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ABSTRACT

This dissertation presents first a comprehensive study of the design and performance of a multilayer dielectric
rod waveguide (DRW) with rectangular cross-section. The design is comprised of a high permittivity core encased by
a low permittivity cladding. A modal analysis of the multilayer DRW with a 2:1 core aspect ratio is presented and a
mathematical model is proposed to characterize the fundamental mode cutoff frequency in terms of the core and
cladding permittivity and the core dimensions. The explicit nature of the model is useful for design and it offers an
excellent match to the full-wave EM simulation data. The multilayer DRW performance is measured for the extended
Ku band (10-18 GHz) considering straight and bent waveguides with different radius of curvature. The multilayer
configuration shows a 16.7% and 24% reduction of the 1 dB cutoff frequency for a 10 x 10 mm2 and 20 x 20 mm2
cladding area, respectively, when compared to a single layer design of the same core dimensions. It is also
demonstrated that the multilayer DRW shows reduced radiation at the lower end of the band when compared to its
single layer counterpart, for different radius of curvature bends. Specifically, the multilayer DRW shows an insertion
loss improvement of 9.5 dB at 12 GHz for a 35 mm radii of curvature bend.

In a second chapter, a proposed multilayer DRW designed for the extended Ku band (10-18 GHz) is fully
developed and fabricated by using additive manufacturing technologies, particularly fused deposition modeling
(FDM). The multilayer DRW is formed by a medium-£ dielectric core printed with a custom-made ceramic composite
and a low permittivity ABS cladding. Both materials are compatible with FDM. Device performance is measured with
and without the presence of the low permittivity cladding. The insertion loss of the multi-layer DRW is less than 0.012
dB/mm and the attenuation due to each waveguide feed transition falls within 0.29 to 0.98 dB in the entire frequency
range. Additionally, the presence of the cladding extends the 1 dB cut-off frequency by 2 GHz, thus improving the
1dB operational bandwidth by 50 %.

The effect of a low permittivity cladding used in a multilayer end-fire dielectric rod antenna (DRA) design
is studied in terms of return loss, gain and half power beamwidth in the extended Ku band (10-18 GHz). Gain
improvement ranging from 4 dB to 7 dB is achieved using cladding permittivities between 1.6 and 2.6 when compared
to a single layer design of the same length. For example, a cladding of € =1.6 leads to a peak gain increment of 4.5

dB at 18 GHz and a 20 degree HPBW reduction compared to the non-cladded rod. It is also demonstrated that this
vii
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design has the same maximum gain as a non-cladded design that is 1.8 times longer. The cladding permittivity in the
multilayer DRA can be adjusted to achieve peak performance at different frequencies within the band, while providing
gain enhancement in the entire band without reducing the bandwidth.

A multilayer dielectric rod antenna (DRA) design is proposed for mm-wave applications. The multilayer
DRA is formed by a medium permittivity dielectric rod core encased by a low permittivity cladding to increase the
peak gain. The antenna is fabricated using fused deposition modeling (FDM) of two thermoplastics; a ceramic
composite material for the core and acrylonitrile butadiene styrene (ABS) for the cladding. The antenna performance
is measured from 30 to 40 GHz and the results are validated using numerical simulations. The peak gain of the
multilayer antenna is over 22 dBi for the entire frequency range. The effect of the cladding on the antenna performance
is to increase the gain by 3-8.5 dB, with a reduction in the half power beamwidth of 22 degrees at the center frequency.
The multilayer DRA design offers high gain performance, scalability to other frequency ranges and low-cost
fabrication.

A metal grated pattern was implemented on a dielectric rod antenna (DRA) with rectangular cross-section to
increase the antenna gain in a narrowband. The DRA is formed by a high permittivity core that is cut into shape using
laser machining. The metal strip loading is added using micro-dispending of silver paste. The proposed design was
characterized from 12.4 to 18 GHz, a peak gain increment of 2 dB was measured at 13 GHz and a half power
beamwidth (HPBW) reduction of 12 degrees was obtained with metal strip length of 0.27 A,. An improvement that
yields ~ 50% reduction in body gradient size when compared to a non-loaded antenna. Simulated data shows the

inverse relationship between the end fire peak gain frequency and the strip length.

viii
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CHAPTER 1: INTRODUCTION

1.1. Introduction

Adapted versions of common planar waveguides such as microstrip and coplanar waveguides are often
integrated into microwave applications; but their characteristics lead to high ohmic losses when implemented at
millimeter wave and THz frequencies [1]. Low losses in the THz range, on the other hand, have been achieved by
dielectric waveguides with either hollow or porous cores [2], but their delicate geometry is not generally considered
attractive from a system integration standpoint. On the contrary, other designs with rectangular cross sections such as
dielectric rod waveguides and dielectric ribbons have already been implemented in multilayer PCBs, exhibiting broad
band performance in the mm-wave range [1].

In this work dielectric rod waveguides and dielectric end-fire antennas are studied and their performance is
enhanced at the Ku and K bands using dielectric loading techniques. The proposed designs have a rectangular cross
section that offers the possibility of integration with mm-wave systems and it can be easily scaled to operate at other
frequency ranges. Dielectric rod waveguides and traveling wave antennas are an attractive option for many
applications in the upper microwave and mm-wave frequency range due to some key advantages including small size,
high gain, broadband performance, and low loss depending on the constituent materials [3]. Dielectric devices
typically have easier, less expensive fabrication process and more tolerance for geometric discontinuities as compared
to metal devices.

Dielectric rod antennas (DRAs) represent a viable option for ultra-wideband (UWB) end-fire systems when
compared to conventional aperture horn antennas or tapered slot radiators. DRAs can often achieve a performance
similar to these alternative approaches accompanied not only with lighter weight, reduced volume and small cross-
section, but also with low mutual coupling between single elements in array configurations [4]. These characteristics
continue to generate interest in a wide variety of fields and applications such as satellite communications [5], radar
systems [6], chip-to-chip communications [7], and millimeter-wave imaging [8, 9].

It has been demonstrated that DRA’s performance can be enhanced with several methods that somehow

modify the structure of the single element. These methods include altering the physical geometry of the antenna in
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order to modify its physical shape [9], or increasing the number of elements to create end-fire array configurations[10].
It is also common to feed the DRA with tapered slot antennas or to implement the rod itself as a feed for reflector
antennas, such as horns or parabolic dishes [11, 12]. More recent studies include substrate integrated waveguide feed
networks and embedded multilayer structures to avoid excitation of high-order modes [4, 13]. Certainly, all of the
above mentioned methods will need a re-design stage if an improvement in performance is needed once the antenna
is operating.

Different dielectric loading studies have been performed previously to vary the cut-off frequencies of
rectangular waveguides (RWG) [14], and also as a way to modify the electrical length of traveling wave antennas such
as Vivaldi tapered slot antennas and waveguide fed aperture radiators with the purpose of gain and half power
beamwidth improvements [15, 16] . Dielectric loading techniques have also been used for antenna miniaturization;
the addition of dielectric materials is used to increase the effective permittivity causing a reduction of the wave
propagation velocity and a reduction of the guided wavelength, allowing the required antenna dimensions to be
decreased. Reduction of the cut-off frequency, increased antenna peak gain and miniaturization are just some of the
advantages of dielectric loading techniques. Nevertheless, the addition of dielectric materials might require in some
cases a modification of the antenna design [15]. Also, it might increase the fabrication cost and complexity as reported
for the multi-filar dielectric loaded antennas [17].

This work investigates the use of a non-invasive dielectric cladding that can be directly incorporated into a
dielectric waveguide or antenna structure to improve the performance without the need for redesign. The cladding can
be fabricated using digital additive manufacturing (AM), specifically fused deposition modeling. The AM approach
is especially useful in this study as it provides a low cost means of experimentally validating different designs with a
rapid turn-around time. Similar techniques have been used with great success in the fabrication of other RF/microwave
components [18, 19].

Additive manufacturing (AM), has proven to be a good manufacturing alternative for the integration and
fabrication of RF/microwave and even mm-wave devices [18], The 3-D printing technology has awakened a
continuous and growing interest among a diverse range of research, industrial, commercial and educational
institutions. This in large part thanks to the possibility of rapid prototyping of custom design parts for a low to mid-
volume production. Fused deposition modeling (FDM) in particular has become one of the popular low-cost

fabrication techniques in recent years, since it has an advantage of efficient management of printing resources (e.g.
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minimum material waste) through a controlled layer by layer deposition process. FDM can employ common
thermoplastics such as acrylonitrile butadiene styrene (ABS) or polylactic acid (PLA), or novel engineered composite
materials [20]. Due to the low conductivity and high surface roughness for printed silver pastes, design of dielectric
waveguide structures is preferred for signal transmission at mm-wave frequencies and beyond. For micro-dispensed
CBO028 silver paste, a lower than bulk conductivity of 3.94¢° S/m [18] and a surface roughness of 3.68um are expected,
with significant variations of both variables across the surface [21].

In a second part of this work, the multilayer dielectric rod waveguide and end-fire dielectric rod antenna
designs proposed are adapted to be completely fabricated using additive manufacturing (AM), specifically fused
deposition modeling (FDM). A ceramic composite that is compatible with FDM and has a higher dielectric constant
than commercially-available 3D printing materials was used for the core [22]. A low permittivity ABS cladding is
included to improve the waveguide bandwidth and to enhance the antenna gain performance in the entire frequency
range.

A metal grated pattern was implemented to the proposed dielectric rod waveguide and dielectric end-fire
antenna. In the case of the DRW, the corrugated metal layer is included to create a band stop filter embedded in the
waveguide core. The band stop center frequency can be adjusted by changing the periodicity of the metal strips and
the rejection level can be varied with the number of filter stages. Band stop filter in dielectric rod waveguides have
been proposed in the literature by introducing alternating layers of high and low permittivity materials [23]. For the
DRA the metal grated pattern periodicity allows to vary the antenna peak gain frequency, this lead to a gain
enhancement in a narrow bandwidth.

In a final part of this work, a broadband transition for dielectric rod waveguides to planar transmission line
is proposed and characterized for the Ku band. The transition is used to characterize single and multilayer dielectric
rod waveguides and dielectric rod antennas. The performance of the proposed transition is compared against a standard
transition to rectangular waveguide.

1.2. Contributions

The main objective of the following research is based on a comprehensive study and system characterization

that will provide improvements in the state of art of dielectric rod waveguides, dielectric end-fire antennas and

interconnects using additive manufacturing techniques.
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Some specific contributions include:

1. Implementation of additive manufactured low permittivity cladding to improve the performance of
dielectric rod waveguides (DRW) and end-fire dielectric rod antennas (DRA).

2. Comprehensive study of the low permittivity cladding effect on DRW to provide an explicit analytical
model of the multilayer DRW cut-off frequency.

3. Design and characterization of fully 3D printed multilayer Ku band dielectric rod waveguide with

enhanced bandwidth using novel FDM composite material.

4. Advancement in state of the art of additive manufactured dielectric end fire antennas

5. Design and implementation of novel low loss DRW transition to microstrip and integration with passive
systems.

6. Design and implementation of metal strip loaded DRW band stop fitter.

7. Corrugated edge integration for side lob reduction and front to back ratio improvement in dielectric end-

fire antennas.

1.3. Dissertation Outline

This dissertation is comprised of 9 chapters organized as follows; a literature review of dielectric rod
waveguides, dielectric end fire antennas and transition to planar transmission lines is presented in chapter II. A
comprehensive study of dielectric rod waveguides and the effect of the cladding in the DRW performance is presented
in chapter III. The multilayer dielectric rod waveguide presented in chapter III is adjusted to be completely fabricated
using FDM and the measured results are analyzed in chapter IV. Chapter V explains the design and characterization
of a metal strip loaded DRW filter for the Ku band. A dielectric end-fire antenna with enhanced gain is proposed to
operate at the Ku band, the design procedure and measured performance is presented in chapter VI. A fully 3D printed
version of the multilayer dielectric end fire antenna is designed and implemented at the Ka band, the performance is
discussed in chapter VII. Chapter VIII presents the design and characterization of a metal strip loaded dielectric rod
antenna with a narrowband gain enhancement. Finally, Chapter IX proposed a broadband transition from dielectric

rod waveguides and dielectric rod antennas to microstrip for the Ku band.
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CHAPTER 2: BACKGROUND AND LITERATURE REVIEW

2.1. Introduction

The continuous and systematic push of the Internet of Things (IoT) and 5G wireless protocols will require
millimeter wave systems that offer wide channel bandwidth and high power handling for successful data transmission
to end users [24]. The implementation of low loss waveguide structures at these frequencies is thus of ever growing
importance. Planar metal-based transmission lines, such as microstrip and CPW that are successfully used at
microwave frequencies, exhibit high losses in the mm-wave range [2]. This characteristic is due to the increased ohmic
loss and surface roughness of the conductive layers, along with the dielectric losses. Dielectric waveguides naturally
eliminate conductor losses and have been successfully implemented in the mm-wave and THz regimes. High
performance dielectric waveguides are used for a wide variety of applications such as biomedical imaging [25],
spectroscopy [26] and communication systems [27].

Dielectric waveguides are usually divided into 3 categories: hollow core, porous core and solid core [26].
Typically, the hollow core waveguides exhibit the lowest losses since most of the electromagnetic power propagates
through the hollow center of the guide [26]. But in order to allow most of the electromagnetic power to propagate in
the core, the core dimension has to be much larger than the wavelength and this can lead to narrow operational
bandwidths or multimode propagation [26, 28]. Porous core waveguides are created by introducing a certain
distribution of sub-wavelength air holes into the core of the dielectric structure. Some very innovative geometric
designs have been proposed in order to achieve low transmission loss and high mode confinement [29-32]. The main
disadvantage of these designs is typically the fabrication complexity that depends on the distribution, shape and size
of the air holes [26]. Among dielectric waveguides, the solid core designs introduce the higher dielectric absorption
losses but their simplified fabrication, wide bandwidths and the possibility of planar implementation are attractive
features. Some solid core waveguide designs such DRWs with rectangular cross-sections and as dielectric ribbons are

highly compatible with multilayered PCBs [23] and on-wafer integration [33].
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2.2. Millimeter-Wave and THz Dielectric Waveguides

The selection of a waveguide structure to be used in a particular application is usually determined by
considering three main factors: the frequency band of operation, the amount of power to be transferred and the
transmission losses that the system can tolerate [34].

