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Abstract

This thesis evaluates the feasibility of an embedded antenna multifunctional structure (MFS) for space-
craft applications. The increasing commercialization and miniaturization of space missions call for versatile
subsystems that make efficient use of limited spacecraft volumes. This research investigates a design for a
microstrip patch antenna with an SU-8 photoresist substrate on a hybrid composite structural panel com-
prised of aluminum, carbon fibre composite (CFC) and polyethylene fibre composite (PFC) materials. While
the proposed design does not outperform high-powered antennas such as reflectors, they can be utilized as

secondary communication antennas for tracking, telelemetry and command (TT&C).

In order to design and model the antenna in ANSYS HFSS electromagnetic simulations, all of the ma-
terials are characterized first. I performed a series of tests using parallel plate and microstrip devices to
extract their electrical properties. After modelling and design, a manufacturing process for the substrate is
optimized to work around the thermal constraints of the composite materials. The antenna is then deposited

on top using a stencil and copper deposition methods.

During the connector attachment process, the antenna prototype was subjected to rapid temperature
changes which caused the SU-8 substrate layer and copper patch to crack in several places. The cracking
introduced air gaps between the substrate and aluminum ground plane, and the microstrip patch was am-
mended by placing copper tape on top. After such repairs, the antenna prototype is then measured at an
operational frequency of 2.5 GHz, with a -10 dB bandwidth of 60 MHz, and a peak gain of 1.45 dB. These
results were followed by an investigation of various loss mechanisms. Although the resulting performance of
the MFS antenna did not meet the expectations and criteria, there are still potential applications with my

recommendations for future work in this research area that can improve the feasibility of this technology.
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Chapter 1

Introduction

1.1 Overview

Historically, government agencies were the first to venture out into space and the subsequent development
was managed by bodies like NASA or ESA with established contractors. As space mission goals become more
ambitious, the demand in functionalities of spacecraft increase in complexity and cost [1-3]. The advent
of space commercialization allowed for the space community to grow by including groups outside of major
agencies. Increased accessibility provides the opportunity for these groups to manage and operate spacecraft
almost independently from mission concept design to launch [4]. Accessibility and commercialization drive

the advancement of technologies that improve cost and performance efficiency such as:

Multifunctional structures (MFS)

Composite materials

Spacecraft miniaturization

Microstrip antennas

An amalgamation of these technologies is studied in this thesis, which explores the feasibility of em-

bedding microstrip antennas in composite materials to create a multifunctional structure that facilitates



spacecraft miniaturization. The proposed component is a "smart panel" that functions as the satellite struc-

ture and communications antenna that operates in the S-band. The respective advantages of each of the

aforementioned technologies are as follows:

1)

Volume Efficiency: MFS integrate spacecraft bus functionalities within the structure and make efficient
use of space by utilizing otherwise passive elements. This method reduces mass and maximizes usable

volume for other instruments and payloads, adding value to the mission.

Reduced Mass: Composite materials possess the desired structural qualities of traditional materials
such as metals, while reducing weight significantly [5]. Although carbon fiber composites (CFC) are
common in the aviation industry, they are only recently being adopted for space flight on a limited

basis [6,7].

Improved Access to Space: Miniaturized spacecraft bring down the barrier of entry for testing new
technologies or conducting scientific investigations [8,9]. By minimizing the cost and safety-critical na-

ture of the spacecraft, there is less risk involved in adopting the most cutting-edge advances in research.

Ease of Integration: Microstrip antennas have thin planar profiles and are easily fabricated [10], there-
fore integration with the structure can create versatile systems. Implementing planar antennas reduces
collision and non-deployment risks. Antennas that provide a delicate balance of gain performance with

minimized component footprint can make communications systems more effective.

Adaptable Communications Solutions: A challenging element of space missions can be the communica-
tions system, which is responsible for transmitting critical data over vast distances despite limitations
on available power and space. A multifunctional antenna structure that can be adapted in size has

potential applications for both large and small satellites. Larger spacecraft lend more surface area that



increase aperture size for more demanding data requirements, and small ones are able to work around
their stricter limitations with less demanding requirements. While miniaturized spacecraft constraints

are given special consideration in the evaluation of the component, the design allows for both use cases.

1.2 Hypotheses

The objective of this research is to develop a smart panel that can transmit and receive communication
signals while maintaining structural integrity to support the spacecraft. The methods and tests discussed in

this thesis are performed to verify the following hypotheses:
1. Microstrip antennas can be successfully deposited onto composite materials

2. Carbon fibre reinforced polymers (CFRP) can be incorporated into the smart panel without detriment

to antenna performance
3. The embedded antenna will meet the performance standards for satellite communications

4. The smart panel reduces the component footprint and maximizes useable spacecraft volume

1.3 Challenges

Some of the challenges involved with this research include electrical characterization of materials, man-
ufacturing feasibility, and patch antenna limitations. The most significant challenge to the design and
implementation of MFS is the merging of mechanical and electrical functionalities. Developments in each
subsystem are usually done separately and integrated towards the later phases of the mission. With MFS, the
design inherently takes both systems into account and developed jointly so they can be hybridized without

detriment to their individual performance.

An aspect of electrical design that is not normally investigated during mechanical structure design is the
electrical properties of materials such as conductivity and permittivity. While heat conductivity is useful

for the structure’s thermal distribution and control, electrical conductivity can react with the emission field



of the antenna radiation. This can be addressed by the antenna design and utilized as a ground plane. In
order to properly take advantage of this, the materials of which the structural antenna is comprised must
be characterized. Afterwards, the geometry and stack lay-up of the panel must be accurately represented in

models for the design and simulation of the antenna panel.

Another challenge of this research is the feasibility of a streamlined assembly process of the smart structure
technology. In order for the component to prove cost efficiency, it must demonstrate adaptable manufactura-
bility and reduced integration overhead. The bonding of an antenna substrate onto the composite material
and the copper deposition method have to take into account constraints such as temperature limitations.
The substrate material itself requires the ability for adhesion to any size and shape of the ground plane, and

still maintain desirable permittivity and loss tangent properties.

While microstrip antennas have the advantages of cheap and easy fabrication, there are some drawbacks
that affect the potential use cases. Rectangular patch antennas typically operate on a narrow bandwidth
(2%-5% [10]) which limits the data rate of satellite communications. CubeSat data rates are normally within
the range of 1.2 - 9.6 kbit/s [16], which is still achievable with the patch antenna’s bandwidth, but re-
stricts high-volume data such as mapping and high resolution images. The potentially high directivity of
patch antennas can be seen as an advantage for more focused beams and power efficiency, but it might also
impose higher pointing accuracy requirements on the spacecraft depending on the nature of the mission.
Two possible solutions include placing multiple antennas on at least four faces of the spacecraft to create a
pseudo-omnidirectional pattern, or implementing beam steering capabilities using phased arrays. Although
they have minimal volumes, they also take up significant surface areas. Mounting patch antennas on the
outside face of satellites occupies space that could otherwise be used by instruments such as solar panels and

camera lenses.



1.4 Contributions

The work presented in this thesis develops a design of a multifunctional antenna structure that jointly fulfills
the roles of a mechanical support structure and a radiating communications component. The antenna is
designed to comply with increased gain and beam steering requirements imposed by the CubeSat applications

in Section 2.6. Here is a summary of my research contributions:

Utilization and characterization of hybrid composite materials and SU-8 photoresist

Analysis of SU-8 photoresist as an antenna dielectric substrate

Novel manufacturing method for a MFS antenna device

Design of a versatile component with reduced micrometeoroid orbital debris (MMOD) and non-

deployment risk

Spatial and cost efficiency for satellite missions

The antenna design takes a novel approach of building on top of a pre-existing hybrid composite radiation
shielding design by Emmanuel [17], comprised of polyethylene fibre composite (PFC), carbon fibre compos-
ite (CFC), and aluminum. The composite face is utilized as the antenna ground plane, SU-8 photoresist is
deposited as the substrate, followed by the sputtering of a thin copper layer as the patch antenna and feed
network. Advantages contributed by this design include the manufacturing process, its adaptable function-

ality, cost-effectiveness, and increased system reliability through reduced collision and non-deployment risks.

The manufacturing process of this design is improved by the characteristics of SU-8. The material starts
out as a liquid and is poured over the ground plane allowing for versatile deposition. Solidification of the
SU-8 eliminates the need for adhesives or fasteners between the substrate and ground plane. Finally, copper
sputtering of the radiative elements enable the realization of more complex microstrip designs for enhanced

feeding networks and geometries.



Setting CubeSat constraints on the design creates an antenna component that is compliant with the
standardization philosophy of the platform. While parameters such as operational frequency and size adhere
to these standards, features such as gain and beam forming have been enhanced. A building block approach
based on the "U"-unit can be taken in order to construct larger arrays if needed. This makes it a good can-
didate for outsourcing to a commercial off-the-shelf (COTS) solution, which is a beneficial practice amongst

CubeSat teams.

The component overlap created by the MFS combination helps reduce overhead and verification activities
required to qualify two separate systems, and therefore, reduces cost. In addition, structural components
are built and rigorously tested for the harsh space environment, which increases component reliability. The
fusion of both systems brings forth new constraints and challenges, but ultimately result in a more resilient
component. Extended testing scope, reduced risks from MMOD and non-deployment, and added radiation
shielding forge a component with enhanced reliability. Bolstering a component’s reliability can increase the

chances of being chosen for flight and achieving heritage.

This research has advanced the field of antennas as MFS by innovating a novel and different technique
to embedding antennas than the existing technologies reviewed in Chapter 2. The performance of SU-8 as
a substrate compounded with a hybrid composite ground plane for satellite antenna applications have not
been previously explored. Data gathered in the characterization of chosen materials are also valuable to

future works aiming to expand this concept.

1.5 Outline

Chapter 2 provides an in-depth background and literature review on the different fields involved with the
research. This review consists of different topics about antennas, microstrip devices, large and small space-

craft, and multifunctional structures.

Chapter 3 introduces the different materials chosen to create the multifunctional antenna structure. The



methods of analysis, procedures, and test equipment to characterize these materials are discussed. Electrical
properties such as conductivity, permittivity, and loss tangent are measured and evaluated for their eligibility

for MFS and space applications.

Chapter 4 presents some use case studies on the potential applications of the proposed MFS antenna.
The data gathered from Chapter 3 is then used to design the patch antenna system. The electrical properties
and dimensions obtained are input into an ANSYS HFSS model and simulated. The radiation performance
of the array and beam steering capability is evaluated through realized gain, half power beamwidth, return

loss and bandwidth.

Chapter 5 describes the process of manufacturing the proposed MFS antenna design. The laboratory
procedures and equipment used to create the antenna are discussed. Practical considerations such as man-

ufacturing tolerances and sources of loss are examined.

Chapter 6 presents the results of antenna radiation performance of the constructed MFS in an anechoic

chamber. The theoretical versus measured characteristics of the antenna are compared to the expectations

from Chapter 4, and discrepancies are analyzed for possible causes.

Chapter 7 is the summary of this journey and the conclusions of my research contributions.



Chapter 2

Background

2.1 Spacecraft Antennas

There is a vast range of communications requirements for different spacecraft that are unique to the mission.
These characteristics include data volume and rate, frequency of operation, service area, and signal-to-noise
ratio. The main types of antennas used are wide, earth, and narrow coverage [18]. The function and type of

data will dictate which antennas are required, each with their advantages and disadvantages.

Wide coverage or omnidirectional antennas are required for telemetry, tracking, and command (TT&C)
applications. TT&C data help satellite operators monitor bus health, track its location, and send commands
to the on-board computer. These types of transmissions use lower data rates and frequencies but require
wide coverage so it can be accessed regardless of the satellite’s orientation [18]. This type of antenna is also
useful for spacecraft with a low pointing accuracy. Omnidirectional antennas have uniform and 360°coverage

in one plane, and includes dipoles, loops, and broadside arrays [15].

Earth or nadir-pointing antennas provide coverage over the field of view subtended by the earth [18].
This footprint is achieved by optimizing both antenna directional beamwidth and orbit altitude. Geosyn-

chronous [19] , telecommunication [20], and remote sensing [21] satellites utilize nadir-pointing antennas in



order to service the earth. Horn and planar array antennas are some types used for earth coverage [L5].

Narrow coverage antennas are used to transmit very focused beams that require high gain performance.
These requirements are imposed by either large data volumes (eg. payload data) or vast propagation dis-
tances (eg. deep space), and mainly use reflector antennas [18]. Reflector or dish antennas operate on
geometric optical physics and have many design variations. Reflector antennas are usually large and intri-

cate structures, and deployable membrane mechanisms have been developed to conserve space [22].

