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Abstract

Due to advancements in additive manufacturing, it is possible to create electromagnetic
devices that can be conformally printed directly onto 3D surfaces using conductive inks
and dielectric pastes. Instance, the traditional antenna radomes that had the purpose of
protecting the antenna on its inside can now become the antenna itself. With the
components on the surface of the structure, instead of inside if it, a direct feed line would
require cutting through dielectric layers and creating a direct electrical connection, also
called vertical interconnect access (VIA). Such interconnects are frequent sources of
failures, especially in applications that are subject to vibrations, high accelerations, and
extreme changes in temperature. This thesis presents the study of a feed structure that can
couple electromagnetic energy between two layers, that is compatible with well-known
additive manufacturing technologies, radiofrequency enabling energy transfer without the
need of VIAs. The proposed wireless feed structure has been optimized for maximum
bandwidth and lowest insertion loss over the bandwidth of interest. The presented wireless
feed design can be generalized to common non-flat RF components. In this work a solution
IS suggested using a transition from microstrip line to microstrip line that is generalized
enough to fit into most design needs. The feed design is demonstrated on a planar form
using the traditional 4003C Roger’s laminate achieving a 27% bandwidth, with a center
frequency of 7 GHz, and the minimum insertion loss of -1.84 dB. An additive
manufacturing prototype is made with the nScrypt additive manufacturing system using
ABS and CB028 conductive ink. The results are then compared to the use of a VIA to show
the viability of the wireless feed structure for additively manufactured antennas.
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Chapter I: Introduction

Researchers and officers of the United States Air Force (USAF) identify additive
manufacturing (AM) as a necessity for the department of defense (DoD) to invest resources into
to allow for more agile and flexible manufacturing needs [1]. This identifies a need to be able to
design printable antenna feed structures that can be easily printed, removing the need for post
processing. Many defense applications of AM parts required survival under high-stress, vibration,
accelerations, and temperatures; hence teams within the U.S. DoD are studying different AM
processes to survive harsh environments [2]. In the case of a high stress environment there is a
concern of shearing the vertical interconnect accesses (V1As) or more likely their connections to
the printed ink. When compared to bulk copper, conductive inks can be more brittle and electrical
connections made with them can become a failure point under stress.

In AM, layers are typically laid out one after another. This means a design that can easily
be manufactured in discrete conductive and dielectric layers naturally fits into the manufacturing
process. Different conductive layers can be connected using VIAs, however, such VIA structure
requires a form of post processing, and they are well known points of failure in high shock
environments. In this thesis the idea of a wireless feed structure is studied for its use in 3D printed
radio frequency circuits, and as a feed structure for antennas.

The parts of the study are: (a) a review of relevant theorical background and related
electromagnetic coupling structures in the literature; (b) generation of a generalized solution for a
wireless feed and its optimization using electromagnetic numerical simulations; (c) a design,
manufacturing, and testing of a wireless feed prototype using both conventional methods and AM.

The criteria of success are to: (a) maintain a usable bandwidth of 20-25% such that the feed

structure can be used to feed an antenna; (b) minimize losses, to make sure the structure is not
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detrimental to the overall network, ideally less than 1 dB of insertion loss; and (c) achieve a
structure that is compatible with AM processes.

The content in this thesis is distributed according to the following. Chapter | presents an
introduction to an identified problem and propose criteria for the solution: Chapter Il describes
research done into this field and draws upon the literature for inspiration for a design: Chapter 11
goes into detail about the proposed solution, its refinements, and simulations of the proposed
structure: Chapter 1V details the manufacturing and testing of the prototype design: Chapter V
details the manufacturing and testing of the 3D printed design: Chapter VI explores a possible
improvement to the bandwidth of the structure: Finally Chapter VIl summarizes the findings, as

well as suggests future developments to the design.
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Chapter I1: Theoretical Background on Coupling Structures and Literature

Review on Additive Manufacturing of RF Packaging

2.1 Wireless Fed Patch Antennas

The concept of a wireless antenna feed is inspired by the traditional patch antenna feed
using a microstrip line and a coupling window. In that feed structure a microstrip line is used with
a slot cut in the ground plane to couple to a patch antenna, as seen in Figure 2.1. Seeing as this is
a popular, yet application specific, form of a wireless feed, it serves as a starting point for the work
presented in this thesis. The feed in Fig. 2.1 works by having an aperture in the ground plane of a
microstrip line in order to let the electromagnetic fields extend past the ground plane and are
directed into the patch above. A further look into the working of this process was embarked on

with the goal to generalize the concept to a geometry that can be applied as a general feed structure.