The design of effective waveguides for the mm-wave frequency range is not as simple as scale down the
dimensions of the designs used at RF and microwave. Transmission lines such as microstrip and CPW that have a
good performance at microwave frequencies also present high ohmic losses in the mm-wave range and above. Changes
in these transmission lines designs has to be implemented in order to reduce the loses at higher frequencies, for
example an air-cavity inverted microstrip line has been optimized from microwave to millimeter wave and have
reported a maximum attenuation of 0.08 dB/mm up to 100 GHz in a simulation environment [35]. Other efforts has
been dedicated to reduce the propagation losses by using low loss materials. A recently published characterization of
a microstrip on liquid crystal polymer has shown a very good performance on the D band with a maximum attenuation
0f 0.331 dB/mm at 170 GHz [36].

From the 3D digital manufacturing perspective, the resolution of the current technology makes possible the
fabrication of a wide variety of waveguide designs for the mm-wave frequencies. The typical dimensions of mm-wave
waveguides are within the 3D printing capabilities. Equipment with multiple nozzles and the availability of different
materials such as ceramic, metal, plastic and other polymers also make possible the fabrication of multiple layer
waveguides [19]. The reduced conductivity of the silver paste and surface roughness issues make dielectric waveguide
or “metal free” waveguide designs a very attractive option.

A lot of effort have been devoted to dielectric waveguide research and have made possible to reduce the
attenuation level from 100 dB/m to 1 dB/m in the THz regime [2]. A comprehensive review of the main dielectric
waveguide designs is presented in this section.

In general terms, dielectric waveguides have been classified into 3 major categories: solid core, hollow core
and porous core:

2.2.1. Hollow Core Dielectric Waveguides
Hollow core is considered any waveguide in which most of the electromagnetic power propagates through

the air core and just a small fraction in the cladding, despite the cladding material or geometry.
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The main advantage of hollow core waveguides is that material absorption is negligible since most of the
electric field is confined in the air core. On the other hand, the low loss and low dispersion characteristics are only
achieved in a small frequency range. To allow most of the electromagnetic power propagates in the core, the core
dimension has to be much larger than the wavelength which causes multimode operation. Higher-order modes can be
eliminated by reducing the core size, since it increments the cut-off frequency of the higher order modes but this
increases the attenuation of the fundamental mode. By reducing the core size a larger fraction of electromagnetic
power will now be propagating through a different material (cladding) which can lead to higher dispersion [2, 37].

The diameter of this waveguides at mm-wave frequencies is typically about a few millimeters. These
structures are normally rigid and not very practical for circuit integration.

Fig 2-1 presents three variations of hollow core dielectric waveguides for THz frequencies; a single clad
waveguide or dielectric tube [2], dielectric lined hollow cylindrical metallic waveguide or hybrid cladding waveguide
[38] and concentric cylindrically periodic Bragg fiber [39]. The diameter of the core varies from 1 mm for the Bragg
fiber to 8 mm for the single clad. Attenuation values are as low as 1 dB/m as reported for the dielectric lined waveguide

[38].

(a) () (c)

Figure 2-1: lllustration of some hollow core dielectric waveguides configurations. (a) Single clad dielectric
waveguide (b) dielectric lined hollow cylindrical metallic waveguide (c) Concentric cylindrically periodic fiber with
different permittivity materials in the cladding.

2.2.2. Porous Core Dielectric Waveguides

Porous core waveguides are created by introducing a certain distribution of sub-wavelength air holes in the
core of the structure. Typically, this type of waveguides also presents lower material loss compared to the solid core
since less material is placed in the core.

A good porous core waveguide design will increase the power confinement in the air holes, which is very

important in bents and discontinuities. The overall losses will depend on the material used, the size of the holes and
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the percentage of porosity that can be achieved which is the fraction of air holes relative to the total core area. Creative
geometrical shapes has been proposed in the literature for the porous core to improve the performance of these
waveguides but complicated geometries represent a fabrication challenge due to the small dimensions at such high
frequencies [31, 40].

Fig. 2-2 presents an illustration of three porous core dielectric waveguide designs: hexagonal array,
hexagonal and spider web polymer porous fibers. The illustrated designs were fabricated using Polymethyl
methacrylate (PMMA) with 57% and 65% porosity. The air holes sizes vary between 200 and 600 um [31, 32].

As mentioned, both the design and the material properties play a critical role in the porous waveguide. A low
loss flexible porous waveguide fabricated in cyclic olefin copolymer (COC) Topas has reported an attenuation below
0.1 dB/cm measured at 0.6 THz. The design is similar to the hexagonal array in Fig. 2-2(a) with a 6 mm outer diameter,
250 um hole diameter and 560 pm pitch. The same work has also shown that the resulting attenuation using Topas

can be 10 times lower than the one using PMMA [41].

(a) (b) ©

Figure 2-2: Illustration of some porous dielectric waveguides configurations. (a) Hexagonal array (b) rectangular
(c) spider-web air-hole porous fiber [31, 32] .

2.2.3. Solid Core Dielectric Waveguides

In the solid core waveguide as the name implies the electric field is guided in a dielectric substrate. Solid
core dielectric waveguides can be typically classified according to the cross sectional geometry into circular, elliptical
and rectangular dielectric waveguides. For solid-core and porous-core waveguides the guiding mechanism is total
internal reflection if the dielectric constant of the core is greater than the dielectric constant of the cladding. The
guiding mechanism is based on photonic bandgaps when the dielectric constant of the core is smaller than the dielectric
constant of the cladding [34, 42].

The only dielectric material with negligible absorption at high frequencies is air, this is the main reason why

hollow or porous core dielectric waveguide have typically the lowest attenuation values. In general terms solid core
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waveguides are easier to fabricate but the overall losses are determined by the dielectric absorption which can be
frequency dependent [34].

Two options can be implemented to decrease the loss value of a solid-core waveguide. The first one is using
the lower loss dielectric materials available so the minimum loss will be limited to the bulk material loss. The second
option is reducing the waveguide core dimension so a greater amount of the electric field will be propagating in the
air. The disadvantage of this approach is that when the modes less confined to the waveguide it increase the sensitivity
to external perturbations and increase the radiation losses on bents and discontinuities [34, 43].

Some common variations of solid core dielectric waveguides are illustrated in Fig. 2-3. A dielectric ribbon
waveguide created with polymer-ceramic nanocomposites have reported an attenuation of 0.001dB/mm at 200 GHz,
which is 6 times lower than the one from a microstrip at the same frequency. These values were derived from simulated

data in HFSS [44].

(a) (b) (c)
i B I
plage 2 I
(d) (e) ®
- e =
er2 29) -
(@ () ®

Figure 2-3: Illustration of solid core dielectric waveguides configurations. (a) Circular (b) elliptical (c) rectangular
(d) mirror (e) isolated mirror (f) layered ribbon (g) strip loaded (h) embedded strip (i) buried channel dielectric
waveguide [45].

It is worth to mention the difference in three dielectric waveguide structures since often can lead to confusion.
Fig. 2-4 present a dielectric slab waveguide, this is a 2-dimensional waveguide since the width is always consider
infinite. A ribbon waveguide is shown in Fig. 2-4(b), this is a multilayers dielectric waveguide where the width is

considered much greater than the core height. A dielectric rod waveguide without cladding is presented in Fig. 2-4(c),

in this structure the core height and width have comparable dimensions.
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Figure 2-4: Illustration of dielectric slab (a), ribbon (b) and dielectric rod (c) waveguides.

The only dielectric waveguide geometries that possess exact analytic solutions to guided wave problems are
the slab, circular cylinder and the elliptical cylinder waveguides. There is no exact analytic solution to the propagation
characteristics of a wave traveling along a rectangular dielectric guide or other cross-sectional geometries. Some
approximation methods have been proposed in the literature to address the issue [42].

2.2.4. Transition for Dielectric Rod Waveguides to Planar Transmission Lines

The increasing propagation loss of planar metal-based transmission lines with frequency due to metal skin
depth and the challenge of achieving single mode operation makes dielectric waveguides an attractive option for
guiding signals at mm-wave and well into the THz range for chip-to chip and module to module interconnects [46].
One of the main challenges to make dielectric waveguides a viable option for board level interconnect is the
development of effective low loss planar feeds compatible with standard PCB processes [46]. It is part of the scope of
this dissertation the design and characterization of a low loss broadband dielectric rod waveguide transition to planar
transmission lines.

One of the most straightforward transitions between dielectric rod waveguides and microstrip consist of
tapering the DRW ends and directly placing the taper section on top of the microstrip line. The tapered section
gradually matches the impedance to the 50 Q microstrip line. A disadvantage that might be associated with this type
of transition is the higher radiation loss which can lead to a bandwidth reduction.

Fig. 2-5 (left) illustrate this microstrip-DRW transition designed for the G band [47].The transition was
fabricated using Quartz for the miscrostrip substrate, a Ti/Au thin film for the conductive layer and high resistivity
silicon for the DRW. The reported minimum insertion loss for a back to back transition and a 10 mm DRW is 1.55 dB
from simulated data and 4.9 dB from measured data. Fig. 2-5 shows the simulated and measured S parameters of the
transition for DRW of two different lengths. Since the attenuation of the 10 and 20 mm DRWs is comparable, the

results indicate that the majority of the loss comes from the transition.
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Figure 2-5: Dielectric rod waveguide and microstrip line interconnect design for the G band [47].

A similar transition between a dielectric rod waveguide and a microstrip line has been designed from 60 to
90 GHz [48]. As illustrated in Fig. 2-6, the transition is made my tapering the dielectric rod waveguide and adding a

top metal layer to the dielectric core. Transmission losses above 3.5 dB and return losses above 8 dB were reported

from simulated data of a back to back structure from 70-83 GHz.
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Figure 2-6: Transition between rectangular dielectric rod waveguide and microstrip design (left) and simulated
data (right) from 60 to 90 GHz [48].

Recently a transition for dielectric rod waveguide to CPW using an intermediate metallic horn has been
proposed [49]. The transition is depicted on Fig. 2-7 and it shows a tapered ridge metallic horn as an intermediate
transition between CPW and a dielectric waveguide with rectangular cross section. The metal horn is included to
improve the coupling between the waveguides. The transition was designed and characterized for the D band and it

was fabricated using polystyrene for the DRW and Rogers RO5880 for the planar substrate. Fig. 2-7 presents the
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measured S parameters showing a minimum attenuation of 5 dB for a back to back transition with an 8 cm long DRW.

A minimum return loss of 5 dB at 125 GHz and 145 GHz reduces the transition bandwidth significantly.
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Figure 2-7: Transition for dielectric rod waveguide to CPW at D band [49].

Another novel transition has been published recently for PCB integration of dielectric ribbon waveguides
[46]. The design is illustrated in Fig. 2-8 (left) and the measured S parameters at D band are shown in Fig. 2-8 (right).
The dielectric ribbon is transitioned to CPW using a Vivaldi type launcher. Measurements were done using GSG on-
wafer probes via an intermediate planar balun. The measured attenuation at 140 GHz for a back to back transition and
an 8.5 cm dielectric waveguide was reported to be 10 dB, where 2 dB are attributed to the losses from the dielectric

waveguide and 8 dB to the losses from the transition.
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Figure 2-8: PCB-embedding scheme for dielectric ribbon waveguide at D band [46].
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CHAPTER 3: ANALYTICAL STUDY OF MULTILAYER DIELECTRIC ROD WAVEGUIDES

3.1. Introduction

This chapter investigates the design and performance of multilayer dielectric rod waveguides with rectangular
cross-section. The proposed design is formed by a high permittivity rod surrounded by a low permittivity cladding.
The low permittivity cladding is used to enhance the waveguide performance by increasing the bandwidth and
reducing the losses in bends. This additional dielectric layer does not increase the waveguide insertion loss since most
of the electric field propagates in the waveguide core and it also can be specifically selected to increase the field
confinement. The cladding also reduces the possible electromagnetic interactions between waveguide core and
adjacent structures since it encompasses the totality of the electric field. As shown in [50], this characteristic can be
used to prevent degradation of the waveguide performance due to lossy substrates or neighboring waveguides.

In this work, the cladding is fabricated using a digital additive manufacturing (AM) technology called fused
deposition modeling (FDM), which has been proven to perform efficiently up through mm-wave frequencies [18, 19].
With FDM, structures are formed using a controlled layer-by-layer deposition of a thermoplastic filament. The layer
height depends on the printing nozzle size and typically can range from 300 down to 25 um. Similar techniques have
been used with great success in the fabrication of other RF/microwave components [18, 19]. The AM approach is
especially useful in this study as it provides a low cost means of experimentally validating different designs with a
rapid turn-around time.

In addition to experimental results, this chapter presents a closed-form model for multilayer DRW that is
useful for design purposes. It is well known that there is no analytical solution to the wave propagation problem in a
rectangular rod, which can make the analysis of rectangular DRWs very challenging. Several approximation methods
have been proposed in the literature to address this issue; two of the most popular were proposed by Marcatili [51]
and Goell [52]. Marcatili’s method is derived in the Cartesian coordinate system by considering the rod as a
superposition of two dielectric slab waveguides and assuming well confined modes. Goell solves the problem using a
cylindrical coordinate system and proposes a solution based on a modified Bessel function multiplied by trigonometric

functions. Herein, an explicit analytical model for the waveguide cutoff frequency is proposed. The model predicts
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the appropriate waveguide dimensions for a given cutoff frequency, based on the material properties and operational
frequency.

This chapter is organized as follows: section 3.3 presents a study of the multilayer DRW design guidelines
and modal analysis. Section 3.4 proposes an explicit analytical model of the multilayer DRW cutoff frequency as a
function of the core dimension and material properties of the core and cladding. The model is derived for multilayer
DRW with rectangular cross-section and 2:1 aspect ratio. Section 3.5 presents a study of the cladding effect in the
multilayer DRW performance and section 3.6 shows the characterization of the multilayer DRW for the extended Ku
band that was first described in [50]. In this section, measured data of different straight and bent waveguides are
presented and a breakdown of the losses due to the dielectric material, transition and radiation is presented.
3.2. Multilayer Dielectric Rod Waveguide (DRW)
3.2.1. Design Considerations

The proposed multilayer DRW design is comprised of a high dielectric constant core surrounded by a low
dielectric constant cladding [50]. The core is a dielectric rod waveguide with rectangular cross-section as illustrated
in Fig. 3-1. In this work, the width of the core is optimized for the Ku band, based on numerical simulation data
obtained using Ansys (HFSS). As a starting point for the optimization, the width of the core can be approximated to
the maximum thickness for a dielectric slab waveguide with single mode operation [45]:

Slab Thickness < %% (3.1

2 2
n core n clad

where 7core and niciag are the refractive indexes of the core and cladding, respectively.

