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The growing demand toward designing miniaturized microwave and millimeter

wave (mm-wave) front-ends with enhanced electrical performance (e.g., low losses,

wideband functionality, high selectivity, etc.) is becoming of utmost importance.

In addition, enabling functionalities such as selection/rejection of specific frequency

channels (i.e., filtering), power division, and amplification is essential for any wireless

system. This dissertation proposes new design methodologies for various front-ends

using different manufacturing technologies. The proposed designs are verified by full-

wave EM simulations and experimental results of passive front-ends at microwave and

millimeter wave frequencies. The aim is to enhance their electrical and physical char-

acteristics without degrading their intended performance. The developed designs are

essential to the upcoming wireless technologies such as fifth generation (5G) mobile

communication and satellite systems.

The first proposed component is a substrate integrated waveguide (SIW) bandpass

filter (BPF). The design procedure starts by varying the width between the metallic

walls of via-holes according to a truncated Fourier series to achieve a desired pass-

band/stopband performance. The theory of rectangular waveguide is used to establish

the optimization framework and obtain the series coefficients under predefined physi-

cal constraints. Two types of end-terminations are studied, namely, with and without
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SIW-to-microstrip transitions. The proposed design methodology is systematic and

results in single-layered structures. For verification purposes, several Ku-band BPFs

with different fractional bandwidths (FBWs) are designed, simulated, and measured.

Simulated and measured results are in close proximity with passband matching and

transmission losses better than −15 dB and −2.5 dB, respectively. The proposed

methodology allows for designing BPFs with predefined wideband or narrowband

functionality by modifying the underlying physical constraints and optimization pa-

rameters.

The second proposed component is a highly-selective SIW filtering Wilkinson

power divider (WPD). The design procedure is accomplished by replacing the uni-

form transmission lines in each arm of the conventional divider with width-varied

arms governed by a truncated Fourier series. Even-mode analysis is adopted to ob-

tain the Fourier-varying transmission lines with predefined bandwidth; whereas three

isolation resistors are optimized in the odd-mode analysis to achieve proper isolation

and output ports matching over the frequency range of interest. The half-mode (HM)

SIW structure is used to cut the PD size by 50%. For verification purposes, a 2-way

equal-split filtering WPD is designed and simulated. The obtained results show that

the input and output ports matching as well as the isolation between the output ports

are below −13 dB; whereas the transmission parameters are around −6 dB across the

operating band. Such results adjoined with compact size show that the proposed PD

will be a competitive candidate for microwave and millimeter wave application.

Next, an impedance-varying multi-way microstrip WPD with bandwidth redefi-

nition characteristics is proposed. The microstrip WPD finds many applications due

to its convenient electrical performance, which is characterized by high isolation be-

tween its output ports and perfect matching at all ports. However, such performance

is realized only at a very small fraction of bandwidth. Hence, the proposed impedance-

varying WPD aims to broaden the bandwidth without increasing the circuitry size
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or fabrication complexity. Quarter-wave matching uniform transmission lines in the

conventional design are replaced with non-uniform transmission lines (NTLs) gov-

erned by a truncated Fourier series. Compactness is achieved by incorporating only

one quarter-wave wideband NTL transformer, with a length computed at the center

frequency, in each arm. For verification purposes, 3- and 4-way WPDs are designed

and simulated. In addition, a wideband 3-way WPD operating over 4–10 GHz band

is fabricated and measured. Results show input and output ports matching and iso-

lation below −15 dB, and transmission parameters in the range of [−4.9,−6.2] dB

across the operating band of the 3-way and WPD.

The last proposed component is a miniaturized coplanar waveguide (CPW) match-

ing transformers implemented on flexible substrates. The signal trace and the adja-

cent ground planes in the conventional CPW structure are width-modulated along the

propagation path of the electromagnetic wave while maintaining a constant ground-

trace separation. Validation is carried out by designing and simulating single-, multi-,

and wide-band transformers operating at 1.0 GH, 0.9, 3.6, 5.4 GHz, and 1–3 GHz,

respectively. Full-wave simulation results verify the proposed design procedure which

show input port matching values below −23 dB for single- and multi-frequency trans-

formers, whereas they are below −15 dB for the wideband one. In addition, insertion

losses are better than −0.25 dB for all designed transformers.

The proposed designs are targeting the less congested higher frequency bands,

specifically, super high frequency (SHF) band. Moving toward higher frequencies

enables higher data rates, supports more connected wireless devices, and leads to

more miniaturized front-ends.
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Chapter 1

Introduction

With an unprecedented increase of wireless devices’ users and their demanding

expectations, new compact devices supporting higher data rates must be adopted.

Thus, moving toward higher frequencies is indispensable. In the United States, 28.58

trillion megabytes were consumed in 2018, which represents a 82% growth in wireless

data consumption compared to 2017 [1]. In addition, 21.5 million new wireless devices

were connected to the internet in 2018, which raises the total number of connected

devices to 421.7 million [1]. This tremendous surge in connected devices and their

data usage, place the onus on RF front-ends designers to build front-ends with com-

pact size, low cost, low loss, and easy integration with other components. Moving

toward higher frequency bands, such as super high frequency (SHF) addresses the

aforementioned challenges. Specifically, it has the following advantages: 1) supports

higher data rates because more bandwidth is available, 2) reduces the interference

due to less congestion in these bands, and 3) offers smaller physical area as the size of

radio-frequency (RF) components is inversely proportional to the operating frequency.

1.1 Research Challenges and Motivation

With an unprecedented increase of wireless devices’ users and their demanding

expectations, new compact devices supporting higher data rates must be adopted.

1
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Figure 1-1: A block diagram of a basic superheterodyne receiver. Blue mod-
ules represents the RF front-end part.

Thus, moving toward higher frequencies is indispensable. In the United States, 28.58

trillion megabytes were consumed in 2018, which represents a 82% growth in wireless

data consumption compared to 2017 [1]. In addition, 21.5 m

The continual growth of connected mobile devices and their data usage have led

to more use of the radio spectrum, which causes spectrum scarcity. In order to

face this surge demand, modern RF and microwave front-ends should be realized

with innovative designs. Such innovations can come from three different sources [2]:

1) Design; by introducing high performance RF components with flexible and cost

efficient designs at mm-wave frequency bands. Dual-band front-end modules and

filtering power amplifiers/dividers are examples for such designs. 2) Architecture;

by combining the functions of several components on a single miniaturized module

for system-in-package (SiP) integration. 3) Materials; by developing low-cost mass-

producible substrates such as flexible substrates which are excellent candidates for

new generations of flexible electronics and 5G applications.

Figure 1-1 illustrates the front-end modules of a basic superheterodyne receiver.

These components provide most of the analog signal processing including signal fil-

tering, amplification, and demodulation. In the following subsections, an in-depth

discussion on the design challenges of front-ends is presented.
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Figure 1-2: Cell phone RF front-end modules market: 2016 – 2022 [2].

1.1.1 Bandpass Filters

Figure 1-2 shows the RF component and front-end module market of 2016 and

forecast of 2022 [2]. It can be clearly seen that RF filters are the mostly used compo-

nents in the RF front-end industry in 2016 representing 51% of the total RF front-ends

market of cell phones. Furthermore, RF filters are expected to have a compound an-

nual growth rate of 21% in 2022. This is understandable since such filters enable the

desired signals to be selected and unwanted ones to be removed. In addition, as a

result of the over crowded EM spectrum, highly selective bandpass filters (BPFs) are

essential for future generations of the wireless communication systems. Thus, increas-

ingly sophisticated RF, microwave, and mm-wave BPFs are required to enable the

selection/rejection of specific frequency bands. BPFs have been the most useful and

popular types for such applications and are the most difficult to design and develop

in practice [3]. These challenges have motivated us to design enhanced microwave

and mm-wave BPFs.
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1.1.2 Power Dividers/Combiners

Power dividers/combiners (PDs/PCs) are widely used fundamental front-end com-

ponents in a variety of microwave and mm-wave systems where splitting an input sig-

nal into smaller signals or combining signals from several ports are necessary. They

are widely used in power amplifiers (PAs), mixers, and antenna arrays which are

essential modules of any wireless system. It can be seen from Figure 1-2 that PAs

and low noise amplifiers (LNAs) represent the second biggest segment with 38% of

the total RF cell phone market. The PAs have limitations especially when a high

amplification gain is required. To overcome this, a PC is used to combine the indi-

vidual powers from multiple lower power PAs. Such network has the advantages of:

1) better reliability by avoiding total loss of the transceiver’s power in the case of the

failure of a single PA [4], 2) less expensive and complex to manufacture moderate-

power PAs than high-power PAs, and 3) lower power PAs can be biased to operate

in the linear region, resulting in the reduction of the intermodulation distortion and

undesired harmonics.

In order to design high performance PDs/PCs for next generation front-ends,

high ports matching, low insertion loss, and amplitude and phase balance between

the divider’s arms as well as to compactness and cost-effectiveness should be fulfilled.

The common techniques that serve for this purpose are based on cavities, resonators,

or electromagnetic band-gaps (EBGs). However, this comes at the cost of higher

passband losses and/or larger physical area. Furthermore, if the structure will be

used as a power combiner, the most important specification is the isolation between its

output ports. This justifies the extensive use of Wilkinson power dividers/combiners

(WPDs/WPCs) which offer high isolation between the output ports due to the use

of the resistor. Motivated by the aforementioned challenges, a Ku-band SIW-based

filtering power divider and several wideband microstrip-based multi-way WPDs are
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designed and optimized.

1.1.3 Transmission Line Mediums for Microwave and

Millimeter-wave Applications

One of the key requirements of next generation RF front-ends is the ability to

integrate them on a single chip. Compact size, high performance, and low cost of

the RF components are necessary to achieve an efficient integration. Hence, choosing

the appropriate transmission line is of utmost importance. Based on the operating

frequency and fractional bandwidth (FBW), a rectangular waveguide, planar struc-

ture (e.g. microstrip, coplanar waveguide), coaxial cable, or a hybrid form of these

different technologies can be used. For low cost and compact size applications, pla-

nar transmission lines are the winner. On the other hand, the bulky and expensive

waveguides are used for applications that require high quality factor (Q-factor), low

losses, and high power handling. Hence, introducing a new transmission line that

combines the advantages of planar transmission lines and the waveguides is highly

desirable. This has led to the development of the concept of substrate integrated

circuits (SICs), which allows constructing a nonplanar structure in a planar form [5].

The SICs scheme provides a variety of integration topological interconnects, such as

the popular substrate integrated waveguide (SIW), which is a transformed version

from the bulky nonplanar waveguide. Thus, the SIW structure can be easily inte-

grated into any planar structure with any planar fabrication technique such as printed

circuit board (PCB) and low-temperature co-fired ceramic (LTCC) technologies. This

emerging structure can be made with a pair of periodic metallic via-holes that have

a specific spacing in which EM waves will be confined as shown in Figure 1-3.

Such SIW structures can mostly preserve the advantages of rectangular waveg-

uides such as high Q-factor and high power capacity. Thus, SIW is one of the best
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Figure 1-3: A schematic diagram of a conventional SIW transmission line.

candidates for high performance and low cost microwave and mm-wave applications.

In addition to the aforementioned advantages, SIW technology enables the pos-

sibility to integrate passive and active components on the same substrate. Thus,

facilitating its use for SiP integration [6]. The SiP has several advantages such as

reducing the overall size, cost, and production time of the integrated subsystem as

well as enabling better electrical performance.

Furthermore, flexible substrates have been used recently for many RF and mi-

crowave applications, such as wearable microwave imaging devices, biomedical radars,

and ink-jet printed circuits [7–9]. The major advantage of using flexible substrates

is their ability to be bent or folded which is a key requirement for some applications

such as foldable smartphones and wearable monitoring devices as shown in Figure

1-4 [10]. In addition, they can significantly reduce the weight and size of such devices

compared to rigid substrates. Among the flexible substrates, liquid crystal polymer

(LCP) gained special attention as a great microwave and mm-wave substrate due

to its excellent performance at high frequencies, characterized by the low loss, near

hermetic nature, and low cost [11].
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(a) (b) (c)

Figure 1-4: Applications enabled by using flexible substrates: (a) foldable
smartphone, (b) communication PCB, and (c) wearable moni-
toring device [10]

1.2 Research Objectives and Contributions

Motivated by the challenges discussed in Section 1.1, the main aim of this research

is to design front-end microwave and mm-wave components with enhanced electrical

characteristics. The proposed structures are designed with avoiding increase in the

size, cost, and structural complexity. In addition, the development of such compo-

nents should rely on systematic methodologies that offer design flexibility. To this

end, the major contributions of this dissertation are as follows:

1. Proposed an optimization-driven methodology to design SIW-based matching

transformers and BPFs that offer flexibility in FBW redefinition without using

extra components (e.g. cavities, resonators). The designed structures are pla-

nar, compact, easy to fabricate, and have competitive electrical characteristics.