A— Ny — 1 b,
vy -
_{L Radiating patch
«+— Ground plane
Pl I with apartura
A W,
ap hl

/ , f
Feed-ling
— i ]7

Figure 2.1 a wireless fed patch antenna [3].

2.2 Discussion of Fields Around Microstrip and Slotline
To understand the microstrip-based wireless feed concept better it can be broken down into
two common transmission lines, the microstrip line and the slot line. As seen in Figure 2.2, the

fields of a microstrip and a slotline are perpendicular to each other. This means if they are
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geometrically set 90 degrees to one another the fields will align and cause coupling. With this

information a search into structure that use this method was investigated.

-
I -

Y

!
J, Substrate
Figure 2.2a slotline fields diagram [4] Figure 2.2b microstrip field diagram [5]

2.3 Knor Balun (slotline transition)

A structure was discovered that was designed by Knor that operates as a slotline to microstrip
transition [6]. The transition is achieved by cutting a slotline into the ground plane of a microstrip
stub. The stub extends past the slot a quarter wave, as seen in Figure 2.3a. 2.3b shows the
equivalent circuit for what has been described as the Knor Balun. The impedance transformer ratio

of the coupling structure can be calculated with equations 2.1 through 2.5,

n:cos(Zn%u-cot(q())sin(h%u) Eqg. 2.1[6]

qy=2nu+tan”1> Eq. 2.2[6]
1\? 2

u:[er -(2) ] Eq. 2.3[6]
1\2 2

v:[(;) - 1] Eq. 2.4[6]

Zg =" Eq. 2.5[6]

where n is the coupling ratio, Zg is the impedance of the slot line, Zns is the impedance of the

microstrip section, A is the wavelength in free space, and A is the wavelength in the material. The
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traditional microstrip-to-slotline transition is always done by cutting a slot in the ground plane of
the existing feed structure and not coupling two separate transmission lines together. However, a

structure that achieves coupling between two microstrip lines through a slot is not studied in [6].

.08l IN,
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: r-—afcﬁo%‘rmp z
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Figure 2.3a microstrip slotline transition [6] Figure 2.3b equivalent circuit for microstrip slotline

transition [6]

2.4 Coupled Line Filter

The suggested geometry comprising of transitions between microstrip and slotline
geometries will act in a similar fashion to a coupled line filter, where the input and output are
wirelessly connected via an internal coupling structure as shown in Figure 2.4. The main research
question is: what will this coupling structure look like and how can it be modeled? Taking
inspiration from the Knor transition, the hypothesis is that knowing it is possible to couple from a
microstrip to a slot line, we can then couple back efficiently from the slotline to a microstrip
geometry to achieve a microstrip-to-microstrip transition. This will produce a microstrip line that
is wirelessly coupled to the other with completely discrete layers. There is an expectation that it
will act similarly to a coupled line filter, which will limit bandwidth. Such microstrip-microstrip

fee structure is presented in Chapter I11.
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Figure 2.4 coupled line filter and equivalent circuits [7]

2.5 Additive Manufacturing
There is a growing interest in AM antennas and other RF circuits [8][11][13][14]. This is

partially due to the fact AM allows for shapes and structures not easily achievable through other
methods [14]. A benefit to the additive manufacturing process is that multi-layer boards can be
easily manufactured as the process lays material down layer by layer [9]. AM is ideal for rapid
prototyping but is also growing and becoming suitable for low volume production as technology
advances [11]. As technology advances, the need for interconnecting layers using AM vertical
interconnects (VIAs), Figure 2.5a shows said structure under a scanning electron microscope
(SEM). It can be seen in Figure 2.5b that as frequency increases the insertion loss begins to increase
as well. The insertion loss around the target frequency of this thesis seems to be approximately 1
dB. Additionally, a small air pocket can be seen in the SEM image (Figure 2.5a). While this
solution is simple it offers a point of failure for designs that require multilayer interconnects for

