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Abstract

With the increasing demand for wireless services and applications, the integration

and coexistence of multi-standard and multi-band operations into a single device

has led to intensive research in the design of tunable and reconfigurable planar

devices. A planar medium to achieve this integration is the Substrate Integrated

Waveguide (SIW). However, due to a lack of DC isolated planes of the structure,

bridging wires or concentric etched rings are often used to enable active device

biasing.

This research presents a novel planar structure referred to as the Planar Groove

Gap Waveguide (PGGWG). The new structure has similar modal characteristics

to air-filled machined Groove Gap Waveguide (GGWG), but in a low-cost fabri-

cation technology that is readily integrated with surface mount components. The

structure provides two DC isolated conducting planes, while still providing a low

loss planar transmission medium. Simulation results demonstrate the existence

of a TE10 propagating mode within the artificially created bandgap. There is

good agreement between de-embedded simulated and measured results over the

usable bandwidth of the waveguide (28 to 40 GHz). A passband is measured

having an average insertion loss of 1.2 dB and 0.5 dB insertion loss variation

implemented on a substrate of relative permittivity εr of 3.5, and loss tangent of

0.004.

The broadband characterization of the transmission line loss and phase constant

for PGGWG at Ka-band shows that PGGWG has comparable attenuation over

the band of interest to SIW. The transmission line Q-factor is found to vary from

135 to 140 over the band of interest, which is comparable to SIW in the same
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medium. PGGWG is also found to have a phase constant of nearly double that

of comparable SIW, which is a significant results for system miniaturization.

The unloaded Q-factor of a 33.5GHz PGGWG rectangular cavity resonator is

measured to be 209. This is found to be comparable to an SIW resonator on the

same substrate and frequency band.

This work further explores the DC isolation property of the PGGWG by pre-

senting electrically tunable PGGWG resonant cavities. It is found that a simple

biasing network can be applied to the cavity using a varactor diode to vary the

resonant frequency of the cavity. This is done without bridging wire and concen-

tric etched rings as a direct result of the DC isolation of the PGGWG. A tuning

range of 4.5% is achieved in measurement.

From the experiments conducted, it is concluded that PGGWG can be used as

an alternative planar waveguide media. The PGGWG platform can be used in

the design and implementation of RF front-end components at millimeter waves.

Its DC isolated conducting planes also provide a simple way of biasing active

components in frequency agile applications.
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Chapter 1

Introduction

Planar waveguide technology has, in recent times, been in the forefront of mil-

limeter wave research. The need for implementations of waveguides with ease of

fabrication and the ability to integrate with planar circuitry has led to intensive

research and development of planar waveguide technologies [1]. Planar waveg-

uide topologies provide size reduction compared to metallic waveguides and allow

for different miniaturization techniques to further reduce the size of transmission

line elements used in the design of filters, antennas and oscillators in millimeter

wave systems [2].

The integration of multi-band functionality and coexistence of multiple stan-

dards into a single wireless device has resulted in significant research interest in

frequency agile as well as miniaturized front-end components [3]. Compared to

the classical filter banks in a telecommunication receiver systems, frequency agile

filters that tune to different frequency bands have the advantage of reduced sys-

tem size and complexity. This is important for the integration in highly compact

and portable wireless devices [4].

Frequency agile planar passive devices [5] can be used in multi-band transceivers,

Cognitive Radio (CR) systems, wide-band radars and satellite payloads [4]. Sev-

eral of the proposed 5G New Radio (NR) bands are located in the Ka-band (26.5 -

40 GHz). It is envisaged that 5G communication front-haul networking will make
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extensive use of Ka-band channels [6]. To achieve greater flexibility in system

design, frequency agility in the front-end components would be advantageous.

At millimeter wave frequencies, planar waveguide structures such as the Sub-

strate Integrated Waveguide (SIW) are often preferred to planar transmission

lines such as microstrip lines [7]. This is because at millimeter wave frequencies,

microstrip lines are prone to radiation loss [1]. The development of SIW, which

is a direct planar derivative of the metallic rectangular waveguide, allows for the

development of frequency agile millimeter wave components such as voltage con-

trolled oscillators [4], millimeter wave bandpass filters [7] and antennas [4], [8]

amongst others. However, due to the lack of DC isolation between the top and

bottom conducting planes of SIW [9], bridging wires or multi-layer routing is

often required for the biasing of active devices.

A recently developed waveguide referred to as GGWG [10] provides DC isolated

upper conducting plane, which can be advantageous in biasing of active devices

in frequency agile applications. It is therefore of interest in this work to develop a

planar variant of the GGWG and explore the DC isolated planes with a tunable

resonant cavity.

1.1 Background

Planar varieties of machined waveguide media offer a compromise between price

and performance compared to traditional planar transmission lines such as mi-

crostrip and Coplanar Waveguide (CPW) [1]. The equivalents of conventional

rectangular [11] and ridged waveguide [12] have been reproduced in PCB tech-

nology using SIW technologies [13]. SIW consist of a planar dielectric substrate

with top and bottom metal layers perforated with metallized holes as seen in

Figure 1.1. SIW is compact, low loss, flexible, and provides a cheaper solu-

tion for integrating active circuits and passive components on the same sub-

strate [13, 14,15,16].

SIW exhibits propagation characteristics similar to conventional rectangular
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Figure 1.1: SIW topology. Taken from [14], c© 2009 Radioengineering.

waveguide [1], allowing for empirical dimensional equivalent formulas between

SIW and a conventional rectangular waveguide to be developed [13]. The geom-

etry of the SIW structure allows for the propagation of Transverse Electric (TE)

propagating modes, similar to that in a rectangular waveguide, but not Trans-

verse Magnetic (TM) modes. This is due to continuous side walls in rectangular

waveguide being replaced with metalized via holes in SIW [13].

Different variations of SIW have emerged from various miniaturization tech-

niques, including Folded Substrate Integrated Waveguide (FSIW) [17,18], Ridged

Substrate Integrated Waveguide (FSIW) [19] and the Half Mode Substrate Inte-

grated Waveguide (HMSIW) [20].

The FSIW [17, 18] is derived by folding the sides of the SIW underneath the

central part as seen in Figure 1.2(a). This method reduces the effective width

of the waveguide; however, the thickness of the FSIW is twice that of the SIW.

The RSIW (Figure 1.2(b)), on the other hand, is similar to SIW but has a centre

row of vias along the waveguide. These vias are such that one end of the via is

connected to the bottom layer of the waveguide while the other end is embedded

in the substrate [17]. Compared to SIW, RSIW is more compact [17]. By having

the metal strip, mode-spacing between the fundamental mode and the second

mode can be increased, thus increasing the bandwidth over which the waveguide

can function effectively.

FSIW and RSIW can also be used in combination to reduce the size of the

waveguide [18]. An example of a filter implementation that exploits the use of

both topologies to achieve miniaturization is an evanescent mode filter presented
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in [21].

Figure 1.2: Variants of SIW (a) FSIW. Taken from [22], c© 2012 IEEE, [1],
c© 2011 IEEE. (b) RSIW. Taken from [17], c© 2009 IEEE, [1], c© 2011 IEEE

The HMSIW is achieved by cutting the SIW in half along the transverse plane

[20]. By enforcing an open boundary along the symmetry plane, the open wall

acts like an effective magnetic wall. By placing a magnetic boundary condition

along the symmetric (transverse) plane, the half-mode SIW will be able to keep

half of the dominant propagating mode TE10 field unchanged [23], [24].

The integration of SIW circuits with active components requires DC-biasing but,

the metallic vias causes an inherent DC short-circuit between top and bottom

plane of the waveguide [9], [25]. This problem led to the development of the

Corrugated Substrate Integrated Waveguide (CSIW) [9] which eliminates the

use of metallic post.
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Figure 1.3 shows the geometry of the CSIW topology [9]. The CSIW structure is

etched on a top conductor of a substrate height h. The open-circuited quarter-

wavelength stubs row acts as an electric sidewall similar to the conducting vias in

the SIW structure, but does not require conducting vias to achieve the required

boundary conditions at the side wall. This topology also supports the TE10 mode

of propagation similar to SIW.

Figure 1.3: Top conductor layout of Corrugated Substrate Integrated Waveguide
topology. Taken from [9], c© 2012 IEEE.

However, a constraint to this topology is its narrow usable passband compared

to SIW. The mode spacing of the TE10 and TE20 of the CSIW is less than

in SIW. This is because the stub admittance varies with increasing frequency;

the short-circuit positions move, thereby increasing the effective width of the

waveguide. Also, this topology has no cut-off frequency and spurious modes can

propagate [9].

A recently developed Decoupled Empty SIW (DESIW) structure [26] (as shown

in Figure 1.4) enables AC/DC decoupling, which is beneficial in biasing of active

devices in the manufacturing of frequency agile and reconfigurable devices. This

structure is developed in three different layers: the top and bottom conducting

planes, and the middle layer which forms the body of the waveguide. In Order

for there to be continuous electric contact, the top and bottom metal layers

(Figure 1.4(a) and(b))are soldered to the main body of the line (Figure 1.4(c)).

Although the structure is AC/DC decoupled, it is not entirely manufactured in

a PCB process and therefore presents a challenge with the integration of other

planar circuitry.
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Figure 1.4: Decoupled empty SIW. (a) Top view of the top cover. (b) Bottom

view of the top cover. (c) Top view of the body of the line. Taken from [26],

c© 2017 IET.

Other variants of SIW include the slow-wave SIW (SW-SIW) [27] (Figure 1.5).

This is obtained by placing several metalized blind vias within the cavity of

the SIW structure to concentrate the electric field above the embedded vias

and the top metal plate. As a result, the SW-SIWs exhibit a high per unit

length distributed capacitance which reduces the transversal and longitudinal

dimensions of the structure. It is reported that up to 40% reduction in the

longitudinal dimension can be obtained [27]. This, however, still places the top

and bottom conductor of the SW-SIW at the same DC potential. Although a

reduction in size is obtained, frequency agile application using this structure will

require isolation of the DC path for the biasing of active devices.
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Figure 1.5: Schematic diagram of the Slow-Wave SIW. Taken from [27], c© 2014

IEEE.

Another planar waveguide which has been proposed recently is developed from

the Gap Waveguide (GW). This uses Artificial Magnetic Conductors (AMC)

within parallel plate conductors to create a contact-less waveguide medium and

it is shown in Figure 1.6. The Printed Ridge Gap Waveguide (PRGW) in Figure

1.6(a) utilizes a double-ridge waveguide layout, replacing the upper conductor

with an AMC surface [28]. The ridge is therefore surrounded by the AMC sur-

faces in the upper and lower sides of the structure. This enables the propagation

of a Transverse Electric Magnetic (TEM) transmission mode along the ridge.

Although this was implemented on planar substrate with the use of fasteners

to hold the pieces together, the medium is made up of individual pieces which

increases the probability of assembly errors. The top and bottom plates are,

however, DC isolated, but the structure does not make use of the groove width

within the GGWG and does not support transverse electric propagating modes.

In Figure 1.6(b), a TEM transmission line included in GW structure and imple-

mented entirely in a multi-layer PCB process is demonstrated. The AMC within

the parallel plates are used to enforce a parallel plate mode cut-off thus allowing

for a quasi-TEM mode to exist along the ridge supported with metalized vias

along the groove of the waveguide.
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Figure 1.6: Planar waveguides derived from the gap waveguide. (a) Printed

Ridge Gap Waveguide. Taken from [28], c© 2018 IEEE. (b) Substrate Integrated

Gap Waveguide. Taken from [29], c© 2016 IEEE.

For frequency agile applications, DC isolation between the conducting planes

is desirable to bias active devices such as varactor diodes. In current frequency

agile applications using the SIW topology, bridging wires [30] or multiple cuts [31]

on the structure are required to create DC isolation between the diode contact

terminals.

1.2 Problem Statement

Planar integration media provide numerous advantages over machined metallic

waveguide, including low production cost and small size. SIW, as the most

popular planar medium, has been used extensively for the design of passive and

frequency agile front-end microwave components. However, due to the lack of DC

isolation between the top and bottom conducting planes of SIW, bridging wires

or multi-layer routing is required to connect the DC bias lines to the active device
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which complicates the implementation of frequency agile front-end components.

The research question is therefore:

Is it possible to develop a planar waveguide medium derived from the gap groove

waveguide using the hollow groove width between Artificial Magnetic Conducting

sidewalls in an all PCB implementation having DC isolated conducting plate

1.3 Objectives of Research

This dissertation proposes a planar waveguide implementation referred to as Pla-

nar Groove Gap Waveguide (PGGWG). This is derived from the micro-machined

GGWG but manufactured in a multi-layer PCB process.

The objectives of this research are as outlined as follows:

• Develop a new planar waveguide structure based on the GGWG. The ma-

chined GGWG offers DC isolated ground plates making it advantageous in

frequency agile application.

• Develop a wideband transition to excite the dominant propagating mode

of the PGGWG structure while maintaining the DC isolation properties of

the structure.

• Characterise the PGGWG propagation constant (phase and attenuation

constant) and directly compare to SIW on the same substrate and over the

same frequency range.

• Characterise different PGGWG resonant cavities and compare the un-

loaded quality factor obtained to that of SIW.

• Develop and demonstrate a tunable cavity in PGGWG, illustrating the

benefits of DC isolation.
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1.4 Original Contributions

• A novel broadband planar waveguide structure with two DC isolation

planes. This planar waveguide medium has propagation characteristics

comparable to SIW as demonstrated in this work.

• A CPW feed network that maintains the DC isolation.

• Experimental validation of the medium’s broadband propagation charac-

teristics and narrowband cavity resonance properties.

• A simple DC biasing scheme for biasing tunable PGGWG resonant cavities,

with experimental validation.

1.5 Publications

The published research outputs from this thesis are listed below.

• T. Oyedokun, R. Geschke and T. Stander, ”Experimental characterisation

of planar groove gap waveguide and cavity,” 2017 47th European Microwave

Conference (EuMC), Nuremberg, 2017, pp. 436-439.

• T. Oyedokun, R. Geschke and T. Stander, ”A tunable Ka-band planar

groove gap waveguide resonant cavity,” 2017 IEEE Radio and Antenna

Days of the Indian Ocean (RADIO), Cape Town, 2017, pp. 1-2.

