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Abstract

Dielectric Waveguides for Electromagnetic Band Gap (EBG) Structures, Antennas, and
Microwave Circuits
Michael Wong, Ph.D.
Concordia University, January 2010

Dielectric waveguide structures, formed using rectangular blocks of dielectric, can guide
electromagnetic energy in a frequency range suitable for new microwave antennas and
devices, or between 2 GHz and 18 GHz. In this thesis, we present the analysis and design
of thin dielectric waveguide structures so small that for the first time, they can be made
economically out of readily available substrates, or circuit boards, even at these
frequencies. These strikingly thin metallic-bound dielectric waveguides (H-guides), to be
operated in a single fundamental mode, are analyzed and subsequently applied to three
brand new applications: a square periodic H-guide structure, an antenna, and a thin H-

guide dual-directional coupler.

In the first application, we investigate periodic dielectric structures, or Electromagnetic
Band Gap (EBG) structures, where a new model for periodicity applies thin H-guide
transmission lines with discontinuities. This model allows for the resonant frequency,
transmission (S21), and reflection (S11) parameters of such structures to be found
quickly and quite accurately with closed form expressions, without the need for any
numerical methods. As an added benefit of the new model, which can be represented as a
z-transform, an inverse operation exists, creating the possibility to design a structure that

meets a certain frequency response.

In the second application, we explore the use of the thin H-guide as a transmission line
feed for a new type of aperture horn antenna that is not only high gain, but also
wideband. Incredibly, with proper design, the antenna can also meet low-sidelobe levels
between frequencies of 8 and 18 GHz. The proposed thin H-guide aperture horn

antennas have wider bandwidths than typical array designs, have similarly high gains as

il



compared to traditional air-filled horn antennas, and can even be easily fabricated using
typical two dimensional substrate machining processes. The prototype operates from 8 to

18 GHz with a peak gain of about 18 dBi with reference to the H-guide transmission line.

To make antenna fabrication and measurement of periodic dielectric structures possible, a
new transition based on microstrip design has been carefully developed that exceeds the
performance of all previous microstrip to dielectric waveguide transition designs. This
wideband, low loss, Bézier-shaped microstrip to thin H-guide transition has been
carefully developed and is discussed in detail in this thesis. This transition can even be
fabricated using the same two dimensional substrate machining processes used for the H-
guide aperture horn antenna, which allows for the seamless integration of the two

structures.

Finally, a dual-directional H-guide coupler is discussed that is much thinner than air-
filled waveguide designs. The structure is so thin that its total thickness can be less than
2 millimeters, where the design obtains a directivity of better than 25 dB over a large

bandwidth of 8 to 14 GHz.
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Chapter 1: Introduction

The introduction discusses the motivation and objectives behind the study of dielectric
waveguide transmission lines and antennas. It then concludes with a brief overview of

this document.

1.1 Motivation

Recently, wireless radio frequency (RF) / microwave technologies have vastly improved
in terms of reliability and technological advancements. It has therefore become perhaps
the most popular method for moving information between two points; for example, in
terms of cellular telephony vs. land lines, wireless internet vs. wired internet, or even in
some remote locations, cable television vs. satellite television. These particular wireless
applications have become virtually ubiquitous and are almost taken for granted in most

modern cities throughout the world.

Top

Metal -

Side - Dielectric

Fig. 1.1 The microstrip line.

The technologies required for transmitting this information through the air must include
antennas and microwave circuits, which are in general made up of microwave
components connected by a network of transmission lines. Transmission lines are
therefore necessary structures which make wireless communications possible. They are
the structures which carry energy, signals, and information necessary for modern-day

devices. A common transmission line is the microstrip line [1] as shown in Fig. 1.1,



which is suitable for miniaturization in microwave circuits. Another useful transmission
line that will be discussed is the dielectric waveguide, which will be discussed primarily
in the form of the H-guide [2] as shown in Fig. 1.2. The H-guide consists of a
rectangular dielectric block sandwiched by two metallic plates. Since the H-guide is a
waveguide, it is well suited for antenna applications. In addition, since the H-guide does
not require metallic sidewalls, it is easy to fabricate as compared to traditional
waveguides as discussed in [1]. Therefore, if the H-guide may be fabricated in a similar
process as the microstrip line, shown in Fig. 1.1, it could be applied to general

applications in many devices.

Metal -

Dielectric

Fig. 1.2 The H-guide consists of a rectangular dielectric block sandwiched by two
metallic plates.

Interestingly, periodic structures can also be used to form transmission lines in the form
of waveguides within a small bandwidth, termed the “band gap” [3]. These structures
have originated with the study of optical devices, and are hence termed Photonic Band
Gap (PBG), or photonic crystal [3] structures when applied to optical frequencies. Two
dimensional PBG structures (see Fig. 1.3) and devices promise a whole new range of
devices that were not previously thought possible, such as waveguides and other
structures as discussed in [3]. Bloch [4] and Brillouin [5] [6] have initially suggested that

such structures may have unique properties.



Fig 1.3 A two dimensional PBG structure consisting of dielectric cylinders.

PBG structures have not only been applied to linear materials, in fact, recent research has
applied this technology to control the flow of light with a “birefringent nematic liquid
crystal” which fills the gaps of a three dimensional PBG structure [7]. Light properties
through this structure can then be controlled with the use of an electric field. Other
mixed applications include combining PBG materials with semiconductors [8] to control
spontaneous emission.  These advanced applications show many possible new
applications for general PBG structures, which makes this topic ideal for new research.
This thesis will concentrate itself around microwave frequencies, where PBG structures

are frequency referred to as Electromagnetic Band Gap (EBQG) structures.



1.2 Thesis Objective

The objectives of this thesis are to

1) Confirm that the H-guide is a useful, wideband, low loss transmission line at
microwave frequencies through simulation and fabrication.

2) Confirm that the dielectric waveguide (or H-guide) can be used to mathematically
model dielectric EBG structures and thus give a good estimate of the frequency
response of certain two dimensional EBG structures.

3) Demonstrate that the H-guide can be used for new applications with antennas and
microwave devices such as a directional coupler.

4) Design a transition structure that allows the integration of H-guide microwave
devices, H-guide antennas, EBG structures, and microstrip circuits into a single

device.

1.3 Thesis Overview

This document follows with Chapter 2 entitled Background that begins with a description
of the dielectric slab waveguide, and includes a literature review of electromagnetic and
photonic band gap (EBG and PBGQG) structures related to the thesis. In addition, the
relationship between the dielectric slab waveguide and the H-guide and discussed. We
show how it is possible to bind the top and bottom of classic PBG structures with metallic
plates, where the height may be much smaller than the wavelength, and discuss existing

designs which use this approach.

In Chapter 3, dielectric waveguide structures which apply to this thesis are discussed.
“An Electromagnetic Band Pass Waveguide” demonstrates that a wave may propagate
inside a periodic structure, where previously periodic structures were used to block
waves. “A Via-Less EBP Horn Antenna” demonstrates a microstrip to EBP transition,
and the broadside aperture. In addition, we have presented simulated results for a
wideband dielectric slab waveguide bounded by metallic plates (H-guide), a structure
which provides the foundation for many new wideband devices, such as the H-guide

aperture antenna.



In Chapter 4, a new model for accurately predicting the insertion and return loss of a
periodic structure is discussed. This model is based on a multiple reflection model,
where the final solution represents a z-transform (discrete Fourier transform). Because of
this representation, it is theoretically not only possible to find the frequency response of a

structure, but to design a structure that meets a certain frequency response.

In Chapter 5, a wideband Bézier-Curve shaped microstrip to H-guide transition is
discussed. This transition is necessary to measure the structures in this thesis. Other
existing transitions are not wideband, are intended for the NRD, or do not use a simple
microstrip line and thin H-guide. The thin H-guide is so small that regularly available

substrates may be used, such as FR4, Rogers 6006, or Rogers 5880.

In Chapter 6, a wideband, high gain, low sidelobe H-guide aperture horn antenna is
discussed. This antenna employs the transition discussed in Chapter 5 to obtain its
wideband characteristics, and the H-guide as discussed in Chapter 3. A “gapped”

configuration for the H-guide allows a smooth transition from the H-guide to free-space.

Finally, in Chapter 7, an externally terminated dual directional coupler is investigated.

This coupler achieves a directivity of better than 27 dB from 8 to 14 GHz.

In Appendix A, we have provided a detailed derivation of TE modes of an infinite
dielectric slab waveguide bounded by metallic plates, where TM modes are more

commonly discussed.

In Appendix B, the H-guide is discussed. In Appendix C, the rectangular dielectric

waveguide is briefly discussed.

In Appendix D, some qualitative comparisons between different transmission lines are
made. Appendix E discusses some issues with simulations in HFSS. Finally, some

practical examples are discussed in Appendix F.



Chapter 2: Background

In this chapter, the dielectric waveguide is reviewed in the form of the infinitely large
dielectric slab for the TE mode case. Its relationship with the H-guide is then discussed
by comparing the structure with an infinite dielectric slab with metallic plates. We then
examine some of the history of Photonic Band Gap (PBG) and Electromagnetic Band
Gap (EBQG) structures and discuss some common applications. Finally, some
applications for dielectric waveguides in the form of the Non-Radiative Dielectric (NRD)
and fiber optic cables are discussed. The relationship between the dielectric waveguide

and periodic structures is discussed in later chapters.

2.1 Dielectric Waveguides

For most engineering applications at microwave frequencies, waveguides consist of
hollow, rectangular metallic structures which guide waves through its air core. It is also
possible to guide waves within dielectric structures surrounded by air, as analyzed in [9]

[10] [11], or to construct novel devices for practical engineering applications [12].

2.1.1 Fiber Optic Cables

Multimode fiber optic cables are another practical application of the dielectric
waveguide. In this structure, the cable typically consists of a higher dielectric constant is
surrounded by a lower one, as shown in Fig. 2.1. These structures operate on the
principle of total internal reflection (TIR) [10], which requires that ¢,; > ¢,,. According
to this principle, if an incident wave in a higher dielectric constant (core) is incident on a
border with a lower dielectric constant (cladding) with an angle greater than the critical

angle, the wave will be totally reflected, hence total internal reflection.



Core, Dielectric &,;

Cladding, Dielectric ,;, ———

Fig. 2.1 Main elements of a typical multimode fiber optic cable.

2.1.2 The Infinitely Large Dielectric Slab Waveguide

The dielectric slab waveguide has been analyzed using Maxwell’s equations and
boundary conditions for TM modes, as discussed in [10][11]. In this section we consider
the TE mode rectangular problem that consists of an infinitely large slab of dielectric
with dielectric constant ¢;, sandwiched between a second dielectric &, on both sides in the
y direction. Details of this structure are discussed in Appendix A. The structure extends
to infinity in the y-z plane, where we examine propagation in the z direction as shown in
Fig. 2.2. Because of the infinite size in the y dimension, we can assume that
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Fig. 2.2 A two dimensional Dielectric Slab Waveguide of width “a@” with dielectric constant
&q is infinitely large in the y and z directions. It is sandwiched between a medium with
dielectric constant ¢,. We wish to consider the propagation in the +z direction.

0 2.1

v
W




Then, from the Appendix, the cutoff frequencies for odd modes [9] [10] [11] is,

n
fC =
2av\&, 14y — €, 1,

where for odd modes, n =1, 3, 5, etc...

(2.2)

For even modes, n =0, 2, 4, etc... where the entire derivation above is repeated [10]. TM
modes are found the same way. We note that in Eq. (2.2), the cutoff modes for both the
TE and TM modes begin at 0 Hz for TE, and TM,. Again, as in the case for TIR, this
equation provides real numbers only if dielectric constant ¢, is larger than dielectric

constant g,.

2.1.3 The H-Guide: The Infinite Dielectric Slab Waveguide Bounded by
Metallic Plates

In this section we consider an infinitely large dielectric slab in the yz plane similar to the
previous section, however, bounded by two infinitely large metallic plates in the xz plane

as shown in Fig. 2.3(a) and Fig. 2.3(b). This structure is called the H-guide and has been

considered in [2] with similar results.

P
Al

-a/2 a’2

P

Fig. 2.3(a). A two dimensional Dielectric Slab Waveguide of width a that is infinitely large
in the yz plane, cut by two infinitely large metallic plates in the xz direction.
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Fig. 2.3(b). The H-guide: The equivalent problem as above. A rectangular dielectric slab
extends from x = -a/2 to x = a/2 and is bounded at y = 0 and y = h by metallic plates.
The structure continues to infinity in the +z and —z directions.

Details of the H-guide and how a large bandwidth is possible with regular, commonly
available substrates are outlined in Appendix B. Losses for different modes through the

H-guide for Rogers 5880, FR4, and Rogers 6006 are discussed in Chapters 4, 5, and 7.

In general, optical structures that are based on TIR principles may have losses as low as
0.15 dB / km [13]. In addition, TIR principles may be combined with EBG principles
[14] to form new devices that offer new possibilities, such as being more resistant to
dielectric breakdown, and permitting more flexibility than conventional optical fibers. In
future research, we might apply these concepts to our structures for further improvements

in performance.

2.2 Photonic Crystals

Recently, periodic structures in the sub-wavelength range have been applied to materials
to form various effectively new material types that were not previously thought possible.
These structures have been named Photonic Band Gap (PBG) materials because in the
photonic frequency band, a “gap” exists where waves cannot propagate [15], where
waves in a small frequency band may be confined to propagate in certain directions only.
Typically, these photonic crystals consist of periodic gaps in a suitable light-transmitting
substrate of specific shape, depending on the application. In addition, these structures are
typically very small [16]. It is only recently that very large three dimension structures

have been investigated. One such three dimensional structure includes the woodpile



structure [17], which is formed using the same etching process as for manufacturing
semiconductor structures, such as use of a semiconductor dicing saw, KOH etching, or

active ion etching [18].

2.2.1 Two Dimensional Photonic Crystal

One such structure is the two-dimensional band gap structure, where gaps may consist of
holes drilled within the substrate using lasers in a square lattice pattern such as in Fig.

2.4.

In microwave frequency bands, band gap structures can exist in various formats. In two
dimensions, one typical application is to construct a series of long (in terms of
wavelengths) dielectric rods arranged in a periodic fashion [19], as shown in Fig. 2.5.
These structures might be called PBG materials because of their origins in photonics,
however, they have also been called Electromagnetic Band Gap (EBG) structures because

of their application to microwave frequency bands.

Top View
.
z
S y
Side View :ri:rilri:ri:riiri:ri }
EREEREEREER H
EREEREEREERERERBER X

"
PBG structure
Dielectric

Fig. 2.4 Two Dimensional Photonic Band Gap (PBG) structure in a square lattice pattern.
The structure consists of holes (white circles) drilled within a substrate (grey areas),
whose height is H.

10



Top View

>

z

y

Side View } I

H
X
— _/
"
PBG structure
Dielectric

Fig. 2.5 A two dimensional PBG structure for microwave frequencies consisting of
dielectric rods (grey cylinders) placed in a square lattice periodic pattern.

In applications such as the two dimensional PBG structure shown in Fig. 2.5 [19], the
structure is normally made large in the y-dimension (height H) to approximate an

infinitely large structure in that dimension.

2.3 Photonic Band Gap (PBG) Waveguide

Typically, the photonic crystals are used such that the “band gap” mode is used to block
waves from passing in certain directions at certain frequencies. “Defects” may be added
to photonic crystals to create a contrast with the band gap region and cause localization of
energy [20]. A defect is an imperfection in the structure such as that shown in Fig. 2.6.
In this application, the defect forces the wave to be guided in a certain direction just like a

waveguide [15].

11



Top View

Z

y

Side View } ’
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H_}
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PBG structure Dielectric

Fig. 2.6 Waveguide application for EBG structure using dielectric rods. The wave travels
between the rods in the z direction within the defect.

The inverse structure may also guide waves, where instead of holes in a dielectric, the
structure consists of dielectric rods [15] as shown in Fig. 2.7. The EBG waveguide
structure has the advantage over structures that make use of total internal reflection (TIR)
because this structure may accommodate a sharp bend that was not previously possible

[3], as shown in Fig. 2.8.