AM RF circuit
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Figure 2.5a electron microscope image of an Figure 2.5b insertion and return loss for AM VIA [8]

AM VIA [8]

There are numerous techniques for additive manufacturing that utilize different materials
and mediums [10]-[12]. The two main areas of focus in this paper will be fused deposition
modeling (FDM) and microdispensing. FDM manufacturing is a process in which extruded
thermal plastic is laid down line by line creating discrete layers of plastic. Microdispensing is a
manufacturing method that uses a positive pressure pump to extrude a liquid or paste through a

control value allowing for dispensing volume control of hundreds of picoliters [10].
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Chapter I11: Design and Simulations of a Broadband Wireless Feed

3.1 Design & Simulation

As seen in Chapter |1, both slot line and microstrip have fields that are not contained within
the structure of the geometry. The hypothesis is that this behavior can be leveraged to couple
between the two microstrip transmission lines and force an excitation through coupling alone. Such
coupling can be seen in Knor’s microstrip to slot line transition described in Chapter I1 as well as
the microstrip antenna fed through coupling [6][3]. By orienting the microstrip perpendicular to
the slot line the magnetic fields align between the two transmission lines. However, in Knor’s
design the coupling slot is placed on the ground plane of the microstrip line. The wireless feed
design process starts with Knor’s geometry, and modifications to it such that it is a constructed as
a stack of 3 separate transmission line conductive layers, i.e., microstrip, slotline, and back to
microstrip (MSM). This MSM transition will allow for transmission of radio frequency waves
without the need to have a direct electrical connection between the layers. Starting with the Knor’s
microstrip to slotline transition, with a target frequency of approximately 7 GHz and an input
impedance of 50 ohms, a design is created. Using equation 2.1-2.5, it can be calculated that the
slotline impedance should be 60 ohms.

Based on equation 3.1 the wavelength of the slot can be computed as 28.4 mm for the
Rogers 4003C commercial RF laminate for a center frequency of 7 GHz

L= |2 Eq. 3.1 [16]

lo Er+1

However, since the slotline is a non-TEM waveguide the impedance cannot be uniquely
defined [16][17]. Moreover, the assumptions made in attempts to create a close formed expression
assume high permittivity while the materials used here are much lower permittivity [16]. Using a

material with high permittivity would contain the fields inside the substrate likely reducing the
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effectiveness of the coupling structure. Based on empirical data shown by Janaswamy and
Schaubert, an approximation of slot impedance vs. slot width is shown in Figure 3.1[18]. As
permittivity is reduced the required width to reach the desired value of 60 ohms becomes

increasingly small and hard to achieve.
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Figure 3.1 empirically determined impedance of slotline [18]

With the knowledge that these models do not perfectly match a real slotline’s behavior, nor

a slotline that is coupling to two microstrip, it was decided to obtain this value empirically by
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sweeping the value of the width of the slot line, in simulation. Thus, tuning the impedance to best
match the structure within the limitations.

Before the MSM transition is implemented in a printed design a prototype using
conventional methods is designed to act as a proof of concept. Using sapproximations in this
section a design gemoetry shown in Figure 3.2 is used as a baseline for the optimizations, the
dimentions used can be seen in Table 3.1. The material for the prototype design was chosen to be
Rogers 4003c for the initial prototype due to its low loss, and ease to manufacture on which

system?

Y 2xoffset
— 5 f—%\

A2 ‘ o ,\j TWS

}\'51/ 2 5

Ls

Figure 3.2 original design concept for the MSM transition.
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Variable Value Description

Offset 7.1 mm Distance from the center of the slot to the center of the feed stub
Ls 28.4 mm Length of slot

Ws 0.9 mm Width of slot

Wm 1.7 mm Width of microstrip feed stub

Lm 12.7 mm Length of the microstrip feed stub

d 0.75 mm Thickness of each dielectric layer

Table 3.1 values used for Baseline MSM design

To model and simulate the design Ansys HFSS was used. The initial design was created

based on the calculations above, and an initial simulation was run using a frequency sweep of 5.5

GHz to 10 GHz. Figure 3.3 shows the initial 3d model created.

