized four-slot antenna 

array in the 5 GHz ISM band to demonstrate the compact appearance, high antenna 

gain using a conventional FR4 substrate. 

Chapter 3 presents the second kind of synthesized waveguide named stacked 

complementary conducting strips (CCS) transmission line (TL). Notably, CCS TL 

was reported recently to be an effective means of miniaturizing microwave circuits 

[33]. However, in this dissertation, the stacked CCS TLs, which are separated by a 

meshed ground plane in a multi-layer print-circuit-board (PCB) structure, are 

introduced for the first time. A practical example is employed to verify the isolation, 

showing a high level of satisfactory with negligible effects on desired circuit 

performances. Furthermore, the proposed artificial transmission line is applied to the 

design of a 2.4 GHz ISM-band bandpass filter prototype of a size that approaches that 

of state-of-the-art device. The application of the stacked CCS TL results in the 
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filtering of almost nearly the same volume as the number of substrates is increased. A 

designer can therefore optimize the area and thickness required for product integration. 

A quick estimate of the miniaturized filter design based on stacked CCS TL shows 

that the particular filter prototype approaches the process limit. 

Chapter 4 explores the application of synthetic waveguide to the design of PCB 

and monolithic spiral inductor. The microstrip on the electromagnetic bandgap (EBG) 

ground plane has been experimentally verified, showing that the increasing 

characteristic impedance and reducing propagating loss of the synthetic waveguide 

can be established simultaneously for the operation frequency below the first 

stopband, leading to the design of a new inductor configuration or the so-called EBG 

enhanced inductor. The EBG enhanced inductor consists of a two-dimensional 

electromagnetic bandgap (EBG) periodical array beneath the conventional spiral 

inductor. A physical model is presented to investigate both characteristics and physical 

insights of the proposed inductor architecture. Both laminated and monolithic spiral 

inductors are designed and tested to demonstrate that the performance of the spiral 

inductor can be improved in almost aspects by placing the EBG ground plane beneath 

the spiral inductor.  

Chapter 5 summarizes the contributions of the dissertation and identifies the 

future works. 

 



 11

CHAPTER 2 

Integrated Synthetic Rectangular Waveguide 

 

In this chapter, the first find of synthetic waveguide, named synthetic rectangular 

waveguide (SRW), is presented. An SRW, which is made of two laminated 

two-dimensional (2D) periodical structures and a substrate sandwiched between the 

2D structures. The SRW is made by multi-layered integrated circuit processes, which 

typically have large ratios of SRW lateral dimensions to substrate thickness. 

Theoretical investigations of the periodical structures show that the corresponding 

Brillouin diagram have the lowest band of normalized propagation constant much 

higher than the square root of the relative dielectric constant εr of the substrates. 

Application of the dispersion characteristics of the two-dimensional periodical 

structures coupled with appropriate mode converter designs leads to results in SRW 

designs supporting TE10, TM00 and TM10 modes. 

Section 2.1 shows the slow-wave and high-impedance-surface behaviors of the 

two-dimensional periodical structures. Additionally, a simplified behavior model for 

the SRW is also presented for predicting the various modal behaviors in the SRW. 

Section 2.2 describes the de-embedding procedures to remove the effects of the mode 

converters necessary to interface the SRW to external measurement ports for TE10, 
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TM00 and TM10 modes. The de-embedded data are applied to validate the results 

obtained by the finite element method (FEM). Section 2.3 reports the newly TE10 

mode SRW with a cutoff frequency that is much lower than that of the all-metallic 

rectangular waveguide based on the same structural and material constants; the 

slow-wave factor of the TE10 mode SRW is also significantly greater than rε , which is 

the theoretical limit of a conventional rectangular waveguide. εr is the relative 

dielectric constant of the PCB substrate. Section 2.4 investigates the propagations of 

TM00 and TM10 modes of the same SRW. Notably, no TM00 and TM10 mode can exist 

in the conventional rectangular waveguide with an all-metallic enclosure. Finally, one 

example, which employs the TE10 mode of the proposed SRW for designing a 

four-slot waveguide antenna in the 5 GHz ISM band, is presented in Section 2.5. The 

antenna is built and tested, showing the gain of 4.28 dBi, 60 percent area reduction in 

waveguide cross-section, measuring 71.0 mm x 10.5 mm x 0.9 mm (including the 

microstrip-to-waveguide transition) on a conventional FR4 (εr=4.1) substrate. 

 

2.1 Synthetic Rectangular Waveguide: Design and Operational Principles 

 

Figure 2.1(a) illustrates the conventional rectangular waveguide made using four 

smooth metal plates. If the top and bottom metal plates are replaced by perfect 

magnetic conductors (PMC) as shown in Fig. 2.1(b), the guiding characteristics of the 
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conventional rectangular waveguide are drastically changed. This paper presents a 

new approach for designing integrated rectangular waveguides. As illustrated in Fig. 

2.1(c), the integrated synthetic rectangular waveguide (SRW) consists of two vertical 

plated sidewalls and two EBG surfaces replacing the top and bottom plates of Fig. 

2.1(a). The proposed SRW can support propagating modes in both rectangular 

waveguides as shown in Figs. 2.1(a) and (b). The SRW extensively applies the 

propagation characteristics of periodical structures. 

 

 

2.1.1 Dispersion Characteristics of Parallel-Coupled Electromagnetic Bandgap 
(EBG) Surfaces 

 

In the SRW, the two-dimensional periodical array, or the so-called EBG surface, 

constitutes both top and bottom metallic surfaces of the conventional rectangular 

waveguide. Figure 2.1 (d) details the unit cell design of the EBG surface. The unit cell 

consists of a pair of connected spiral coils; one is located at the top surface and the 

other at the bottom surface. The connected spiral coils are DC-connected by a 

through-hole at the center. The spiral coils form coupled inductors, and the overlapped 

area between the spirals creates additional capacitances. Furthermore, inductive and 

capacitive couplings also exist between adjacent cells. Thus the propagation 

characteristics of the periodical structure are highly dispersive. The full-wave 

finite-element-based simulation package HFSSTM is applied to obtain the dispersion 
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characteristics of the multi-layered two-dimensional periodical structure of Fig. 2.1(d). 

In the numerical investigation, two pairs of master-slave boundaries of assumed phase 

differences were placed at four edges of the unit cell to compute a corresponding 

complex frequency of the eigenvalue, from which the phase and attenuation constants 

(γ=β-jα) of the two-dimensional periodical structure were obtained [33].  
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Fig. 2.1 Rectangular waveguide structures (a) using all-metallic enclosure: a = 7.0 

mm, b = 0.609 mm, εr = 3.38, tanδ = 0.0035, (b) top and bottom surfaces 

incorporating perfect magnetic conductor (PMC) (c) proposed SRW: t1 = t2 = t3 = 

0.203 mm (d) EBG unit cell applied in SRW: W = 0.2 mm, S = 0.2 mm, D1 = 0.25 

mm, D2 = 0.55 mm, Lt = 1.55 mm, Lb = 1.35 mm. 
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Perfect matching layers (PMLs) were placed adjacent to the top and bottom 

surfaces of the unit cell with to absorb the radiated waves. Figure 2.2 plots the 

corresponding Brillouin diagram of the EBG cell. The straight solid (dashed) lines 

represent the propagation of the transverse electromagnetic (TEM) mode in free-space 

(dielectric medium with relative permittivity of εr). These straight lines form two 

triangles, as shown in Fig. 2.2. The region outside the solid triangle belongs to the 

radiation zone. Inside the solid triangle, however, is the bound mode region. In this 

case study, predominant TEM solutions were observed inside the triangle formed by 

the dashed lines for operating frequencies below 9.85 GHz, manifesting the 

slow-wave factor greater than rε , which is the upper ceiling for most conventional 

guided-wave structures. The electric (magnetic) fields are mostly perpendicular 

(parallel) to the spiral coils and negligible field components are observed along the 

direction of propagation. Near zero operating frequency, the phase constant 

asymptotically approaches that of the TEM mode in the dielectric medium with εr. 

Near 9.85 GHz, the group velocity approaches zero. The magnitude of the modal 

currents near cutoff becomes much smaller than that of the predominant TEM mode at 

5.0 GHz. Above 15 GHz, predominant TE mode solutions were observed, since, 

electric fields exist only in the plane transverse to the direction of propagation. Thus 

the TE mode is designated as the first high-order mode of the periodical structure 
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shown in Fig. 2.1 (d). Below 9.85 GHz, the EBG periodical structure is a slow-wave 

guiding structure, establishing the core operational principle for designing 

miniaturized integrated SRW. 

Equally importantly that the Brillouin diagram shows a broad spectrum of 

forbidden band between 9.85 and 15.0 GHz. Such stopband connected to the high 

impedance surface, or the so-called magnetic surface, had been extensively studied 

[34-35]. Thus the SRW of Fig. 2.1(c) seems to exhibit guiding properties closely 

resembling those of Fig. 2.1(b) in the forbidden band. In the passband below 9.85 

GHz, however, the SRW is more like the conventional rectangular waveguide shown 

in Fig. 2.1(a). 
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Fig. 2.2 Brillouin diagram of the two-dimensional periodical array made of unit cell 

of Fig. 2.1 (d). 
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2.1.2 Simplified Rectangular Waveguide Models for SRW 

 

As mentioned above, electromagnetic bandgap (EBG) surfaces, which form both 

top and bottom layers of the synthetic rectangular waveguide (SRW), behave like 

magnetic walls (electrical walls) in the stopband (passband). Therefore, Figs 2.1 (a) 

and (b) represent simplified rectangular waveguide models of the SRW. Since the 

proposed SRW is realizable by multi-layered integrated circuit processes, the lateral 

dimensions (along the x-axis) of the SRW are typically much larger than the thickness 

of the substrate along the y-axis. Consequently, the lowest order TE modes of Fig. 

2.1(a) are TE10, and TE20, etc., whereas the lowest TM modes of Fig. 2.1(b) are TM00, 

and TM10, etc. TM00 mode is essentially a TEM mode with uniform transverse Ex and 

Hy fields in the waveguide cross-section, which manifests the TEM mode waveguide 

as reported by D. Sievenpiper et. al [36], T. Itoh et. al [35], and Per-Simon Kildal et. 

al [37], respectively. The procedures for deriving the solutions of TEn0 modes are 

well-documented [38]. The same procedures are also applied to investigating the 

TMm0 modes of idealized SRW. 

For TEn0 modes: 

rrc
ωk µε=                                 (1), 

 

where k is the wave number of the dielectric medium with relative permittivity εr and 
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relative permeability µr. 

,...3,2,1,)( 22 =−= n
a

nkn
πβ                 (2), 

 

where n represents order of the TE mode and a is the lateral dimension of SRW in 

x-direction. The lowest order mode is the TE10. Only three field components exist for 

the TEn0 mode, namely,  

znβj
ry ex

a
πnaHµωµjE −−= )sin(00  ,               (3) 

znβj
x ex

a
πn

aHβjH −= )sin(0 ,        and     (4) 

znβj
z ex

a
πn

πnHH −= )cos(0 .                (5) 

 

The TEn0 mode has a cutoff frequency strictly related to lateral dimension a, order n, 

and material constants, i.e.,  

rr
cutoff a

ncf
n µε20TE, =                           (6) 

 

For TMm0 modes: 

 

,...2,1,0,)( 22 =−= m
a

mkm
πβ                  (7), 

 

where m represents order of the TM mode and a is the lateral dimension of SRW in 

x-direction. The lowest order mode is the TM00, which is the zero-cutoff limit of TM 

m0 modes. Only three field components exist for the TMm0 mode, namely, 
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zmβj
ry ex

a
m

aEεωεjH −π
−= )cos(00                  (8) 

zmβj
mx ex

a
πm

aEβjE −−= )cos(0                  (9) 

zmβj
z e)x

a
m

(πmEE −π
= sin0                 (10) 

 

The TMm0 mode has a cutoff frequency strictly related to lateral dimension a, 

order m, and material constants, i.e., 

rr
cutoff a

mcf
m µε20TM, =                       (11) 

 

It is interesting to notice that the interchange of E and H, sine and cosine leads to 

the interchange of TEn0 and TMm0 modes. Additionally, the SRW shows different 

dispersion characteristics from those of idealized TEn0 and TMm0 modes. In the later 

sections, we will show that the TM00 mode of the SRW has a cutoff frequency and 

that both TE10 and TM10 modes have different cutoff frequencies, not dictated by (6) 

and (11). 