Top View
r’X
Z
o o y
Side View :ri:ri:ri :ri:ri:ri }
ERE ERER H
I B B ] ' B B ] X
_ _
H_J
defect
PBG structure Dielectric

Fig. 2.7 Waveguide application for EBG structure using a two dimensional Photonic
Band Gap (PBG) structure in a square lattice pattern. The structure consists of holes
(white circles) drilled within a substrate (grey areas), whose height is H.
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Top View

Dielectric

Fig. 2.8 A sharp bend implemented using a PBG waveguide structure.

It is also possible to use woodpile structures to form similar microwave devices, as

discussed in [21].

2.3.1 Photonic Band Gap Ring Coupler

Complicated devices may also be fabricated using PBG structures. One such example is
the ring coupler, which can couple various amounts of energy from one port to another
port depending on geometry [19]. In this example, the researchers have performed
experiments in the 27 to 75 GHz range using the Finite Difference Time Domain (FDTD)

simulations and have then constructed a prototype to verify results.

The PBG crystal structure consists of a cube of foam dielectric with effective dielectric
constant of approximately ¢, = 1, where a square lattice of cylinders is drilled into the
foam using a numerically controlled drilling machine to accept a lattice of alumina rods
with effective dielectric constant of &, = 9 [19] as shown in Fig. 2.9. The lattice consists
of 18 x 11 rods that are 1.5 mm in diameter and 5 cm in length. The edges of the crystal
are then buffered with a layer of microwave absorber. Two horns with collimating lenses

serve as ports for the source and the output.

13



Source

Top View

Ring

Left Port Right Port

Bottom Port
Dielectric

Fig. 2.9 Ring Coupler using dielectric rods.

In this example, we are assuming that the height of the rods is large enough that losses
due to obstructions (or termination of the structure) in the vertical direction are neglected.
Additional research in this area is found in [22], where researchers use the FDTD method

to analyze similar PBG devices.

2.4 A Parallel Plate Analogy

Recently, periodic structures in metallic-bounded substrates have been popularized [6]
[23] for microwave applications. At microwave frequencies, metallic structures appear to
be perfect electric conductors, or perfect reflectors. This allows us to replace an infinitely
large structure with a smaller, more compact one that behaves similarly to the PBG
structures discussed above as shown below in Fig. 2.10. The same property has allowed

us to consider the H-guide as an infinitely large dielectric slab in the previous sections.

14
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Fig. 2.10 Parallel metallic plates are used to bind a square lattice of dielectric rods to
provide a significant reduction in size. On the left are top and side views of a structure
that is infinitely tall in height, while on the right there are top and side views where two
metallic plates limit the height with a separation less than a half wavelength.

The structure shown in Fig. 2.10 has obvious advantages, most notably the reduction in
size in the y-dimension, or height H. We can approximate the behavior of an infinitely
large y dimension, or height H, by realizing that when bounded by parallel plates that are
separated by less than a half-wavelength, the variation of the electric field in the y
dimension is approximately zero for TEM and TE., which will be shown in the
following sections. This can then be written as,

OF _

> 0 (2.3)

For a structure that is infinitely large in the y-dimension we also assume zero variation in

the electric field as is assumed in (2.1); therefore, we may construct similar devices as for
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those that are infinitely large in the y-dimension as discussed in previous sections, while

maintaining a very small height of the structure, H.

2.4.1 The PBG Waveguide with Metallic Plates

One PBG waveguide [23] application makes use of metallic plates which bind the top and
bottom of the waveguide similarly to [6]. A PBG structure formed using holes in the
substrate (dielectric) serves as a border on the left and right sides of the waveguide, while
the top and bottom of the waveguide are bordered by the metallic plates as shown in Fig.

2.11.

Top View
I
z
y
Side View +Hu T—» X
— _/
gl
Width, W

Metal -

Dielectric

Fig. 2.11 Holes are drilled into the substrate and are then covered with a metallic layer
forming a PBG waveguide.

With the waveguide shown above in Fig. 2.8, it is possible to form filters by adding

additional posts or holes within the waveguide section [23].

2.5 Some Previous Work

In this section, some previous work relating to this thesis is discussed.
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2.5.1 Transition to Dielectric Waveguides
Researchers have previously addressed the need for dielectric waveguide excitation
through various different designs. One example is a microstrip to NRD transition

discussed in [24] as shown in Fig. 2.12.

Top View
slots in ground plane . .
dielectric
microstrip lines
Side View

Fig. 2.12 Transition from microstrip to NRD waveguide.

In Fig. 2.12, a microstrip line terminates in an open circuit and feeds a slot in the ground

plane. The transition excites the modes required for NRD waveguide operation.

Another example of a transition is a wideband waveguide to NRD transition proposed in
[25] as shown in Fig. 2.13. In this design, a slow taper ensures wideband operation.
Note that the top view of a standard air-filled waveguide joins with the side view of the

NRD and vice-versa.

17



Top of standard air- Side of NRD
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Fig. 2.13 Wideband air-filled waveguide to NRD waveguide transition.

Top View of microstrip to NRD transition

microstri
P Vertical stripline
—
' - I
\
N > NRD
coaxial
J

Fig. 2.14 A microstrip to NRD transition for 60 GHz applications.

A third transition design addresses the improvement of the microstrip to NRD transition

at 60 GHz [26] [27]. This transition, however, requires that a complete microstrip-
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coaxial-vertical-stripline-NRD transition be designed to feed the NRD, as shown in Fig.

2.14.

2.5.2 Dielectric Waveguide Antenna Designs

In this section, various strategies for using dielectric waveguides as antennas are
discussed. =~ One example is the multiple slot NRD waveguide, which achieves
approximately 10 to 11 dBi of gain with 10 slots, or elements, arranged for broadside
radiation [28] [29]. The top sheet of the NRD contains tiny slots at an angle to the NRD.

This antenna is shown in Fig. 2.15.

Top View

Fig. 2.15 Six Slot Broadside NRD waveguide antenna. Top and bottom metallic plates
cover the dielelectric rectangular block. Darker grey areas show where slots are cut into
the top metallic plate.

Another example of an antenna that achieves high gain is the leaky wave design proposed
in [30]. The structure consists of an NRD dielectric guide cut that is with grooves so that
it becomes “leaky”. The radiation is then allowed to leak into slots cut along a large

ground plane, as shown in Fig. 2.16.
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Front View

slots

reflector
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Leaky NRD Guide absorber

Top view

AN

Fig 2.16 A leaky wave NRD antenna.

The antenna shown in Fig. 2.16 measures 290 mm by 165 mm and achieves a peak gain

of 32 dB at 23 GHz.

Side View

Fig. 2.17 Periodic slots cut into the dielectric of the leaky wave NRD antenna.

From the side, the grooves that have been cut into the NRD dielectric structure are made
visible, as shown in Fig. 2.17. This is essentially a periodic structure, which will be

discussed in the next section.
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2.5.3 Periodic Structures

Several attempts to model periodic structures have been made by using transmission line

models [31] [32].

In one such method, the single metamaterial cell is simulated in a commercial software
package, then using Bloch wave analysis, the transmission parameters are found through
a simplified structure. A close match between simulated and modeled parameters is

observed because a numerical simulator has been used for the single unit cell.

In another method, an equivalent circuit diagram is applied to a periodic structure [32], so

that transmission parameters in terms of a 2D Brillouin diagram are then easily obtained.

2.5.4 Dielectric Waveguide Couplers

Typical dielectric waveguide directional couplers consist of bent transmission lines
whose separation approaches a minimum over a certain distance [33], as shown in Fig.
2.18. Since different modes within the structure couple at different strengths, analysis for
multimode dielectric waveguides, such as common fiber optic cables, can be

complicated.

Port 1 \ /_ Port 3
|
N\
Port 2 — Port 4

H_/

coupling region

Fig. 2.18 A dielectric waveguide coupler.
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2.5.5 Metamaterials and H-guides

Recently, researchers have used the H-guide as a transmission line to investigate
propagation through metamaterial structures [34]. These structures are those that may
have unexpected properties, such as negative propagation constants. The authors have
considered propagation where the regular dielectric slab has been replaced by a double
negative material, as shown in Fig. 2.19. One such practical implementation of a double-
negative material involves the embedding of many sub-wavelength sized “omega” shaped

metallic structures inside the waveguide [35].

& u<0

Fig. 2.19 An H-guide with a double-negative dielectric slab.

2.6 Numerical / Analytical Techniques

Many of the structures discussed in this chapter can be modeled using commercial
software, such as the Ansoft high-performance software HFSS [36], currently part of the
ANSYS, Inc. product range. This structure is well-suited for numerical simulation of
complex, passive, three dimensional structures that may include air, dielectrics, or
metallic surfaces. A Computer Aided Design (CAD) type environment allows the
drawing and viewing of such complex structures, while a powerful numerical software

engine analyzes the structure using a user-friendly graphic interface.

HFSS [36] is based on the Finite Element Method (FEM), which is a frequency-domain
numerical technique that solves Maxwell’s equations. HFSS divides the solution space
into thousands of small tetrahedral shapes, whose size and placement depend on the
dielectric constant of the materials, placement of sources, proximity to metallic surfaces,

etc. A complex software package such as this generally takes several years for one
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person to develop and test. This and other equally high-performing software have been

commercially available for several years.

The H-guide and its related structures can support frequencies down to 0 Hz, however,
are not TEM transmission lines. The consequence of this property is that the size of the
propagating wave and its propagation characteristics vary with frequency. This is very
problematic for certain simulation techniques, such as the Finite-Difference Time
Domain (FDTD) method. The DC component, in particular, is always present in some
amount during an FDTD simulation, however, will cause a static DC charge to build up
between the two metallic plates of the H-guide. This static DC charge causes problems in
FDTD simulations in large-time simulations, which are necessary for simulation of large
structures. Frequency domain techniques such as the FEM used in HFSS, however, do
not have this problem, which is one reason why it is chosen as the simulation technique

for this thesis.

Because the H-guide structure’s fields vary with frequency, a waveport must be used to
excite the structure. In HFSS, this type of port must be located at the very edge of the
solution space. Inside the port, HFSS assumes an infinitely long structure of the same
material characteristics as on the face of the port. The fields are then excited using a
shape that is found through a two-dimensional electromagnetic solution over the face of
the port. The modes that are excited can be chosen, which makes the waveport a very

useful simulation tool.

One disadvantage of the waveport is that it must lie at the edge of the solution space so
that near fields used to form the far field antenna patterns must exclude the waveport.
Another disadvantage is that solutions generated with a waveport are not guaranteed to
reveal a true final simulation, because the software enforces only a certain mode (chosen
by the user) to exist. This is one of the reasons why the dimensions of the H-guide are
chosen so that only the fundamental mode propagates with low losses. Simulation results
appear in the following sections while addition considerations for HFSS are included in

Appendix E.
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2.7 Summary

In this chapter, the background needed to discuss the relationship between the dielectric
waveguide, photonic band gap structures, and the H-guide structures is outlined. Some
existing dielectric waveguide structures in the form of photonic crystals and the NRD
have been discussed, and a short discussion concerning numerical simulations has been
summarized. This chapter is only the preface to a more detailed study of these

relationships that follows in the next chapters.

The Appendices provide additional information concerning this chapter. Appendix A
provides additional information for the dielectric waveguide, while Appendix B explains
the H-guide in more detail. Appendix E discussed some numerical simulation techniques

needed for the simulations discussed in the following chapters.
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Chapter 3: Dielectric Waveguide Structures

In this section, dielectric waveguide structures are investigated. One such structure is the
Electromagnetic Band Pass (EBP) waveguide, the second is the H-guide. The relation

between the two structures is discussed in more detail in Chapter 5.

3.1 Introduction

In this thesis, new EBG antennas and microwave devices have been proposed for
integration with existing microwave components. To gain a feel for the structure’s
necessary dimensions, closed form solutions are very useful. The following solutions
provide us with not only a starting point for numerical simulations, but give us an
accurate estimate for the first resonant frequency of the square periodic structure. In
addition, the following analysis provides a model that explains propagation through a
medium that has a lower average, or effective, dielectric constant that its surrounding
structures, where, according to (2.2), the cutoff frequencies are imaginary. This chapter
begins with the description of such a medium and one antenna application. The chapter

continues with the theoretical analysis of the square periodic H-guide.

3.2 The Electromagnetic Band Pass Waveguide

3.2.1 An “Unexpected” Effective Dielectric Constant

Energy may flow inside a two dimensional crystal lattice at certain frequencies and in
certain directions [37]. In fact, at frequencies other than the Band Gap, a wave may
propagate within the structure at a certain effective dielectric constants. Such effective
dielectric constants have been plotted [15]. It is possible to find a bound on the effective

dielectric constant by using the Wiener Bound [15] as shown in (3.1).

-1
1 1
£—+ J SEy SXE X8, (3.1)

X & X8&,
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where ¢, 1s the effective dielectric constant and x; and x, are the volume fractions of the

material.

We have simulated the square periodic structure shown in Fig. 3.1 and have shown that
propagation is possible within this structure. Some preliminary results appear in [38].
The effective dielectric constant within the electromagnetic band pass (EBP) structure is,
however, less than the dielectric constant of the substrate according to (3.1). If the
dielectric constant is less than the dielectric constant of the surrounding substrate, then
guided propagation should not be possible! We may see this by examining Eq. (2.2),
where the cutoff frequency of a dielectric waveguide becomes imaginary when the
dielectric constant of the dielectric becomes less than the surrounding material, in this
case, air. This leads us to believe that a certain effective dielectric constant that is
unexpected may exist. Of course, we have excluded unguided propagation such as those

due to parallel-plate waveguides.

Copper
side PP

\

top

dielectric
- Air holes in
Guided Wave dielectric
&d

\— _/

Eeff < &4

Fig. 3.1 An Electromagnetic Band Pass (EBP) waveguide.
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The EBP structure has been simulated and is shown in Fig. 3.2, as discussed in [38],

except with square holes instead of circular holes.

E Field[¥/m]
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Fig. 3.2 An EBP Waveguide for microwave frequencies. Square holes are drilled within
the substrate, where propagation may occur within the holes instead of within the solid
substrate. The structure acts as a Band Pass structure within a certain bandwidth.
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Some of the energy is lost due to leakage as shown in Fig 3.2. The leakage appears as
electric fields outside the EBP waveguide in the center where the holes exist. A model

for the propagation through this structure is discussed in the next chapter.

3.2.2 A Via-Less EBP Horn Antenna

Before the theoretical analysis of the previous structure is investigated in the next
chapter, one application of the structure in the form of an EBP-fed planar horn antenna
will be discussed [39]. Since no metallic vias are required, this has the obvious
advantage that simplicity is maintained while cost is lowered. In a typical metallic via
process, a hole is drilled as a first step, and then must be electro-plated or riveted in a
second step. Reducing the number of steps in any manufacturing process decreases
possibilities for manufacturing defects, lowers final production cost, decreases equipment

cost, and decreases material costs, thereby increasing profits.

In this theoretical design, an EBP structure is used as a medium to guide an
electromagnetic wave within the substrate. Details of how this is possible are discussed
in Chapter 4. The structure consists of a series of periodic holes drilled within the
substrate that is bounded on the top and bottom by metallic layers, where no metallic via

has been used as shown in Fig. 3.3. The EBP structure is in turn excited with a
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microstrip line, where a new microstrip to dielectric waveguide transition is discussed in
detail in Chapter 5. The resulting antenna is only 1.575 mm thick and achieves a 7.2 dBi
peak gain. Even though the performance of this structure has not been fully optimized,

this example demonstrates concepts to be discussed in this thesis.

E Field[¥/m]

3. BDBRE+B03
. 2. 83153e+803
2. BB25e+BB3

2. 4955e+803
2, 3258e+B03
2, 1563e+B83
1.9875e+B83
1. 5158e+083
1. BSEAE+EE3
1. 48153e+8603
1. 5125e+863
1. 1455e+8603
9. 7560 e+AH 2
8. B625e+B82
6. 3750e+B82
4, 6E75e+BBZ
3. BBERe+B02

Fig. 3.3 A Via-less EBP horn antenna. A microstrip line transitions into an EBP
structure, which feeds a single radiating slot.