Slotline Microstrip

Microstrip

Figure 3.3 3D model of the MSM feed structure

3.2 Electromagnetic Simulation Results of the MSM Prototype

The geometry shown in Figure 3.2 is modeled in Ansys High-Frequency Structure

Simulator (HFSS) version 2021 R2. The response of the transmission from the microstrip line port

on the left to the microstrip output port on the right (Figure 3.3) can be seen in Figure 3.4a. The

dielectric is defined with a relative electric permittivity of 3.5, and a loss tangent of 0.0027[23].
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The geometry has the dimensions listed in Table 3.1. The width of the slotline was swept from 0.1
mm to 1.5 mm and it was found that the optimal width was found to be 0.9 mm. The peak was also
found to be a bit low at about 6 GHz with a value of -1.35 dB. The simulated 3 dB bandwidth is
about 10% from the S-parameter response plotted in Figure 3.4. The simulated response shows
that the concept of the MSM feed structure can efficiently couple energy between the microstrip
lines. However, further optimization of the geometry is described in Section 3.3 and 3.4 to achieve

better bandwidth and insertion loss.

Insertion Loss Orginal Design (Simulation)

0.00 t
-10.001
= y
(&)
w 20.00 Name X Y

m1 6.0738-1.3584

-30.00

5.50 6.50 750 8.50 950 10.00

Freq [GHZz]
Return Loss Original (Simulation)
0.00 prp—

—-10.00
773
-20.00

5.50 6.50 7.50 8.50 9.50 10.00

Freq [GHZz]

Figure 3.4 (a)S(2,1) and S(1,1) (b) simulation of the original design of the MSM geometry as shown in Figure

3.2.
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3.3 Discussion of Simulation Results & Tuning of the Structure

Simulations show that the geometry from Figure 3.4 can couple power between the two
microstrip lines. However, the bandwidth can be improved. To increase coupling the idea to shift
the microstrip feedline in half a wavelength was attempted, meaning the offset value is changed
from 7.1 mm to -7.1 mm. The idea being to increase the amount of surface area of the lines
interacting with the slot line in the middle. It is clear looking at the field distribution shown in
Figure 3.5 that the electric fields were overall stronger on the slot line leading to the use of this

design moving forward with tuning.

E Field [Vim] E E Field [Vim] a
1.1004E+05 1.1004E+05
I 43921E+04 I 43921E+04
1. 753 E+04 M 1. 753 E+04
6.9972E+03 5.9072E+03
2.T929E+03 L7 2.T929E+03
— - 3

1.1147TE+03 1.1147E+03 j %““ < ‘
4 4494FE+02 4.4404E402
1.7759E+02 ] 1.7759E+02 l )
7.0884E+01 Y il 7.0884E+01 \ i t&
2.5293E+01 \ 2.5293E+01 'v 'y
1.1293E+01 1.1293E+01 [
4. 50T4E+00 b 4. 50T4E+00 \ I &
1.7991E+00 1.7991E+00 \
7.1809E-01 = 7.1809E-01
2.8662E-01 2.8662E-01 f
1.1440E-01 1.1440E-01

Figure 3.5a electric field of original structure Figure 3.5b electric field of staggered feed structure

Another issue with the design is the overall length of the structure. Even if the feed lines
are shortened it still would measure approximately 42.6 mm, i.e. the ideal theoretical length for
the slotline is 1.5 x As. One way to minimize the length of the overall design is to experiment with
shortening the slotline below a full wavelength. One wavelength slotline length was chosen based

on the Knor balun design [6]. However, Kumar and Ray state that the length of the length of the
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slotline for a coupled patch antenna is typically a half wavelength [3]. This was explored by
shorting the slot to one half wavelength of the slot line wavelength as seen in section 3.4.