2. Designed and optimized filtering WPD/C based on half-mode SIW (HMSIW).

The deisgned narrowband PD has excellent performance with high isolation and

wide out-of-band rejection without increase in fabrication complexity or size.

3. Developed a general design methodology for designing multi-way WPDs/WPCs

that can be used in antenna arrays and PA circuitries. The resulting divider-

s/combiners have improved frequency response and bandwidth accessibility as
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well as compact and planar structures.

4. Proposed a novel approach to design compact CPW matching transformers for

the implementation on flexible liquid crystal polymer (LCP) substrate. The

proposed transformers match predefined source and load impedances at single-,

multi-, and wide-band frequency bands.

The developed structures are justified analytically and by professional full-wave

EM simulations. Moreover, the proposed designs are further validated by means of

fabrications and measurements.

1.3 Literature Review

As mentioned earlier, filters and power dividers/combiners are essential compo-

nents in almost any front-end RF, microwave, and mm-wave systems such as global

positioning system (GPS), fourth and fifth generation cellular networks (4&5G) as

well as satellite and radar systems [12–17]. Hence, improved their electrical charac-

teristics without increasing the associated fabrication complexity and size are ongoing

research topics. This section presents a literature survey on the front-ends proposed

in this dissertation. Section 1.3.1 presents the progress in SIW-based BPFs and de-

scribes the recent reported methods that were utilized to obtain such performance.

State-of-the-art techniques to design SIW PDs are investigated in Section 1.3.2 in

which their advantages and disadvantages are discussed. Section 1.3.3 presents the

progress in wideband WPDs based on microstrip lines. Finally, front-ends designed

on flexible substrates are introduced in Section 1.3.4.
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1.3.1 Progress in SIW Filters

Low cost, compactness, high performance, and mass-producible are the main re-

quirements of modern microwave and millimeter wave systems. In spite of high Q-

factor and low losses of the rectangular waveguide, its bulky size as well as tedious and

expensive fabrication and assembly limit its application in modern wireless systems.

Thus, the SIW, which intertwines the advantages of planar and nonplanar structures,

is a favorable candidate for designing microwave and mm-wave front-ends. BPFs

have been widely used in many microwave and mm-wave systems [18–21]. SIW-based

BPFs, in particular, have attracted a special attention for their contribution in elimi-

nating unwanted transverse-magnetic (TM) propagation modes and out-of-band par-

asitic responses [3]. Consequently, efforts have been devoted towards developing SIW

BPFs with improved electrical properties (e.g., low passband losses, high selectivity)

without compromising the physical dimensions and fabrication complexity.

The most common techniques to design SIW-based BPFs is by combining the high-

pass characteristics of the SIW structure and the bandstop characteristics of cavities,

resonators or EBG. In [22], a planar SIW BPF was proposed by incorporating four

SIW cavities fed by 50-Ω microstrip lines. Good passband performance was achieved

but upper stopband rejection was achieved over a narrow bandwidth. Chen et al. pro-

posed a BPF based on stacked SIW cavities based on LTCC substrates [23]. Although

excellent frequency selectivity and wide stopband were obtained, this comes at the ex-

pense of increasing fabrication complexity and manufacturing precision. Higher-order

modes of cavities were used to achieve wide stopband and dual-band BPFs in [24,25].

Furthermore, various types of resonators were used to attain bandpass characteristics

and introduce transmission zeros in [26–28]. Nevertheless, the resulting physical area,

high insertion losses and/or poor stopband rejection were major drawbacks.

In [29], a novel spoof surface plasmon polariton was adopted in the design of
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a broadband SIW filter. The bandpass response was realized by means of lowpass

characteristics of spoof surface plasmon polariton and the high-pass feature of the

SIW. However, the associated structural complexity and stopband characteristics

setback its ready acceptance. A trisection filter with a frequency-dependent cross-

coupling was proposed in [30]. However, frequency matching was achieved at the

expense of the stopband rejection level and passband insertion loss. Folded SIW filter

using high permittivity ceramic substrates was proposed in [31]. While this approach

promises a compact design and temperature stability, fabrication complexity and

unsuitability to high-frequency applications are major disadvantages. Moreover, slow-

wave SIW structures were used to design BPFs with size reduction in longitudinal

direction by at least 40% [32–34]. Nevertheless, the increasing fabrication complexity

and cost are the main drawbacks.

The HMSIW concept combined with Koch fractal shape EBG structures and co-

planar waveguide resonators were recently introduced to miniaturize the overall filter

area [35,36]. In addition, quarter- and eighth-mode SIW cavities were used to design

BPFs in [37, 38]. Nevertheless, such multilayer designs came at the cost of complex

and expensive fabrication process.

1.3.2 Progress in SIW Power Dividers

The PDs/PCs are widely used in a variety of microwave and mm-wave front-end

subsystems where a signal needs to be divided or combined. They find applications

in PAs, mixers, and antenna feeding systems. Thus, more efforts have been devoted

lately towards developing PDs with excellent electrical performance (e.g., low pass-

band losses and excellent matching) without compromising the physical features or in-

creasing the fabrication complexity. SIW-based PDs/PCs attracted special attention

for mm-wave application as they offer better power handling and lower losses. In [39],

a broadband HMSIW WPD was proposed for mm-wave applications. Ring-shaped
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SIW WPDs/WPCs implemented on two-layer substrate with several distributed re-

sistors were proposed in [40]. However, the used double layer topology increased the

fabrication complexity and cost. Moulay and Djerafi proposed a new ring-shaped

configuration, which shows high isolation over a FBW of 18% [41]. Another high

isolation wideband PD was proposed in [42]. The structure was implemented with a

slot on the upper conductor of the SIW to emulate the matched E-plane arm of the

magic-T.

Moreover, combining the bandpass filter and power divider functions on a single

component is attracting special attention in order to maintain a compact overall cir-

cuit size. Hui et al. designed and fabricated a multilayer filtering PD with inductive

posts in [43]. Nevertheless, the isolation is not reported and the resulting circuit

area is large. Resonators and cavities were used to realize Filtering PDs [44–48].

Nevertheless, the resulting physical area and high insertion losses are major draw-

backs. In addition, wideband power dividers/combiners based on resistive layers and

absorbing material were proposed in [49, 50], respectively. Nevertheless, such wide-

band response comes at the cost of weak matching levels and added circuitry size.

Moreover, multi-way PDs based on eighth-mode SIW was proposed in [51,52].

In addition, Gysel power divider, invented by U. Gysel, is a good candidate for

high-power application [53]. Similar to WPD, the Gysel PD can achieve high isolation

between the output ports and matched condition at all ports. In [54], a broadband

Gysel PD implemented with microstrip-to-slotline transitions was proposed. A hy-

brid structure of HMSIW and microstrip isolation networks was developed in [55].

However, the use of microstrip limit its use for mm-wave applications. Chen et al.

implemented the Gysel PD completely using SIW lines [56]. Two different typologies

were designed and fabricated using multilayer LTCC technology. Nevertheless, high

insertion loss and fabrication complexity are the main drawbacks.

11



1.3.3 Progress in Wideband Microstrip WPDs

As mentioned earlier, WPD finds many applications due to its ease of design

and convenient electrical performance which is characterized by a high isolation be-

tween its output ports and a perfect matching at all ports. Nevertheless, such a

performance is realized only at a small fraction of bandwidth due to the fact that

conventional microstrip WPDs support only a single frequency, which limits their

utilization to wideband systems. Consequently, broadening the operating bandwidth

while maintaining the same desired electrical features are of utmost importance to

several emerging applications.

In [57–60], multi-stage wideband WPDs were proposed. However, the added phys-

ical dimension is a major drawback. A compact ultra-wideband (UWB) divider was

proposed in [61] by replacing the quarter-wave transformers in a two-stage WPD with

bridged T-coils. However, the complexity in the design and fabrication process limits

its utilization in low profile applications. A novel configuration of a 3-way power

divider was proposed in [62] by incorporating two isolation resistors and microstrip

coupled lines. Although the resulting structure is planar, the desired response were

obtained across a narrow bandwidth. A 3-way unequal split UWB divider employ-

ing tapered line transformers instead of the conventional uniform lines was proposed

in [63] at the expense of the added circuitry area. In [64–66], multi-way power di-

viders were proposed by cascading several 2-way WPDs. A 3-way UWB power divider

based on broadside coupling via multilayer microstrip/slot transitions was proposed

in [67]. A multi-way WPD was realized using offset double-sided parallel-strip lines

in [68]. While excellent electrical properties were achieved in such designs, the added

fabrication complexity and cost may limit their applications to microwave integrated

circuits.
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1.3.4 Progress in Front-ends on Flexible Substrates

Flexible substrates are of significant importance for wearable technologies, portable

monitoring devices, and flexible organic light-emitting diode display technology. LCP

substrate is a widely used flexible substrate that is being explored for high-frequency

applications. It has several attractive features characterized by stable dielectric con-

stant, low loss tangent over a wide frequency range, inherent near-hermetic property,

and low processing temperature [11]. LCP can be implemented on different trans-

mission line technologies such as the popular microstrip lines [69,70], CPWs [71,72],

and SIW [73, 74]. Numerous front-ends based on LCP have been reported including

antennas [75–77], filters [78,79], switches [80,81], and oscillators [82, 83].

1.4 Organization

Chapter 2 presents the theoretical platform of Fourier-varying via-hole walling

transmission lines in which the width between the metallic walls is varying according

to a truncated Fourier series. Then, these E-wall-varied transmission lines are uti-

lized to design SIW- and HMSIW-based BPFs with and without SIW-to-microstrip

transitions. Such BPFs are optimized using genetic algorithm (GA) to obtain the the

required frequency response with no added fabrication complexity or cost. The theo-

retical results of the proposed BPFs are further validated through means of full-wave

EM simulations, fabrications, and measurements.

Chapter 3 presents the utilization of the Fourier-varying via-hole transmission

lines in the design and realization of highly selective WPD. Mathematical derivations

of a compact and planar divider is carried out through the even-/odd-mode analysis.

Moreover, the half-mode concept is employed to cut down the size of the PD by

50%. Validations are given through simulated and measured results, in which both

are elaborated and compared to verify the design concept.
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Chapter 4 presents a general mathematical guidelines to design in-phase equal-

split N -way WPD with bandwidth redefinition characteristics. Quarter-wave match-

ing uniform transmission lines in the conventional design are replaced with NTLs

governed by a truncated Fourier series. The analysis starts by reducing the multi-

way divider to its 2-way equivalent model. Then, even-mode analysis is adopted

to obtain NTLs with predefined bandwidth functionalities; whereas several isolation

resistors are optimized in the odd-mode analysis to achieve proper isolation and out-

put ports matching over the frequency range of interest. The theoretical results of

the proposed design approach are further validated through means of full-wave EM

simulations, fabrications, and measuremnts of 3- and 4-way divider prototypes.

Chapter 5 presents a novel systematic approach to design compact CPW trans-

formers to match predefined source and load impedances for single-, multi-, and

wide-band applications. The signal trace and the adjacent ground planes in the con-

ventional CPW structure are width-modulated along the propagation path of the

electromagnetic wave while maintaining a constant ground-trace separation. Val-

idation is carried out by designing and simulating single-, multi-, and wide-band

transformers. The proposed transformers are optimized for the implementation on

flexible liquid crystal polymer (LCP) substrates.

Chapter 6 concludes this dissertation and suggests future research paths that

are aligned with the scope of this investigation. It also summarizes the scientific

contribution of this study and lists the resulting publications.
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Chapter 2

E-wall Varied SIW Bandpass

Filters

Modern microwave and millimeter wave systems require low cost, compact size,

high performance, and mass-producible front-ends. In spite of high Q-factor and low

losses of the rectangular waveguide, its bulky size and tiresome and expensive fab-

rication and assembly limit its application in modern wireless systems. Thus, SICs

are promising candidates to fulfill the aforementioned requirements as they facilitate

interconnects and integrations between planar and non-planar circuits and can be

fabricated using the standard fabrication techniques such as PCB and LTCC. SICs

make it possible to synthesize a non-planar waveguide in a planar form on a single

substrate [5]. Using this concept, the bulky rectangular waveguide is effectively trans-

formed into a planar structure with two parallel metallic rows of via-holes, known as

SIW as shown in Figure 2-1. This hybrid integration of planar and rectangular waveg-

uide structures in SIW forms enables the design of high performance front-ends with

attractive features such as low cost, compact size, high Q-factor, and high-volume

production.

This chapter presents a new representation of conventional SIW transmission lines

by varying the locations of the metallic via-holes. These variations are governed by
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Figure 2-1: A schematic diagram of a conventional SIW structure.

truncated Fourier series expansion and lead to advanced electrical features compared

to the uniform SIW structure. At the same time, structural complexity and fabrica-

tion cost are kept unaltered.