• T. Oyedokun, R. Geschke, and T. Stander, (2018). ”A Geometric Study of

Tunable Planar Groove Gap Waveguide Cavities.” IOP Conference Series:

Materials Science and Engineering 321(1): 012008.

1.6 Outline of the Thesis

Chapter 2 presents a brief review of the conventional metallic rectangular waveg-

uide structure. This is followed by the theory and operation of the gap waveguide,
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its implementation, advantages as well as the different variants of the waveguide

that can be obtained. Electromagnetic bandgap structures as used in the GW are

also discussed. A review of GGWG, highlighting its advantages and the potential

benefits of a novel planar implementation of this waveguide, is presented.

Chapter 3 presents the proposed PGGWG structure with detailed design guide-

lines and numerical analysis of the structure. The dispersion diagram of the

waveguide is presented to show the fundamental TE10 propagating mode. The

simulated S-parameters of the PGGWG using waveguide ports are also presented.

A wideband CPW to PGGWG transition used to excite the PGGWG is imple-

mented in Chapter 4. Simulation results, as well as fabrication procedure and

measurements results of the waveguide are also presented.

Further analysis of the waveguide is presented in Chapter 5. This presents the

propagation constant (phase and attenuation) analysis of the PGGWG in direct

comparison to SIW. A resonant cavity in PGGWG is characterized with its

unloaded quality factor compared to that of SIW cavity.

Chapter 6 presents a tunable Ka-band PGGWG resonant cavity with detail anal-

ysis of the cavity geometry. The DC-biasing scheme applied to a varactor diode

highlighting the benefits of the DC isolation of PGGWG, is also presented. Mea-

surement results of the prototype is presented with a comparison of the unloaded

Q-factor between measured and simulated result.

Chapter 7 draw conclusions from the development of the new planar waveguide

media, highlighting the advantages the structure has over existing SIW planar

media. This chapter concludes with a discussion of future work.
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Chapter 2

Literature Review

2.1 Introduction

A brief review of the rectangular waveguide is presented with its geometry and

dimensions. This is followed by a review of the basic theory of the Gap Waveg-

uide (GW) technology. The different variations of the GW such as the Groove

Gap Waveguide (GGWG), Gap Ridge Waveguide (GRW) and Microstrip Gap

Waveguide (MGW) are presented with dimensions of the design and operation

of each. Various millimeter wave front-end applications using the GW technol-

ogy are also discussed, highlighting the advantage of the GW over conventional

rectangular waveguide.

Electromagnetic Band Gap (EBG) structures, as employed in the GW technol-

ogy, are reviewed. The implementation of the EBG cell within parallel plate

waveguide as well as planar implementation on multi layer dielectric substrate

material, are also discussed.

This chapter concludes with a review of the various approaches by which fre-

quency agility using SIW are obtained. A summary of the current solutions is

presented, highlighting the need for a planar waveguide with DC isolated planes

for frequency agile applications.
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2.2 Rectangular Waveguide

Waveguides are guided media, often made from hollow metal pipes, that guide

the propagation of electromagnetic waves [11]. They are of two types in general:

rectangular waveguide and circular waveguide [11].

In microwave systems, such as communication links and radars, waveguides form

an integral part of the system [32]. RF components such as couplers [33], filters

[34] and circulators [35] are also designed using waveguides. This is mainly

because waveguides provides high power handling capabilities and present low

loss [11] .

The diagram of the rectangular waveguide as shown in Figure 2.1 is a metallic

pipe with dimensions a and b; the width and height of the waveguide respectively.

Figure 2.1: Geometry of the Rectangular Waveguide.

Rectangular waveguide allows for the propagation of TE and TM propagating

modes. The TE modes are electromagnetic waves such that the electric field

component in the direction of propagation, Ez = 0 while the magnetic field

component in the direction of propagation Mz 6= 0. TM modes on the other hand,

the magnetic field component Ez = 0 while electric field component, Ez 6= 0 [11].
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The rectangular waveguide has a cut-off frequency which is calculated by;

fc =
c

2π
√
εr

√(
mπ

a

)2

+
(
nπ

b

)2

(2.1)

The manufacturing process of the rectangular waveguide requires high precision

to ensure electric contact between the top conducting plate and the electric

sidewalls. At millimeter wave frequencies, the wavelength is inevitably small

and thus increases the manufacturing complexity of RF front-end components

at such frequencies [36] [37]. These challenges lead to the development of the

GW [36].

The geometry of the rectangular waveguide consist of one hollow metallic struc-

ture that is not DC isolated. Similarly, SIW as direct derivative of the rectangular

waveguide as discussed in Section 1.1, uses plated holes for the sidewalls.

2.3 Gap Waveguide Technology

GW technology has, over the last decade attracted much research interest, es-

pecially in the design of low-loss circuits at millimeter and sub-millimeter wave

frequencies [36, 38, 39]. This technology, initially proposed in [40], exploits the

periodic ’texture’ of metal-materials, which create a high impedance surface that

inhibit local traveling waves between two parallel plate waveguide guide [40].

In parallel plate waveguide, as shown in Figure 2.2(a), parallel plate modes be-

tween the Perfect Electrical Conductor (PEC) and Perfect Magnetic Conductor

(PMC) plates will not propagate if the separation distance h, between the PEC

and PMC plates is less than a quarter wavelength. If, however, the bottom PEC

plate is surrounded by a PMC as shown in Figure 2.2(b), then a TEM mode

will propagate in the gap between the two PEC layers [36]. As a result of this

phenomenon, the GW was introduced [41].

The basic geometry of the GW is presented in Figure 2.3. The GW consist of
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Figure 2.2: Operating principle of the GW. (a) PEC and PMC plate at a distance
h apart. (b) Bottom PEC plate embedded by a PMC on both sides. Adapted
from [41].

two parallel PEC conducting surfaces. One of the plates is filled with periodic

textured EBG unit cells creating an AMC surface while the other is placed above

the AMC surface separated by an air gap. The dimensions as shown are as

follows: p is the pitch between adjacent EBG pin, w is width of the EBG pin,

h is the height of the EBG pin, ha is the height of the air gap between the

textured surface and the top PEC plate. Based on the geometry of the EBG

unit cell, a lower and upper frequency stopband can be identified within the

parallel propagating mode.

Figure 2.3: A cross section of the GW [36].

As opposed to the conventional rectangular waveguide, the top and bottom plate

of the GW structure are isolated with no electric contact between the plates. The

design of the GW avoids the unwanted radiation which may occur in standard

waveguide flanges [41], and circumvents the problem of high contact resistance

seam. This unique property of the GW makes a very attractive waveguide media
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[40].

The stopband of the parallel plate mode in GW can be exploited for packaging

of both passive and active microwave circuits [42, 43]. This is done to avoid

resonant modes, as demonstrated in microstrip lines in [44], and also in baluns of

active microstrip circuits with Monolithic Microwave Integrated Circuit (MMIC)

amplifier chains in [43].

Some applications of GW in microwave component design include GW power

dividers [45], packaging of SIW filters [42], packaging of microstrip filters [46]

and microstrip antennas [47].

There are three different major configuration of the GW namely; Ridge Gap

Waveguide (RGW) [39], GGWG (which can use either horizontal and vertical

polarization [38], [48]) and Microstrip Gap Waveguides (MGW) [49], [50].

2.4 Artificial Magnetic Conductors and Elec-

tromagnetic Bandgaps

Electromagnetic bandgap structures are employed in the design of the GW [51].

The ability to create metamaterial surfaces that can generate magnetic con-

ductivity artificially known as artificial magnetic conductor (AMC), led to the

development of soft and hard surfaces [52].

The ideal soft and hard surface can be described in terms of PMC and PEC

strips [53]. This is a grid of parallel strips, with an interchange between PEC

and PMC, as illustrated in Figure 2.4 [53]. The strips have anisotropic boundary

conditions allowing for the propagation of surface waves along the strips (hard

surface) and prohibiting waves in other directions along the surface orthogonal

to the strips (soft surface) [54]. This soft and hard surfaces could also be in effect

created by using PEC and PMC strips on a grounded PCB [55].
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Figure 2.4: PEC/PMC strip representing an ideal soft and hard surfaces. The

red and green arrows represent the direction of propagation of the waves of the

soft and hard surface respectively. Adapted from [53], c© 2003 ACES.

EBG’s are used in the GW to create an AMC surface [56]. The EBG unit cells

are design to suppress the propagation of parallel plate modes between the AMC

surface and a top PEC plate with the top PEC plate placed at a distance less

than a quarter wavelength above the AMC [36]. The EBG surface employed

in the GW can be of different shapes and types. The most commonly used in

literature are the periodic metal pins (Bed of nails) [57] and mushroom-type

EBG textures [56] shown in Figure 2.5. The mushroom-type EBG surfaces are

periodic metallic patches connected to a reference plane through shorted stubs

or plated through-holes in the case of a dielectric inclusion. The bed of nails are

also connected to the reference plane [56] but without a wider connecting pad at

the top.

The geometrical features of the EBG unit cell are directly related to the frequency

range of the stopband [58]. These parameters include the size of individual catch

pads in the case of the mushroom-type EBG, the gap between adjacent catch

pads g, the diameter of stubs (vias), and the height, d of the EBG inclusion. The

height of the pin, d as depicted in Figure 2.5, is chosen to be less than λ/4 at

the centre frequency of the unit cell stop band. This is to transform the short

circuit (PEC) to an open circuit (PMC) at the upper plate. The air gap height

h is also chosen to be smaller than λ/4. Studies on the achievable bandgap of

these EBG unit cells have been presented in [56].
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Figure 2.5: Geometry of pin lattice and mushroom-type EBG layers realised

within parallel-plate waveguide. (a) Bed of nails arrangement. (b) Mushroom-

type arrangement with the catch pad. Taken from [56], c© 2011 IET.

The mushroom-type can also be realized in PCB technology where the catch pad

is grounded to the bottom metal plate using metallised via holes as illustrated

in Figure 2.6(a) [53]. The frequency stopband is determined by the width of

the catch pad, the height of the substrate, h and the relative permittivity, εr

of the substrate material used. The height h = λ0/4(
√
εeff ) is related to the

guided wavelength of the medium. This allows for a compact implementation

of the EBG structure [53]. The catch pad acts as a resonant parallel LC circuit

with L representing the inductance of the via and C, the capacitance between

the ground plane and the catch pad. At resonance, the surface impedance is

approximately the same as the impedance of the LC circuit, thereby, thereby

creating the high impedance mushroom surface [51], [58].

Figure 2.6(b) shows the embedded mushroom-type EBG within parallel plate.

The catch pad is embedded between two metallic layers, with the catch pad

grounded to one of the plates using metalized vias. The dielectric substrate

material used for height h and ha could either be of different relative permittivity

or the same. The frequency stopband created by a unit cell can be examined by

the dispersion diagram of the unit cell [58].
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Figure 2.6: Geometry of mushroom-type EBG realised within on multi layer PCB

process. (a) EBG consisting of a catch pad and via to ground. (b) Embedded

EBG within the parallel plate. Adapted from [58].

2.5 Groove Gap Waveguide

The GGWG [10] as shown in Figure 2.7 is a variant of the GW [40]. Its structure

is formed by placing rows of EBG unit cells on either side of a groove of width w.

Parallel plate modes above the AMC surface are suppressed creating a frequency

stopband. This is made possible if the air gap between the upper conducting

plate and the surface of the AMC is smaller than λg/4 at the centre of the

operating frequency band [10].
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Figure 2.7: Cross section of the GGWG for (a) Horizontal and (b) Vertical

polarisation. Taken from [48], c© 2015 IEEE.

The key geometrical parameters used in controlling the stopband are the height

of the air gap, ha, the height, h of the EBG pin and the size of the pins, d. By

numerical analysis on an EBG unit cell, the stopband created by the EBGs in

the GGWG can be determined [38].

The groove allows for the propagation of the TE10 mode [48] similar to that

in conventional rectangular waveguide as well as its planar variant, SIW [1].

Figure 2.8(a) shows a cross section of the GGWG for horizontal polarization.

Figure 2.8(b) shows the 3D view of the GGWG with the field distribution of the

fundamental mode in Figure 2.8(c).

GGWG is dispersive, similar to rectangular waveguide. However, unlike rect-

angular waveguide, the cut-off frequency of the fundamental TE10 propagating

mode of the GGWG falls within the suppression band of the parallel plate mode

and by controlling the width of the groove a, the cut-off of the fundamental mode

can be shifted [48]. This is in contrast to [60], where the band gap structure is

used to enforce and open boundary at the sidewalls, leading to the propagation

of a parallel plate TEM mode.

An advantage GGWG has over rectangular waveguide is that there is no electrical

contact between the upper and lower plates constituting the waveguide [38].

Conventional rectangular waveguide requires good electric contact between the

adjoining metal pieces if the roof of the waveguide is attached to the sidewalls

after manufacturing [38]. In GGWG, on the other hand, the metal plates are
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Figure 2.8: Cross section of the GGWG for horizontal polarization. (a) Cross
section of the GGWG for horizontal polarization. (b) 3D view showing the groove
within the GGWG [59]. (c) E-field distribution within the groove [59].

not in physical contact, posing fewer assembly challenges [38, 61].

A bandpass filter using GGWG at Ka band was designed in [61]. A fractional

bandwidth of 2.5% was achieved. The Q-factors of GGWG and rectangular

waveguide are very similar. It was reported that, although the loss in GGWG is

slightly higher than in rectangular waveguide, it was better than in MGW and

in the RGW [61].

In [62], a narrow band filter using the GGWG was designed and reported to have

lower insertion loss than other rectangular waveguide bandpass filters at V-band.

More bandpass filters at millimeter wave frequencies using GW are also reported

in [63,64].
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2.6 Ridge Gap Waveguide

The RGW [59], as shown in Figure 2.9, consist of a metallic ridge of width w

on the same plane as the AMC surface of the GW assembly. With the ridge in

place, a propagation channel is created between the ridge top and the top metal

PEC plate. At the sides, the AMC sidewalls suppress the parallel plate modes,

allowing a local quasi-TEM mode to propagating along the ridge [39].

Figure 2.9: Cross section of the RGW with E-field of the fundamental propagat-

ing mode [59].