The frequency response shown in Figure 3.4 has a center frequency that is lower than the
target frequency of 7 GHz, which suggests that the overall dimensions, respect to the wavelengths,
can be reduced to adjust for this frequency shift. A design shift is considered that uses an effective

permittivity given in equation 3.2

—= |= Eq. 3.2

The wavelength calculations for the slotline assume a structure with air on top and
dielectric underneath [16]. However, it is believed that this structure will have a wavelength similar
to strip line as it is a conductor sandwiched between the same dielectric. Based on the results obtain
on the initial geometry simulation, the assumptions for the wavelength for the slotline has been

adjusted to 22.9 mm and the results are shown in Section 3.4.

3.4 Wireless Feed Design with Enhanced Slotline and Microstrip Dimensions

Using the three major changes discussed in the previous section and after gemetrical
optimizations sweeps of Lm and Ls variables, a a design with an enhanced bandwidth and reduced
is chosen and shown in Figure 3.6. The slotline length is set to 12 mm, with the distance between
the microstrip stubs being 6 mm. This is close to the quarter wavelength of the stripline at the
target frequency of 7 GHz. The design criteria in a generlized form is a 50 ohm line as for a
microstrip as an input. The stubs are are slightly shoreter than one half wavelength in length and
centered about the slot. The distance between each stub is one half the length of the slot, which
was approximately one wavelenth of stripline in length. The width of the slot was an optimized

parameter that was determined to be 0.9 mm for this design but will likely have to be adjusted in
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simulation using optimizing tools for a general design. Figure 3.6 shows the 3D model of the

enhanced design of the structure.

Lm

{_A—\

L]
2X offset{ Ls
Figure 3.6a general geometry of the enhanced coupling Figure 3.6b isometric view of enhanced coupling
structure structure
Variable Value Description
Offset -6 mm Distance from the center of the slot to the center of the feed stub
Ls 12 mm Length of slot
Ws 0.9 mm Width of slot
Wm 1.8 mm Width of microstrip feed stub
Lm 8.9mm Length of the microstrip feed stub
d 0.75 mm Thickness of each dielectric layer

Table 3.2 values used for Enhanced MSM design

Based on electromagnetic simulations of different combinations of the geometrical

parameters for Ls and Lm as well, as some minor adjustments to Wm and Lm for impedance

matching, it is determined that a separation of a A/4 offers maximum coupling between the two
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microstrip lines shown in Figure 3.7. Figure 3.7 also shows that with a 90-degree change in phase
the observed fields the peak travels the length of the offset, showing the stubs are one quarter wave

apart.

E Field [vim] E Field [Vim]
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Figure 3.7 fields showing quarter wave separation of stubs

3.5 Comparison Between the Baseline Design and Enhanced Design

The simulated response for the baseline design as seen in Figure 3.9 shows a minimum
insertion loss of 1.35 dB at 6.07 GHz but the bandwidth was far below the target value of 1.4 GHz.
Additionally, the physical size is 42.6 mm in length, not counting the extended microstrip feed
lines. The enhanced design shown in Figure 3.8 is two thirds the size for the slot section with a
similar insertion loss of 1.03 dB at 7.00 GHz and a return loss of 25.09 dB at 7.04 GHz. The
bandwidth has increased considerably on the enhanced design when compared with the baseline,
as seen in Figure 3.10, achieving a 25% fractional bandwidth. The enhanced design is selected for

prototype manufacturing.
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Figure 3.8 geometries of the wireless feed geometry for (a) the baseline design, and (b) the design with enhanced

response
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Chapter IV: Experimental Results of the Wireless Feed Prototypes

4.1 Manufacturing

The LPKF U4 Protolaser laser mill, Figure 4.1a, is used to manufacture the boards for the
prototype design. The mill operates by running a hash pattern over the material that it will cut out
using a picosecond laser with a wavelength of 355 nm. Then another tool path is used to heat the
strips of metal with the laser, melting the adhesive and delaminating the copper from the board.
This process is much faster and requires less power than ablating all the copper off the board with
the laser for the selected substrate and machine. The hash process steps require tuning of the
parameters using the maximum power of 4.8 W and 2 passes, to successfully remove the copper
layer. Furthermore, if the hash parameters are not properly set, it is also possible to over-etch the
substrate causing changes in the effective electric permittivity of the transmission line.
Additionally, if the heat toolpath is overdone the board itself can overheat, also changing its
electrical properties. It was noted in the first set of boards produced had a rough texture and the
performance of the feed structure was significantly degraded to the point of being nonfunctioning
due to the over-milling of the boards. It can be seen in Figure 4.1a that the board is slightly grey,
despite the material usually being bright white. This greying was still observed for the minimal
power setting for copper removal for the Rogers 4003C board. The laser machining parameter for
successful copper removal are kept constant over the entire experiment for consistency, and
minimal over-etching and over-heating of the material effects on permittivity were observed for
the manufactured samples.