3.2.3 The H-guide: A Wideband Dielectric Slab Waveguide Bounded
by Metallic Plates

In this section we present simulated results for an H-guide that is essentially a wideband
dielectric slab waveguide bounded by metallic plates. By applying concepts in
Appendices A and B, we have simulated the structure shown in Fig. 3.4. The substrate

consists of Rogers 5880 with a dielectric constant of 2.2 and thickness of 1.575 mm,
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bounded on the top and bottom by metallic plates. A single, thin column of dielectric
10.0 mm wide guides the wave and is surrounded by two larger columns of air. The
structure is 100 mm by 100 mm in the x-y plane. The columns of air were assumed
infinitely wide in the analysis in Appendix B. In this case, their finite width limits the
lower frequency response of the TEgy mode. The cutoff frequency for the TE ;o mode is

13.7 GHz, as found in Appendix B.

¥

Fig. 3.4 Structure for a wideband dielectric slab waveguide (H-guide) bounded by copper
plates.

It is possible to form an array of dielectric slabs within the metallic plates, or H-guides, to
form a wideband EBP structure, where each column is parasitically coupled to the other.

The single H-guide, however, will be considered in the following sections.

If copper losses are taken into account, the total loss through a structure that is 10 cm
long does not change significantly. In Fig. 3.5, the transmission parameters through the
100 cm long structure with a 10 mm wide Rogers 5880 H-guide is plotted. The cutoff
frequency for the TE;p mode (from Eq. (2.2)) is 13.7 GHz, which is marked

approximately with a dotted line.
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Fig 3.5 Simulated S Parameters for a wideband dielectric slab waveguide (H-guide)
bounded by copper metallic plates S11 and S12 are plotted for the fundamental mode,
TEq, and first odd mode, TE,.
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Fig. 3.6 Magnitude of the electric field within the H-guide structure at 6, 9, 12, 15, and 18
GHz.

In Fig. 3.6, the magnitude of the electric field within the H-guide is shown at different

frequencies when the fundamental mode is excited with a waveport.

3.3 Summary

In this chapter, several waveguides have been presented in the form of simulated results.
An explanation for the propagation through a periodic “Electromagnetic Band Pass”
(EBP) structure is presented in the next chapter, Chapter 4. Measured results for the
propagation through the H-guide structure are presented in Chapter 5, since they require
microstrip to H-guide transitions for measurements. An optimized horn antenna
structure, whose performance is vastly improved as compared to the planar horn structure

discussed in this chapter, is discussed in Chapter 6.
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Chapter 4: Analysis of a Square Periodic H-guide

In this chapter, a new method for the analysis of periodic structures is presented. This
method allows for “back of the envelope” designs, where in general, previous analysis

methods require computer simulation or computer programming.

4.1 Introduction

The H-guide [2], and later the Non-Radiative Dielectric (NRD) [40], has been the subject
of recent work such as leaky wave antennas [41], or mm-wave circuits [42]. Since, the
H-guide is capable of supporting a lowest cutoff frequency of 0 Hz [43], the H-guide may
be more appropriate for lower frequency applications than the NRD. The single-mode H-
guide, however, is not limited to lower frequencies as we discuss applications up to 18

GHz in this section.

The dielectric Electromagnetic Band Gap (EBG) structures to be discussed in this chapter
consist of a square lattice array of circular [44] or square shaped air holes drilled into a
substrate, which are subsequently covered with infinitely large metallic ground planes.
Such structures exhibit what is known as a band gap, or region of frequencies where

propagation is not allowed, as illustrated in Fig. 4.1.
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a) square EBG lattice b) coupled H-guides

Top

dielectric
copper

Fig. 4.1 (a) Typical square lattice EBG Structure embedded in a substrate. (b) coupled
H-guide equivalent.

Typically, analyses of such structures is performed using a numerical simulator to obtain
S-parameters for one period, then applying Floquet’s theorem to find an effective
propagation constant S through the lattice [44] [31]. When f is imaginary propagation is
not allowed [15]. The method presented in this chapter allows the determination of “how
much” energy is passed or blocked by a finite-length periodic structure, not simply an
“on or off” condition. In addition, this method provides an accurate Fourier, or z-
transform representation of dielectric periodic structures, which greatly simplifies the
determination of the frequency response, or conversely, the design of a structure that

meets a certain frequency response.

Square EBG structures, as shown in Fig. 4.1(a), can be thought of as multiple, coupled H-
guides which pass through periodic vanes, as shown in Fig. 4.1(b). Such an analogy can
be useful in determining transmission and reflection coefficients through the structure by

use of a transmission line model. In addition, if the square periodic H-guide is operated
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in the pass band region instead of the band gap region, a much larger bandwidth than
typical band gap devices becomes available. Typical bandgap devices operating in their
bandgap region have a bandwidth of roughly 20 to 30% [45], while the proposed

structure in this chapter operates from 7.5 to 18 GHz in the pass band region.

Top
vanes
Side | o i
dielectric
copper

Fig. 4.2 A simplified square lattice EBG Structure with single H-guide.

The new configuration of the H-guide supported by periodic vanes, as shown in Fig. 4.2,
is very similar to dielectric Electromagnetic Band Gap (EBG) structures since they both
consist of a dielectric slab with periodic air gaps. A simple transmission line model and
its validation for the S-parameter analysis of such a structure, using numerically
simulated and measured results, are presented in the following sections. Preliminary

simulated results have briefly been presented in abstract form in [46].

4.2 Wave Impedance and Guide Wavelength of the H-guide

To avoid ambiguity with different notations found in other references, the electric and

magnetic fields in the TEy mode, sometimes called the LSEy or LSE(; mode are first
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described. This is the dominant mode propagating in the structure since the width, a, of

the dielectric is chosen to be thin enough to force a single-mode as shown in Fig. 4.3.

1 Electric field 1  Dielectric
--> Magnetic field f )
Metallic Plates P S 4

- ' 4
<3 / g » X

A
A b Y

Fig. 4.3 The H-guide structure.

The fields for the odd potential (even) modes inside the dielectric are [10] [11] [40]

E =0

E, = iAdh,, cos(h, x)e (4.1)
&4

E =0

z
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The fields outside the dielectric, for x > a/2 are,

E, =0
Aop - x oz
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The wave impedance is defined using the electric and magnetic fields that are
perpendicular to the direction of propagation, as in the case for a plane wave travelling in
free space, then, inside air portion of the H-guide

E)’ — CO,U 0

The wave impedance for a wave inside a vane, where pg represents the attenuation
constant in the x-direction within the vane, is given by

7 - Ey _ O,

, _——Hx_ 5 (4.6)

The guide wavelength for even TE modes in the H-guide can be found by solving the

following equations for 4, the n™ solution to the equations [40] [11],

n

pa = h,atan

(pa)’ +(h,a)" = (&, —D(k,a)’ (4.7)

and where variable “a” is the width of the dielectric as shown in Fig. 4.3.

h, 1s then substituted into the characteristic equation inside the dielectric to find 4,, the

guide wavelength for the n” solution is
B, =k’ —h (4.8)

where kozz—ﬂ, ﬂ,zz—”
A 8 A

o

4.3 Analysis Model for a Single Vane

In this section, we show that we may apply the theory of small reflections [10] [11],
which typically applies to a plane wave incident on a multiple dielectric slab layer
interface. This analysis takes multiple reflections within the vanes into account;
however, it does not consider the excitation of higher order, evanescent modes in the H-
guide that are excited by discontinuities, or leakage from the H-guide into each vane as
shown in Fig. 4.4. These higher order modes are very small when the width of the vanes
“d” 1s small compared to the guide wavelength. In addition, since the width of the vanes

“d” 1s small, the reflected wave coming back from a vane appears to come from a single
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interface, instead of from the H-guide-to-vane-to-H-guide interface. Finally, a third
assumption is that the “mutual coupling” between vanes is small, meaning the air spacing
is greater than the distance d so that the structure does not appear to be a large parallel

plate waveguide.

Despite these assumptions, a very good approximation to the frequency response below
the first resonant frequency may still be calculated for a single-mode H-guide with thin
periodic vanes. The goal here is to obtain an approximation of the reflected wave without

the need for computer simulation, or piecewise integration, not to obtain an exact result.

H-guide Vane H-guide

Fig. 4.4. Reflection from a single vane. Leakage from the H-guide is shown with dotted
arrows.

Assume that a wave travelling through the periodic structure in Fig. 4.2 has a wave
velocity of v, within sections between vanes, and slows to a velocity of v, within the
vanes themselves, where v= w /. The wave velocity within the vanes is then assumed
to be the same as in a parallel plate waveguide. The reflection from a single vane as
shown in Fig. 4.4 can then be approximated, where I'y, is equal to —I'y,. For a good
dielectric (lossless), using Eq. (4.5) and (4.6) where u, = uy, we can approximate the

reflection coefficient to be
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Ag is found by solving Eq. (4.7) and (5.8) [40] [11]. Notice that when distance d is small,
the input reflection approaches 0, as expected. This structure can be simulated using

wave ports in HFSS as shown in Fig. 4.5, where leakage from into the vanes is shown in
Fig. 4.6.

Fig 4.5 Model vs HFSS simulation for double vanes in 50 mil thick Rogers 6006. The H-
guide is 6 mm wide, and the vane is 0.5 and 1.0 mm. A finite structure is simulated,
where the airbox surround entire structure with air gaps on the sides of the structure. a
=6 mm, s=5mm, d=0.5 mm. Rogers 6006, ¢ =6, h=1.27 mm.

d 1

Fig 4.6 Leakage from the main H-guide into the vanes is clearly visible with exaggerated
scaling.
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An alternate view of Eq. (4.9) is that the single vane can be modeled as a very wide H-
guide, as shown in Fig. 4.7. The wave velocity in a very wide H-guide approaches the
same wave velocity as in a parallel plate waveguide. It is easier and faster to calculate
the wave velocity in a parallel plate waveguide as opposed to a second very wide H-

guide, therefore the parallel plate waveguide model is used in the following sections.

IBg ﬁv ﬂg
— >
r, I,
4—

%{_J
H-guide Wide H-guide H-guide

Fig. 4.7 Alternative model for finding the wave velocity within the vanes. Dimension “a
is the width of the H-guide, while dimension “a,” is the width of the wide H-guide section,
where “a,” becomes large.

For a more accurate result, it is possible to use a numerical software simulation for the
single vane, and then substitute these results into the following sections. For the sake of
presenting a complete mathematical model, however, the method presented in this section

is used in the following sections.

4.4 Reflection from Double Vanes

To model the reflection from two vanes, consider a power-corrected multiple reflection
model, where we use a power transmission method to find the power lost as the wave
travels through the structure, whose advantages will be clear in the following discussion.

We start by labeling each region between vanes as regions 1, 2 and 3, as shown in Fig.

4.8. Consider the transmission from Region 1 to inside the vane at z = 0 as illustrated in
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Fig. 4.8. The first part of the reflection at z = 0 is given by Iy, taking multiple
reflections within the vane into account. The magnitude of the power transmitted into the

first vane at z = 0 is proportional to

Svl = (1_|F21|2 (4.10)
\/S_vl o« \l1_|rz1|2
where I';; was given by Eq (4.9).
1
—
o)
- —
I's2
T, =(1—|F21|2) e’ji( I
->
2 —2j(p,d+pgs)
Iy _F21+(1_‘F21‘ ) I, ’
Region 1 Region 2 Region 3
| | I |
| | | - Z
z=0 d s+d s+2d

Fig. 4.8 First order power-corrected reflection model for double vanes.

Now, consider the transmission from the vane back into Region 2 at z = d. The wave
experiences a reflection coefficient equal to —I',;; however the magnitude of the power

transmitted is again given by
S, o [1-|0,,[)

JS,, o 1-]0,,

4.11)
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The transmission coefficient from Region 1 to Region 2 (from z = 0 to z = d) is then
given by

T, =(1-[0, [ Je (4.12)
where the phase shift experienced by the wave as it travels from z = 0 to z = d has been
added. As the wave travels from z = d to z = d + s, an additional phase shift of e’ s

experienced, while a reflection of '3, occurs at the interface at z = d + 5. In total, adding
all the contributions, a first order approximation for the reflected wave can be expressed

as
22 2j(Bd+Bs)
r31:r21+(1—|r21| )r32e ’ (4.13)

A comparison of Eq. (4.13) to simulated results with HFSS [36] is shown in Fig. 4.9.
The location of the nulls matches simulated results reasonable accurately, however, the
magnitude of the reflection coefficient decreases at higher frequencies due to leakage at

the discontinuities.

-10

15 == = = T S

20 A= LT 2 Ty NNg & V-
25 i IZPE' e

N A YN s N
30 r )

: \ : - 1 :

35 | . \ s g
e \ / q
40 2 N4 )

-45 | g“ v l\

-50 - 4

S11 (dB)

Frequency (GHz)

‘—E—Model, $=10mm S11 (dB) Model, s=5mm S11 (dB) == == HFSS, s=5mm - = = = HFSS, s=10mm ‘

Fig. 4.9 Comparison of first order reflection model with HFSS simulation for double
vanes. Substrate is 50 mil thick Rogers 6006. H-Guide is 6 mm wide, vanes are 1 mm
wide and separated by a distance of 5 and 10 mm. Width of air gap on either side of the
H-guide is 60 mm.
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Fig. 4.10 First order power-corrected reflection model for three vanes.

4.5 Reflection from Multiple Vanes

This method can be cascaded to find the reflection from three or more vanes as shown in
Fig. 4.10. This is where using a power-correction method is most beneficial since the
magnitude and phase can be considered separately and so we may apply the method to
multiple reflections using a cascaded system, without a significant increase in
complexity. The reflection from 3 vanes will be given by
2P S2j(B (A +dy) 4 B (51 +5,)
r, =0, +(1—|r31| ) [e /@il (4.14)
The full equation can be written as
2 s s 2 2 S| +S
F41 — F21 + (1 —|F21|2 ) F32€ 2j(Bud+Pgs1) + (1 _|1—~31|2 ) 1—~43e 2j(B,(di+dy)+ P, (s+5,)) (415)

Where,
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This sum can be generalized for multiple vanes and written as a sum, when d = d; = d>

=..=dy,and s =s; =5 =53 = ...= sy, in the form

N
I, =0, +Z(1—
n=2

This may also be written in a compact form as

Ty, :i(l—

n=1

where (4.18)
I,=0

2 |? ~2(n=1)(B,d+f5)
) 1—‘(1-¢-n)(n)e ‘ (417)

Fn 1

I

nl

2 |2 ~2j(n=1)(B,d+f,s)
) Liemme ‘

The transmission line is assumed to be matched at the beginning and the end of the
structure. This sum can easily be computed by considering that at each step, only the
magnitude of the previously summed terms and simple squared and subtraction
operations need to be performed. An alternate mathematical representation for Eq. (4.18)

1s discussed in Section 4.8.

The spacing required for a maximum reflection coefficient (resonance) can be solved by

examining the phase term:

s :M wheren=1,2,... (4.19)
B,

When the distance d is small, the spacing required approaches A, / 2 for maximum

reflection, and A, / 4 for minimum reflection.

Neglecting the power lost through the structure by removing the bracketed term in (4.18),

we obtain the same result as in [11], where 8 = f.d + f.s
N
=2j(n=1)(B,d+pgs)
Ly = zr(l+n)(n)e ’ : (4.20)
n=1

Writing multiple reflections in the form of Eq. (4.20) has some computational advantages
such as having fewer computational operations, being represented as a Fourier transform,
used for filter designs as discussed in [11], or for doing inverse operations. When doing
inverse operations, the nonlinearity of propagation constants S, and f, must be taken into

account through techniques similar to pre-warping.
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Eq. (4.20) is, however, not as precise as Eq. (4.18). This is because the magnitude of Eq.
(4.20) may exceed 1 for a large number of reflections, since it does not take the power
lost through the structure into account. Eq. (4.20) is the sum of first order reflected

waves only as discussed in [11] and illustrated in Fig. 4.11.

1

e—j (Bygs+B,d)
F21 __________________
o J(Bes+B,d) I's
1—~32 e =2j(Byd+Pgs) D P U

—4j(p.d+Bgs)
Lye e

_ =2j(B,d+P,s) —4j (B, d+p,s)
«—
Region 1 Region 2 Region 3 Region 4
[ | [ | [,

[ I  Z

z=0 d s+d s+2d 2s + 2d

Fig. 4.11 First order non-power-corrected model for three vanes.