 

2.2 Synthetic Rectangular Waveguide: Waveguide Transitions to Planar 
Transmission Lines, and De-embedding Studies 

 

2.2.1 Integrated Synthetic Rectangular Waveguide (SRW) 

 

As shown in Fig. 2.1 (c), the synthetic rectangular waveguide (SRW), was formed 

on a RO4003TM printed circuit board (PCB) with a relative dielectric constant of 3.38 

and a tanδ of 0.0035. The metal printed on the substrate was copper with a thickness 
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of 17 µm. Notably, the electromagnetic bandgap (EBG) surface comprised four unit 

cells in the transverse direction of the SRW. Similar design had been reported and 

applied in designing the dual-band leaky-mode antenna [39], indicating that the 

design of the EBG surface shown in Fig. 2.1(c) has stopband characteristics similar to 

those two-dimensional arrays of infinite number of cells. 

The propagating energy of the synthetic rectangular waveguide (SRW) must be 

interfaced to planar guiding structures to become a useful integrated guiding device. 

This section describes various designs to interface SRW supporting TE10, TM00, and 

TM10 modes. A streamline mode converter made of a tapered microstrip has been 

successfully demonstrated as a good waveguide transition device to interface a 

microstrip line and a rectangular waveguide supporting TE10 mode [40-44]. The 

E-field of this tapered microstrip mode resides mostly in the transverse y-direction in 

the same way the TE10 mode does, thus ensuring smooth field transition in the mode 

converter. Parts (a), (b), and (c) of Fig. 2.3 show top, front, and side views of a 

back-to-back connected SRW supporting TE10 mode with interfaces to two external 

microstrip ports. 

Resorting to (9) the TM00 mode exhibits a constant E-field polarization in the 

x-direction, suggesting a symmetric perfect electric conductor (PEC) plane at x = a/2. 

Therefore, a tapered finline inserted on the horizontal plane of y = b/2 is proposed for 
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the TM00 SRW waveguide transition as illustrated in parts (a), (b), and (c) of Fig. 2.4. 

Likewise a tapered finline is the waveguide transition for TM00 mode SRW. Figure 2.5 

illustrates how a tapered CPW, which is symmetrical about a perfect magnetic 

conductor (PMC) surface at x = a/2, works as a TM10 mode converter. 
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Fig. 2.3 TE10 mode SRW including microstrip-to-waveguide transitions (a) top view: 

L1=3 mm, L2=8 mm, L3=7.2 mm, W1=0.8 mm, W2=7 mm, (b) front view: waveguide 

thickness (y-axis) = 0.609 mm, (c) side view. 
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Fig. 2.4 TM00 mode SRW including slotline-to-waveguide transitions (a) top view: G1 

= 0.15 mm, L4 = 13.05 mm, (b) front view: waveguide thickness (y-axis) = 0.609 mm, 

(c) side view. 
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Fig. 2.5 TM10 mode SRW including CPW-to-waveguide transitions (a) top view: G2 = 

0.425 mm, G3 = 0.7 mm, L5 = 12.85 mm, W3 = 0.75 mm, (b) front view: waveguide 

thickness (y-axis) = 0.609 mm, (c) side view. 
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2.2.2 Single-Mode Approximate Algorithm for De-embedding Integrated 

Synthetic Rectangular Waveguides (SRW) 
 

As mentioned above, the integrated synthetic rectangular waveguide (SRW) 

consists of the SRW and additional waveguide transitions. The effects of mode 

converters must be de-embedded to obtain the propagation characteristics of the SRW 

out of two-port scattering analyses or measurements. Herein a single-mode 

approximation as depicted in Figure 2.6 is presented. The overall measured/theoretical 

transmission matrix [T]total of the integrated SRW, including two mode converters and 

the SRW, was obtained by converting the measured/theoretical S-parameters to 

T-parameters [45]. The measurement was conducted after the SOLT 

(short-open-load-through) calibration procedures that had been performed by the 

HP8510CTM vector network analyzer. The theoretical analysis of the test device, 

however, was based on HFSSTM full-wave scattering simulation. Next, the [T]tran of 

the mode converter was obtained theoretically by HFSSTM based on the single-mode 

approximation by assuming microstrip, finline, and coplanar waveguide mode of 

propagation for TE10, TM00, and TM10, respectively. Then the [T]SRW was obtained by 

pre- and post-multiplying [T]total by the inverse of [T]tran. Finally, [S]SRW was obtained 

by simply converting the corresponding [T]SRW into the [S]SRW. 

To validate the de-embedding procedure of Fig. 2.6, conventional TE10 mode 
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rectangular waveguide with the structural and material constants shown in Fig. 2.1(a) 

and tapered microstrip mode converter shown in Fig. 2.3 were investigated. Initially, 

the two-port scattering parameters of the end-to-end integrated rectangular waveguide 

obtained by measurement and by HFSSTM simulation were compared. Figure 2.7 

shows the comparisons. Both data show excellent agreement in magnitude and phase. 

Then, the measured overall two-port scattering parameters were de-embedded to 

obtain the complex propagation constant of the conventional rectangular waveguide. 
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Fig. 2.6 Proposed de-embedding procedures for extracting guiding characteristics of 

the planar rectangular waveguide. 
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Fig. 2.7 Validity check of the proposed de-embedding method for extracting 

rectangular waveguide parameters: (a) |S21| (b) ∠S21 (c) |S11| (d) ∠S11 
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Figure 2.8 compares the extracted results with those obtained (2), showing 

excellent agreement between the two data sets. Therefore we conclude that the 

single-mode approximation assumed in the de-embedding procedure of Fig. 2.6 is a 

good approximation for de-embedding the integrated TE10 mode SRW as shown in 

Fig. 2.3. In Sections 2.3 and 2.4, the single-mode approximate de-embedding 

procedure was applied to recover the complex propagation constant of the integrated 

SRW supporting TE10, TM00, and TM10 modes. The Q-factor of the conventional 

rectangular waveguide was also investigated using the basic theory of a rectangular 

waveguide cavity [45]. The total Q-factor of the conventional rectangular waveguide 

is the inverse of the summation of 1/Qd and 1/Qc where Qd and Qc are the Q-factors of 

the rectangular waveguide with dielectric loss and conductor loss, respectively. The 

conducting walls, having high conductivity and a thickness of 17 µm, more than five 

times the skin depths above the cutoff frequency, were applied to realize a 

conventional rectangular waveguide, whose Qc is about 9650, between 12 and 20 

GHz. However, Qd, which is proportional to the inverse of the tanδ value of the 

substrate in the rectangular waveguide, is about 285.7, dominating the power 

dissipation in the rectangular waveguide. Therefore, the theoretical Q-factor of the 

conventional rectangular is about 277. However, the measured Q-factor, extracted 

from the de-embedded propagation constant of the conventional rectangular 
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waveguide, without the effects of the mode converters, is about 275 between 12 and 

20 GHz, indicating close agreement between the measured results and the theoretical 

predictions. 
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Fig. 2.8 Comparison of the extracted normalized phase constants of the conventional 

rectangular waveguide with those obtained by exact equation: (a) phase constant, (b) 

Q-factor. 
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2.3 TE10 Mode Synthetic Rectangular Waveguide (SRW) 

 

Parallel to obtaining the dispersion diagram of two-dimensional periodical 

structure made of unit cells shown in Fig. 2.1(d), the master-slave boundaries along 

the z-direction (longitudinal axis) of Fig. 2.1(c) were applied to solve the complex 

propagation constant for the SRW. Measured two-port scattering parameters of the 

integrated TE10 mode SRW shown in Fig. 2.3 were also obtained, then the 

de-embedding procedure of Fig. 2.6 was invoked. Figure 2.9 shows measured and 

theoretical two-port S-parameters of TE10 mode SRW. Both data show excellent 

agreement in magnitude and phase. 

Fig. 2.10 compares the normalized phase constants (slow-wave factors) obtained 

by two approaches, showing excellent agreement between the extracted measured 

data and theoretical results. The cutoff frequency of the TE10 mode SRW was almost 

4.10 GHz, which is 0.348 times the cutoff frequency of 11.7 GHz of the conventional 

waveguide with the same outer dimensions and material constant. The slow-wave 

factor of the TE10 mode SRW rises quickly to the theoretical limit rε  at 4.38 GHz 

from the cutoff frequency. Then the slow-wave factor ascends almost linearly to 4.35 

at approximately 5.78 GHz. Then it levels off to 4.9 at 6.85 GHz. Meanwhile, the 

de-embedded Q-factor is about 260, representing only 5.8% degradation in Q-factor 

as compared to the conventional waveguide although it operates at much higher 
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frequency. Notably, a conventional rectangular waveguide with the same cutoff 

frequency using the same dielectric material and thickness as the SRW would have, 

the lateral dimension of 19.9 mm against 7.0 mm in the SRW design. If the 

conventional rectangular waveguide has slow-wave factor of rε , approaching the 

theoretical limit, immediately produces an estimated area reduction of 6.7 (85%) (at 

5.78 GHz) using the particular SRW design. The results clearly demonstrate that the 

proposed SRW is ideal for miniaturized microwave integrated circuit (MIC) design, 

which requires a high-Q transmission line. 
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Fig. 2.9 Measured/Simulated two-port S-parameters of TE10 mode synthetic 

rectangular waveguide (SRW) parameters (a) |S21| (b) ∠S21 (c) |S11| (d) ∠S11 
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Fig. 2.10 Comparison of the extracted normalized phase constants of the TE10 mode 

SRW with those obtained by HFSSTM simulation: (a) phase constant, (b) Q-factor. 
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In obtaining the complex propagation constant of the TE10 mode SRW using 

HFSSTM simulation, only three field components in the SRW were observed. Figures 

2.11 (a), (b) and (c) plot the transverse Ey, transverse Hx, and longitudinal Hz field 

components at 6 GHz, respectively. The value Ey and Hx (Fig. 2.11 (a) and Fig. 2.11 

(b)) approximately follow the sine distribution and Hz (Fig. 2.11 (c)) the cosine 

distribution. Such observations agree well with the field distributions of an ideal TE10 

mode waveguide governed by (3), (4), and (5). Thus the results shown in Fig. 2.10 

validate the propagation of the TE10 mode in the SRW as shown in Fig. 2.3. 
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Fig. 2.11 Field distribution of the synthetic TE10 mode rectangular waveguide at 6.0 

GHz (a) 2D Ey-field (b) 2D Hx-field (c) 2D Hz-field. 
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2.4 TM00 and TM10 Mode Synthetic Rectangular Waveguides (SRW) 

 

The making of TM00 and TM10 synthetic rectangular waveguide (SRW) as 

illustrated in Figs. 2.4 and 2.5 is beyond our current capability. Thus two theoretical 

methods were applied to confirm that the TM00 mode and TM10 mode exist in the 

proposed SRW. These methods are the de-embedding procedure of Fig. 2.6, and finite 

element method (FEM) using HFSSTM. 

Figures 2.12 (a) and (b) investigate the through characteristics of the 

back-to-back connected SRW supporting TM00 and TM10 modes, respectively. The 

3dB bandwidth is between 10.83 GHz and 11.8 GHz (11.1 GHz and 12.2 GHz) for the 

integrated TM00 mode (TM10 mode) SRW as shown in Figs. 2.4 and 2.5. Both 

transmission regions mentioned above, however, fall into the stopband region of Fig. 