This chapter is summarized as follows: Section 2.1 presents the basic principles

of operation of a SIW. Section 2.2 discusses the proposed theory and the detailed

design procedure of E-wall varied SIW transmission lines. Then, Section 2.3 elab-

orates the design procedure to design BPFs without the use of matching networks

(e.g. tapered SIW-to-microstrip transitions), whereas results for BPFs with differ-

ent operating bandwidths are given in Section 2.4 to validate the underlined concept.

Section 2.5 discusses the design of HMSIW-based with SIW-to-microstrip transitions.

Finally, conclusions are drawn in Section 2.6.

2.1 Operation Principles

It was found that an SIW structure has the same propagation and dispersion char-

acteristics of a rectangular waveguide filled with the same substrate material provided

that an effective width, weff , is used instead of its actual width, w [84]. Consequently,
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various empirical formulas have been proposed to find the optimum weff that gives

the best agreement between rectangular waveguide and its SIW counterpart [85, 86].

The first proposed formula found is [84]:

weff = w − d2

0.95s
(2.1)

where w is the width of the SIW transmission line, d is the diameter of the conduc-

tive via-holes, and s is the horizontal spacing between any two adjacent via-holes as

illustrated in Figure 2-1. This formula is accurate only when s is sufficiently small.

In addition, when d increases, a small error will appear, which lead to the proposal

for a more accurate empirical formula given by [87]:

weff = w − 1.08
d2

s
+ 0.1

d2

w
(2.2)

It is paramount to mention that 2.2 is very accurate when

s/d < 2 (2.3a)

d/w < 0.2 (2.3b)

These conditions ensure avoiding leakage losses between the metallic via-holes.

Another simple, yet accurate, expression was proposed in [88] and it is given by:

weff =
w√

1 +
(

2w−d
s

) (
d

w−d

)2 − 4w
5s4

(
d

w−d

)3
(2.4)

A more recent formula found using a mode-matching approach is given by [89]:

weff = w − s
(

0.766e0.4482 d
s − 1.176e−1.214 d

s

)
(2.5)
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The design of the SIW structure starts by specifying the cut-off frequency, fc, of

the dominant mode, substrate relative permittivity, εr, s/d, and d/w. Then, weff can

be calculated based on fc of its rectangular waveguide counterpart given by:

weff =
c

2fc
√
εr

(2.6)

where c is the speed of light. Finally, the SIW actual width, w, can be calculated based

on one of the aforementioned eqs. (2.1), (2.2), (2.4) and (2.5). It can be noted from

these equations that the ratios of s/d and d/w are controlling the width equivalency

not their absolute values.

The minimization of losses is a vital consideration when designing SIW compo-

nents. In addition to the conductor and dielectric losses which affect the rectangular

waveguide, and thus the SIW, the later has an additional source of losses, namely

the radiation loss [90]. This radiation leakage between the metallic via-holes could

be neglected if the ratios s/d and d/w are sufficiently small [87]. However, practical

considerations for limited machining techniques need to be considered. In SIW struc-

tures, similar to rectangular waveguides, conductor and dielectric losses are very high

near the cutoff frequency and then decrease and stabilize [91]. Thus, the favorable

practical range of operation for the SIW is the same as rectangular waveguide (i.e.,

1.25fc to 1.89fc). Increasing the substrate thickness, h, reduces conductor losses, but

it has no effect on dielectric losses. The latter depends on the loss tangent of the di-

electric substrate and the operating frequency, not the SIW geometry [92]. Formulas

for the different type of losses are provided in Appendix A.

Because the EM is not completely confined within the SIW, a crosstalk between

adjacent SIW transmission lines could occur. In [93], a formula for calculating the
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crosstalk based on the SIW geometrical dimensions was derived and it is given by:

C = N2

 1
w

(
d
w

)2.84 ( s
d
− 1
)6.28

572
√(

2w
λ

)2 − 1

1.2732

(2.7)

where λ is the wavelength of the SIW line and N is the total number of apertures.

2.1.1 Frequency Region of Interest

As mentioned earlier, the performance of the SIW structure is highly dependent

on the geometrical parameters of the structure. In order to ensure that the SIW is

operating in the region that has negligible leakage losses and does not present any

bandgap effect, the following design rules should be satisfied [90]:

s > d (2.8a)

αl/k0 > 1× 10−4 (2.8b)

s/λc < 0.25 (2.8c)

s/λc > 0.05 (2.8d)

Condition (2.8a) is to make the circuit physically realizable by making the space

between the via-holes larger than their diameter, whereas condition (2.8b) ensures

negligible leakage losses. A more restrictive condition is s/d < 2. The last two

constraints limits the practical values of s by an upper limit of λc/4 to avoid any

bandgap in the operating bandwidth and a lower limit of λc/20 to minimize the

number of the metallic via-holes. The frequency region of interest of the SIW is

depicted in Figure 2-2.
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Figure 2-2: Frequency Region of interest for the SIW in the plane of d/λc
and s/λc [69].

2.2 E-wall varied SIW transmission lines Design

Schematic diagrams of the proposed E-wall varied structures are shown in Figures

2-3 and 2-4. In this work, the width between the metallic walls (i.e., via-hole loca-

tions) is varied to obtain predefined electrical properties under physical constraints

including ports matching and machining limitations. As mentioned earlier, by us-

ing weff , existing design models and analysis equations associated with rectangular

waveguide theory can be utilized in a straightforward manner for the development of

SIW components. Here, the expression given in (2.2) is used due to its accuracy in

modeling the various SIW parameters.

Two types of end-terminations are studied; specifically, with and without SIW-

to-microstrip transitions. In this section, the general design guidelines to design

SIW transmission lines are discussed. Then, the design methodology of SIW-based

BPFs without SIW-to-microstrip transitions (i.e., Figure 2-3) is considered in Section
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Figure 2-3: A schematic diagram of the proposed SIW-based structure with
varying via-hole walling without SIW-to-microstrip transitions.
White, grey and black colors represent the substrate, metal and
via-holes, respectively.
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Figure 2-4: A schematic diagram of the proposed SIW-based structure
with varying via-hole walling with SIW-to-microstrip transitions.
White, grey and black colors represent the substrate, metal and
via-holes, respectively.

2.3.1; whereas the design guideline of SIW-based BPFs taking into account SIW-to-

microstrip transitions (i.e., Figure 2-4) is given in Section 2.3.2. The response of a

conventional SIW structure with these two types of end-terminations are plotted in

Figure 2-5. In contrast to the case where no matching networks are used, an SIW

with a tapered SIW-to-microstrip transitions results in a highpass response as its

equivalent rectangular waveguide.

The effective width, weff (x), is divided into M uniform SIW segments, each of

a length ∆x = l/M , where l is a predefined length chosen to achieve a compact

layout. M is chosen such that ∆x � λg, where λg is the guided wavelength at the
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(a) (b)

Figure 2-5: S-parameters of a conventional SIW structure: (a) without SIW-
to-microstrip transition, and (b) with a Klopfenstein tapered
SIW-to-microstrip transition.

center frequency of the design bandwidth. Figure 2-6 shows the variations of weff

and fc, calculated at the center of each segment, ∆xm = [m − 0.5]∆x, where m =

{1, 2, . . . ,M}, vs. the physical length of the SIW structure. It can be noted that

some segments will have a cut-off frequency below the passband (i.e., propagation

mode); whereas others will have a cut-off frequency higher than the passband (i.e.,

evanescent mode). These variations in fc will lead to the desired passband/stopband

response. For simplicity, Figure 2-6 is plotted with M and l equal to 20 and 20 mm,

respectively. Thus, ∆x = 1 mm.

Then, weff (x) is modeled in a truncated Fourier series that has the following

form [94]:

weff (x) = wr exp

[
N∑
n=0

an cos
2πnx

l

]
(2.9)

where N is the number of the series coefficients and wr is a reference effective width

obtained based on fc as given in [87]. The resulting weff (x) should adhere to reason-
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Figure 2-6: Cutoff frequency and width variations at the center of each SIW
segment vs. physical length. Solid blue and dotted red represent
fc and weff(x)/2, respectively.

able fabrication limits and meet the following matching conditions:

wmin ≤ weff (x) ≤ wr (2.10a)

weff (0) = weff (l) = wr (2.10b)

The constraint in (2.10a) limits the variation of weff (x) within a maximum value

wmax = wr and a minimum value wmin > 5d to satisfy the condition given in (2.3b);

whereas the constraint (2.10b) enforces equal widths at both ends of the SIW struc-

ture, and is realized by satisfying the following condition:

N∑
n=0

an = 0 (2.11)

In order to apply transmission line theory to the waveguide, the phase constant,

β, and the characteristic impedance, Z0, should be calculated for each segment. For
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the dominant mode in a rectangular waveguide, β can be calculated as [95]:

β (∆xm) =

√
ω2µε−

(
π

weff (∆xm)

)2

(2.12)

where ∆xm = [m− 0.5]∆x represents the center of the mth segment, ω is the radian

frequency, ε is the permittivity, and µ is the permeability. While there is no unique

definition for the characteristic impedance of a waveguide, the available definitions

differ by a constant, k, term [96, 97]. When a waveguide is matched to a uniquely

defined impedance (e.g., coaxial cable, microstrip feedline), the value of the constant

becomes significant. Initially, the power-current definition is used, which is given as

follows [96]:

Z0,pi (∆xm) = k
h

wdf (∆xm)

√
µr
εr

λg (∆xm)

λ
(2.13)

where h is the substrate thickness, k = 465 for the power-current definition, and λg/λ

can be expressed as:

λg (∆xm)

λ
=

1√
1− (fc (∆xm) /f)2

(2.14)

It is found that there is a discrepancy between the simulated power-current char-

acteristic impedance and Z0,pi obtained from (2.13). Such differences become more

significant around the cutoff frequency. In addition, the change in some design pa-

rameters (e.g., weff , εr, h) necessitates a different constant to guarantee the best

agreement between the analytical and simulated/measured responses. Hence, the

constant value is changed to match the simulation results. By substituting λg and λ

in (2.13) with 2π/β(∆xm) and 1/
√
µε, respectively, it can be written as:

Z0,pi (∆xm) = k
h

wdf (∆xm)

√
µr
εr

2π

β(∆xm)
f
√
µε (2.15)
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which can be expressed in the following form

Z0,pi (∆xm) = k
h

wdf (∆xm)

ωµr
√
µ0ε0

β(∆xm)
(2.16)

where ω = 2πf . Then, the right-hand side is multiplied by the factor
√
ε0/µ0 ×√

µ0/ε0, leading to:

Z0,pi (∆xm) =

(
k

√
ε0
µ0

)
h

wdf (∆xm)

ωµr
√
µ0ε0

β(∆xm)

√
µ0

ε0
(2.17)

Since k
√
ε0/µ0 is constant, it is denoted as k′. Then, (2.17) is written in the

following form, considering that µ = µ0µr:

Z0 (∆xm) = k′
h

wdf (∆xm)

ωµ

β(∆xm)
(2.18)

Finally, provided that Zwave (∆xm) = ωµ/β(∆xm), the expression in (2.18) can

be written as:

Z0 (∆xm) = k′
h

weff (∆xm)
Zwave (∆xm) (2.19)

where k′ = 1.2343 matches the power-current definition given in (2.13) (i.e., k =

465). Then, simulated Z0 and Zwave are used to find the value of k′ that matches the

simulated response.

The waveguide characteristic impedance expressions in (2.13) and (2.19) are plot-

ted in Figure 2-7 together with the simulated impedance from ANSYS Electronics

Desktop [98] for different weff and h values and for εr = 3.55. Figure 2-7 shows that

the accuracy of (2.19) outperforms that of (2.13), which validates the use of the for-

mer in the proposed procedure. Once Z0 is evaluated for all M segments, the ABCD
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Figure 2-7: Simulated versus analytical Z0 based on expressions (2.13) and
(2.19) plotted for different weff and h (units in mm).

parameters of the mth segment are obtained as follows:

Am = Dm = cos [∆x.β(∆xm)] (2.20a)

Bm = Z2
0 (∆xm)Cm = jZ0 (∆xm) sin [∆x.β(∆xm)] (2.20b)

Then, the ABCD matrix of the SIW structure is found by multiplying the ABCD

matrices of all M segments as follows:

[A B;C D] =
M∏
m=1

[A B;C D]m (2.21)

The resulting overall ABCD matrix is used to express the input port matching,

S11, and the transmission parameter, S21, of the SIW-based structure, which are given
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as [95]:

S11 =
AZl +B − CZsZl −DZs
AZl +B + CZsZl +DZs

(2.22a)

S21 =
2(AD −BC)

√
ZsZl

AZl +B + CZsZl +DZs
(2.22b)

where Zs and Zl are the source and load impedances connected to the SIW structure

(e.g. microstrip feedlines or SIW-to-microstrip transitions). Once the S-parameters

are expressed in terms of the ABCD matrix of the SIW structure, an error function

can be used to achieve a desired performance as will be discussed in the next section.