Once we know the reflection coefficient from Eq. (4.18), where I' <|1|, we can then find

the transmission coefficient as follows,

l—‘Nl 2
|TN1|2010g1{ 1—(10 40] ]

Tl = 1010g10[1 —(10“% D

A comparison of the reflection and transmission coefficients in Rogers 6006 substrate is

(4.21)

shown in Fig. 4.12. A short parametric study using 6 vanes in Rogers 6006 is shown in
Fig. 4.13, and Fig. 4.14 where a good agreement is shown between Eq. (4.18) and HFSS

simulations.
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----HFSSS11 ------- HFSS S21 —&— Model S11 Model S21

Fig. 4.12 Comparison of first order multiple reflection model with HFSS simulation for 15
vanes. Substrate is 50 mil thick Rogers 6006. H-Guide is 6 mm wide, vanes are 1 mm

wide separated by a distance of 10.3 mm.

Parametric study for d, s=5mm

$11 (dB)

Frequency (GHz)

--—- HFSS S11 d=500um --+- HFSS S11 d=1mm - HFSS S11 d=1.25mm
Model S11 d=0.5 mm (dB) —=— Model S11 d=1.0 mm (dB) —&— Model S11 d=1.25 mm (dB)

Fig. 4.13. Parametric study of variation in d with fixed spacing s =5 mm. a =4 mm, & =
1.27 mm.
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Parametric study for s, d = 0.5mm

Frequency (GHz)
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----HFSS S11 s=7.5mm
—aA— Model S11 s=7.5mm (dB) —&— Model S11 s=10mm (dB)

HFSS S11 s=10mm

Fig. 4.14 Parametric study of variation in s with fixed spacing d = 0.5 mm. a =4 mm, A

=1.27 mm.
Parametric study for d, s =10mm
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Fig. 4.15 HFSS Simulation results past the first resonant frequency. Spacing is fixed at
10 mm, and d is varied from 0.5 mm to 1.5 mm. Return loss is erratic past 8 to 9 GHz

because multiple reflections begin to appear.

In Fig. 4.15, the HFSS simulation results past the first resonant frequency are shown.

Since the simulated frequency response in this range is so erratic, this behavior is not of
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interest. We further examine the accuracy of Eq. (4.18) in the next section at and below

the first resonant frequency.

4.6 Design, Simulation, vs. Measurements

An H-guide made of a 10 mm wide section of dielectric is formed out of 62 mil (1.575
mm thick) Rogers 5880 (&, = 2.2). The waveguide is predominantly single-mode up to
the cutoff frequency of the second mode (TE;p, m = 1, odd) at 13.7 GHz according to
equations in [11] for an infinitely large dielectric slab waveguide. The guide wavelength,
g, for even TE modes within a single H-guide can be found by solving the equations for
h,, the n™ allowed even mode following procedures in [40] [11], using Eq. (4.7), where at
13.7 GHz, /4, found to be equal to 16.4 mm. The guide wavelength as a function of
frequency is plotted in Fig. 4.16.

Guide Wavelength vs Parallel Plate Waveguide Wavelength

5 |
0 ‘ ‘ ! ‘ ‘ ‘
4 6 8 10 12 14 16 18
Frequency (GHz)
Guide WL (mm) — — PPWG WL (mm) ‘

Fig. 4.16 Guide Wavelength for a 10 mm wide H-guide in Rogers 5880 as compared to a
parallel plate waveguide wavelength in the same substrate.

Applying Eq. (4.19), for a vane thickness, d, of 1.0 mm, a required spacing, s, of 5.0 mm
for a first resonant frequency at 18 GHz, the maximum desired frequency. The insertion
loss is therefore relatively smooth from 8 to 18 GHz since no resonance occurs. The

frequency response can be plotted using Eq. (4.18) and compared to a numerical
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simulation using [36] as shown in Fig. 4.17. We observe a slight difference of
approximately 0.1 GHz in resonant frequencies of the nulls between the model and

simulated results.

/]
/-
5 s /\ /\ /
NVAWAWAWAW N/\ TR\
o MO AT A A

o A AN

6 8 10 12 14 16 18
Frequency (GHz)

Model S21 (dB) - - - - HFSS $21 (dB) |

Model S11 (dB) — — HFSS S11 (dB)

Fig. 4.17 Frequency response plotted using power-corrected multiple reflection model
compared to simulated results using waveport-fed H-guides in HFSS [8] using the
Rogers 5880 substrate. The substrate is Rogers 5880, the spacing between vanes is 5
mm, and each vane is 1 mm wide. In this case, side absorbing boundary conditions
replace the dielectric side walls and the external air gap, which removes small ripples in

S _

the return loss.

-
s vy ?%! .

Fig. 4.18 Photograph of periodic section of prototype using the Rogers 5880 substrate
just before the top metallic plate was replaced for testing. A microstrip line is made of
copper tape with conductive adhesive and was used to measure the performance of the
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coaxial to microstrip transitions. For the H-guide reading, the microstrip line section in
the center was removed as shown.

A prototype of the structure shown in Fig. 4.18 was fabricated and measured. Eq. (4.18)
and Eq. (4.21) are plotted against measured results as shown in Fig. 4.19. However, in
this case, the relatively poor measured return loss (10 dB) above 10 GHz is due to a non-
optimized coaxial to microstrip line transition as compared to [47]. The poor return loss
less than 7 GHz is due to limitations in the microstrip to H-guide transition as can be seen
by the loss in insertion loss and the increase in return loss in simulated results as shown
in Fig. 4.19. The general trend, however, in the return loss can be seen, meaning there
are no significant peaks in the return loss due to resonant frequencies until 18 GHz.

0

HFSS S11 (dB) HFSS S21
— — Measured S11 (dB) Measured S21 (dB)
—*— Measured Microstrip S11 (dB) —e— Measured Microstrip S21 (dB)

Fig. 4.19 Frequency response of the insertion and return loss of simulated results using
microstrip to H-guide feeds in HFSS, compared to measured results using the Rogers
5880 substrate.

4.7 Arbitrary Spacing

In this section, the return loss of a structure with arbitrary spacing is presented. In this

case, s, corresponds to the n” spacing between vanes according to Table 4.1. The
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resulting comparison for one case is shown below in Fig. 4.20, which is the same case as

shown in Fig. 4.12.

n Case 1: Spacing, s, in mm Case 2: Spacing, s, in mm
1 8 7

2 7 8

3 5 9

4 7 3

5 8 10

Table 4.1 Spacing Between Vanes

S -20 ,’"‘ ﬁN\ —_ é/ \\\ / /
NN NN
NN WA
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Frequency (GHz)

Model S11 (dB) ----HFSS S11(dB) |
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Fig 4.20 Comparison of first order multiple reflection model for arbitrary spacing with
HFSS simulation for 6 vanes according to Table 4.1 for Case 1 (top) and Case 2
(bottom). Substrate is 50 mil thick Rogers 6006. H-Guide is 6 mm wide, vanes are 1

mm wide.

The magnitude of the electric field within the structure is shown in Fig. 4.21.

E Field[¥/n]
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Fig. 4.21 Magnitude of electric field within structure for arbitrary spacing between vanes

at 8 GHz for Case 1.
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Alternatively, improved results could have also been obtained by simulating the single
vane with a commercial software simulator such as HFSS, or using any other numerical

techniques.

4.8 Alternate View: Power-Corrected Reflection Model Alternative View

For a double interface (3 medium) problem, which is the same problem as the single vane
in Fig. 4.4, the reflection seen at the input may be written as [11]
L, =0+ leTz1F32672'/9Zrlznrzzneizmg (4.22)
n=0

Let us apply the geometric series,

> = 1 (4.23)
n=0 l1-r
Then, Eq. (A1) becomes
; 1
-2j0
L, =1, +T,T,I;e 2 1— F12F3Ze—2j9
_ FZI(I—F12F326_2‘/0)+ LT e’ (4.24)

1-T,I,e™’ 1-T,I,e?’
L, - 1H21r12r3ze_2j5 + leTzlrﬂe_zw
1-T,,I,e "

Now, let us replace Tj, with 1 + ', =1 - I'p; and Ty with 1 + 'y, and 'y, with -y
r = L + 1—‘2121—‘326_2]‘9 + (l — T )(1 +1, )Fsze_Zje
" 1+, [,e >’
_ 0+ F212F3ze_2j6 + (1 - 1—‘212 )1-32e—219
1+, e’
I, +T,e
14T, e

(4.25)

Substituting the phase change over medium 2, 6 = f,d, the corresponding equation for

reflection becomes [11]

—Jj2p,d
_ L +Ie

= ‘ 4.26
"1+, I,e (4.26)
When I is small, this can be approximated as [11]
I, =0, +,e /> (4.27)
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which forms the basis for the non-power corrected multiple reflection model.

Alternatively, the following can also be written,
-
1- 1—‘121—‘32672_/9
n (1-5,)(1+ T, e

_ -2j60
L, =0, + 1,1, e

=T A 4.28
” 1-T, e (329
(1-T,°),e
=T, + 21 32—219
1-T,I,e
If the denominator is considered small, this can be approximated as
=T, + (-1, ),e >’ (4.29)

Which is the reflection at the first interface, plus the reflection at the second interface
corrected for power lost as the wave crosses the first interface twice, and phase. We can
conclude that the power-correction model presented in this chapter is simply a better

approximation to the multiple reflection model from [11] than Eq. (4.27).

Using similar cascade techniques as in Eq. (4.18), Eq. (4.29) can be generalized as a sum

as shown in Eq. (4.30).

il 2 iy
Ly = Z(l —La )F(l+n)(n)e 2/
n=1
where
I =0 (4.30)

Eq. (4.30) is discussed in more detail in Example 4 of Appendix F, where an exponential

taper is compared to an alternate method.

4.9 Summary

In this section, an efficient analysis method based on a power-corrected multiple
reflection model for the square periodic H-guide structure has been presented and

discussed. Comparison with numerically simulated results, show a very close match.
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The successful design and measurement of a square periodic H-guide structure using the
microstrip to thin H-guide transition in Rogers 5880 substrate has also been discussed,
where the absence of any strong nulls is observed. Finally, an alternate mathematical

view of the method has been found and is also included here.
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Chapter 5: A Bézier-Curve Shaped Microstrip to H-Guide
transition

To physically measure the H-guide and show that the low loss and wide bandwidth as
discussed in Chapter 3 is possible, a new transition structure was designed, simulated,

then measured. This chapter describes this transition in detail.

5.1 Introduction

An obvious choice of common transmission lines to excite the single TEy mode in the
thin H-guide is the microstrip line, because of the small vertical dimension of 1.575 mm
(= A/ 10) proposed in the previous section. Transitions such as those proposed in [24]
and similar transitions are intended for Non-Radiative Dielectric (NRD) structures [40],
cannot excite the intended H-guide TEyy mode, require two separate low-loss substrates,
and are inherently narrowband because of their resonant behavior. The solution proposed
here is a non-resonant, wideband, low-loss Bézier-curve shaped microstrip to H-guide
transition using low-loss Rogers 5880 substrate, previously discussed in our paper [48]

using low-cost FR4 substrate.

5.2 The Wedge Radial Waveguide

Mouth of transition: Mouth of transition:

Towards H-guide Towards H-guide

4
7

\x<—T / / Top

Top \ Metallic
walls s
Metallic

Metallic walls
(PEC)

Fig. 5.1 Top view of the Wedge Radial Waveguide. Cylindrical waves are the preferred
modes a) side metallic walls, b) air walls.
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Consider the air-filled metallic wedge radial waveguide shown in Fig. 5.1(a). On the left
and right walls, metallic boundaries, or perfect electric conductors (PEC), enforce the
tangential electric fields to be zero. The dominant mode in such a structure is a radial
mode [9] [11]. A line of equal phase is shown as a dotted line in the figure for
propagation in the +z direction. For the design of a transition to the fundamental H-guide
TE( mode, this is not an efficient choice, since both the microstrip line and the H-guide
do not have side metallic walls. The transition from the mouth of this transition to and H-

guide would therefore be very abrupt.

Now, consider the same waveguide-based transition, with a height of 1.575 mm and filled
with air, except with virtual perfect magnetic conductors (PMC) instead of PEC for walls,
as shown in Fig. 5.1(b). The virtual PMC boundaries enforce the magnetic fields to be
zero, and hence again, radial waves are the preferred modes of operation. The lines of
equal phase will be identical for propagation in the +z direction, however, no metallic
side edges are needed, thus improving the transition from the microstrip to the H-guide.
Only a fraction of the waves that are leaving the mouth of the transition, however, are
propagating in the desired +z direction towards the H-guide. Most waves propagate at an

angle to that axis, which is energy that will be lost at the transition.

5.2 Profiled Radial Waveguide

. T ________________ : Rectangular
‘ I waveguide
7 \ Top Metallic
4—I Plate
X . L . ’ ’

Air walls Radial waveguide

(PMC) v shape

Fig 5.2 A typical profiled horn antenna shape.
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A typical profiled transition shape shown in Fig. 5.2 that is discussed in [48] is used as a
solution to encourage the propagation of planar, equal phase waves at the mouth of the
transition, as opposed to radial waves. Planar waves, as opposed to radial waves, are
preferred (less lossy) at the mouth of the transition because the rectangular waveguide
shape in this region prefers (modes with least loss) planar waves. The smooth transition
from radial waveguide to rectangular waveguide requires a profiled shape, as shown in

Fig. 5.2.

5.3 Bézier Curve Profile

To form the required profiled shape, several different formulas have been studied by
researchers [49], such as sine squared, exponential, hyperbolic, or polynomial curves. In
this design, however, a class of cubic spline curves, called the Bézier curve, is used. The
Bézier curve is flexible enough to approximate various different curves while
maintaining a smooth shape and allows the specification of the slope, or direction, at both

sides of the transition.

The parametric form of the cubic Bézier curve [50] using a 3rd degree Bernstein
polynomial over points PO through P3 is given by

B(x,z,t)=(1—1)’ P, +3t(1—-t)> P + 3t (1-t)P, +’P, 4.1)
where the parameter, t, varies between 0 and 1
To examine the direction of the curve at its endpoints, consider the derivative of B with

respect to t.

W = 3(1-1)* P, + (- 6t(1=1) + 31— 1)* ), + (= 3¢> + 6¢(1- 1) )P, +3¢°P,
dB(X,Z,t) _ _3}—)0 +3}_)1 (42)
dt @1=0
M - 3P +3P.
dt @r=1 ? }
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P3

X J >< o ><P]

PO

Fig. 5.3 Bézier curve control points.

At the endpoints, where the parameter t is 0 or 1, the direction of the Bézier curve can be
found by taking the difference between the two points, PO and P1, or P2 and P3,
respectively. Consequently, as shown in Fig. 5.3, by putting PO and P1 in line with the
+z axis, the beginning of the curve becomes parallel to the +z axis. The same property is

applied to points P2 and P3 as shown in the same figure.

5.4 Transition Design

-~
! 3. H-guid
L3 -guide
Dielectric 2. Microstrip
Ve .
line to
7
> profiled
“radial”
X Top y
waveguide
Metallic < g
Plate 1. Microstrip

s line taper
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L < : :
Dielectric 2. Microstrip
yrd .
line to
VA
> profiled
“radial”
X Top

Metallic < waveguide

Plate 1. Microstrip

~ line taper

Fig. 5.4 a) Our originally proposed transition [48], b) improved dielectric taper transition.

To form a smooth transition from a microstrip line to an H-guide, it is easiest to consider
the transition in several stages as shown in Fig. 5.4. The microstrip line tapers slowly
into a wide microstrip line in section 1. To maintain a smooth transition, the slope in this
section is enforced to be parallel to the direction of the microstrip line. In section 2, the
microstrip line crosses over the dielectric and the profiled “radial” waveguide as
described in Fig. 5.2 begins. Section 3 is the H-guide. At the beginning of this section,
the slope of the transition is enforced to be parallel to the direction of the H-guide to form
the rectangular waveguide section of the transition. In addition, in the improved
transition in Fig. 5.4 (b), Sections 1 to 2 are smoothed by slowly tapering the air gap in
the dielectric as compared to the abrupt air gap we originally proposed in [48] and shown

in Fig. 5.4 (a). This taper in the dielectric improves the return loss for the transition.