End-launch coaxial to microstrip connectors are attached to the manufactured boards as

shown in Figure 4.1b, solder is applied to the connector pin to ensure proper connection to the



30

microstrip line. The structure is assembled in its sandwich-like structure by using the precut holes

on the Rogers substrate, to screw it together with Teflon screws (Figure 4.1Db).

Figure 4.1a LPKF U4 Protolaser Figure 4.1b MSM Rogers 4003C Prototype

4.2 Wireless Feed Prototype S-Parameters Measurement

A Keysight E5071C ENA is used to measure the S-parameters of the MSM transition. The
calibration was preformed using the Keysight N4433A Ecal device, with the machine set to a
sweep from 6 to 10 GHz with 801 points. Due to the design of the feed having a ground plane on

each end it is reasonable to assume most of the fields will be contained in the structure and
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therefore the nearby objects should not have much impact, if any, on the measurement itself. Figure
4.2 shows a comparison between the simulated and measured S(2,1) responses.

Insertion Loss Prototype (Simulation V. Measured)

0.00
&1 Measured
-10.00 \/
& -20.00 A
w Name X Y Simulation
-30.00 m1 7.0000-1.0307
m5 7.0000-1.8456
6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00

Freq [GHz]

Figure 4.2 insertion loss of prototype simulation verses measured

4.3 Analysis of Results of the Manufactured MSM Structure

The simulated and manufactured designs closely align with one another, with a minimum
insertion loss of 1.03 dB and -1.84 dB, for the simulated and measured responses, respectively.
The measured 3-dB-bandwidth is slightly higher than the simulation by 25%, for a measured
fractional bandwidth of 27%. A frequency up-shift of 0.1 GHz on the lower cut-off frequency is
observed on the manufactured samples with respect to the simulations. Response frequency shifts
can be associated with variations on the material properties by the manufactured, as well as effects
of the laser machining and geometrical deviations. The increase of loss can be associated with
unaccounted additional conductor and radiation losses. The results in Figure 4.3 verify the
effectiveness of the MSM structure and serve as a base for the design and manufacturing of an AM

version of the structure.
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Chapter V: Additive Manufacturing of the Wireless Feed

5.1 Manufacturing Equipment and Process

For ease of manufacturing the substrate material that was used for the printing version of
the design was ABS. The design will have added loss because of the lossiness of abs due to a loss
tangent between 0.005 and 0.019 with most sources placing it near 0.007[19]-[22]. Acrylonitrile
butadiene styrene (ABS) is used due to its popular use in AM as well as its ease of manufacturing
[8]. CB028 is used as the conductive ink for printing the traces, which typically show an effective
electric RF conductivity of around 2 MS/m [12], is easily printable, and is a common ink chosen
for 3D printed RF circuits [8][10]-[16].

The manufacturing took place using nScrypt (Figure 5.1) to first print the ABS layer using
the FDM print head with a 100-micron nozzle. The nozzle temperature was set to 240 C and the
bed to 100 C. Once the ABS part was printed a layer of CB028 was printed on top and cured using

the heated bed. This was repeated for each section until the full design was complete.
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. R

Figure 5.1 NScrypt tabletop machine used to print the final design

5.2 Results
The Keysight VNA was set up and calibrated similar to section 4.2, with a sweep from 6 GHz to
12 GHz and 401 points. The printed sample (Figure 5.3b) was then measured with the results

shown in Figure 5.2. The center frequency was measured to be at 8.85 GHz with an insertion loss

of 5.1328 dB.
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Figure 5.2 printed vs Simulated ABS design insertion loss
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5.3 Discussion of Results