2.2, implying that the electromagnetic bandgap (EBG) surfaces behave like magnetic 

surfaces. Since the transmission losses are relatively high and the bandwidths are 

relatively narrow, the single-mode approximate de-embedding procedure may not be 

accurate. Nevertheless, the de-embedding method can generate an estimate of the 

SRW phase constant. 

Figure 2.13 shows the superimposed plots of the normalized phase constants 

obtained by the de-embedding procedure and HFSSTM simulation, respectively. The 
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curves with solid and hollow square symbols represent the TM00 mode solutions 

obtained by de-embedding and HFSSTM. Data below 10.4 GHz and above 12.3 GHz 

are not shown for the de-embedding case, since the de-embedding phase constant 

changed drastically. Between 10.8 GHz and 11.8 GHz, the de-embedding phase 

constant was about 6.2% lower than that obtained by HFSSTM. It is interesting to 

notice that the de-embedded phase constant is very close to the HFSSTM data between 

10.5 GHz and 10.6 GHz. 
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Fig. 2.12 Scattering analyses of the integrated SRW with various waveguide 

transitions (a) TM00 mode converter (b) TM10 mode converter. 
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Fig. 2.13 Normalized phase constants of the proposed synthetic TM00 and TM10 mode 

rectangular waveguides. 
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The slow-wave factor of TM00 mode also rises sharply from the cutoff frequency 

near 10.2 GHz and approaches but never exceeds the theoretical limit rε . After 

reaching rε  at 10.6 GHz, the slow-wave factor flattens and approaches to 14.5 GHz, 

beyond which HFSSTM fails to produce stable data. When preparing the TM00 mode 

data obtained by HFSSTM up to 14.5 GHz, the modal field distributions were plotted 

and confirmed to be governed by (8), (9), and (10) for m=0. Figure 2.14 shows the 

field distribution at 11.0 GHz. Only two field components Ex and Hy, were observed, 

and field distributions, which exist only in region between two inner EBG surfaces, 

were keep uniform along the x-axis. Also, the transverse magnetic field (Hy) shown in 

Fig. 2.14 (b) was observed to be perpendicular to the EBG surfaces, and meanwhile 

the transverse electric field (Ex) as shown in Fig. 2.14 (a) is parallel to the EBG 

surfaces. Such observations, which reveal the field distributions of pseudo-TEM mode 

in the SRW, agree with the ideal TM00 waveguide model shown in Fig. 2.1(b), 

confirming that the EBG surfaces behave like the perfect magnetic conductor (PMC). 

 

 

 

 

 

 

 

 

 



 45

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

Fig. 2.14 Field distribution of the synthetic TM00 mode SRW at 11.0 GHz (a) 2D 

Ex-field (b) 2D Hy-field. 
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The same investigation and precautions were exercised when plotting the TM10 

mode data. The curves with solid and hollow dots represent the TM10 mode solutions 

obtained by de-embedding and HFSSTM, respectively. The de-embedding phase 

constant was about 4.3% lower than that obtained by the HFSSTM data between 10.5 

GHz and 10.6 GHz. The slow-wave factor of TM10 mode approaches zero from the 

cutoff frequency near 10.4 GHz and exceeds the rε at 11.98 GHz. Then it levels off to 

2.2 at 14.5 GHz. Figure 2.15 shows FEM modal field distribution at 11.4 GHz. Only 

three field components Ex, Hy and Ez were observed. Notably, Figs 2.15 (a) and (b) 

reveal that the transverse field components Ex and Hy follow )cos( axπ distributions. In 

the longitudinal direction, only the Ez component exists, following )sin( axπ  

distribution, thus verifying the TM10 mode solution. 
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Fig. 2.15 Field distribution of the synthetic TM10 mode rectangular waveguide at 11.4 

GHz (a) 2D Ex-field (b) 2D Hy-field (c) 2D Ez-field. 

 

 

 

X 

Y 

X 

Z 

X 

Y 



 48

The extracted Q-factors of the TM00 and TM10 mode SRWs were evaluated using 

HFSSTM. A series of numerical analyses were performed with different material 

constant values, including conductivity and loss tangent, to investigate the loss of 

SRW during the TM00 mode and TM10 mode operations. The Q-factor of the SRW 

without conductor loss and dielectric loss is about 664 (673) for TM00 mode (TM10 

mode), yielding the intrinsic loss of the SRW. Additionally, Q-factors with either 

conductor loss or dielectric loss are approximately 548 and 199 for TM00 mode and 

555 and 192 for TM10 mode, respectively. The total Q-factors of TM00 mode and 

TM10 mode are approximately 187 and 188, respectively. Notably, the total Q-factors 

of the TM00 mode and TM10 mode SRW are higher than that of a microstrip line on 

the same substrate, indicating that the synthetic integrated TM00 and TM10 mode 

waveguides have useful applications in microwave integrated circuit (MIC) and 

antenna designs. 
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Table 2.1 Theoretical Q-factor of the TM00 mode SRW at 11.0 GHz. 

 

 

 

 tanδ σ Q-factor 

1 0.0 PEC 673 

2 0.0035 PEC 192 

3 0.0 5.813x107 555 

4 0.0035 5.813x107 188 

σ: conductivity, tanδ: loss tangent 
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Table 2.2 Theoretical Q-factor of the TM10 mode SRW at 11.4 GHz. 

 

 tanδ σ Q-factor 

1 0.0 PEC 673 

2 0.0035 PEC 192 

3 0.0 5.813x107 555 

4 0.0035 5.813x107 188 

σ: conductivity, tanδ: loss tangent 
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2.5 TE10 Mode Miniaturized Integrated Rectangular Waveguide Antenna 
 

The concept of synthetic rectangular waveguide (SRW) and its modal behaviors 

are reported in the previous sections. The two-dimensional (2D) photonic bandgap 

(PBG) arrays substitute both top and bottom metallic surfaces of the conventional 

rectangular waveguide. Each PBG cell is formed by two spiral coils, which are 

DC-connected by a through hole at center. When the TE10 mode propagates in the 

SRW, which supports the vertical transverse E-fields and horizontal H-fields, the 

modal fields are perturbed by the PBG arrays at the top and bottom surfaces of the 

SRW. Such perturbation results in the slow-wave effects, and consequently the SRW 

has much higher normalized phase constant and lower cutoff frequency than those of 

the conventional rectangular waveguide surrounded by the all-metallic walls [46], 

achieving miniaturizations. Figure 2.16 shows the proposed integrated rectangular 

waveguide antenna. The 2D PBG array is made on a two-sided printed FR4 circuit 

board of thickness (h1,h3) 0.2 mm and relative permittivity (εr1,εr3) 4.1 to form the top 

and bottom surfaces of the SRW. The size of the PBG cell is 1.75 mm by 1.75 mm. 

Another FR4 dielectric substrate, forming a prepreg layer (εr2=4.1, h2=0.5 mm), is 

sandwiched between the top and bottom PBG surfaces. The vertical walls of the SRW, 

as shown in part (b) of Fig. 2.16, are made by plated-through technology followed by 

thick copper plating of 35 µm to complete the SRW design.  
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The three-dimensional, finite element-based high-frequency structure simulator 

(HFSSTM) is employed to analyze the dispersion characteristics of the SRW. In the 

numerical investigation, the PBG array comprises six unit cells in the transverse 

direction of the SRW. Similar PBG cell had been reported and used in designing the 

dual-band leaky-mode antenna and compact bandpass filter [47-48], indicating that 

the present PBG design shown in Fig. 2.1 (a) has stopband characteristics similar to 

those of 2D array of infinite number of cells. Fig. 2.17 shows the full-wave simulation 

result of the SRW based on TE10 mode. The cutoff frequency is almost 4.5 GHz, and 

the normalized slow-wave factor is about 2.5 at 6.76 GHz. 
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Fig. 2.16 Miniaturized synthetic rectangular waveguide (SRW) antenna (a) top-view. 

(b) side-view. (c) front-view. 
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Fig. 2.17 Normalized phase constant of the proposed TE10 mode synthetic rectangular 

waveguide (SRW). 

 

 

4 4.5 5 5.5 6 6.5 7

Frequency (GHz)

0

0.5

1

1.5

2

2.5

3

β
/k

0

rε  



 55

Additionally, the Table 2.3 lists the dimensions of various conventional 

all-metallic rectangular waveguide with different cutoff frequencies. The structural 

parameters are calculated using (2) based on the TE10 mode operation and the 

dielectric material with the permittivity as same as those filled in the proposed 

integrated rectangular waveguide antenna. A conventional metallic rectangular 

waveguide with cut-off frequency of 4.5 GHz is 16.45 mm wide and 8.225 mm height 

in the cross-section, against the 10.5 mm wide and 0.9 mm height of the proposed 

synthetic rectangular waveguide (SRW). On the other words, the proposed SRW can 

achieve least 60% size reduction for the rectangular waveguide design in 

two-dimensional directions. 

On the other hand, the waveguide components need external waveguide 

transitions for connecting with other planar circuits or instruments. In present 

waveguide design, as shown in Fig. 2.16(a), the tapered microstrip, which can be 

integrated with SRW in the same polymer substrate, is adopted for the mode converter, 

transforming the microstrip-mode to the TE10 mode supported by the SRW [49-50]. 
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Table 2.3 All-metallic rectangular waveguide with different cutoff frequencies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cutoff Frequency a (mm) b (mm) 
1.0 GHz 74.083 37.04 
4.0 GHz 18.506 9.253 
4.5 GHz 16.450 8.225 
5.0 GHz 14.805 7.402 
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2.5.1 Radiation Characteristics of Miniaturized Synthetic Rectangular 
Waveguide  (SRW) Antenna 

 

The conventional all-metallic rectangular waveguide with slots in the waveguide 

walls, forming the so-called leaky-wave or slotted antenna, had been widely applied 

in phase array or detective radar applications. The slots on the top metal wall of the 

rectangular waveguide can leak energy naturally. A. A. Oliner showed that the 

radiation characteristics associated with the slotted leaky-wave rectangular waveguide 

antenna are functions of physical parameters, which included length (L4), width (W3), 

spacing (D1, D2), orientations, and number of slots on the waveguide [51]. 

Consequently the slotted synthetic rectangular waveguide (SRW), differing from the 

planar antenna operated at fundamental or higher orders, provides more degrees of 

freedom for designing high-performance antenna. 

Fig. 2.18 shows the photograph of the miniaturized SRW antenna. The antenna 

size is 71.0 mm by 10.5 mm (W2), containing 39 X 6 photonic bandgap (PBG) cells. 

The length of the integrated mode converter is 12.0 mm (L1= 3.0 mm, L2= 9.0 mm) 

and the width is 1.0 mm (W1). The 4 slots are in the top wall of the SRW. The size of 

each slot is 7.0 mm (L4) by 0.4 mm (W3). The distances between each slot are 3.0 mm 

(D1) and 5.0 mm (D2), respectively. The shorting plane is added at 11.0 mm (L3) 

distances from the slot as the termination for the SRW antenna. The input reflection 

coefficient of the waveguide antenna was measured by the HP8510CTM vector 
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network analyzer (VNA) using the one-port SOL (short-open-load) calibration 

procedure. 