2.2 Phased Arrays

Antenna arrays are created by arranging multiple antenna elements in specific geometries and producing a
larger aperture. The resulting field vectors interfere constructively where desired and destructively elsewhere,
generating a more directive and higher gain radiation pattern. According to Balanis [15], there are five

parameters that shape the overall pattern of the antenna:

e Geometrical configuration of the array (linear, circular, rectangular, spherical)

Spacing in between elements

Excitation amplitude of the individual elements

Excitation phase of the individual elements

Relative pattern of the individual elements

The spacing of the elements help reduce mutual coupling that cause parasitic losses. Varying the excitation
amplitudes shape the field of view of the antenna. By applying a phase differential to each excitation, or
"phasing", the beam can be electrically steered. Beam steering can be useful in cases where satellite pointing

or mechanical actuation proves insufficient.



2.3 Microstrip Patch Antennas

The microstrip antenna configuration enables conformal printing on dielectric substrates using photolitho-
graphic techniques [10]. To this extent, feed networks, arrays, and other circuitry can also be implemented
co-planar with the radiating elements. The open-ended nature of microstrip design allows diverse variations
of antenna and feed geometries to be exploited. Many novel design techniques aim to enhance radiation

performance or address shortcomings [25-35].

The mechanism of radiation is the excitation of a smaller metallic patch with reference to a larger ground
plane, separated by dielectric material. The mismatch in size allows for the fringing fields at the edges of the
patch to essentially radiate (see Figure 2.1(a)). On this note, the induced surface current density in a patch

antenna exists in the plane of the conductors and the electric field in the dielectric is oriented perpendicular

. ——E-plane
~ -H-plane

to this plane. This also produces a broadside radiation pattern shown in Figure 2.1(b).

patch
g T

€y h

Y v
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(a)

Figure 2.1: (a) The radiation mechanism of a patch antenna by means of fringing electrical fields (side view),
and (b) the radiation pattern of a simple patch antenna [10].

[T

Microstrip patch antennas have been adapted for a wide range of uses, such as mobile communications,
GPS, RFID, radar, even military and medical purposes [23,24]. Due to being driven by cost-effectiveness and
miniaturization, CubeSats have given special attention to microstrip antennas. Tubbal et al. [16] evaluates
the capabilities of various patch antenna designs using criteria for small satellite applications. There are
many design techniques and approaches that can be employed to address the narrow bandwidth, lower gain,

planar size, and non-steerable disadvantages of patch antennas. Bandwidth can be expanded by using con-

10



figurable polarization [25,26], different geometries for dual-band operation [27,28], and better feed matching
techniques [29]. Gain improvement can be achieved by implementing arrays, which can also realize beam
steering through sequential phase rotation [30,31] and differential phasing of the elements through power di-
viders [32]. Further miniaturization of the patch size can also be done through inverted F-configurations [28§],

meandering [33], shorting pins [34], and use of negative permeability metamaterials [35].

There are also many examples of patch antennas designed specifically for and implemented on CubeSat
missions. Magalhaes et al. [36] analyzed an array configuration of four UHF patch antennas, but has in-
creased risks from depending on four separate deployable mechanisms. Islam et al. [37] designed a single
patch antenna with asymmetrical V-shaped slits on all corners to produce circular polarization (CP) and a
parasitic strip for wide axial ratio (AR) beamwidth. This device has to be accommodated and mounted on
the outside surface, complicating the integration process. Nascetti et al. [30] and Pittella et al. [38] both
created CP antennas with sequential phase rotation by placing four elements orthogonally while phasing
their excitations. This configuration allowed for the antenna and a camera lens to fit within a 10x10 cm?
side. Both antenna devices have wide openings in the middle to accomodate cameras, and do not provide
structural support. Padilla et al. [39] designed a programmable slot array for multibeam, omnidirectional, or
directive radiation, but take up all available surface area of their 250x250x250 mm?® spacecraft. Osorio and
Ramirez [31] demonstrate a 3x3 square patch array, each comprised of a 2x2 sequentially rotated sub-array

to achieve circular polarization.

The microstrip antenna design proposed for this research is a rectangular patch operating in S-band
frequency. While the techniques discussed in this section involve intricate design geometries, the rectangular
patch uses a more simplistic approach. Applying a simplified design benefits the novel manufacturing process

and component accessibility explored in this research.

11



2.4 Composite Manufacturing Techniques

Advanced composite materials have benefited the aerospace industry by replacing aluminum or metallic
structures with lightweight materials whilst maintaining strength for structural support [6]. Although the
use of composite materials is prevalent in the aircraft industry, only recently are they being adopted for space
flight on a limited basis [7]. Composite materials are comprised of a binding matrix reinforced by inclusions
of various forms. Namely, CFRP is made of high strength carbon fibres bound by an epoxy resin matrix.
The carbon fibres in the matrix can either be short and randomized or continuous long fibres arranged either
unidirectionally or quasi-isotropic. Unidirectional CFRP has low off-axis strength, and thus rarely used in
structures. In order to provide structural integrity in all directions, it is common practice to have at least

10% of fibre layers oriented in the 45° and 90° directions [40].

Two common manufacturing techniques to create CFRP for aerospace applications are using prepreg plies
or infusing fibres with resin [40,41]. In the first technique, prepreg plies are sheets that contain one layer of
fibres in a uniform direction and are pre-impregnated with uncured epoxy. These sheets are then stacked on
top of each other in different orientations and cured in an autoclave at high temperatures to create a solid
laminate. In the second technique, multi-directional dry fibres are placed and stacked inside a mold which
is then infused with liquid resin, and cured to solidify. Holloway [41] states that the electrical performance

of composite laminates depends strongly on the fabrication methods.

On the other hand, hybrid composites take advantage of the structural properties of carbon fibre while
incorporating other materials to create lightweight and multifunctional structures. Combining dissimilar
materials poses a challenge to the manufacturing process to accommodate various thermal properties to
avoid the delamination of some layers. Ahamed et al. [42] use a ply-interleaving technique to join carbon
and glass fibre materials and create an RF-transparent window for potential MFS antenna applications.
Their research employs co-cured joints with resin pockets in two geometric configurations to improve the
structural performance of the hybrid composite. Emmanuel [17] developed a two-step lamination process

to manufacture hybrid structural radiation-shielding for spacecraft. The process involves a low pressure

12



lamination step to cure the carbon fibre composite layer and then an additional high pressure lamination

step to cure the polyethylene fibre composite layer and consolidate a hybrid composite panel.

The proposed concept of the MFS antenna structure will also require careful integration of multiple ma-
terials with different thermal and mechanical properties. Much like the above literature, the manufacturing
process has to be developed in order to avoid degradation of structural qualities and delamination of material
layers. Typical methods of SU-8 deposition are modified and adapted in order to accommodate temperature

limits of the hybrid composite panel.

2.5 Spacecraft Miniaturization

Conventional large spacecraft may take up a timeline of over five years from proposal to design, and cost
anywhere from USD 100 million to 2 billion [3,13,14]. They also weigh upwards of 1000 kg and a few meters
in height [3]. Technological advances have benefited the effort to push satellites to smaller sizes, such as
nano- and pico-satellites. A special class called CubeSats typically weigh from 1-10 kg and sizes are based
on a unit "U" which corresponds to a 10x10x10 cm?® cube. Typical spacecraft dimensions include 1U, 3U,

6U and 12U (see Figure 2.2). They can also be built on shorter timeframes as quick as six months [14].

1U 3U 6U 12U

Figure 2.2: The most common CubeSat sizes are 1U, 3U, 6U, and 12U, where 1 "U" is a 10x10x10 cm? cube.

One of the main tenets of spacecraft miniaturization is to "do more with less". This design philosophy
can be implemented by replacing one monolithic and expensive satellite with a constellation of smaller and

cheaper satellites. This offers redundancy, and therefore, reliability in case of a single spacecraft failure.
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The CubeSat platform is an example of miniaturized spacecraft that is notably popular with student
groups and academic institutions, while progressively trending towards commercial uses [11]. By lowering
the risks involved with loss or damage of property, they can be utilized as educational tools and even tech-
nology demonstration platforms. Overall, CubeSats cost less to build and the reduced size and weight enable
for convenient ride sharing on rocket launches. Reference [11] shows the increase in CubeSat missions per
year in Figure 2.3(a), and the percentage of those that are administered by universities and commercial
companies. Figure 2.3(b) shows that a growing percentage of spacecraft launched per year are comprised of

small satellites [12].

Smallsat Trends (2012 — 2019)
CubeSats Each Year by Mission Type
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Figure 2.3: (a) CubeSat missions per year subdivided into university, military, civil government, and com-
mercial uses [11] and (b) spacecraft launched per year subdivided into different size classes [12].

Standardized size constraints with constant increments set the stage for standalone, readily available,
and adaptable components such as MFS. The development of a smart structural panel with increased func-

tionality can be made available to CubeSat teams as a "ready to go" component that streamlines integration.

CubeSat programs open opportunities for groups to access space without the need for large resources,
such as emerging and developing nations [43] and secondary schools [8]. Furthermore, CubeSats are a

great educational tool for potential space system engineers in future missions as early as the middle school
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level [81]. CubeSat opportunities help nations establish a previously non-existing space program and start

space engineering education at an earlier stage.

CubeSats help expedite the qualification process of novel technologies that would be otherwise deemed
as "too risky". To that end, more COTS solutions can obtain flight heritage which can then be adopted by

future missions, adding reliability.

A couple of the more common antenna types used for small spacecraft are monopoles/dipoles for their
simplicity, and reflectors for their high gain [13,14]. Although both types have their advantages, they are
either protruding structures or have increased mechanical complexity as deployables. Protruding and cum-
bersome antenna structures violate size constraints and pose a higher risk of collisions and damage from
MMOD. Deployable mechanisms take up valuable space, mass and power on the spacecraft, require more
integration overhead, and adds the risk of deployment failure. Microstrip patch antennas, on the other hand,
are an ideal solution to embedded smart panel technology due to their low profile and ease of fabrication [10].

They also display typically higher gains and directivity than monopoles and dipoles [15].

Tubbal et al. highlight in their survey [16] the various challenges and constraints imposed by small

satellites on communications systems. These require the antenna design to have the following properties:

e Small size

Lightweight

Power efficient

Robust communication capability

The size and weight restrictions can be addressed by the use of flat antennas and lightweight composites
in MFS. There is also limited power available on-board, but patch antennas typically operate at lower
power levels [23]. Efficiency is then improved through impedance matching by simple microstrip devices and

power-saving by beam steering [16]. Finally, communication link durations and signal strength are improved
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by increasing the gain with array configurations. Overall, spacecraft miniaturization offers an opportune

platform to demonstrate the technological advantages of MFS.

2.6 Multifunctional Structures

The "do more with less" philosophy is also a significant driver for MFS technology development. Research
by Guerrero et al. [45] estimates that MFS can reduce subsystem volume by 80%, mass by 90%, and as-
sembly labour by up to 50%. MFS technology demonstrations can be dated as early as 1998 on NASA’s
Deep Space 1 (DS1) mission [46] and EO-1 mission in 2000 [47]. DS1 was a pioneering mission in developing
MFS Technology Readiness Levels (TRL) as a technology demonstration. Structures are primarily designed
to provide a rigid body that houses and supports the internal instruments of a spacecraft. It is common
for these structures to also serve other purposes such as environmental shielding (radiation and debris) and
thermal distribution, but are still fairly passive elements [48,49]. Modularized structure design [50,51] also
demonstrates the ability for modules to function doubly as subsystem containers and the primary bus struc-

ture when stacked together.

It is inherent to spacecraft design that the mechanical structure subsystem has the most interfaces with
all other subsystems (excluding flight software). This, along with its passivity, makes it the most versatile
candidate for embedding additional functionalities. Aglietti et al. [48] and Sairajan et al. [49] review the

state of the art in MFS and highlights the advantages and disadvantages of various examples.

Using novel technologies such as multichip modules and flexible circuit boards [46,47,52,53], electronics
can be integrated into the structure, but increases the need for more cabling. These circuits can either be
bonded onto a panel face or enclosed inside the structure [52], and used to control devices external to the
satellite. Electronics can also be integrated into a sandwich panel with an aluminum honeycomb core. These
methods have been demonstrated by embedding GPS receivers [52], sensors [53], actuators [54], energy stor-
age [55], harnessing [52,56], communications electronics [57], and even entire electronic modules [58]. While

beneficial, embedding these electronics can introduce difficulties to the integration process. Active devices
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can be bulky and require accessible openings for harnessing and testing, whereas microstrip antennas con-
sist of a passive thin conductive film. Embedding electronics into structures also complicates the thermal
distribution and control, and leaves components prone to increased radiation doses that can affect critical

circuit functionality.