The electric field inside the substrate, halfway between the bottom and top sheets, is

shown in Fig. 5.5. A photograph of the first transition is shown in Fig. 5.6.
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Fig. 5.5 Simulated magnitude of the electric field within the substrate for the FR4
microstrip to H-guide transition using HFSS. Losses in the FR4 substrate are taken into
account. In Fig. 5.5 (c) at 6 GHz, some leakage from the H-guide is apparent, however,
most of the energy is directed towards the output port.
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Fig. 5.6 Photograph of the first microstrip to H-guide transition using FR4 substrate.

Measured results for the prototype in Fig. 5.6 are compared to simulation in Fig. 5.7. A

reasonably close match is observed, however, losses become greater as the frequency

increases.
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——S21 HFSS —>¢—S811 HFSS

Fig 5.7 Comparison of measured insertion (-S21) and return loss (-S11) compared to
simulated insertion and return loss using HFSS.
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Fig. 5.7 Comparison of raw data for measured microstrip line compared to raw
measured data for a back-to-back microstrip line to H-guide to microstrip line transition.

In Fig. 5.7, the raw measured data for the microstrip to H-guide transition is compared to
raw measured data for a microstrip line of the same length and same connectors. The
transmission and return losses are very similar, meaning almost no energy is lost within
the microstrip to H-guide transition. Most of the differences seen in Fig. 5.6 from 5 to 7

GHz are due to losses in the coaxial to microstrip line connectors.
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Fig. 5.8. Dimensions for the inner and outer curve. a) Bézier curve control points PO
(2.425, 90.0), P1 (2.425, 62.0), P2 (25.0, 62.0), and P3 (25.0, 40.0) are shown, where
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units are in mm. b) Dimension of the Bezier transition board cutouts. Bézier curve
control points PO (6.6, 90.0), P1 (6.6, 65.25), P2 (30.0, 55.3125), and P3 (35.0, 47.0) are
shown, where units are in mm.

Dimensions for the inner and outer curves for the improved transition shown in Fig. 5.4
(b) are shown in the caption in Fig. 5.8. A three-dimensional exploded diagram of one of
the first the fabricated back-to-back transition prototypes using low-loss Rogers 5880

substrate is shown in Fig. 5.9.

Fig. 5.9 Three dimensional exploded view of transition prototype using low loss Rogers
5880 substrate.

A photograph of the assembled prototype and measurements of insertion and return loss

are shown in Fig. 5.10 below.

Fig. 5.10 Assembled prototype using low-loss Rogers 5880 substrate.
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The raw measured insertion and return loss of the prototype shown in Fig 5.10 is
compared to simulated results in Fig. 5.11. Some additional losses are due to fabrication

errors and the back-to-back coaxial to microstrip line connectors used.
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Fig. 5.11 Measured insertion and return loss is compared to simulated results for the
transition using Rogers 5880 substrate as shown in Fig. 5.4 (b).

The electric field within the structure was simulated and plotted in Fig. 5.12. From these
plots, some leakage is apparent, which has caused non-idealities for the antenna design in
the next chapter. The design was a compromise between size and performance since a

larger size has a smoother transition, and thus less leakage and wider bandwidth.
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Fig. 5.12 Magnitude of electric field within microstrip to H-guide transition in Rogers
5880. Some leakage is apparent.

5.5 Summary

In this chapter, the design of the Bézier curve shaped microstrip to H-guide transition has
been discussed. Two prototypes have been discussed; the first using low-cost, lossy FR4
substrate, and the second using low-loss Rogers 5880 substrate. Measured data has

shown that the device is wideband and relatively low loss.
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Chapter 6: Analysis and Design of H-guide Aperture
Antennas

In this chapter the dielectric waveguide aperture horn antenna is discussed. Simulated

results from a recent conference paper are discussed, as well as a new antenna design.
The H-guide, originally proposed by Tischer [2], has been applied to antenna designs in

various forms. The H-guide structure is shown in Fig. 6.1. Note that if the drawing is

turned on its side, it forms the letter “H”.

: I I . Dielectric

— Metal

Fig 6.1. The H-guide. The magnitude and direction of the electric field is represented by
arrows.

Several antennas have been fabricated using the H-guide approach, such as slot based
antennas [51] [52] [53], or leaky wave antennas [41][54]. In this section we present a
new endfire-based design without any slots. In the following sections, the design and

obtained results are presented and discussed.

6.1 Gapped H-Guide

In this section, we discuss a “gapped” H-guide, where an air gap is added to the top of the

dielectric portion of the H-guide. The structure is shown in Fig. 6.2.

HTIEITTH

Fig. 6.2. Gapped H-Guide. The magnitude and direction of the electric field is
represented by arrows.

Dielectric

— Metal
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There is sufficient difference in the effective dielectric constant in region I compared to
region II. This difference allows the structure to support guided propagation in a similar
fashion as the groove guide [55] [56] [57] or other related guided structures. Therefore,
if an air gap is added between the dielectric and top metallic plate, the effective dielectric

constant of the dielectric is simply reduced, so that guided propagation is still possible.

HTIIT TH

Fig. 6.3. Double Gapped H-Guide. The magnitude and direction of the electric field is
represented by arrows.

Dielectric

— Metal

Similarly, if dual air gaps are added, as shown in Fig. 6.3, guided propagation is also
possible. This has the advantage of being completely symmetric, as well as being a better

match to free space at the mouth of the horn.

6.2 H-Guide Aperture Antenna design

Previous dielectric horn antenna designs, such as the ones that is discussed in [49][58],
use a different approach than will be discussed here. In [58], for example, dielectric lies
on the metallic walls of the tapered metallic structure; while in this design, the dielectric
lies in the center. In [49], the horn is fed by a dielectric-filled rectangular waveguide,
while this horn is fed by an H-guide. An H-guide aperture horn antenna, which operates
with electric fields parallel to periodic metallic bars, but without a center dielectric in the

tapered section, can be found in [60].

The structure shown in Fig. 6.2 has been applied to an H-guide aperture horn antenna
design as shown in Fig. 6.4, which we presented previously in [61]. Here, the fields are
guided by the dielectric in the horizontal plane, as an H-guide, then tapering slowing into

a gapped H-guide. In the vertical plane, fields are guided by the metallic plates. The
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antenna radiates primarily at the mouth of the horn, or at the end of the gapped H-guide

as shown in Fig. 6.4, not along its edges.

Top
Radiating
Aperture
' "~ ™
-
Gapped
Radial <
H-guide
H-guide <
\

A

SX

v

Side

Radiating
Aperture

—
20°

/

PH

Metallic
Plate

—p> <—
H

Fig. 6.4. H-guide aperture horn antenna. Substrate is Rogers 5880. a = 10 mm, H =
1.575 mm, PH = 100 mm, HW = 22 mm, SX = 100 mm. The radiating aperture is at the
front of the horn only. In the horizontal plane, fields are guided by the dielectric. In the
vertical plane, fields are guided by the metallic plates.

Fig 6.5 shows the magnitude of the electric field within the structure at 9 and 15 GHz

when excited using a waveport. Here, the magnitude distributions shows that fields

travel from the input port to the mouth of the horn.
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Fig. 6.5(a) Magnitude of the Electric Field within the dielectric/air portion of the H guide
and partial H-guide at 9 GHz.
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Fig. 6.5(b) Magnitude of the Electric Field within the dielectric/air portion of the H guide
and partial H-guide at 15 GHz.
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Fig. 6.6 Radiation pattern (total gain in dB) in the yz plane (H-plane, dot) and xy plane
(E-plane, cross) at 9 GHz (top) and 15 GHz (bottom) for the antenna show in Fig. 6.4.
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In Fig. 6.6, the radiation pattern at 9 GHz is shown, where the return loss for the structure
is shown in Fig. 6.7. Using the Bézier shaped microstrip to thin H-guide transition

discussed in the previous sections, the antenna design becomes relatively straightforward.

-10 ~

NATAVAVAY NP WAY
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'30 T T T T T T
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Frequency (GHz)

S11 (dB)

Fig. 6.7 Return loss at the H-guide waveport input for the antenna shown in Fig. 6.4.

An improved design which applies the double air gaps is shown in Fig. 6.8. As the wave
approaches the mouth of the horn, the fields are guided primarily by the dielectric in both
the horizontal and vertical directions, especially for wider vertical apertures in terms of
wavelength. A wave that is guided in both the horizontal and vertical directions by a
rectangular dielectric block is a rectangular dielectric waveguide, which is discussed in

more detail in Appendix C.
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Fig. 6.8 Dual Air gaps. a =10 mm, H = 1.575 mm, SX =100 mm, PH = 100 mm, HW =
26 mm, 6 =18°.

6.3 Separating Input Impedance and Aperture

Before discussing H-guide aperture antennas of increased complexity, it is beneficial to
discuss some theory behind their design. In the previous section, a taper from the H-
guide to the gapped H-guide is used to transition into free space. Typically, we must
consider the input impedance of an antenna to ensure good radiating efficiency. A poor
return loss (poor impedance match) indicates that power is reflected back towards the
input port instead of being transmitted. In many antenna designs, however, structures
that change the input impedance also change the fields at the aperture, thus affecting the
radiation pattern. The H-guide aperture antenna may be one exception to this design

restriction as will be discussed in this section.

Let us examine the theoretical return loss using the power-corrected multiple reflection
method discussed in Chapter 4. The return loss of an exponential taper has been
compared between the multiple reflection method and an exponential closed form model
[1] in Appendix F, Example 4. In that example, a smooth exponential taper has been split
into 10 discrete sections, where the input impedances are a close match. Now, consider

the segmentation of a gapped H-guide taper as shown in Fig. 6.9.
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Fig. 6.9 Segmentation of an H-guide taper. Each section has an effective propagation
constant, B, and length /,.

If section 1 approaches a propagation constant that is equal to an H-guide (5.), then f; —
[.. Each subsequent section then has an effective propagation constant, £, and length /,.
The reflection coefficient, with reference to the start of the taper, is then given as (see Eq.

(4.18) in Chapter 4).

o 2 2 i(n—
FN] — Z(l Fn] )F(H-n)(n)e 2j(n=1)(B.1,)
n=1
where
I, =0 (6.1)

Note that the square in the bracketed term is removed since each segment represents only

one crossing of an interface, as opposed to two as in Chapter 4.

The task of finding a theoretical propagation constant for the gapped H-guide has not
been considered here, since no closed form solution exists and some approximations must
be made. Previous attempts from literature at approximating the propagation constant for
a simpler rectangular dielectric waveguide are discussed in Appendix C. By examining

eq. (6.1) and making physical observations, however, we can obtain some useful results.

At the beginning of the taper, the propagation constant, 5; approaches f., the propagation

constant of the H-guide. Therefore, the slower the taper, the lower the reflection
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coefficient at the beginning of the taper, and a lower total reflection coefficient according

to (6.1) will be obtained.

At the mouth of the horn, or at the end of the taper, the metallic plates are so far apart that
the propagation constant of the gapped H-guide approaches that of a rectangular
dielectric waveguide. In addition, because the rectangular dielectric waveguide in this
design is so thin, the propagation of the dielectric waveguide is close to that of free space,
Po.  Changes in the shape of the dielectric here do not significantly change the
propagation constant as long as the propagation constant is close to that of free space.
This allows the modification of the structure at the mouth of horn to “shape” the

propagating wave, without significantly changing the reflection coefficient!

Since it possible, using this approach, to shape the fields at the mouth of the horn without
significantly affecting return loss, it is possible to also shape the fields in the far field, and
thus the radiation pattern. Consider the aperture of the horn to be an aperture source, then

the space factor can be given as [62]

1,12 1,/2
SF = J‘ J‘ An(x|’yq)ej[kx'sinHcos¢+ky'sin95in¢+¢n(x',y')]dxydy; (6.2)

~1,/2-1,/2
Where [, and /, are the x and y dimensions of the aperture, and 4, and ¢ are the amplitude
and phase distributions over the aperture. The element pattern can be assumed to be a

small rectangular aperture.

Eq. (6.2) can be interpreted as a two dimensional Fourier transform [62]. A constant
phase aperture, with a smooth Gaussian shaped pattern in the x-direction, and a cosine
squared distribution in the y-direction, will therefore form a radiation pattern with low

sidelobes.

77



A
A\ 4

> |E)

Byl T/\ g

Fig. 6.10 Aperture and ideal amplitude distribution of Gapped H-guide aperture antenna.
The notch in the vertical direction occurs because of boundary conditions over the
dielectric and is unavoidable. Its effects are minimized through the use of thin
substrates. (Drawing not to scale.)

In the next section, this method has been applied to correct the phase at 18 GHz and thus
achieve low sidelobes at this frequency. Examination of the phase at the aperture
confirms this. It should be easy to see that this design goal is possible over a wide

bandwidth if the aperture is made large enough.
The structure in Fig. 6.10 can be simulated in HFSS and the magnitude of the electric

field can be plotted for a 10 mm wide, 1 mm tall dielectric segment as shown in Fig. 6.11

and Fig. 6.12. The air-dielectric boundary is shown with dotted lines.
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Fig. 6.11 Comparison of the magnitude of the electric field in the x-direction within an H-
guide (no gap) and a gapped H-guide with a 1 mm gap between the dielectric and
metallic plate.
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Fig. 6.12 Magnitude of the electric field in the y-direction within a gapped H-guide with a
1 mm spacing between the dielectric and metallic plates.

Because the fields within the gapped H-guide are complex, a parametric study is included
in Fig. 6.13, where the vertical horn angle is varied, while the inner dielectric taper in the

horizontal direction remains constant.
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Fig. 6.13 Variation in angle of metallic plates. Inner dielectric tapers from 10 mm to 30
mm for each run. The horn angle is measured from the horizontal plane to the plane of
one of the metallic plates.

In this parametric study, the radiation boundary is placed at the aperture of the horn, so
that the effects of the aperture on the reflection coefficient are removed. The variations

in Fig. 6.13 are therefore due only to the change in metallic plate angles.

From Fig. 6.13, we can conclude that for an optimal angle for operation from 6 to 18
GHz, where a return loss of 10 dB or better is required, is equal to 8 degrees in the
vertical plane, close to the H-guide to gapped H-guide transition. This corresponds to a
dielectric taper from 10 mm to 30 mm, given that Rogers 5880 is used as a substrate, and

the H-guide plate separation distance is equal to 1.575 mm.

6.4 Dual Angle and Phase Corrected H-Guide Aperture Design

A second improved design is shown in Fig. 6.14, where a dual taper angle for the metallic
plates is used, as well as a curved dielectric shape. The curved dielectric shape allows the
phase at the mouth of the horn to be almost equal at 18 GHz, thus achieving low

sidelobes at this frequency as discussed in the previous section.
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Fig. 6.14 Improved dual air gap H-guide aperture horn antenna design. a =10 mm, H =
1.575 mm, SX = 100 mm, PH1 = 50 mm, PH2 = 50 mm, HW = 32 mm, RH=HW /2 =

16 mm, 6, = 15°, 6, = 18°.

Fig 6.15 HFSS model for the improved dual air gap H-guide aperture horn antenna

design shown in Fig. 6.14.
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Fig 6.16(a) Antenna pattern at 9 GHz for the dual air gap H-guide aperture horn antenna
simulation shown in Fig. 6.15. yz plane (H-plane, dot) and xy plane (E-plane, cross).
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Fig 6.16(b) Antenna pattern at 12 GHz for the dual air gap H-guide aperture horn
antenna simulation shown in Fig. 6.15. yz plane (H-plane, dot) and xy plane (E-plane,
cross).
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Fig 6.16(c) Antenna pattern at 15 GHz for the dual air gap H-guide aperture horn

antenna simulation shown in Fig. 6.15. yz plane (H-plane, dot) and xy plane (E-plane,
cross).
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Fig 6.16(d) Antenna pattern at 18 GHz for the dual air gap H-guide aperture horn
antenna simulation shown in Fig. 6.15. yz plane (H-plane, dot) and xy plane (E-plane,
Cross).
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Fig. 6.17 Three-dimensional antenna pattern at 18 GHz for the antenna shown in Fig.
6.15.
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Fig. 6.18 Magnitude of the electric field at 18 GHz for the antenna shown in Fig. 6.15.
Note that the phase is almost linear at the mouth of the horn, and virtually no fringing
occurs at the metallic edges of the aperture, which both reduce sidelobe levels.
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In this design, the simulation shows that this antenna exceeds a return loss of 10 dB from
7 to 18 GHz while achieving a gain that varies between 12 and 18 dBi as shown in Fig.

