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Abstract

The rise of small satellites, particularly CubeSats, has brought about the demand for innova-
tive antenna solutions and compact circuit designs offering high performance at a low cost.
Although these small satellites cannot fully replace traditional systems, they are reshaping the
future landscape of space satellites. Technological advancements, including digital signal pro-
cessing, micro-electromechanical systems, low-power programmable systems, integrated cir-
cuits, and miniaturisation, have enabled these satellites to efficiently handle increasingly com-
plex tasks despite their small size. However, designing antennas for CubeSats poses distinct
challenges, primarily related to size, weight, and power limitations, making it a crucial yet

intricate aspect of these miniature satellite systems.

Researchers have explored innovative techniques such as integrating non-deployable antennas
with solar panels on CubeSats, creating additional space for solar cells, sensors, and communi-
cation devices. While many SmallSat antennas radiate signals broadly, the direction in which
these signals travel may not always align with the intended orientation of the CubeSat and in
the required direction. For example, endfire antennas radiate electromagnetic fields precisely
in the longitudinal direction of the antenna structure, making them potentially more suitable for
CubeSat applications. These types of antennas can also offer a low aerodynamic drag profile,
especially when compared to some broadside antennas, making them advantageous for other

related practical scenarios such as on airplanes and cars.

In this thesis, the primary objective is to bridge the gap in high-gain antennas integrated with
solar cells, particularly for high-frequency and endfire radiation applications. The focus is on
possible techniques for integrating the solar panel aperture with the antenna to minimise space
requirements on the CubeSat platform. Innovative planar configurations are introduced as effi-
cient and low-profile antenna solutions for CubeSats and other Small Satellites, employing ad-
vanced concepts like substrate integrated waveguide (SIW) technology, surface wave (SW), and
leaky wave (LW) principles. The first approach involves a leaky SIW T-junction for compact
feeding, creating a uniform wavefront in a truncated parallel plate waveguide (PPW) section.
This leads to the development of a planar quasi-endfire surface wave antenna (SWA) utilising
the fundamental TMy SW mode at the edge of a grounded dielectric slab (GDS). To enhance

performance, a sub-wavelength matching section (SMS) is added to ensure a smooth transition
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Abstract

between the PPW and GDS, improving antenna radiation characteristics. The measured proto-
type demonstrated realised gain values of 13.3 dBi at 18.6 GHz for a competitive structure size
of 5Ag x 4.8 A\ and with a simulated total radiation efficiency of 93.4%. The second approach
focuses on achieving a truly endfire high gain antenna designed for 3U CubeSats. This design
incorporates an air vias (AV) section and a dual-layer structure based on the distributed aper-
ture principle. In the design, the transverse equivalent network (TEN) was applied and results
are supported by the theoretical framework and the developed equations. This experimentally
demonstrated antenna is fed by two leaky SIW T-junctions with a 180° phase shift between
them and a common ground plane and an AV section with a fixed diameter to modify the rela-
tive permittivity. This enabled full, endfire radiation and the possibility to integrate solar cells.
The measured prototype established a peak realised gain of 17.5 dBi at 18.6 GHz and with high
radiation efficiency and low sidelobe levels. Lastly, an endfire high-gain antenna suitable for
1U CubeSats was also developed. This design employs an ungrounded substrate featuring AV
sections with varying diameters, facilitating a gradual change in permittivity for minimal re-
flections to the air region. To feed this ungrounded substrate, a series of SIW horn antennas
operating in phase are utilised in an array, ensuring optimal radiation performance and simple
feeding. Simulation results show a directive endfire pattern with a directivity of 21.3 dBi at

24 GHz.
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Lay Summary

Over the past two decades, the rapid growth of small satellites, particularly CubeSats, has been
remarkable, with exponential expansion in the last five years. This surge in interest extends
beyond academic and research circles including industry, government agencies, and military in-
stitutions. These organisations have enthusiastically embraced CubeSat space programs, often
surpassing research initiatives conducted within universities. Consequently, while traditional
satellite systems cannot be entirely replaced, the future vision for space satellites is undergo-
ing a transformation, characterised by the development of more efficient and technologically

advanced small satellites.