On the other hand, antennas are already required to reside outside the satellite regardless of type, and
are all designed to continue functioning in such environments. These characteristics make antennas a good

candidate for embedded structural avionics that can be easily integrated.

Enhanced methods of thermal control can also be implemented through MFS. Embedding electronics
within the structure makes it more difficult to conduct or radiate the generated heat away. Thermal control
is required to maintain the embedded electronics within their acceptable operational temperature ranges.
Jang et al. [52] performs a thermal analysis of MFS and the effects of added thermal paths within honeycomb
cores. Rawal et al. [56] developed a radiator panel of composite materials with high thermal conductivity

and validated by the DS1 mission [46].

Environmental shielding methods for spacecraft can also be reinforced by advanced designs that expand
beyond the concept of just being a "wall". As the space around Earth is increasingly populated with
various spacecraft, the risk posed by MMOD continues to grow. Cherniaev and Telichev [59] implement
debris shielding achieved through "bumpers". According to [60], the ratio of radiation blocked to material
thickness of CFRP is four times less effective than aluminum alloys. Emmanuel et al. [61] investigates the
performance of different materials in various radiation environments. Most notably, Emmanuel’s design
of a polyethylene and carbon fiber hybrid composite proved efficient radiation shielding for highly elliptical
satellite orbits [17,62]. Since radiation shielding is passively done by the structure, this enables us to improve
and expand the uses of the MFS by introducing additional functionalities without compromising its structural

integrity, such as microstrip patch antennas.
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2.7 Multifunctional Structures with Antennas

One approach to multifunctional antenna structures is repurposing elements of pre-exisiting support struc-
tures. Sharawi et al. [63] embedded a 4-element printed monopole array with beam-forming capabilities
in the wing struts of an unmanned aerial vehicle. By internalizing the antenna within already protruding
structures (i.e. wings), drag is reduced, therefore reducing mechanical stress on the structure and commu-
nication subsystems. This design is custom-shaped to pre-existing struts, and are not as versatile for other
uses. Matsuzaki et al. [64] investigate the use of rotor blades made with unidirectional CFRP laminates as
antenna/sensors. The half-wavelength dipole is used as a sensor to detect rotor damage by observing any
changes in the frequency response. Arenson [65] uses a cross-brace in the satellite frame to form a dipole.
The device is made using additive manufacturing and is 10 cm long, the standard unit for CubeSats, but is
not tested for structural support. Shirvante et al. [66] study the effect of deployable panels as reflectors for
a radiating element. Gain performance shows improvement for monopole, extended parabolic reflector, and
annular ring patch antennas for 1U and 3U CubeSats. Despite the improvements, dependence on deployable

mechanisms increase the risk of failure.

A more advanced technique involves inserting the antenna elements within the structure. Baek et al. [67]
design a conformal load-bearing array antenna structure (CLAAS) for state-of-the-art military aircraft. Ra-
diating antenna tiles are supported by a multi-layer grid construction to create an array layout where shape
can be customized by strategic placement of the tiles. This design leads to a more complicated manufacturing
method and integration process, which this research is aiming to facilitate a solution for. Son et al. [68] create
a smart-skin system by embedding microstrip antennas in a non-metallic honeycomb sandwich structure.
The configuration is comprised of two parallel dielectric facesheets, each with patch antennas on the internal
side, separated by a honeycomb core. The stacked patch design is used to increase bandwidth and the 4-bit
digital phase shifter is used for electronic beam scanning. You et al. [69] created a similar construction as [68],
but with an additional multilayer configuration, and using different materials for the dielectric, honeycomb,
and composites for the external facesheets. Kim et al. [70] also used the same structural configuration but

with a spiral-type microstrip antenna. Son, You, and Kim’s approach to embedded antennas come closest
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to my proposed design of a general-purpose load bearing panel. Their use of a honeycomb core structure
adds a significant amount of volume to the component. Although these designs use commercially available
dielectrics (such as RO4003 and duroid5880), my research seeks to investigate the use of atypical materials

for the dielectric substrate.

There are also numerous studies characterizing the effect of embedded antennas on the load bearing
abilities of the structure. Researchers have analyzed MFS characteristics such as the deformation and strain
fields in [67], and impact [71], buckling [72], and fatigue [73] on the honeycomb sandwich structures. San-
tapuri and Bechtel [74] propose a mathematical model for the marriage of thermodynamics and Maxwell’s

equations in the field interactions and physical effects of hybrid mechanical-electrical systems.

Other researchers have looked into the interference effects of carbon fiber composites on electromagnetic
radiation. De Assis and Bianchi [75] use a simplified composite model to asses the antenna figure of merit
in the presence of CFC. Mehdipour et al. [76] test the radiation characteristics of a patch antenna operating
against CFC and copper ground planes. Both studies show similar performance of CFC compared with alu-
minum or copper. Leininger et al. [77] demonstrate the variable grounding ability of CFRP, requiring metal
conductors to divert fault currents and lower frequencies but featuring enhanced ground plane properties
at higher frequencies. My research supplements these works by further investigating the effects of CFC on

radiating electric fields.
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Chapter 3

Materials and Characterization

3.1 Overview

This research endeavors to build upon the hybrid composite panel created by Emmanuel [17] from the Uni-
versity of Manitoba’s Composite Materials and Structures Research Group (CMSRG) and create additional
functionalities on top of radiation shielding. Emmanuel’s hybrid uses advanced techniques to combine CFC
and PFC materials, and adds a thin layer of aluminum to the outer faces of the panel (Figure 3.1). Through
characterization, I investigate the extent to which each of the constitutive layers of this composite could be

utilized as dielectric or radiative materials in the antenna systern.

Aluminum
CFRP
HDPE
CFRP

Aluminum

Figure 3.1: Stack-up showing the different material layers of the hybrid composite, with aluminum, carbon
fibre reinforced polymer (CFRP) and high density polyethylene (HDPE) composites.
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Material in this chapter has been published in the 70th International Astronautical Congress Conference

Proceedings [81] and Acta Astronautica [82].

Materials need to be tested in order to determine their conductivity, permittivity, and loss tangent char-
acteristics. Measuring conductivity determines whether a material layer is functioning as a conductor, which
carries electric currents, or a dielectric substrate, which insulates and contains the electric field. The permit-
tivity or dielectric constant is the capability of a material to store energy from an applied electric field, but
more importantly, dictates the dimensions of the microstrip lines and antenna. The loss tangent measures
how much of the radiation energy is dissipated within the substrate material, and is ideally minimized for

power efficiency.

Hypothesis 2 (from Section 1.2) states that the CFRP can be used without detriment to antenna perfor-
mance, which will be verified with simulations using data from characterization tests. In order to incorporate
carbon fiber composites and their benefits into the MFS antenna, characterization determines whether CFRP
can be utilized as a conductor or dielectric within the system. The tests discussed in the following sections
will demonstrate the anisotropic nature of CFRP and shows both conductive and dielectric behaviour de-
pendent on fibre orientation. This drove the choice to instead use an isotropic metallic conductor while still

employing and benefiting from lightweight composites.

From the results, the aluminum face of the hybrid composite panel is designated as the ground plane
structure of the antenna system, and an additional dielectric material layer is required. I propose the use
of SU-8 epoxy as a candidate material for the antenna’s dielectric substrate. SU-8 is typically used as a
negative photoresist to develop high resolution microelectromechanical (MEMS) devices. This material was

chosen due to its excellent adhesion to organic surfaces [78] and its adaptable methods for deposition.

In order to properly model and analyze these materials in RF design and simulations, all of the mate-

rials have to be characterized individually for their electrical properties. The following sections discuss the
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experimental set-ups used and the respective material characterization results of CFC, PFC, and SU-8.

3.2 Test Equipment and Set-Up

The test equipment used for the following characterization tests include a vector network analyzer (VNA)
from the University of Manitoba Antennas and Microwave Laboratory and a dielectric spectrometer from

the University of Manitoba Advanced RF Systems Laboratory.

The first test set-up includes a copper microstrip line device on a dielectric substrate that is 6in x 6in in
size. Measurement probes are placed on each of the two ends of the line and the S-parameters are measured.
The Keysight N5224B VNA is used the measure the frequency response of the line from 500 MHz to 3 GHz.
A diagram of this set-up is shown in Figure 3.2(a). This test is used twice to characterize and demonstrate

both dielectric and conductive behaviour of the CFRP layers.

The second test set-up with the Solartron Analytical ModuLab XM uses a parallel plate configuration
show in Figure 3.2(b). A sample is placed between two 40mm-diameter electrodes and the resulting complex
impedance is measured, from which the electrical properties such as conductivity, permittivity, and loss
tangent can be derived. Limitations of the dielectric spectrometer only allow us to measure up to 1 MHz

which may result in a slight discrepancy between measured and theoretical values at 2.25 GHz.
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Figure 3.2: (a) Microstrip line test set-up placing a dielectric substrate between a copper microstrip line and
ground plane, measuring S-parameters between two ends of the line, and (b) dielectric spectrometer test
set-up placing a substrate between two electrodes and measuring the impedance.

(b)

Figure 3.3: (a)Test set-up for measuring a CFRP composite as a substrate using the dielectric spectrometer
and (b) test set-up for measuring a HDPE composite using the dielectric spectrometer.
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3.3 Carbon Fibre Composites

CFRP consists of conductive fibre rods in a non-conductive resin matrix, where the fibres are usually lay-
ered in 0°, 45°, -45°, and 90° directions. Seidel et al. [40] show that the anisotropic conductivity of CFRP
laminates depends on the fibre orientation with respect to the incident electric field (E-field) using horn
antennas, microstrip lines, and a patch antenna. The laminate acts like a conductor when the E-field is
parallel to the fiber direction but acts like a lossy dielectric when the field is perpendicular. In the case of
quasi-isotropic laminates where there is an even distribution of fibers in all directions, its performance de-
pends on the orientation of the first or top-most layer. In my design, I utilize quasi-isotropic CFRP that has
better structural performance than unidirectional laminates, which have poor strength in off-axis directions.

In order to measure electrical properties in both orientations of the CFRP fibers, I used both test set-ups.

The first test assumes that the CFRP functions as a dielectric substrate and is placed between a copper
microstrip line and a copper ground plane, as illustrated in Figure 3.2(a) and 3.3(a). In this set-up the mi-
crostrip line is oriented parallel to the top layer of carbon fibres. The S-parameters are measured and shown
below in Figure 3.4. The plot does not display the typical notched frequency response that is characteristic
for a microstrip device with a non-conducting dielectric (such as the shape in Figure 3.5). The reflection
coefficient (S11) is relatively high, within -5dB < S1; < 0dB, and the transmission coefficient (S21) is very
low, down to a minimum of -60dB at higher frequencies. This shows that most of the current is immediately
returned to the source ground, traversing down through the dielectric layer, instead of traveling through the
length of the microstrip line towards the other probe. From these results, it can be concluded that the CFRP
is conductive enough to be unsuitable as a dielectric substrate, since it does not provide enough electrical
insulation between the microstrip device on the top and the ground plane on the bottom. This result was

expected for the E-field in parallel case.
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S-parameters for Microstrip Line with CFRP Substrate
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Figure 3.4: S-Parameters for a copper microstrip line on a CFRP dielectric substrate and a copper ground
plane measured from 0-10 GHz.

The second test assumes that the CFRP functions as a ground plane and involves mounting a copper
microstrip line on a foam substrate where € foqm = €qir (Figure 3.2a). The microstrip line is again oriented
parallel to the fibres in the first layer of the CFRP ground plane, and is expected to act as a good conductor.
The resulting S-parameters are measured from 500 MHz to 3 GHz and shown in Figure 3.5. As expected,
the microstrip device behaved normally as with a conductive ground plane, showing the opposite behaviour
from the measurements in figure 3.4. The transmission coefficient is within -3dB < S3; < 0dB, with minimal
loss, in agreement with Seidel’s results [40]. The Si; plot in figure 3.5 also shows minimal reflection losses

at the harmonic resonances. Therefore, it can concluded that it is a good conductor at this configuration.
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S-parameters for Microstrip Line with CFRP Ground Plane
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Figure 3.5: S-Parameters for a microstrip line parallel to the top layer of the CFRP ground plane fibres and
a foam substrate measured from 0.5-3 GHz.