6.19.
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Fig 6.19. Measured vs. Simulated return loss for the antenna shown in Fig 6.15.

The width of the dielectric slowly increases to compensate for the loss in effective
dielectric constant as the air gap widens. A two-stage design, with a smaller angle 8; to
improve return loss, and a large angle, 6, is used to widen the aperture and thus improve
gain. Finally, to speed up the wave at the aperture and thus adjust the phase, a curved
shape with radius HW / 2 is cut into the dielectric. The three dimensional view of the

antenna is shown in Fig. 6.15.

Some advantages of this design are that the wave exiting the aperture is nearly planar,
and is mostly concentrated in the dielectric, away from metallic edges in the vertical
direction, and with no metallic side walls required. The concentration away from
metallic edges in the vertical direction reduces sidelobes, as does the absence of metallic

side walls.
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6.5 Complete Antenna Design and Measurement

In this section, the complete antenna design is discussed, where the microstrip to H-guide
transition from Chapter 5 is used to excite the fundamental TEy mode in the H-guide.
The complete design is shown in Fig. 6.20 below with the magnitude of the electric fields
at 15 GHz.
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Fig. 6.20 Complete H-guide aperture antenna design. The H-guide antenna structure is
fed using a microstrip to H-guide transition.

Of course, the addition of a non-ideal excitation source (as compared to a waveport) may
lead to the excitation of higher order modes or leakage. At 15 GHz, however, the
behavior of the electric fields are acceptable as can be seen in Fig. 6.20. Very little

leakage is seen on either side of the centre dielectric structure.

The assembled structure is shown in Fig. 6.21. Top and bottom metallic plates are
formed using sheets of single-sided copper-clad FR4. Partial bends in the substrate are
possible by partially cutting into the substrate, which is fiberglass-reinforced. The

remaining substrate and metal allow for the bend to keep its shape.

86



e |‘{‘|P'p 'i'[?l“l"l'(‘ﬁ‘f‘i‘ O e
i%%l!il“ 2

(b) fl?l‘ll!_lﬂl etlsi'uiueluu- x:ﬂu;duﬁ nr:|l'uﬁliuulnzllmi\\ﬂuniuﬂwmhn‘niﬁu‘u”un|u%|n;:?_.i|-

87



(d)

(e)
Fig. 6.21. (a) Three dimensional view of assembled H-guide aperture antenna using
microstrip to H-guide transition. (b) Top view of assembled antenna. (c) Close-up top
view of coaxial to microstrip connector. (d) Close-up bottom view of Rogers 5880
substrate before assembly. (e) Top view of Rogers 5880 substrate before soldering and
assembly.

The return loss is compared between measured, simulated using a waveport, and
simulated using the microstrip to H-guide transition in Fig. 6.22. The measured data
includes a coaxial to microstrip transition that is not taken into account during
simulations. Even though this was not taken into account, a reasonably close match is

observed between measured and simulated results.
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Fig. 6.22 Comparison of return loss (-S11) between simulation using a waveport,
simulation using a microstrip-to-H-guide transition, and measured data.

The antenna azimuth and elevation patterns at 9 GHz are shown in Fig. 6.23, and Fig.
6.24, respectively. Similar behavior in the shape of the azimuth and elevation patterns
can be seen, however, both patterns are degraded by the addition of the microstrip to H-

guide transition.

At 12 GHz, the azimuth and elevation patterns are shown in Fig. 6.25 and Fig. 6.26,
respectively. Again, the shapes of both the azimuth and elevation patterns are similar and

are degraded by the addition of the transition.

At 15 GHz, the azimuth and elevation patterns are shown in Fig. 6.27 and Fig. 6.28,

respectively. Sidelobes become apparent, however, the peak gain is still reasonable.
Differences between measured and simulated results are due to fabrication errors, and

non-ideal effects of the FR4 substrate at higher frequencies. Some results of these effects

include unwanted surface waves, or losses due to radiation at the edges of the top plate.
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Azimuth Radiation Pattern @ 9.0 GHz
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Fig. 6.23 Antenna azimuth radiation pattern at 9 GHz.
Elevation Radiation Pattern @ 9.0 GHz
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Fig. 6.24 Antenna elevation radiation pattern at 9 GHz.
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Azimuth Radiation Pattern @ 12.0 GHz
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Fig. 6.25 Antenna azimuth radiation pattern at 12 GHz.
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Fig. 6.26 Antenna elevation radiation pattern at 12 GHz.
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Azimuth Radiation Pattern @ 15.0 GHz
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Fig. 6.27 Antenna azimuth radiation pattern at 15 GHz.
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Fig. 6.28 Antenna elevation radiation pattern at 15 GHz. Sidelobes increase past 30
degrees due to leakage from the transition.
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6.6 Summary

In this chapter, the design and simulation and measurement of the H-guide aperture horn
antenna has been discussed. Simulation using a waveport is discussed, as well as
simulation, fabrication, and measurement using a microstrip to H-guide transition. A
very good match between simulation and measured return loss is observed. Antenna
patterns, however, are degraded in the sidelobes due to leakage caused by the transition

structure.
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Chapter 7: H-Guide Dual Directional Coupler

In this chapter, the design of an H-guide Dual Directional Coupler is briefly investigated.
Such a device is useful for test and measurement equipment and has been used for optical
devices [33]. Non-Radiative Dielectric (NRD) guide couplers have been designed by
using slots in a metallic plate [63], or by using a slab of dielectric [64] between two
dielectric waveguide transmission lines. In these applications, forward and reverse power
of the transmitted power can be measured very precisely. These results can subsequently
used to

a) find the impedance of an unknown load

b) measure transmitted and reflected power for an H-guide antenna

c) find the bandwidth of a matching circuit

etc...

7.1 The Thin Single-Mode H-Guide

Consider a 4 mm wide H-guide formed using Rogers 6006 low loss substrate and copper
plates. Transmission parameters for the fundamental and first odd modes are then

simulated using HFSS [36] with waveports as shown in Fig. 7.1.
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Fig. 7.1 Magnitude of the electric field within a 4 mm H-guide formed with Rogers 6006.

Transmission parameters for a 10 cm long section of H-guide are plotted in Fig. 7.2. The
cutoff frequency for the first odd mode can be found using equations in [11] for an
infinite slab dielectric waveguide. For a 4 mm wide slab of Rogers 6006, the cutoff

frequency is 16.5 GHz and is marked approximately on Fig. 7.2 with a dotted line.
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Fig. 7.2 Transmission parameters for a 4 mm H-guide using Rogers 6006.
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Fig. 7.3 Externally terminated dual directional H-guide coupler design. Length, L = 40
mm. Gap, g = 8 mm. Curve Radius, R = 35 mm. Substrate is Roger 6006 with height
1.27 mm, with an H-guide width, a =4 mm.
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7.2 Coupler Design

For this design, a single, 4 mm wide H-guide made of Rogers 6006 carries the signal
from the input (Port 1) to the output (Port 2) as shown in Fig. 7.3. Dual curved H-guides
couple energy from the main line to the coupled ports 3, 4, 5, and 6. These two sections

suppress the formation of odd modes because the structure is symmetric.

The functionality of the externally terminated dual directional coupler can be described as
follows. Input power is sent through port 1 and port 2 is connected to the unknown load.
A small portion of the power is sent into ports 3 and ports 5. If port 3 is assigned to be
the forward port, then port 4 and port 5 are externally terminated. Port 6 will then

measure a portion of the power reflected back from port 2 into port 1, the input port.

A plot of the electric field at 14 GHz when port 1 is excited is shown in Fig. 7.4 below.
A portion of the power from port 1 is coupled into ports 3 and 5.

Port 6 Port 5

Port 1
Port 2

Port 4 Port 3
Fig. 7.4 A plot of the magnitude of the electric field inside the externally terminated dual
directional coupler at 14 GHz.

The scattering parameters of the coupler are shown in Fig. 7.5. The insertion loss (-S21),
or amount of power that is lost from port 1 to port 2, varies from 5 dB at 9 GHz to 1 dB at
14 GHz. The return loss (-S11) is better than 35 dB over the entire frequency range. The
coupling (-S31) varies from 5 dB at 8 GHz to roughly 22 dB at 14 GHz. Although an
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ideal coupler has constant coupling over the frequency range, for measurement devices,
this factor can easily be “calibrated out” by simply taking the coupling factor into account
in the calculations. The most important parameter, however, for a dual directional
coupler is its directivity, or how much the coupler can discriminate between forward and
reverse waves [1]. The directivity exceeds 25 dB between 8 and 13.5 GHz. Single mode,

coupled dielectric lines have been analyzed in [65].
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Fig. 7.5 S-parameters and directivity for the externally terminated dual directional
coupler.

7.3 Summary

In this chapter, the design and simulation of a single mode H-guide dual directional
coupler has been discussed. Directivity was found to be better than 25 dB from 8 to 14

GHz, while return loss was better than 30 dB.
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Chapter 8: Conclusions and Future Work

In this thesis, it is shown that a relationship exists between dielectric waveguides, EBG

structures, H-guide antennas, and H-guide directional couplers. Two dimensional EBG

structures bounded by metallic plates can be modeled as coupled H-guides. Based on this

model, a technique to predict the frequency response through such a structure has been

developed. A new microstrip to H-guide wideband transition was designed to measure

the structure as well as feed a new type of wideband, high gain, low sidelobe H-guide

based aperture horn antenna. Finally, dual directional coupler confirms that the H-guide

can be used for microwave circuit designs.

8.1 Contributions

The main contributions from this Ph.D. thesis include

A new type of EBG structure that allows energy to pass instead of being blocked
was presented in [38]. We have subsequently termed this structure a “band pass”
structure, EBP.

An antenna based on this EBP structure [38] was presented in [39].

An optimized periodic structure as compared to [38] has been presented in [46].
This structure [46] contains only a single H-guide that guides energy instead of
several coupled H-guides as in [38].

A new wideband, low loss microstrip to H-guide transition structure has been
presented in [48].

In [61], a high gain antenna based on this transition structure has been presented.
The analysis of a periodic H-guide structure presented in Chapter 4 has been
submitted for a 2™ revision [66].

The improved and measured dual gapped H-guide aperture antenna presented in
Chapter 6, along with the transition presented in Chapter 5, will be combined and

submitted as a full length journal paper.
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e The directional coupler presented in Chapter 7 will be constructed and sent as a

shorter submission. It has been accepted for publication as a conference paper for

AP-S 2010 in Toronto [67].

8.3 Future Work

It is hoped that this thesis will be the basis for much further research work. In particular,
the microstrip to H-guide transition proposed in this paper will allow
1) the design of efficient, new high gain antennas
2) the measurement of complex periodic structures in the form of EBG or perhaps
even metamaterial structures
3) the design of compact waveguide-like microwave devices, such as the dual

directional coupler

In addition, the periodic structure analysis presented in this thesis allows for much new
research. Specifically, since the “inverse” operation exists, a structure that meets a
certain frequency response or phase may be designed, given a certain criteria. A negative
phase structure, for example, could in theory be designed using this theory. Several
simplifications in the analysis were made so that the method is easier to understand,
however, it should be easy to see that a more precise model based on this method will

yield improved accuracy.
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Appendix A: The Infinitely Large Dielectric Slab

Waveguide

y
A
&d

co a/? /y

-a/2

<K

Fig. A.1 A two dimensional Dielectric Slab Waveguide of width “@” with dielectric
constant &4 is infinitely large in the y and z directions. It is sandwiched between a
medium with dielectric constant ¢,. We wish to consider the propagation in the +z
direction.

v
>

The following analysis follows a similar derivation for TM modes as outlined in [10].

In Chapter 2, we have assumed that since the dielectric slab is infinitely large in the y
direction, the variation in the electric field in the y direction is 0, or

Z—f =0 (A.1)
Here, we wish to consider TE, propagation in the +z direction, where E. =0, as shown in
the simplified diagram in Fig. A.1. E\ and E, may or may not be zero. We first assume a

magnetic vector potential function
F =a.F.(x,,2) (A2)
where the potential function F’ satisfies the wave equation

VPE (x,y,2)+ B°F.(x,,2) =0 (A.3)
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To find the fields for TE, modes we then evaluate the following derivatives to find the

field components,

g LOE
g Oy
1 OF
E, = 6xZ (A4)
E =0
2
g —-d 9E
wuE 0x0z
__J OF As)
oue 0yoz '
. 2
H, =—’[a—2+ JF
wue\ 0z

If F, is separable, it can be written as
F.(x,,2) = f(x)g(»)h(z) (A.6)
To simplify the problem and to consider the solutions that are important to the analysis in

this case, we apply the theory of superposition and consider only the odd modes. Even

modes may be considered separately and added to the solution.

For the potential function inside the dielectric, we consider the fact that there will be a
standing wave between the air/dielectric boundary at x = +a/2 and x = —a/2, and apply
the function for traveling waves in the z direction. We can then form the following
potential function for odd modes inside the dielectric, where odd modes refer to the sine

term in the potential function,
F(x,,z) = A4, sin(f,x)e > (A7)
where

F, is the potential function inside the dielectric
A, 1s the magnitude constant inside the dielectric
., 1s the propagation constant in the x direction inside the dielectric

p. 1s the propagation constant in the z direction inside and outside the dielectric
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Outside the dielectric, we form similar functions, however, since the air around the

dielectric slab is infinite, the wave is evanescent.

Forx > a/2,

F, (x,y,2)=Ae " e (A.8)
For x < -a/2,

F, (x,y,2)=—A,e e (A.9)
Where

F . is the potential function outside the dielectric where x > a/2

zo+

F__is the potential function outside the dielectric where x < -a/2

A, is the magnitude constant outside the dielectric

a_, 1s the attenuation constant in the x direction outside the dielectric

B, 1s the propagation constant in the z direction inside and outside the dielectric

We may find the separation of variables equation by taking the second partial derivatives
of each component of the potential function with the procedure outlined in [10].

Inside the dielectric,

ﬂxdz + ﬂzz = ﬂdz = wzgd/ud (A.10)

where

B, 1s the propagation constant inside the dielectric

Outside the dielectric,

-a, +ﬁ' ﬁ' =w’e, 1l (A.11)

where

B, 1s the propagation constant outside the dielectric

Note that f. is common to both inside and outside the dielectric. This allows us to solve
for the entire wave at once, propagating as a whole. The propagation constant in the x

direction uses the symbol a since when this quantity is zero, the wave is contained
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entirely inside the dielectric with zero loss. Since we now have the necessary potential

functions, we may apply our derivatives to find the electric and magnetic fields.

The fields for the odd modes inside the dielectric are then,

E =0

1 bz
E, = g—dAd cos(B x)e (A.12)
E.=0

z

H = Ad xdle COS(ﬂde)e_jﬂ:Z

X

W€,
H,=0 (A.13)
H, =P (g 2 p2)singpxe
W&,

The fields for the odd modes outside the dielectric, for x > a/2 are,

E =0
E, = __Aog% ¢ g P (A.14)
E =0
H = Aoaxoﬂz e—amxe—jﬂzz
op,E,
H, =0 (A.15)
_jAo 2 2 —a,x _—jp.z
H = _ e Px¥ g IP-
T oope, (ﬂ & )

The fields for the odd modes outside the dielectric for x < -a/2 can be found in a similar
fashion. Even modes can also be found through a similar procedure. We now apply
boundary conditions at the dielectric / air boundary, ensuring that the normal and

tangential field components are continuous.