During the measurements, the commercial microwave-grade 3.5-mm SMA 

connector facilitated the coaxial-to-microstrip interface for connecting the vector 

network analyzer (VNA) and the antenna under test. Fig. 2.19 shows the measured 

results of the synthetic rectangular waveguide (SRW) antenna including connector 

and transitions effects based on 50Ω systems. Between 4.78 GHz and 5.65 GHz, the 

reflection coefficient is kept below 10dB, revealing that the wave propagate into the 

antenna with low reflections. Fig. 2.20 shows the far-field radiation patterns of the 

proposed synthetic rectangular waveguide antenna at 5.25 GHz. 
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Fig. 2.18 Photograph of the miniaturized synthetic rectangular waveguide (SRW) 

antenna. (a) top-view. (b) bottom-view. 
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Fig. 2.19 The measured result of the input reflection coefficient for the miniaturized 

synthetic rectangular waveguide (SRW) antenna. 
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Before commencing the measurements for the radiation patterns of the SRW 

antenna, the test system was calibrated by two identical standard gain horns. Part (a) 

and part (b) of Fig. 2.20 show the co-polarization and cross-polarization of the 

proposed SRW antenna, respectively. The test system defines that the elevation angle 

is zero degree measured from the board-side of the antenna under test. The main lobe 

of the antenna appeared at 9.5o from the broadside with gain of 4.28dBi, and 3dB 

beamwidth is 130o at φ-direction (-65o − 65o). The gain-difference between the 

co-polarization and cross-polarization is more than 20dB, showing the polarization of 

the SRW antenna is linear. It should be noticed that the radiation pattern of the 

proposed miniaturized SRW antenna is near omnidirectional, showing the potential 

for designing roof-mount wireless communication devices. 
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Fig. 2.20 Far-field radiation patterns of the proposed synthetic rectangular waveguide 

antenna at 5.25GHz: (a) E-plane, (b) H-plane, (c) cross-polarization. 
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CHAPTER 3  

Multi-layer Synthetic Quasi-TEM 

Transmission Line 

Chapter 3 presents the second kind of synthetic waveguide, named multi-layered 

complementary conducting strips (CCS) transmission line (TL). In the multi-layered 

CCS TL, two CCS signal layers are realized in a stack substrate system and signal 

layers are separated by a meshed ground plane. The guiding characteristics of the 

multi-layered CCS TLs, and the coupling effect between different signal layers are 

reported in Section 3.1. Furthermore, the proposed multi-layered CCS TLs is applied 

to design a transmission-line (TL)-based bandpass filter (BPF). Section 3.2 briefly 

reviews the design procedures of the transmission-line based bandpass filter, and 

Section 3.3 presents a way to map such an idealized BPF reported in Section 3.2 to 

the prototype made of the multi-layered synthetic CCS TLs introduced in Section 3.1. 

Excellent agreement between the experimental and theoretical filter frequency 

responses, shows a 2.46 dB insertion loss, a -16.8 dB return loss with less than 5% 

offset of low-side transmission zeros, and a 2% offset of center frequency. Finally, 

Section 3.4 presents a quick estimate of the proposed miniaturized filter design based 

on multi-layered CCS TL shows that the particular filter prototype approaches to the 

process limit. 
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3.1 Multi-layered Complementary Conducting Strip Transmission Line (CCS TL) 

 

Recently, a new artificially engineered synthetic transmission line – the so-called 

complementary conducting strip transmission line (CCS TL) – was reported to be an 

effective means of miniaturizing microwave circuits [52]. The CCS TL has the 

following characteristics. It firstly provides wide design choices for making 

characteristic impedance of the transmission line, without changing the process 

parameters and material constants. Second, the meandered CCS TL exhibits less 

bending and adjacent coupling effects, as indicated by the slower change in 

characteristic impedance against the width variation in the TL than the conventional 

meandered microstrip used in the same fashion (See Fig. 5 in [52]). Therefore, a 

compact microwave circuit can be established using the meandered CCS TL, finally 

achieving miniaturization. 

The CCS TL is made from a unit cell, which has dimensions that are much 

smaller than the operating wavelength. As shown in Fig. 3.1, a unit cell contains a 

mesh ground plane and a central patch with at least two series arms for cells in series 

(Fig. 3.1 (a)) and bent (Fig. 3.1 (b)) connection to the adjacent cells. The etched 

portion of the meshed ground plane complements to the central patch of the signal 

layer, forming a CCS TL.  
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Additionally, Fig. 3.2 shows a new multi-layer complementary conducting strips 

(CCS) transmission line (TL) configuration made of the meandered CCS TL realized 

by two metal-layers (Fig. 3.2 (a)), whose guiding characteristics have been well 

documented [52], and will not be repeated here.  
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Fig. 3.1 Unit cells of complementary conducting strip transmission line (CCS TL): (a) 

For series connection. (b) For bent connection. 

 

P W S Wh 

P W S Wh 



 67

 

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

 

 

(b) 

 

Fig. 3.2 Synthetic complementary conducting strip transmission line (CCS TL): (a) 

Meandered CCS TL. (b) Sandwiched meandered CCS TL. 
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On the other hand, the sandwiched CCS TL, which is realized by two meshed 

ground planes on the top and bottom surfaces (Fig. 3.2 (b)), is first time reported. All 

the meshed ground planes are connected by plated through-vias. The procedure for 

designing sandwiched CCS TL is similar to the meandered CCS TL reported in [52]. 

By applying various structural parameters, including period of CCS unit cell (P), the 

width of the central path (W), the width of the connecting arm (S), and the etch area 

of the mesh ground plane (Wh X Wh), the sandwiched CCS TL also provides wide 

design choices for making characteristic impedance of the transmission line, without 

changing the process parameters and material constants. Fig. 3.3 shows experimental 

results for comparing the guiding characteristics between the sandwiched CCS TL and 

conventional stripline in the identical laminated substrates. Clearly, the sandwiched 

CCS TL can provide wider impedance range than conventional meander CCS TL 

based on the same width of the signal line. Further more, the variation of propagation 

constant of the meandered CCS TL by changing the width of the signal is relatively 

smaller than that of the conventional meandered stripline. Notably, the slow-wave 

factor of the sandwiched CCS TL in the meander form is 2.188, exceeding the 

physical limit of the conventional stripline about 8%, revealing the potential of CCS 

TL for miniaturizing the planar circuits. 
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Fig. 3.3 The guiding characteristics of the sandwiched CCS TL and the conventional 

stripline: (a) real part of characteristic impedances, (b) normalized phase constants. 
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Notably, a four-layer substrate configuration was adopted throughout this chapter. 

In such a configuration, Figs. 3.2 (a) and 3.2 (b) share a common meshed ground 

plane M2. Based on this integration scheme, the CCS TLs in different layers can be 

independently controlled for various circuit designs. However, attention must be paid 

to the isolation of the stacked CCS TLs in different layers. The perfect solid ground 

plane provides the highest shielding capability of any mesh ground plane. An 

investigation on the shielding capability of two isolated circuits using meandered CCS 

TLs in different layers follows. 

Two filters with independent functions are designed using CCS TLs and 

integrated in the same four-layer substrate configuration. The first is the lowpass filter 

(LPF), which occupies M1 and M2 layers (Fig. 3.2 (a)). The second is the bandpass 

filter (BPF), which utilizes the M2, M3 and M4 layers (Fig. 3.2 (b)). These 

symmetrical filters are designed following the similar procedure to be reported in the 

next section. In Fig. 3.2, every substrate has an equal thickness of 0.06 mm 

(SUB1-through-SUB3). The area of overlapping of the two filters is approximately 95 

% of the total area. Figures 3.4 (a) and (b) show the intrinsic frequency responses of 

two stand-alone filters based on the measured and simulated results.  
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Fig. 3.4 Multi-function module incorporating four-layer meandered CCS TLs. (a) 

Frequency responses of 2.4 GHz LPF in M1 and M2 metal-layers. (b) Frequency 

responses of 2.4 GHz BPF in M2, M3 and M4 metal-layers. (c) Measured 

transmission coefficient between LPF and BPF in four-layer CCS TLs configuration. 
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In the experiments, one filter is measured using the two-port vector network 

analyzer (VNA) and the other is terminated by two chip 50Ω resistors. The full-wave 

simulations using ZelandTM IE3D follows the same procedure. The cutoff frequency 

of the LPF is 2.75 GHz, and the out-band rejection is below 30 dB from 4.25 GHz to 

4.7 GHz. The insertion-loss is approximately 0.92 dB, a little higher than the 

simulated value of 0.45 dB. The return-loss is below –10 dB from 2.38 GHz to 2.51 

GHz. On the other hand, in Fig. 3.4 (b) the center frequency of the BPF is 2.51 GHz, 

and the return-loss is below –11.5 dB from 2.11 GHz to 2.91 GHz. The measured 

insertion-loss is about 1.48 dB, which is 0.39 dB higher than the simulated value. 

Good agreement between the measurements and simulations for the two filters, show 

that the structural parameters and material constants are very close to the design 

values, as will be reported in the next section. Additionally, the transmission between 

port 3 and either port 1 or 2 is measured to evaluate the cross coupling between LPF 

and BPF. Figure 3.4 (c) shows the measured transmission coefficient across two filters. 

Based on the measured results presented in Figs. 3.4 (a) and (b), the BPF passes the 

energy above 2.11 GHz with low reflection and the LPF rejects signals above 2.75 

GHz. The electromagnetic energy can be distributed in a four-layer configuration 

between 2.11 GHz and 2.75 GHz. Figure 3.4 (c) plots the measurements for the 

adjacent-port coupling (|S32|) and cross-port coupling (|S31|). The filter is symmetrical, 
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so only port 3 is applied when port 4 is terminated. Although Fig. 3.4 (c) reveals the 

relatively high electromagnetic energy transmission between the two filters in 

different layers from 2.11 GHz to 2.75 GHz, the adjacent-coupling is maintained 

below -23 dB and the cross coupling is below -29 dB. Therefore, Fig. 3.4 (c) verifies 

that passive circuits in different layers of the stacked meandered CCS TLs can be well 

isolated from each other. In the case study, an isolation of more than 23 dB is 

achieved. 

 

3.2 Experimental Filter Design Procedure 

 

3.2.1 Transmission Line Filter: General Description 

 

The filter in Fig. 3.5 (a), which uses open-circuited λg/2 stubs spaced λg/4 apart, 

is the origin of the transmission line filters presented herein (Sec. 10.04 of [53]). λg is 

the guiding wavelength of the center frequency f0 in the passband. The computed 

response of a 13% bandwidth bandpass filter (BPF) with equal-ripple of 0.05dB is 

plotted in Fig. 3.5 (b). The filter is simulated by the ideal transmission line models 

without junction effects, and the numerical results are calculated based on the 

two-port 50 Ω system. In the sense, all the shunt stubs with the same characteristic 

impedance act the short circuit, forming the transmission zeros at the frequencies of 

Nf0/2 where the N is the odd integers. Therefore, the passband can be constructed at 
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the frequencies of the Nf0 periodically. 

More generally, the un-limited transmission zeros may be put in the desired 

frequency points through adding the shunt quarter-wavelength stubs in the BPF. The 

filter in Fig. 3.6 (a) demonstrates this concept. Eight shunt stubs with electric lengths 

of λg/4 in the 1.78, 1.88, 3.19 and 3.95 GHz are added. The shunt stubs at each 

cross-junction are identical, and both act the inductive or capacitive load in the 

passband. Each series transmission line, connecting two pairs of open stubs, forms the 

parallel resonator, and the coupling coefficient between two adjacent resonators 

depends on the slop parameters of two resonators. On the other words, 2N open stubs 

construct N-1 order BPF with N pre-selective transmission zeros simultaneously. The 

filter shown in Fig. 3.6 (a) was designed following the same passband characteristics 

and numerical results are plotted in the Fig. 3.6 (b) based on the 50Ω system. 