Frequency [GHz]

The third test involves analyzing the CFRP sample in a dielectric spectrometer, where it is placed between

40mm electrodes to create a parallel plate capacitor. In this configuration, the E-field of the capacitor is

out-of-plane perpendicular to the multi-directional fibres. I can extract the electrical properties of the CFRP
using the complex impedance at the frequency of 1 MHz shown in table 3.1. I can calculate the loss tangent

(tand) and conductivity (o) using equations (3.1)-(3.4), where f is the frequency, d is the thickness of the

dielectric, A is the area of the electrodes, Z' is the resistance, Z " is the reactance, £q is the permittivity of

as expected.
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free space, and s: is the imaginary part of the relative complex permittivity. The resulting low conductivity

and non-zero impedance show that the CFRP acts like a lossy dielectric when the E-field is perpendicular,
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Table 3.1: Electrical properties of CFRP from dielectric spectrometer, perpendicular to E-field, measured
and calculated at the frequency of 1 MHz.

Parameter Measured Value Calculated Value Unit
Impedance (Z +jZ") 38.5-j198.7 - 0
Permittivity (e, — je,.) - 28.23 - j5.47 -
Loss tangent (tan o) - 0.1937 -
Conductivity (o) - 3.04 x1074 S/m

Both electrical performance tests of the CFRP show anisotropic conductivity in one case and lossy
behaviour in another. Therefore this material is unsuitable for use as a conductive ground plane or a
dielectric. From these results the aluminum layer will be used to function as the ground plane, while the
inner layers of CFC and PFC maintain the characteristic light weight and durability of composites. Since the
E-field in a patch antenna is out-of-plane perpendicular or normal to the ground plane (fig 2.1(a)), material

properties from table 3.1 are used to model the CFRP in the next chapter.

3.4 Polyethylene Fibre Composites

There exists a thin layer of HDPE within the hybrid composite panel chosen for this research [17]. A sam-
ple of this composite with HDPE fibers in a polymer matrix was obtained from the Advanced Composite
Materials Lab and measured similarly on the dielectric spectrometer. The sample is placed between two
parallel plates as shown in figure 3.2(b) and 3.3(b). This material is non-conductive, acts like an insulat-

ing layer, and the extracted electrical properties using equations (3.1)-(3.4) at 1 MHz are shown in Table 3.2.
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Table 3.2: Electrical properties of HDPE composite from dielectric spectrometer, measured at 1 MHz.

Parameter Measured Value Calculated Value Unit
Impedance (Z' +jZ")  1.70 - j7482 - Q
Permittivity (e, — je,) - 1.15 - j0.00026 -
Loss tangent (tan o) - 0.000227 -
Conductivity (o) - 1.45 x1078 S/m

Although the HDPE composite also has fibres oriented in different directions in a matrix, both components
are non-conducting, and therefore does not have the same anisotropic behaviour as previously seen in CFRP.
Due to the fact that this non-conducting layer is located in the middle of the hybrid composite stack-up, it
electrically insulates the two opposite aluminum faces. This poses a manufacturing challenge since it restricts
the ground connection to the aluminum face that the antenna is placed on, and eliminates the option of
grounding on the bottom (opposite) face. This grounding issue is addressed later in Chapter 5 which explores

the manufacturing methods I use.

3.5 SU-8

Due to the characterization results of CFRP, the hybrid composite panel’s aluminum face has been des-
ignated as the ground plane, and a dielectric substrate material is still needed. SU-8 is an epoxy-based
polymer that was chosen as a candidate dielectric for its low loss and excellent adhesion to inorganic sur-
faces [78]. This characteristic will help verify hypothesis 1 by depositing the antenna system on to the
composite panel successfully without the need for adhesives or fasteners. It is typically used as a negative
photoresist and patterned using UV for high-resolution MEMS devices [79]. In addition, SU-8 has low optical
absorption to UV light after curing and high resistance to harsh chemicals. Once SU-8 is fully cured, the
highly cross-linked structure provides high stability to radiation damage and low levels of outgassing in a vac-
uum. Melai [80] uses gas-chromatography and mass spectrometry to characterize the SU-8 volume outgassing

3

tobe 19 1ugem =3 min~!, and at a level "comparable to Kapton" (which is commonly used on space vehicles).
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Ghalichechian and Sertel [78] propose equations (3.5)-(3.6) for calculating the complex of permittiv-
ity of SU-8 at high frequencies based off previous models and experimental results, where the variable f
is the frequency in terahertz. The second-order frequency-dependent equations are used with coefficients
from Table 3.3 derived from testing partially and fully cross-linked SU-8 in order to solve for the complex
permittivity. Curing the SU-8, or cross-linking, is the process of binding the polymer chains together for
a solidified and stable structure. Using equations (3.5)-(3.6) with the fully cross-linked coefficients and
at frequency f = 2.25 GHz, I calculate the theoretical permittivity, loss tangent, and conductivity listed
in table 3.4. Fully cross-linked properties are considered in this antenna dielectric for a more stable substrate.

’

e (f) = a1+ aaf? (3.5)

"

e, (f) = as+auf +asf? (3.6)

Table 3.3: Coefficients for equations (3.5)-(3.6) for partially and fully cross-linked SU-8 [78].

Variable Partially Cross-Linked Fully Cross-Linked

o 2.95 3.25
o -0.22 -0.33
a3 -0.09 -0.05
oy -0.24 -0.20
as 0.13 0.09

I deposited a Imm-thick sample of SU-8 on an aluminum plane, and measured it using the dielectric spec-
trometer set-up. Using measurements of the impedance from the spectrometer and equations (3.1)-(3.4),
the permittivity, loss tangent, and conductivity are obtained and listed in table 3.4. It can be seen that the
measured real permittivity is higher, the imaginary permittivity is lower, and the loss tangent is lower than
the theoretical calculations. This discrepancy can be attributed to the difference in operational frequency of
the measurements (1 MHz vs 2.25 GHz), which is a limitation of the dielectric spectrometer. Ghalichechian’s

paper [78] shows that as frequency increases, real permittivity decreases, imaginary permittivity increases,
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and loss tangent increases.

Table 3.4: Electrical properties of SU-8 from theoretical calculations at 2.25 GHz [78] and the dielectric
spectrometer measured at 1 MHz.

Parameter Theoretical Value Measured Value Calculated Value Unit
Impedance (Z +jZ") - 29.69 - j4035.7 - Q
Permittivity (¢, — je,) 3.25 — j0.0504 - 3.54 — j0.0261 -
Loss tangent (tand) 0.0155 - 0.007357 -
Conductivity (o) 1.45x107° - 1.45 x1076 S/m

These properties of SU-8 make it a viable candidate to be the dielectric substrate of the antenna. Al-
though the loss tangent is higher than more well-known dielectrics (0.0027 for RO4003 [68] and 0.0009 for
duroid5880 [69]), the deposition process of this material is an advantage as it can be shaped and adheres
well. The relative permittivity of SU-8 also allows an S-band antenna design with dimensions that fit the

CubeSat standard, discussed further in the next chapter.

3.6 Conclusions

Based on the characterization experiments, the proposed microstrip antenna will be constructed on top of
Emmanuel’s hybrid composite, with an SU-8 dielectric substrate and copper microstrip patch antenna shown
in Figure 3.6. The hybrid composite panel’s aluminum face has been designated as the antenna’s ground

plane.
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Figure 3.6: Stack-up showing the different material layers of the MFS antenna, with copper microstrip patch,
SU-8 substrate, and a hybrid composite ground plane made of Al/CFRP/HDPE/CFRP /Al

Although the discovery of CFRP’s anisotropic behaviour seems to disprove hypothesis 2, the proposed
design provides a solution to the issue. By utilizing a hybrid composite with an aluminum face, the ground
plane structure can still benefit from qualities of CFRP without detriment to antenna performance. In
addition, SU-8 partially verifies hypothesis 1 as a dielectric substrate with deposition properties that allow

for adhesion to the ground plane structure.

The extracted electrical properties for all the materials will be used in the following chapter to model the
entire antenna structure for high frequency performance. Although the primary antenna system includes the
copper, SU-8, and aluminum layers, the presence of the other materials should be represented to properly

analyze any radiation and parasitic behaviours of the entire MFS.
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Chapter 4

Antenna Design and Simulations

4.1 Overview

The results from the material characterization tests are used to design and simulate a microstrip patch
antenna and optimize performance. Using the calculated dimensions of the antenna and the stack-up geom-
etry, a single element is simulated, expanded to a multiple-element array, and evaluated for phase-steering
capabilities. The antenna’s radiation performance is evaluated through extracted properties such as peak
gain, bandwidth and beamwidth. Gain is a measure of the efficiency of the antenna along with its direc-
tional capabilities [15]. Bandwidth, for the purpose of this thesis, is defined as the frequency range in which
the antenna reflection coeflicient (S11) lies below -10 dB. Beamwidth, or specifically, half-power beamwidth
(HPBW), is defined by IEEE as: "the angle between the two directions in which the radiation intensity is

one-half the value of the maximum" [15] or 3 dB lower than the peak gain.

The extracted properties of the simulated antenna systems are used to evaluate their feasibility and po-
tential applications for different spacecraft missions. The case studies investigated in this chapter include

earth observation satellites, nanosatellites, and satellite constellations.

Material in this chapter has been published in the 70th International Astronautical Congress Conference
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Proceedings [81] and Acta Astronautica [82].

4.2 Design and Model

The microstrip equations (4.1)-(4.4) from Balanis [15] are used in calculating the dimensions of the rectan-
gular patch antenna. Where €.y is the effective permittivity, / is the height of the substrate, W is the width
of the patch, AL is the length of the fringing fields, and L us the length of the patch. I use the dielectric
constant for SU-8 calculated to be €, = 3.25 from Table 3.4, a substrate height of h = lmm at a frequency

of f. = 2.25 GHz. The resulting patch dimensions are W = 45.73mm and L = 36.98mm.

—1/2
e +1 g —1 h
Eeff = B + 5 1+ 12W] (4.1)
Co 2

= 4.2
W 2fr Ve +1 ( )

. 0.3)(¥ 4 0.264
AL = 041255t s H O30, . ) (4.3)

(€epr —0.258)(%- +0.8)

Co
L=—"2__ _92AL (4.4)
2fr (Eeff)

The respective thicknesses of each layer in the stack-up configuration (fig. 3.6) are listed in table 4.1.
These dimensions and the characteristics extracted from Chapter 3 are used to realize an antenna model in

ANSYS HFSS.
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Table 4.1: Thickness, relative permittivity, and conductivity of each of the material layers in the smart panel
antenna.

Layer Thickness (h)  Relative Permittivity (¢,) Conductivity (o)
Aluminum 75 + 5 ym - 3.8x107 siemens/m
HDPE 3.8 £ 0.1 mm 1.15 -

CFRP 400 £ 0.38 pum  28.23 3.04x10~* siemens/m
SU-8 1+ 0.2 mm 3.25 -

Copper 2+ 1 pum - 5.8x107 siemens/m

4.3 Single Element

Simulating a single patch element shown in Figure 4.1 with a coaxial probe feed results in the Sy1, or reflec-
tion coefficient, plot in Figure 4.2 and the realized gain plot in Figure 4.3, with the properties summarized

in Table 4.2.

C Y,
0 40 80 (mm)

Figure 4.1: A single rectangular microstrip patch antenna on a SU-8 substrate and hybrid composite ground
plane modelled in ANSYS HFSS.
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o Reflection Coefficient (S11) for a single element
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Figure 4.2: Sy, reflection coefficient for a single antenna element showing the resonant frequency and band-
width.
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Figure 4.3: Realized gain plot for a single antenna element showing the half power beamwidth and peak
boresight gain.
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Table 4.2: Radiation properties of a single patch antenna element.

Parameter Value Unit
Center Frequency 2.25 GHz
10dB Bandwidth 40 MHz
Reflection Coefficient -48.9 dB
Peak Gain 3.4 dB
Half-Power Beamwidth 80 degrees

The results from this section show expected radiation performance on the lower end of S-band patch
antenna designs highlighted by Tubbal [16]. The lower gain levels can be attributed to the lack of specialized
design techniques that are utilized in the examples from the reference. Although this is a disadvantage, the
decision to use a simplified design is beneficial for streamlining a manufacturing process. In addition, the
single element patch antenna gain outperforms that of dipole antennas [15], which is a popular choice for

most CubeSat missions [13].

4.4 Planar Array

The initial design is expanded into a 3x3 rectangular array shown in Figure 4.4, with a half wavelength
element spacing on the surface area of a 6U CubeSat (30cm x 20cm). The results show an enhancement of
the gain from 3.4dB to 12.1dB and increased directivity with a smaller HPBW. A consequence of building

an array creates grating lobes and added null points.
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Figure 4.4: A 3x3 array of rectangular microstrip patch antennas on a SU-8 substrate and hybrid composite
ground plane modeled in ANSYS HFSS.