To ensure continuity of the £, component at x = a/2,

1 ‘ —a al .
LBy cos(B, U)e s =~ A 0 T (A.16)
& g,

d

To ensure continuity of the H, component at x = a/2,
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— jA, (ﬁdz —,Bzz)sin(ﬂxd %)e—/ﬁgz _ ﬁ(ﬁoz _ﬂZZ)e_ax,,aze‘.iﬁ',-z (A.17)

a)/'ld gd C()/lo 80

Now, simplify and divide the second equation (A.18) by the first (A.17) to obtain,
A . A —Uy 9
5 (ﬂdz -pB. ) sin(B,, %) ,uiic (ﬂoz - ﬂzz) e

M8y
e TG (A18)
(ﬂdz _ﬂzz)tan(ﬂm %) - @02 B ﬂzz)
B na,,

We may simplify this equation by re-arranging the separation of variables equation,
ﬂxd2 = ﬂdz - ﬂzz
—a, =p -

We may then substitute and obtain

B (B, Y) o
/ud ﬂxd luoa)m (AZO)

o
B tan(B,, %5) = ”T

o

(A.19)

ﬂxda a _ lud axoa
P tan(p,95) = e (A21)

This last equation may be used to find the TE cutoff modes for the infinitely large

dielectric slab waveguide as follows,

The propagation constant of the wave itself must lie between that of each medium [10],

or

B, <B.<p, (A.22)

It is intuitive to see that this should be the case, however, the reader may refer to [9] or
[10] for a more detailed explanation of this. The lowest propagation constant allowed for
the wave is when it approaches the lower end of the bound, or f,. If this is the case, then

from the separation of variables equation,
a, =B -B’~0 (A.23)

This implies that the zeros of the equation for the cutoff modes may be written as
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a.a

Pl ian(p, 9) =05 <o
¢ (A.24)
uh="
where 7 is an integer. At cutoff, we may again make an approximation as follows,
BB =B =0,
2 2
when B — B, (A25)

B =B =B = e 1~ o,
B = O\ E 1y = E,1,
Then, finally, we may substitute (A.25) into the (A.24) above to obtain the cutoff
frequencies for odd modes [9] [10] [11] as,

n
) Za\/gd/ud —EH,

(A.26)

where for odd modes, n =1, 3, 5, etc...

For even modes, n =0, 2, 4, etc... where the entire derivation above is repeated [10]. TM
modes are found the same way. We note that in (A.26), the cutoff modes for both the TE
and TM modes begin at 0 Hz for TE, and TM,. Again, as in the case for TIR, this
equation provides real numbers only if dielectric constant ¢; is larger than dielectric

constant &,.
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Appendix B: The Single Mode H-guide

In this Appendix, the thin single mode H-guide and its cutoff frequencies are discussed as

shown in Fig. B.1.

€o

€d
-al2 al2

z

Fig. B.1 The H-guide. A rectangular dielectric slab extends from x = -a/2 to x = a/2 and
is bounded at y = 0 and y = h by metallic plates. The structure continues to infinity in the
+z and -z directions.

Results in this thesis show that, surprisingly, low loss H-guide propagation is indeed
possible for very small plate separations less than a half wavelength apart. This has been
shown through simulated results with copper and dielectric losses in Chapter 3, and with
measured results in Chapter 5. We therefore wish to study the TE, propagation in a thin
H-guide using a similar procedure as the previous section, where E. = 0 and E, and E,

may or may not be zero.

Consider in this case, that the electric fields tangent to the metallic plates are forced to
zero. Therefore, at y=0and y = A,
E. =E, =0 (B.1)

We can assume a standing wave between the two metallic plates as for rectangular

waveguides,

g(y) = Cysin(fy) + C, cos(fy) (B.2)
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Applying the same potential functions in the x and z directions from the previous section

allows us to form F, as follows,

For odd modes in the x direction inside the dielectric,

F,(x,y,2) = A;sin(f,,2)|C sin( B,,) + C, cos(B,,y)| e = (B.3)
For odd modes in the x direction outside the dielectric when x > a/2,
F,.(x..2) = 4, [Csin(B,,9) + C, cos(B,, )] e (B.4)

Again, we have assumed the same propagation constant in the z direction so that we solve
for the wave propagating as a whole and have assumed a standing wave in the y
direction. To simplify the problem, we find the E, derivative in the dielectric and apply

boundary conditions as follows,
E, = 4,sin(B,%)[C.B,, cos(B,,y) - Co B,y sin(B,,y)] e (B.5)
Aty =0, E, =0, so that the only non-trivial solution requires that C; is zero. In addition,
aty = h, E, =0, so that inside the dielectric,
B h=nrx (B.6)
And outside the dielectric,
B,h=nx (B.7)

In this case, we will assume the same mode in the y direction (parallel to the air/dielectric
boundary), inside and outside the dielectric. The same technique is applied to the
partially filled dielectric waveguide in [10] to satisfy the boundary conditions along the

air/dielectric edge. Therefore,
ﬁyzﬂydzﬂyo (B8)
Where

B, 1s the propagation constant in the y direction inside the dielectric
B,, is the propagation constant in the y direction outside the dielectric
B, 1s the propagation constant in the y direction both inside and outside the dielectric,

since they are assumed to be the same.
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We may then rewrite the potential functions as follows. For odd modes in the x direction

inside the dielectric,

F,(x,y,2)= A, sin( S x)cos(B,y)e = (B.9)
For odd modes in the x direction outside the dielectric when x > a/2,
E,.(x.y,2) = A, ™" cos(B,y) e = (B.10)

For odd modes in the x direction outside the dielectric when x < -a/2,
F,.(x,y,2)=—A,e"“ " cos(B,y) e/ (B.11)

Applying the same technique as in the previous section, we apply the separation of

variables technique again to find, inside the dielectric,

B +B +B =B =ac,u, (B.12)

And outside the dielectric,

o+ B+ B =B =0, u (B.13)

We now find our fields by applying derivatives to the potential functions as follows.

Inside the dielectric,

A .
E =- P, sin(ﬂxdx)sin(ﬂyy)e_m:z
&y
E = Ad xd -JjB.z B.14
=P o5 o ) (B.14)
E =0

z

H, = 24Pl o5 x)cos(py)e
W&,
4,88

H, =-——""—sin(f x)sin(f, y)e (B.15)
a)ﬂd d

H. =T (52~ 52)sin(B,x)cos(B,y)e -

W&,

Outside the dielectric, we have
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A .
E = —"ﬂy e sin(,Byy)e”ﬂzz

— 0" x0 = 0xpX -JjB.z
E = —g—e cos(B,y)e”’ (B.16)

H = o xoﬁ Cos(ﬂyy)e*./ﬁsz

 ope,
4
H, = AP.P. e sin(B,y)e (B.17)
OL,E,
JA() oX -jp.z
COS e
H= OQH ~ B2) e cos(B,y)

We may now apply additional boundary conditions to our problem. We previously
applied boundary conditions with the y potential function at y = 0 and y = A to simplify
our problem, where we have found that

Bh=nrx (B.18)

We can apply boundary conditions at x = a/2 for the £, component as follows,

AO axo

AiBu cos(f3,, %) cos(ﬂyy)e‘””zZ = ) cos(ﬂyy)e‘jﬂzz (B.19)
€y

o

We can apply boundary conditions at x = a/2 for the H, component as follows,

A, ; A, :
e (8 - B )sin(B., Yj)cos(B,y)e = = (ﬂ ~p)e " cos(B,y)e
d d
(B.20)
We simplify and divide these equations to find
A ﬁd ﬂ Sll’l(ﬁd/) /udgd e‘“m%
4, g7 -p. Ry 722
A, B A, -a,9
fcoswxd%) —"Te ? (B.21)

o

tan(f,, %) =77 Pu

which is identical to the case without infinite metallic plates. In this case, however, the
separation of variables equations have an additional ﬁy2 term, which will lead to different
cutoff frequencies for modes higher than TE, in the y direction where f, # 0. Cutoff

frequencies for the TE;o modes, for example, are identical for the TE,;, modes in an
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infinite dielectric slab with or without parallel metallic plates since B, = 0, while cutoff
frequencies for TE,; will be different than for TE, modes since §, # 0. It is possible to
solve for the cutoff frequencies for modes higher than TE,, using the separation of
variables equations and applying additional boundary condition equations, however, we
may simplify the problem for our purposes as follows. Consider the separation of

variables equation, repeated here for convenience,
B +B+ B =B/ (B.22)
Using Pythagoras’ theorem, we see than f, must be smaller than S, if . does not equal

zero. To satisfy boundary conditions in the y direction, we must satisfy

Bh=nr (B.23)

Let us substitute , for S, to find a lower bound on the lowest frequency that satisfies the
boundary condition for mode n = 1.

B.h>r
1 (B.24)

fe> e,
For Roger's Duroid 5880 substrate where ¢, = 2.2 and the height, 4, of the substrate is
1.575 mm we obtain from (B.25),

f.>64.17 GHz (B.25)

We can see that the first cutoff frequency is quite high in the y direction. This will be a
function of the dielectric constant and the height of the substrate chosen. Now, consider
the cutoff frequency for the TE; mode for the infinite dielectric slab without metallic
plates, which will be the same as for the TE;y mode for the infinite dielectric slab with
metallic plates, where n = 1. Let’s use (A.26) repeated here for convenience,

n

ST ——”

(B.26)

For the same Roger’s Duroid 5880 substrate as used in Eq. (B.25), where ¢, = 2.2 and the
height, 4, of the substrate is 1.575 mm and a = 6.0 mm, we obtain

f.=22.8 GHz (B.27)

We can see that for this realizable case, the cutoff frequency for the TE;o modes is much

lower than the lowest possible cutoff frequencies for the TE modes restricted by the
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height of the substrate. In addition, since these frequencies are both above 20 GHz, there
is a very large bandwidth available between 6 and 20 GHz that is available. Note that
these zero order modes may propagate. At lower frequencies, however, waves in the x-

direction extend great distances from the waveguide [10], causing unwanted losses.

Another approach to finding the cutoff frequency for modes where the electric field is
parallel to the metallic plates involves solving for TM modes in an infinite dielectric slab,
as discussed in [40] for the Non-Radiative Dielectric (NRD) waveguide. If the guide
wavelength, 4,, for the TM; mode is found according to equations in [11] or [40], then
the distance Ag / 2 represents the lower bound on the distance between metallic plates
where propagation may occur. For the case discussed above for Eq. (B.27), this method
for finding the TM; mode produces a frequency of 65.98 GHz, or less than 3.5% away
from the lower bound found using Eq. (B.24). This method, however, requires solving a

much more complicated system of equations as discussed in [11] and [40].
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Appendix C: Rectangular Dielectric Waveguide

In this section, the rectangular dielectric waveguide is discussed, where a rectangular

piece of dielectric waveguide guides electromagnetic waves in the +z direction.

3D

/4“
v
N

Fig. C.1 Rectangular dielectric waveguide.

We wish to study the quasi TE, propagation in the rectangular waveguide using a similar
procedure as a dielectric slab waveguide in [10], where E. = 0 and E| and E, may or may

not be zero, while using the same approach as in [65].

Assume that the electric field potential components are separable, and can be written in

the form

F(x,y,2) = f(x)g(»)h(z) (C.1)

The potentials inside the dielectric are chosen to yield a symmetric E, electric field for
TE, modes. The fields in Regions 1 through 5 are considered, where regions in the

corners are ignored, as shown in Fig. C.2 and proposed in the model in [65].
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Fig. C.2 Regions for consideration in [65], labeled 1 through 5. Non-labelled regions are
not considered.

Inside the dielectric,

F(x,,2)=C,C,,C._sin(S,x)cos(f,,y) e P+ (C.2)

The potentials outside the dielectric are chosen to decay exponentially, and to match the
boundary conditions at the air/dielectric boundary as in the model in [65]. The
distribution along the x direction outside the dielectric is the same as inside the dielectric,

for example.

Outside the dielectric on top, (y > h/2)

F,(x,5,2) = C,C,,C.sin(B,x) e e/ (C3)

Outside the dielectric on the right, (x > a/2)
F,(x,,2)=C,C,C.e " cos(f,,y) e (C4)
The same propagation constant is used in the z direction for inside the dielectric as

outside the dielectric so that the wave propagates as a whole. In the air section, the same

distribution is assumed immediately next to the structure.

Using potential F,, and assuming TE, modes, the electromagnetic fields are found with

the following derivatives. [10]
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_1eF.

E =
Y& oy
1 OF
E =-95 C.5
Yoe oOx (©3)
E.=0
g ] O°F,
= e Ox0z
[ O°F. (C.6)
» = wue 0yoz '
2
H, = j—— (a—ﬁﬁszz
wue\ 0z
Inside the dielectric,
A .
£, =Pt in(p ysin( e
d
E, = 2Pt co5( 3 x)cos(B,v)e (€.7)
&y
E.=0
H, =258l o5 x)cos(f )
W&,
AP . . e
H, =225 o, x)sin( B, v)e (C3)
WOf,E,
— 4 . s
H, == (5~ 52 )sin(B,x)cos(B,)e
WOH,E,
Outside the dielectric on top,
E = Abr sin( S, x)e e e
Aoﬂx _/va —jB.z
E, :g—"cos(ﬂxdx)e vl P (C.9)

o

E =0

z
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H =— Aoﬂxdﬁz COS(ﬁde)e_ﬂyaxe*]ﬁzZ

X

A _ A
H, = AbyuP: sin( B x)e " e (C.10)
H, =—"° J4, (ﬂoz -p’ )sin(ﬂxdx) e PrrenilE
OUE,
Outside the dielectric on the right,
A .
Ex = _O’Byd o P sin(ﬂydy)e_’ﬁzz
E, = AL ot cos(B,,v)e "’ (C.11)
g()
E =0
Hr — Aoﬁxoﬁz e*ﬁmx Cos(ﬂydy)e_jﬂzz
- OUE,
A .
H, = PP g sin(B,,)e "+ (C.12)
ouE, ’
H, = (g2 ) et cos(B p)e
OH,E,

The separation of variables equation is used to find the characteristic equations inside and
outside the dielectric.
1d* 1d’g 1d°h
1df 1dg _

— - =—p C.14
fdx* gdyt hd p ( )

Inside the dielectric,

2 2 2 2 2
IBxd + yd +ﬂz :ﬂd :a)gdll’ld

s ), s (C.15)
ﬁxd + yvd IBd - ﬁz
And outside the dielectric,
2 2 2 2 2
- - + = =we
ﬂxa ﬂya IBZ IBU o/l’lo (C16)

B +B. =B =B
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The negative terms appear when substituting the functions f and g outside the dielectric
into the separation of variables equation.

Now, apply boundary conditions along the entire right edge, where £, must be continous

E, = 2Put cos(B x)cos(B ) =~ Lo o Pt cos(B y)e
& &
) ! , ) ’ (C.17)
B
d I~ xd COS(ﬂxdE):_ nIon e 2
&, 2

o

Along the entire right edge, /. must also be continous

H.= (52~ 52 )sin(Bx)cos(B e = I (g2 g2
ou,e, o,

" cos(B,.v)e

0o~ 0

ﬂjz‘d( ? _ﬂzz)sin(ﬂxd )— (ﬂ _B ) by

(C.18)
Divide, (C.17) and (C.18)
Ad ' COS(ﬂxd g) _ Aaﬂxa e_ﬁxng
&, 2 _ g,
Ad 2 2) a B A 2 2 _ﬁxog
- sin(f,, - 0 - 2
e, (ﬂd B. ) (B 2) e (ﬁo B. )e (C.19)

2—,32
A ULy =) =P,
By cot(f ) B dﬂ rE

Apply boundary conditions along the entire top edge, where the E, term must be
continuous.