Cladding
~_Core
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Y Woelad | .
telad
X

Figure 3-1: Multilayer dielectric rod waveguide cross-section and key parameters.

In the DRW, the guiding mechanism is total internal reflection and the modes it supports are hybrid and
polarized in the x or y directions assuming propagation in the z direction. The modes belong to either the E¥,n, or

E* um families, where n and m are the number of maxima in the x and y directions, respectively, and the superscript x
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or y indicates the direction of the field polarization [51]. If the core refractive index is lower than that of the cladding,
the guiding no longer occurs by total internal reflection but by photonic bandgap.

The core cross-section and the refractive indexes of the core and cladding determine the DRW mode cutoff
frequencies. If neore and neaq are very close in value, the largest field component is normal to the propagation direction
or TEM-like [51]. On the other hand, it has been demonstrated that a small difference between the refraction indexes
that satisfy (3.2) will cause the modes E'mn and E* my to be degenerate regardless of the core geometry. A larger
difference between the refractive indexes of the core and cladding will break field degeneracies depending on the core
aspect ratio [51]

L (ncore’ = Mitaa ) << 1
R eore (3 | 2)

Considering a certain field polarization, a square core cross-section provides the largest single mode
operation bandwidth or the largest difference between the first two cutoff frequencies for the E;; and E»; modes [28,
51]. When x and y field polarizations are present in the square dielectric waveguide, due to symmetry, all the modes
are degenerate even for larger differences between ncore and nciag. In this case, a core aspect ratio different from 1:1
can break the field degeneracies, but as one dimension increases over the other the single mode operation bandwidth
reduces [28, 51].As previously mentioned, the cladding refractive index affects the mode cutoff frequencies. For a
certain ncore, increasing the value of nc.q decreases the higher order mode cutoff frequencies as the effective core size
increases. The dielectric cladding can be formed by materials with different refractive indexes in each direction, but
there are advantages to using a symmetric DRW over an asymmetric design in terms of cross-section dimensions and
guiding properties [51]. The cladding effect on the DRW performance will be discussed in more detail in section II B.

Unlike metal waveguides, modes in dielectric rod waveguides extend outside the waveguide geometry. The
rod geometry, material properties and frequency determine the field confinement inside the waveguide core. The

dielectric waveguide normalized propagation constant is defined as

2
(KZ/Kclad) -1

P? =
(Kcore/Kclad)_l

) (3.3)
where K. is the axial propagation constant, Keore=0(Hocore)"’? and Keiai=0(logclad)’>. The normalized propagation
constant can vary for guided modes from 0, when the mode starts propagating and K.= Kiag, to 1, when the mode is
completely confined inside the core and and K.= Kcore.
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Fig. 3-2 illustrates the DRW fundamental mode field distribution for different permittivity conditions; the
normalized propagation constant is used in each case to quantify the field confinement. For these data, a DRW with
rectangular cross-section and 2:1 aspect ratio is considered and the fields are presented at 14 GHz in all cases. Fig. 3-
2(a) and 3-2(b) show a waveguide core of 4.5 mm x 9 mm cross-section with permittivities of 4.85 and 10.2,
respectively, and an air cladding. Increasing the core permittivity decreases the waveguide cutoff frequency and
increases the field confinement, similar to a dielectric slab waveguide. In this particular example the fundamental
mode cutoff frequency decreases from 7 to 5.59 GHz and the normalized propagation constant P? increases from 0.27
to 0.57 at 14 GHz.

Increasing the core permittivity can be used to miniaturize the core dimension. Fig. 3-2(a) and 3-2(c) illustrate
two DRWs with the same cutoff frequency of 7 GHz, with permittivities of 4.82 and 10.2, respectively, and air
cladding. It is shown that the high permittivity core width is reduced by 1 mm leading to 39.5% area reduction. A
mathematical relationship between the cutoff frequency, the core permittivity and core width is proposed in section

3.4.

(a) €core=4.85 (b) €core=10.2
Eclag=1 Eclag=1
W=4.5 mm W=4.5 mm
fc=7 GHz fc=5.59 GHz

P?=0.27@ 14 GHz ~ P*=0.57@ 14 GHz

(€) €core=10.2 (d) €core=10.2
Eclad=1 €clad=1.6
W=3.5 mm W=3.5 mm
fc=7 GHz fc=6.28 GHz

P=0.36@ 14 GHz - P>=0.38@ 14 GHz
Figure 3-2: Electric field magnitude of the fundamental mode for different core and cladding permittivity at 14 GHz.
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A dielectric cladding can be used to decrease the waveguide cutoff frequency and it could be selected to
improve the field confinement. Fig. 3-2(c) and 3-2(d) show the same high permittivity core surrounded by air and by
an infinite 1.6 permittivity cladding, respectively. It is shown that the cladding addition decreases the cutoff frequency
by 0.72 GHz and there is an increase in the field confinement according to (3.3).

In this work, a rectangular cross-section with a height to width ratio of 2:1 is used to maintain single
polarization operation [S51, 52] and to avoid field degeneracies. The materials used for simulation and fabrication of
the high permittivity core and the cladding are Rogers RO3010 (~10.2 and loss tangent=0.0035 @ 9 GHz) and
acrylonitrile butadiene styrene (ABS) (&=2.6 and loss tangent=0.0052 @ 9 GHz), respectively. The DRW was
optimized for the Ku band and the resulting core dimensions are W=2.5 mm and H=5 mm. The baseline cladding
cross-section area was selected to be a square of 10 mm by 10 mm.

3.2.2. Modal Analysis

As shown in the previous section, the fundamental propagation mode in a dielectric rod waveguide is E;; in
which most of the electric field is propagated through the center of the waveguide core. Fig. 3-3(a) depicts the E- and
H-field vectors of the fundamental mode in a DRW with an air cladding and an aspect ratio of 2:1. Fig. 3-3(b) and 3-
3(c) show the E-field magnitude of the fundamental mode EY;; in the core cross-section and E-field vector,
respectively. The E-field magnitude and vectors of the first three higher order modes are shown in Fig. 3-4(a), and

Fig. 3-4(b) illustrates the E-field magnitudes for other higher order mode configurations that the DRW can support.

= H field
= E field

€Y

Figure 3-3: DRW fundamental mode E and H field vectors (a) E;; field magnitude (b) and E* 1, field vector (c) in the
core cross-section.
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The only dielectric waveguide geometries that possess exact analytical solutions to guided wave problems
are the slab, circular cylinder and the elliptical cylinder waveguides. There is no exact solution to the propagation
characteristics of a wave traveling along a rectangular dielectric guide or other cross-sectional geometries. The
propagation characteristics for DRW with rectangular cross-sections must be found either numerically or by using
approximate methods.

Even numerical computation of the fields in rectangular dielectric waveguides can be challenging due to the
behavior of the fields in the waveguide corners and the nature of the boundary conditions. The transverse field
components are known to be discontinuous and to diverge in the corners, especially for high refractive index ratios

between the core and cladding, which might lead to slow convergence of the numerical methods [53].

AlA

| =z
T S -
i < <
E*u EY12 E*12 (a)

Ea2 Ea E» (b)
Figure 3-4: DRW E-field magnitude and vector for the first 3 higher order modes in a DRW with 2:1 aspect ratio
and air cladding (a) and other common higher order modes (b).

Fig. 3-5 presents the normalized phase constant of the fundamental mode and the first three higher order
modes of the DRW simulated using Ansys (HFSS). In this simulation, a DRW of Rogers RO3010 core is considered,
the width of the core is 2.5 mm and the aspect ratio is 2:1. The results are presented for the DRW with an air cladding
in Fig. 3-5(a) and ABS cladding in Fig. 3-5(b). The calculated phase constant using Marcatili’s explicit approximation

is also plotted in Fig. 3-5 for comparison purposes.
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In Marcatili’s approximation, the axial propagation constant B or K, is given by

K, = \/Kwrez -K.?-K/7 (3.4)
where K, and K, are the transverse propagation constants along x and y, respectively, and K, is the propagation
constant of a plane wave in a medium of refractive index n.,,. [51]. The mathematical expression of K, is
Ko Neore0T (21/Ag) Neore Where Ay is the free space wavelength [51].

For EJ, | modes the transverse propagation constants are given by [51]:

)_I,Ky = 1% (1 4 24 Rad) 1 (3.5)

2
TH Ngore

2A
nw

Ke="2(1+

and for EX ;, modes the transverse propagation constants are given by [51]:

K, =%(1+%%)_1,Ky =’;—”(1+%)_1 (3.6)

where A is the maximum thickness for which an equivalent slab waveguide supports only the fundamental mode, or

the maximum thickness in (3.1).

S A T k. R oo ST
300F prw "
275 ¢
250 +
225 o @
o 3 12
X 200 f
Q. 1.75 [ HFSS
' L EX == == Marcartili
150 = 12
1.25 ¢ :
3 n of air
1.00 1 | ¢ N 1 1
n of RO3010 -

3.00 Multilayer DRW

2.75

2.50
12

Bk,

2.25

EX HFSS
/ 12 = e= Marcartili

7/
175 —(/——'I—-Ln—oltﬂgs—l——-r—

10 20 30 40 50
Frequency (GHz)

2.00

Figure 3-5: Dielectric rod waveguide normalized phase constants for the first 4 modes using Marcatili’s explicit
approximation [51] and numerical simulation.

It is important to mention that in Fig. 3-5(a) the normalized phase constant changes from 1, which

corresponds to the refractive index of air, to the refractive index of RO3010 when the mode is totally confined. While
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in in Fig. 3-5(b) the normalized phase constant varies from the refractive index of ABS at cutoff to the refractive index
of RO3010, since in this case the core is surrounded by an infinite homogeneous ABS cladding.

Results in Fig. 3-5 show a good agreement well above cutoff between the EM simulation results and
Marecatili’s approximation for the DRW modes. The largest discrepancy occurs near the cutoff frequency for each
mode due to the validity of the approximation assumptions.

Guided modes in the DRW vary sinusoidally inside the core and decay exponentially in the cladding. To
obtain a closed form solution Marcatili assumes: a) well-guided modes, which means that most of the electric field is
confined inside the core, b) the field strength in the areas on the core corners is negligible; these are illustrated as
shaded regions in Fig. 3-6, and c) the refractive index of the core is slightly larger than the claddings, so the largest
field components are normal to the propagation direction [51]. This derivation was realized in the Cartesian coordinate
system by considering a DRW as a structure formed by two dielectric slab waveguides perpendicular to each other as
shown in Fig. 3-6. These assumptions explain the discrepancies in the normalized phase constant of Fig. 3-5, as well-
confined modes do not occur near cutoff but the field confinement improves as the frequency increases.

It is worth mentioning that among the modes shown in Fig. 3-5, only EY;; and EY;, will be excited if the DRW
is fed with a rectangular waveguide (RWG). Consequently, the single mode operation bandwidth is determined by the
cutoff frequency of both.

For design purposes an explicit mathematical expression that can accurately predict the DRW mode cutoff
frequencies is highly desirable. The accuracy of full-wave EM simulations implies extensive computational time and
resources, especially when multiple iterations of the waveguide dimensions and refractive indexes need to be
considered. In the next section, a proposed closed-form model to determine the cutoff frequency of the DRW

fundamental mode is presented.

n3 ns

n4

Figure 3-6: Cross-section of a DRW indicating the field variations in the core and cladding and the gray regions not
considered in Marcatili’s approximation.
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3.3. Explicit Model for the Cutoff Frequency of the Multilayer DRW

In this section, an explicit model is proposed to calculate the cutoff frequency of the fundamental mode in
multilayer DRW of 2:1 aspect ratio. Fig. 3-7 presents the cutoff frequency of 2:1 DRW for different values of core
permittivity and widths. These values were obtained with full-wave EM simulations using Ansys HFSS. The curves
in Fig. 3-7 consider a core immersed in an infinite homogeneous cladding of different permittivities, and in all cases
the core and cladding materials are assumed to be lossless. A mathematical fit was performed to the data using the

Levenberg—Marquardt algorithm. The resulting model equation is:

08¢

fe= WO (951 3.7

where W is the core width, c is the speed of light in vacuum and X is given by
K =3.671 + 9.5244¢702297¢r (3.8)
The model equation is an adaptation of the dielectric slab waveguide expression for the dielectric rod. The
model playback shows an excellent agreement with the simulated data. As shown in Fig. 3-7, increasing the core
permittivity allows a reduction in the required core dimensions for the same cutoff frequency, as expected. Increasing
the permittivity of the cladding also allows the core dimensions to be reduced. For the same core size, increasing the

cladding permittivity from 1 (air) to 2.6 (ABS) can decrease the cutoff frequency by up to 1 GHz.

0.8¢
3.671+9.524¢ 7% )W (5,7 -1) o

1

E b —o0— ¢,=102
E 4 B —0— €515 -
—0— €,=20
N—r
3 —0— ©,=4.83

o

5 — == Model Playback
gu 3F -

Cut-off Frequency (GHz)

Figure 3-7: Simulated cutoff frequency for the dielectric rod waveguide fundamental mode and proposed model
playback.

As mentioned previously, the model assumes a DRW core immersed in an infinite cladding. The normalized
phase constant as a function of cladding size is presented in Fig. 3-8. The cladding considered is formed of ABS and

has a square cross-section, as shown in Fig. 3-1. When the cladding dimensions increase, the cutoff frequency reduces
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until it reaches a minimum after which there is no significant variation. In this case, a maximum reduction in the cutoff

frequency of 1.25 GHz is achieved for sizes above 35x35 mm?.

2.25

-
T | | L] | | L]

v |
X Multilayer DRW

2.00 ¢

1.75
[~

=

A 1.50 b

1.25 ¢

1.00 —= -
5 10 15 20

Frequency (GHz)

Figure 3-8: DRW normalized phase constants for the fundamental mode and variable cladding dimensions.

3.4. The Cladding Effect on the Multilayer DRW Performance

In this chapter, a transition to rectangular waveguide (RWG) is implemented to characterize the multilayer
DRW. The transition, depicted in Fig. 3-9, has the DRW core partially inserted into the RWG and maintains the same
electric field direction in both waveguides. The inserted core terminations are tapered to gradually match the
impedance and to improve the coupling between the waveguides. In the following sub-sections, the effect of the
cladding on the DRW performance is analyzed and the transition to WR-62 waveguide is considered in the

simulations.

RWG

Tapered
Section

Reference Planes
Cladding

Core

Figure 3-9: Diagram showing the transition from dielectric rod waveguide to rectangular waveguide.