Although some modifications can be made, generally, the ridge has the same

height as the pins [39]. The dimensions of the RGW are similar to that of the

GW. The height of the EBG unit cell h, is chosen to be less than λ/4. The

air gap height, ha is also kept at less than λ/4 at the centre frequency of the

stopband. The EBG unit cell is designed to ensure that the frequency stopband

of the parallel plate mode is at the desired frequency range. The width, w of the

ridge can be varied to achieve the desired characteristic impedance [65].

The ridge can take on any shape, including bends and branches, because the fields

follows the path of the ridge. This has been demonstrated in passive components

such as a branch line coupler [66], power divider [65] and microwave filter [67].

2.7 Microstrip Gap Waveguide

Another application of GW techniques is to lunch a TEM transmission line mode

within the air gap above the AMC texture surface and the top metal PEC plate.
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Since the GW allows a quasi-TEM mode in the gap between parallel metal plates,

the geometry allows for the realization of an inverted microstrip line to be inserted

within this gap as shown in Figure 2.10. This is referred to as microstrip gap

waveguide (MGW) [50], [49].

The bed of nails can be replaced with a mushroom-type AMC implemented on

PCB [68]. An air gap is created between the microstrip patches and the top cover

plate. It was reported in [69] that the suspended MGW has lower insertion loss

than the conventional microstrip line implemented on PCB. This is due to the

propagation of the quasi-TEM mode in the air gap as opposed to propagation

within substrate. The air gap also ensures lower dielectric losses [50]. In addition,

it is also possible to use wider strip width for impedance matching [68].

Figure 2.10: Cross section of the suspended microstrip line within the GW. Taken

from [68], c© 2014 IEEE.

There are different versions of the MGW reported in literature, differentiated

by the AMC geometry adopted [50]. In Figure 2.11(a), the EBG structure is

used to support the dielectric substrate on which the microstrip is etched. In

Figure 2.11(b), the microstrip line is place above the mushroom-type EBG surface

with a substrate thickness t between the EBG surface and the microstrip line.

In Figure 2.11(c), the microstrip line is implemented on the same layer as the

mushroom-type EBG [70].
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Figure 2.11: Cross section of the different microstrip line implementation within

the GW. Taken from [50], c© 2011 IEEE.

Analysis have been performed to determine the achievable bandwidth in [69].

It was found that the bandwidth is mostly determined by the air gap, h and

the height, d1 of the metallic pins in Figure 2.11(a). However, in the case of the

microstrip implemented on the same substrate layer as the EBG (Figure 2.11(c)),

the size of the mushroom catch pads affect the achievable bandwidth in addition

to the air gap and the substrate thickness [68]. The MRG has been used in a

slot array antenna [71] and recently in a PCB implementation [29].

2.8 Tunable Substrate Integrated Waveguide

Structures

Frequency agility plays an important role in a dynamic receiver system [4]. The

ability to control the frequency response of a component is often beneficial and

provides the flexibility of post-fabrication fine-tuning in addition to the advantage

of reconfigurability of the band in the case of a bandpass microwave filters [15,

30,31,72].

SIW, among the other planar transmission media, has a high-Q continuous tuning
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range with varactor loaded cavities [4]. This has been demonstrated for Voltage

Controlled Oscillator (VCO) [4], SIW tunable antennas [8] and bandpass mi-

crowave filters [31]. Frequency agility has also been demonstrated in microstrip

technology using varactor diodes [3]; however, for millimeter wave applications,

microstrip technology becomes less desirable due to radiation losses.

By changing the frequency response of one or more cavities, either by using var-

actor diodes [31], RF-MEMS switchs [73] or PIN diodes [15] the centre frequency

of the bandpass filter can be reconfigured [4]. However, there is often a compro-

mise between the tuning range and the quality factor of the resonator, with the

quality factor of the resonator reduced by a wider tuning range [4].

In [8], a tuning method was proposed for an SIW cavity oscillator. An opening

at the side of the SIW cavity is created. This allows for a varactor diode to be

coupled to the cavity. The loading effect of the diode is applied at maximum

E-field distribution in the cavity to change the frequency response. This method

reportedly offers approximately 2% tuning range.

Another method proposed in [31], and commonly used in the tuning of SIW

filters [74] is inserting a metallized via post in the centre of the cavity connected

to a metalized floating patch. This floating centre metallic patch (Figure 2.12) is

used to load the centre via post with a varactor diode. By varying the capacitance

between the floating metal patch and the top conductor of the SIW with a

varactor diode, the capacitive loading in the cavity is perturb. This creates

a cavity with static capacitive loading which can be dynamically controlled,

thereby creating a shift in the resonant frequency. This method often requires

multiple cuts or bridging wires as shown in Figure 2.12 to separate the SIW

planes for DC biasing of the varactor diode [30,31,75,76].

The geometrical arrangement of SIW does not allows for DC isolation between

the top and bottom plates. This often complicates the DC biasing of active

devices such as varactor diodes [9].

The concept of magnetic tuning using ferrite has also been explored with SIW

[77]. Due to the fact that the magnetic field of the fundamental mode is at
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Figure 2.12: SIW tunable resonant cavity showing the centre conducting post
and the floating metal patches. Taken from [4], c© 2015 IEEE.

maximum along the sidewalls of the cavity and the E-field is maximum at the

centre of the cavity, ferrite slabs can be placed along the side walls. Magnetic

tuning of the cavity is therefore achieved by varying the magnetic fields. This

method has been shown to provide a wider tuning range than a reactively loaded

SIW tunable resonator. However, the implementation of this on SIW structure is

quite challenging due to the inclusion of the ferrite slabs, as compared to loading

the resonant cavity with a centre conductor [77], [4].

Another method presented in literature is the introduction of mechanically con-

trolled via post connected to a screw at the center of the cavity [78]. The screw

is isolated from the top of the SIW plate by using multiple annular ring cutouts.

Tuning the screw alters the E-field distribution in the cavity thereby changing the

resonant frequency of the cavity. This method provides moderate tuning range,

and it is complicated by inserting the tuning screw within the SIW structure [4].

Table 2.1 shows a qualitative comparison of the different tuning methods applied

to SIW resonant cavities. In all of these methods that include active devices,

different ways have been employed to ensure the biasing of the active component.

GW offers DC isolated conducting planes. This is beneficial to the biasing of

an active device as bridging wires or multiple cuts can be avoided. There has
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Table 2.1: A qualitative comparison of the different tuning methods applied to
SIW resonant cavities. Adapted from [4], c© 2015 IEEE.

Tuning Basis Tuned Mode Tuning Range Quality Factor
Fabrication
Complexity

Side-coupled
with varactor

diode [8]

Electrical
(varactor diode)

Low Highest Simple

Switchable
perturbing via

post [15]

Electrical (PIN
diodes/RF

MEMS
switches)

High High Moderate

Tuning
pertubing via

post [31]

Electrical
(varactor
diodes)

Moderate Moderate Simple

Ferrite-based
tuning with

tunable
pertubing via

post [77]

Electrical
(varactor

diodes) with
magnetic

(ferrite slabs)

High High Complex

Mechanically
tuned/

perturbing via
post [78]

Mechanical Low Moderate Complex

Surface ring gap
loaded with

varactor
diodes [79]

Electrical Highest High Simple
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been no published literature demonstrating frequency agility on a planar gap

waveguide form exploiting the DC isolation of the structure.

2.9 Conclusion

A review of the basic theory of GW was presented with the different variants of

the waveguide. GW as an alternative to the rectangular waveguide, provides DC

isolated conducting planes. GW is realized within parallel plate waveguide with

the top and bottom conducting plates isolated.

Recently developed planar variants of GW and MRG as presented in Section 1.1,

show the implementation of GW on PCB, and are used to launch quasi-TEM

lines within the medium. No paper was found in literature that implements

the GGWG entirely on PCB or explores the DC isolation for frequency agile

applications.

A review of the different tuning methods employed in the tuning of SIW resonant

cavities was also presented. SIW has been extensively discussed in literature

for frequency agile demonstrations but mostly with multiple etched rings and

bridging wires needed for DC biasing.
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Chapter 3

Propagation Characterisation of

a Planar Groove Gap Waveguide

3.1 Introduction

This chapter presents comprehensive simulation characterisation of planar groove

gap waveguide (PGGWG) [80]. The structural layout of the proposed PGGWG

is presented with design guidelines of each dimension. The characterisation of the

embedded EBG within the parallel plate waveguide, as employed in PGGWG, is

also presented here with a numerical analysis of how each geometric parameter of

a unit cell, as well as the relative permittivity of the dielectric substrate material,

influences the achieved stopband. This is followed by the dispersion diagram of

the PGGWG structure, modal properties, and S-parameter simulation of the

proposed planar waveguide.

3.2 Basic Geometry

The transverse view of the proposed PGGWG implemented on multilayer dielec-

tric substrate is shown in Figure 3.1.
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Figure 3.1: Cross-section of the PGGWG with layer stackup. All layers have the

same relative permittivity.

The structure is formed by placing rows of blind vias with diameter vd, each

capped by a round catch pad of diameter pd, at either side of a groove gap of

width w. The embedded blind vias and catch pads constitute an EBG structure

within the parallel plate waveguide. In this way, no wave can propagate in

the region over a certain frequency range defined by the geometry of the EBG

structure.

In the bandgap defined by the geometry of the EBG unit cell, the EBGs are

used as AMCs to form the sidewalls of the waveguide. This is done to replace the

electrical conductive sidewalls of the conventional rectangular waveguide and also

the through-hole vias used in the case of SIW, thereby enabling the realisation

of a rectangular waveguide structure within parallel plate waveguide with no DC

connection between the top and bottom plates.

This embedded EBG structure can be of a mushroom-type [58], either having a

round catch pad or square catch pad [56] as discussed in Section 2.3. The EBG

with round catch pad has been adopted here in the analysis of the unit cell.

The arrangement of the PGGWG in Figure 3.2(b) is similar to the 3D micro-

machined GGWG structure in Figure 3.2(a) which makes use of square pin EBG

cells to form the AMC sidewalls of the waveguide [59]. A frequency bandgap is

created within parallel plate propagating modes by placing a metal plate above

the pins at a distance less than a quarter of the guided wavelength of the medium

[56].

In the PGGWG arrangement, a substrate material is used in place of the air

medium above the EBG surface and the top PEC plane, unlike in the conven-
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Figure 3.2: Physical GGWG layouts (a) 3D view of a micro-machined GGWG
[59] (b) PGGWG derivative.

tional GGWG. This could either be of a different dielectric material or of same

as the bottom substrate. The arrangement here allows for the implementation

of the PGGWG entirely on a multilayer PCB stack without needing to create an

air gap above the EBG surface.

The dielectric substrate height h is chosen to be less than λg/4 of the guided

wavelength at the band centre. This is to suppress parallel plate modes prop-

agating over the AMC surface. The height h of the dielectric substrate is the

same as the height of the EBG as seen in Figure 3.1.

The dielectric substrate thickness, ha, between the AMC surface and the bottom

conducting plate, is also kept at a thickness less than λg/4 of the guided wave-

length. For ease of manufacturability, this height can be chosen to match readily

available dielectric laminate thickness. The thickness of the prepreg is accounted

for within the substrate thickness ha. Prepregs of same dielectric properties as

the substrate material could be used to fill up the gap height ha.

The stopband that the EBG unit cell creates can be controlled by varying the

geometric parameters of the unit cell. By changing the size of the catch pad

and both the height and the width of the via, the capacitance and inductance

of the cell changes and therefore, the bandgap that the EBG creates is altered.

It is, therefore, possible to control the bandgap accurately with vd and pd while

keeping h and ha to be equal to readily available laminate thickness.

The groove created within the rows of the EBG vias creates a propagation chan-
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nel similar to that in a rectangular waveguide. It will be shown that within

this groove, a transverse electric (TE) propagation mode can propagate in the

medium. The groove width w can be selected to ensure that the fundamental

TE10 mode, similar to that obtained in SIW, propagates within the stopband

of the parallel plate mode; the frequency range where the EBG cells form AMC

sidewalls.

3.3 Simulation Analysis of the Embedded EBG

Structure

The achieved frequency bandgap of an EBG unit cell is directly related to the

geometrical parameters of the unit cell arrangement and the substrate material

of the host medium [81]. The EBG structure can be modelled as an electrically

small resonator and within the bandgap where they provide wave suppression,

their size is much smaller than the wavelength [58], [51].

Figure 3.3: Embedded EBG structure unit cell as adopted in the PGGWG struc-
ture. This also shows the lumped element model of the structure.

The resonant frequency of the EBG unit cell used in the PGGWG as shown in

Figure 3.3 can be represented by

fc =
1

2π
√
L(C1 + C2)

(3.1)

where C1 represents the capacitance between the EBG catch pad and the bottom
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conducting plate, C2 represents the capacitance between the EBG catch pad and

the top plane, and L represents the inductance of the metalized via.

Figure 3.4: A side view showing the simulation setup used to extract the bandgap
of an array of EBG cells within parallel plate structure using S-parameters.

The guided wavelength of the medium at different frequency points is given as

λg =
c

f
√
εr

where εr is the relative permittivity of the dielectric material used.

EM simulation study was performed using the time domain solver in CST Mi-

crowave Studio 2016 package. The bandgap can be extracted by simulating the

S-parameters between two waveguide ports placed on either side of a row of

embedded EBG unit cells.

The computational domain in Figure 3.4 is limited by PEC boundaries on the

xz planes at y = 0 and y = h+ha. PMC boundaries are applied on the yz plane

at x = 0 and x = pd. The transmission coefficient S21 (dB) is extracted for the

EBG in the Ka frequency band. Figure 3.5 shows the S21(dB) of the EBG unit

cell arrangement of Figure 3.4. The bandgap can be observed between 23 GHz

and 45 GHz.

The bandgap definition used throughout this study is the frequency range where

S21 is below 20 dB. The two frequency points defining the edges of the bandgap

will be referred to as the lower and the upper-frequency points respectively. To

analyse the effect of a change in geometrical parameters of the EBG structure
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Figure 3.5: S-parameters; S11(dB) and S21(dB) for the setup in Figure 3.4. The
embedded EBG mushroom type structure has the following dimensions: h =
0.508 mm, ha = 0.106 mm, vd = 0.3 mm, pd = 0.8 mm, p = 0.95 mm, εr = 3.5,
tanδ = 0.004

on the bandgap, the different geometric parameters of the unit cell are varied,

and their effects studied.