2.3 SIW Bandpass Filtering with Fourier-varying

Via-hole Walling

In this section, several BPFs with and without SIW-to-microstrip transitions are

designed, simulated, and measured as shown in Figures 2-3 and 2-4. The design of

BPFs with these two-end terminations is discussed in details in the following two

subsections.

2.3.1 Filter Design without Matching Networks

According to Figure 2-3, no matching network is incorporated in the SIW structure

in order to reduce the overall filter dimensions. The design procedure for such filters

is continued from (2.22) by setting Zs,l = 50Ω. Then, the following error function is
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established for a bandpass filtering response:

E =



√
(|S11| − 1)2 + α |S21|2, fmin ≤ f ≤ fcL

fcH ≤ f ≤ fmax√
α |S11|2 + (S21| − 1)2, fcL ≤ f ≤ fcH

(2.23)

where fcL and fcH are the lower and higher cutoff frequencies of the passband, re-

spectively, and α is a weighting factor used to minimize the reflection coefficient in

the passband and increase the lower/upper stopband rejection levels. Here, fmin and

fmax are minimum and maximum frequencies of the optimization process, respec-

tively. The error vector resulting from applying (2.23) to all frequency points within

[fmin, fmax] is used to establish the following objective function:

Objective =

√√√√ 1

Mf

Mf∑
i=0

E(fmin + i∆f) (2.24)

where Mf is the number of frequency points given by

Mf =
fmax − fmin

∆f
+ 1 (2.25)

where ∆f is a frequency increment. Ideally, ∆f should be as close as possible to

zero, but this will increase the optimization time considerably. In this context, ∆f is

chosen to be 0.05 GHz.

The Fourier coefficients, an, that result in an optimum bandpass filtering response

are found by minimizing (2.24). A genetic algorithm (GA) is used for its applications

in microwave and mm-wave front-ends design and optimization [99–102]. Table 2.1

illustrates the adopted optimization settings. It is noteworthy to mention that there

is no unique solution for the coefficients (i.e., different an’s in each run). The coef-

ficients with the optimal response, in combination with a width profile weff (x) that
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Table 2.1: List of Optimization Parameters

Parameter Value

No. of GA generations 700

GA population size 200

GA crossover rate 0.7

GA mutation rate 0.1

Lower/Upper bounds of the coefficients -1/1

Function Tolerance 1× 10−20

Table 2.2: List of Physical Dimensions of the SIW BPFs

Parameter Value (mm) Parameter Value (mm)

d 0.50 wmin 2.50

s 0.90 l 40.0

w(x = 0, l) 13.0 w50 0.68

wr = wmax 12.7

satisfies (2.10) is considered in the following design steps. In the proposed design,

the separation between the centers of the via-holes, s, is calculated based on the

Euclidean distance, not the horizontal distance.

Three examples are optimized based on the outlined analysis considering a 0.3048-

mm-thick Rogers RO4003C substrate with εr = 3.55. The physical dimensions of these

filters are listed in Table 2.2. The three designs have a center frequency of 14 GHz

and FBWs of 2.5%, 5.8%, and 18.2%. The number of the series coefficients, N , and

the uniform segments, M , are set to 7 and 80, respectively. Finally, k′ is set to 1.265;

whereas α is chosen to be 30.

Figure 2-8 illustrates the analytical results of the three designs, which all show

input port matching better than −20 dB and passband transmission better than

−0.2 dB. Figure 2-9 shows the width profiles of the three design examples, which

are constrained by the predefined wmin and wmax. In addition, the end terminations
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Figure 2-8: Analytical results of three SIW-based BPFs with different pass-
bands. Blue dotted, red dashed, and green solid lines represent
passbands of 13.8–14.2 GHz, 13.5–14.5 GHz, and 12.5–15.5 GHz,
respectively.

of the three profiles equal wr. Hence, the results of the three designs validate the

proposed methodology.

2.3.2 Filter Design with Klopfenstein Matching Network

Here, Klopfenstein tapered lines [103] are utilized to match the characteristic

impedance of the SIW filter to the 50-Ω microstrip feedlines as shown in Figure 2-

4. The characteristic impedances at end-terminations, Z0(x = 0, l), are found using

(2.19). Then, (2.22) is calculated, where Zs,l = Z0(x = 0, l). The Klopfenstein taper

is expressed as [104,105]:

ln

(
Z(x)

Zs

)
= 0.5 ln

(
Zi
Zs

)[
1 +G

(
B, 2

(
x

dt
− 0.5

))]
(2.26)

where Zs and Zl represent the source and load impedances at the two ends of the

tapered line (i.e., Zs = 50-Ω, Zl = Zµs), respectively, and dt is the taper length, and

G(B, ξ) =
B

sinhB

∫ ξ

0

I0

(
B
√

1− ξ′2
)
dξ′ (2.27)
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where B is a predefined design parameter that determines the tapered profile and

I0(x) represents the modified zero-order Bessel function. Higher B values improve

the input matching at the expense of a longer taper. For a given taper line, the

maximum input return loss (in dB) is given as [104,105]:

|RLinput |max = −20 log

[
tanh

(
B

sinhB

)
(0.21723) ln

(√
Zl
Zs

)]
(2.28)

Moreover, a HMSIW filter configuration is also proposed with tapered lines to

facilitate the necessary impedance matching as shown in Figure 2-10. HMSIW is

adopted to reduce the filter dimensions [106]. For an optimum HMSIW operation,

the substrate width should be increased slightly to mitigate the fringing effects. The
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necessary width increase is found empirically as follows [107]:

∆w = h×
(

0.05 +
0.3

εr

)
× ln

(
7.9× 10−4w

2
r

h3
+

0.104wr − 2.61× 10−4

h2
+

0.038

h
+ 2.77

) (2.29)

Thus, the effective width of the HMSIW structure is given as:

weff,HM(x) =
weff (x)

2
+ ∆w (2.30)

Since weff,HM < weff , Z0,HM is higher than Z0 in the conventional SIW structure.

Hence, for better matching, the transition width of the HMSIW filter, wµs,HM , is

approximately wµs/2 [108].

2.4 Simulations and Measurements

In this section, simulations and measurements for three BPF prototypes are pre-

sented. Prototype (1) is optimized for a 5.8% FBW at 14 GHz center frequency

following the procedure presented in Section 2.3.1. Prototype (2) is interfaced with

Klopfenstein tapered lines as discussed in Section 2.3.2, and is optimized for a 2.5%

FBW at 12 GHz center frequency. Finally, Prototype (3) demonstrates the HM-

SIW layout of prototype (2). It is noteworthy to mention that the optimization

parameters and physical dimensions listed in Tables 2.1 and 2.2 are adopted in the

three designed prototypes. ANSYS Electronics Desktop [98] is used for simulations;

whereas measurements are performed with Agilent E8362C network analyzer. Short-

open-load-thru calibration is performed to the network analyzer ports with Keysight

3.5 mm mechanical calibration kit to shift the reference plane to the output of the

coaxial cables.

The simulated and measured S-parameters of prototype (1) are shown in Figure
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Figure 2-11: Simulations and measurement of the designed SIW-based BPF
with a FBW of 5.8% and 14 GHz center frequency.

2-11. The filter has passband port matching and transmission loss better than −15

dB and −2.5 dB, respectively. The maximum upper rejection level is better than −40

dB with a rejection better than −20 dB for 3 GHz after the operating band. The

roll-off factor of the filter is 49.9 dB/GHz.

Similarly, the simulated and measured S-parameters of prototype (2) are shown

in Figure 2-12. Here, a highly-selective narrowband filter is interfaced with tapered

lines. The characteristic impedance in this example is found to be Z0 = 7.5-Ω at the

center frequency, which results in wµs = 7.46 mm. The length of the tapered lines

and the value of B are set to 10 mm and 2.5, respectively. Here, passband input port

matching and transmission loss better than −19 dB and −3.0 dB, respectively, are

obtained. The roll-off factor of this BPFs is 85.8 dB/GHz. This filter address the

challenge design of SIW-based BPFs with FBW < 5% with a roll-off factor better

than the first prototype.

Finally, the simulated and measured S-parameters of prototype (3) are shown in
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Figure 2-12: Simulations and measurement of the designed SIW-based BPF
with a FBW of 2.5% and 12 GHz center frequency.

Figure 2-13 Simulations and measurements are in good agreement. Both the SIW

and HMSIW filters have the same order. However, the latter has a slightly broader

bandwidth and lower stopband rejection level due to power leakage from the open

side aperture in the HMSIW layout, resulting in higher radiation losses near the

cutoff frequency [107]. Discrepancies between the simulated and measured results

in all prototypes, including the shift in the center frequency, are attributed to the

fabrication tolerance, SMA connectors, as well as substrate permittivity and thickness

tolerances.

Photographs of the three prototypes are shown in Figure 2-14. Table 2.3 shows

the optimized series coefficients and the value of (2.24) for the three prototypes. Table

2.4 represents a comparison between the proposed methodology and other state-of-

the-art techniques. The proposed method shows acceptable electrical characteristics

as compared to other reported efforts. It is worth mentioning that narrowband filters

impose higher insertion losses as observed in prototypes 2 and 3 [27]. In addition, the
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BPF with a FBW of 2.5% and 12 GHz center frequency
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Figure 2-14: Photographs of the three fabricated BPFs: (a) prototype 1, (b)
prototype 2, and (c) prototype 3.

demonstrated designs operate at higher center frequencies. This method offers flex-

ibility in FBW redefinition without using extra components (e.g., stubs, resonators,

EBG).

The proposed methodology differs from other previous efforts in the following

aspects: 1) Unlike [22, 26, 27, 30], all BPF designs presented in this work occupy

smaller area and has lower insertion losses due to the absence of higher-order modes

of cavities and resonators. 2) In contrast to the multilayer filters elaborated in [23,37],

all filter designs presented in this work are planar and implemented on a single layer
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Table 2.3: Optimized Fourier Series Coefficients and the Corresponding Ob-
jective Function Error Value

a0 a1 a2 a3 a4 a5 a6 Value of (2.24)

Prototype (1) –0.5082 0.0869 0.0417 0.0178 0.0671 0.3733 0.0656 0.6342

Prototype (2&3) –0.4675 0.0818 0.0311 –0.1765 0.4233 0.0955 0.0125 0.4833

substrate. 3) Although the use of microstrip resonators instead of SIW cavities results

in a compact size as presented in [28], this limits the use of such filters for higher-

frequency applications as the microstrip losses become very high.

2.5 Conclusion

A systematic methodology is proposed for the design of planar BPFs based on

varied SIW and HMSIW via-hole walling governed by a truncated Fourier series

expansion. The optimized locations of the via-holes allow predefined bandwidth and

acceptable electrical performance. For verification, three prototypes are simulated,

fabricated and measured. Simulated and measured results are in a good agreement in

both pass- and stop-bands. Differences between simulated and measured results are

attributed mainly to the fabrication process and substrate parameters. Klopfenstein

tapered lines are used to improve port matching.

The proposed method allows the design of narrowband or wideband BPFs by

modifying the optimization parameters. In addition, the proposed method can be

utilized in realizing the optimum microstrip-to-SIW transition without performing a

parametric study by providing the characteristic end-termination impedances of an

SIW structure. Finally, the proposed method can be integrated with other techniques

to further enhance the overall electrical performance (i.e., introducing transmission

zeros and achieving wide stopband characteristics for wideband BPFs).
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Chapter 3

E-wall Varied HMSIW Filtering

Wilkinson Power Divider

This chapter presents a method with clear guidelines to design a compact HMSIW-

based WPDs. The design procedure is accomplished by varying the fixed-width of

each arm of the conventional WPD. Width variations are governed by a truncated

Fourier series with coefficients optimized to achieve predefined frequency matching.

The design procedure is divided into two main steps: 1) even-mode analysis, carried

out to optimize the series coefficients with predefined bandwidth; 2) odd-mode anal-

ysis, utilized to obtain the optimum isolation resistors that guarantee an acceptable

isolation and output ports matching over the frequency range of interest. In addition,

half-mode configuration is employed for further size reduction. The proposed design

procedure leads to miniaturized planar structure without increasing the fabrication

complexity.

This chapter is organized as follows: Section 3.1 presents the detailed design

procedure of the even-/odd-mode analysis. Simulated results of a designed in-phase

equal-split narrowband WPD are given in Section 3.2. Finally, conclusions are given

in Section 3.3.
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Figure 3-1: A schematic diagram of the proposed HMSIW-based WPD with
varying via-hole walling. White, grey, black and brown colors
represent the substrate, metal, via-holes, and isolation resistors,
respectively.