3.4.1. Loss Tangent Variation
The effect of the loss tangent is studied in Fig. 3-10 by considering two cases separately: by varying cladding

tand for lossless as well as Rogers RO3010 cores, and by varying the core tand for lossless as well as ABS claddings.
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In both these cases, tand in varied from 0 to 0.015. The simulated attenuation data are presented at 14 GHz and 18
GHz in Fig. 3-10(a) and (b), respectively. Across the entire frequency band, the attenuation is more sensitive to the
core loss tangent than the cladding loss tangent, since most of the electromagnetic field propagates through the core.
For the same reason, the difference between the attenuation curves for RO3010 and the lossless core (dashed and solid
black lines) is larger than the difference between the curves for ABS and lossless cladding (dashed and solid red lines).
This result is observed despite the fact that RO3010 has a lower loss tangent than ABS. In addition, the attenuation
due to the loss tangent of the core shows a stronger frequency dependence than the attenuation due to the loss tangent

of the cladding.

T T T T T
o= em @ ==« Cladding Tand Variation (R03010 core)
| Cladding Tan Variation (Lossless core)|
—— = o= Core Tang Variation (ABS cladding)
Core Tang Variation (Lossless cladding

o

o

©
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o
(o]
}

Attenuation (dB/mm)
o o ¢
o o
N Ny

© o
o o
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o
=)
>

Attenuation (dB/mm)
=
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0.000 0.005 0.010 0.015
Loss Tangent

Figure 3-10: Simulated attenuation versus loss tangent variation at 14 GHz (a) and 18 GHz (b).

These results indicate that DRW design allows for more flexibility when choosing the cladding material than
the core material since lossy claddings result in a smaller increase in the overall loss of the DRW. In this study, the
data show that selecting a cladding with tan6=0.015 over a cladding with tand=0.0035 results in an attenuation
increment of ~ 0.02 dB/mm while a similar selection for the core results in 0.04 — 0.07 dB/mm increase in attenuation

It is worth mentioning that for the materials considered in this design, the simulations shown in Fig. 3-10
predict an attenuation of about 0.022-0.026 dB/mm at 14 and 18 GHz. The result can be obtained from the curve

labeled ‘Core Tan J Variation (ABS cladding)’ by reading the attenuation for tand=0.0035 (which is the loss tangent
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of RO3010). Alternatively, the same result can also be obtained from the curve labeled ‘Cladding tand variation
(RO3010 core)’ at tand=0.0052 (which is the loss tangent of ABS).
3.4.2. Cladding Dimension Variation

The cladding dimension also influences the waveguide performance. Fig. 3-11 shows the 1 dB and 2 dB Sy,
cutoff frequency of the design formed by a Rogers RO3010 core and a square ABS cladding with a varying cross-
sectional area. The 1 and 2 dB cutoff frequencies in this case are calculated as the point where S, reduces by 1 and 2
dB from the minimum insertion loss. The results in Fig. 3-11 indicate that the optimal cross-section for this design is
20 x 20 mm?. As shown in Fig. 3-8, increasing the cladding size of the multilayer DRW (without any transition)
reduces the fundamental mode cutoff frequency up to a certain value. For cladding sizes larger than 20x20 mm? the
apparent increase in the cutoff frequency is due to the ineffective feeding at the RWG transition. The results in Fig. 3-

11 suggest that the best values for this design are between 10 and 20 mm.

[y
N

—f—— 2 dB cut off
oo o o= 1dB cut off
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w
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N
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0 10 20 30 40 50
Cladding Width/Height (mm)

Figure 3-11: Simulated 1 dB and 2 dB cutoff frequency versus cladding width/height for square cross-sections.

3.4.3. Cladding Permittivity Variation

Fig. 3-12 presents the 1 dB and 2 dB S;; cutoff frequencies of the design formed by a Rogers RO3010 core
and a 10 x 10 mm? cladding with a relative permittivity from 1 to 7. As the permittivity increases from 1, the cutoff
frequency decreases, thus providing more bandwidth. This result agrees with the one presented in Fig. 3-7 and shows
that when the cladding permittivity increases the reduction of the cutoff frequency diminishes. In this case, the optimal
values for permittivity lie between 2 and 4, since substantial decrease in cutoff frequency is observed in this range.

The material chosen for this cladding (ABS) provides a 11.8% improvement in the 1 dB cutoff frequency.
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Figure 3-12: Simulated 1 dB and 2 dB cutoff frequency versus cladding permittivity.

3.5. DRW Experimental Characterization at the Ku Band
3.5.1. Straight DRW Characterization with and Without Cladding

The performance of the multilayer DRW was assessed with a transition to standard rectangular waveguide
WR-62 as shown in Fig. 3-9. The dimensions of the design are presented in Fig. 3-13(a). The length of the tapered
section at each port was optimized in HFSS using a parametric sweep. This type of transition to RWG has been

effectively implemented at the W, D and F bands using sapphire or silicon waveguides [28, 45, 54].

Units in mm

Figure 3-13: Diagram of the 2-port measurement setup showing the transition from dielectric rod waveguide to
rectangular waveguide and the key dimensions (a) and fabricated DRW with cladding (b).

A picture of the fabricated multilayer waveguide is shown in Fig. 3-13(b). The RO3010 waveguide core was
cut into shape using a Rabbit HX-1290SE laser cutter. A 10x10 mm? and 20x20 mm? cladding were manufactured as
a hollow structure by fused deposition modeling of ABS with 100% infill and 150 um layer thickness using a tabletop

nScrypt 3D printer. A 50 micron layer of Rogers Ultralam 3850 liquid crystal polymer (LCP) (&=3.14, tand=0.002 at
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10 GHz) was patterned and attached to the WR-62 flange to hold the DRW core in the center of the RWG aperture.

The performance of this waveguide with and without a 10x10 mm? cladding was presented in [50].
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Figure 3-14: Measured and simulated S parameters for the Ku band DRW with transitions to RWG without cladding
(a) [50], with 10x10 mm’ ABS cladding (b) [50] and with 20%20 mm? ABS cladding (c).

The measured and simulated data of the Rogers DRW core without and with a 10 x 10 mm? ABS cladding

are shown in Fig. 3-14 (a) and (b), respectively. These results include the effects of back-to-back transitions to RWG.

The addition of the cladding decreases the low end 1 dB and 3 dB cutoff frequencies by 1 GHz and 2.5 GHz,

respectively. A total attenuation between 0.019 and 0.04 dB/mm is achieved over the extended Ku-band. The

simulated and measured data for a design with a 20 x 20 mm? cladding are presented in Fig. 3-14(c), showing even
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greater improvement in the waveguide performance at low frequencies. In all cases, the measured S-parameters show
good agreement with the simulated results and the discrepancies between the measured and simulated data can be
ascribed to misalignments of the DRW during measurements.

A similar multilayer waveguide design was implemented for the Ku Band and completely fabricated using
FDM. The cladding is made of ABS, while the core is formed using a custom ceramic composite. This design presents
and 1 dB cutoff frequency reduction of 2 GHz when compared to the single layer waveguide. The multilayer DRW
has an attenuation of ~0.02 dB/mm for a back to back transition at 18 GHz [55]. This attenuation value is comparable
to the one of planar waveguides such as CPW lines in copper-clad LCP with a reported attenuation of ~0.02 dB/mm
at 17 GHz [17, 22].

The presence of the cladding has minimal impact on the DRW insertion loss at higher frequencies since most
of the electric field is concentrated in the waveguide core. The high frequency attenuation is thus comparable to the
attenuation of a plane wave propagating in an infinite, uniform medium of the same material as the core. The

attenuation of a plane wave is given by [56]

1/2
a=w us{%[’1+(i)2—1]} ; 3.9

for low loss dielectric it can be approximated to
a~2 |E (3.10)

where 0 = tandwe. Using the properties of RO3010, (3.10) yields 0.018dB/mm at 18 GHz, which is comparable to
the 0.023 dB/mm attenuation for the multilayer DRW shown in Fig. 3-14.

To achieve results comparable to those of the multilayer DRW but without the cladding, the core cross section
needs to increase, which might impede an efficient transition to the metal waveguide feed. Increasing the core cross-
section significantly with respect to the RWG aperture requires a longer tapered section that extends outside the RWG
and can increase the transition loss. This can be a concern especially for lower permittivity cores that are inherently
larger with respect to their high-k counterparts.

One of the benefits of the ABS cladding is that it can serve as a support for the DRW during packaging and
integration into a system. In particular, there is potential electromagnetic interaction between the DRW and adjacent
structures or electronics given the nature of the DRW field confinement. Fig. 3-15 shows the measured S-parameters

of the waveguide-fed DRW with and without contact to a lossy, 10 Q-cm silicon wafer. The top plot in the figure
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demonstrates significant degradation in the S-parameters due to contact with the silicon substrate. The lower plot

shows that with the cladding, which effectively inserts a 2.5 mm-thick ABS layer between the silicon and the DRW,

there is no noticeable effect from the lossy substrate.

S21’Sll(dB)
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Figure 3-15: Measured S parameters for the Ku band DRW with transition to RWG without cladding (top) and with
ABS cladding (bottom). Each showing measured data with and without a 10 Q cm Si substrate.

3.5.2. Dielectric Rod Waveguide Bends

Fig. 3-16 shows the performance of a DRW with a 35 mm radius of curvature 90° bend without (a) and with

(b) a 10 x 10 mm? ABS cladding. The results indicate that the use of cladding improves the performance of bends in

the DRW by extending the operational bandwidth in the lower end of the frequency band. Additionally, by comparing

the straight DRW in Fig. 3-14 and the bent DRW in Fig. 3-16, a reduction in the attenuation due to the bent section of

the waveguide can be isolated. In this case, the attenuation of the bent section at 12 GHz is 10 dB and 1 dB for the

DRW without and with cladding, respectively.
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Figure 3-16: Measured and simulated S-parameters of the DRW core (a) and with 10 x 10 mm’ ABS cladding (b)
for a 35 mm bend DRW.
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Figure 3-17: Simulated and measured attenuation versus radii of curvature of a DRW bend without (a) and with (b)
the ABS cladding at 12 GHz and 14 GHz.
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Fig. 3-17 shows the measured and simulated attenuation of DRW bends with different radii of curvature with
and without the 10x10 mm? ABS cladding at 12 and 14 GHz. As the radius of curvature decreases, a higher portion
of the E-field is radiated resulting in higher attenuation. These data are normalized with respect to the straight
waveguide (infinite radius of curvature). As the radius of curvature increases, the attenuation decreases and approaches
0 dB - the value for the straight waveguide. The effect of the cladding is significant at low frequencies, while for
frequencies above 15 GHz the attenuation with and without the cladding is approximately the same, as shown in Fig.
3-16.

3.5.3. Loss Analysis for the Multilayer DRW

The total attenuation of the multilayer DRW is a function of the transition to RWG, the total length of the
waveguide and the material properties of the core and cladding. The attenuation due to the DRW can be isolated from
the attenuation due to the transitions by applying the multiline method [28, 57, 58]. This numerical calibration method
is used to remove the effect of the transitions at each port from the uncalibrated S parameters. The cascade or
transmission parameters of the entire system [T;] can be written as the multiplication of the cascade matrices of each
transition [T;-qns] and the cascade matrix of the DRW [Tpgy,] as shown in (3.11)

[Tt]i = [Terans1] - [TDRW]i “[Teransals (3.11)
where the index i denotes the length of the DRW. The transmission matrix of the entire system can be directly

determined from the measured or simulated S parameters as

[T ]i - 5{2551 __51i152iz 51i1 (3.12)
& sy —Sk, 1] ‘
Assuming that the DRW is an ideal transmission line, its transmission parameters are given by
. —yli 0
[(Torw]® = ¢ 0 eyli] > (3.13)

where y is the propagation constant and /i is the physical length of the line.
Considering two dielectric rod waveguides of different lengths L=/i and L=Ij, with otherwise identical

parameters, (3.11) can be rewritten as follows

[Tt]ij ' [Ttransl] = [Ttransl] ' [TDRW]U > (3-14)

where

[TV = [T} - [T,]" ", (3.15)

and
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. . .—1
[(Torw]” = [Torw ] * [Torw]® - (3.16)
Substituting (3.13) into (3.16), the combined transmission parameters of the two waveguides [Tpgy ] can

be written as:

oY (Ui-1i) 0

ij
[TDRW] - 0 e}/(lj—li) . (317)

Since [Tprw 1Y is a diagonal matrix, its diagonal elements are the eigenvalues of [Ty ]¥ and these are also
the eigenvalues of [T,]¥as shown in (3.14). The eigenvalues of [T,]¥ can be calculated from the combined system’s

transmission matrix as follows

- 2 -
ij ij ij i U sy
lij lij _ (Tt11+Tt2 )iJ(Ttn_th ) +4 Tt Tegy 3.18
1 72 - 2 . ( . )

The resulting eigenvalues of [T;]¥ can be equated to the eigenvalues of [Tpry]¥ to determine the

transmission line’s propagation constant. The eigenvalues of [Tpgy, 1% are given by

ij ij
A AZDRW

e Moy = €50, (3.19)

Finally, the DRW propagation constant can be expressed as

m(aY
y=tle) (3.20)
where /1? is the average of both eigenvalues

T
Al = E(All]t + AT]) . (3.21)

2t

Therefore the total attenuation of the multilayer DRW can be calculated as:

Arotar = Re{y} . (3.22)

The attenuation due to radiation can be calculated with (3.22) by repeating the multiline method this time
with lossless waveguides. Finally, the attenuation due to the dielectric can be determined by subtracting the attenuation
due to radiation from the total attenuation:

Apictectric = ATotal — XRadiation - (3.23)

The resulting attenuation due to the dielectric, due to radiation and the total attenuation are presented in Fig.
3-18 for the proposed DRW design without (a) and with (b) a 10 x 10 mm? ABS cladding. As expected, the addition
of'the cladding reduces the total attenuation at lower frequencies without negatively impacting the attenuation at higher

frequencies. In both cases the maximum attenuation due to the dielectric is ~0.023 dB/mm. The attenuation due to the
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dielectric increases with frequency since a higher portion of the E-field travels through the dielectric. The attenuation
due to radiation is very low for the DRW with cladding in the entire frequency range and for the DRW without cladding

above 14 GHz. The average Qgagiarion above 14 GHz in both cases is ~7x10* dB/mm.
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Figure 3-18: Attenuation of the DRW without (a) and with (b) ABS cladding due to radiation, due to the dielectric
and total attenuation.