3.3.1 Effect of the number of EBG rows on attenuation

The suppression of parallel plate modes depends on the number of embedded

EBG unit cells placed in a row within the parallel plate waveguide. A unit cell

creates a frequency band gap; however, to increase the suppression bandwidth,

the number of unit cells in a row should be increased.
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Figure 3.6: Magnitude of S21(dB) for different number of unit cells with the

following dimensions: h = 0.508 mm, ha = 0.106 mm, vd = 0.3 mm, pd = 0.9

mm, p = 0.95 mm, εr = 3.5, tanδ = 0.004.

Here, the geometry of the unit cells is kept constant while only varying the num-

ber of EBG unit cells along the z-axis as depicted in Figure 3.4. The substrate

height, h = 0.508 mm while ha = 0.106 mm.

As observed in Figure 3.6, a wider stopband is achieved with more than one row

of embedded EBG vias. We observed that the bandwidth increases from 21 GHz

using two rows to 25 GHz with four rows. With this in mind, three cells of

embedded EBG structures are considered in the design of the PGGWG and also

for further analysis in this work.

3.3.2 Effect of varying the height h on the stopband

The height h of the embedded EBG refers to the height of the via between

the catch pad and the bottom conducting plane as seen in Figure 3.1. The

relationship between the suppression band and the height h, with the other

parameters keep constant, is shown in Figure 3.7.
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Figure 3.7: Magnitude of S21(dB) for different via height h of the EBG unit cells

with the following dimensions: ha = 0.106 mm, vd = 0.3 mm, pd = 0.8 mm, p =

0.95 mm, εr = 3.5, tanδ = 0.004.

As observed, increasing the height h increases the gap between the bottom con-

ducting plane and the round catch pad, thereby reducing the effective capacitance

between the two surfaces. As a result, the resonant frequency of the unit cell

shifts to a lower frequency. The bandwidth varies from 20 GHz to 23 GHz with

h varying from 0.35 mm to 0.55 mm.

The substrate height, h is a key geometric parameter as it determines the lower

and upper-frequency limit of the bandgap. h can be set to a desired and readily

available substrate thickness for ease of manufacturing while ensuring that its

kept at less than λg/4 of the guided wavelength.

3.3.3 Effect of varying the gap height ha on the stopband

The gap height ha between the top of the round catch pad and the bottom

conducting plane of the PGGWG in Figure 3.1 must be kept at a distance less

than the λg/4 at the centre frequency of the band. This is done to ensure the

suppression of surface waves that may exist in the gap between the two parallel

plates while allowing waves to propagate in the desired direction along the groove
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of the PGGWG.

Figure 3.8: Magnitude of S21(dB) for different the gap height ha of embedded

EBG unit cells with the following dimensions: h = 0.508 mm, vd = 0.3 mm, pd

= 0.8 mm, p = 0.95 mm, εr = 3.5, tanδ = 0.004.

It can be seen in Figure 3.8 that the suppression band is reduced by increasing

ha. This is because ha changes the capacitance between the round catch pad and

the top conducting plane resulting in a shift in the resonant frequency.

A decrease in the bandwidth is also observed from 24 GHz for ha = 0.10 mm to

22 GHz with ha = 0.20 mm. As the gap height increases, the bandgap created

by the suppression of parallel plate mode reduces.

3.3.4 Effect of pitch p variation on the stopband

The pitch p determines the spacing between consecutive EBG unit cell rows

within an array of unit cells. The dimension, g = p - pd (where p is the pitch and

pd is catch pad diameter) defines the gap between adjacent round catch pad.

Increasing the pitch increases the separation gap, g between consecutive EBG

cells. Figure 3.9 shows the variation of the pitch p from 0.9 mm to 1.9 mm.

This corresponds to a separation gap, g varying from 0.1 mm to 1.1 mm. We
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observe that increasing the pitch reduces the effective stopband bandwidth. The

bandwidth is reduced from 24 GHz with a gap g = 0.1 mm to 18 GHz for g =

1.1 mm.

For wider separation gaps, a second bandgap is created at 50 GHz with a pitch

p of 1.9 mm. It is, therefore, important to keep the gap close enough to avoid

leakage in order to maintain a single distinct bandgap from the EBG structure.

Figure 3.9: Magnitude of S21(dB) for different values of pitch p of the EBG unit

cells with the following dimensions: ha = 0.106 mm h = 0.508 mm, vd = 0.3

mm, pd = 0.8 mm, εr = 3.5, tanδ = 0.004.

3.3.5 Effect of varying the via diameter vd on the stop-

band

As observed in Figure 3.10, by altering the inductance L of the resonator, the

resonant frequency of the unit cell is altered. By reducing the via diameter,

we observe a shift of the bandgap to lower frequencies. This is as a result of

the increased EBG cell inductance. The bandwidth decreased from 31 GHz to

23 GHz by varying the via diameter, vd from 0.35 mm to 0.15 mm, indicating

that stronger loading increases the Q-factor of the resonator.

The design of the PGGWG for manufacturability will require the selection of
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an appropriate via diameter based on the manufacturer’s fabrication capabili-

ties, with the other parameters of the unit cell adjusted to achieve the desired

suppression of the parallel plate modes.

Figure 3.10: Magnitude of S21(dB) for different via diameter, vd of the EBG unit

cells with the following dimensions: ha = 0.106 mm h = 0.508 mm, pd = 0.8

mm, p = 0.95 mm, εr = 3.5, tanδ = 0.004.

3.3.6 Effect of varying the catch pad pd surface area

The EBG unit cell can either be implemented with a square or a round catch

pad, as shown in the inset of Figure 3.11.

In this parametric experiment, the unit cell geometry is kept constant at ha =

0.106 mm, vd = 0.3 mm, h = 0.508 mm, p = 0.95 mm with the diameter of

the round catch pad, pd as well as the size of the square patch varied. We can

observe from Figure 3.11 that, as the surface area of the catch pad increases,

the effective capacitive load between EBG surface and the top conducting plate

changes, thereby creating a shift in the resonant frequency of the unit cell. An

increase in the size of the pad lowers the suppression band as expected from

Equation 3.1 when the capacitance C1 and C2 are increased.
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Figure 3.11: Magnitude of S21(dB) for the different embedded EBG structures in

parallel planes showing the effect of different pad diameter and patch sizes [82].

.

The insert in Figure 3.11 shows the EBG unit cell for round and square

mushroom-type cells where pd is the diameter of the round pad and pw the

width of the square patch. The dimensions of unit cell are: ha = 0.106 mm, vd =

0.3 mm, h = 0.508 mm, p = 0.95 mm. By increasing the capacitive load (C1 and

C2) or the inductive load L in the case of varying the via diameter, the bandgap

can be controlled effectively irrespective of h and ha.

3.3.7 Effect of the dielectric constant εr on the bandgap

Substrate materials of different relative permittivity εr, and loss tangent tanδ

can be used in the design of PGGWG.

As observed in Figure 3.12, an increase in the relative permittivity, εr, of the

substrate, moves the stopband to lower frequencies. A 60% reduction in the

bandwidth is observed by increasing εr from 3.5 to 31.5. This result is obtained

while keeping the dimensions of the unit cell arrangement constant at h = 0.508

mm, ha = 0.106 mm, vd = 0.3 mm, p = 0.95 mm, pd = 0.8 mm and tan δ =

0.004.
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Figure 3.12: Magnitude of S21(dB) for different substrate material of εr. The
dimensions of the EBG unit cell are: ha = 0.106 mm h = 0.508 mm, pd = 0.8
mm, p = 0.95 mm.

This is a particularly important observation in the development of the PGGWG

taking into consideration the miniaturisation of the physical structure. Depend-

ing on the frequency of operation, the bandgap can be achieved either by choosing

a suitable dielectric substrate material as observed in Figure 3.13 or increasing

the substrate thickness h.

Table 3.1 summarizes the achievable suppression bands obtained by changing

the substrate thickness, h or increasing the relative permittivity of the substrate

material. A bandwidth of 28 GHz (12 GHz to 40 GHz) is obtained using a

thicker substrate as opposed to a thinner substrate. There is, therefore, a trade-

off between the substrate thickness and the relative permittivity of the substrate

material which will influence the design choice.
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Figure 3.13: Magnitude of S21(dB) for different substrate heights h. The dimen-
sions of the EBG unit cell are: ha = 0.106 mm h = 0.508 mm, pd = 0.8 mm, p
= 0.95 mm, εr = 3.5

Table 3.1: Suppression bandwidth of the EBG unit cell arrangement for varying

relative permittivity εr, substrate thickness h and catch pad diameter pd.

h (mm) εr ha (mm) pd (mm) vd (mm) p (mm) Suppression Band (GHz)

0.508 31.5 0.106 0.8 0.35 0.95 8 - 16

0.508 23.5 0.106 0.8 0.35 0.95 9 - 18

0.508 15.5 0.106 0.8 0.35 0.95 11 - 22

0.508 7.5 0.106 0.8 0.35 0.95 15 - 30

0.508 3.5 0.106 0.8 0.35 0.95 22 - 43

1.24 3.5 0.106 0.8 0.35 0.95 14 - 43

1.980 3.5 0.106 0.8 0.35 0.95 10 - 40
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3.4 Dispersion Diagram

The dispersion diagram is computed for the PGGWG arrangement as shown in

Figure 3.14. This was done using full-wave Eigenmode simulations carried out

in CST Microwave Studio 2016. The simulated model includes three rows of

embedded EBG unit cells on either side of the groove. The PGGWG structure

is periodic in the z-direction with the propagation channels of the groove also

along the z-axis. Thus the phase shift in the z-direction is considered.

Figure 3.14: The 3D model setup used in extracting the propagating modes

within the PGGWG for plotting the dispersion diagram. The waveguide dimen-

sions are: h = 0.508, w = 4.5 mm, ha = 0.106 mm, vd = 0.3 mm, pd = 0.8 mm,

p = 0.95 mm, εr = 3.5, tanδ = 0.004, l = 10 mm.

Boundary conditions at z = 0 and z = l in the model are set to periodic in CST

Eigenmode solver, in order to model an infinite extent of the PGGWG in the

z-direction.

The open boundary condition is chosen at xmin and xmax of the model. This is

in accordance with the PGGWG physical geometry to ensure that there is no

electric contact between the top and bottom plate. The PEC boundary condition

is chosen at ymin and ymax.

The phase shift φ of the propagating wave in the z-direction is related to the
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phase constant β by:

β =
φ(rad)

l

where l is the distance between the planes that define the phase shift. That

is p, the pitch, in the z-direction. For certain values of the phase shift, CST

Eigenmode solver determines the frequency at which a mode is propagating with

a phase constant that produces the specified value of phase shift.

The groove width, w, of the PGGWG can be varied. This is similar to the case

of the GGWG [48] and rectangular waveguide [38]. In GGWG, the width of

the groove is used to determine the cutoff frequency of the fundamental TE10

propagating mode while the dimensions of the EBG unit cells controls the lower

and upper operating frequency of the GGWG.

Figure 3.15: Dispersion diagram showing the propagation of the fundamental

mode and parallel plate modes within the PGGWG structure. The groove width

w = 5.48 mm.

With the dimensions of the PGGWG set at: h = 0.508 mm, ha = 0.106 mm, vd

= 0.3 mm, pd = 0.8 mm , p = 0.95 mm, εr = 3.5, tanδ = 0.004, l = 10 mm and

the width w = 5.48 mm, we observe the parallel plate mode below 25 GHz with

the bandgap between 25 to 45 GHz from the dispersion diagram plot in Figure

3.15. Below 25 GHz, the PGGWG is not usable as the parallel plate modes are
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no longer suppressed. This is due to the design of the EBG unit cell, which

no longer acts as AMC sidewall. Also, above the upper limit of the stopband

of the EBG, the PGGWG waveguide is similarly unusable for the same reason.

Within the stopband, however, the fundamental propagating mode (TE10) is

clearly visible with a cutoff frequency at 30 GHz.

Figure 3.16(a) shows a cross-section of the PGGWG with the electric field dis-

tribution of the fundamental propagating mode shown. It can be observed that

the field distribution of this fundamental mode has similar characteristics to that

of the TE10 propagating mode of the rectangular waveguide. The electric field

components (Figure 3.16(c)) are perpendicular to the z-axis, which is, the direc-

tion of propagation. The attenuation of the electric fields at the AMC sidewalls

is also visible from Figure 3.16(b).

Figure 3.16: A cross section view of the PGGWG showing the E-field distribution

of its fundamental propagating mode (TE10). (a) E-fields lines. (b) Magnitude

of the E-field from a sectional view along the y-axis. (c) E-fields lines from the

top view of the structure.

By varying the width w of the groove, the fundamental propagating mode can

be designed to fall within the EBG stopband. As shown in Figure 3.17, by

reducing the width w, the cut-off frequency of the fundamental mode increases.
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This variation is only effective within the confines of the parallel plate suppression

bandgap.

Figure 3.17: Dispersion diagram showing the propagation of the fundamental

mode and with varying groove width w. Other dimensions kept constant are: h

= 0.508 mm, ha = 0.106 mm, vd = 0.3 mm, pd = 0.9 mm, εr = 3.5, tanδ = 0.004,

l = 10 mm.
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3.5 Modal Analysis

The electric field distribution within the PGGWG structure is observed at dif-

ferent frequencies for the waveguide dimensions as presented in Section 3.4.

Figure 3.18: E-field distributions within the PGGWG at different frequency

points of observation. (a) A cross-section of the E-field at 31 GHz. (b) The

magnitude of the E-fields, Ey below the parallel plate suppression band (23 GHz).

(c) The magnitude of the E-field, Ey of the TE10 mode. (d) The magnitude of

the E-field, Ex of the TE10 mode. (e) The magnitude of the E-field, Ey above

the lower limit of the bandgap but below the fundamental mode (27 GHz). (f)

The magnitude of the magnetic field Hx of the TE10 mode. (g) The magnitude

of the magnetic field Hz of the TE10 mode.

Figure 3.18(a) shows the vector electric field distribution of the desired dominant
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TE10 mode in a cross-section of the waveguide. Figure 3.18(b) shows the E-field

of a propagating parallel-plate mode below the parallel plate bandgap (f =

23 GHz) and a suppressed parallel plate mode inside the bandgap but below fc

of the TE10 mode f = 27 GHz in Figure 3.18(e). The non-zero field components

of the fundamental mode inside the bandgap (31 GHz) is shown in Figure 3.18(c)

with the electric field distribution, Ex in Figure 3.18(d) zero.