3.1 WPD Design

A schematic diagram of the proposed HMSIW-based WPD is shown in Figure

3-1. The locations of the metallic via-holes is governed by truncated Fourier series

to achieve a predefined performance. These width variations lead to variations in the

characteristic impedance, Z0(x), and propagation constant, β(x). Such response is

obtained by properly profiling the width of each arm of the propsed SIW divider.

In section 3.1.1, the even-mode analysis is conducted to optimize the Fourier

series coefficients to obtain predefined electrical properties under physical constraints

including ports matching and machining tolerance; whereas the odd-mode analysis is

used to find the optimal values of the isolation resistors to meet proper output ports’

matching and isolation levels.

3.1.1 Even-odd Analysis

The even-mode equivalent circuit of the proposed WPD is shown in Figure 3-

2. The variable-width transmission line has a length l with a varying characteristic

impedance, Z0(x), and propagation constant, β(x), and matches a source impedance,

39



Port 1

sZ 2Z 0=

Port 2

lZ Z0=

3

2

R2

2

R1

2

R

e
Z
in

l

Figure 3-2: The equivalent even-mode circuit of the proposed SIW WPD.

Zs, to a load impedance Zl. Due to the symmetric excitation at the two output

ports, the isolation resistors Rj/2 (j = 1, 2, 3) are open-circuited. Thus, they have

no effect on finding the optimal Fourier series coefficients. The width profile of the

transmission line is governed by the truncated Fourier series given in (2.9). weff

should be restricted by the constraint given in (2.10) stated in Section 2.2. Then,

the ABCD matrix is calculated following the design procedure presented in Section

2.2. To design a power divider with filtering response, the S-parameters should be

optimized to minimize S21 in the passband and maximize it in the stopbands. Hence,

the error function in (2.23) and the objective function in (2.24) presented in Section

2.3.1 are used in a similar way. It is worthy to mention that this bound-constrained

nonlinear error function in (2.24) is minimized using the GA and the optimization

parameters listed in Table 2.1 are applied here also.

As shown in Figure 3-2, Zs = 2Z0, where Z0 is calculated as indicated in (2.19).

On the other hand, Zl = Z0. However, since the half-mode structure will be used and

it has almost half of the original width, the characteristic impedance of the half-mode

structure will be approximately double of the original full structure. Thus, Zl is set

to 2Zs in the optimization. Thus, (2.22) is calculated with Zs = Zl = 2Zs.
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Table 3.1: Optimized Fourier Series Coefficients and the Corresponding Ob-
jective Function Error Value

a0 a1 a2 a3 a4 a5 a6 Value of (2.24)

–0.5061 0.0645 0.0171 -0.1112 0.4938 0.0467 -0.0049 0.5040

Port 2

lZ Z0=

3

2

R2

2

R1

2

R

l

V2

I2

V1

o

in
Z

I1

Figure 3-3: The equivalent odd-mode circuit of the proposed SIW WPD.

3.1.2 Odd-odd Analysis

Figure 3-3 shows the equivalent odd-mode circuit of the proposed divider, which

is used to obtain the values of the isolation resistors needed to achieve the optimum

output ports’ isolation and matching conditions. Here, Rj/2 resistors are terminated

with a short circuit due to the asymmetric excitation of the output ports. Once

the optimum Fourier series coefficients in (2.9) are found, three isolation resistors

are distributed uniformly. Then, the ABCD matrix of each segment is calculated

using (2.20). Then, the total ABCD matrix of the whole network is calculated by

modifying (2.21) to include the effect of the resistors as follows:

[A B;C D]Total = [A B;C D]R3
2
·

55∏
m=80

[AB;CD]m · [A B;C D]R2
2

28∏
m=54

·[A B;C D]m · [A B;C D]R1
2
·

1∏
m=27

[A B;C D]m

(3.1)

It is paramount to point out that the product starts from the load side and this
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explains why the product is done in descending order. Then, as illustrated in Figure

3-3, the following equation can be written:

V1

I1

 =

A B

C D


Total

V2

I2

 (3.2)

By setting V2 in (3.2) to zero and solving for V1/I1, one obtains:

V1

I1

=
B

D
= Zo

in (3.3)

For perfect output port matching, the following condition should be satisfied:

Γout (fk) =
Z◦in (fk)− Zl
Z◦in (fk) + Zl

= 0 (3.4)

where fk (k = 1, 2, . . . , n) denotes the frequencies at which (3.4) is calculated. There-

fore, for a perfect output ports matching over the desired range, the following error

should be minimized:

Errorout =
K∑
k=1

|Γout(fk)|2 (3.5)

This optimization problem is solved keeping in mind that R1, R2, and R3 are the

optimization variables to be determined.

3.2 Results

Based on the design procedure presented in Section 3.1, an example of an equal-

split filtering PD is designed and simulated. The design is optimized taking into

account a 0.3048-mm-thick Rogers RO4003C substrate with a relative permittivity

εr = 3.55. The physical parameters are listed in Table 3.2. The PD has a center

frequency of 12.0 GHz and fractional bandwidth (FBW) of 3.3%. The number of the
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Table 3.2: List of Physical Dimensions of the HMSIW WPD

Parameter Value (mm) Parameter Value (mm)

d 0.50 wmin 2.50

s 0.90 l 35.0

w(x = 0, l) 13.0 w50 0.68

wr = wmax 12.4 wµs 1.5

lp 4.5 ws 1.0
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Figure 3-4: Simulated S-Parameters of the designed HMSIW-based filtering
PD: (a) S11 and S21 and (b) S22 and S23.

Fourier series coefficients, N , and the uniform segments, M , are chosen to be 13 and

25, respectively. The optimum values of the isolation resistors are found to be R1 =

500Ω, R2 = 100Ω, R3 = 350Ω.

Simulated input port matching and transmission parameters are presented in Fig-

ure 3-4(a), whereas output port matching and isolation are shown in Figure 3-4(b).

The PD has input port matching and transmission loss better than −16 dB and −2.5

dB, respectively. The output port matching and isolation between the output ports

are better than −13 dB and −16 dB, respectively, across the operating band. Figure

3-5 shows the simulated layout using ANSYS Electronics Desktop [98].

Table 3.3 presents a comparison between the proposed HMSIW PD and other
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(a)

(b)

Figure 3-5: Simulated layout of the designed HMSIW-based PD: (a) top view
and (b) trimetric view.

state-of-the-art PDs. The proposed methodology shows competitive electrical perfor-

mance as compared to other reported techniques. The proposed PD has the maxi-

mum input matching and isolation levels among the reported PDs. Although inser-

tion losses are higher for narrowband SIW filters/PDs [27], the proposed design has

acceptable insertion loss compared to other broader PDs. The proposed technique

offers design flexibility and bandpass redefinition without using extra components

(e.g., stubs, lumped elements).

3.3 Conclusion

This chapter presented a novel procedure for designing filtering WPDs based on

E-wall-varied SIW transmission lines governed by a truncated Fourier series expansion

with the series coefficients being variables to be optimized. The even-mode analysis
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was used to optimize the transmission lines that operate well across predefined band-

width, whereas three isolation resistors were calculated using the odd mode circuit.

Furthermore, half-mode structure is used to cut down the size of the PD in half.

The proposed methodology is systematic and results in planar PDs with competitive

electrical characteristics. For verification purposes, a PD is designed and simulated.

Simulated results are in a good agreement and show a matching better than −13 dB

and competitive transmission losses in both pass- and stop-bands.
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Chapter 4

Impedance-varying N-way

Microstrip Wilkinson Power

Divider

In this chapter, a systematic procedure for designing a multi-way WPD with

bandwidth redefinition characteristics. The designed structure is compact and planar.

Quarter-wave matching uniform transmission lines in the conventional design are

replaced with non-uniform transmission lines (NTLs) governed by a truncated Fourier

series. Even-mode analysis is adopted to obtain NTLs with predefined bandwidth

functionalities; whereas several isolation resistors are optimized in the odd mode

analysis to achieve proper isolation and output ports matching over the frequency

range of interest. Compactness is achieved by incorporating only one quarter-wave

wideband NTL transformer, with a length computed at the center frequency, in each

arm.

This chapter is organized as follows: Section 4.1 presents the detailed design

procedure of the proposed wideband NTL N -way WPD. Analytical, simulated, and

measured results of 3- and 4-way WPDs across different design bands are presented

in Section 4.2. Finally, conclusions are drawn in Section 4.3.
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Figure 4-1: Schematic diagrams of N -way WPDs: (a) conventional single-
frequency and (b) proposed wideband.

4.1 N-way Microstrip WPD Design

In this section, the design procedure of a compact wideband microstrip-based

WPD is elaborated. A schematic diagram of a single frequency conventional N -way

WPD along with its counterpart proposed wideband divider are shown in Figure (4-1).

The proposed approach is based on replacing the uniform quarter-wave transformers

by impedance-varying transmission lines that operate across predefined bands. The

design starts by reducing the N -way divider to its equivalent 2-way model [109].

Hence, the even-/odd-mode analysis can be adopted.

To reduce the N -way divider to its 2-way equivalent model, the first branch is

assumed to be the nth branch, whereas the second is a combination of the remaining

N − 1 branches, as shown in Figure 4-2. The analysis starts by assigning the power

split ratio at each output port, then applying the combining technique presented

in [109] to find the characteristic impedance of each nth branch. For simplicity, the

equal-split power divider is considered. Thus, each port will receive 1/N fraction of

the total input power. The power at the other branch in the equivalent 2-way model
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Z01

Port n

combined N–1 ports

Port 1

Z0

Z0

Zcombined Z0

Figure 4-2: 2-way equivalent model of the N -way WPD.

is the sum of the power ratios of the rest of the N − 1 branches; or in other words,

(N − 1)/N . Once the characteristic impedance of the nth branch is determined, the

process is repeated until the characteristic impedances of all N original branches are

found. In this context, the equivalent 2-way model is developed only once as the power

is split equally between the N output ports (i.e., same characteristic impedances for

all N branches). 3- and 4-way WPD configurations will be considered to continue the

design procedure. For the 3-way WPD, each uniform quarter-wave transformer has a

characteristic impedance of Z0

√
3 = 86.6Ω (assuming a port impedance of 50Ω). To

obtain the characteristic impedance of the first branch, Z01, for the equivalent 2-way

model shown in Figure 4-2, we combine branches 2 and 3 (i.e., ports 3 and 4), where

k2 = P3,4/P2. The combined power of ports 3 and 4 is twice the power of port 2, so

k2 = 2, and Z01 is be found to be Z0

√
k(1 + k2) = 103Ω [109]. Since the proposed

design is of equal split, the other branches will have the same value of Z01. Similarly,

k2 = 3 and Z01 = 131.6 for the 4-way divider.

4.1.1 Even-mode Analysis

The even-mode equivalent circuit of the proposedN -way divider is shown in Figure

4-3. The NTL has a length d with a varying characteristic impedance Z(x) and

propagation constant β(x), and matches a source impedance Zs to a load impedance

Zl. The isolation resistors Rj/2, where j = 1, 2, 3, are terminated with an open

circuit as a result of the symmetric excitation at the two equivalent output ports. To
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Figure 4-3: 2-way equivalent even-mode circuit of the proposed NTL N -way
WPD.

design the NTL, the magnitude of the reflection coefficient, |Γ|, should be zero (or

very small) over the frequency range of interest. |Γ| at the input port is expressed in

terms of Ze
in shown in Figure 4-3, where Ze

in is calculated after obtaining the ABCD

parameters of the NTL.

In a similar analysis presented in Section 2.2, the ABCD parameters of the wide-

band matching NTL are calculated by subdividing it into K = 50 uniform short

segments each of length ∆x = d/K where ∆x� λ, where λ is the guided wavelength

at the center frequency. Then, the ABCD matrix of the whole NTL is obtained by

multiplying the ABCD parameters of all sections as follows:

[A B;C D]Z(x) =
K∏
i=1

[A B;C D]i (4.1)

where the ABCD parameters of the ith (i = 1, 2, . . . , K) segment are [95]:

Ai = Di = cos(∆θ) (4.2a)

Bi = Z2
(
(i− 0.5)∆x

)
Ci = jZ

(
(i− 0.5)∆x

)
sin(∆θ) (4.2b)

∆θ =
2π

λ
∆x =

2π

c
f
√
εeff∆x (4.2c)

where c is the speed of light and f is the center frequency of the design bandwidth.

The effective dielectric constant, εeff , of each section is found using the well-known
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microstrip line formula [95]:

εeff =
εr + 1

2
+
εr − 1

2

1√
1 + 12h/W

(4.3)

where h is the dielectric substrate thickness and W is the width of the microstrip

line. Given Z0 and dielectric constant εr, the ratio h/W in (4.3) can be found as:

W

h
=


8eA

e2A−2
for W/h < 2

2
π

[
B − 1− ln(2B − 1) + εr−1

2εr

{
ln(B − 1) + 0.39− 0.61

εr

}]
for W/h > 2

(4.4)

where

A =
Z0

60

√
εr + 1

2
+
εr − 1

εr + 1

(
0.23 +

0.11

εr

)
(4.5a)

B =
377π

2Z0
√
εr

(4.5b)

The term x = (i − 0.5)∆xi in (4.2) represents the center of each segment, i.