Although the impedance range shown in Fig. 3.6 is too wide to be realized using 

typical planar transmission line, the frequency responses shown in Fig. 3.6 (b) reveal 

wideband rejection, keeping -35 dB below from 3 GHz to 5.5 GHz. 
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Fig. 3.5 Transmission-line TL bandpass filter (BPF) with identical shunt stubs: (a) 

equivalent circuit model, (b) simulated frequency responses. 
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Z7=138.35Ω, θ7=90o @ 1.88 GHz   
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 (b) 

Fig. 3.6 Transmission-line TL bandpass filter (BPF) with un-symmetrical shunt stubs: 

(a) equivalent circuit model, (b) simulated frequency responses. 
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Recently, Quendo et al. reported that a transmission-line bandpass filter (BPF), 

incorporating the so-called dual behavior resonator (DBR), could achieve a Nth-order 

BPF with 2N pre-selective transmission zeros using 2N open and/or short stubs 

[54-56]. One DBR, which contains two open/short stubs of different lengths and 

characteristic impedances, independently controls two transmission zeros. Such filters 

design and architecture have been well documented [54-56]. The similar filter 

architecture is applied to demonstrate the filter miniaturization incorporating 

meandered stacked CCS TLs. However, proposes a larger Nth-order TL BPF with 

only 2(N-1) pre-selective transmission zeros using 2N open stubs, by adding an 

additional pair of shunt stubs and a TL connected in series to achieve a symmetrical 

BPF design with a direct interface to external 50Ω loads. Following the procedures 

reported in the next section, Fig. 3.7 presents a practical example of a third-order BPF 

with detailed design parameters. The circuit is also simulated using the ideal 

transmission line model, neglecting junction effects. Figure 3.7 (b) plots the 

corresponding frequency responses based on 50Ω reference impedance. Four 

transmission zeros are set at 1.78, 1.88, 3.19 and 3.95 GHz, forming a passband with a 

center frequency (f0) at 2.5 GHz. Therefore, the out-band rejection can be below 35dB 

from 3.1 GHz to 4.15 GHz. The return-loss is below -19.429 dB from 2.329 GHz to 

2.671 GHz, achieving a passband with an equal ripple of 0.05 dB. Notably, the BPF 
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shown in Fig. 3.7 is symmetrical and directly matches the 50Ω system without further 

impedance transformation. 
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Z1=41.03Ω, θ1=90o @ 3.95 GHz  Z2=60.88Ω, θ2=90o @ 1.88 GHz 

Z3=48.67Ω, θ3=64.428o @ 2.5 GHz Z4=56.85Ω, θ4=90o @ 3.19 GHz 

Z5=40.34Ω, θ5=90o @ 1.78 GHz 
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 (b) 

Fig. 3.7 Transmission-line TL bandpass filter (BPF) with symmetrical shunt stubs: (a) 

equivalent circuit model, (b) simulated frequency responses. 
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3.2.2 Design Procedure of Transmission Line Bandpass Filter 

The TL BPF design begins with the design of parallel resonators. Figure 3.8 

shows the equivalent circuit of the parallel resonator in both lumped (Fig. 3.8 (a)) and 

distributed (Fig. 3.8 (b)) forms. Zc and ZL represent the characteristic impedances of 

the two transmission lines. Fc and FL are the quarter-wavelength frequencies of the 

transmission lines. Assuming that the transmission lines are lossless, the input 

susceptance of the resonator is given by the following equation. 

)]tan()tan([ LLccres YYjB θθ +=                (1) 

Variables θc and θL are the electric lengths of the two transmission lines at the center 

frequency (f0) of the BPF. Yc and YL represent the inverse of the characteristic 

impedances of the two TLs. If FL is defined below the f0 , then Fc must be above f0. 

The susceptances of the open stub that is one quarter wavelength frequency below 

(above) f0 is negative (positive) near f0 , as shown in Fig. 3.9. The sum of the two 

curves indicates a parallel resonance at f0. Therefore, Zc, ZL, Fc and FL can be chosen 

to make the input susceptances of the parallel resonator zero at the f0 of the BPF. 
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Fig. 3.8 Parallel resonators: (a) Lumped realization (b) Distributed realization. 
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Fig. 3.9 Characteristics of input susceptance of transmission-line parallel resonator. 
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Next, the conventional lowpass filter synthesis procedures are invoked for the 

transmission line (TL) bandpass filter (BPF) design for an Nth-order lowpass filter 

prototype with a specified passband ripple, as shown in Fig. 3.10 (a) [57]. Figure 3.10 

(b) transforms the series inductor (g2) into a T-network of two J-inverters and one 

shunt capacitor after some algebraic manipulation and conversion [53]. The passband 

bandwidth and the reference impedance at the input and output ports of the filter are 

specified during the filter design; then, the lowpass-to-bandpass transformation of Fig. 

3.10 (b) leads directly to Fig. 3.10 (c), consisting of the N shunt L-C resonators with 

N-1 series J inverters [53]. Finally, the TL elements are applied to realize the parallel 

resonator and J inverters, forming a transmission-line BPF [57]. Notably, Zci, ZLi, Fci 

and FLi shown in Fig. 3.10 (d) are the same as those defined in Fig. 3.8 (b). 
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Fig. 3.10 Brief description of the transmission-line bandpass filter design: (a) 

Lowpass prototype, (b) Conversion of series inductors to shunt capacitors, (c) 

Lowpass to bandpass transformation, (d) transmission lines approximations of parallel 

resonators and J inverters. 
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3.3 Miniaturized Transmission-Line Bandpass Filter: Layout and Measurements 

This section presents the practical implementation of miniaturized banspass filter 

(BPF) by mapping the idealized BPF shown in Fig. 3.7 to the four-layer stacked CCS 

TL filter configuration, as presented in Fig. 3.2. Figure 3.11 shows the 

three-dimensional view of the miniaturized (BPF), incorporating a multi-layer 

complementary conducting strip transmission line (CCS TL). The CCS TL is realized 

by a unit cell with a period of 0.35 mm (P=0.35 mm), and realized in a multi-layer 

print circuit board (PCB). The permittivity and thickness of each substrate are 4.7 and 

0.06 mm with a loss tangent of 0.013. All metal layers are copper with a thickness of 

0.0175 mm. The guiding characteristics of CCS TLs, including the propagation 

constants and the characteristic impedances, are extracted from the theoretical 

S-parameters, which are calculated by the full-wave EM-simulator [52]. The extracted 

data are applied to define the width and the meandered shapes of the CCS TLs in 

different layers. As shown in Fig. 3.11, five TLs, including two series TLs with an 

electrical length of 64.428o at 2.5 GHz, two 90o shunt stubs at 1.88 GHz, and one 90o 

shunt stub at 3.19 GHz are in M1 and M2 metal layers. Additionally, two 90o TLs at 

3.95 GHz and one 90o TL at 1.78 GHz are realized using sandwiched CCS TLs in M2, 

M3 and M4 metal layers. The minimum and maximum linewidths are 0.11 mm and 

0.18 mm, respectively. The reference ground planes (M2 and M4) of the four-layer 
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configuration are connected by plated-holes filled with copper for proper grounding. 

Two external terminals of the BPF are located on the M1 layer, facilitating the 

interface to the probe tips. 
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Fig. 3.11 Three-dimensional view of transmission-line bandpass filter realized by 

multi-layer complementary conducting strip (CCS) transmission line (TL). 

 

SUB1

SUB2

SUB3M4 

M3 

M2 

M1 

Port1

Port2

Plated-hole 

Plated-hole 



 88

The device under test (DUT) is very thin and small, so measurements cannot be 

easily made using coaxial connectors or cables. Therefore, two 50Ω G-S-G 

CPW-based microwave probes from PicoproteTM are applied to make the 

measurements. The chuck, which is a metal plate for supporting the DUT, is grounded 

to the instruments. Therefore, a piece of paper with a thickness of 0.05 mm is inserted 

between the DUT and the chuck for proper isolation. Figure 3.12 shows the 

experimental setups for measuring the multi-layer miniaturized bandpass filter. Before 

the measurements are made, the whole system, including an AgilentTM 8510C vector 

network analyzer (VNA), cables and probes, is calibrated by performing two-port 

SOLT (Short-Open-Load-Through) procedures with CS-11 standard substrates from 

PicoprobeTM. Figure 3.13 compares the measured and theoretical results. The 

theoretical data include the effects of the junctions, the grounding vias and the plated 

through-holes, as well as the finite conductivity and dielectric losses. 
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Fig. 3.12 Experimental setups for measuring miniaturized BPF. 
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Fig. 3.13 Measured results of miniaturized bandpass filter. 
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The measured data shows four transmission zeros at 1.85 GHz, 1.98 GHz, 3.19 

GHz and 3.95 GHz. Notably, the low-side transmission zeros are shifted by 

approximately 5% (70 MHz) from ideal data in Fig. 3.7 (b). The center frequency of 

the BPF is slightly shifted from 2.5 GHz to 2.55 GHz, by approximately about 2%. 

However, Fig. 3.13 shows that the out-band rejection is highly consistent with the 

theoretical values predicted by simulation, remaining below 35dB from 3.1 GHz to 

4.15 GHz. On the other hand, the measured return-loss, is below -16.8 dB from 2.38 

GHz to 2.78 GHz in the passband, exceeds the simulated value by 3.05 dB. Notably, 

the three reflection zeros are present at approximately 2.42 GHz, 2.58 GHz and 2.74 

GHz, offset by only 1% against the idealized design of Fig. 3.7. The measured 

insertion-loss is approximately 2.46 dB from 2.38 GHz to 2.78 GHz - approximately 

0.4 dB above the simulated value. Figure 3.14 shows the photograph of the prototype, 

whose dimensions are 5.0 X 5.0 X 0.18 mm. 
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Fig. 3.14 Photograph of 2.4 GHz miniaturized bandpass filter on one Euro (€1). 
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3.4 Discussion 

The miniaturized filter is implemented solely using the stacked complementary 

conducting strip transmission lines (CCS TLs) so the total volume of the filter can be 

expressed by the following equation: 

h
N

PLt ⋅−⋅⋅= )12(Vtotal                  (2) 

Lt is the total length of the all of the transmission lines in the filter design. P is the 

period of the unit cell of the CCS TL. N is the number of signal layers in the 

multi-layer system configuration, and h is the thickness of single-layer substrate. 

Therefore, the number of substrates is 2N-1. Nz is the number of transmission zeros 

with a minimum value of two. In the first-order approximation, Lt is inversely 

proportional to the square root of the relative dielectric constant ( rε ). With reference 

to Fig. 3.7, the total volume of the three-order 2.4 GHz BPF (with four transmission 

zeros) can be estimated using (2). Table 3.1 presents the results and lists the relevant 

parameters in detail, showing good agreement between hand calculations and 

prototype dimensions.  
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Table 3.1 Variables for Volume Estimation of Proposed Bandpass Filter 

 

 

 

Variable Value 
f0 2.5 GHz 
Nz 4 (1.78 GHz, 1.88 GHz, 3.19 GHz, 3.95 GHz) 
N 2 
h 0.06 mm 
εr 4.7 
P 0.35 mm 
Lt 115.1 mm 
Vestimate 3.63 mm3 
Vprototype 4.5 mm3 
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The parameters in Table 3.1 show that P, h, εr and N, are process-related. These 

parameters are typical in the present PCB technology. On the other hand, Lt and Nz are 

related to electric specifications of the proposed miniaturization that incorporates the 

meandered CCS TL to reduce systematically the volume of BPF, which approaches 

the limits of state-of-art technology. The estimated Vtotal is 19% less than that of the 

prototype, so the approach based on the proposed stacked meandered CCS TL can 

effectively miniaturize microwave passive circuits, such as the BPF presented here. 

On the other hand, the proposed stacked multi-layer complementary conducting 

strip transmission line (CCS TL) focuses on the miniaturization of the filter to the 

highest degree of integration density. What follows is the survey of the filters, which 

include the state-of-the-art discrete filters reported recently in the market [58-62, 

64-65, 67-68, 71-72], technical literature [63, 66, 69-70, 73-91], and the filters in 

advanced SIP [92-97]. 

Closely examining the statistics shown in Fig. 3.15, supports the following 

summary. First, the volumes required to realize BPF with three reflection zeros 

(NRZ=3) are about one half of those of BPF with two reflection zeros. Second, these 

commercially available LTCC (low temperature co-fire ceramic)-based filters contain 

approximately ten layers or more, and so are approximately 0.8 mm thick in most 

designs. Third, transmission-line-based microwave filters [73-76] are normally large 
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with volumes of over 14 mm3, independent of the number of reflection zeros in the 

passband. Figure 3.15 also presents the sizes of the proposed filter integration method 

with various numbers of dielectric layers adopted for BPF designs for two and three 

reflection zeros, respectively. 
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Fig. 3.15 A Survey of 2.4 GHz ISM band bandpass filter in size (volume) and 

thickness. 
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With reference to Fig. 3.15, the size of the proposed prototype also approaches 

that of state-of-art technology – approximately 4.5 mm3. In the circumstance, when a 

designer requires that the area is smaller than that achieved using the presented 

four-layer prototype, N may be increased from two to four. By doing so, the area will 

be changed from 5 mm X 5 mm to 1.83 mm X 1.83 mm. The thickness will increase 

be from 0.18 mm to 1.26 mm, and the volume will change from 4.5 mm3 to 4.23 mm3. 