Figures 3.18(f) shows the magnetic field Hx at 31 GHz of the fundamental prop-

agating mode with the Hz component shown in Figure 3.18(g)

These plots of the electric and magnetic field distributions indicate a propagating

TE10 mode in the groove of the waveguide.

3.6 S-Parameter Analysis

The PGGWG structure is excited with waveguide ports in CST Microwave Studio

as shown in Figure 3.19. The open boundary condition is set at xmin and xmax.

PEC boundary conditions are set on the y-plane (ymin and ymax). The port

planes, zmin and zmax are set to open boundaries.

Figure 3.19: 3D view of the PGGWG structure excited with waveguide ports in
CST with dimensions; h = 0.508 mm, ha = 0.106 mm, vd = 0.3 mm, pd = 0.7
mm, p = 0.95 mm, εr = 3.5 and tanδ = 0.004.

The TE10 mode excitation can be observed at the port plane of the PGGWG as

shown in Figure 3.20, with the S-parameter result of the PGGWG simulation in

Figure 3.21. We observe from this result that the lower frequency limit of the
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Figure 3.20: 3D view of the PGGWG showing the E-field distribution of the
TE10 mode excitation at the port plane.

waveguide is at 25 GHz and the upper limit at 43 GHz. The S11(dB) is below

40 dB over the band of interest.

We also note that the usable passband of the PGGWG corresponds to the sup-

pression band of the EBG unit cell as shown in Figure 3.22, with the lower

and upper-frequency limits of the waveguide determined by the geometry of the

embedded EBG unit cell.
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Figure 3.21: S-parameter (dB) results of the PGGWG simulation with waveguide

port excitation. The dimensions of the PGGWG are: h = 0.508 mm, ha = 0.106

mm, vd = 0.3 mm, pd = 0.7 mm, p = 0.95, w = 5.48 mm, εr = 3.5 and tanδ =

0.004.

Figure 3.22: S21(dB) of simulated PGGWG using waveguide ports and that of

the stopband of an array of EBG unit cell embedded within parallel plates.
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3.7 Conclusion

It has been shown that the proposed PGGWG exhibits similar propagation char-

acteristics to that of a rectangular waveguide. Unlike SIW, the planar equivalent

of the rectangular waveguide, PGGWG provides DC isolated planes, making use

of an EBG structure to provide AMC side walls replacing the through hole vias

of SIW.

The fundamental propagating mode within the groove of the PGGWG exhibits

similar propagating characteristics as that of a rectangular waveguide with the

TE10 frequency cutoff of the mode related to the width of the groove. As seen

in Section 3.3, the design of the embedded EBG unit cell plays a vital role

in determining the suppression of parallel plate mode within the parallel plate

waveguide. This, in turn, determines the lower and upper frequency limits of

the PGGWG and can be designed for any reasonable desired frequency band of

interest.

An S-parameter simulation of the PGGWG with waveguide ports using full wave

simulation shows a passband between the upper and lower frequency limit of the

bandgap.

A summary of the design processes of the PGGWG is outlined as follows:

• Determine the required frequency of operation of the PGGWG.

• Determine the manufacturing limitations. This will help with the appro-

priate selection of the substrate height and via diameter.

• Analyze the unit cell arrangement to determine the suppression bandwidth

taking into consideration the design guidelines of the EBG structure. The

numerical study should be done by changing parameters such as the patch

width, the via diameter and the substrate height ha and h.

• The relative permittivity of the substrate material also influences the pass-

band of the unit cell. Higher εr values of the dielectric substrate result in

a lower placed stopband. This is of importance as a trade-off can be made
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between either increasing the substrate thickness h or using a substrate

material of higher εr to achieve miniaturisation.

• The effective width of the groove w can be determined numerically by ob-

serving the propagation of the fundamental mode within the parallel plate

modes from the dispersion diagram of the structure using the previously

determined EBG dimensions.

The appropriate design of the EBG unit cell can enable one to extend the suppres-

sion bandwidth. As discussed in Section 3.3, the via diameter vd, the substrate

thickness h, and diameter of the round catch pad pd, as well as the relative

permittivity εr, of the substrate material play a role in determining the EBG

band.
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Chapter 4

PGGWG Prototyping and

Measurement

4.1 Introduction

A wideband transition from coplanar waveguide (CPW) to the PGGWG is pre-

sented in this chapter and the manufacturing process is discussed. The transition

is designed to maintain the DC isolation between the top and bottom plane of

the PGGWG while using a Southwest Microwave 1.85mm jack end-launch con-

nector (datasheet of the connector is available in Appendix A) to enable coaxial

measurement. The Thru-Reflect-Line (TRL) calibration method is used to ex-

tract the transmission characteristics of the PGGWG and the design and layout

of the standards are presented. The de-embedded S-parameter measurements of

the PGGWG are shown and compared to simulated results.
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4.2 Wideband Coplanar Waveguide to PG-

GWG Transition

The geometry of the proposed wideband transition from CPW to PGGWG is

shown in Figure 4.1. It is based on a similar transition proposed in [83] which

integrates the coupling slot and impedance transformer into one tapered coupling

slot to achieve a wide bandwidth. This enables the integration of the PGGWG

with a 50Ω CPW feed allowing for the 1.85mm coaxial connector to be connected

to the CPW end of the PGGWG circuit.

Figure 4.1: CPW to PGGWG transition with the prototype PGGWG circuit

showing the top and bottom view attached to the end-launch connector.

The CPW transition is etched from the bottom conductor (at y = 0) of the

PGGWG circuit as seen in Figure 4.1, the side to which the EBG vias are

attached to the bottom plate. This is done to allow the flow of surface current

from the port through the EBG cells and thus excite the modes within the groove

of the PGGWG. The copper of the top plane (y = ha + h) is etched away to

allow the end-launch connector to be clamped on the PCB without creating a

DC connection between the planes.

The dimensions of the optimized CPW to PGGWG transition are given in Table

4.1. Figures 4.2(a),(b) and (c) show the bottom, top and 3D view of the transi-
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tion simulation model, respectively. EBGs, similar as that used for the sidewall

of the PGGWG, are placed along the CPW length to provide better impedance

matching and suppress possible resonance within the operating band of the tran-

sition. The tapered coupling slot of length λg/4 acts as an impedance transformer

to convert the impedance of the PGGWG to the CPW port impedance.

Table 4.1: Optimized dimensions for the CPW to PGGWG transition

Dimension mm

g 0.13

s 0.8

Θ 135◦

L1 4.5

L2 1.6

p 0.95

La 3.5

vd 0.3

pd 0.7

h 0.508

ha 0.168

In Figure 4.3(a), we observe the TEM mode electric field at the CPW port plane

of the transition. This mode then transforms to a TE10 propagating mode in

the PGGWG medium (Figure 4.3(b)). Figure 4.3(c) and (d) shows the surface

current along the top and bottom conducting plate of the transition.

The S-parameters of the transition from CPW to PGGWG is as shown in Figure

4.4. A wide passband from 25 GHz to 44 GHz is observed. The return loss of

the transition is better than -10 dB over the passband of with the transmission

response relatively flat at -2 dB over the range.
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Figure 4.2: The CPW to PGGWG transition implementation in CST. (a) Bottom

view with the CPW coupling slot. (b) Top view with the end-connector attached.

(c) 3D view of the CPW to PGGWG transition.

Figure 4.3: E-field and surface current plot of the CPW - PGGWG transition.

(a) Quasi-TEM field in the CPW transition. (b) TE10 mode in the PGGWG.

(c) Surface current along the bottom plane. (d) Surface current along the top

plane.
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Although the transition has relatively high insertion loss of approximately 2 dB,

the combined effects of the connector and the CPW-PGGWG transition is cali-

brated out to extract transmission parameters of the PGGWG section alone. The

de-embedding method employed for measurement of the PGGWG is discussed

in the next section.

Figure 4.4: Simulated S-parameters of the CPW-PGGWG transition over the

band of interest

4.3 PGGWG Calibration Standards

A Thru-Line-Reflect (TRL) calibration method, as described in [84], is employed

to remove the combined effect of the coax connector and the CPW-PGGWG

transition from measurement, allowing for the extraction of the transmission

characteristics of the PGGWG alone.
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Figure 4.5: TRL error model. Taken from [85], c© 2010 IEEE.

The PGGWG with the transition can be represented by the error model shown

in Figure 4.5 [85]. The error model of box A and box B represents the transi-

tion from CPW to PGGWG which can be de-embedded to extract the desired

characteristics of the PGGWG.

The cascaded ABCD-parameters of the measured response can be expressed in

matrices as:

Tm = TATDUTTB

where TA and TB are virtual error transmission box related to the transition

from CPW to the GGWG as discussed in Section 4.2. TDUT represent the actual

matrix of the device under test (DUT), the section of the PGGWG.

This method as described in [86] results in eight linear independent error terms

of TA and TB and can be solved by the design and measurement of THRU,

REFLECT and LINE standards. Thereafter, the DUT can be extracted as

TDUT = T−1A T−1m T−1B
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The THRU standard consist of a non-zero length of transmission line which sets

the reference plane of the measurement at the middle of the standard. Figure

4.6(a) shows the layout of the THRU standards used. The THRU standard

consist of a back-to-back CPW-PGGWG transitions.

The LINE standard as shown in Figure 4.6(b)) is Lext = λ/4 longer than the

THRU length at the geometrical mean of the frequency span at 33 GHz. The

difference between the LINE and THRU is kept between 20◦ to 160◦ of the

electrical length.

The REFLECT standard for this work is a short circuit as shown in Figure 4.6(c),

with a short wall implemented in PGGWG consisting of three rows of round pad

EBG’s across the width of the groove.

A second TRL calibration kit in CPW is designed, setting the reference plane

to the coaxial input. This is to enable the measurement and inclusion of the

PGGWG transition. This was used to de-embed the effect of the connectors,

moving the calibration plane to the CPW input of the transition.

Figure 4.6: Schematic drawing of standard (a) Thru, (b) Line and (c) Reflect.
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4.4 Fabrication Processes and Measurement

Setup

A simple sequential build proces using Park Electrochemical MercuryWave 9350

substrate material with εr = 3.5 and loss tangent of 0.004, is used to manufacture

the PGGWG.

The build stack-up is as shown in Figure 4.7. The EBG via holes are drilled

through a thickness h = 0.508 mm of a single layer substrate core. These via

holes are then electroplated with 17 micron copper. The round catch pad of the

EBG is then etched on top of the vias as annular rings using a direct imaging

method and copper plated. This is then followed by laminating a layer of prepreg

(bond layer) with the same dielectric properties as that of the substrate material.

The height of the prepreg filling is ha. Finally, a 17-micron copper cladding is

added onto the top of the prepreg surface for the top plate of the PGGWG

structure. The fabricated TRL standards are shown in Figure 4.8.

Figure 4.7: Stack-up used in the fabrication of the PGGWG.
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Figure 4.8: Fabricated PGGWG TRL standards.

There are however limitations to the fabrication process. A high level of fabrica-

tion precision is required to ensure the catch pad is kept at the same thickness

through the entire structure to avoid a variation of impedance across the trans-

mission line. The plating process creates an annular ring around the plated hole

to form the round catch pad. This processes does deposit additional copper,

adding to the thickness of the round pad. This had to be sanded down to re-

move the excess copper, to ensure that the round catch pads are all levelled as

well as maintain the gap height ha across the structure.

Figure 4.9 shows the microscopic picture taken for the different sectional cuts of

the PGGWG. Figure 4.9(b) shows the section cut X-X’ across the CPW feedline.

Figure 4.9(c) shows the sectional cut X ′1-X
′
1.
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Figure 4.9: Microscopic picture showing the cross section of the fabricated circuit.

(a) PGGWG circuit. (b) Cross section X-X’. (c) Cross section X ′1-X
′
1

.

As observed, there is some discrepancy in dimensions of the fabricated circuit as

compared to simulated values in Table 4.1.

Non-plated holes corresponding to the connectors’ mount positions where drilled

on each PGGWG circuit to enable to clamping of the connector into position for

measuring the circuits. This connector is specified for frequencies up to 67 GHz

and is chosen over solder mount SMA connectors for ease of measuring the various

PGGWG circuits.

A Keysight PNA-X N5247A vector network analyzer (VNA) was used to measure

the circuits. An electronic calibration kit was used to move the calibration plane

to the tip of the coaxial cable attached to the VNA. Figure 4.10 shows the lab

setup.
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Figure 4.10: Experimental set-up for measuring the PGGWG circuits and TRL

standards using the PNA-X N5247A network analyzer.

4.5 PGGWG Measurement Results and Com-

parison to Simulation

Figure 4.11 shows the measured S-parameters of the PGGWG with the transition

from CPW to PGGWG included that is, de-embedded up to the CPW feed point.

The CPW TRL calibration kit as discussed in Section 4.3 is used to de-embed

the effect of the connectors in post-processing.

63



Figure 4.11: PGGWG simulation and measurement performance including the

CPW-PGGWG transition of Figure 4.1.

From Figure 4.11, we observe the lower and upper frequency limit of the Ka-band

PGGWG design example having dimensions h = 0.508 mm, ha = 0.168 mm, vd

= 0.3 mm, pd = 0.7 mm, p = 0.95 mm, εr = 3.5 and tanδ = 0.004 and length

of 28.26 mm. These results indicate that the CPW to PGGWG transition is

effective at exciting the waveguide, as is evident from the agreement between the

measured and simulated responses. The results present a wide passband from

28 GHz to 40 GHz, with 2.5 dB average insertion loss and 0.5 dB loss variation.

In Figure 4.12, the effect of both the coax connector and CPW-PGGWG tran-

sition are de-embedded using the method described in Section 4.3. It can be

observed after TRL de-embedding in post processing on a 9.20 mm length of

PGGWG that the waveguide features a passband with 1.2 dB average insertion

loss and 0.5 dB insertion loss variation across the 28 GHz to 40 GHz band.