From the simulation and the measurements of the printed design. It is evident that there is
a degradation in perforce as compared to the commercial laminate prototype. The 3-dB-bandwidth
of the simulation is 23.5% and the one for the AM sample is 13.6%. The drop in bandwidth for the
AM sample is due to the pronounced ripple in the pass band prematurely dropping the insertions
loss below -3 dB from the peak value. The frequency shift shown between the measured and
simulated data is most likely accounted for by a change in permittivity, as well as deviations in
Lm and Ls. The increased loss compared to the prototype designs comes from the lossiness of
ABS, especially compared to Rogers 4003C with a loss tangent anywhere from two times to six
time higher [19]-[23].

There is a frequency shift of 0.85 GHz on the center frequency on the response shown in
Figure 5.1 that can be associated to the difference of permittivity of ABS from the expected
nominal value and potentially material density lower than 100%. ABS can have a wide range of
permittivity from 2 to 3.5 [19]-[22] that may change based on manufacturer and printing settings.
Although the AM MSM transition shows deviations from the simulations, it verifies the structure
can be 3D printed, with room for design improvements to adjust for permittivity and geometrical

deviations in the simulations.



Figure 5.3 (a) milled prototype (b) printed design
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Chapter VI: Broadband Wireless Feed

The target application of wireless feeding antenna systems with the MSM structure can
benefit from wider bandwidths in the S-parameters response. There are two aspects to creating a
better matching network in terms of wideband performance: (a) the bandwidth of the slot structure,
and (b) the bandwidth of the microstrip feeding stub, as labeled in Figure 6.1. Both aspects could

be a limiting factor of the bandwidth of the feed.

stub

L slot

Figure 6.1 highlighting of the stub and slot sections of the MSM feed structure

6.1 Broadband Slotline

Kumar and Ray discuss the design of a wide band aperture coupled patch antenna, similar
to that discussed in section 2. They explore multiple different shapes of slot for their design but
conclude that a bowtie design as shown in Figure 6.2 is ideal [3]. They however do not offer any
design criteria for said bowtie design, seeming to calculate the shape empirically, simply
maintaining the minimum width as the original slot width and preserving the original slot length.

The maximum width is left to be explored.
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fe— 1.1 —

Figure 6.2 bowtie slot design [3]

6.2 Broadband Microstrip Stub

Radial stubs have been used for wide band impedance matching of microstrip line [24]. In an
attempt to make a wider range of matched impedance for the microstrip feed structure in Figure
6.3, the idea is to add a radial stub to each side of the feed stub of the microstrip section. This is
expected to provide the matching stub while providing an even feed structure on either side of the

slot.

Effective shape

Figure 6.3 radial stub used for matching in microstrip networks [24]

6.3 Design and Simulation Results for the Wideband MSM Transition
The goal is to create a wideband design by combining the wide band radial stub for

microstrip and the wide band bowtie for the slot line. A cloverleaf was added to each end of the
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microstrip stub to have a balanced feed structure and the slot was converted to the bowtie design
shown in Figure 6.4. Using the parameter sweep function in HFSS The values of the radial and
bowtie were adjusted, and the most favorable design was selected. The value for Ws2 4 mm and

an a value of 40 degrees.

\AleaD

VWoZ

o
2x offset { — Ls

Figure 6.4 wideband adaptation of prototype
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Variable Value Description

Offset -6 mm Distance from the center of the slot to the center of the feed stub
Ls 12 mm Length of slot

Ws 0.9 mm Width of slot at center

Ws2 4 mm Width of slot at ends

Wm 1.8 mm Width of microstrip feed stub

Lm 8.9mm Length of the microstrip feed stub

a 40 degrees Angle of matching stub

d 0.75 mm Thickness of each dielectric layer

Table 6.1 values used for MSM wideband design

6.4 Simulated Response of the Wideband MSM Structure

The angle of the stub was determined to perform best at 40 degrees, with it having only a

minimal performance enhancement to the MSM network when compared to the one with straight

stubs shown in Figure 6.5. The biggest factor in the wideband performance of the MSM structure

is the addition of the bowtie shaped slot. Although the overall 3-dB-bandwidth of the enhanced