(2) also clearly shows that when P and h are reduced, the total volume is scaled down 

to an extent proportional to the product of P and h. Also, P stands for the periodicity 

of the unit cell and is the limit on the line pitch, which is the center-to-center distance 

between the parallel lines associated with particular processes. 
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CHAPTER 4  
EBG Enhanced PCB / Monolithic Spiral Inductors 

 

In this chapter, the microstrip line on the electromagnetic bandgap (EBG) ground 

plane is introduced for the third kind of synthetic waveguide. Similar to the uniplanar 

compact photonic bandgap (UC-PBG) reported by Itoh et al. in 1997, the proposed 

EBG ground plane changes the guiding characteristics of the microstrip, increasing 

the slow-wave factor (SWF) for the operation frequency below the first stopband 

[98-99]. Furthermore, this chapter applies those synthesized guiding characteristics 

presented in Section 4.1 to develop a new planar inductor configuration, so-called 

EBG enhanced spiral inductors. The EBG enhanced inductor consists of a 

two-dimensional EBG periodical array beneath the conventional spiral inductor. 

Section 4.2 illustrates the physical models of the planar spiral inductor and guiding 

characteristics of the spiral on EBG ground plane to reconcile the merits offered by 

the EBG inductor, which results in higher characteristic impedance (Zc), higher 

slow-wave factor (SWF), and less attenuation constant (α) of spiral inductor on the 

EBG ground plane. The experimental verifications have been carried out by 

employing modern multi-layered printed-circuit-board (PCB) and standard 0.25um 

1P5M CMOS technologies without additional processing requirements. Section 4.3 

reports the measured results confirm that the Zc, SWF and α of the EBG inductor can 
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be improved simultaneously. Consequently, the main factors of the spiral inductor 

including the inductance, series resistance, shunt RC parasitic, and Q-factor are 

improved using proposed inductor configuration. 

 

4.1 Guiding Characteristics of the Microstrip line on the EBG Ground Plane 

 

Electromagnetic Bandgap (EBG) structures are generally the electromagnetic 

devices made of metal strips, which often conduct DC currents [34, 100-102]. 

However, such devices can not conduct AC currents within a stopband. Such a 

structure is occasionally called the “high impedance surface” or a “magnetic 

conductor”. In contrast to plain conductors, the high impedance surface does not 

support the propagation of surface waves, and it reflects electromagnetic waves 

without phase reversal within a stopband. To investigate the effects of EBG ground 

plane on the microstrip line, the experiment is conducted using multi-layer 

print-circuit-board (PCB) technology to extract the propagation characteristics of a 

uniform microstrip on EBG ground plane. 

Figure 4.1 shows the multi-layer architecture. The microstrip, as shown in Fig 

4.1(a), is 5.0 mm long (L) and 1 mm wide (W1). The EBG ground plane consists of 

two-dimensional periodical structures that are similar to those reported in the chapter 

2. The top coil at z=h2 is comprised of a 0.2mm wide (S1) rectangular loop with a 
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perimeter of 5.4 mm. Similarly, a 0.2 mm wide bottom coil has a perimeter of 6.2 mm. 

Notably both the top and the bottom coils are connected to center via by short metal 

strips of 0.2 mm (C1) by 0.2mm (C2). The diameter of all the via-through holes is 

0.25mm (d). 
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Fig. 4.1 The microstrip line on the EBG ground plane: (a) three-dimensional view, (b) 

multi-layer EBG ground plane, (c) cross-section view of the multi-layer configuration. 
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The microstrip line and the PBG cells are made on printed RO4003TM circuit 

boards of thickness (h1=h3) 0.2mm, a relative permittivity (εr1=εr2=3.38), and a loss 

tangent (tanδ1=tanδ2) of 0.002. The prepreg with thickness of 0.05 mm (h1), relative 

permittivity (εr2) of 4.4, and a loss tangent (tanδ2) of 0.01 is sandwiched between the 

microstrip and EBG ground plane. The thickness of the metal through the Fig. 4.1 is 

17um with conductivity of 5.8x107 S/m. During the measurements, two microstrip 

lines, which are identical except in ground planes, were built and test. Notably, the 

effective substrate thickness of the microstrip line on the PBG ground plane, 

(h1+h2=0.25mm), is thinner than the microstrip line on the uniform ground plane, 

(h1+h2+h3=0.45 mm). The total circuit size is 5.0 mm (Gx) by 5.0 mm (Gy), 

corresponding to 3 by 3 EBG cells. 

The scattering parameters of the microstrip lines are measured using the 

WILTRONTM 3680K test fixture and HP8510C Vector Network Analyzer after 

two-port standard calibration procedure so-called short-open-load-through (SOLT). 

Then, the complex propagation constant (γ) and the characteristic impedance (Zc) of 

the microstrip line extracted from the measured scattering parameters (Sij) [52]. 

Figure 4.2 (a) plots the extracted complex propagation constant. The normalized 

phase constant, β/k0, which is also called the slow-wave factor (SWF), corresponds to 

the left-hand side of the vertical axis, and the attenuation constant, α, corresponds to 
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the right-hand side and of the vertical axis. The SWF of the microstrip on the uniform 

ground plane is 1.7 in the entire frequency band of interest, whereas the microstrip on 

the EBG ground plane increases the SWF by 17.6% to 2.0. The propagation loss, α, of 

the microstrip line on the uniform ground plane slightly exceeds that of the microstrip 

on the EBG ground plane. In this work, the effective substrate thickness of the 

microstrip on EBG ground plane is reduced by 44% smaller than that of the microstrip 

on the uniform ground plane. Therefore, the characteristic impedance (Zc) of the 

microstrip line on the EBG ground plane is decreased by 14%, as shown in Fig. 4.2 

(b). In the following section, the same PCB fabrication process and the EBG magnetic 

surface as shown in Fig. 4.1 are applied to the design of EBG-inductor. 
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Fig. 4.2 Characteristics of the microstrip line on the uniform ground plane and EBG 

ground plane: (a) complex propagation constant, (b) characteristic impedance. 
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4.2 Equivalent Model for the Rectangular Spiral Inductor 

 

The lumped inductor is an extensively used passive device in microwave radio 

frequency (RF) circuit designs. The properties of inductors also dominate the RF 

circuit’s performance. For example, Leeson-Cutler’s phase noise model indicates that 

a higher inductor Q improves the phase noise performance of the oscillator. The above 

considerations signify the importance of importance of inductors in most RF circuit, 

and further derive the modeling effort to inductors. From a physical perspective, 

equivalent circuit models have been developed to characterize inductors [103-105]. 

Figure 4.3 shows a well-known lumped circuit model of the spiral inductors.  

In the lumped model, Ls represents the inductance of the spiral, which is 

proportional to both the total length and the characteristic impedance of the spiral. Rs 

is the series resistance of the spiral whose behavior at radio frequency (RF) is 

governed mainly by the eddy current losses and the skin effect [106-107]. The series 

capacitance, Cs, which is the capacitance due to the overlap between the spiral and the 

underpass, is considered independent of frequency. The shunt parasitic of the inductor 

model include the substrate capacitance and the substrate, named by Cp and Rp, 

respectively. Cp represents the capacitance between the spiral and the conducting 

media. Rp represents energy dissipation in the supporting dielectric and conducting 

media around the spiral. The qualify factor (Q-factor) of the spiral inductor can be 
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defined by  

cycle noscillatio one in lossEnergy 
sinductance  thein storedEnergy 2 ⋅= πQ           (1) 

Based on the equivalent circuit model showed in Fig. 4.3, the Q-factor can be 

expressed by [103]. 
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Fig. 4.3 The equivalent models for the rectangular spiral inductor: (a) lumped model, 

(b) transmission line model. 
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Factors that contribute to the Q-factor of the spiral inductor are 1) the energy 

stored in the inductance and the ohmic loss of series resistance; 2) the substrate loss 

factor, and 3) the self-resonance factor. Moreover, the elements in the lump circuit 

model can also be represented by equivalent transmission line parameters [104-107]. 

Where Zc, γ, and l  represent the characteristic impedance, propagation constant, and 

overall length of the spiral, respectively. The propagation constant is denoted by 

γ=α (attenuation constant, Np/m) +jβ (phase constant, rad/m). The series impedance 

branch in the lumped model, specified by Ls, Rs, and Cs, equals to the product of Zc, γ, 

and l . Cs is extracted using the low-frequency Ls value and the resonant frequency of 

the series branch [104]. Then, with Cs held constant, Ls, and Rs are determined. The 

shunt parasitic can also be extracted from the ratio of 2Zc to γ l . However, the model 

in Fig. 4.3 is valid only when |γ l |is substantially lower than one (refer the Appendix 

III for the details). Accordingly, the model in Fig. 4.3 provides a design guideline for 

the inductors. 

Either narrowing the line width or increasing the number of turns of the inductor 

can increase its inductance. Such approaches correspond to increasing of Zc and l  of 

the spiral. Other designs for a high-quality spiral inductor include using thick metal 

strip, high resistivity substrate, or removing the lossy substrate [108-111], but often 

accompany additional process requirement. One widely accepted approach is to use 
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the patterned ground shield (PGS) beneath the inductor as an electromagnetic shield 

[112]. The PGS not only prevents the electric field from penetrating into the lossy 

substrate, but also inhibits the image eddy currents while simultaneously facilitating 

standard IC fabrication. 

In an effort to develop a spiral inductor, which can simultaneously increases β 

and Zc, and decreases α, section 4.2.2 reports a new methodology to improve the 

planar spiral inductor by incorporating a photonic bandgap (PBG) structure beneath 

the inductor as a ground plane substitute. The new spiral inductor, called the EBG 

inductor, is also fully compatible with standard multi-layer fabrication technologies. 

 

 

4.3 EBG Enhance-Inductor 

 

4.3.1 EBG Enhanced PCB Spiral Inductor 

 

This section compares the performance of two identical spirals above a uniformly 

conducting ground plane and an electromagnetic bandgap (EBG) magnetic surface. 

Figure 4.4 illustrates the inductor designs. The foregoing observations presented in 

Section 4.1 conclude that the microstrip line on the PBG ground plane increases SWF 

and decreases the attenuation constant, thereby a high performance spiral inductor is 

readily achievable. Figure 4.4 shows two inductor configurations in multi-layered 

PCB process for verifying the concept of the PBG inductor. Notably the two inductors 
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appeared in Fig 4.4 (a) and Fig 4.4 (b) are identical except in ground.  

The design parameters, including substrate information, thickness and 

conductivity of the metal strip, and dimensions of the EBG cell are corresponding to 

Fig. 4.1 (b). The substrate, which together with the metallization patterns on both side 

of the substrate in Fig. 4.4 (b), is lifted here just for illustration. The spiral inductor, 

which has 1.5 turns and another via-through-hole connecting an underpass for 

external circuitry, has the following dimensions. The main body of the spiral is 3 mm 

(Lx) by 3 mm (Ly) with total spiral length ( l ) of 13.1 mm. Total inductor size is 5 mm 

(Gx) by 5 mm (Gy). The metal width (w2) and spacing (S2) are both 0.25 mm wide. 