The phase response of the PGGWG is shown in Figure 4.13. Good agreement

between the simulated and measured de-embedded results were observed. This

would indicate that the majority of the insertion loss observed in Figure 4.11

may, therefore, be attributed to the transition.
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Figure 4.12: PGGWG simulation and measurement of S-parameter magnitudes

with the CPW-PGGWG transition de-embedded.

Figure 4.13: Transmission phase of the PGGWG simulation and measurement

S-parameter magnitudes with the CPW-PGGWG transition de-embedded.
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4.6 Conclusion

The proposed wideband transition from CPW to PGGWG presented here is

shown to be an effective way to excite the fundamental TE10 mode within the

PGGWG medium. By avoiding an electrical connection between the top and

bottom conductors, DC isolation is maintained in the structure. Measured de-

embedded results indicate an average insertion of 1.2 dB across the passband 28

to 40 GHz passband with a return loss of 18 dB for a length of PGGWG 9.20

mm.

Chapter 5 will present broadband propagation constant characterisation of the

PGGWG, in comparison to SIW, based on these S-parameters.
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Chapter 5

Broadband Propagation and

Resonant Characterisation of

Planar Groove Gap Waveguide

5.1 Introduction

This chapter presents the broadband propagation characterisation (28-40 GHz)

of the PGGWG medium and a comparison to SIW implemented using identical

substrates. It will be shown that the phase constant of PGGWG is nearly double

that of comparable SIW, which may prove valuable in system miniaturisation.

This chapter also presents the arrangement of different PGGWG resonant cav-

ities, showing the electric field of the fundamental TE101 resonant mode within

the cavity. The unloaded quality factor of a rectangular PGGWG cavity is com-

pared 1 to an SIW rectangular cavity fabricated on the same soft substrate and

stack-up arrangement.

1 Comparable means the PGGWG and SIW were manufactured on the same substrate and for
the same frequency band.
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5.2 Propagation Constant Analysis of PGGWG

The propagation characteristics of a lossy transmission line of length l, in terms

of attenuation constant α and phase constant β, can be characterized in matrix

form as;

S1 =

 0 e
−αl1e

−jβl1

e
−αl1e

−jβl1 0



where e
−(α+jβ)l

is the S21 parameter of the transmission line S1. γ = α + jβ is

the complex propagation constant. l1 is the length of the de-embedded PGGWG

line as illustrated in Figure 5.1.

Figure 5.1: PGGWG transmission line of different lengths. (a) A section of

the de-embedded PGGWG line length, l1. (b) A section of the de-embedded

PGGWG line length, l2.

By applying the TRL de-embedding method as described in Section 4.3, the

response of a section of the PGGWG alone, without the transition and connector,

is obtained as shown in Figure 5.1. The attenuation constant, α(Np/m) of the

line is extracted from a section of length, l1. This method has been used in a
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recent developed decoupled empty substrate Integrated waveguide (DESIW) [26]

to extract the propagation characteristics of the transmission line.

The phase constant β(rad/m) is derived from the phase difference of the two

de-embedded lines l1 and l2 (Figure 5.1(a) and (b)) where

β =
2π

λ

The S-parameters of a 7 mm length of PGGWG was obtained as described in

Section 4.3. A similar process was followed for a 7 mm length of SIW line with

Grounded Coplanar Waveguide (GCPW) transition similarly de-embedded using

TRL standards in SIW.

The SIW transmission line was designed to have the TE10 mode cut-off at 28

GHz. The SIW line is asiw = 3.1 mm wide, and formed by vias of diameter vdsiw

= 0.3 mm at pitch psiw = 0.45 mm. This was implemented on the same substrate

material as PGGWG with the same multi-layer stack-up of total height hsiw =

0.618 mm.

Figure 5.2: Fabricated prototype of the transmission lines. (a) PGGWG showing
the bottom and top views with connector attachment. (b) SIW lines.

A series of PGGWG and SIW transmission lines are designed and manufactured

as shown in Figure 5.2. The PGGWG line is shown in Figure 5.2(a) which consist
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of two line lengths and the SIW lines in Figure 5.2(b).

The extracted attenuation constant α and phase constant β of the PGGWG and

SIW are shown in Figure 5.3 and 5.4 respectively. The results indicate that the

attenuation constant of PGGWG is higher than, but comparable to that of SIW.

The attenuation was observed to be below 2.5 Np/m across the band of interest

(28 - 40 GHz)

Figure 5.3: Attenuation constant(Np/m) of PGGWG and SIW

The phase constant, β, of the PGGWG in Figure 5.4 as well as the comparable

SIW, shows good agreement between the measured and simulated results over

the bandwidth of interest. At mid-band, a phase constant of approximately

1100 rad/m is observed.

The slope of the phase constant of the PGGWG is similar to that of SIW, but

with an offset. The PGGWG has a higher phase constant, which means that

the wavelength is shorter in PGGWG than in SIW at the same frequency. This

would indicate, as seen from the phase velocity v/co of Figure 5.5, a slow-wave

effect in the PGGWG which may be exploited for system miniaturisation.
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Figure 5.4: Phase constant (β/m) of PGGWG and SIW

Figure 5.5: Phase velocity (vc/c) of PGGWG and SIW
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Figure 5.6: Transmission line Q-factor of PGGWG and comparable SIW

The transmission line Q-factor [87] is calculated as

QTL =
β

2α

for PGGWG and SIW, as shown in Fig. 5.6. The Q-factor of the PGGWG

simulation result over the usable bandwidth remains fairly constant at Qo =

138. As observed, the Q-factor of PGGWG is slightly higher than SIW over the

band of interest with spikes at about 31 GHz of the PGGWG simulation result

due to the low extracted value of the attenuation constant.
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5.3 Planar Groove Gap Waveguide Resonant

Cavities

PGGWG resonant cavities can be formed using the embedded EBGs to form the

cavity walls. Different cavity shapes such as a rectangular, square and circular

were considered. Figure 5.7 shows these cavities with each cavity wall formed

with at least three rows of EBG blind vias. This provides sufficient attenuation

of the parallel plate mode, as observed from the corresponding electric field

distribution of the fundamental resonant mode within the cavities. Results were

obtained using the Eigenmode solver in CST.

Figure 5.7: Different PGGWG resonant cavity arrangements with electric field
distributions. (a) Rectangular cavity. (b) Square cavity. (c) Circular cavity.

The dimensions of the cavities in Figure 5.7 and resonant frequency of their

fundamental modes are given in Table 5.1.
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Table 5.1: Dimensions of PGGWG resonant cavities
Dimensions (mm) fo(GHz)

Rectangular Cavity
w 5.20

37.84
Lg 2.55

Square Cavity
w 3.30

36.0
Lg 3.30

Circular Cavity Cr 2 33.02

The PGGWG rectangular cavity in Figure 5.7(a) is created in a similar arrange-

ment to that of a rectangular resonant cavity in SIW. The length of the resonant

cavity Lg is chosen to be λg/2 at fo. The magnitude of the electric field distribu-

tion of the fundamental TE101 resonant mode within the cavity is well confined

to the first two rows of the EBG via cavity wall as shown.

Figure 5.7(b) shows the square cavity arrangement were the width, w, of the

groove is equal to the length of the resonant cavity Lg = λg/2 at fo. A reduction

in the width of the groove w increases the cut-off frequency of the fundamental

propagating mode of the waveguide allowing for a square cavity at the expense of

reduced operating bandwidth of the surrounding system. The simulated electric

field distribution of the TE101 resonant mode is confined within the cavity walls

with clear field suppression within the first two EBG via rows.

The circular PGGWG resonant cavity is shown in Figure 5.7(c). The radius of

the cavity Cr can be varied to achieve the desired resonant frequency.

5.4 Quality Factor of PGGWG Resonant Cav-

ity

The quality factor Q of a resonator gives much useful information of the loss in

a resonant circuit [11]. It is a measure of the energy loss and that dissipated in

a resonator relative to the stored energy.
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The loaded quality factor Q(QL) can be expressed as [11]

1

QL

=
1

QU

+
1

QE

(5.1)

where QU is the unloaded quality factor, which relates to the loss in the resonant

circuit. QE is the external quality factor due to the loss contributions by the

coupling circuit and the feed network to the resonator. QE can be expressed in

terms of S21 from a 2-port excitation as:

S21(dB) = 20log(
QL

QE

)

with QE expressed as

QE = 10−[S21(dB)/20]QL

The unloaded Q factor can therefore be expressed as

QU =
QL

1− S21

For weakly coupled resonators, such that the amplitude of the transmission co-

efficient S21 is quite small and unaffected by the measurement, QU can be ap-

proximated to QL [88], [89] with

QL =
fo

∆ f3dB
(5.2)

This method was used to extract the unloaded quality factor of the PGGWG

resonator, as well as the SIW cavity from the 2-port S-parameter simulation.

The PGGWG cavity is excited using a CPW feed through weak input and output

coupling while the comparable SIW cavity was fed using a similar GCPW scheme.

Light coupling is used to ensure minimal loading effects, making QU ≈ QL .
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The dimensions of the rectangular resonant cavity for the PGGWG and SIW for

comparison are as shown in Table 5.2. Simulations indicate resonant frequencies

of 33.64 GHz and 33.46 GHz for the PGGWG and SIW cavities, respectively.

Figure 5.8(a) shows the geometry of the PGGWG cavity with Ls representing

the length of the SIW cavity while aSIW denotes the width of the SIW in Figure

5.8(b). Also shown in Figure 5.8 is the magnitude of the electric field distribution

of the fundamental TE10 mode within the PGGWG and SIW cavities. The

substrate hSIW is commensurate to the sum of the substrate heights, h and ha of

the PGGWG. The via diameter of the PGGWG circuit and SIW is kept constant.

Figure 5.8: Resonant cavities with geometry layout, dimensions and magnitude

of the electric field of the fundamental TE101 resonant mode (a) PGGWG rect-

angular cavity (b) SIW rectangular cavity.
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Table 5.2: Dimensions of the rectangular resonant cavities in PGGWG and SIW

PGGWG (Dimensions in mm) SIW (Dimensions in mm)

h 0.508 hsiw 0.618

ha 0.168 psiw 0.45

w 5.48 asiw 3.40

vd 0.3 vdsiw 0.3

pd 0.7

p 0.95

Lg (λg/2) 2.80 Ls (λg/2) 3.70

fo 33.64 GHz fo 33.46 GHz

The required length of the cavity, Lg (λg/2), in PGGWG is significantly shorter

than that of SIW (Ls = λg/2). This is as a result of PGGWG having a shorter

wavelength than that of SIW at the resonant frequency, as observed in Figure

5.9.

Figure 5.9: Guided wavelength, λg, of PGGWG and comparable SIW, extracted

from the phase constant of PGGWG and SIW.

Figure 5.10 shows the simulated and measured S21(dB) of the 2-port coupled

PGGWG and SIW cavities, as well as the fabricated devices. The measured

results are de-embedded to the CPW plane. The frequency shift between mea-
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surement and simulation of Figure 5.10(a) is about 0.3%. This difference can be

attributed to the fabrication of the PGGWG circuit as described in Section 4.4.

Figure 5.10: S21(dB) of the 2-port excitation for the weakly excited rectangular
resonant cavities (a) PGGWG (b) SIW.

Table 5.3 presents a comparison between of the Q-factors obtained from the

PGGWG and SIW cavities from the same substrate multilayer stackup. The ex-

tracted Qu values shows that the PGGWG resonator has Qu of 209 comparable

to that of SIW (221). A direct comparison of Ka-band resonator quality factor

between PGGWG and SIW indicates comparable performance of 209 and 221

respectively from measured results, at around 33.5 GHz with PGGWG showing

high Qu factor than SIW from simulation. This discrepancy between simula-

tion and measured Qu factor results of the PGGWG can be attributed to the

manufacturing of the PGGWG cavity.
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Table 5.3: Q-factor comparison between PGGWG and SIW from rectangular

resonant cavities implemented using the same substrate material and identical

stackup

SIMULATION MEASUREMENT

f0 (GHz) Qu f0 (GHz) Qu

PGGWG 33.64 261 33.51 209

SIW 33.46 223 33.46 221

5.5 Conclusion

This chapter presented the broadband characteristics of the PGGWG in com-

parison to SIW, implemented on the same multi-layer substrate material and

frequency band. It is found that PGGWG exhibits higher but comparable loss,

making the PGGWG a viable and competitive planar waveguide medium. In

addition, due a higher phase constant of PGGWG, it can be employed for minia-

turization depending on the percentage board space occupied by the EBG walls.

It is shown that different resonant cavity shapes can be implemented in PGGWG.

A direct comparison of a rectangular resonant cavity at Ka-band shows that

lower, but comparable Qu between PGGWG and SIW is achieved. It was also

found that the length of the resonant cavity, λg/2, of PGGWG is shorter than

SIW at approximately the same resonant frequency supporting the broadband

slow-wave observation.
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Chapter 6

Tunable Planar Groove Gap

Waveguide Cavity

6.1 Introduction

This chapter presents a tunable PGGWG resonant cavity showing how the DC

isolation property can be exploited for device biasing. Details of the varactor

inclusion on the resonant cavity are presented and discussed, as well as the

simple DC biasing scheme for the varactor diode employed. It is shown that

varactor tuning is possible without bridging wires or concentric etched rings.

6.2 Tunable Cavity Geometry

The classical combline resonator topology [90] is adapted here in the design of

a continuously tunable PGGWG cavity resonator. This cavity arrangement has

been demonstrated in SIW and has been applied in VCOs [91] and SIW combline

filters [92].

The geometry of the proposed PGGWG cavity is shown in Figure 6.1. This is a

rectangular resonant cavity with EBG via rows each capped with a round catch
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pad used to form the cavity walls as described in Section 5.3. The length of the

cavity, Lg is set to ensure the fundamental TE10 mode resonates in the cavity

while the coupling to the cavity, set by the iris width Cg, is intentionally chosen

as a low value to minimize loading effects.

Figure 6.1: PGGWG rectangular resonant cavity structure showing the top and

bottom of the cavity with the isolated floating metal patch on the top plane.

A conducting post of diameter vd = 0.3 mm is inserted at the centre of the cavity

as a through-hole plated via which connects the isolated patch at the centre of

the cavity to the bottom conducting plane of the PGGWG cavity. The etched

gap of width pg ensures DC isolation despite the through-hole via in the middle

of the cavity.