Antennas play a pivotal role in enhancing these satellite capabilities by enabling electromag-
netic signal transmission and reception. The scientific community is actively engaged in design-
ing innovative antenna systems that meet specifications for improved bandwidth and high data
rates, all within the confines of CubeSat size and weight standards. Designing these antennas
poses unique challenges due to the small satellite size and power limitations. Researchers have
explored new methods for solar panel integration, especially when employing non-deployable
antennas on CubeSats, maximising space for additional solar cells, sensor technologies, and

communication devices.

Within this context, endfire antennas emerge as a possible solution. Unlike broadside antennas
that radiate in a direction perpendicular to the aperture, endfire antennas direct electromag-
netic fields into free space and along the direction of the antenna structure. These antennas are
advantageous for CubeSats, particularly concerning their physical placement on the satellite.
For example, endfire antennas can send a signal downward toward the Earth while solar pan-
els can be positioned for best possible solar power collection. Additionally, they offer a low
aerodynamic drag profile, especially when compared to broadside antennas in specific practical

applications.

This thesis introduces novel solutions to these CubeSat and Small Satellite antenna challenges,
presenting planar configurations that offer efficient and low-profile options. These antennas
provide quasi and full endfire beam patterns, for solar cell integration and high-gain capabili-

ties. These configurations represent a significant advancement in the field of CubeSat antennas,
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supported by comprehensive theoretical analysis, full-wave simulations, and experimental mea-

surements for proof-of-concept demonstrators.



Declaration of originality

I hereby declare that the research recorded in this thesis and the thesis itself was composed and
originated entirely by myself in the Institute for Imaging, Data and Communications (IDCOM)
in the School of Engineering, The University of Edinburgh. The thesis has not been submitted,
either in whole or in part, in any previous application for a degree. Except where it states

otherwise by reference or acknowledgment, the work presented is entirely my own.

vi



Acknowledgements

First and foremost, I am very grateful to Almighty God, Allah, for blessing me and giving me

the strength, and knowledge to achieve this significant milestone.

I sincerely express my deep sense of gratitude to my supervisor, Dr Symon K. Podilchak, for
his endless support and valuable advice through this remarkable journey. I thank him for his
technical and mental help over all these years, specifically during the pandemic. I am short of
words to thank him for being very patient, supportive, and very helpful during the entire time of
my research. He believed in me, and his motivation and guidance helped me to build my skills
as an academic researcher. Our weekly meetings have been inspirational to me. I will always

be grateful to him.

I would also like to thank the Examination Committee, Prof Antonis Giannopoulos, and Dr
Masood Ur Rehman for their time and effort in evaluating the thesis. Their valuable comments

have helped and improved the quality of the work.

To my great parents, Tarfah and Mubarak, who raised me with heartfelt love and guidance and
provided incredible support and encouragement to follow my dreams. I am forever indebted
to you for giving me the opportunities and experiences that have made me who I am. I would
never be able to thank you enough. Many thanks also to my family, Norah, Noha, Haya, Hind,

Ahmad, Abdullah, and Mohammed, for your support and encouragement.

I would like to express my heartiest thanks to Bandar Alshammari, my dearest colleague in
KACST and Edinburgh University and my friend for his support and motivation that helped
me through this journey. A special thanks to my colleagues and friends at The University of
Edinburgh and Heriot-Watt University. Especially Dr Victoria Gémez-Guillamén Buendia, Dr
Maksim Kuznetcov, Dr Zain Shafiq, Dr Khaled Aligab, Dr Abdulmalik Aldharrab, Dr Michael
Sheehan, Dr Hussien Alrakah, Mazen Almalki, Dr Meshari Alsharari, Dr Kostas Kossenas,
Dr Cristian Alistarh, Callum Hodgkinson, Alexander Don, Iram Shahzadi, Sadia Riaz, Agsa
Ahmad, and many more... I’'m confident I may have overlooked some individuals, and I apol-
ogize for this, it was a long and challenging journey and you helped me through it. All in all,
it has been a delightful adventure, filled with countless hours of engaging discussions, mutual

learning, and continuous support from one another.