Two short-metal strips of 0.62 mm long and 0.25 mm wide are added at both input 

and output ports to facilitate the S-parameters measurement. However, the substrate 

thicknesses of the two kinds of inductor are different. The substrate thickness of the 

conventional spiral inductor is 0.45 mm (h1+h2+h3), 0.25 mm higher than that of EBG 

inductor. 
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Fig. 4.4 Spiral inductors on different ground planes; h1=h3=0.2 mm, h2=0.05 mm, 

Gx=Gy=5.0 mm, Lx=Ly=3.0 mm, S2=0.2 mm, w2=0.2 mm. (a) spiral inductor on the 

uniform ground plane, (b) spiral on the EBG ground plane. 
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The spiral inductors are fabricated and tested. The precise experiment procedure is 

carried out as follows. 1), two-port scattering-parameters of the spiral inductors are 

obtained using the same measurement procedure as described in Section 4.1), input 

and output pad parasitic are de-embedded using the open dummy pad structure 

through Y-parameters subtraction. Then the Y-parameters without pads’ parasitic are 

converted to ABCD matrix, representing an equivalent transmission line circuit of the 

two-port spiral inductor [103]. The |γ l | here is much less than unity for the 

frequencies of interests, and hence the spiral inductor model of Fig. 4.3 is applicable. 

Following the same extraction techniques described in [103], the measured 

de-embedded Y-parameters lead to the following results. The slow-wave factor (SWF) 

of EBG inductor as shown in Fig. 4.5 (a) is increased by 14% and α approximately 

reduced by 20% from 0.1 GHz to 2 GHz. Figure 4.5 (b) shows the characteristic 

impedance (Zc) of the EBG inductor is increased by 5% even thought the effective 

substrate thickness of the EBG inductor is 44% less than the conventional spiral 

inductor.  

The observations mentioned above imply that the geometry of inductor in the case 

study has strong influence on the characteristics impedance of metal strip above 

various ground planes. Based on the electric properties of the spiral inductor model 

shown in Fig. 4.3, EBG inductor property should be significantly improved. 
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In Fig 4.6, the extracted lumped model elements of inductors are plotted. The 

series inductance Ls in Fig. 4.6(a) is increased by 7.4% from 0.1 GHz to 2 GHz. The 

series resistance Rs in Fig. 4.6(b), which is one of the dominant factors determining 

Q-factor of the spiral inductor, is reduced by 10.2% below 1.4GHz. The series 

resistance Rs is related to the compound effects of ohmic losses, skin-effect losses and 

eddy-current losses. 
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Fig. 4.5 Equivalent transmission line parameters of the PCB spiral inductor on the 

uniform ground plane and EBG ground plane: (a) complex propagation constant, (b) 

characteristic impedance. 

0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9
Frequency (GHz)

0

0.5

1

1.5

2

2.5
β/

k 0

0.0E0

1.0E-2

2.0E-2
α

 (dB
/m

m
)

EBG enhanced inductor 
Conventional spiral inductor  

0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9
Frequency (GHz)

0

15

30

45

60

75

90

105

120

135

150

|Z
c|

 ( Ω
)

EBG enhanced inductor 
Conventional spiral inductor  



 116

 

  

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

 

(c) 

 

0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9
Frequency (GHz)

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14

L s
(n

H
)

EBG enhanced inductor 
Conventional spiral inductor  

0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9
Frequency (GHz)

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

5
5.5

6

R
s 

(Ω
)

EBG enhanced inductor 
Conventional spiral inductor  

0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9
Frequency(GHz)

0

10

20

30

40

50

R
p 

(k
Ω

)

EBG enhanced inductor 
Conventional spiral inductor  



 117

(d) 
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Fig. 4.6 Measured results for comparing EBG inductor with conventional spiral 

inductor applying the multi-layer PCB fabrication: (a) series inductances (Ls), (b) 

series resistance (Rs), (c) parasitic resistance (Rp), (d) parasitic capacitance (Cp), (e) 

quality factor (Q). 
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The results implied that the electromagnetic bandgap (EBG) ground plane reduce 

the eddy-current losses below 1.4 GHz for our particular case study. Since the 

effective substrate thickness of the EBG inductor is 44% smaller than the 

conventional one, therefore the shunt capacitance Cp of the EBG inductor plotted in 

Fig. 4.6(d) is increased by 19.8%. Additionally, the shunt resistance Rp of the EBG 

inductor is increased by 34.26%, 54.48%, 26.26% at 0.4, 0.6, 0.8 GHz, respectively, 

implying the substrate ground shield is improved. Fig. 4.6(e) compares the Q-factors 

between the EBG inductor and conventional one. The conventional spiral inductor has 

a maximum Q-factor of approximately 45.8 at 0.8GHz, whereas the EBG inductor is 

peaked at 0.7 GHz at a Q-factor of 65.3, corresponds to 42.5% improvement in the 

peak Q-factor. The measured results confirm that the overall performance of the spiral 

inductor has been significantly improved in almost aspects of planar spiral inductor. 

 

 

4.3.2 EBG Enhanced Monolithic Spiral Inductor 

 

Section 4.3.1 has demonstrated the improvements of inductors using the 

electromagnetic bandgap (EBG) ground plane based on print-circuit-board (PCB) 

technology. A desire for similar benefits leads the application of EBG structure in 

standard CMOS technology. When the inductor design is migrated to such an extent, 

different design issues must be considered. In a typical PCB fabrication process, the 



 119

conducting strips are made of copper with a conductivity of 5.8X107 S/m, and a 

thickness of 17um. Most CMOS technology, however, uses 2 um thick aluminum as 

the conducting metal, whose conductivity is only 3.8X107 S/m, implying a significant 

increase in the inductor’s series resistance, Rs. And hence a lower Q-factor for a 

monolithic CMOS inductor. Moreover, silicon bulk substrate used in CMOS 

technology typically serves as a lossy material and causes CMOS inductors to incur 

substate losses and noise coupling [113]. Ground shield techniques can overcome the 

substrate issue while avoiding additional processes. Nevertheless, the solid ground 

shield in CMOS is much closer to the inductor strips than that of PCB designs, and 

the induced eddy current will flow willingly and thus seriously degrade inductor. 

Therefore, solid ground shield is not suitable to the CMOS RFIC applications. Instead, 

a ground shield with patterned slots orthogonal to the inductor’s metal loop is 

commonly used to disturb the eddy current and alleviate the degradation of the 

inductor due to substrate and eddy current losses. This section elucidates a new 

approach to designing CMOS inductors incorporating a EBG structure as the 

ground-shielding scheme. The proposed EBG inductor represents an improvement in 

all aspects of interests, without modifying the fabrication. 

 

The newly designed electromagnetic bandgap (EBG) inductor is fabricated using 

standard 0.25um mixed signal one polysilicon and five-level metals CMOS 
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technology. Figure 4.7 shows a simplified cross-section view of the 0.25um CMOS 

foundry. All metals are aluminum, and a thickness of 0.57 um, embedded in the 

inter-metal dielectric (IMD) layers, except where the metal 5 (M5) has a thickness of 

1.5um. The dielectric constant is about 4.1 for the IMD1-IMD4. In this study, the 

disconnected and connected rectangular coils of the PBG ground plane are built using 

a polysilicon layer and a M1 layer. The top coils of the PBG cell have a perimeter of 

20um and a width of 0.5um. The bottom coils have a perimeter of 20.5 um and a 

width of 0.5 um. The contacts with dimensions of 0.3um by 0.3um connect the top 

coil to the bottom coil. 

Figure 4.8 shows the electromagnetic bandgap (EBG) inductor prototype for 

testing: the spiral is fabricated with M5 for the metal strip, and M4 is the underpass to 

contact the center of the inductors. The EBG ground plane, incorporating M1 as the 

top coils and polysilicon as the bottom coils, is sandwiched between the spiral and 

silicon bulk substrate, and connected to ground defined by the GSG probe ground pad 

thus forming as electromagnetic shield. The space between the spiral metal strip and 

the top coil of the PBG ground plane is filled with a 6.28um thick dielectric layer. The 

resistivity of the silicon bulk substrate is 15-25Ω⋅cm and the thickness is 

250um±50um. As shown in Fig. 4.8, the spiral inductor, which has 2.5 turns, a metal 

wide of 10um, an edge to edge spacing of 2um and a total length of 1578um, is 
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fabricated, denoted by EBG-GS (EBG ground shield) inductor. Another identical 

inductor, without ground shielding is also fabricated for comparison, and is denote as 

the NGS (no ground shield) inductor. 
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Fig. 4.7 Simplified cross-section view of the 0.25um 1P5M CMOS process. 
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Fig. 4.8 Photograph of the EBG enhance monolithic spiral inductor fabricated using 

CMOS 0.25um process. 
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On-Wafer two-port S-parameter measurement was taken using HP8510C Vector 

Network Analyzer and PicoprobeTM ground-signal-ground (GSG) air-coplanar probe 

with a 150um pitch. The PicoprobeTM calibration substrate, CS-5, was used to 

perform a full two-port SOLT (Short-Open-Through-Load) calibration to move the 

reference plane up to the probe tips. During measurement, the substrate was grounded 

from wafer backside through the testing chuck. The shunt parasitics associated with 

the testing pad and the ground reference were de-embedded using open dummy 

structure. The probes must be replaced once the contact resistance exceeds 0.3Ω to 

guarantee validity since the constact resistance between the probe tips and the testing 

pads may change due to wearing in both surfaces caused by repeated measurement. 

Notably, the contact resistance should be subtracted during the open dummy pad 

de-embedding procedure. An appropriate number of testing samples is required to 

obtain consistent and accurate results. Figures 4.9(a) and (b) present the measurement 

histograms for the NGS and EBG-GS inductors and show that the samples with 

maximum probability can be regarded as candidates for subsequent parameter 

extraction. 

The equivalent parameters in Fig. 4.3 are extracted to elucidate the effects of the 

electromagnetic (EBG) ground plane on the CMOS spiral inductor using the same 

parameter extraction techniques as described in [103]. Figures 4.10 (a) and (b) present 
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the three equivalent transmission line parameters of both EBG-GS and NGS inductors. 

The EBG-GS inductor shows the parameters improvement over the NGS inductor in 

all aspects across the entire frequency band of interests. Figure 4.10(a) plots the 

slow-wave factor (SWF) and α, which correspond to the left-hand and right-hand 

sides of the vertical axis, respectively. The SWF of the EBG-GS inductor is slightly 

higher than that of the conventional NGS inductor by 5.12% at 5 GHz. The 

attenuation constant, α, of the EBG-GS inductor is 46% less than that of the NGS 

inductor at 5 GHz since the eddy current that flows in the EBG ground plane was 

disturbed and the lossy substrate was further separated by the EBG ground plane. 

Furthermore, Fig. 4.10(b) shows that Zc of the EBG-GS inductor also increased by 

18.26% at 5 GHz, even though the EBG ground shield is closer to the spiral than that 

of NGS. 
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(b) 

Fig. 4.9 Histograms of the inductor Q-factors over 12 samples: (a) EBG ground shield 

inductor (EBG-GS), (b) conventional inductor with no ground shield (NGS). 
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Fig. 4.10 Equivalent transmission line parameters of the monolithic spiral inductor on 

the uniform ground plane and EBG ground plane: (a) complex propagation constant, 

(b) characteristic impedance. 
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The EBG-GS inductor, therefore, simultaneously achieves increasing Zc, 

slow-wave factor (SWF), and decreasing α. Consequently, the lumped model 

parameters, Ls, Rs, Cp, and Rp are improved. In Fig. 4.11(a), Ls of the PBG-GS 

inductor was increased by 26.7% over that of the NGS inductor. Notably, the 

extraction of Ls assumes that Cs is invariant with the inclusion of the EBG ground 

shield, and is only related to the layout and process parameters. In this work, Cs 

equals 9fF, the series resistance, Rs, for both EBG-GS and NGS inductors is 

proportional to the frequency due to the skin effect. Nevertheless, Rs of the EBG-GS 

inductor is 32% less than that of the NGS inductor due to the disturbance of the eddy 

current in the former case. The shunt parasitics represent compound effect of oxide 

capacitance (Cox), substrate capacitance (Csub), and substrate resistance (Rsub) that 

varies markedly with frequency. The shunt resistance, Rp, representing substrate 

losses, is also increased especially in the lower frequency rang, as depicted in Fig. 