Furthermore, the non-uniform impedance profile is governed by a truncated Fourier

series that is expressed as:

Z(x) = Z01 exp

[
c0 +

M∑
m=1

(
am cos

[
2πmx

d

]
+ bm sin

[
2πmx

d

])]
(4.6)

where Z01 =
√
ZsZl is the characteristic impedance of the WPD branch. It is worthy

to mention that (2.9) is a reduced form from (4.6). Although the downgraded series

form in (2.9) reduces the optimization time considerably, the usage of (4.6) leads to

a better performance due to allowing more impedance variations along the NTL.

An optimum designed NTL has its reflection coefficient magnitude over the fre-
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quency range of interest, with an increment of ∆f as close as possible to zero. In this

context, ∆f is chosen to be 0.2 GHz. Therefore, the optimum values of the Fourier

coefficients can be obtained through minimizing the following error function [110]:

Errorin = max
(
Ein
f1
, . . . , Ein

fk
, . . . , Ein

fn

)
(4.7)

where

Ein
fk

= |Γin(fk)|2 (4.8)

Γin(fk) =
Ze
in(fk)− Zs

Ze
in(fk) + Zs

(4.9)

Ze
in(fk) =

A(fk)Zl +B(fk)

C(fk)Zl +D(fk)
(4.10)

The resulting Z(x) must be within reasonable fabrication tolerances and meet

matching conditions. That is, the following physical constraints are set:

Zmin ≤ Z(x) ≤ Zmax (4.11)

To minimize the non-linear bound-constrained error function in (4.7) across a

predefined bandwidth, an optimization procedure is carried out, in which the series

coefficients, c0, am, bm, are set as the variables to be optimized. It is noteworthy to

point out that such coefficients ∈ [−1, 1]. In this context MATLAB built-in function

”fmincon.m” is used due to its ability to converge in a relatively small optimization

time.

4.1.2 Odd-mode Analysis

Figure 4-4 shows the equivalent odd-mode circuit of the proposed divider which is

used to obtain the optimum values of the isolation resistors that achieve acceptable

output ports isolation and matching conditions. Due to the asymmetric excitation of
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Figure 4-4: 2-way equivalent odd-mode circuit of the proposed NTL N -way
WPD.

the output ports, each Rj/2 resistor will be terminated with a short circuit.

After determining the optimum values of the Fourier series coefficients in (4.6),

the NTL transformer is subdivided into 3 sections, and the ABCD matrix for each

section is calculated by employing (4.1) and (4.2). Then, the total ABCD matrix of

the whole network shown in Figure 4-4 can be calculated as follows:

[A B;C D]Total = [A B;C D]R3
2
· [A B;C D]1st Section · [A B;C D]R2

2
·

[A B;C D]2nd Section · [A B;C D]R1
2
· [A B;C D]3rd Section

(4.12)

It is worth to point out here that the locations of the resistors are distributed

uniformly. Finally, and as illustrated in Figure 4-4, the following equation can be

written: V1

I1

 =

A B

C D


Total

V2

I2

 (4.13)

By setting V2 in (4.13) to zero and solving for V1/I1, one obtains:

V1

I1

=
B

D
= Zo

in (4.14)
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For perfect output port matching, the following condition should be satisfied:

Γout (fk) =
Z◦in (fk)− Zl
Z◦in (fk) + Zl

= 0 (4.15)

where fk (k = 1, 2, . . . , n) denotes the frequencies at which (4.15) is calculated. There-

fore, for a perfect output ports matching over the desired range, the following error

should be minimized [110]:

Errorout = max
(
Eout
f1
, . . . , Eout

fk
, . . . , Eout

fn

)
(4.16)

where

Eout
fk

= |Γout(fk)|2 (4.17)

This optimization problem is solved keeping in mind that R1, R2, and R3 are the

optimization variables to be determined.

4.2 Results

In this section, based on the design procedure provided in Section 4.1, 3- and

4-way WPDs operating at different frequency bands are demonstrated followed by

simulated and measured results for further verification.

4.2.1 Analytical Results

3- and 4-way WPDs operating at 6–8 GHz, 5–9 GHz, and 4–10 GHz, which

correspond to FBWs of 28%, 57%, and 86%, respectively, are designed. All design

examples are carried out using Rogers RO4003C substrate with a thickness of 0.813

mm, relative permittivity of 3.55, and loss tangent of 0.0027. The length of each NTL

transformer of the proposed WPDs is set to 10 mm. The characteristic impedance of
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Figure 4-5: S-parameters (S11 and S21) for the wideband NTL matching
transformers across the design bands 6-8 GHz, 5-9 GHz, and
4-10 GHz: (a) 3-way case: Zs = 150Ω, Zl = 70.71Ω, and (b)
4-way case: Zs = 200Ω, Zl = 86.6Ω.

the conventional 3-way WPD arm, Z01, is calculated in Section 4.1 and is found to

be equal 103Ω, whereas it equals to 131.6Ω in the 4-way divider example. Zmin and

Zmax in (4.11) are chosen to be 21Ω and 138Ω, respectively. The resulting Fourier

coefficients and the associated optimization error in each case are presented in Tables

4.1 and 4.2 for the 3- and 4-way cases, respectively.

Figure 4-5 shows the analytical response of the input port matching and transmis-

sion parameters, S11 and S21, respectively, for the wideband NTL matching transform-

ers across the design bands: 6–8 GHz, 5–9 GHz, and 4–10 GHz. The S-parameters

are calculated using the following equations (assuming lossless transmission lines):

S11 = 20 log

(
AZ(z)Zl +BZ(z) − CZ(z)ZsZl −DZ(z)Zs
AZ(z)Zl +BZ(z) + CZ(z)ZsZl +DZ(z)Zs

)
(4.18a)

S21 = 20 log

(√
(1− S2

11)/N

)
(4.18b)

where Zs = NZ0 and Zl =
√
N − 1Z0 are the source and load impedances, respec-
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tively, found in the even-mode analysis. Input port matching is below −17 dB for

the 3-way dividers, and the transmission parameters are in close proximity to their

theoretical value of −4.77 dB over the bands of interests. Furthermore, the input

port matching is below −16 dB over the three bands in all N = 4 divider examples

and the transmission parameters are close to their theoretical value of −6 dB over

the bands of interests.

4.2.2 Simulations and Measurements

In this section, 3- and 4-way WPDs with FBWs of 57% are simulated. Simula-

tions are performed with the finite element method-based tool ANSYS HFSS [98].

Furthermore, a 3-way WPD with a FBW of 86% is fabricated and measured. Figure

4-6(a) illustrates the simulated results for the input port matching and transmission

parameters of the 3-way WPD over a band of 5–9 GHz (i.e. FBW of 57%). It should

be indicated that S21 = S41 due to structure symmetry. Simulation results show

that input port matching is below −15 dB and the transmission parameters equal

−4.9 ± 1 dB over 5–9 GHz. Output port matching and isolation parameters are all

below −15 dB in the assigned band as depicted in Figure 4-6(b). It should be noted

that S22 = S44 and S23 = S34 due to structural symmetry. The optimum values of

the isolation resistors are found to be R1 = 120 Ω, R2 = 660 Ω, and R3 = 360 Ω.

The input port matching and transmission parameters for the 4-way WPD across

a band of 5–9 GHz are presented in Figure 4-7(a); whereas the output port matching

and isolation parameters are provided in Figure 4-7(b). Due to structural symmetry,

S21 = S51 and S31 = S41. Simulated input port matching is below −14 dB and the

transmission parameters are equal to −6.2 ± 1 dB. All output port matching and

isolation parameters are below −13 dB over 5–9 GHz as depicted in Figure 4-7(b).

It should be noted that S22 = S44 and S34 = S23. Four resistors between each two

NTLs are used in this 4-way WPD and their values are found to be R1 = 200 Ω,
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Figure 4-6: Simulated S-parameters of the wideband 3-way WPD with FBW
of 57%: (a) input port matching and transmission parameters,
and (b) output port matching and isolation parameters.

R2 = 980 Ω, R3 = 370 Ω, and R4 = 160 Ω.

Figure 4-8 shows a photograph of the fabricated 3-way power divider built with

the previously mentioned substrate. The optimum values of the resistors are found

to be R1 = 120 Ω, R2 = 480 Ω, and R3 = 320 Ω. Figure 4-9 represents the simulated

and measured S-parameters of the 3-way WPD with fractional bandwidths of 86%.

Simulations and measurements show that the input port matching is less than

−12 dB over the band of interest. The transmission parameters are equal to −4.9±1

dB over 4–10 GHz. The small discrepancies between the simulated and measured

results are thought to be due to fabrication tolerances, soldering and measurement

errors.

Simulated and measured output ports matching and isolation parameters of the

4–10 GHz 3-way WPD are given in Figure 4-10, which indicates a good agreement

between both results, and show output ports matching and isolation of below −13

dB over the desired frequency range.

Structural symmetry of the fabricated prototype is assessed by measuring the

magnitude and the phase imbalances. As shown in Figure 4-11(a), the measured
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Figure 4-7: Simulated S-parameters of the proposed 4-way WPD with a
FBW of 57%: (a) input port matching and transmission param-
eters and (b) output port matching and isolation parameters.

magnitude imbalance equals ±0.37 dB; whereas the phase imbalance is measured to

be ±5.4◦ over the design bandwidth as indicated in Figure 4-11(b). Such results

indicate an excellent symmetry of the fabricated layout. In addition, measured group

delays of the fabricated 3-way divider are depicted in Figure 4-12. Measured results

show almost constant response of 0.18 ns for both S21 and S31 over the 4–10 GHz

band.

Table 4.3 provides a comparison between the measured and simulated results of

the proposed wideband 3- and 4-way WPDs, respectively, and other state-of-the-art

N -way power dividers. It can be shown from table 4.3 that our proposed dividers

operate over wider frequency bands as compared to many previously proposed WPDs

and at the same time have small arm lengths (i.e. compact size. Since insertion loss is

proportional to frequency, the proposed dividers have higher losses as their frequency

of operation extends to 10 GHz).
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Figure 4-8: Photograph of the fabricated 3-way WPD structure operating
over a band of 4–10 GHz.

4.3 Conclusions

The concept of Fourier-based impedance-varying profiles of wideband frequency

matching characteristic is adopted in the design of compact wideband N -way WPDs.

A combining technique was used to reduce the N -way divider to its equivalent 2-way

model. Then, the even mode analysis was used to obtain the NTLs that operate

well across predefined wideband. The isolation resistors were calculated using the

odd mode circuit. For verification purposes, three power dividers were designed and

simulated. Furthermore, a 3-way power divider with fractional bandwidth of 86%

was fabricated and measured. The good agreement between both simulation and

measurement results over the assigned frequency band proves the validity of the design

procedure. The differences between simulation and experimental results could be due

to the fabrication process, the effect of the connectors, and measurement errors.
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Chapter 5

Coplanar Waveguide Transformers

for RF Circuitries on Flexible

Substrates

Impedance matching transformers are widely utilized as matching networks for

many microwave components, such as antennas, power dividers, and power amplifiers.

However, conventional transformers can achieve perfect impedance matching at only

a single frequency. Consequently, broadening the operating bandwidth while main-

taining same desired scattering parameters is of utmost importance. In this chapter,

a novel approach for developing miniaturized CPW transformers is presented. The

proposed transformers match a load impedance, Zl, to a source impedance, Zs at

single-, multi-, and wide-band. Moreover, the proposed CPW-based transformers

are implemented on liquid crystal polymer (LCP), which is a widely used flexible

substrate that is being explored for high frequency applications [71, 111]. Liquid

crystal polymer (LCP) substrate was used here due to its excellent performance at

high-frequency, characterized by the low loss, near hermetic nature, and low cost.

The remaining of this chapter is organized as follows: Section 5.1 discusses the

analytical equations and the proposed optimization-driven framework to design the
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(a) (b)

Figure 5-1: A CPW impedance matching transformer that matches a load
impedance, Zl, to a source impedance, Zs: (a) conventional and
(b) proposed miniaturized transformers.

CPW transformers. EM Simulations and measurements are given in Section 5.2. In

section 5.3, conclusions are drawn.