The properties are summarized in Table 4.3, extracted from the realized gain plot in Figure 4.5. Figure
4.5 shows low cross-polarization effects of the antenna, <-27.5dB in theta and <-42.5dB in phi polarizations.
Figure 4.6 shows mutual coupling effects between all the array elements (<-23dB), which represents the
power radiated from one element and absorbed by the others. Figures 4.5-4.6 demonstrate minimal parasitic

power loss within the antenna structure.
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Figure 4.5: Realized gain plot for 3x3 antenna array showing the half power beamwidth and peak boresight
gain.

Table 4.3: Radiation properties of a 3x3 antenna array.

Parameter Value Unit
Center Frequency 2.25 GHz
10dB Bandwidth 40 MHz
Peak Gain 12.1 dB
Half-Power Beamwidth 32 degrees
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S1X Mutual Coupling Between Antenna Elements in an Array
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Figure 4.6: S;x Transmission coeflicient plots showing mutual coupling between all elements in the array.

It should be noted that Figure 4.6 displays the S;x transmission coefficients between the middle element
and all 8 surrounding patch elements, for x from 2 to 9. Noting that all the curves for these S-parameters

fall below -20dB, it can be assumed that coupling is at negligible levels.

The results from this section show improved gain performance from the single element from 3.4 dB to
12.1 dB with the 9-element array and increased aperture size. This allows for high data rates and higher

speed communications that require an antenna gain around 12 dB [14].

4.5 Phased Array

Applying a phase difference to the excitations of the individual patches allow for changing the direction of
the beam. The beam can be scanned in the X and Y directions and the angle range and peak gain for
each direction is shown in Figure 4.7 below. The beam can be scanned in the X-direction with a maximum

scanning range of § = [-50°, 50°] and a minimum peak gain of approximately 7.5 dB. Additionally, the beam
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can also be scanned in the Y-direction with a maximum scanning range of § = [-46°, 46°] and a minimum

peak gain of approximately 6 dB.

The maximum angle with the minimum gain can be achieved by applying a 1802 excitation phase dif-
ference to each row or column of patch elements. It should be noted that with this phase difference, two

symmetrical peaks are obtained at the outer angles simultaneously.

Peak Gains for a Phased Array Antenna
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Figure 4.7: Peak boresight gains for each scanning angle in both X- and Y-directions.

By studying the radiation performance of a phased array system, I can determine the range capability
that the antenna beam can be steered. Since the implementation of the array concentrated more power at
the boresight and beamwidth was narrowed from 80° to 32°, this can limit the range of "sight" of the antenna.
Phase steering can compensate for this loss and allow the antenna to direct its beam in other directions away
from the surface normal angle (perpendicular). From the results, the total range of the antenna is increased
to over 90°, while maintaining a peak gain of 6-12 dB, which is comparable to the antenna gains discussed
in [16]. In addition, the implementation of electrically steered antennas help reduce risks from mechanical

failure by removing moving parts on the spacecraft.
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4.6 Case Studies

This section studies the concept of a MFS antenna for use in three distinct potential use cases (a large radar
mapping spacecraft, CubeSats and a constellation of small spacecraft to provide a data backhaul service),

illustrated in Figure 4.8. The following subsections describe each application.

—~
&
~
~~
=3
~
—~
o
~

Figure 4.8: Potential use case studies using MFS antennas for (a) earth observation satellites, (b) CubeSats,
and (3) satellite constellations.

4.6.1 Earth Observation Satellites

Earth observation satellites, especially radar mapping, have many practical applications such as agriculture,
meteorology, and environmental sensing. An example is the RADARSAT Constellation Mission (RCM)
which is a Canadian space mission that consists of a fleet of three satellites for earth observation using
synthetic aperture radar (SAR) [83]. While the SAR system uses C-band frequencies for imaging, RCM
uses S-band frequencies for tracking, telemetry and command (TT&C). The frequency band for this case
falls within the allocated spectrum for earth exploration satellite space operation and space research down-
link [84]. The RCM uses Thales Alenia’s integrated S-Band transponder (ISBT) [85] to operate TT&C,
which is evaluated for compatibility with the MFS antenna. Although the designed operational frequency of
2.25 GHz falls within the range of the ISBT’s transmitter, it falls outside the tuning range of the receiver.

This can be resolved by modifying the patch length to shift the operational frequency appropriately.
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According to [14], high data rates with an acceptable signal to noise ratio require antenna gains of about
12 dB, which was achieved by the 3x3 planar array. Using the Nyquist bandwidth (equation 4.5), I estimate
a simplified assumption for the maximum data rate (C) that can be achieved from a 40 MHz bandwidth to
be 40 Mbps for binary (M=2) or 80 Mbps for quadrature (M=4) communications. In comparison to [85],

where the receiver can operate with receiver bit rates up to 2 Mbps and transmitter bit rates up to 8 Mbps.
C = Blogy, M (4.5)

The RCM currently occupies a sun-synchronous orbit with an altitude of roughly 600 km [83]. The free
space path loss (FSPL) equation is shown below in (4.6) where d is the distance or altitude, f is the operating
frequency (2.25 GHz), c is the speed of light, and G is the antenna gain of the transmitter (tx) or receiver
(rx) in dB. The receiver antenna gain can be set to 0 dB to find the signal power at ground level. Using this
formula, the FSPL is calculated to be around 143.0 dB at an altitude of 600 km with a transmitter gain of
12 dB at 2.25 GHz. Noting the RF output power of up to 37 dBm from [85], the power level of the signal to
earth at ground level will be roughly -106 dBm, which is a sufficient level for detectable signals. This result

is comparable to the acquisition threshold of [85] which is -128 dBm.
4
FSPL = 20log;(d) + 20log,,(f) 4 201ogy (:) — Gty — Gryp (4.6)

The RCM satellites are approximately 3.6 metres tall and represent traditionally larger sized spacecraft.
This allows for larger antenna aperture sizes which increases the gain, and benefits missions such as earth
observation satellites that generate high volumes of data. Considering the SAR antenna dimensions of the
RCM to be 6.75m x 1.38m [83], the 12 dB array’s size of 20cm x 30cm is significantly smaller and can be
fitted onto the nadir-pointing surface easily. Expanding upon this in a larger array, an aperture area of 1m?
can fit up to a 10 x 10 planar array and simulations yield an increased gain up to 25 dB. Finally, observation
satellites that scan the surface of the earth can benefit greatly from the implementation of phase-steerable

arrays.
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4.6.2 CubeSats

CubeSat teams often operate their own ground stations for satellite TT&C which rely on amateur radio
operators. Incorporation of amateur radio increases the accessibility of space missions to different users such
as students and worldwide operators. The operational frequency band can be modified to fall within the
allocated spectrum in the S-band for amateur use [84], and used for space-to-earth communications. The
miniaturized dimensions of CubeSats as small as 1U imposes a strict restriction on available space and lends

to smaller antenna apertures.

The single antenna element simulated earlier is located on a 10cm x 10cm composite panel to represent
a single 1U face of a CubeSat. The single element gain of 3.4 dB is higher than the typical gain of dipoles
around 2.15 dB [15], which is a commonly used type of antenna for CubeSats. Although dipole antennas
are omnidirectional and have a wider range of sight than a patch antenna, this can be compensated by
placing patch antennas around 4 faces of a CubeSat to create a pseudo-omnidirectional pattern as is the
configuration in [36]. A drawback of this concept is the occupation of the already limited real estate on the
surface of CubeSats. Another typical size used by CubeSats missions is 6U, which has dimensions of 10cm

x 20cm x 30cm. This was assumed earlier in the simulation of a 3x3 planar array.

A reasonable power allotment for small satellite missions can be assumed to be around 1 Watt or 30 dBm.
Another typical mission parameter for amateur CubeSats is to reside in low earth orbit, or approximately
400 km [86]. Using the free space path loss equation (4.6), with a single element gain of 3.4 dB, the power
level of the signal to earth at ground would be -118.1 dB, which is detectable by ground station transceivers
with less limitations on antenna sizes. A standard data rate of 9600bps is a popular design for most amateur
satellites, such as [51], which is also achievable by the antenna bandwidth of 40 MHz, as calculated earlier

with equation (4.5).
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4.6.3 Nanosatellite Constellation

Satellites in a low-Earth orbit backhaul constellation create a communication relay network that can be
accessible to operators of amateur satellites. Having a communication relay can help satellite operators by
eliminating the need for independently-run ground stations. The opportunity to outsource and streamline
ground station operations to dedicated constellations can benefit the increasing commercial use of small

satellites.

In general, satellite constellations that are required to perform space-to-space communications will need
a large range of sight, as opposed to nadir-pointing ground communications. The directive nature of patch
antennas would not be ideal in these situations, unless configured to simulate pseudo-omnidirectionality. For
this purpose, I assume an orbital plane of satellites in a constellation at low earth orbit (400km altitude).
In order for a transmitted signal to traverse the intersatellite distance using antenna array (12dB gain) with
sufficient power (>-128dBm), the distance should be no more than 3000km. This corresponds to an equiva-

lent of at least 15 satellites in a single orbital plane.

Adding phase-steering capabilities to antennas in nanosatellite constellations can help overcome the dis-
advantages of using directive patch antennas. Overall, the use of patch antenna arrays for this application
would not be deemed viable due to the directional requirements of intersatellite communications. While
directive antennas prove advantageous for space-earth communications, intersatellite links require more om-
nidirectional patterns that would not occupy 4 out of 6 faces of a satellite. This is especially significant for

small satellites with limited surface area.

4.7 Conclusions

This chapter illustrates a rectangular patch antenna design and its expansion into a multiple-element phased
array system. Simulations performed in ANSYS HFSS provided results where performance parameters such

as operational frequency, bandwidth, peak gain, beamwidth, and scanning range are extracted. Using these
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properties, the application of the proposed MFS antenna design is analyzed for different case studies such

as large satellites, small satellites, and satellite constellations.

The case studies showed that larger spacecraft such as earth observation satellites have enough surface
area and available power to support large aperture patch antenna arrays. They also have high pointing
accuracies due to the nature of their mission that allow directive antennas to be pointed accurately towards
earth for space-earth TT&C communications. On the other hand, CubeSats that are inherently smaller and
have less available power cannot support large arrays. A single patch antenna is still a viable option for
use in CubeSats due to their higher gain performance and space-saving benefits, while directionality can be
modified using different array geometries. Finally, due to the conflicting nature of intersatellite links and
directive patch antennas, the design is not a practical choice for nanosatellite constellations, since they are

limited in size and require a wide range of sight.

Through the simulation results and case studies, hypothesis 3 can be partially verified for large and small
satellites operating space-earth communications, pending experimental results. The hypothesis states that
the proposed MFS antenna design will meet the performance standards of satellite communications. In this
case, the radiation performance is sufficient for directing radio signals in a specified direction (towards earth).
Additionally, hypothesis 4 can also be verified with the dimensions of a single antenna panel which is 10cm
x 10cm x 5.75mm or a 3x3 array with dimensions 20cm x 30cm x 5.75mm. The hypothesis states that the
MFS antenna can reduce the component footprint and maximize useable spacecraft volume. The thin planar
profile and ability to fit onto a 1U size for CubeSats show that the proposed design can be beneficial for

space miniaturization efforts.
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Chapter 5

Manufacturing Methods

5.1 Overview

The smart panel antenna structure is realized by the combination three components: a hybrid composite
ground plane, an SU-8 substrate, and a copper microstrip patch antenna device. This chapter presents the
methods and manufacturing procedures used to amalgamate all the components that forge an MFS antenna.
The hybrid composite is manufactured by the University of Manitoba Composite Materials and Structures
Research Group (CMSRG), while the SU-8 deposition and copper sputtering are done at the University
of Manitoba Nanosystems Fabrication Laboratory (NFSL). Material in this chapter has been published
in the 19th International Symposium on Antenna Technology and Applied Electromagnetics Conference

Proceedings [87].

5.2 Hybrid Composite Panel

The hybrid composite panel was created by Emmanuel [17] and is comprised of three materials: polyethylene
fibre composite, carbon fibre composite, and aluminum alloy. A carbon fabric pre-preg and a woven fabric of
ultra-high molecular weight polyethylene (UHMWPE) impregnated with a low-density polyethylene (LDPE)
film are used. Due to the difference in the viscosities of the LDPE versus epoxy matrices, Emmanuel

developed a two-step lamination process using low and then high pressure subsequently. The first lamination
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step uses low pressure to cure the CFC and bond all the layers together. The second step then uses high
pressure to cure the PFC and consolidate the hybrid composite. This composite panel is the base of the

MFS antenna and the following components are installed on top.