vii



Acknowledgements

To all my friends in the UK, thank you for making this journey a very joyful time. Especially
Dr Ghazi Alanazi, Dr Yousef Almajed, Dr Abdulaziz Alomiery, Raied Alotaibi, Khalid Aly-
ousef, Khalid Alfawzan, Dr Mohammed Alqgarni, Mohammed Alnefaie, Ebraheem Alanazy,
and Abdullah Bin Girad.

Lastly, but certainly not least, special thanks go to the Saudi government and King Abdulaziz
City for Science and Technology (KACST) who sponsored my postgraduate study and gave me

this great chance.

viii



Contents

Abstract . . . . . e il

Lay Summary . . . . . . . . . e e e iv
Declaration of originality . . . . . . . . . . . ... ... . vi
Acknowledgements . . . . . . . . ... vii
Contents . . . . . . .. e e e e e e e e ix

Listof figures . . . . . . . . . . . . . . xi
Listoftables . . . . . . . . . . . . . . e Xvi
Acronyms and abbreviations . . . . . . ... ... Xvii

Listof Symbols . . . . . . . . .. Xix

1 Introduction 1
1.1 Goalsand Motivation . . . . . . . . . .. .. 1

1.2 Methodology of the Research . . . . . . ... ... ... .. .......... 2

1.3 ThesisOutline . . . . . . .. .. .. . . .. e 5

2 Background 7
2.1 Small Satellite Antennas . . . . . . . .. ... 7
2.2 State-of-the-art Antenna Review . . . . .. ... ... ... .. ........ 10
22.1 Low Gain ANtennas . . . . . . . ..t te i e e e 10

2.2.2 HighGain Antennas . . . . . . .. ... ... ... 13

2.2.3 Challenges for Small Satellite Antennas . . . . . . ... ... ..... 20

2.3 Relevant Background Theory . . . . . . . . ... ... ... ... ....... 25
2.3.1 Substrate Integrated Waveguide Overview . . . . . . . ... ... ... 26

2.3.2  Overview of Surface Waves and Surface wave Antennas . . . . . . . . 28

233 Leaky WavesOverview . . . . . . . .. . .. ... .. 35

2.4 SUMMATY . . . . o ot e e e e e e e e e e e e e e 40

3 Compact Substrate Integrated Waveguide Quasi-EndFire Antenna 41
3.1 Introduction . . . . . . . . . ... e 41
3.2 An Overview of Previous Works and Challenges with Compact CubeSat Antennas 41

3.3 Chapter Overview . . . . . . . . o ot i e e e e e e e 43

3.4 Antenna Design Approach . . . . . .. ... ... o oL 44
34.1 Leaky SIW T-Junction . . . ... ... ... ... ........... 44

3.4.2 Matching Sectionand GDS . . . . . ... ... Lo 51

3.4.3 Microstrip to SIW Transition . . . . . . ... ... ... ........ 54

344 Excited Fieldsand Modes . . . ... ... ... ............ 55

3.5 Simulations and Measurements . . . . . . .. ..o 57
3.6 Summary ..o .ol e e e e e e e e 62

4 Planar Surface Wave Antenna with Directive Radiation Exactly at Endfire 63
4.1 Introduction . . . . . . . . ... e 63
4.2 Background Literature . . . . . . . .. ... ... .. e 63
4.3 Chapter Overview . . . . . . . . . . L e 64