The gap, pg, creates a capacitive loading between the centre post and the top

metal layer of the PGGWG through the fringing fields across the gap.
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Table 6.1: Dimensions of the tunable PGGWG rectangular resonant cavity
Parameter Value (mm)
w 5.48
h 0.508
ha 0.168
vd 0.3
pd 0.7
p 0.95
pL 0.75
pg 0.15

The cavity is designed on the same PCB stackup used in previous experiment,

using MercuryWave 9350 substrate. The dimensions of the PGGWG cavity

waveguide are shown in Table 6.1.

Figure 6.2 shows the electric field vector plot inside the cavity from the cross

section cut X-X’ of the cavity in Figure 6.2(a). It can be seen in Figure 6.2(b)

that the E-field is contained within the cavity walls with fringing fields across

the gap pg on the top plate of the PGGWG.

From the plot of S21 in Figure 6.2(c), a resonant frequency at 31.61 GHz and an

unloaded quality factor Qu of 140 is calculated, which is lower than the Qu of

261 calculated in Section 5.4. The reduction in quality factor is attributed to the

loading on the cavity, as is evident from the observed radiated E-field in Figure

6.2(b).
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Figure 6.2: PGGWG rectangular resonant cavity. (a) Bottom view of the cavity.

(b) Electric field vector plot inside the cavity from cross section view X-X’. (c)

Magnitude of S21(dB).

6.3 Varactor Loading and DC Biasing

The loading capacitance Cg between the top isolated patch and the top metal

plate of the PGGWG can be controlled electrically by placing a varactor diode

in reverse bias across the gap.

As a direct comparison of the DC biasing method applied to SIW resonant cavity

in [31], the DC and RF paths for both the SIW and PGGWG resonant cavities

are shown in Figure 6.3.

The DC path in PGGWG, as shown in Figure 6.3(a) (obtained from the cross

section of the cavity in Figure 6.3(b))), flows from the DC voltage source through

a radial stub, then across the varactor diode in reverse bias, down to ground

through the centre via of the floating centre square patch and back up through

a via outside the PGGWG cavity to the DC source. This is in contrast to the

SIW example (Figure 6.3(d)), where multiple cut-outs and a bridging wire are

needed on the top conductor to achieve DC isolation for biasing, as the top and

bottom conductor are at the same DC potential observed in Figure 6.3(e).

The RF current in the PGGWG (Figure 6.3(a)) flows up through the centre

via, through the varactor diode connected across the gap and then through the
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Figure 6.3: Illustration of the DC and RF paths of PGGWG and SIW (a) RF
and DC path in PGGWG rectangular resonant cavity from cross section X-X’.
(b) 3D view of the PGGWG resonant cavity geometry. (c) Current plot of the
cross section X-X’. (d) RF and DC path in SIW rectangular resonant cavity from
cross section X-X’. (e) SIW tunable cavity geometry. Taken from [31], c©2011
IEEE.

AMC. This is evident from the surface current plot shown in Figure 6.3(c). The

RF path of SIW (Figure 6.3(d)), implemented in [31], requires an additional DC

blocking capacitor in series with the varactor diode back to ground. This is used

to reduce the capacitive effect of the varactor inorder to improve the quality

factor of the resonator.

6.3.1 Biasing coupled, cascaded resonators

This biasing scheme is, however, complicated when considering two cascaded

resonators requiring separate DC bias tuning. In the PGGWG structure, the

z-directed surface current on the broadside walls of the TE10 propagating mode

would clearly be perturbed by the DC isolating slots required by separate control

voltages. This is a limitation in the sequential tuning of the cavities with differ-
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ent bias voltages in this structure. This is disadvantageous in realising tunable

coupled resonator filters over a wide band, or to control both passband centre

frequency and passband bandwidth; especially if not only resonators, but also

inter-resonator coupling, has to be tuned [93].

However, for a narrowband filter application, it has been shown in [94] that it

is possible to apply the same bias voltage to the resonators and achieve similar

tuning range. This was practically demonstrated by a third order filter with

a 20% FBW providing a 30% tuning range [94]. The effect of using distinct

tuning voltages is also detailed and shows that the improvement is marginal. It

is, therefore, not necessary to implement a more complex biasing scheme. It is

also possible to control the tuning response for a specific type of wideband filter

with a single biasing voltage, as was demonstrated for a radio astronomy receiver

filter in [95].

In [3], the effect of using different tuning voltages to tune the bandwidth and

center frequency of the filter was explored with a larger tuning ratio obtained

with co-tuned voltages.

Thus, simultaneous tuning of the cavities by using the top DC isolated plane

for the DC bias line is conceptually possible and could be considered for future

work. This is discussed in more detail in Chapter 7.1

6.4 Varactor Diode Selection

The following consideration are made in selecting an appropriate varactor diode

for this experiment.

• Abrupt and hyperabrupt junction varactors based on Gallium Aresenide

(GaAs) material is best suited to millimeter-wave frequency operation.

This is because, at Ka-band, silicon varactor diodes suffer from low Q-

factors and are not recommended for high-frequency applications [3].

• The quality factor of the varactor diode affects the unloaded Q of the cavity
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resonator. The Q for a tuning varactor is given by Q(−v) = 1
2πfR−vC−v

where f is the operating frequency, Cv is the junction capacitance, and Rv

is the series resistance of the diode from the resistance of the undepleted

region of the epilayer [96]. From the equation, the Q factor is dependent

on the operating frequency as well as the revise bias voltage applied. A

higher Q factor equates to lower energy dissipation and therefore, higher

operating frequency limit [96].

• Another important parameter to consider in selecting a suitable varactor

diode is the absolute capacitance value as well as the capacitance-to-voltage

ratio of the diode. From the capacitance-voltage curves of the varactor

diode, the required capacitance range over the DC voltage applied can be

deduced [96].

• The packaging parasitic of the varactor diode operating at millimeter wave

frequencies needs to be taken into consideration. This data is usually in-

cluded in the datasheet of the varactor. The package parasitics include

the parasitic capacitance and inductance as a result of the geometry of the

diode packaging [96,97]. It is important to take into account this effect in

simulation to effectively predict the behavior of the diode.

In this experiment, the MACOM 46580 series varactor diode is used [97]. The

SPICE model is shown in Figure 6.5 with the SPICE model parameters values.

The package parasitics of the varactor diode, Cp and Ls , parasitic capacitance

and inductance respectively are included in the model. The datasheet of the var-

actor is available in Appendix B. The varactor diode is attached to the PGGWG

cavity as shown in Figure 6.4.
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Figure 6.4: PGGWG rectangular resonant cavity structure. (a) Top view show-
ing the connection of the varactor diode. (b) Bottom view.

Figure 6.5: SPICE model of the MACOM 46580-276 varactor diode.

A tuning capacitance value of 0.13 pF to 0.45 pF can be obtained with this

varactor diode using a reverse bias voltage range of 0V to 16V.

The varactor diode is first modelled as a passive lumped element capacitor placed
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across the cut-out gap Pg in the 3D EM simulation model setup of the cavity.

The capacitance range C0 of 0.13 pF to 0.45 pF is simulated to observe the

possible tuning range that might be achieved from these values.

Figure 6.6 shows the S21 (dB) of the 2-port excited resonant cavity with different

values of varactor capacitance. The simulation indicates a continuous tuning

range from 31.2 GHz to 32.82 GHz with an unloaded quality factor, Qu ranging

from 143 at higher values of C0 to 163 for lower values of C0. It was also observed

that, as the capacitance value C0 increases from 0.35 pF to 0.45 pF, the variation

in the resonant frequency is only 0.83%, with larger tuning range observed from

capacitance value of 0.15 pF to 0.35 pF.

Figure 6.6: Simulation results obtained using lumped element capacitance, Co,

applied to the PGGWG resonant cavity

6.5 Hybrid EM-Circuit Simulation

A hybrid 3D EM-circuit co-simulation is performed in CST Microwave Studio

using the time domain solver. The equivalent circuit model of the varactor diode

is interfaced with the 3D model in CST Design Studio environment. Internal

ports were created (in place of the capacitor used previously) for the varactor
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and the input DC voltage. The EM-circuit co-simulation setup is shown in Figure

6.7 with the parasitics of the varactor diode included.

Figure 6.7: 3D EM-circuit Co-simulation set-up showing the equivalent circuit

model for MACOM 46461-276 varactor diode connected.

Cp and Lp are the fixed parasitic capacitance and inductance of the diode pack-

aging. Rs is the variable series resistance of the diode die and Cj is the variable

junction capacitance of the diode die.

A butterfly stub is designed to present an RF open circuit at the point of contact

with the top plate of the PGGWG cavity and an RF short circuit at the DC

side of the stub, as shown in Figure 6.4. Due to the DC isolated planes of the

PGGWG, the butterfly stub can be attached to any location on the top plane of

the PGGWG cavity, eliminating the need for bridging wires to connect the bias

line to the varactor diode.
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Figure 6.8: EM co-simulation result of S21(dB) of the 2-port loaded rectangular

PGGWG cavity using the equivalent circuit model of MACOM 46580 varactor

diode.

The varactor diode in reverse bias is connected across port 4-4’ (cathode to the

bulk upper conductor, anode to the grounded patch). Port 1-1’ and port 2-2’ are

waveguide ports corresponding to the input and output ports of the PGGWG

resonant cavity.

The resulting S-parameters in Figure 6.8 indicate that a variation of f0 from

31.63 to 32.71 GHz (3.36% tuning range) is achieved by varying the junction

capacitance from 0.15 pF to 0.45 pF. The unloaded Q-factor varies over the

tuning range from 143 to 160.

Different tunable resonant cavity geometries are also investigated, in addition

to the rectangular PGGWG cavity. These include a circular PGGWG cavity,

a square PGGWG cavity, as well as a rectangular cavity implemented using a

square pad EBG embedded structure as opposed to the round pad. The same

biasing scheme and varactor is applied to these cavities. Figure 6.9 shows the

geometries under test.
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Figure 6.9: 3D models of different PGGWG resonant cavities. (a) Square patch

EBG implementation of a rectangular cavity. (b) Square resonant cavity with

a round EBG patch implementation (c) Circular resonant cavity with a round

EBG patch implementation.

The dimensions of the waveguide in Figure 6.9 are kept the same as presented

in Table 6.1 of Section 6.2. The cavity length, Lg = 2.7 mm for the rectangular

resonant cavity implemented using the square patch EBG (Figure 6.9(a)). In the

case of the square PGGWG resonant cavity in Figure 6.9(b), the cavity length,

Lg = 3.6 mm is the same as the width w of the groove of the waveguide. The

radius Cr of the circular resonant cavity of Figure 6.9(c) is 2 mm measured from

the centre of the cavity to the first circular rows of EBG vias as shown in Section

5.3.

Figure 6.10(a) shows the variation in resonant frequencies of a rectangular cavity

implemented with a square EBG catch pad. Figure 6.10(b) shows the variation
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Figure 6.10: EM co-simulation result of S21(dB) of the PGGWG cavity using
the equivalent circuit model of MACOM 46580 varactor diode. (a) Rectangular
cavity with a square patch EBG implementation. (b) Square cavity. (c) Circular
PGGWG cavity.
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Table 6.2: Q-factor comparison between different resonant cavities
f0 (GHz) Qu Tuning range %

Rectangular Cavity, Round EBG 31.61 - 32.53 143 - 160 3.36
Rectangular Cavity, Square EBG 33.76 - 35.12 100 - 146 3.95
Square Cavity, Round EBG 34.56 - 35.74 144 - 197 3.35
Circular Cavity, Round EBG 33.36 - 35.03 111 - 219 4.88

in resonant frequencies of a square resonant cavity with the circular resonant

cavity in Figure 6.10(c). Table 6.2 compares the tuning range obtained from

these geometries. It is observed that a higher tuning range is obtained from a

circular cavity, as opposed to the rectangular PGGWG cavity in Figure 6.10(b).

A higher unloaded Q-factor is also obtained for the circular cavity, which is more

variable over the tuning range compared to the rectangular cavity.

6.6 Fabricated Circuit and Measurement

The rectangular PGGWG cavity was manufactured using the procedure as de-

scribed in Section 4.4. Figure 6.11 shows the fabricated circuit with zoomed

inserts of the varactor diode inclusion as well as the DC supply line connected

to the butterfly stub.
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Figure 6.11: Fabricated PGGWG rectangular cavity with varactor diode inclu-

sion.

The measured S21 of the tunable Ka-band PGGWG resonator is shown in Figure

6.12. These results are obtained from the continuous DC voltage tuning from 0 -

16V. A resonant frequency variation from 32.52 GHz to 33.98 GHz, corresponding

to a 4.48% tuning range, was observed. The unloaded Q factor varied over the

tuning range from 63 to 85 with a fairly constant Q of 85 over the first 400 MHz

of frequency shift.
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Figure 6.12: Measured S21(dB) of the PGGWG resonant cavity.

The comparison between the simulated and measured result of the rectangular

tunable cavity is summarized in Table 6.3. A higher tuning range is observed in

measurement compared to the EM hybrid co-simulation result.

Table 6.3: A comparison between simulated and measured results of the tunable

Ka-band resonant cavity.

Simulation Measurement

Frequency range (GHz) 31.61 - 32.53 32.52 - 33.98

Tuning range (%) 3.36 4.48

Qu 143 - 160 63 - 85

This shift in frequency observed, can be attributed to fabrication of the circuits.

It can be observe from the microscopic image of the cross section X-X ′ (that

is, a cut through the centre patch and conducting via of the PGGWG resonant

cavity), that the dimensions slightly differs with that in Table 6.1. Similarly,

the cross section X1 - X ′1 in Figure 6.13 shows discrepancy in the simulated

dimensions.
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Also, the discrepancy in the tuning range can be attributed to possible underes-

timation of the parasitics of the varactor diode included in simulation.

Figure 6.13: Cross section X-X ′ and X1 - X ′1 showing the microscopic image of

the PGGWG sidewall and the cut through the fabricated circuit.
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6.7 Conclusion

This chapter presented the development of a tunable PGGWG resonant cavity.

It is shown that, with a simple biasing scheme applied to the PGGWG resonant

cavity that does not require bridging wires or DC blocking capacitors, continuous

tuning of the resonant frequency can be achieved.