5.3 SU-8 Deposition

SU-8 2075 negative photoresist from MicroChem is used [88]. The deposition was done in multiple layers
to achieve the desired substrate height, in this case, a 0.85 mm thick substrate. I modified the method
of SU-8 deposition for other materials (eg. aluminum) previously developed by the NFSL to comply with
temperature constraints of the hybrid composite panel. Initial baking trials have shown that the hybrid
composite experiences delamination or debonding of the layers beyond 100°C and cooling rates higher than
4°C/sec. According to Thompson [7], spacecraft structures in orbit are expected to experience temperature
extremes of -45°C to 60°C. The following steps dictate the SU-8 deposition method for the hybrid composite

panel:

1. The composite panel is rinsed first with acetone, then isopropanol, then de-ionized water, and finally

dried with Ny gas.

2. A tape mask is applied at one of the edges to leave an exposed area of the aluminum foil for an electrical

connection to the ground plane.
3. Liquid SU-8 is poured onto the panel as shown in Figure 5.1.*

4. The panel is vacuum gripped to a spinner in Figure 5.2 and spun at 600 rpm for 25 seconds, then at

1000 rpm for 30 seconds.

5. The SU-8 undergoes a soft bake on the hotplate in figure 5.3 at 65°C for 20 minutes, then at 95°C for

90 minutes.
6. Repeat steps 3-5 until the desired substrate thickness is acquired.

7. Tt is then exposed to ultraviolet (UV) light four times, for 20 seconds each, for a total of 80 seconds.**
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8. A post-exposure bake on the hotplate in figure 5.3 at 65°C for 6 minutes and 95°C for 20 minutes.

9. A final hard-bake to cure and stabilize the SU-8 is done at 100°C for 60 minutes.t

* Pouring 1ml of resist for each inch (25mm) of substrate diameter is recommended by the datasheet. [88]
** Near UV 350-400 nm. Intermittent exposure duration as per manufacturer recommended process.
t For the final hard-bake, it is recommended that a curing temperature is 10°C higher than the maximum

expected operating temperature.

Figure 5.1: Liquid SU-8 is poured on top of the hybrid composite panel.

Figure 5.2: The machine used to spin SU-8 at 600 and 1000 rpm.
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Figure 5.3: The hot plate used for soft-bake, post-exposure bake, and hard-bake of the SU-8 at various
controlled temperatures.

Figure 5.4: Ultraviolet (UV) exposure of the SU-8 in 20 second intervals.

Note: The images in Figures 5.1-5.4 have a yellow hue due to the type of light used in the lithography
room of the NFSL. Yellow light is used in this room to avoid the UV spectrum and prevent the premature

curing of SU-8 while working in the lab.
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The above process was modified to work around temperature constraints imposed by the composite panel.
Initially, the hard-bake step involved exposing the sample to 150°C for 30 minutes, which resulted in the
delamination of the layers during our trial tests. Therefore, the baking steps for SU-8 were done at lower
acceptable temperatures for a longer period of time. These steps are necessary to stabilize the SU-8 at the

point of highest expected temperature.

It was mentioned earlier in Chapter 3 that due to the electrical insulation between the two aluminum
facesheets of the composite, the ground of the antenna needs to be connected to the surface that the SU-8 is
deposited on. The design solution to address this challenge is to use a tape mask during the SU-8 deposition
process in order to leave a small area of the ground plane exposed for soldering purposes. This is demon-

strated in step 2 of the process described above.

Through this process a substrate was successfully deposited on top of the hybrid panel without the need
for adhesion promoters. Measuring the resulting thickness of the substrate shows edge beading effects where
it is slightly thicker towards the edge of the panel. This is due to the spinning step in the deposition process
that pushes the material outward to the edges. Using a caliper, it was measured that the substrate thickness
is roughly 0.85mm at the center and 1.1mm around the edges. The relative smoothness of the SU-8 surface
helps avoid rippling of the copper deposition in the next section. With regard to the overall size of the
panel, the edge beading area is small enough that it does not affect the microstrip antenna elements located
at the center. Simulating different variations of edge beading show that it does not cause any shifts in the

operating frequency and does not introduce detrimental reflection losses to the antenna system.

The feed design for the antenna was changed from probe-fed in Chapter 4 to a co-planar inset feed.
This design helps simplify the manufacturing process by restricting the entire antenna to one plane and
removing the need for impedance matching at 50§). Modifying the simulation model to reflect all the
changes is necessary in order to proceed to the next step and achieve accurate results. Figure 5.5 below

shows the updated simulation model that includes the co-planar inset feed, edge beading effects, tape mask,
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and ground connection. The antenna dimensions were then optimized for radiation performance and the

extracted properties are listed in Table 5.1.

0 70 (mm)

Figure 5.5: The updated simulation model of a patch antenna with inset feed, edge beading effects, tape
mask and ground connection.

Table 5.1: Radiation properties of a single patch antenna element.

Parameter Value  Unit
Center Frequency 2.25 GHz
10dB Bandwidth 40 MHz
Reflection Coefficient -37.14 dB
Peak Gain 2.24 dB
Half-Power Beamwidth 82 degrees

The slight decrease in gain performance from the simulations in Chapter 4 stem from the decrease in

substrate height and additional loss introduced by the inset feed, which is less ideal than a direct probe feed.
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5.4 Copper Sputtering

The method used for depositing the copper elements onto the panel is called physical vapour deposition

(PVD) or sputtering [89]. PVD produces a copper vapour at the atomic level using Argon gas and an arc

source, which then condenses copper into a thin film on top of a substrate inside a vacuum chamber (Figure

5.6). PVD can create thin films deposited uniformly throughout, with a resolution of 10 nm.
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Figure 5.6: PVD by sputtering a copper vapour from an arc source to form a thin film of copper onto the
substrate, shaped by an aluminum stencil.
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Figure 5.7: Copper sputtering machine in the NFSL (a) outside and (b) inside the vacuum chamber.

The skin depth describes the area within the outer edges of a conducting material where most of the
current density is concentrated. The thickness or distance of the skin depth defines where the current density
falls to e~ ! of the magnitude at the surface, and is dependent on the resistivity of the material and frequency
of the excitation. Using equation (5.1), the skin depth () of copper with resistivity p = 1.7 u€2 cm, a relative
permeability of 1, = 0.99 and free space permeability po = 47 x 1077 at f = 2.25 GHz is around 1.37 pm.
Therefore, the thickness of the copper antenna elements must be at least 1.37 um. The copper layer for the

patch antenna is designed to be 2um thick.

_ /P
o= Wfﬂrlio (51)

A thin base layer of titanium (150 nm) is sputtered first to improve copper adhesion and support sol-
dering connections. Afterwards, a 2um layer of copper is sputtered on top. The duration of the sputtering
process controls the thickness of the deposited film, which were previously determined by the NFSL through
experimentation. Due to the thermal limitations of the hybrid composite, the process is paused for a 5

minute break after every 15 minutes.

In order to shape the deposited copper into the microstrip antenna and feed design, an aluminum stencil
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is used to mask the substrate. The stencil is made to be slightly larger (12cm x 12cm) than the area of the
composite panel (10cm x 10cm) and with a thickness of 0.02 inches. The shape is cut out of the aluminum
sheet using a water jet to avoid burring and minimize any shadowing effects of the stencil. Sputtering is

then used with the stencil mask (Figure 5.8) to deposit the microstrip antenna and feed line.

Figure 5.8: Stencil mask for the patch antenna, feed line, and soldering pad made from aluminum.

Two 1mm holes are added to the diagonal corners of the mask to align the composite panel corners below
and center the antenna. The stencil has a rectangular area for a soldering pad on the exposed aluminum of
the composite. The stencil is placed directly on top of the substrate and held down with tension from wires

as shown in Figure 5.9. After sputtering, the mask is removed and the resulting antenna is shown in figure

5.10.

o4



Figure 5.9: Stencil mask placed on top of the composite panel with SU-8, held down with wire holders.

Figure 5.10: Microstrip patch antenna successfully deposited on top of composite panel and SU-8 substrate
through copper sputtering.

Throughout the entire manufacturing process, a control antenna is also fabricated on top of a lmm-
thick aluminum alloy sheet. This panel has undergone exactly the same steps, albeit the absence of critical
temperature limits suchlike those of the composite. The dimensions, connector, and grounding method is

also kept identical. The control antenna will be used for comparison to the performance of the composite
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panel antenna in the next chapter.

5.5 Conclusions

The SU-8 antenna manufacturing process has a comparable level of complexity and involvement as com-
posite manufacturing. While temperature restrictions must be observed, the SU-8 antenna process is not
constrained by pressure requirements such as in the hybrid composite manufacturing method [17], that in-
cludes low- and high-pressure stages. Furthermore, this method lends itself to increased adaptability to any
shape or surface for antenna deposition. SU-8’s excellent adhesion to inorganic materials also allows for the
exclusion of other adhesives or fasteners. And finally, different antenna dimensions can also be realized by

using different stencils constructed from aluminum while keeping the exact same process.

Overall, the antenna fabrication can be added as a final step to the standard composite manufacturing,

creating a readily available communications component for general use. The work in this chapter verifies

hypothesis 1, stating the microstrip antennas can be successfully deposited onto composite materials.
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Chapter 6

Antenna Testing and Results

The performance of the prototype MFS antenna was evaluated through radiation tests at the University
of Manitoba Antennas and Microwave Laboratory. This chapter discusses the test set-up, measurement
methods, and results in comparison with the expectations from Chapter 4. These tests measured the S-
parameters and radiation pattern of the antenna, from which I extracted properties such as operational

frequency, reflection coefficient, bandwidth, peak gain and half-power beamwidth.

6.1 Test Equipment and Set-Up

The test equipment used for the following performance tests include the Keysight N5224B VNA (figure 3.3a)
mentioned previously in Chapter 3 and the Satimo StarLab (figure 6.1). The resulting plots from these tests

were compared with the plots shown in chapter 4 and re-evaluated for their potential uses.

The VNA test set-up has a 50-Ohm measurement interface that excites the device under test (DUT)
and measures the resulting S-parameters. Before the test measurements were performed, the VNA was
calibrated using a standard calibration test set including short, open, and matched loads. For a single-port
device such as an antenna, the S-parameter (S11) represents the reflection coefficient, which measures the
ratio of incident power that is reflected back to the source. The S1; plot in the frequency domain illustrates

the frequency at which the antenna transmits signals, the power efficiency, and the bandwidth capability.
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The Satimo StarLab is a multi-probe system that measures the near-field radiation and then calculates
the far-field radiation characteristics of the DUT. Before the test measurements were performed, the StarLab
was calibrated using a standard horn antenna with a known gain, and the results were used to establish the
performance of the DUT. The DUT was placed at the center and attached to a source that excited the
antenna at the operating frequency (see Figure 6.2). The resulting emissions of the antenna were measured
by the receivers that formed a circle around it and captured a single planar snapshot. The DUT is then
rotated and measured again in 3° increments to be combined into a comprehensive radiation pattern. From
these results, the peak gain was determined, which is one of the important parameters that describe antenna
performance. Along with the gain, the half-power beamwidth was measured and illustrates how much of the
radiation power is concentrated towards a single direction, which in this case, is the boresight of the antenna.
The DUT is excited using a similar 50-Ohm measurement probe with a 6 dB attenuator that is calibrated
into the system before measurement. Foam is placed around the source connector (as seen in Figure 6.2) to

minimize effects of reflection.
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Figure 6.1: Satimo StarLab test set-up measuring the far-field radiation pattern of the prototype MFS

antenna.

Figure 6.2: SU8-Composite patch antenna prototype mounted inside the Satimo StarLab test-setup.
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6.2 Performance Evaluation

In order to analyze the potential of the prototype antenna for different applications, its properties were
evaluated with design requirements. The gain dictates the ability of the transmitted signals to propagate
across vast distances and various loss mechanisms. To demonstrate the improvement of a patch antenna

over the commonly used dipole, the gain should be higher than the idealized dipole gain of about 2.15 dB [15].

The antenna bandwidth determines the data rate capability of communications, and therefore the volume
of data transmitted over a period of time. Using the simple Nyquist criterion in equation 4.5 for a binary
signal (M=2) and the minimum acceptable bit rate standard for amateur radio communication for basic

telemetry (C=1200 bits per second), the bandwidth must be at least 1.2 kHz.

To ensure that the antenna maintains power efficiency, the reflection coefficient of the antenna at the
desired operational frequency must be below -10dB. This threshold allows us to utilize at least 68% of the
incident power for radiation, with about 32% loss. Minimizing this loss also helps any signals propagate
further distances. An impedance mismatch at the antenna feed reduces the received power by a factor of the
mismatch loss [90]. The mismatch loss is calculated using equation 6.1 below, where I' is the linear reflection
coefficient.

Lunismaten [dB] = —10log,o(1 — |T[?) (6.1)

The half-power beamwidth of the antenna has a reciprocal relationship with the required pointing accu-
racy of a spacecraft. While it is quite beneficial to concentrate the signal along one direction for efficiency,
this poses stricter requirements for spacecraft to accurately control its orientation. A directive antenna such
as this prototype has potential for missions with high pointing accuracy requirements such as nadir-pointing

earth observation satellites.