The difference between the calculated values of the total attenuation in a 110 mm long DRW and the
measured Sy; is presented in Fig. 3-19. This additional loss is due to the transition to RWG and impedance mismatch.
Above 14 GHz where the DRW is well matched, the attenuation is mainly due to the transition. For the DRW with

and without cladding, the attenuation due to the transition ranges from 0.2 dB to 0.55 dB per transition.
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Figure 3-19: Attenuation of the DRW due to the transition to RWG and impedance mismatch with and without ABS
cladding.
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3.6. D Band Dielectric Rod Waveguide

As operating frequencies are continuously pushing the limits to sub-mm wave range and beyond it becomes
crucial to count on effective, low loss waveguiding structures at high frequencies. It is within the scope of this research
to implement a low loss DRW to operate at the D band (110-170 GHz), and that is fabricated completely using FDM.

As a first approach a scaled version of the DRW presented in section 3.3 was implemented for the D-band.
This waveguide was fabricated by laser machining a Rogers RO3010 laminate for the core. Fig. 3-20 (a) shows the
DRW geometry and the key parameters: W=0.32mm, H=0.64mm, Lt=4mm, LD=10mm.

A transition to rectangular waveguide was implemented using standard straight rectangular WR 06. Fig. 3-
20 (b) shows a diagram and (c) a picture of the set up used to perform the D band measurements. A D band T/R and
T frequency extension modules by OML were connected to an Agilent PNA N5227A. Two straight WR 06 rectangular
waveguide pieces were connected to the module’s output to protect the connectors and to facilitate the calibration
process. Two additional straight WR 06 waveguide pieces were attached to serve as transitions. It can be noticed from
the diagram that the calibration reference planes do not include the pieces used for transition purposes. In a similar
way as its low frequency counterparts the dielectric waveguide core was placed in the center of the rectangular
waveguides to perform the measurements. To hold the waveguide in place a 50 micron layer of Rogers Ultralam 3850

(LCP) was used.

Calibration Reference Planes

Figure 3-20: Illustration of solid core DWG (W=0.32mm, H=0.64mm, Lt=4mm, LD=10mm) (a), diagram of the D-
band measurement setup (b), and picture of the D-band measurement setup (c).
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Fig. 3-21 presents the measured and simulated S parameters of the D band DRW. Excluding transition loss,
the measured attenuation at mid-band with a back to back transition to rectangular WR 06 waveguide is 0.44 dB/mm.
The discrepancies between the simulated and measured data shown in Fig. 3-21 are attributed to the underestimation
of the Rogers RO3010 loss factor at the D Band, microwave properties for the Rogers material were assumed in the
simulations. Further geometry optimizations are being made to improve the design performance in this frequency

range.

110 120 130 140 150 160 170
Frequency (GHz)

Figure 3-21: Measured and simulated D band S-parameters.

3.7. Conclusions

The design and performance of a multilayer dielectric rod waveguide with rectangular cross-section and 2:1
core aspect ratio has been studied at the extended Ku band (10 to 18 GHz). A mathematical model is presented to
predict the fundamental mode cutoff frequency of the multilayer DRW as a function of the material properties and
core dimension. The model is an adaptation of the dielectric slab waveguide cutoff frequency expression for the
dielectric rod and it aims to 1) reduce the extensive simulation time in the design stage that results from full-wave EM
simulations, and 2) provide an insight into the relationship between the variables. The simulation time of DRW with
rectangular cross-section is higher than for other geometries due to the waveguide corners and it is even more

significant when several iterations are needed to determine the appropriate core cross-section dimension for a specific
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material and a specific frequency of interest. The proposed model shows an excellent agreement with the full-wave
EM simulated data.

The performance of the multilayer DRW is proven to be superior compared to its single layer equivalent. The
multilayer design shows a 16.7% and 24% improvement of the 1 dB cutoff frequency for 10 x 10 mm? and 20 x 20
mm? cladding areas, respectively. It also shows significant improvements in the lower end of the band for 90-degree
waveguide bends. In particular, the attenuation at 12 GHz for a 35 mm radius of curvature bend is reduced by 9.5 dB
when compared to a bent single-layer rod waveguide of the same core dimension. The attenuation due to the DRW
and due to each transition to RWG was extracted using numerical calibration. The resulting values show a maximum
attenuation of ~0.023 dB/mm due to the dielectric, an attenuation due to each RWG transition between 0.2 and 0.55

dB, and an attenuation due to radiation of about 7x10-* dB/mm.
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CHAPTER 4: KU-BAND ADDITIVE MANUFACTURED MULTILAYER DIELECTRIC ROD

WAVEGUIDE

4.1. Introduction

In this chapter a multilayer dielectric waveguide design completely fabricated with additive manufacturing
techniques is characterized over the extended Ku-band (10-18 GHz). The multilayer DRW is formed by a medium-k
dielectric core printed with a custom-made ceramic composite and a low permittivity ABS cladding. It is demonstrated
that the 3D printed multilayer waveguide performance is comparable to a multilayer waveguide created with
traditional fabrication methods and commercial materials. The device performance is measured with and without the
presence of the low permittivity cladding. It is proven that cladding improves the 1dB operational bandwidth by 50%.
4.2. Preparation and Characterization of the Medium-k Electromagnetic Composited for FDM
4.2.1. Preparation of Ceramic Thermoplastic EM Composites

Zeonex®RS420, an amorphous thermoplastic polymer based on Cyclo Olefin Polymer (COP), which is
widely used for injection molding and conventional machining of optical components, was used as the polymer matrix.
COP has a melting temperature of about 280°C and a glass transition temperature of 136°C, which is superior to other
widely used thermoplastics such as ABS, Polypropylene (PP), and PLA. It is chemically inert to strong acids and
solvents. Meanwhile, the tested dielectric and loss properties of high-k MgCaTiO, ceramic fillers (MCT-140 from
Trans Tech Inc.) chosen for this work were &~127.26 and tan 6 < 0.0012 at 6GHz.

The high-k ceramic powders were sintered at 1200°C to further enhance their dielectric and loss properties
as reported in [3]. This process achieves the highest €, and lowest tan  with the lowest cermamic filler volume fraction
for the desired EM properties, thus avoiding feedstock filament brittleness. The FDM feedstock filament preparation
process starts by pulverizing the sintered ceramic particles using a high-energy ball milling tool for 24 hrs, followed

by a sieving process to ensure that the maximum particle sizes are below 38 pm. The COP thermoplastic matrix and

The content of this chapter has been published in [51] and it is included in this dissertation with permission
from the IEEE. A copy of the permission is included in the Appendix A-2.
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sintered ceramic particles are then uniformly mixed along with a hyperdispersant using a planetary centrifugal mixer
at the desired volume fraction, followed by a hot extrusion compounding process at 220°C to produce loaded filaments
with a diameter of ~ 1.65 mm.

4.2.2. Dielectric Characterization of EM Composites

The dielectric properties of 330 um-thick FDM printed thin-sheet specimens composed of the medium-4 30
vol. % COP-MgCaTiO, were assessed at Ku-band using a cavity resonator test fixture (015 from Damaskos Inc.) and
an 8720ES vector network analyzer from Keysight Technologies. The measured EM properties are €~4.82 and tan
0~0.0018 at 17 GHz. The fabrication, modeling and characterization of this medium-k and low loss EM composite is
reported by Castro et al. in [20].

4.3. Multilayer Dielectric Rod Waveguide (DRW) Design and Fabrication

The proposed multilayer DRW design presented in [S0] was modified to allow for a complete fabrication
using direct digital manufacturing (DDM). The modified DRW design is comprised of a medium permittivity
dielectric rod waveguide core with rectangular cross-section surrounded by a low permittivity cladding. Fig. 4-1
presents the design geometry and key dimensions of the Ku-band DRW design. The width of the core (W) was selected
according to (3.1) for single mode operation of the dielectric slab waveguides. This is a suitable approximation, which
can be optimized using High Frequency Structure Simulator (HFSS) by Ansys; The height of the core was set as twice
the width to avoid cross polarization and field degeneracies [45, 51]. The cladding has a square cross-section and the
dimensions were also varied in HFSS to achieve the desired response. As shown in Fig. 4-1, the DRW core is
terminated with tapered sections at both ends, which are the transitions to rectangular waveguide for measurement
purposes.

The complete multilayer waveguide system was fabricated and fully developed by using FDM. The in-house
prepared ceramic composites used for the core exhibit higher dielectric constant than other commercially-available
materials for FDM (&=4.82 and tan 6=0.0018 at 17 GHz). The material selected for the low permittivity cladding is
ABS (/2.6 and tan 6 =0.0052 at 17 GHz), which is readily available for FDM.

The dielectric waveguide core and cladding filaments were separately extruded through a 125pum inner
diameter ceramic tip at 290°C and 235°C, respectively. Both pieces were then individually patterned using 200 pm

layer height and a 100% infill. These parts were printed onto a metallic bed heated at 140°C and 110°C for the core
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and cladding, respectively. The process was realized with an nScrypt 3Dn Tabletop printer. Fig. 4-2 shows the FDM

fabricated dielectric waveguide core (top) and the entire DRW waveguide with cladding (bottom).

Figure 4-1: Proposed multilayer dielectric rod waveguide design and dimensions.

T R R
T T R —
e e
Figure 4-2: Picture of the FDM-fabricated dielectric rod waveguide without the cladding (top) and with the ABS
cladding (bottom).

4.4, Characterization and Measured Results

To measure the multi-layer DRW, transition to a pair of WR-62 straight rectangular waveguide was
implemented. The tapered sections of the DRW core were partially inserted inside the rectangular waveguide ports to
gradually match the impedance and allow the coupling between them. A 50 micron layer of Rogers Ultralam 3850
liquid crystal polymer (LCP) (&=3.14, tan 6=0.002 at 10 GHz) was patterned and attached to the WR-62 flange to
hold the DRW core in position.

Fig. 4-3 presents the simulated and measured S parameters of the DRW core with a back-to-back transition
to a pair of WR-62 ports without and with the ABS cladding for the extended Ku band (10-18 GHz). It can be noticed
that the addition of the cladding extends the waveguide 1 dB and 2 dB cut-off frequencies by 2 GHz and 2.2 GHz,
respectively, thus improving the 1 dB operational bandwidth by 50%. The addition of the cladding does not affect the
performance of the waveguide at the higher end of the Ku band since the majority of the electric field travel through

the core and the attenuation is determined by the loss tangent of the core at high frequencies.
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Figure 4-3: Measured and simulated S-parameters for the DRW with transition to WR-62 waveguide ports without
cladding (a), and with ABS cladding (b).

The insertion loss of the multilayer dielectric rod waveguide falls within 0.01 dB/mm and 0.012 dB/mm in
the extended Ku Band. The attenuation due to each end transition for the DRW without cladding is 0.9 dB and 0.29
dB at 14 and 18 GHz, respectively. The attenuation due to each transition for the DRW with cladding is 0.46 dB and
0.29 dB at 14 and 18 GHz respectively. The overall performance of the 3D printed multilayer waveguide presented in
Fig. 4-3 is on par with the previously reported multi-layer DRW that was fabricated from a commercial high-k material
not compatible with FDM [50]

The dielectric rod waveguide performance and cut-off frequency are mainly determined by the material
properties and its cross-sectional dimensions. Increasing the dimensions of its cross section shifts the waveguide
operational bandwidth to a lower frequency range. The cross-section of the DRW is inversely proportional to the
material permittivity as shown in (1). If the core material has a medium permittivity value, the core cross-section must

be enlarged compared to a higher dielectric constant design for the same frequency range. Depending on the actual

39

www.manaraa.com



dimensions, effectively coupling between a medium-k design and a standard rectangular waveguide might be
challenging.

Since there are no high-k FDM-ready materials available, the addition of a low permittivity cladding is an
effective solution to miniaturize the waveguide core. It increases the waveguide effective permittivity and lowers the
cut-off frequency, without affecting the core dimension, the transition to rectangular waveguide or the overall
attenuation. Also, as reported in [50] it encases the electric field that propagates outside the core to decrease the
electromagnetic interaction with its surroundings. To achieve the same bandwidth of the multi-layer DRW as shown
in Fig. 4-3, without the use of the cladding, the core cross-sectional area must increase by 4 times, and the taper
sections would be twice as long.

It is worth mentioning that the proposed DRW design is very sensitive to the permittivity of the core and
cladding materials as well as the cross-sectional areas. Hence, further improvements can be achieved through strategic
adjustment of the material properties and dimensions.

4.5. Conclusions

A multilayer DRW proposed for the extended Ku-band (10-18 GHz) was fabricated using FDM. An in-house
prepared ceramic composite based on 30 vol.% COP-MgCaTiO, with fillers sinter at 1200°C was selected 3-D printing
of the core. It exhibits higher permittivity than all commercially available FDM-ready materials. The DRW waveguide
core is encased in a low permittivity cladding fabricated by FDM using ABS.

The addition of the ABS cladding extends the 1 dB cut-off frequency by 2 GHz, therefore increasing the
bandwidth by 50%. The overall performance of the additive manufactured multilayer design is on par with the
multilayer DRW made of commercial printed circuit board (PCB) materials reported in [50]. The ABS cladding allows
the miniaturization of the core cross-sectional area by a factor of 4 while resulting in a smoother transition to
rectangular waveguide. The proposed DRW can be easily scaled to other frequency ranges and the rectangular cross-

section is amenable to system integration.

40

www.manaraa.com



CHAPTER 5: KU BAND METAL-STRIP-LOADED DIELECTRIC ROD WAVEGUIDE FILTER

5.1. Introduction

Novel dielectric waveguides have proven to be low loss effective waveguiding structures at mm wave
frequencies and beyond [26]. To avoid cross-talk between neighboring dielectric ribbon waveguides and improve
packing density, embedded band stop filters have been designed by alternating high and low dielectric constant
sections [59]. Dielectric ribbons waveguides are compatible with PCB multilayer technologies and on wafer
integration [33, 59].