4.11 (c). Figure 4.11 (d) shows that the shunt capacitance, Cp, of the EBG-GS 

inductor is 10% less than that of the NGS inductor at 5GHz. Signifying that the EBG 

ground shield can prevent energy from penetration into substrates and thus free from 

coupling between inductor and adjacent circuitry. The overall effect on the inductor’s 

Q-factor is an improvement by 70% at the 5 GHz peak-Q frequency, as shown in Fig. 

4.11(e). Thanks to the lower Cp value in the EBG-GS inductor, the roll-off in Q-factor 
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above peak-Q frequency is dramatically alleviated than that in related works on the 

ground shield. The self-resonant frequency is increased as well. 
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Fig. 4.11 Measured results for comparing EBG inductor with conventional spiral 

inductor applying the 0.25um CMOS process: (a) series inductances (Ls), (b) series 

resistance (Rs), (c) parasitic resistance (Rp), (d) parasitic capacitance (Cp), (e) quality 

factor (Q). 
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In summary, this chapter presented and verified a new design methodology to 

improve the planar spiral inductors incorporating modern fabrication process. Both 

characteristics and physical insights of inductors on electromagnetic bandgap (EBG) 

ground plane are analyzed through physically based equivalent circuit model. The 

experiments are carried out on both print-circuit-board (PCB) and standard CMOS 

technology without additional process complexity. Measured results show the 

improvements are in all aspect as excepted, demonstrating the great potential for EBG 

structure in hybrid or monolithic CMOS RFIC inductor designs. Further optimization 

in EBG inductor is possible and may lead to better performance in the near future. 
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CHAPTER 5  

Conclusion 
 
 

This dissertation has investigated the designs and applications of synthetic 

waveguides. Three kinds of synthetic waveguides are classified and studies 

individually. This chapter summarizes the major contributions of this work and 

identifies the future study. 

 
 

5.1 Contributions 
 

 A generalized view of the synthetic waveguides is presented and introduced for 

the first time in the connection of the global trend on the development of 

artificial guiding structures. 

 Two simplified waveguide models, which associate with two distinct regions of 

propagation of the EBG surfaces, is presented to illustrate the unique 

characteristics of synthetic rectangular waveguide (SRW). The slow-wave factor 

of TE10 mode SRW significantly exceeds the theoretical limit of rε  for the 

conventional metallic rectangular waveguide.  

 The propagations of the TM00 and TM10 modes, which can not exist in the 
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metallic rectangular waveguide, have been theoretically investigated, revealing 

low-loss, slow-wave guiding characteristics.  

 Three waveguide transitions, including the tapered microstrip, the finline, and 

tapered coplanar waveguide (CPW), are proposed to demonstrate the high level 

of integration to interface to the corresponding SRW using the same polymer 

substrates supporting TE10, TM00, and TM10 modes.  

 A multi-layer guiding system, which is constructed by the stacked 

complementary conducting strip (CCS) transmission line (TL), is presented. A 

typical function block, which include a lowpass filter (LPF) and a bandpass filter 

(BPF), is realized by the proposed guiding architecture, revealing the advantages 

of high isolation with negligible effects, and compact layout for the system 

integration. 

 A 2.4 GHz transmission-line based BPF is realized by the stacked CCS TL, 

showing that the filter volume approaches to that of state-of-the-art devices using 

low temperature cofired ceramic (LTCC) technology. 

 A design equation, which illustrates the core technique of incorporating stack 

CCS TL, is presented. The proposed guiding system can systematically reducing 

the size of filter based on multi-layer substrate technology, resulting nearly the 
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same volume as the number of substrates is increased. 

 An inductor configuration, which incorporates the electromagnetic bandgap 

(EBG) ground shielding for improving the inductor’s characteristics, is presented. 

A transmission line-based inductor model is presented for illustrating the 

physical meanings of the proposed configuration. 

 The measured results show that the spiral inductors with EBG-shielded can be 

improved in almost aspects, including higher inductances, higher Q-factor, and 

lower substrate coupling. 

5.2 Future Works 

This dissertation reports new methodologies of making the synthetic waveguide. 

The proposed synthetic waveguides have two distinct features. First, well-controlled 

guiding properties can be easily established and applied to the design of microwave 

circuits. Second, high level of integration can be achieved for the circuit or system 

implementations. Such high level of integration using the proposed synthetic 

waveguides leads to the development of the high performance system-on-chip (SOC) 

and system-in-package (SIP) as illustrated in Fig. 5.1, which shows that compacted, 

high-performance RF module and system can be systematically realized by the 

synthetic waveguide.  
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Fig. 5.1 High-performance RF system incorporating synthetic waveguide. 
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Appendix I 

Simplified Waveguide Models for Synthetic Rectangular Waveguide (SRW) 

 

The Cartesian system is applied through the Appendix I. The guide wave is 

represented using time-harmonic waves, )( ztje γ−ω , with time and distance variations. 

The propagation constant (γ) is defined by α-jβ. We will assume that there is no net 

charge density in the dielectric and that any conduction currents are included by 

allowing permittivity and therefore µεωk 22 = to be complex. The µ (ε) is the product 

between µ0(ε0) and µr(εr). The wave equations, which reduce to the Helmholtz 

equations for phasor fields, are  

⎪⎩

⎪
⎨
⎧
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=∇

H2-H2
E2-E2
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The three-dimensional ∇2 may be broken into two parts:  
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z

t
∂

∂
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With the assumed propagation function ze γ− in the axial direction,  
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2
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∂
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The foregoing wave equations may then be written 

⎪⎩

⎪
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⎧
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)H22-(H2
)E22-(E2

kt

kt  

The curl equations with the assumed functions γz)tωj(e − are written below for fields in 

the dielectric system, assumed here to be linear, homogeneous, and isotropic: 
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From the foregoing equations, the Ex, Ey, Hx, Hy can be solved in terms of Ez and Hz. 
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For propagating waves, it is convenient to use the substitution γ=jβ where β is 

real if there is no attenuation. Rewriting the above with this substitution,  
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TEnp mode: 
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Boundary Conditions: 
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The transverse electric waves have zero Ez and nonzero Hz. The wave equations are 

expressed in Cartesian coordinates: 
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Solution by the separation of variables techniques gives 
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The forms of transverse electric field in TEnp mode are 
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Corresponding transverse magnetic field components are 
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Since the proposed SRW is realizable by multi-layered integrated circuit 

processes, the lateral dimensions (along x-axis) of the SRW are typically much larger 
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than the thickness of the substrate along the y-axis. Consequently, the lowest order TE 

modes are TE10, and TE20, etc. On the other words, the ky is assumed to be zero. 

Therefore, the field components in the transverse and longitudinal directions for the 

TEn0 modes in SRW are  
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By using the substitution π⋅=′ nBB , the filed components of the TEn0 modes in 

SRW are 
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The transverse magnetic waves have zero Hz and nonzero Ez. The wave equations are 

expressed in rectangular coordinates: 
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The forms of transverse electric field in TEnp mode are 
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Corresponding transverse magnetic field components are 
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Since the proposed SRW is realizable by multi-layered integrated circuit processes, 

the lateral dimensions (along x-axis) of the SRW are typically much larger than the 

thickness of the substrate along the y-axis. Consequently, the lowest order TM modes 

are TM00, and TM10, etc. On the other words, the ky is assumed to be zero. Therefore, 

the field components in the transverse and longitudinal directions for the TMm0 modes 
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in SRW are  
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By using the substitution π⋅=′ mDD , the filed components of the TMm0 modes in SRW 

are 
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Appendix II 

Volume Estimation for Transmission-Line Based Bandpass Filter incorporating 

Multi-layer Complementary Conducting Strip Transmission Line (CCS TL) 

 

As shown in the Figure 3.11, the complete bandpass filter (BPF) including the 

parallel resonators and J-inverters can be realized using complementary conducting 

strip transmission line (CCS TL). Moreover, the placement of the CCS TL is mainly 

controlled by the period (P) of the unit cell and its connection with the adjacent cells. 

Following the design procedure reported in the Section 3.2.2, the required electrical 

parameters including the characteristic impedances and electrical lengths for the 

TL-based BPF are given. Since the CCS TL can provide much more design solutions 

to meet the specified guiding characteristics of the TLs in BPF. For simplicity, the 

period of all the unit cells is identical. Therefore, the volume estimation of TL-based 

BPF using CCS TL is initially given by  

 

hNPLt ⋅−⋅⋅= )12(Vtotal              (II.1) 

 

where Vtotal, Lt, N and h are followed by the same definitions reported in the Section 

3.4. If N equals to one, on the other word, the BPF is realized by conventional 

double-side print-circuit-board (PCB) with one signal layer and the total area of the 

BPF is proportional to the product of the period of the unit cell (P) and the total 

lengths (Lt) required by the filter design parameters. 
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 Furthermore, applying the multi-layer complementary conducting strip 

transmission line (CCS TL), which provides more than one signal layer to realize the 

TL-based BPF, the required volume of the TL-BPF can be expressed by the following 

equation: 

hN
N

PLt ⋅−⋅
⋅

= )12(Vtotal         (II.2) 

Notably (II.2) reveals an intrinsic assumption that the area of each signal layer is fully 

occupied by the signal trace of the meandered CCS TL. After some algebraic 

manipulation, a estimate of volume for TL-based BPF incorporating multi-layer CCS 

TL is give by: 

h
N

PLt ⋅−⋅⋅= )12(Vtotal         (II.3) 
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Appendix III 

Equivalent Transmission-Line Model for Spiral Inductor 

 

In this appendix, the mathematic derivations for representing the lumped 

inductor model using equivalent transmission line parameters are illustrated. What 

follows is the comparison of one-port input impedances between two models. One is 

the generic lumped spiral inductor model and the other one is the generalized 

transmission-line model. During the derivations, the definitions of voltage-drop and 

current-flow in two models are identical.  

 

 

 

 

 

 

(a) 

 

 

 

 

 

(b) 

 

Fig. III.1 Equivalent model for representing spiral inductor: (a) generic lumped model, 

(b) transmission-line model 

 

The two-port transmission matrix of the transmission line can be expressed in 

terms of transmission line parameters. 
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Notably, the characteristic impedance (Z0) and propagation constant (γ) are all 

complex number for representing the losses of the transmission line. Next, the input 

admittance of the transmission line with short termination is proportional to the ratio 

between D and B and can be expressed in the following equation. 
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elements in the lumped model can be expressed in terms of the equivalent 

transmission lime parameters including the physical length, the characteristic 

l
l

l

l

l

l

l
l

l
l

l
l

l
l

l

l

lll

ll

ll

γ
γ

γ
γ

γ
γ

γγγγ

γγγγ

γ
γ

γγγ

γγ

γγ

00

0

2

0

22

22

0

642

0

0

0

0V1

1

2
11

)
2

1(1
2

)(21

...)
!2
)(1(...)

!2
)(1(

...)
!2
)(1(...)

!2
)(1(1

...)2221(1

)(1

sinh
cosh

B
D

V
I

2

ZZ

Z

Z

Z

eee
Z

ee
ee

Z

Z

+=

+⋅=

+
⋅≈

−+−−+++

−+−++++
⋅=

++++⋅=

−
+

⋅=

=

=

−−−

−

−

=

1   assumeing <<lγ

⎥
⎦

⎤
⎢
⎣

⎡
=⎥

⎦

⎤
⎢
⎣

⎡
−

ll

ll

γγ
γγ

coshsinh
sinhcosh

DC
BA

1
0

0

Z
Z



 147

impedance and propagation constant of the transmission line. 

 

 

 

 

 

Notably, by doing the Taylor’s series expansion, the product of γ l is assumed to 

be less than one for simplifying the mathematic expressions during the derivations. 

This assumption also limits the usage of derivations. 
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