The radiation properties of the antenna can be compared with microstrip patch antenna designs touched

upon in the literature review. Table 6.1 below outlines the volume, gain, and features of each design.
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Table 6.1: Comparison of some references from the literature review highlighting their volume, gain, fre-
quency, and design features.

Reference Volume [em?] Gain [dBi] Frequency Band Design Features
Platero [this work] 10 x 10 x 0.56 1.45 S-band MFS
Ferrero [25] 2.7x27x0.0892 6.2 S-band quad-polarization
Chiu [27] 54x54x0.7 2.6 C-band U-slot, folded patch
4x4x0.7 2.4 S-C band L-slit, folded patch
Malekpoor [29] 1.8x1.5x0.7 3.9 S-C band folded patch
Nascetti [30] 397x1.2x0.21 5.9 S-band circular polarization
Son [68] 7Tx7x0.7 6.3 C-band MFS, stacked-patch
You [69] 48x48x 1.5 11.2 X-band MFS, stacked-patch

Furthermore, in order to assess and isolate the effects of the composite structure from the antenna
design, a control antenna was manufactured in parallel. The control antenna consists of a simple lmm-thick
aluminum ground plane, which underwent the exact same processes as the composite as outlined in Chapter
5. The two antennas have the exact same dimensions and antenna design, and will undergo the same tests.
This practice will evaluate the benefits of using a hybrid composite structure versus the more commonly-used

material for spacecraft structures (aluminum).

6.3 Test Results

The prototype antennas were first tested on the VNA for their reflection coefficients, and the resulting Sy,
frequency response plots are shown below in Figures 6.3-6.4. From these graphs, I extracted the central
operating frequency for the composite antenna to be 2.44 GHz with a reflection coefficient of -17 dB and a
-10 dB bandwidth of 60.5 MHz. Alternatively, the control (aluminum) antenna showed f = 2.20 GHz, S11

— -13 dB and bandwidth — 85 MHz.
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Figure 6.3: The measured reflection coefficient S7; frequency response for the hybrid composite antenna,
showing center frequency and bandwidth.
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Figure 6.4: The measured reflection coefficient S1; frequency response for the control antenna on aluminum,
showing center frequency and bandwidth.
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Afterwards, the antennas were tested in the Satimo StarLab for their radiation patterns, and the resulting
plots for gain in phi and theta are shown below in Figures 6.5-6.6. These figures show a peak gain of 1.37
dBi and a half power beamwidth of 90° at ¢ = 99°,0 = 342° in the Fjy orientation at f = 2.5 GHz for the
hybrid composite antenna. It can be seen that although the S-parameter plots for this antenna displayed a
resonant frequency of 2.44 GHz (Figure 6.3), the peak gain of the antenna occurs when measured at 2.5 GHz
instead. Alternatively, the control antenna demonstrates a peak gain of -2.27 dBi and half power beamwidth

of 51" at ¢ = 0°, @ = 9" in the F orientation at f = 2.2 GHz.
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Figure 6.5: The measured radiation pattern of the hybrid composite antenna, showing realized gain.
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Figure 6.6: The measured radiation pattern of the control antenna on aluminum showing realized gain.
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6.4 Discussion

The comparison between the simulated results from Table 5.1 and measured results are summarized below
in Table 6.2, showing a decline of the properties from the expectations in Chapter 5. This discrepancy can
be attributed to losses in the dielectric, connector, and manufacturing process. Further discussion of the

discrepancy and the investigation that followed is described in Section 6.4.2

The mismatch loss and peak gain values in Table 6.2 are calculated from the lab-measured reflection
coefficient and realized gain using equation 6.1. The realized gain takes into account the mismatch loss, and

is therefore factored out in order to compare the peak gain performances.

Table 6.2: Summary of simulated/expected vs. measured radiation properties of a single patch antenna
element with inline feed.

Parameter Simulated Values Control Antenna Composite Antenna
Center Frequency 2.25 GHz 2.2 GHz 2.5 GHz

10dB Bandwidth 40 MHz 51 MHz 60.5 MHz
Reflection Coeflicient -37.14 dB -13.17 dB -17.23 dB
Mismatch Loss 0.0008 dB 0.215 dB 0.083 dB

Realized Gain 2.24 dBi -2.27 dBi 1.37 dBi

Peak Gain 2.24 dBi -2.06 dBi 1.45 dBi
Half-Power Beamwidth  82° 51° 90°

The resulting gain performance of the composite MFS antenna has shown to be lower than all of the
patch antennas summarized in Table 6.1, and the dipole standard of 2.15 dB, with no improvement over an
idealized dipole antenna gain. The measured bandwidth also provided a maximum data rate of up to 90
Mbps for a simple binary signal (M—=2) using equation 4.5. Finally, the reflection coefficients were below
-10dB, meeting the initial requirement, with a transmission power efficiency of about 78% and 86% for the
control and composite antennas respectively. The results also showed an increase in gain from the control

to the composite antenna, despite the fact that they have similar levels of reflection coefficient. Finally, the
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peak gain of the composite MFS antenna was 0.79 dB lower than expected from the simulation results, which
is above the acceptable level of error of approximately 0.5 dB, and therefore required further investigation.
The investigation of the discrepancies and the loss mechanisms it can be attributed to are discussed in the

following two sections.

6.4.1 Material Fragility and Antenna Repair

During the final steps of the fabrication process, a rapid temperature change caused cracking in the deposited
SU-8 dielectric layer, and the fracture propagated across the prototype and the deposited copper layer. The

damaged antenna prototype is shown in Figure 6.7 below.

Figure 6.7: Damaged antenna prototype (10 cm x 10 c¢m) showing fractures across the dielectric layer and
the sputtered copper layer.

The fractures in the SU-8 caused the dielectric layer to lose adhesion to the composite panel surface,
even with minimal and gentle handling of the prototype. This initially created an air gap between the SU-8
and the ground plane at the center of the antenna, which gradually progressed to the edges. The fracture in

the sputtered copper layer was repaired using adhesive copper tape, and eventually replaced with a patch of
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copper tape with similar dimensions, and modified for impedance matching. The resulting prototype that
was tested with the result outcome in Section 6.3 is shown in Figure 6.8. The effects of the cracked dielectric
layer, such as the air gap and change in height, shifted the ideal patch dimensions for the antenna design,

which necessitated modifications for optimization.

Figure 6.8: Repaired antenna prototype (10 cm x 10 c¢m) with adhesive copper tape, where the patch
dimensions are modified to optimize impedance matching.

The prototype shown above in Figure 6.8 is the device under test with results presented in Section
6.3. Since the dimensions were modified from the design in Figure 5.5, the antenna was re-modelled in
HFSS to account for the effects of the cracked SUS8 layer. Details of the subsequent sensitivity analyses are
presented in Appendix A. Although I could not pinpoint a single cracked dielectric model to fully represent
the lab-measured antenna performance, the discrepancy can be attributed to a compounding of different loss

mechanisms discussed in the following section.
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6.4.2 Investigation of Loss Mechanisms

This section discusses the loss mechanisms that contributed to the discrepancy between expected, shown in
Table 6.2, and measured peak gain of AG = 0.79 dB. Among the various losses, dielectric loss and connector
loss were considered to be the major contributors. Additionally, this section also provides a summary of the

sensitivity analyses presented in Appendix A.

Manufacturing Tolerance

Some uncertainties were introduced into the antenna system stemming from the manufacturing process, such
as the dielectric height and patch antenna dimensions. The antenna design, namely the resonant frequency
of the antenna and the intrinsic impedance of the microstrip feed line, are highly dependent on these two
properties. Changes in these properties can cause the resonant frequency to shift and create an impedance
mismatch, and since patch antennas have very narrow bandwidths [15] (as seen in Figure 4.2), this shift
causes significant decrease in radiation efficiency. Additionally, the intrinsic impedance of the microstrip

antenna was very sensitive to these changes and therefore exacerbated the impedance mismatch.

Although the surface of the SU-8 layer is relatively smooth, edge beading effects from the deposition
method created a height fluctuation from the centre to the edge. This effect was simplified and modelled
in Section 5.3 and Figure 5.5, and despite the optimization, the model has limitations that do not fully
represent, the deposited layer. The simulations showed that a substrate height difference of Ah = 0.1 mm
can cause a shift in the resonance frequency of up to 10 MHz and increase in S7; reflection coefficient of up

to 18.5 dB.

Another source of manufacturing uncertainty is the deposition method of the copper layer. After the
sputtering process, there was an observable bleedthrough of the copper material past the stencil and increased
dimensions of up to 1 mm. Because the frequency response is sensitive to the patch antenna dimensions,
the bleedthrough caused significant detriment to radiation performance. The simulations showed that an

increase of 1 mm in all dimensions created a shift in the resonance frequency of up to 50 MHz and increase
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in S1; reflection coefficient of up to 11.3 dB.

Dielectric Loss

The radiation efficiency of an antenna is directly related to the dielectric loss of the substrate material. The
dielectric loss, or also expressed as the loss tangent, determines how much radiation energy is lost within the
substrate, and is calculated using equation (3.3). Another uncertainty that stems from the manufacturing

process of the antenna prototype is the dielectric permittivity of the SU-8 material.

The theoretical and measured values for the SU-8 properties in Table 3.4 reflect parameter values for a
fully-cross linked SU-8 sample. Due to the modified deposition process that was used, these are likely not
representative of the actual properties of the SU-8 layer of the antenna prototype. According to [78], the
fabrication process for SU-8 is demonstrated to have a significant impact on the loss behaviour. The reduced
temperature of the baking process can result in a partially cross-linked SU-8 layer, and therefore decrease the
real permittivity and increase the complex permittivity (i.e. increasing the loss tangent). Using the same
model equations as in Chapter 3 from [78|, the complex dielectric permittivity of a partially cross-linked
SU-8 substrate is €, = 2.95 — j0.0905 with a loss tangent of tan § = 0.0307, which is double that of the fully

cross-linked calculations.

There were also differences between the material under test in [78] used to determine the dielectric model
and the material used for the MFS antenna prototype. The SU-8 tested in [78] used SU-8 2100 with thick-
nesses of 330 to 450 um and measured at frequencies from 0.2 to 1 THz. On the other hand, the MFS
antenna prototype used SU-8 2075 with a thickness ranging from 8000 to 1200 pym intended for use at 2.25
GHz. These minor differences between the SU-8 materials used in the dielectric model versus the realized

prototype contribute to the discrepancy.

The addition of the air gap between the dielectric layer and the composite ground plane complicates

the antenna system by creating a mixed-dielectric substrate. This further decreases the permittivity since
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a weighted average between the two materials will be somewhere between esygs = 2.95 and €45 = 1.
Furthermore, it also introduces a material interface between the SU-8 and air that can result in added loss.
The height and shape of the air gap is another source of uncertainty as it can fluctuate while handling the

prototype during testing, which ultimately resulted in the edges of the SU-8 layer losing adhesion.

Connector Loss

One of the biggest challenges in designing the MFS antenna was finding a suitable feeding method to excite
the patch. Some common feeding methods for microstrip patch antennas were ruled out due to the layered
structure of the hybrid composite material, wherein a non-conductive layer is sandwiched between partially
(CFC) and fully (aluminum) conductive layers. Additionally, the SMA connector installation also posed an
issue as most connectors are designed for antennas that have the ground plane as the bottom layer. In this
case, the thin aluminum layer at the bottom of the composite is not connected to the antenna’s ground plane

(top aluminum layer) as seen in Figure 3.1.

The connector that was chosen for this antenna prototype is a 50 2 panel mount SMA connector as seen
in Figure 6.7 and Figure 6.8. This design was chosen due to the separation and protrusion of the center
pin from the grounded connector housing, allowing it to reach the microstrip feed line past the exposed
aluminum ground patch. This configuration was not the ideal use for this connector, but it was the most
mechanically viable solution that works with the geometry of the antenna prototype. The ground connection
was made by sanding off the anodized aluminum layer and placing a piece of copper tape on top, as seen
in Figure 6.7 and Figure 6.8. The grounded connector receptacle is then soldered on the copper tape pad,

since aluminum does not adhere to solder well.

Connector loss is another contributing factor to the low radiation efficiency of the antenna prototype.
Due to the less-than-ideal configuration of the connector, the quality of the electrical connections come into
question. In the case where there is a poor electrical connection, it can be assumed that some excitation is

transferred through coupling of the center pin and feed line, with the center pin conductor also radiating.
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In summary, the quality of the SMA’s electrical connection is significantly detrimental to the radiation per-

formance of the antenna.