X



Contents

4.4 Motivations, Analysis & Design . . . . . . . ... ... ... ... 67

4.4.1 Radiation Principles by Cascaded Matching & Guidance . . . . . . . . 68

4.4.2 Transverse Equivalent Network for the Proposed SWA . . . . . .. .. 70

4.5 Design, Simulation Results, & Discussions . . . . . . ... ... ... .... 74

4.5.1 Single-layer Design & Operation. . . . . . . ... ... ........ 75

4.5.2 Operation of the Dual-layer Design . . . . ... ... ... ...... 78

4.5.3 Comparison of the Single-Layer and Dual-Layer Designs . . . . . . . . 80

4.54 Feeding Considerations and Practical Implementation. . . . . . . . .. 82

4.6 Experimental Validation & Discussions . . . . . . . ... ... .. ...... 84

477 Summary . ... . e e e e e e e e e e e e e e 91

5 Optically Semi-Transparent Planar Endfire Antenna 93

5.1 Introduction . . . . . . . . . . . . . e e 93

5.2 Background Literature . . . . . . . ... ... ... 94

5.3 Overview of the Proposed Design . . . . . ... ... ... .......... 96

5.4 Approach to Designingthe SWA . . . . . . . ... ... ... ... ...... 97
5.4.1 Determination of the Effective Relative Dielectric Constant with the

AirVia (AV) Sections . . . . . . . ... e 98

5.5 Ideal Feeding forthe SWA . . . . . . .. ... .. ... . 100

5.6 Practical Feeding Approaches Forthe SWA . . . . .. ... ... ... .... 102

5.6.1 SIWHormnFeeding . . ... ... .. ... ... ........... 103

5.62 Design A . . ... e 104

5.63 DesignB . .. ... 104

5.6.4 Comparison Between Designs A,B,andC . . . .. ... ... .... 105

5.7 SIW Horn Array Feeding . . . . . . . . . ... ... ... ... ........ 107

5.8 Summary . ... e 112

6 Conclusion and Future Work 114

6.1 Conclusions . . . . . . . .. L 114

6.2 KeyContributions . . . . . . . . . . . ... 115

6.3 Future Work . . . . . . . . . . e 117

A List of Publications 119

B Transverse Equivalent Network Codes 121

B.1 Calculating Zgp;s Code . . . . o L o L 121

B.2 Calculating Zsw Code . . . . . . . ... 123

B.3 Calculating Z4y Code . . . . . . . .. ... 124

B.4 Generating ary and By using TENCode . . . . . . . ... ... ... ... 124

C Application to Millimetre-wave Structures 129

D Feeding Considerations and Practical Implementation 133

D.1 Microstrip Line Feeder . . . . . . ... . ... ... ... .. .. 133

D2 RFConnector . . . . . . . . . . . 135

References 137



List of figures

1.1

1.2

2.1

2.2
23

24
2.5

2.6
2.7

2.8
29

3.1

3.2

33

34

35

3.6

3.7

(a) CubeSat with an antenna and solar panel system (a) separated, and (b) inte-

Kinds of antennas for CubeSats that been achieved by the scientific community.

LGAsand HGAs. . . . . . . . . 10
General design steps for CubeSat antennas. . . . . . ... ... ........ 22
(a) Section of an SIW configuration, and (b) its equivalent dielectric loaded
waveguide. . . ... L. e e e 27
Diagram of SW propagation consideringa GDS. . . .. ... ... ...... 31
(a) The schematic of the TEN model for the GDS structure, and (b) the equiva-
lent structure for the GDS. . . . . . . . ... oL 33
The normalised TMy SW mode phase propagation constant for the GDS with
€, = 2.2 and h = 1.575 mm for the frequency from 0 to 300GHz. . . . . . .. 34
Examples of different types of LWAs. . . . . . . . ... ... 0L 37
An SIW LWA and its radiation principle. . . . . . . . .. ... ... .. .... 38
[lustration of LWs considering a GDS, where the bound fields are perturbed by
the periodic structure at the air-dielectric interface, causing them to radiate. . . 39

(a) Examples of the placement of the proposed antenna on a 1U CubeSat il-
lustrating the quasi-endfire beam pattern, (b) top-view of the proposed endfire
antenna structure defining the design parameters and sections. As illustrated in
(a), a solar panel array could also be placed on top of the planar antenna if the
microstrip-SIW feedline is removed and the structure is excited by a vertical
probe. This is possible because the covered part of the SWA would all be metal. 43
The simulated electric-field distribution inside the conventional SIW T-junction;

ie.inthe middleoftheslab. . . . . . ... ... ... ... ... . ... ... 45
Simulated electric field showing a uniform distribution within the PPW, the
SMS,and the GDS. . . . . . . . . ... 46
TEN circuit model and the normalised LW phase and attenuation constants.
The splitting-condition; i.e., « = (3 can be observed at <18 GHz. . . . . . . . . 47