A 4.48% continuous frequency tuning range was obtained in the measurement

of the cavity for a 0 - 16V applied bias range, as opposed to 3.36% obtained

in simulation. The difference can be attributed to possible discrepancy in the

modelling of the parasitics of the varactor packaging, as well as the fabrication

tolerance.

A simulation comparison between different electronically tunable resonant PG-

GWG cavities presented shows that the unloaded Q-factor is fairly constant over

the tuning range, with higher tuning range observed from a circular PGGWG

resonant cavity.

A measured range of 63 - 85 in unloaded quality factor for the rectangular tunable

cavity was obtained. This low value, as opposed to an unloaded PGGWG cavity

Q-value of 209, is expected due to the combline loading of the cavity, in addition

to the varactor’s resistance.

The results are promising for future use of PGGWG cavities in VCOs and tunable

filters.
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Chapter 7

Conclusions

This work presents a new planar waveguide topology called PGGWG derived

from the machined GGWG. This structure is entirely implemented on a standard

PCB process, making it a practical planar alternative to SIW.

In Chapter 3, the PGGWG was introduced. The structure was shown to be

DC isolated between the conducting planes, as opposed to SIW. This is made

possible by replacing the through-hole plated via sidewalls with embedded EBG

structures that act as AMCs to form conducting sidewalls. A geometrical study

of the unit cell shows that it is possible to design the EBG to create a baapndgap,

and a corresponding AMC sidewall, within a desired frequency band.

Within the stopband created by the EBG cells, it was found that a TE10 mode

propagates in the groove of the PGGWG. The dispersion diagram of the PGGWG

also shows that the cut-off frequency of the fundamental mode that propagates

within the bandgap created by the EBG is controlled by the width of the groove,

with no spurious parallel plate modes present in the frequency range of interest.

Chapter 4 proposes a CPW to PGGWG transition as a method to excite the

PGGWG. Calibration standards in PGGWG were also developed to de-embed

the CPW to PGGWG transition, as well as the coaxial adapters in measurement.

The de-embedded measurement results of a 9.20 mm section of the PGGWG line
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manufactured in MercuryWave 9350 substrate, having εr of 3.5 and loss tangent

tanδ of 0.004, shows a passband of 28 to 40 GHz with 1.2 dB average insertion

loss and 0.5 dB variation over the band. The measured return loss was -18 dB

on average over the passband, with a good agreement between the simulated and

measured phase response.

In Chapter 5, a broadband characterisation of the PGGWG structure in com-

parison to SIW is presented. The attenuation constant, α of the line shows

comparable loss between PGGWG and SIW implemented on the same dielectric

substrate material and multi-layer stack up. Attenuation constant of less than

2.5 Np/m was observed over the passband with a mid-band phase constant, β of

1100 rad/m. The phase constant of the PGGWG is shown to be nearly double

that of SIW. This result implies that PGGWG has a shorter wavelength than

SIW at the same frequency and can be useful in system miniaturisation. This is

illustrated with a comparison in resonant cavity size in the two media, where a

25% reduction in the cavity length (λg/2) of the PGGWG as compared to SIW

at approximately equal the same resonant frequency was observed.

An unloaded quality factor, Qu of 209 was obtained from measurement of the

PGGWG cavity with a comparable Qu value of 221 obtained from SIW cavity

at the similar resonant frequency.

Chapter 6 presented a tunable PGGWG resonant cavity by connecting a reverse

biased varactor diode across a capacitive gap on the top plane to vary the res-

onant frequency for each applied DC voltage. It demonstrates a further benefit

of PGGWG over SIW by exploiting the DC isolated conducting planes to bias a

varactor to create a frequency agile combline resonator. In contrast to SIW, no

concentric etched rings or bridging wires are required for biasing the varactor.

Measured results shows that a 4.48% continuous frequency tuning range is ob-

tained from 32.52 to 33.98 GHz corresponding to DC bias voltage of 0 - 16V.

The resonator Q-factor varied from 63 - 85 across the tuning range.
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7.1 Recommendations for Future Develop-

ments

The PGGWG has been shown to be an alternative planar waveguide media from

the results presented in this thesis. Based on these experimental results, recom-

mendations for future research would include exploring the PGGWG platform

for millimeter-wave applications, with focus on the following aspects:

• A more comprehensive experimental characterisation of the PGGWG, ex-

ploring different substrate materials and manufacturing processes. This

will look at using different substrate thickness for ha and h in the PG-

GWG as well as various EBG structure arrangement and types to form the

sidewall. This study could also develop equivalent widths for calculation

of PGGWG cut-off frequencies, similar to what has been developed for

SIW. The study should, further, be extended to develop a parameterised

equivalent circuit model of PGGWG.

• The exploration of multi-mode propagation media based on PGGWG. This

will explore the possibility of lunching a TEM line within the groove of the

waveguide, enabling a simultaneous excitation of the TE10 mode of the

waveguide and the TEM transmission line. This can be exploited for a

dualband, dual-mode passband filter. In addition, with the DC isolation

conducting planes of PGGWG, one of the passband filters can be made

frequency agile.

• The application of the PGGWG to frequency agile passband filters. This

may include the design of multi-band filters with the possibility of acti-

vating and deactivating the different passbands. Also, investigating the

tuning ranges obtained using different varactor diodes applied to different

resonant cavity geometries.

The thesis presented a single tuned PGGWG resonant cavity using varactor

diode to vary the capacitance across the gap created on the top plate of

the structure as discussed in Section 6.3. It inevitably shows that, with
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the advantages the PGGWG has over SIW, the DC isolation of PGGWG

provides a simple biasing scheme for frequency agile applications such as

tunable cavity.

Conceptually, a tunable narrowband filter could be realised in the PG-

GWG. However, the resonant cavities will have to be biased with a common

bias voltage applied to the top conductor, as explained in Section 6.3.1

Figure 7.1 shows, conceptually, a 4-pole in-line topology tunable filter ar-

rangement. Figure 7.1(a) shows each resonator with the center conductor

and the catch pad in Figure 7.1(b). Figure 7.1(c) shows the varactor diode

attached to the top conducting plane. By applying similar biasing scheme

developed in Section 6.3, each resonance cavity could be co-tuned.

Figure 7.1: 4-pole conceptual narrowband PGGWG tunable filter.(a) Cavity

arrangement show the cavity length and inter-resonator coupling. (b) Center

cavity post and catch pad. (c) Top view showing the varactor diode attachment

to the top plate.

The biasing scheme developed in Section 6.3 for the PGGWG tunable cav-

ity could also be extended to voltage-controlled oscillators (VCO). A VCO

is required to have low phase noise, high power output, high tuning range

and high Q-factor resonator
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Figure 7.2 shows the arrangement of a rectangular PGGWG cavity that

could be used in the implementation of VCOs. The cavity is perturb by

a center conductor via with a cut-out gap on the top PGGWG conductor

as shown in Figure 7.2(a). Figure 7.2(b) and (c) shows the gap on the top

plane. By varying the capacitance across this gap with a varactor diode,

the resonance frequency can be altered and, consequently, the oscillation

frequency.

Figure 7.2: PGGWG resonance cavity. (a) PGGWG cavity with center conduc-

tor. (b) Top view of the cavity. (c) View of the center conductor and catch

pad.

Figure 7.3: Conceptual layout of PGGWG VCO implementation

The schematic of VCO using the common-gate configuration could con-
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ceptually be implemented as shown in Figure 7.3. The PGGWG cavity

is connected to an FET transistor with input and output matching net-

works. The VCO design is based on the negative resistance concept using

a common-source series resistor, R feedback to generate the negative resis-

tance [98], [99].

The DC bias voltage can be applied to the top plane of the PGGWG cavity

with the varactor diode connected in reverse bias, provided that the input

matching network includes a DC block (to avoid influence on the biasing

of the negative resistance circuit). This will eliminate the use of bridging

wires as in the case of SIW VCOs, which may introduce parasitics effects

making the bias sensitive to interference [76], [98].

• PGGWG may also be used in slotted array antennas, to showcase the

miniaturization effect of PGGWG over SIW implemented slotted array

antennas.
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Appendix A

Connector
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Appendix B

Varactor diode

•  North America  Tel: 800.366.2266 / Fax: 978.366.2266 
•  Europe  Tel: 44.1908.574.200 / Fax: 44.1908.574.300 
•  Asia/Pacific  Tel: 81.44.844.8296 / Fax: 81.44.844.8298 
    Visit www.macomtech.com for additional data sheets and product information. 

M/A-COM Technology Solutions Inc. and its affiliates reserve the right to make 
changes to the product(s) or information contained herein without notice.  
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Beam Lead Constant Gamma GaAs Tuning Varactor  
Rev. V4 

MA46580 & MA46585 

ADVANCED: Data Sheets contain information regarding a product M/A-COM Technology Solutions 
is considering for development. Performance is based on target specifications, simulated results, 
and/or prototype measurements. Commitment to develop is not guaranteed. 
PRELIMINARY: Data Sheets contain information regarding a product M/A-COM Technology 
Solutions has under development. Performance is based on engineering tests. Specifications are 
typical. Mechanical outline has been fixed. Engineering samples and/or test data may be available. 
Commitment to produce in volume is not guaranteed. 

 
Features 
• Constant Gamma = 1.0 & 1.25 available 
• High Q (3000 minimum at 4V 50MHz) 
• Strong Beam Construction                         

(Minimum 10 gram beam strength) 
• Low Parasitic Capacitance 
• Close Capacitance tracking 
• Lead-Free (RoHs Compliant) equivalents 

available with 260°C reflow compatibility 
 
Description  
The MA46580 & MA46585 series beam lead con-
stant gamma tuning varactors are hyper-abrupt junc-
tion gallium arsenide diodes with a constant gamma 
of 1.0 or 1.25. The high Q values and the elimination 
of package parasitics make these varactors very 
attractive for voltage controlled oscillators that re-
quire linear tuning. These tuning diodes are useful at 
frequencies as high as 40 Ghz.   
 
The beam lead design eliminates almost all of the 
package parasitics resulting in improved linearity of 
the junction capacitance change with applied re-
verse bias voltage. This improves tracking between 
diodes and can improve VCO linearity.   

1. Operation of this device above any one of these parameters 
may cause permanent damage. 

Absolute Maximum Ratings @ TA=+25 °C  
(Unless Otherwise Noted) 1 

Parameter Absolute Maximum 

Reverse Voltage 18V 

Operating Temperature -65°C to +150°C 

Storage Temperature -65°C to +200°C 

Power Dissipation 25mW at 25 °C 

Beam Strength 10 grams minimum 

Electrical Specifications @  TA = +25 °C 
Gamma = 1.252 

Gamma4 = 1.13-1.38, VR = 2 - 12 Volts 
Breakdown Voltage @ IR = 10µA, Vb = 18 V Min 
Reverse Leakage Current @ VR =14V, IR = 50 nA Max 

Part Number  

Case  
Style 

Total  
Capaci-
tance1 

+/-20% 

Total  
Capaci-
tance  
Ratio 

Q 
Mini-
mum 

 
Vr=4V Vr=2V 

Vr=12V 
Vr=4V 

f=50MHz 

(pF) - - 

MA46580-1209 1209  0.5  4.5-6.5 3000 

Electrical Specifications @  TA = +25 °C 
Gamma = 1.02 

Gamma4 = 0.9 - 1.1, VR = 2 - 12 Volts 
Breakdown Voltage @ IR = 10µA, Vb = 18 V Min 
Reverse Leakage Current @ VR =14V, IR = 50 nA Max 

Part Number  

Case  
Style 

Total  
Capaci-
tance1 

+/-20% 

Total  
Capaci-
tance  
Ratio 

Q 
Mini-
mum 

 
Vr=4V Vr=2V 

Vr=12V 
Vr=4V 

f=50MHz 

(pF) - - 

MA46585-1209 1209  0.5  3.2-5.2 3000 

Notes: 
1. Capacitance is measured at 1 MHz. 
2. All junctions are hyperabrupt with nominal Γ= 1.0 or 1.25 
3. Reverse voltage (VB) is measured at 10 microamps. 

Applications 
These beam lead constant gamma tuning varac-
tors are particularly useful in broadband VCO’s, 
where linear frequency tuning is an important 
feature. They are also very useful for FM modu-
lating a source for telecommunication transmitter 
and in many cases such circuits can be designed 
without a linearization circuit. 
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    Visit www.macomtech.com for additional data sheets and product information. 

M/A-COM Technology Solutions Inc. and its affiliates reserve the right to make 
changes to the product(s) or information contained herein without notice.  

2 

Beam Lead Constant Gamma GaAs Tuning Varactor  
Rev. V4 

MA46580 & MA46585 

ADVANCED: Data Sheets contain information regarding a product M/A-COM Technology Solutions 
is considering for development. Performance is based on target specifications, simulated results, 
and/or prototype measurements. Commitment to develop is not guaranteed. 
PRELIMINARY: Data Sheets contain information regarding a product M/A-COM Technology 
Solutions has under development. Performance is based on engineering tests. Specifications are 
typical. Mechanical outline has been fixed. Engineering samples and/or test data may be available. 
Commitment to produce in volume is not guaranteed. 

Typical Performance Curves @ 25°C 

Capacitance vs. Voltage  Capacitance vs. Voltage 

Capacitance Ratio CT2V/CTV Capacitance Ratio CT2V/CTV 
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3 

Beam Lead Constant Gamma GaAs Tuning Varactor  
Rev. V4 

MA46580 & MA46585 

ADVANCED: Data Sheets contain information regarding a product M/A-COM Technology Solutions 
is considering for development. Performance is based on target specifications, simulated results, 
and/or prototype measurements. Commitment to develop is not guaranteed. 
PRELIMINARY: Data Sheets contain information regarding a product M/A-COM Technology 
Solutions has under development. Performance is based on engineering tests. Specifications are 
typical. Mechanical outline has been fixed. Engineering samples and/or test data may be available. 
Commitment to produce in volume is not guaranteed. 

Environmental Ratings PER MIL-STD-750 
               Method   Level 
Storage Temperature  1031   See maximum ratings 
Temperature Cycle  1051   10 cycles, -65°C to +175°C 
Shock    2016   500 g’s 
Vibration   2056   15 g’s 
Constant Acceleration  2006  20,000 g’s 
Humidity   1021  10 days 
Constant Acceleration  2006   20,000 g’s 
Humidity   1021   10 days 

Case Styles 
ODS-1209 
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