5.1 CPW Matching Transformers Design

Schematic diagrams of the CPW-based conventional and proposed matching trans-

formers are shown in Figure 5-1. It can be noted that the signal trace and the ad-

jacent ground planes in the conventional CPW structure are width-modulated along

the propagation path of the EM wave while maintaining a constant ground-trace sep-

aration. The design starts by subdividing the width-modulated signal trace, w(x),

into U uniform CPW segments each of length ∆x, and then modeled in a truncated

Fourier series form given as [94]:
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w(x) = wref exp

[
c0 +

N∑
n=1

(
an cos

[
2πnx

d

]
+ bn sin

[
2πnx

d

])]
(5.1)

where wref is a reference width, N is the number of series coefficients and d is a prede-

fined length of the compact matching transformer. The effective dielectric constant,

εeff , of each segment is given by [112]:

εeff = 1 +
εr − 1

2

K(k1)

K(k′1)

K(k′)

K(k)
(5.2)

where

k =
W (x)

W (x) + 2G(x)

k1 =
sinh

(
πW (x)

4h

)
sinh

(
(W (x)+2G(x))π

4h

) (5.3)

where k′ =
√

1− k2 and K is the complete elliptic integral of the first kind k′ and it

can be approximated by [113]:

K(k)

K (k′)
≈


1

2π
ln
[
2
√

1+k+
4√

4k√
1+k− 4√

4k

]
for 1 ≤ K

K′
≤ ∞ and 1√

2
≤ k ≤ 1

2π

ln

[
2

√
1+k′+ 4√

4k′√
1+k′− 4√

4k′

] for 0 ≤ K
K′
≤ 1 and 0 ≤ k ≤ 1√

2

(5.4)

Upon determining the effective permittivity at point x in the transmission line

according to the corresponding width variation, the characteristic impedance, Z(x),

can then be calculated as follows [112]:

Z(x) =
30π
√
εeff

K(k′)

K (k)
(5.5)

Once εeff and Z0 are found, the ABCD parameters of the ith segment (i =
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1, 2, · · · , U) is obtained such that [95]:

Ai = Di = cos(∆θ) (5.6a)

Bi = Z2((i− 0.5)∆x)Ci = jZ((i− 0.5)∆x) sin(∆θ) (5.6b)

∆θ =
2π

λ
∆x =

2π

c
f
√
εeff∆x (5.6c)

The ABCD matrix of the whole matching transformer in Figure 5-1(b) is found

by multiplying the ABCD parameters of all U segments as follows:

[A B;C D]Z(x) =
K∏
i=1

[A B;C D]i (5.7)

The resulting overall ABCD matrix of the matching transformer and the load

impedance are utilized to calculate the input impedance, Zin, which is given as:

Zin =
AZl +B

CZl +D
(5.8)

The input and the source impedances are used to express the input reflection

coefficient, Γin, which is defined as:

Γin =
Zin − Zs
Zin + Zs

(5.9)

Then, a cost function is minimized such that:

cost = α|Γin|2 (5.10)

where α is a weighting factor used for faster convergence and the series coefficients

(c0, an, bn) are the optimization variables. Width variations are constrained within
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physically realizable ranges. In this context, width variations are chosen to be within

0.15 mm ≤ w(x) ≤ 8 mm to guarantee easy fabrication. Finally, the bound-

constrained nonlinear cost function is minimized across the desired frequencies, func-

tion “fmincon.m” is used.

5.2 Results

To verify the proposed procedure, a single-frequency matching transformer oper-

ating at 1 GHz, a multi-frequency matching transformer operating at 0.9, 3.6, 5.4

GHz, and a wideband matching transformer operating over a band of 1–3 GHz are

designed and simulated. All design examples are carried out using LCP flexible sub-

strate with a thickness of 0.1 mm, relative permittivity of 2.9, and loss tangent of

0.0025. The length of the single-frequency transformer is set to 40 mm which is 42%

less than the conventional CPW transformer. For the multi-frequency and wideband

transformers, compactness is achieved setting their length as λ/4, where λ is the

wavelength, at the lowest design frequency for the multi-frequency transformer and

at the center frequency of the design band for the wideband one. The length of the

multi-frequency and wideband transformers are 57 mm and 46 mm, respectively. The

values of α are 1, 1/3, and 1/11 for the single-, multi-, and wideband transformers,

respectively. All proposed transformers match a load impedance, Zl = 50 Ω, to a

source impedance, Zs = 100 Ω.

Figure 5-2 illustrates the analytical and simulated scattering parameters for the

single-frequency matching transformer at 1 GHz. Input port matching, S11, equals to

−28 dB at the design frequency. Furthermore, odd harmonics are suppressed in the

proposed structure due to enforcing the cost function to fulfill matching conditions

only at the design frequency. Transmission parameter, S21, is better than −0.1 dB.

The resulting analytical and simulated scattering parameters for the multi-frequency
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Figure 5-2: Analytical and simulated S-parameters for the single-frequency
transformer operating at 1 GHz: (a) S11 (b) S21.

matching transformer are depicted in Figure 5-3. S11 values at the three desired fre-

quencies are below −23 dB; whereas S21 values are in the range of −0.2 dB. Figure 5-4

shows the analytical and simulation scattering parameters for the wideband matching

transformer. Analytical results show a matching of −25 dB across the operating band

(i.e., 1–3 GHz); simulated ones are below −15 dB. S21 values are better than −0.25

dB across the whole operating band.
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Figure 5-3: Analytical and simulated S-parameters for the multi-frequency
transformer operating at 0.9, 3.6, 5.4 GHz: (a) S11 (b) S21.

The simulated structures of the proposed transformers are given in Figure 5-5.
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Figure 5-4: Analytical and simulated S-parameters for the wideband trans-
former operating over 1–3 GHz band: (a) S11 (b) S21.

(a) (b) (c)

Figure 5-5: Signal trace of the proposed transformers: (a) single-frequency,
(b) multi-frequency, and (c) wideband.

5.3 Conclusion

In this chapter, a new procedure for designing miniaturized matching transform-

ers based on CPW-based structures is presented. The signal trace and the adjacent

ground planes in the conventional CPW design are width-modulated with profiles

governed by a truncated Fourier series expansion. For verification purposes, three

matching transformers operating at different frequency bands were designed and sim-

ulated. The good agreement between both analytical and simulation results over the

assigned frequency bands proves the validity of the design procedure. Simulations

show that S11 values are below −23 dB for the single- and multi-frequency transform-

ers, whereas they are below −15 dB for the wideband one. S21 values are better than

−0.25 dB for all designed transformers.
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Chapter 6

Conclusions and Future Work

6.1 Summary

The main goal of this dissertation was to introduce novel systematic approaches

to design microwave and mm-wave front-end components with enhanced frequency

response and bandwidth accessibility. Furthermore, the resulting structures were

designed by avoiding any increase in the structural complexity, circuitry size, as well

as manufacturing cost.

Chapter 2 started by presenting the mathematical derivations of designing SIW-

based E-wall-varied transmission lines. The width between the metallic walls of

via-holes was governed by a truncated Fourier series to achieve a predefined pass-

band/stopband performance. The theory of rectangular waveguide was used to es-

tablish the optimization framework and obtain the series coefficients under predefined

physical constraints. For better agreement between the calculated and simulated

characteristic impedance, the constant k′ is adopted.

Then, these E-wall-varied transmission lines were utilized to design SIW- and

HMSIW-based BPFs with and without matching networks (i.e., SIW-to-microstrip

transitions). The proposed design procedure resulted in compact, planar, and easy-

to-fabricate structures. To validate the proposed methodology, two Ku-band BPF
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prototypes with 2.5% and 5.8% 15-dB FBW were designed, simulated, and measured.

Furthermore, the HMSIW concept was incorporated in one prototype to facilitate a

miniaturized physical structure. Simulations and measurements were in close proxim-

ity with passband matching and transmission losses better than −15 dB and −2.5 dB,

respectively. The proposed methodology allows for designing BPFs with predefined

wideband or narrowband FBW by modifying the underlying physical constraints and

optimization parameters. In addition, the proposed method can be utilized in realiz-

ing the optimum microstrip-to-SIW transition without performing a parametric study

by providing the characteristic end-termination impedances of an SIW structure.

Chapter 3 illustrated another application of the E-wall-varied transmission lines,

which was the filtering WPD. The basic idea of the proposed procedure depended

on substituting the highpass uniform transmission lines in each arm of the conven-

tional design by width-varying transmission lines of flexible bandwidth allocation and

matching levels. Variations were governed by a truncated Fourier series with series

coefficients optimized to achieve a predefined electrical performance. Moreover, the

half-mode concept was employed to reduce the size of the PD by 50%. The even-mode

analysis was utilized to optimize the Fourier series coefficients according to the desired

performance; whereas the odd-mode analysis was carried out to obtain the optimum

isolation resistors that achieve a proper isolation and output ports matching levels.

The proposed design procedure resulted in a miniaturized, planar, single-layered, in-

phase, and equal-split WPD. For verification purposes, a HMSIW-based PD with a

center frequency of 12.2 GHz and 3.3% 15-dB fractional bandwidth was designed and

simulated. Results showed that passband matching and transmission losses are better

than −14 dB and −3.0 dB, respectively.

Chapter 4 presented the use of optimized microstrip NTLs to design in-phase,

equal-split N -way WPD with bandwidth redefinition characteristics. Quarter-wave

matching uniform transmission lines in the conventional design were replaced with
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NTLs governed by a truncated Fourier series. A combining technique was used to re-

duce the N -way divider to its equivalent 2-way model. Then, even-mode analysis was

adopted to obtain NTLs with predefined bandwidth functionalities; whereas several

isolation resistors were optimized in the odd-mode analysis to achieve proper isolation

and output ports matching over the frequency range of interest. Compactness was

achieved by incorporating only one quarter-wave wideband NTL transformer, with

a length computed at the center frequency, in each arm. For verification purposes,

two 3-way WPDs with different frequency bands (i.e., 5–9 GHz and 4–10 GHz) and

one 5–9 GHz 4-way divider examples were designed and simulated. In addition, the

3-way divider with 86% FBW was fabricated and measured. The good agreement

between both simulation and measurement results over the assigned frequency band

proved the validity of the design procedure. Results showed input and output ports

matching and isolation below −15 dB, and transmission parameters in the range of

[−4.9,−6.2] dB and [−6,−7.5] dB across the operating band of the 3-way and 4-way

WPDs, respectively.

Chapter 5 presented a novel systematic approach to design compact CPW trans-

formers to match predefined source and load impedances at single- and multi-

frequency bands. The signal trace and the adjacent ground planes in the conventional

CPW structure were width-modulated along the propagation path of the electromag-

netic wave while maintaining a constant ground-trace separation. Validation was

carried out by designing and simulating several matching transformers at different

frequency bands. Specifically, single-, multi-, and wide-band transformers operating

at 1 GH, 0.9, 3.6, 5.4 GHz, and 1–3 GHz, respectively, were designed and simulated.

The good agreement between both analytical and full-wave simulation results over

the assigned frequency bands proved the validity of the design procedure. Simulations

showed that S11 values were below −23 dB for single- and multi-frequency transform-

ers, whereas they were below −15 dB for the wideband one. S21 values were better
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than −0.25 dB for all designed transformers.

Chapter 6 concludes this dissertation and suggests future research paths that

are aligned with the scope of this investigation. It also summarizes the scientific

contribution of this study and lists the resulting publications.

6.2 Impact on Different Disciplines

Research outcomes demonstrated in this dissertation have a significant merit in

adding values to the existing scientific, educational, and industrial fields. The pre-

sented studies complement other interdisciplinary areas of electrical engineering, and

equally contribute in the development of futuristic technologies.

The highly-condensed radio frequency spectrum motivates and accelerates the re-

search work toward mm-wave bands where more spectrum is available for various

applications and higher data rates can be achieved. This research demonstrated the

applicability of state-of-the-art technologies such as SIW and flexible substrates for

developing mm-wave RF front-ends such as matching transformers, filters, and power

dividers/combiners. Further, these manufacturing methodologies show promises per-

formances by addressing the demanding requirements of future wireless systems such

as high Q-factor, low cost, small size, and better power handling.

The Ku-band designs proposed in this research such as the SIW-based BPFs and

filtering WPD/WPC tackle congestion of the scarce frequency spectrum by proposing

front-ends that support emerging technologies aiming to exploit the higher frequency

bands with ability to select/reject specific frequency bands. Such proposed struc-

tures satisfy the increasingly sophisticated microwave and mm-wave requirements of

modern wireless systems. Specifically, such structures can be used for satellite com-

munications, NASA’s tracking and data relay satellite, SpaceX’s Starlink satellites,

and very-small-aperture terminal systems on ships.
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In addition, the compact wideband N -way WPD and single- and multi-band

matching transformers address enhancing access to the radio spectrum (EARS). Un-

derlined investigations directly tackle congestion of the scarce frequency spectrum

by proposing front-ends that support emerging technologies such as celluar RF front-

ends and cognitive radios aiming to exploit the underutilized bandwidth. Compatible

front-ends presented in this work enable multi-/wideband functionalities for spectrum

scanning, determination of inactive frequency band(s), and transmitting/receiving at

unexploited channels. Moreover, the multi-way WPD/WPC can be used in antenna

arrays, multiple-input and multiple-output (MIMO), and PAs which are basic blocks

in most of the modern wireless systems.