This chapter presents a band stop filter formed by a corrugated metal pattern on a dielectric rod waveguide.
The band stop center frequency can be tuned by adjusting the metal strips periodicity. The corrugated metal pattern
spacing can be optimized to achieve optimum performance at the desire frequency without degrading the waveguide
attenuation in the pass band. Some of the advantages of the proposed design are the simple and low-cost fabrication
process, the embedded nature of the design and the straightforward scalability to other frequency bands. The
combination of different metal patterns on a single DRW will be explored in a future work to allow multiple band
rejection.
5.2. Metal-Strip-Loaded Dielectric Rod Waveguide (MSL DRW) Design and Fabrication

The proposed design is formed by a high permittivity dielectric rod core with rectangular cross-section and
a metal grated pattern on the rod top and bottom as illustrated in Fig. 5-1. The loaded waveguide was optimized for
the Ku band using Ansys (HFSS) and the resulting dimensions are: Liape=25 mm, Lp=110 mm, W=2.5 mm, H=5 mm,
Ly=1.12 mm and L,,=4 mm. The waveguide width was initially selected according to the dielectric slab waveguide
single mode operation, prior to the optimization [50]. A waveguide height to width ratio of 2:1 was chosen to break
the field degeneracies [50].

The high permittivity DRW core is made from Rogers RO3010 (er=10.2 a loss tangent=0.0035 @ 9 GHz)
and it was cut into shape using a Rabbit HX-1290SE laser machine. The metal strip layer was fabricated using copper

foil taper that was patterned with a cutting machine. The copper foil thickness is 0.07 mm.
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Figure 5-1: MSL DRW geometry and key parameters.

5.3. MSL DRW Characterization and Measured Results

A transition to WR-62 was implemented to characterize the proposed MSL DRW in the Ku Band, from 12
to 18 GHz. As shown in Fig.5-1 the ends of the DRW are tapered and inserted into the rectangular waveguide to
gradually match the impedance. A 50 micron layer of Rogers Ultralam 3850 liquid crystal polymer (LCP) (e=3.14,
tand=0.002 at 10 GHz) was patterned and attached to the WR-62 flange to hold the DRW core in the center of the
RWG aperture.

Fig. 5-2 presents the simulated and measured S parameters of the MSL DRW. The metal strip length is L=
1.12 mm ~ Ag/5 and the spacing is Lysp=4 mm ~ 1.5 Ag at the resonant frequency. The measured data shows a maximum
band stop rejection of 28 dB at 16.2 GHz and 1 GHz bandwidth. The passband attenuation is between 1.5 and 2.2 dB
for a 110 mm long dielectric rod which is comparable to the attenuation of an equivalent non-loaded DRW [50]. The
reflection coefficient of the MSL DRW is below -10 dB in the passband and it rapidly increases in the stop band
reaching -0.9 dB. It can be noticed from Fig. 5-2 a good agreement between the measured and simulated data, small
discrepancies can be ascribed to misalignments during measurements.

The band stop center frequency can be adjusted by changing the periodicity of the metal strips. Fig. 5-3 shows
the simulated transmission coefficient versus frequency for different metal strip spacing Lgqp. The frequency at which
the maximum rejection occurs decreases as the spacing between the metal strips increases. It can be noticed from Fig.
5-3 that the rejection level also decreases as Lggp increases. Since the corrugated metal layer considered covers the

totality of the DRW length, increasing the strip separation decreases the number of metal strips. Each transition
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between non-loaded dielectric and loaded dielectric section can be considered as a filter stage, a greater number of

filter stages will lead to a higher band stop rejection.

Sy Sy (dB)

Frequency (GHz)

Figure 5-2: Measured and simulated S parameters of the MSL DRW of L,,=1.12 mm and Lga,=4 mm.
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Figure 5-3: Simulated transmission coefficient of the MSL DRW of L,,=1.12 mm and variable L.

Fig. 5-4 shows the simulated S parameters of the MSL DRW for two different strip spacings Lgp=3 and 5.5
mm with 14.7 and 17.7 GHz stop band frequencies respectively. It can be noticed that the reflection coefficient remains
below -10 dB in the pass band in these two cases and it also does for all the other Lg,, values in between. Stop band

rejection above 20 dB is observed in both cases.
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Adjusting the metal strips length L, has also an effect on the band stop center frequency and bandwidth. It

was observed from simulated data that larger values of L. can lead to significant degradation of the reflection

coefficient.
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Figure 5-4: Simulated S parameters of the MSL DRW of Lg.y=3 and 5.5 mm.

5.4. Conclusions

A metal grated pattern was implemented in a high permittivity dielectric rod waveguide obtaining a band
stop behavior at a frequency determined by the metal pattern distribution. Up to 28 dB rejection was measured at 16.2
GHz for L= 1.12 mm and Lg;;=4 mm. It is shown that the addition of the conductive corrugated layer does not
negatively affect the attenuation in the passband and the reflection coefficient remains below -10 dB. Strip spacings
ranging from 3 to 5.5 mm can be implemented to obtain resonant frequencies from 14.7 to 17.7, which cover almost

the entire Ku band, in all cases the rejection level is above 20 dB.
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CHAPTER 6: MULTILAYER DIELECTRIC END-FIRE ANTENNA WITH ENHANCED GAIN

6.1. Introduction

Dielectric rod antennas are an attractive option for millimeter-wave integrated circuits due to their small size,
low cost, high gain and broadband performance [50, 60]. Numerous applications make use of end-fire, highly directive
radiation; and dielectric rod antennas (DRA) are commonly used in these cases. Designs in applications such as
satellite communications [5], radar systems, chip-to-chip communications [7], and millimeter-wave imaging [8, 9],
have been successfully developed.

It is well known that gain enhancements in DRAs can be achieved by increasing the rod permittivity or the
rod diameter. Increased gain is also possible with increased antenna length, although this may degrade other antenna
parameters such as cross polarization and side lobe levels [4]. Increasing the core diameter, on the other hand, may
affect the operational bandwidth, since higher order modes are excited at frequencies where the diameter becomes
much larger than the guided wavelength [4]. Gain improvements have been reported in [61] where two low
permittivity dielectrics are used with a small refractive index difference and a custom metal waveguide transition.
Additionally, the implementation of multiple dielectric layers in circular DRAs is often used to improve the antenna
bandwidth [62, 63]. In other types of antennas such as dipoles, variation of the substrate dielectric constant has been
studied as a means to enhance the broadside gain [64].

The present chapteraddresses the characterization and gain enhancement of a low permittivity cladding in a
DRA design with rectangular cross-section, a concept initially presented in [50]. The multilayer DRA design is
comprised of a high permittivity core (€. =10.2) encased in a low permittivity cladding (1.6 <e <2.6). This chapter
demonstrates that the cladding permittivity can be strategically selected to provide a significant gain enhancement
relative to a single layer DRA of the same length, without reducing the operational bandwidth. Variations of the
cladding permittivity were achieved by implementing commercially available additive manufacturing (AM)

techniques, and used to tune the peak gain in the extended Ku band (10-18 GHz). In particular, it is shown how a

The content of this chapter has been published in [65] and it is included in this dissertation with permission
from the IEEE. A copy of the permission is included in the Appendix A-3.
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cladding of €, =1.6 increases the antenna gain between 2.7 dB and 4.5 dB in the entire frequency range, comparable
to a single layer (non-cladded) DRA that is 1.8 times longer. More generally, through simulation it is demonstrated
that for the presented design a cladding permittivity to core permittivity ratio between 0.15 to 0.4 provides the best
overall gain performance. In this range, the radiated fields along the antenna length are appropriately phased to
maximize directionality without significant increase in the sidelobe level [65].
6.2. Dielectric Rod Antenna Design and Fabrication

The geometry of a traveling wave rod antenna is usually formed by three sections: a feed taper which is
inserted into the rectangular waveguide feed to gradually match the input impedance; a body gradient; and, a constant
height section to minimize the reflected surface wave [9, 66, 67]. For a DRA with circular cross-section, the diameter

of the antenna D/ should satisfy (6.1) to ensure that the fundamental mode (HE1:) is supported

D1 0.626

—<
Ao Ver

(6.1)

where A, is the free space wavelength [9]. The geometry should also satisfy (6.2) to guarantee that the fundamental
mode is confined within the core, as for smaller diameters the electromagnetic energy is loosely guided [4].

Ao

D1>72 (6.2)

Since the DRA design in this work utilizes a rectangular cross-section, an equivalence radii between the two
geometries (i.e rectangular and circular) is followed as a suitable approximation to satisfy (1) and (2) [50]. For a
rectangle of 2:1 aspect ratio its equivalent diagonal D/ is then selected as 1.315 D according to [68]. The geometry
of the multilayer antenna for the extended Ku band is depicted in Fig. 6-1. The antenna length determines the peak
gain and the half power beamwidth, and in this type of antenna the total body length often falls within 3 Xy and 6 A.
As it will be seen later in this work DRAs with shorter electrical length show less gain variation with frequency across
the band compared to longer rods, a short length makes easier to analyze the effect of the cladding. In this design a

total length of 75 mm (3.5 Ao at the center frequency) was chosen as a baseline to study the effect of the cladding.

The DRA core was fabricated by laser cutting a Rogers RO3010 (¢,~10.2 and loss tangent=0.0035) substrate.
The cladding is fabricated as a separate hollow structure using fused deposition modeling (FDM) of acrylonitrile
butadiene styrene (ABS) (¢~2.6 and loss tangent=0.0052). Two claddings were fabricated, one with 100% infill to

achieve an effective cladding permittivity € of 2.6 [50], and one with 50% honeycomb infill to achieve €, = 1.6 at 18
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GHz. An attractive feature of the multilayer DRA design is its compatibility with 3D printing technology. A fully 3D

printed variation of this design was successfully implemented in the Ka band [69].

Units in mm

Constant height
Section

Figure 6-1: Proposed multilayer DRA geometry and key dimensions, showing the inner core (top) and multilayer
design (bottom).

6.3. DRA Characterization and Measurements

The DRA performance was measured in an anechoic chamber with claddings permittivities of 1.6 and 2.6.
The performance of the single layer or non-cladded design was also measured for comparison purposes. The resulting
peak gain and corresponding HFSS simulations are shown in Fig. 6-2(a). The multilayer antenna with €, = 1.6 cladding
shows a significant gain improvement at all frequencies of interest compared to the non-cladded antenna of the same
length. The multilayer antenna peak gain is 16.24 dBi at 17.2 GHz, representing a 4.44 dB improvement with respect
to the single layer rod antenna. The multilayer design with a €, = 2.6 cladding shows an enhanced gain in the low end
of the Ku band and a comparable gain beyond 15 GHz when compared to the non-cladded rod performance. In this
multilayer DRA a 14.6 dBi peak gain occurs at 12.2 GHz, representing a 4.8 dB gain increment. In all cases, the
measured gain follows the simulated trend over frequency, however, the slight variations observed can be attributed
to the presence of the fixture stage, and the feeding metallic waveguide on the back of the antenna under test.

Fig. 6-2 (b) presents a comparison of the measured and simulated return loss for the single and multilayer
DRA with €= 2.6 cladding while Fig. 6-2 (c) shows the same comparison but with a cladding of €. = 1.6. In both
cases, the multilayer designs have an improved return loss at the low end of the frequency band, specifically from 9.7

dB to 25 dB for a €,=2.6 cladding and to 15 dB for a €, = 1.6 cladding, both measured at 12.2 GHz. For the multilayer
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DRAs, the return loss is greater than 10 dB across the entire frequency range. In summary, both multilayer DRA
designs provide >4 dB peak gain improvements in the Ku band without a negative effect on the bandwidth when

compared to a single layer design of the same length.

Sim. Clad g=2.6

Sim. No Clad
+ Sim. Clad g=1.6

Meas. No Clad

Meas. Clad g=1.6

Meas. Clad g=2.6
| 1

F (GHz)

Figure 6-2: Measured and simulated peak gain (a) and reflection coefficient (b-c) of the single and multilayer DRA
with different cladding permittivities.

The measured and simulated E-plane radiation patterns of the single and multilayer DRA with € = 2.6
cladding at 12.2 GHz are presented in Fig. 6-3. The radiated fields are affected by the presence of the cladding, as the
half power beamwidth reduces from 61 degrees to 22 degrees in the multilayer design [50]. The end fire cross-
polarization discrimination is 47 dB for the single layer DRA and 39 dB for the multilayer DRA at 12.2 GHz.
Similarly, the measured and simulated E-plane radiation patterns at 17.2 GHz for the single and multilayer DRA with
€ = 1.6 cladding are shown in Fig. 6-4. In this case, the half power beamwidth reduces from 48 degrees to 28 degrees
in the multilayer design. A measured front to back ratio of 26 dB is also achieved for the multilayer antenna. The end

fire cross-polarization discrimination is 43 dB and 38 dB for the single and multilayer DRA, respectively.
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Figure 6-3: Measured and simulated E-plane radiation pattern for the single (top) and multilayer (bottom) DRA
with €. = 2.6 cladding at 12.2 GHz [50].
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Figure 6-4: Measured and simulated E-plane radiation pattern for the single (top) and multilayer (bottom) DRA

with €, = 1.6 cladding at 17.2 GHz.
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The addition of the low permittivity cladding results in a peak gain increment, which can be attributed to two
effects: 1) an increase in the effective permittivity and thus the electrical length of the antenna, and 2) an increase in
the field confinement that reshapes the radiation pattern and results in higher directivity. The electric field magnitude
of the single and multilayer antenna with € =2.6 cladding is presented in Fig. 6-5. It can be observed that in the
multilayer DRA there is a higher portion of the E-field radiated in the end fire direction.

The 3D radiation pattern of the single and multilayer DRA at 17.2 GHz with € =1.6 cladding is shown in
Fig. 6-6(a) and 6-6(b), respectively. The corresponding E and H plane radiation patterns are plotted in Fig. 6-6(c) and
6-6(d) for the single and multilayer DRA, respectively. It can be seen that the symmetry of the radiation patterns in
both planes are affected by the 2:1 core cross-section ratio. The differences in symmetry are more noticeable for the

single layer DRA.
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Figure 6-5: Simulated E-Field distribution at 17.2GHz for single (top), and multilayer (bottom) DRA with €. =2.6
cladding.
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Fig. 6-7 shows the simulated non-cladded DRA peak gain versus frequency for different length increments
(AL) of the core body gradient. The curve with the lowest gain (AL=0 mm) corresponds to the original design shown
in Fig. 6-1 with no cladding. The gain versus frequency response of the multilayer DRA with €, = 1.6 cladding is
included in the plot as a reference. As shown, an increment of at least 60 mm is required to match the gain of the
multilayer antenna at the center frequency; this represents a 2.25x increase in the body gradient length and a 1.8x
increase in the total DRA length.