Sensitivity Analysis

Due to the uncertainties mentioned above, I conducted several sensitivity analyses for the materials used
in the antenna prototype. Details on the simulation analyses are presented in Appendix A. In summary,
variations in the dielectric permittivity and dielectric height (edge beading effects) showed shifts in the res-
onant frequency and increase in reflection coefficient. On the other hand, copper and aluminum sensitivity

analyses showed little to no effects on the radiation performance of the antenna simulation.

Table 6.3: Summary of the material sensitivity analyses performed on the hybrid composite antenna model
on HFSS.

Variable parameter Variable swing Max ASy; [dB]
Dielectric permittivity — +10% 19.8
Dielectric height +2 mm 274
Copper conductivity +10% 17.3

Aluminum conductivity —90% to —40% no effect

Modelling Limitations

Overall, there were limitations in the model fidelity that likely contributed to the observed discrepancies be-
tween simulation and test results. These modelling limitations prevented complete material representation,
such as the uncertainties discussed in this section. Complicating this, were the complexities of the carbon
fibre composite, which contained a mixture of conductive rods and non-conductive material. This potentially
introduced parasitic behaviour at higher frequencies beyond the characterization test range. I lacked the
sub-surface construction geometry and dimensions to support a realistic internal model of the structure. In
addition, modelling the intricacies of the manufacturing process would have required meticulous deconstruc-

tion and microscopic analysis, which was beyond the scope of this study.
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Testing Limitations

Another possible source of error that factors into the discrepancy were the limitations imposed on the testing
of the antenna. Proper alignment of the DUT within the Satimo StarLab is necessary for obtaining accurate
measurements. There is some slight error in the positioning of the antenna within the measurement, facility,
and since measurements are taken every 3°, there is the possibility that the maximum gain point was not
measured. Additionally, there were limitations on the number of measurement iterations I could perform

due to restricted facility access during the pandemic.

6.5 Conclusions

In summary, this chapter presented the measured lab results for the prototype antenna that showed a
deviation in radiation performance from the expectations in Chapter 5. The results summarized in Table
6.2 show a discrepancy in the centre frequency by 0.250 GHz and the peak gain of 0.79 dB, which is beyond
an acceptable error or discrepancy. This difference can be attributed to a compounding of various loss
mechanisms present in the as-built prototype antenna, most specifically the damage from the cracking of the
dielectric layer. Other sources of losses that were investigated include manufacturing tolerances, dielectric
loss, connector loss, material sensitivity, and modelling and testing limitations. The combination of all
the mechanisms discussed in this chapter account for the performance discrepancy. Future work for this
project, such as another manufacturing iteration with a different connector, would resolve this difference and

is discussed in the next chapter.
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Chapter 7

Conclusions

7.1 Summary of Research

This thesis presented the design, fabrication, and feasibility of embedded microstrip antennas within compos-
ite materials that created a multifunctional structure. This component was a proposed solution for volume
efficiency, mass reduction, improved access to space, ease of integration, and adaptable communications
parts. Through this research I have provided material properties, case studies, manufacturing methods,

simulation analyses, and experimental results.

I characterized materials such as carbon fibre composites (CFC), polyethylene fibre composites (PFC),
and SU-8 photoresist for their RF properties. Using this information, a microstrip patch antenna was
designed and simulated in HFSS to analyze the radiation performance and its applications for different types
of space missions. A novel manufacturing process was then developed to realize the antenna design while
maintaining structural benefits of the composite structure. Finally, I presented the test results of a prototype
antenna, evaluated the feasibility of the overall MFS component as a communications solution, and provided

investigation analyses.
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7.2 Research Goals

The goal of this research project was to develop a multifunctional structure that can transmit and receive
communication signals. By furthering the field of MFS and spacecraft miniaturization, I sought to im-
prove space accessibility by making space missions more affordable, efficient, and less risky. I presented an
analysis of the feasibility of a novel MFS antenna through simulations and prototype testing. The meth-

ods and tests performed in this thesis were used to verify four hypotheses that were expected of this research.

Hypothesis 1 stated that microstrip antennas can be successfully deposited onto composite materials.
The utilization of SU-8 material and copper sputtering for the dielectric and microstrip components ini-
tially demonstrated successful deposition onto the hybrid composite panel, but was not resilient against
temperature changes and handling over time. Although the previous chapter showed that SU-8 and the
hybrid composite were not an ideal pair, polymer deposition and copper sputtering still have much poten-
tial for this application. The polymer deposition method is adaptable for different substrate shapes, and

the sputtering process allows the deposition of copper in any design through the use of reusable stencil masks.

Hypothesis 2 stated that CFRP can be incorporated into the MFS without detriment to antenna per-
formance. The CFRP showed undesirable anisotropic electrical properties, but using a hybrid composite
with aluminum proved advantageous to provide an isotropic ground plane while maintaining the lightweight
and structural benefits of composite materials. Although the radiation performance was less than expected
from the simulation, the MFS antenna prototype still exhibited patch antenna behaviour within the S-band
range. This was verified through simulation and experimental results showing the radiation performance of

the MFS antenna.

Hypothesis 3 stated that the MFS antenna meets the performance standards for satellite communica-
tions. Simulation results and case studies of the design show potential applications for both small and large
spacecraft’s tracking, telemetry and command communications. Unfortunately, the radiation performance

of the realized antenna prototype did not meet the minimum criteria to be deemed more advantageous over
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other antenna solutions. Therefore, further work is recommended such as more manufacturing iterations,

improving fabrication tolerances, and investigation of other dielectric materials and feed connectors.

Hypothesis 4 stated that the MFS antenna can reduce the component footprint and maximize useable
spacecraft volume. Compared to protruding dipole or monopole antennas and high gain reflectors, the MFS
antenna structure has a reduced footprint. The flat profile and elimination of any deployable mechanisms
allow for integration onto surfaces which increases available satellite space for valuable bus and payload
instruments. A reduced volume and non-protruding antenna also reduces the risks in the communications
system from either deployment failure or debris collision. Due to the low gain performance of the antenna,
larger arrays would have to be implemented to meet minimum mission requirements. This would reduce the

benefits and deem it non-ideal for small satellites, but still have potential for larger spacecraft.

7.3 Contributions

My research aimed to further the field of spacecraft miniaturization and multifunctional structures by em-
bedding antennas within composite structures. A summary of the research contributions of this thesis are

as follows:

1. Utilization and characterization of hybrid composite materials and SU-8 photoresist
Composite materials provide lightweight and durable structures, and while usually characterized for
their mechanical properties, are not typically discussed with regards to their electrical properties. In

addition, dielectric spectrometer results for SU-8 are also provided.

2. Application of SU-8 as an antenna dielectric
SU-8 is not a commonly used dielectric material for microstrip patch antennas. This research presented
a design, fabrication method, experimental results, and an evaluation of the performance of such an

antenna.

3. Novel manufacturing method for a MFS antenna
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The combination of the hybrid composite with the SU-8 antenna required careful integration of the
manufacturing method to work within constraints of the composite. Pre-existing methods of SU-8 and

copper deposition were modified to accommodate lower temperature limits.

4. Reduced MMOD and deployment risks
While these risks are posed to more popular antenna solutions, the flat profile of the MFS patch
antenna precludes them. Reducing the safety-critical nature of space missions can help improve space

accessibility for more institutions.

5. Spatial effciency
Embedded functional components within the structure can maximize volume within the spacecraft for
other instruments or enable spacecraft miniaturization. Especially on small spacecraft missions, space

is a limited resource and extra space can add value by allowing more payload instruments.

7.4 Future Work

This research demonstrated a single-element MFS patch antenna design that has potential to be expanded
and built upon. Future work on this research project includes investigating other polymer materials that
would be more suitable for use with the hybrid composite material. The effects of the curing processes
and temperatures on the electrical and RF properties of different polymer materials can also be studied for
compatibility. Additionally, other feeding methods can also be explored such as probe feeding and aperture
coupling. Mechanical analyses should also be performed to evaluate the fragility and resilience of future

prototypes.

Other future work improvements involve gain and polarization optimization, array prototyping, and inte-
grated electronic beam steering. Gain improvement and addition of other polarization configurations can be
realized through design techniques that were explored in the literature review. These added features should
be implemented to balance the complexity of the design to the manufacturing feasibility. The single element

design can be duplicated and configured into a planar array that can also improve the gain significantly and

77



achieve circular polarization in certain configurations. And finally, electronic beamsteering can be imple-
mented with the use of embedded microstrip devices. This feature will likely add to the complexity of design

and pose a challenge as to where the added circuitry can be embedded and located.

7.5 Closing Remarks

This research provided the foundation for multifunctional embedded patch antennas for small and large
satellite communications. A novel design and manufacturing process were introduced that helped maximize
spacecraft volume, reduce mass, and increase reliability. These advantages factored into contributions to the
effort of spacecraft miniaturization and improved access to space. While the prototype showed non-ideal
radiation performance for spacecraft antennas, the potential for future work and expansion of this research
field still show beneficial applications to a wide range of space missions. This research established a promis-
ing approach to designing and manufacturing satellite antennas that electrically characterized innovative

materials and developed novel manufacturing techniques.

78



Appendix A

Simulation Sensitivity Analyses

Due to the discrepancy between expected and lab-measured results, and the various uncertainties introduced
by the manufacturing process, I conducted material sensitivity analysis simulations in HFSS. The purpose
of these analyses is to find the possible sources of losses that contribute to the overall low efficiency of the
antenna. In order to isolate each of the effects, the simulation analyses were performed on the model from

chapter 5, figure 5.5.

A.1 Dielectric Permittivity

To study the effects of variations in the SU-8 dielectric constant (epsilon), I performed simulations of the
antenna while shifting the epsilon value £5% and +10%. The results are summarized in Table A.1 and the
S11 frequency response in Figure A.1. The results show that varying the dielectric constant at these margins
cause a very small shift in the center frequency and reflection coefficient. Although these differences are
still significantly different from the measured lab results. An increase in epsilon shows an approximately
linear decrease in center frequency, and a +5% variation in epsilon shows an averaged increase in Sp; of

approximately 14 dB.
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Table A.1: Simulation results for various values of dielectric permittivity shifted 5% and £10% from the
nominal value

Epsilon A Epsilon Center Frequency [GHz] 511 [dB]

2.925 -10% 2.31 -32.6
3.0875 -5% 2.25 -38.1
3.25 0% 2.20 -50.5
3.4125 +5% 2.15 -34.5
3.575 +10% 2.10 -30.7
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Figure A.1: S11 plot for various values of dielectric permittivity shifted +5% and +10% from the nominal
value
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A.2 Dielectric Height

This simulation analysis investigates the effect of the height difference between the center and the edges of
the SU-8 dielectric. Starting with an ideal flat 1 mm substrate, the height differential is increased by 0.2
mm. The results are summarized in Table A.2 and the S11 frequency response in Figure A.2. Note that the
simulation model was optimized for the case of center height = 0.8 mm and edge height = 1.2 mm. The
results show that compared to the previous section, there is a smaller shift in frequency shift but a larger

increase in reflection coefficient (S11).

Table A.2: Simulation results for various height differentials between the center and the edge of the SU-8
substrate

Center height [mm] Edge height [mm] Aheight [mm] Center Frequency [GHz] Si; [dB]

1 1 0 2.19 -20.6
0.9 1.1 0.2 2.20 -25.0
0.8 1.2 0.4 2.21 -44.8
0.7 1.3 0.6 2.21 -24.7
0.6 14 0.8 2.22 -17.4
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Figure A.2: S11 plot for various height differentials between the center and the edge of the SU-8 substrate
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A.3 Copper and Aluminum Conductivity

This simulation investigates the effect of the conductivity of metals in the antenna prototype on the radiation
efficiency. In a similar fashion, the conductivity of the copper layer was varied by £5% and +10% from the
nominal value of 58 000 000 S/m. The results in Table A.3 show that the change in copper conductivity

have little to no effect on the resonant frequency and reflection coefficient.

Table A.3: Simulation results for various values of copper conductivity shifted 5% and +10% from the
nominal value

Conductivity [S/m] A Conductivity Center Frequency [GHz] Si; [dB]

52 200 000 -10% 2.21 -57.1
55 100 000 -5% 221 -46.0
58 000 000 0% 2.21 -39.8
60 900 000 +5% 2.21 -41.1
63 800 000 +10% 2.21 -44.1

The thin aluminum film used in the hybrid composite material is Al 1100, which has a conductivity of
approximately 33 000 000 S/m or 57% IACS (International Annealed Copper Standard = 58 000 000 S/m).
In the simulation, I varied the aluminum conductivity from 10% to 60% and resulted in little to no effects

on the radiation performance.
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