A A _ ‘
Ex = ‘;‘ = Sln(ﬂxdx) Sin(ﬂydy)e_]ﬂ:Z = ;ﬂ_yo Sin(ﬂxdx)e ’B)’aye_/ﬂzz
d

o

4 : (C.20)
Sin(ﬂyd %) — %e‘ﬂyoz

o

Ad yd
&y

Along the entire top edge, H. must be continuous,
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H, =~ (52— p?)sin(Bx)cos(Buy)e = = I (52— g2 in( B x)e ™ e P

a)ﬂdgd a)luoga
A Bt
g )eostp =l
d“d
(C.21)
Divide (C.20) and (C.21) to obtain
A A -t
&, 2 _ g,
Ad 2 2 h - A 2 2 7[3)"0&
_ CcOS — ) _ 2
e, (ﬂd B ) (B 2) e (ﬂo B )e (C.22)

patan(6,,5) =1, » ﬂﬂd [f

Along the entire top edge, E, must be discontinuous by e.Ey = €,E,

E, = 5,22 cos( 0y cos(B,)e " = 5, 2Pt cos( 8 x)e e

d go

' » (C.23)
Ayoos(p, D= A

Divide by the H, (C.21) condition on the top edge, to obtain,
(8 -82) _ e, (C.24)
(ﬁnz_ﬁzz) /uogo
However, (C.24) suggests that we may solve £. as follows,
luogo( d2 - ﬂzz): Hi€4 (ﬂoz - ﬂzz)
/Lloguﬂdz - ﬂogoﬂzz = ﬂdgdﬂoz - ﬂdgdﬂzz

B (uye, — 11,8,) = mye, B, — 16,8, (C.25)
i 2 _ ,Ud&'dﬂoz —,Ll080,3d2 _ ,udgda)z,uo ; —yogoa)zﬂdgd 0
) (/udgd _:Uogo) (,Udgd - ,uogo)

(C.25) suggests a non-causal answer for f.!

Sub into (C.15) and (C.16),

2 2
_l_
ﬂwz r___Hb (C.26)
Bua + DB Hi€q
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Sub (C.24) into (C.19) and (C.22), to obtain

By cot(B,, §)=—ﬂmj—d (C.27)
Botan(B, )=, % (C.28)

o

Equations (C.27) and (C.28) are the same equations as presented for the infinite dielectric
slab case in [10], and for the rectangular dielectric waveguide in [65]. Note that we
applied equation (C.24), which implies that propagation is non-causal as shown in

Equation (C.25).

In [65], the author explains that the rectangular dielectric waveguide can be represented
by two intersecting infinite dielectric slabs using formulas (C.27) and (C.28). In [69], the
procedure is outlined, where TM modes are assumed in one plane and TE modes in the

other. The dielectric slab can then be solved easily using techniques in [10].

Another model for the rectangular dielectric waveguide uses Bessel functions [68],
however more recent work [69] claims that parts of this work is incorrect. [69] also
suggest that the model for two intersecting dielectric slabs [65] is the easiest, most
effective way to obtain an estimate for the propagation constant of the rectangular

dielectric waveguide, despite its non-physical properties.
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Appendix D: Qualitative Transmission Line Comparison

A detailed comparison between different types of transmission lines, is included in
publications such as [1] or [56], where the H-guide is discussed. Copper and dielectric
losses for the H-guide are considered in [56] on p. 331. For the frequencies and

structures discussed in this thesis made of low-loss Rogers substrates, dielectric and

conductor losses are negligible.

Here, a qualitative comparison is summarized in tabulated form for convenience.

Transmission Advantage Disadvantage
line
Microstrip e Compact. e Leaky for high frequency

e Wideband.

e Robust.

e FEasy to manufacture
using chemical etching

or mechanical milling.

antenna designs especially
around bends.

e Chemical etching may
sometimes not be easy or

environmentally friendly.

Standard  Air-
filled metallic

waveguide

e Able to carry vast
amounts of power.
(hundreds of watts)

e Low loss.

e Large.

e Heavy.

e Costly to manufacture
quality, low-loss
components.

Single mode H-
guide

e Low loss when
operating in the proper
mode in the proper
frequency range.

e (Can be made very thin.

e Highly suitable for

e Leaky around bends and
discontinuities

e Width approximately
double that of a metallic
waveguide.

e Proposed transition in this
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Can be fabricated cost
effectively with a low
cost mechanical

milling process.

Substrate
Integrated
Waveguide
[70]

Compact.
Little leakage around
bends or

discontinuities.

Prone to metallic losses,
especially at high
frequencies.

Prone to manufacturing
defects. i.e. one bad via
may  seriously  affect
performance.

Expensive equipment

needed for clean, fast,

reliable mm wave
fabrication.
Fabrication 1S time

consuming without costly

equipment.
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Appendix E: HFSS Simulations

HFSS [36] is a popular commercial simulation software based on the Finite Element
Method (FEM). Structures can be drawn in a three-dimensional Computer Aided Design

(CAD) environment.

Once drawn in this CAD environment, HFSS is able to “mesh” the structure. In HFSS,
meshing a structure consists of dividing it into very small three dimensional tetrahedral
shapes that approximate the actual structure. The density of these shapes depend on the
dielectric constant, proximity to metallic surfaces, proximity to sources, or proximity to

boundary conditions, etc...

Fig. E.1 A single tetrahedral shape used for meshing a structure in HFSS.

Once the structure has been meshed, an electric field that satisfies Maxwell’s equations is
solved using matrix methods. The value of the electric field is stored at the vertices of
each tetrahedron and at the midpoints of each edge. Values of the electric field at interior

points are found through interpolation.
A tradeoff exists between the size of the mesh and accuracy. Of course, a very fine mesh

will yield higher accuracy; however, will also result in a very long computational time.

HFSS begins with a very coarse mesh, then will refine the mesh until the required
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accuracy is found in regions of high error, such as near a waveport or metallic edges.

The user may choose the level of accuracy of the final solution.

The HFSS package contains automated tools to optimize a design, which can save
valuable user time. Available resources include parametric analysis of structure
dimensions, or optimization analysis using non-linear techniques. In both of these
methods, the structure’s dimensions are varied to obtain a certain simulation result, such
as a greater return loss (S11), or smaller insertion losses (S21). Other goals can include

higher antenna gains, or almost any other parameter available in HFSS.

For a parametric analysis, the user begins by defining a nominal geometry. The user then
defines which variables should be changed at each step. HFSS allows the user to choose
a linear step of a certain dimension, such as varying the length of a structure from 10 mm

to 15 mm in 1 mm steps.

For an optimization analysis, the non-linear method works best if the user begins by
defining a near-optimal geometry. The user then must define which variables are part of
the study, and in addition, must define the goal and limits for the simulation. One
example would be to vary the length of a dipole antenna to obtain a best return loss at 2
GHz. The user may then choose the optimization method, such as Pattern Search,
Sequential Non-Linear Programming, Quasi Newton, etc... The solutions in this thesis

have used the Sequential Non-Linear Programming method.
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Appendix F: Examples

In this appendix, some examples are discussed that aid in the understanding of the

structures and theories discussed in this thesis.

Example 1: Single Mode H-guide

You are given a surplus of 62 mil thick Rogers 5880. Design a single mode H-guide
with for operation from 8 to 13.7 GHz.

Step 1: Convert 62 mils to millimeters
25.2 mm is equal to 1 inch, which is equal to 1000 mils, or thousands of an inch.

62 mils
1000mils/inch

x252mm/inch =1.575mm

Step 2: Find a lower bound for the cutoff frequency for modes where the electric field is
parallel to the metallic plates.
Using equations in Appendix B (B.24),

B.h>7m

f >;
) 2h\ 1,8,

And using a height of 1.575, and a dielectric constant of 2.2,
f.>64.17 GHz

Therefore, below 64.17 GHz, for non-lossy modes, the electric fields will be
perpendicular to the metallic plates. These modes are denoted TE,g, where n is an

integer.
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Step 3: Find the cutoff frequency of the first mode.
Using equation (2.2),
7= n
2a\e, 0y — 6,1,
We find that for a dielectric constant of 2.2, and a width of 10 mm,
f.=13.7 GHz

Step 4: find the minimum air gap width for operation at 8 GHz
To find the minimum width, we should consider the rate at which the electric field
attenuates on either side of the dielectric for the TE¢ mode. In this case, §, = 0, and the

electric field outside of the dielectric will be given by equation (4.3),

E.=0

E =— Aop e—pxe—jﬁgz
y e,

E =0

z

The electric field decays exponentially from the dielectric at rate p. Solve the
characteristic equation (4.7) to find p and 4,, where a is the width of the dielectric, and &,

=2.2.
h a
=h agtan —2—
pa Latan ,
(pa)’ +(h,a)’ = (s, —D(k,a)’

We obtain a value of p = 118.4, and using (4.8)
ﬂgz = grknz _hn2

where kozz—ﬂ, /) _2z
A, "° A,

a guide wavelength, 1, = 30.6 mm.

In this case, we wish to avoid an attenuating standing wave between the outside wall and
center dielectric. This will always exists, however, if the separation is large enough, the

standing wave will be small since the wave is attenuating.
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g=mn/p=26.5mm

Thus, a minimum air gap, g, of 26.5 mm is required on each side of the H-guide for a
minimum operating frequency of 8 GHz. At higher frequencies, standing waves might
exist, but are weak because of the exponential decay. The total width of the H-guide for
a minimum operating frequency of 8 GHz is therefore

2*26.5mm+ 10 mm = 63 mm

Final dimensions

The dimensions of the H-guide for single-mode operation from 8 to 13.7 GHz is then

shown in the figure below.

Border  material  (air,
<
dielectric, FR4, etc.)

Air gap, g =26.5 mm <

Dielectric width a =10 mm{
Air gap, g =26.5 mm <

Border  material  (air,
<
dielectric, FR4, etc.)

~

Fig. F.1 Required dimensions for a single mode H-guide operating from 8 to 13.7 GHz
formed out of 62 mils thick Rogers 5880.
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Example 2: Periodic H-guide Structure

Design an Electromagnetic Band Pass (EBP) H-guide periodic structure that
includes a passband from 8 to 18 GHz. Your machinist informs you that the

thinnest structure he can safely machine is 1 mm.

Step 1: H-guide design

Let us make use of Example 1 for a substrate of Rogers 5880 that is 1.575 mm thick.
Even though the single mode operation applies from 8 to 13.7 GHz only, this is not a
major concern for a passband structure that simply aims to pass energy. In addition, odd

modes only appear when excited through the introduction of asymmetric structures.

Therefore,
a=10 mm

air gap, g = 26.5 mm

Step 2: Find the dimensions of the structure to satisfy a first resonant frequency of 18
GHz
This is one example of an “inverse” operation. We can determine requirements on the

structure given a certain criteria.

The first resonant frequency can be found using equation (4.19),

. nrw—p.d
B,

wheren=12,...
where n=1.
Again, we must solve (4.7), to find 4,, where a is the width of the dielectric, and ¢, = 2.2.
ha
a=h atan——
p n )
(pa)’ +(h,a)* = (s, = D(k,a)*

Apply (4.8)
ﬂgz ek 2p?

r o n
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where k, :i—ﬂ, B, = 27

0 g
At 18 GHz,

Pe =518.9
and for a parallel plate waveguide,

B, =559.5

Inserting these into (4.19), for a minimum vane width of d = 1 mm,

s =4.98 mm

The final structure is then shown in the figure below,

_
Border  material  (air, <

dielectric, FR4, etc.) 9

spacing, s = 4.98 mm
<>

Air gap, g =26.5 mm <

Dielectric width a =10 mm{

Air gap, g =26.5 mm W
gap, g 3 Vane width, d = 1.00 mm

Border  material  (air,
<
dielectric, FR4, etc.)

~

Fig. F.2 Design of a periodic structure using an inverse operation.
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Example 3: H-Guide to Microstrip Transition

A 50 Ohm microstrip line is fabricated using 62 mil thick (1.575 mm) thick Rogers
5880. Find rough dimensions for a microstrip to 10 mm wide H-guide transition
that operates with a minimum frequency of 8 GHz. To improve the design, explain

which parameters must be input into the optimizer in a numerical simulator.

~
w | - 3. H-guide
! 2. Microstri
R . . Yy < P
Dielectric line to
z “
profiled
“radial”
« waveguide
Top . .
1. Microstrip
Metallic )
line taper
Plate

Fig. F.3 Microstrip to H-guide transition

Step 1: Design a microstrip line exponential taper that matches the impedance between
the 50 Ohm microstrip line, and a 10 mm wide microstrip line, for a minimum frequency

of 8 GHz.

Using equations in Pozar [1], a 50 Ohm microstrip line should be 4.85 mm wide for a

1.575 mm thick Rogers 5880 substrate.

Using a non-power corrected multiple reflection model from the textbook by Pozar,

approximate dimensions for the taper using are found.
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From equations in Pozar [1],

Z(z)=Z,"
O<z<L
a lln é
L \Z,
ln(zLJ
re Z, oo Sin SL
2 PL

Z, is the characteristic impedance of the microstrip line and is equal to 50 Ohms.
Z; is the characteristic impedance of a 50 Ohm microstrip line
[ is the propagation constant for the microstrip line

The length of the exponential taper should be greater than A/ 2, or fL > &
From equations in Pozar [1] for a microstrip line, a 10 mm wide microstrip line has a
characteristic impedance of

Z; =29.5 Ohms

We can then find the rate of the exponential, a,

a=-27.8

S is found for a 50 Ohm microstrip line at 8 GHz to be
f=2294rad/m

Then the minimum length of the taper is

L=n/p=137cm
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N

> Stage 1

J

Fig. F.4 (a) a microstrip line exponential taper from 50 Ohm to a 10 mm wide line. (b) a
microstrip to 10 mm wide line where the dielectric is also 10 mm wide.

Step 2: Find rough dimensions for the wide microstrip to profiled “Radial” waveguide

section whose lowest operating frequency is 8§ GHz.

The microstrip line taper of problem a) is used to find an approximate length for the
required exponential taper section. The actual length may vary because the 10 mm wide

microstrip line has air on either side as shown in Fig. F.4(b).

After this stage, the radial horn shape should be used to widen the electric field. The
maximum width of the transition will be limited by non-ideal effects at the edges of the

transition, where unwanted currents travel along the edges of the metallic plates.

The minimum width of the transition is found using the exponential rolloff of the H-
guide, using attenuation constant “p”. This was found in Example 1 for 8 GHz and a 10
mm wide H-guide in Rogers 5880 to be p = 118.4. The corresponding maximum air gap
width at 8 GHz was then found to be 26.5 mm. The maximum total width, W, was found

to be 63 mm.
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In this case, however, the width must be less than 63 mm, since the electric fields at the
edges do not end abruptly as for Perfect Electric Conductor (PEC) edges. The optimal

width and length should be found using numerical simulation.

Example 4: Exponential Taper

Use the power-corrected multiple reflection model proposed in this thesis to verify

the exponential taper calculation in Example 3.
Step 1: Use existing non-power corrected model for an exponential taper.

The input is a 50 Ohm transmission line in 1.575 mm thick Rogers 5880. The output line
is a 30 Ohm line and the length of the taper is 1.37 cm. In this problem, the magnitude of

the equation below from Pozar [1] will be compared to the multiple reflection model.

ZL

In )
e Z, o Sin SL

2 PL
Z, =50 Ohms
Z; =30 Ohms
L=1.37cm

Step 2: Compare to the discrete, power-corrected multiple reflection model proposed in

this thesis.

The multiple reflection model proposed in previous chapters can be used in a discrete
case, where the power correction factor makes the method more robust. Meaning,
previous multiple reflection models required that each incremental reflection must be
very small, where the power-corrected multiple reflection model reduces this

requirement.
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Let us consider the same exponential taper, however, with 10 discrete steps instead of a

continuous curve.

/ Smooth

Exponential

\ taper

10

Discrete

3 4 10 point

CIC I Exponential

taper

Fig. F.5 Smooth exponential taper and discrete 10 point exponential taper used for the
multiple reflection model.

Now, use the power corrected model as follows for two segments first,
L =1 + (-] 1 ‘2)132672,@
where 6, = 5,1,
Notice that the bracketed term is not squared, since each reflection considers only one

interface, not two as in previous chapters. Again, a cascaded approach will be used to

find the reflection from three and more interfaces.
L =15 + (=T, |2)r43e_2j€3

This result may be generalized as a sum as follows,
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N
_ 2 —2j(n-1)0,
Ly = Z (1 - |Fnl| ) F(1+n)(n)e

n=1
where
Fll =0

The results are compared to Pozar [1] in Fig. F.6.

1.37 cmlong 50 Ohm to 30 Ohm Microstrip Exponential Taper

0.3 4

0.25 \

0.2

0.15 4§

|Gammal|

0.1

0.05 4

16 18

Frequency (GHz)

|Gammal Pozar =— — |Gamma| 10 element power-corrected multiple reflection model ‘

Fig. F.6 Exponential taper from Pozar [1] vs. 10 element power corrected multiple
reflection model.
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