MSM structure (Figure 6.4) did not increase when compared with one from Figure 3.6, the flatness

of the intersection and return loss responses is greatly improved as seen in Figure 6.5. This design

would be interesting to explore further with a more systematic way of creating the structure.
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Chapter VII: Conclusion

7.1 Summary

A wireless feed structure to transition from a microstrip geometry (MSM transition) to
another microstrip is presented. The design requires four layers of dielectric and five layers of
conductor; essentially a slot line stacked between two microstrip lines with ninety-degree half
wavelength stubs placed over the slot, one quarter wavelength apart. For the basis of the design
equations for strip line are used for wavelength calculation. The width of the slot was tuned using
electromagnetic simulations. For the best performance it was found that the feed stubs should be
slightly under half a wavelength and the length of the slot should be slightly over half a wavelength.
A prototype using traditional manufacturing technique and commercial substrates, as well as
another prototype using AM, are fabricated, and tested, confirming the effectiveness of the MSM

structure.

7.2 Effectiveness of the MSM transition

Overall, the goal of creating a generalized coupling structure to feed through discrete layers
of a printed radio frequency circuit is achieved. It is shown that the MSM geometry design can be
created with separate layers and seamlessly integrated into a standard fifty-ohm characteristic
impedance system.

It is clear, the structure is sensitive to dielectric losses, which may suggest a better overall
performance can be achieved by using lower-loss FDM-compatible dielectrics. In future studies
the use of a material such as PEEK or Rogers’s radix would lead to an insertion loss closer to the

prototype, and therefore a printed structure with much less losses [25]. However, the printed
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structure does show the process for manufacturing the wireless feed is viable, with the correct
selection of materials.

This design is attempting to replace a more traditional VIA type design when such a design
is not practical. While there is the expectation that the structure will have more loss than a direct
connection, a simulation is performed to show the performance of a structure using a simple VIA
as seen in Figure 7.1. The results of the simulation of this feed are shown in Figure 7.2 for Rogers
4003c and in 7.3 for an ABS substrate. It is clear that there is less loss for an idealized direct feed
structure and that the coupled feed is a slight trade off in performance to get the benefits it provides.
It can also be seen that even for the VIA structure the ABS and CB028 ink are significantly more

lossy than the version using copper and 4003c.

Figure 7.1 feed structure with VIA
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Figure 7.2 insertion loss for microstrip feed structure with VVIA on Rogers 4003c
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Figure 7.3 insertion loss for microstrip feed structure with VIA on am ABS substrate.

7.3 Future study

One of the limits of the current manufacturing method is that the MSM transition was
printed as two separate microstrip lines and another separate slotline. Ideally, these could all be
printed as one continuous print without needing to assemble the structure after the fact. This would
allow for a seamless transition between the layers of a printed circuit without any need for post
processing. While streamlining production it would effectively be the exact same structure and
was not in the scope of this design as being able to disassemble the feed for inspection and
variations was more important. The manufacturing process could be optimized to make the process
much simpler as well as removing variations from the designed performance.

One alternative has been identified but was not able to be obtained in time to manufacture
with. Rogers Radix is a low loss UV resin that can be manufactured on a DLP or SLA UV printer
[25]. PEEK is another potential alternative thermoplastic as it is lower loss than ABS [22]. PEEK
is more durable as well making it a more likely choice in a high stress environment [2]. However,

it is a challenging material to print with and due to scope and time constraints it was not
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implemented in this design but would be an interesting future consideration to get better insertion
loss.

A more defined method for matching the feed can be studied. The thickness and the width
of the slot determine the impedance matching of the circuit and the correct solution was achieved
empirically. The impedance calculations for the slot showed to be different from the ones for a
traditional slot and from the Knor balun or the impedance of the slot line section is greatly changed

by the addition of the coupling structure.

The MSM structure can be further validated in a full network such as a printed conformal
antenna being fed completely wirelessly. Based on the measurements and simulation shown in this

thesis it possible to integrate the MSM well into a conformal antenna design.
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