For frequencies above 15 GHz, an increment of 120 mm or 3.5 times the body gradient is necessary to match
the multilayer DRA gain. It can be seen in Fig. 6-7 that increasing the rod length increases the gain in a non-uniform
way. For frequencies above 14 GHz, the gain slowly decays due to an increase in the side lobe level (SLL) in the H
plane. Additionally, increasing the antenna length from AL=0 to 140 mm reduces the cross-polarization discrimination

at 18 GHz from 44 dB to 34 dB.
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Figure 6-7: Simulated gain vs frequency for different length increments of the body gradient in a single layer DRA.

Fig. 6-8 presents the end-fire gain of the single and multilayer DRA with body gradient increments of 120

mm, 60 mm and 0 mm (original design). The cladding permittivity considered in the multilayer DRA is 1.6. It is seen
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how the advantages of the cladding are scalable and consistent with different antenna lengths, providing significant

gain increments when compared to a single layer rod of the same length.

AL=0mm no Clad
AL=0mm Cladded
AL=60mm no Clad
AL=120mm no clad
AL=60mm Cladded

10 12 14 16 18
F (GHz)
Figure 6-8: Simulated gain vs frequency for different length increments of the body gradient in a single and
multilayer DRA.

6.4. Parametric Study of the Cladding Properties

Fig. 6-9 (a) and (b) show the simulated effect of the loss tangent variation of the core and the cladding on the
multilayer DRA gain at 14 GHz and 18 GHz, respectively. The loss tangent (tand) values of the core and cladding
were varied from 0 to 0.015. Two sets of curves are plotted in Fig. 6-9, one where the cladding tand is varied (black
curves) considering a Rogers RO3010 core and a lossless core, and one where the core tand is varied (red curves)
considering an ABS cladding and a lossless cladding. At both frequencies, the difference between the dashed and solid
red lines (ABS and lossless cladding) is larger than the difference between the dashed and solid black lines (RO3010
and lossless core). The data show that selecting a lossy material (tan6=0.015) over a low loss material (tand=0.005)
for the DRA cladding yields a ~0.5 dB reduction of the end-fire gain. Therefore, it can be concluded that the cladding
loss tangent variation has a more significant effect on the multilayer DRA gain than the variation of the core loss
tangent in the same range of values. This behavior can be attributed to the higher portion of the electromagnetic field
that is radiated through the cladding in comparison to the core.

The simulated effects of varying the cladding permittivity on the gain of the multilayer DRA are presented
in Fig. 6-10. The permittivity value is increased from &, =1, which represents the absence of the cladding, up to a value
of & =10.2 representing an identical material to that used for the core. Cladding permittivities between 1.6 and 2.6

provide a significant gain enhancement when compared to the gain response of the non-cladded antenna. The gain
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increment in these cases can range from 1.8 dB up to 7 dB over frequency. Moreover, the frequency of the end-fire

peak gain can be tuned within the Ku band by adjusting the cladding dielectric constant. For cladding permittivity

values between 2.6 and 3.6, the gain improvement is only present in the lower end of the frequency band, thus

worsening the antenna performance for higher frequencies. For all frequencies within the band, the best performance

of the proposed multilayer DRA is achieved when a low permittivity material (1.6 <¢; <2.6) is utilized.
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Figure 6-10: Simulated gain vs frequency for different cladding permittivities.
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Figure 6-9: Simulated end-fire gain versus loss tangent variation at 14 GHz (a) and 18 GHz (b).
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Fig. 6-11 shows the simulated end-fire peak gain versus the permittivity ratio eclad/ecore. As in Fig. 6-10,
the cladding permittivity was varied from 1 to 10.2 (the core permittivity value) corresponding to a permittivity ratio
variation of 0.1 to 1. For all frequencies within the Ku band, the best performance of the proposed design is achieved

when the cladding to core permittivity ratio lies between 0.15 and 0.4.
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Figure 6-11: Simulated gain vs cladding to core permittivity ratio for different frequencies.

core)

6.5. Conclusions

The effect of the cladding properties on the proposed multilayer DRA performance was studied. The
multilayer DRA is formed by a high permittivity core (e; =10.2) with rectangular cross-section, surrounded by a low
permittivity cladding (1.6 < € < 2.6). It is found that enhancements in gain and beamwidth can be achieved by
providing the proper dielectric loading with respect to a single layer design of the same length, without reducing the
operational bandwidth. Simulated and measured data show that a low permittivity cladding can be utilized to tune the
end fire peak gain to the desired frequency, from 12 GHz with €, = 2.6 cladding to 17 GHz with ¢, = 1.6 material.
Physical changes to achieve the desired permittivity are easily obtained by modifying the printing infill factor of the
thermoplastic material. A multilayer DRA with a ;= 1.6 cladding shows a gain enhancement in the entire frequency
band, with a peak gain improvement of 4.5 dBi and 20 degrees HPBW reduction at 17.2 GHz. The gain increment in
the multilayer DRA with a cladding of €,= 1.6 can be achieved by a DRA without cladding if the body tapered length
is increased more than 2.25 times. The multilayer DRA also increases the electric field confinement in the core, which

translates to a higher potential packing density in an array configuration.
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CHAPTER 7: 3D PRINTED MULTILAYER MM-WAVE DIELECTRIC ROD ANTENNA WITH

ENHANCED GAIN

7.1. Introduction

Dielectric traveling wave antennas are an attractive option for many applications in the upper microwave and
mm-wave frequency range due to some key advantages including small size, high gain, broadband performance, and
low loss depending on the constituent materials [1]. Dielectric devices typically have easier, less expensive fabrication
process and more tolerance for geometric discontinuities as compared to metal devices.

In this chapter, a multilayer end-fire dielectric rod antenna is proposed for use at Ka-band. It is fabricated
using additive manufacturing (AM), specifically fused deposition modeling (FDM), which is a low cost and minimum
waste fabrication process. A ceramic composite that is compatible with FDM and has a higher dielectric constant than
commercially-available 3D printing materials was used for the core. The addition of a low permittivity ABS cladding
enhances the antenna gain performance in the entire frequency range. The proposed design has a rectangular cross
section that offers the possibility of integration with mm-wave systems and it can be easily scaled to operate at other
frequency ranges.

7.2. Preparation and Characterization of the Medium-K Electromagnetic Composite for FDM

Cyclo Olefin Polymer (COP) Zeonex® (RS420), an amorphous thermoplastic polymer, was used as the host
matrix for the ceramic composite material that forms the DRA core. COP has a relative permittivity of 2.12, a low tan
6<0.0009 measured at 17 GHz, and particle tapped density of 0.55 g/cm?. The MgCaTiO; particles used as micro-
fillers were sintered at 1200°C for 3 hours and exhibit a density of 1.85 g/cm® [2]. The FDM feedstock filament
preparation process starts with the re-pulverization of the sintered MgCaTiO, ceramic using a high-energy ball milling
tool, followed by a sieving process to ensure that the maximum particle sizes are below 38 um. The COP thermoplastic
matrix and 30 vol. % sintered ceramic particles are then uniformly mixed along with a hyperdispersant using a

planetary centrifugal mixer followed by a hot extrusion process at 220°C, to produce filaments with a diameter of

The content of this chapter has been published in [63], and it is included in this dissertation with permission
from the IEEE. A copy of the permission is included in the Appendix A-3.
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about 2.0 mm. The complete fabrication, modeling and characterization of this medium-k and low loss electromagnetic
composite is reported by Castro et al. [2].

The dielectric characterization in the mm-wave spectrum was performed using a model 400 circular cavity
from Damaskos Inc. The electromagnetic properties of 3D-printed cylindrical shaped specimens made of 30 vol. %
COP-MgCaTiO2 were measured to be £~4.34 and tan 6~0.0060 at 44 GHz.

7.3. Dielectric Rod Antenna (DRA) Design and Fabrication

The physical geometry of the multilayer DRA is depicted in Fig 7-1(a). As presented in [3], the antenna is
formed by a medium permittivity end-fire, traveling wave rod antenna surrounded by a low permittivity cladding. The
DRA core is formed by 3 sections: a feed taper, a body gradient and a constant height section [4,5]. The antenna is
fed by a straight rectangular waveguide (RWGQ) and the feed taper section of the DRA core is partially inserted into
the rectangular waveguide to match the impedances of both waveguides.

The diameter d; of the antenna was approximated according to the design expression for circular dielectric
rods: d; /Ay < 0.626 +/€,., where A, is the free space wavelength, to guarantee the HE;; mode [4]. The ratio of H; to
W, was selected as 2:1 to avoid cross polarization [6]. The total radiator body length determines the peak gain and
HPBW and should fall within 34, to 64,.

The DRA core is surrounded by the low-permittivity cladding with a square cross-section to improve the gain
performance of the antenna. The dimensions of the antenna core and cladding were optimized using the High
Frequency Structure Simulator (HFSS) software by Ansys. The resulting dimensions are: L;=17.7 mm, L,=21.6 mm,

L;=18.2 mm, H;=4 mm, W;=2 mm, H,=1 mm, W¢ =H~=16 mm, L~46.2 mm.

(b)

Figure 7-1: Antenna physical geometry and dimensions (a), and fabricated prototype (b).
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The DRA was fabricated using direct digital manufacturing (DDM), specifically fused deposition of the
medium-k composite for the core and ABS (6=2.6 and tand =0.0052 measured at 17 GHz) for the cladding. A layer
height of 150 pm was used to print both materials, 100% infill was set to print the core and 60% infill to print the
cladding to reduce the effective ABS permittivity to the designed value (e~=2). Fig. 7-1(b) shows a picture of the
fabricated multilayer antenna.

7.4. Measured Results

To measure the DRA, a transition to standard WR28 rectangular waveguide was implemented. A 50 micron
layer of Rogers Ultralam 3850 liquid crystal polymer (LCP) (e,=3.14, tand=0.002 @ 10 GHz) was cut into shape and
attached to the RWG flange to hold the DRA core in the center during the measurement. Fig. 7-2 (a) shows the
simulated and measured end-fire peak gain versus frequency of the DRA with and without the ABS cladding, while
Fig. 7-2 (b) presents the measured and simulated reflection coefficient of the antenna with and without cladding. It
can be noticed that the addition of the cladding improves the gain performance of the antenna over the entire frequency
range by 3 dB to 8.5 dB and the measured return loss is greater than 10 dB in both cases within the entire frequency
range. The peak gain response of the antenna is sensitive to the permittivity of the cladding and higher gain can be

achieved through precise control of the infill to realize the desired permittivity.
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Figure 7-2: Measured and simulated gain vs frequency (top) and return loss (bottom) of the multilayer DRA.
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The addition of the low-permittivity cladding has two effects on the antenna: (1) it increases the effective
permittivity and consequently the electrical length of the antenna; (2) it increases the field confinement, which results
in a more directive radiation pattern. Both effects contribute to the peak gain increase. Fig. 7-3 presents the simulated
and measured E-plane radiation pattern of the DRA with and without the cladding at 35.6 GHz. It can be noticed that
the incorporation of the cladding results in a peak gain increase of 4.3 dB and a half power beamwidth reduction from

40 degrees to 18 degrees at 35.6 GHz.
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Figure 7-3: Measured and simulated E-plane radiation pattern without and with ABS cladding for the dielectric rod
antenna at 35.6 GHz.

7.5. Conclusions

A multilayer dielectric rod antenna has been fabricated using fused deposition modeling of ABS
thermoplastic and an in-house prepared COP-MgCaTiO; based composite material of higher-k than commercially-
available materials for FDM. It has been demonstrated that encasing the antenna core inside a 16x16 mm? ABS
cladding (60% infill) enhances the antenna peak gain in the entire frequency range (30 to 40 GHz) by up to 8.5 dB.
The addition of the cladding also increases the antenna electrical length which makes it a low cost and convenient

technique to miniaturize the dielectric rod waveguide while allowing expedited fabrication.
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CHAPTER 8: KU BAND METAL-STRIP-LOADED DIELECTRIC ROD ANTENNA WITH

NARROWBAND GAIN ENHANCEMENT

8.1. Introduction

The introduction of periodic metallic perturbations on one side of a dielectric rod antenna have been
implemented to DRA for frequency scanning [70]. The perturbations can be considered as radiating elements excited
by a surface wave propagated along the dielectric rod [60, 70, 71]. In this chapter, micro dispensed silver paste was
used to create a metal grated pattern and to enhance the peak gain in a narrow band without increasing the antenna
dimensions. Micro-dispensing was the fabrication method selected for the metal loading because it is a high precision
(down to 100 microns), rapid prototyping and low cost option.
8.2. Metal-Strip-Loaded Dielectric Rod Antenna (MSL DRA) Design and Fabrication

The proposed design is comprised of a high permittivity dielectric rod core and periodic conductive strips as
illustrated in Fig. 8-1. The antenna geometry was optimized for the Ku band using Ansys (HFSS) and the resulting
dimensions are: L=25 mm, L,=48 mm, L;=27 mm, H;=5 mm, H,=1 mm, L,=2.25 mm and Lg,=3 mm. As specified
in [50] the physical geometry of a traveling wave rod antenna is formed by: a feed taper to gradually match the input

impedance; a body gradient; and a constant height section to minimize the reflected surface wave.
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Figure 8-1: Antenna physical geometry and key parameters.
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The material used for the DRA core is Rogers RO3010 (er=10.2 a loss tangent=0.0035) and it was cut into
shape using a Rabbit HX-1290SE laser machine. The corrugated metal layer was micro-dispensed on the DRA top
and bottom body gradient using DuPont CB028 silver paste in a nScrypt tabletop 3D printer. The dispensed conductive

layer thickness is approximately 30 um.

8.3. MSL DRA Characterization and Measured Results

To characterize the proposed antenna, a transition to standard WR-62 rectangular waveguide (RWG) was
utilized. Fig. 8-2 presents the simulated and measured end-fire peak gain versus frequency of the DRA with and
without the metal strip loading. The metal strip width is the same as the DRA core, the length is Ly=2.25 mm and the
spacing is Lgap=3 mm. As shown in Fig. 8-2, the gain of the corrugated antenna is enhanced below 14 GHz and rapidly
decays for higher frequencies. The position of the maximum peak gain can be adjusted by changing the periodicity of
the metal strips.

Fig. 8-3 shows simulated data of the proposed antenna gain versus frequency for different metal strip lengths
L. The frequency at which the maximum peak gain occurs decreases as the metal strip length increases, achieving
up to 3 dB gain increment when compared to the its non-loaded counterpart. Table I summarizes the simulated

maximum peak gain frequency for different values of L.
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Figure 8-2: Measured and simulated gain vs frequency for the dielectric rod antenna with and without metal strips
of Lm=2.25 mm.