The presented research creates a platform for joint collaborations among differ-

ent areas in electronics/communications engineering to explore solutions to the im-

pending spectral insufficiency problem and facilitate novel approaches for mm-wave

deployment for recent wireless applications. Moreover, the conceptual focus on this

avenue furnishes guiding principles to undergraduate and graduate students seeking

more knowledge on width-modulated transmission lines and their advantages over

conventional lines.

The studies demonstrated in this work benefit both students and scholars by pre-

senting a comprehensive analysis of widely used front-ends and their design using

different manufacturing technologies. The components presented are communicated

in almost any RF, microwave, and mm-wave engineering field. Besides, the proposed

designs are illustrated through in-depth investigations of well-known design theories

(e.g., transmission line theory). Clear mathematical guidelines are shown in this

effort and are systematically-driven from theory to practice through engineering rea-

soning, professional simulations, and competent measurements. This research helps

paving the way for new researchers in this field toward applying science, technology,

engineering, and math (STEM) in their own research activities.

75



In addition, this research introduced compact, low cost, and easy to fabricate

front-ends of various designs engineered to be compatible with the emerging solutions

for better spectrum utilization. Thus, the developed techniques are also useful to the

industrial market in the sense that they have the potential to enable better spectrum

utilization, which facilitates higher data rates and allows more connected devices

simultaneously.

6.3 Future Work

Research concepts presented in this dissertation can be further extended. The

proposed methodologies, which led to proof-of-principle designs, have the potential

of being redefined to contribute toward futuristic real-word applications.

In Chapter 2, a novel optimization-driven methodology to design compact BPFs

with predefined bandwidth was proposed. The fixed-width transmission lines in the

conventional structure were replaced by E-wall-varied transmission lines to achieve

the predefined functionalities. Research on Fourier-varying via-hole walling BPFs can

be extended in several ways. Examples include: Wideband BPFs with high selectivity

and wide stopband – The width variations in the transmission line can be utilized

in the design of wideband BPFs with improved out-of-band rejection levels. Higher-

order modes of cavities and/or resonators can be used jointly with the proposed

Fourier-varying via-hole walling transmission lines to further improve the electrical

performance of BPFs by introducing transmission zeros to improve the selectivity of

such filters. SIW dual-band BPFs – With the demanding requirements of modern

wireless communication systems, having dual-band BPFs is a must. Such filters

provide the functionality of two separate filters, but in the size of a single filter.

Fourier-varying via-hole walling slow-wave SIW dual-band BPFs – Slow-wave SIW

is a new concept for designing SIW-based structures and it allows decreasing the
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longitudinal dimension by at least 40% [114]. Thus, further miniaturization can be

achieved. In addition, complementary split ring resonators (CSRRs) can be used to

achieve a dual-band response. Tunable SIW BPFs – Tunable BPFs play a vital role

in recent wireless systems such as cognitive and software-defined radios. Such filters

can be realized using a plasma material. Combining the E-wall varied SIW with a

switchable post can lead to superior performance.

In Chapter 3, a highly-selective filtering WPD was proposed. The E-wall-varied

transmission lines were adopted in the design of such dividers with predefined band-

widths. Research on SIW-based WPDs can be extended in many way. Examples

include: Fourier-varying slow-wave HMSIW WPDs – As the half-mode concept was

used to cut the structure in half in the transverse direction, the slow-wave concept

can be used to cut it in the longitudinal dimension by at least 40%. Thus, we can

achieve excellent electrical performance with at least 70% size reduction. Multi-way

Fourier-varying WPDs – The E-wall-varied transmission lines can be used in the

design of WPDs with narrowband/wideband matching and multiple output ports.

In this scenario, optimized resistors between each two adjacent arms are required to

maintain acceptable isolation and output ports matching conditions. Unequal-split

Fourier-varying WPDs – Based on how the widths of the arms are varied, compact

WPDs with unequal-split ratios can be designed. However, a different odd-mode

analysis than the one presented in this work is required to optimize the values of the

isolation resistors. Furthermore, matching transformers are required to match the

resulting asymmetric output ports to 50 Ω (i.e., impedance of the SMA connectors).

Fourier-varying HMSIW Couplers – The design procedure used in Chapter 3 can be

further extended to be applied on designing Fourier-varying via-hole walling couplers.

Such configurations find use in many modern front-end circuits such as radar teleme-

try, power monitoring, and measurement setups. Tunable HMSIW PDs – As for the

SIW BPFs, the proposed PD can be extended to be a tunable one using a plasma
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material by controlling plasma parameters.

In Chapter 4, a detailed design procedure of multi-way WPDs was illustrated

utilizing NTLs with a wideband matching nature. This concept can be extended and

applied to several topologies. Examples include: Wideband multi-way unequal-split

WPDs – As for the SIW-based WPDs, microstrip WPDs with unequal-split ratios can

be designed. Nonetheless, the odd-mode analysis will be different than that presented

in this dissertation. Extra NTLs with wideband characteristics are required to match

the resulting asymmetric output ports to 50 Ω. Moreover, optimized resistors between

each two adjacent arms are required to maintain acceptable isolation and output ports

matching conditions. Half-width multi-way WPDs – As the half-mode SIW structure

is used to reduce the size of the original SIW structure by 50%, half-width microstrip

line can be used here in a similar way to further decrease the size of such dividers [115].

In Chapter 5, a design procedure of single-, multi- and wide-band width-modulated

CPW matching transformers were proposed. The designs were carried out on flexible

substrates. The research on width-modulated CPW can be extended in many ways:

Examples include: CPW-based transformers for wearable devices – These transform-

ers can be implemented with bent surface structures with choosing the appropriate

substrate to use in wearable devices applications. CPW-based LPFs – The CPW

transmission lines can be used to build LPFs with improved passband/stopband char-

acteristics. Such performance can be achieved by enforcing an error function over the

intended frequency range. CPW-based WPDs – By replacing the uniform transmis-

sion lines of each arm in the conventional design, one can design compact wideband

dividers.
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6.4 Research Publications and Outcomes

1. O. Hussein, K. Al Shamaileh, N. Dib, A. Nosrati, S. Abushamleh, D. Georgiev,

and V. Devabhaktuni, “Substrate integrated waveguide bandpass filtering with

Fourier-varying via-hole walling,” IEEE Access, in press, August 2020.

2. O. Hussein, K. Al Shamaileh, S. Abushamleh, and V. Devabhaktuni, “A

Fourier-varying substrate integrated waveguide filtering power divider with

high isolation,” IEEE Microwave and Wireless Components Letters (manuscript

draft is ready; waiting for measurement validation)

3. O. Hussein, K. Al Shamaileh, A. Sahu, B. Keneni, and V. Devabhaktuni,

“Optimization of miniaturized single- and multi-band CPW-based matching

transformers for RF circuitry on LCP substrates,” IEEE 30th Canadian Con-

ference on Electrical and Computer Engineering (CCECE), Windsor, ON, 2017,

pp. 1–3.

4. O. Hussein, K. Al Shamaileh, and V. Devabhaktuni, “General design of

impedance-varying multi-way Wilkinson power divider with bandwidth redefi-

nition characteristics,” International Journal of RF and Microwave Computer-

Aided Engineering, vol. 27, no. 5, pp. 1–9, Jan. 2017.

5. O. Hussein, K. Al Shamaileh, V. Devabhaktuni, and P. Aaen, “Wideband

impedance-varying n-way Wilkinson power divider/combiner for RF power am-

plifiers,” 88th ARFTG Microwave Measurement Conference (ARFTG), Austin,

TX, 2016, pp. 1–4.
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Appendix A

Losses in Microstrip, CPW, and

SIW lines

Ground Plane

l

h

w

t

Conductor

Substrate

Figure A-1: A schematic diagram of a microstrip line.

In this appendix, different types of losses and their formulas for the microstrip,

CPW, and SIW lines are discussed. A schematic of a microstrip line is shown in Figure

A-1, which consists of a strip conductor of width, w, and thickness, t, fabricated on

a grounded dielectric substrate with a relative permittivity, εr, and a thickness, h.

The total losses of the microstrip line is attributed mainly to the dielectric loss and

conductor loss in the substrate and the strip conductor, respectively. The dielectric

loss (in Np/m) of a microstrip line supporting a quasi-TEM mode can be expressed
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Figure A-2: A schematic diagram of a CPW.

as [95]:

αd =
k0εr(εeff − 1) tan δ

2
√
εeff (εr − 1)

(A.1)

where tan δ is the loss tangent of the dielectric substrate, k0 is the wave number in

free space and it is given by k0 = ω
√
µ0ε0, and εeff is given in (4.3). On the other

hand, the conductor loss (in Np/m) is given approximately by [95]:

αc =
Rs

Z0w
(A.2)

where Rs =
√
ωµ0/2σ is the surface resistivity of the conductor and Z0 is microstrip

characteristic impedance given by

Z0 =


60√
εeff

ln
(

8d
w

+ w
4d

)
for w/d ≤ 1

120π√
εeff [w/d+1.393+0.667 ln(w/d+1.444)]

for w/d ≥ 1

(A.3)

Thus, total losses in a microstrip line is given by αt = αd + αc.

Figure 5-5 shows a schematic diagram of a CPW, which consists of a strip conduc-

tor of width, w, separated from two ground planes, fabricated on a dielectric substrate
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with a relative permittivity, εr, and a thickness, h. As in microstrip lines, the major

sources of losses are the dielectric loss in the substrate and the conductor loss in the

strip conductor and ground planes. The attenuation constant (in Np/m) due to the

dielectric loss is expressed as [112]:

αd =
π

λ0

εr√
εeff

q tan δ (A.4)

where λ0 is the free space wavelength and q is the filling factor given by

q =
1

2

K(k1)

K(k′1)

K(k′)

K(k)
(A.5)

where k, k1, and K(k1)/K(k) are given in (5.3) and (5.4), respectively. The attenu-

ation constant due to conductor loss is given by [112]:

αc =
Rc +Rs

2Z0

(A.6)

where Z0 is the CPW characteristic impedance given in (5.5) and Rc is the series

resistance (in Ω per unit length) of the center strip conductor and it is given by

Rc =
Rs

4G (1− k2)K2 (k)

[
π + ln

(
4πG

t

)
− k ln

(
1 + k

1− k

)]
(A.7)

and Rg is the distributed series resistance (in Ω per unit length) of the ground planes

and it is given by

Rg =
kRs

4G (1− k2)K2 (k)

[
π + ln

(
4π(G+ 2W )

t

)
− 1

k
ln

(
1 + k

1− k

)]
(A.8)

where Rs is the skin effect surface resistance (in Ω) given by

Rs =
1

δσ
(A.9)
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where σ is the conductivity of the conductor (in Semens/m) and δ is the skin depth

given by

δ =

√
2

ωµσ
(A.10)

A schematic diagram of a SIW structure is shown in Figure A-3. As mentioned

in Section 2.1, the SIW losses come from three main sources, namely, dielectric,

conductor, and radiation losses. Thus, the total losses αt = αd + αc + αr. The

attenuation constant due to dielectric loss is given by [90,116]

αd =
k2

0 tan δ

2β
(A.11)

where k0 is the wave number in free space and it is given by k0 = ω
√
µ0ε0, tan δ is the

loss tangent of the dielectric substrate. The attenuation constant due to conductor

loss is given by [90]:

αc =
Rm

weffη
√

1− k2c
k20

[
weff
h

+ 2
k2
c

k2
0

]
(A.12)

where Rm =
√
ωµ0/2σ, η =

√
µ0/ε0εr, and σ is the conductivity of the metal. Finally,

a formula for calculating the SIW radiation loss is given by [117]:
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αr =
1
w

(
d
w

)2.84 ( s
d
− 1
)6.28

4.85
√(

2w
λ

)2 − 1
(A.13)

As can be noted, αr depends on the geometrical parameters of the SIW structure

as well as the operating wavelength.
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Appendix B

Quality Factor Calculations

Q-factor is one of the important parameters of microwave filters. High Q-factor

resonators are crucial for high performance filters and other RF/microwave compo-

nents. It is well-known the SIW resonator provides significantly higher unloaded

Q-factor (Qu) than its counterpart microstrip resonator.

The unloaded Q-factor (Qu) of an SIW resonator can be found using the following

equation [118]:

1

Qu

=
1

Ql

+
1

Qe

(B.1)

where Ql is the loaded Q-factor of a resonator and is defined as:

Ql =
f0

∆f3dB

(B.2)

where f0 is the resonant frequency and ∆f is the −3 dB bandwidth. Qe in (B.1)

refers to the external Q-factor, which is defined as a function of the insertion loss at

the resonant frequency and Ql:

Qe =
Ql

10−IL/20
(B.3)
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