The reflection coefficient of the MSL DRA remains under -10 dB for frequencies below the peak gain and
rapidly increases to 0 dB as the peak gain rolls off. Fig. 8-4 shows the simulated and measured E field radiation pattern

with and without the metal strip loading for L= 2.25 mm (0.27 A;) and Lg,p=3 mm at 13 GHz. The addition of the
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metal loading increases the peak gain by 2 dB and the half power beamwidth (decreases from 64 degrees to 52 degrees
at 13 GHz. A good agreement between the simulated and measured data was obtained, although some discrepancies

in the back-lobe level are due to the measurement fixture and the back placed RWG transition.
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Figure 8-3: Simulated gain vs frequency for the DRA with metal strips of variable widths.
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Figure 8-4: Measured and simulated E-plane radiation pattern without and with metal strips for the dielectric rod
antenna at 13 GHz.

Table 8-1: Peak gain frequency and variation with LM.

Lm (mm) Frequency | Peak Gain Increment
(GH2) (dB)
Non-loaded 16.5 0
1.5 13.5 1.87
2.25 13 2.23
2.5 12 2.60
3 11 2.99
3.5 10.5 3.08
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8.4. Conclusions

A micro-dispensed metal strip loading was implemented in a high permittivity dielectric rod antenna
obtaining an optimum gain at a frequency determined by the metal pattern dimensions. For L= 2.25 mm and Lga,=3
mm a 2 dB peak gain increment and a 12 degrees reduction of the HPBW was obtained at 13 GHz. To obtain an
equivalent gain increment at 13 GHz without the addition of metal loading the DRA body gradient length needs to be
increased by 50 mm. Simulated data demonstrate the dependency of the metal strip length and the maximum gain, a

narrowband gain increment can be achieved by tuning the corrugated geometry without increasing the antenna

dimensions.
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CHAPTER 9: KU BAND BROADBAND TRANSITION FOR DIELECTRIC ROD WAVEGUIDES TO

PLANAR TRANSMISSION LINES

9.1. Introduction

Dielectric rod waveguides offer many advantages such as low loss, broadband performance, low cost and
their fabrication methods are usually simple. One of the challenges of dielectric waveguides is the implementation of
effective transitions to standard metal-based waveguides, especially planar transmission lines. Transitions from
dielectric waveguides to microstrip and CPWs at millimeter wave frequencies haven been proposed in the literature
[46-49]. Significant attenuation values at high frequencies have been reported for transitions to microstrip, for
example. transmission losses of 10 dB have been measured at 140 GHz in a transition from dielectric ribbon to CPW,
where an 8 dB loss is attributed to the transition [46].

In this chapter a low loss broadband transition is designed and characterized at the Ku band. The proposed
transition is compatible with dielectric rod waveguides and antennas with rectangular cross-section. Measured data
indicate a loss of ~0.62 dB per transition at the center frequency. A feature of the proposed design is that it provides
mechanical stability as opposed to a rectangular waveguide transition in which the DRW core should be positioned in
the center of the hollow cavity. The proposed transition is easily removable and non-invasive to the dielectric
structures under test. Planar transitions also allow the possibility of simpler feed designs for multiple dielectric rod
waveguide and antenna arrays.

9.2. Transition Design and Fabrication
9.2.1. Design Considerations

The proposed transition for DRW to planar transmission lines is illustrated in Fig. 9-1. The dielectric rod
waveguide core is tapered and inserted in a low dielectric constant layer contained between two metal parallel plates.
The height of the low permittivity layer is tapered down to form the microstrip substrate and the top parallel metal
plate is tapered in width to create the microstrip trace. The dimensions of the transition were optimized in Ansys

(HFSS) for the Ku band and the resulting parameter dimensions are presented in table 1.
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The cross-section area of the parallel plate section was initially set to the dimension of a RWG filled with the
low permittivity dielectric. The microstrip width was selected to be 50 Q at the center frequency. The transition was
characterized in the Ku band with an end launch K connector. A top ground is added on each side of the microstrip
trace to also allow measurements by GSG probing.

Two dielectric rod waveguides are measured with the proposed transition, a single layer dielectric rod (DRW)
and a multilayer dielectric rod (MDRW). The DRW is formed by a high permittivity dielectric (er=10.2) with
rectangular cross-section. The height to width ratio of the rod was selected as 2:1 to avoid field degeneracies [50]. In
the multilayer dielectric rod the DRW is completely surrounded by a low permittivity cladding (er=2.1) to extent the
waveguide operational bandwidth [50]. The cladding height Hc and width W¢ are presented in table I, and they match

the transition parallel plate cross-section area.
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Figure 9-1: Proposed transition geometry and key parameters.

Fig. 9-2 shows the electric field magnitude in the proposed transition and the DRW. The parallel plate section
E field in the Z direction excites the fundamental mode of the DRW, the E%; mode. In the DRW most of the electric

field propagates in the center of the waveguide core.
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Figure 9-2: Electric field magnitude in the proposed transition and DRW at 20 GHz.

Table 9-1: Transition dimensions of interest.

Dimension
Parameter

(mm)
DRW tapered length Lt 25
DRW length Lp 55
DRW width w 2.5
DRW height H 5
DRW cladding width We 15.8
DRW cladding height Hc 7.9
Microstrip substrate thickness Hs 0.254
Microstrip trace width W3 0.639
Microstrip length Ls 12.7
Microstrip top ground width W4 2.8
Via diameter o1 0.3
Transition tapered section length L 30
Parallel plate length Li 20
Parallel plate height Hi 7.9
Parallel plate width Wi 15.8
Signal-ground spacing Ws 0.343

9.2.2. Fabrication

The DRW was made from Rogers RO3010 (er=10.2 and loss tangent=0.0035) and it was cut into shape using
a Rabbit HX-1290SE laser machine. The low permittivity cladding of the MDRW was made from PTFE Teflon
(er=2.1 and loss tangent=0.0005) and was patterned by CNC machining. The proposed transition was fabricated by
fused deposition modeling (FDM) of Zeonex®RS420 (er=2.1 and loss tangent=0.0008). Zeonex is an amorphous
thermoplastic polymer based on Cyclo Olefin Polymer (COP). The transition dielectric was printed as one piece using
100 um layer height and a 100% infill. The transition metal traces were fabricated using photolithography on Rogers
liquid crystalline polymer LCP ULTRALAM® 3850 laminate. The LCP has a 25 um thickness and 18 pm copper

cladding.
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9.3. Characterization and Measured Data

The measured and simulated S parameters of the proposed back to back transition connected to a 55 mm long
DRW and MDRW are presented in Fig. 9-3 (a) and (b) respectively. The transition was characterized from 12 to 21
GHz using an end launch K connector form Southwest Microwave. The measured attenuation at 16 GHz is 2.5 dB in
both cases. It can be noticed from Fig 9-3 that the addition of the cladding in the MDRW does not negatively affect
the attenuation, this is due to most of the E field being propagated inside the waveguide core. The MDRW extends
the waveguide 1 dB cut-off frequency by 1.7 GHz when compared to the single layer DRW. The attenuation of a back
to back rectangular waveguide transition to the same 55 mm DRW is approximately 1.25 dB at 16 GHz, which is only
1.25 dB lower than the attenuation obtained with the proposed transition. An excellent match between the simulated

and measured data was obtained, as observed in Fig. 9-3.

Frequency (GHz)

Figure 9-3: Measured and simulated S parameters of the back to back transition with a 55 mm DRW (a) and MDRW
(b).
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9.4. Transition Loss Analysis

The attenuation due to the dielectric rod waveguide is approximately 0.023 dB/mm and was calculated
applying the multiline method [57, 58] to measured data of dielectric rod of different length. To determine the loss
due to each transition a thru connection was characterized. The thru connection of the proposed transition is illustrated
in Fig. 9-4 and the simulated and measured S parameters are presented in Fig. 9-5. The small discrepancies between
the measured and simulated data in this case can be attributed the difficulties in achieving a tight connection between
the two transitions without an air gap in between.

Simulated data shows an attenuation of 1.16 dB at 16 GHz, which indicates 0.58 dB loss per transition. To
isolate the contribution of each source of loss, the total attenuation of the proposed transition with a 55 mm MDRW
was simulated under different material loss conditions. The resulting simulated data is presented in Fig. 9-6. The curve
with highest attenuation (solid black line) results from all the materials having their respective loss tangent values.

This curve matches the measured data of Fig. 9-3 (b) and it shows an attenuation at 16 GHz of 0.25 dB.

S21 1811 (dB )

Frequency (GHz)

Figure 9-5: Measured and simulated S parameters of the proposed transition thru connection.
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The first condition considers a lossless cladding, the resulting attenuation is the same as the one for a lossy
cladding. As mentioned previously, the cladding does not negatively affect the attenuation of the DRW. The second
condition considers both a lossless cladding and a lossless DRW core, in this case the attenuation reduces considerably,
reaching ~1.1 dB at 16 GHz. The third condition evaluates a lossless cladding, a lossless DRW and a lossless Zeonex.
In this case the attenuation at 16 GHz decrease to ~0.9 dB, it is a small reduction due to the low loss tangent value of
the actual Zeonex. The last condition considers all the previous assumptions plus a perfect electric conductor for all
metal layers. In this case the attenuation at 16 GHz is in average ~0.5 dB. This result indicates that for a back to back
transition the radiation loss at the center frequency is approximate 0.5 dB.

The attenuation of a back to back transition to RWG with a lossless MDRW was included in Fig. 9-6 as a
reference. The resulting attenuation at 16 GHz in that case is 0.13 dB, which is only 0.37 dB lower than the one

obtained with the proposed transition.
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Figure 9-6: Simulated transmission coefficient of the proposed back to back transition under different material loss
conditions.

9.5. DRA Planar Feed Characterization and Measured Data

The proposed transition was also used to characterize a dielectric rod antenna (DRA) and a multilayer
dielectric rod antenna (MDRA). The geometry of the antenna is illustrated in Fig. 9-7 (a) and the transition with a
DRA and MDRA is shown in Fig 9-7 (b) and (c) respectively. The DRA core is made from RO3010 and the cladding
is made from Teflon as it was done for the multilayer dielectric rod waveguide.

Fig. 9-8 presents the measured and simulated antenna end fire peak gain of the single and multilayer DRA

with the proposed transition. The measured end fire gain at 16 GHz is 12.3 dBi for the DRA and 15.2 dBi for the
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Figure 9-7: DRA geometry and key dimensions (a), proposed transition with a single (b) and with a multilayer DRA
(©).
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MDRA. Fig. 9-8 shows a good agreement between the measured and simulated data. A difference in the MDRA

measured and simulated data at the low end of the band can be attributed to misalignments during the measurements

product of the cladding weight pulling down the antenna core. The simulated antenna gain with a transition to RWG

has been included as a reference, for both a DRA and MDRA. It can be noticed that the antennas end-fire gain obtained

with a RWG transition and with the proposed transition are comparable in the entire frequency range, especially for

the MDRA. Fig 9-8 (b) and (c) show the measured and simulated return loss for the DRA and MDRA respectively. In

both cases the reflection coefficient remains below -10 dB from 12 to 20 GHz.

Fig. 9-9 presents the E-field radiation pattern for the DRA (a) and MDRA (b) at 16.5 GHz. The half power

beamwidth is 44 degrees or the DRA and to 37 degrees for the MDRA. The end-fire peak gain is 11.88 dBi and 15.3

dBi for the DRA and MDRA respectively. It can be noticed that the radiation pattern for the MDRA is more symmetric.

Fig. 9-10 shows a good agreement

Gain (dB)
AR
o

o

Gain (dB)
AR
o

between the measured and simulated data.
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Figure 9-9: Measured and simulated E-plane radiation pattern for the single DRA (a) and multilayer DRA (b) at

16.5 GHz.
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The simulated E field distribution for the DRA and MDRA with the proposed transition at 20 GHz is
presented in Fig. 9-10 (top) and (bottom) respectively. It can be noticed that for the MDRA there is a higher portion
of the E field radiated in the end-fire direction which leads to a higher gain. From Fig. 9-10 (top) it can be observed
that there is an asymmetry in the E-plane field radiation of the DRA, this is due to the asymmetry of the transition
feed. Fig. 9-10 (bottom) shows that since the cladding increases the field confinement, the radiation pattern is more

symmetric as a result.

Figure 9-10: Simulated E-Field distribution at 20 GHz for single (top), and multilayer (bottom) DRA.

9.6. Conclusions

A broadband Ku band transition for dielectric rod waveguides to microstrip has been presented. The transition
was used to characterize a single layer and multilayer dielectric rod waveguide and dielectric end-fire antenna. The
transition performance was compared to a corresponding transition to RWG. All measurements were performed with
a K band end launch connector, but the proposed transition design also allows measurements using a GSG probing.
The attenuation of a back to back transition with a 55 mm dielectric rod waveguide is ~2.5 dB at the center frequency.
Considering that the DRW has an attenuation of ~0.023 dB/mm, the attenuation per transition is ~0.62 dB per
transition, from which ~0.25 dB is due to radiation and ~0.37 dB is due to material loss. The attenuation values of the
MDRA and DRA are the same, but the MDRA extends the 1 dB operational bandwidth by 1.7 dB when compared to
the DRA.

The measured antenna peak gain with the proposed transition to microstrip is 12.3 dBi and 15.2 dBi for the
DRA and MDRA respectively. The end fire gain values obtained with the proposed transition are comparable to the
resulting values if a RWG transition was implemented instead. The addition of the cladding in the MDRA increases

the field confinement and it also improves the symmetry in the radiation pattern.
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CHAPTER 10: RECOMMENDATIONS AND FUTURE WORK

1. It has been shown in this work D band (110-170 GHz) measurements of a dielectric rod waveguide
design using D band extension modules. Further measurements can be performed with different
dielectrics to achieve less attenuation at this frequency range.

2. A grated metal pattern has been implemented in a Ku Band dielectric rod waveguide to obtain a band
stop filter behavior. The stop band center frequency can be adjusted by varying the periodicity of the
metal strips. It is suggested the development of an equivalent circuit model to aid in the design of these
filters.

3. A broadband transition from dielectric rods to planar transmission lines has been presented and
characterized at the Ku band. The transition substrate was fabricated using fused deposition modeling
and the metal traces with photolithography. Further test needs to be carried out to deposit the transition
metal traces using micro-dispensing so it could be completely fabricated by additive manufacturing.

4. One of the advantages of the proposed transition is that facilitated the design of multiple feeds for
dielectric rod waveguides and antennas. Additional simulations need to be performed to implement this

transition as a dielectric rod antenna array feed.
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