(a) Diagram showing the unit cell consisting of one via which forms the PRS
while two vias form the PEC, (b) simulated electric field for 3 and 4 unit cells
where it can be noticed that the field has leaked into the PPW region, and (c)
results of the normalised LW phase and attenuation constants using Bloch anal-

ysis and numerically determined using Matlab. . . . . . ... ... ... ... 48
Normalised LW phase and attenuation constants analysis for different values of
(a) WWG, and (b) PpRS .............................. 52

Simulated and measured beam patterns in the yz plane (¢ = 90°). Measured
results are plotted at 18.6 GHz. Dashed lines represent the simulated beam
patterns without the SMS and without the PPW and SMS. The simulated 3D
pattern is also reported (right). . . . . . . .. ... oo oL 58

X1



List of figures

3.8

39

3.10
3.11
3.12

3.13

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

Reflection coefficient versus frequency for the designed SWA (see inset). It
should be pointed out that initial simulations were completed considering €, =
2.2 (blue solid line) while the green lines consider practical permittivity toler-

ances. Simulations on the CubeSat body are also reported. . . . . . ... ... 59
Screenshot of CST simulation model of the proposed antenna with the CubeSat. 59
Measured and simulated maximum RG inthe yz plane. . . . . . . . . ... .. 60
Simulated and measured beam patterns in the xy plane (6 =90°). . .. .. .. 60
Measured beam patterns for different frequencies from 18.1 to 18.7 GHz in the

yzplane (0 =90°). . . . . . e 61
Top and bottom views of the CST mesh calculation screenshot for the proposed

antenna Structure. . . . . . . . . . . Lo e e e e e e e e e 61

Top and bottom view of the proposed SWA were the different sections for the
structure are defined. Note: both sides of the SWA are analogous. . . . . . .. 65
(a): Cross-section view for the SWA where the two dielectric layers are illus-
trated as well as the ground plane and input microstrip lines (top and bottom).
This basically defines two stacked SWAs with a common ground plane. (b):
Top or bottom view for the SWA where the optimised dimensions are outlined
(see Table 4.1). (c): Photograph of the fabricated prototype. . . . . . . . .. .. 66
Examples of possible placement for the proposed SWA on a 3U CubeSat: (a)
3D and front view where the SWA is placed on one side of CubeSat with the
solar cells integrated underneath the AV section and on top of the GDS region,
(b) 3D, front, and back views where the SWA and solar cells are deployed. . . . 69
TEN circuit model and the corresponding SWA. Note the common colours for
each part of the SWA within the TEN circuit and highlighted for the represen-
tative SECHION. . . . . . . . L e e e e e 71
Numerically determined attenuation and phase constants, oz and Sy, re-
spectively, for the leaky SIW T-junction feeder representing the complex solu-
tion for the TRE (with kg normalisation). Results show that the SWA is de-
signed to work atabout 1I8GHz. . . . . . . ... ... o oL, 74
Single-layer SWA simulations: (a) normalised beam patterns in the yz plane
(¢ = 90°), and (b), the reflection coefficient versus frequency. A comparison
is made with 22 rows for the AV section and without the AVs. . . . . . . . .. 77
Single-layer SWA simulations (42 rows of AVs and a GDS length of 68 mm
or 24), / 4): RG pattern in (a) the yz plane (¢ = 90°) and (b) the xy plane
(6 = 90°). The design was optimised (and compared against a variety of single-
layer structure dimensions), however, a beam maximum directly at endfire with
low SLLs was not achieved. This problem was overcome with the proposed
two-layer SWA (see patterns in Figure 4.9). . . . . . ... ... ... .. ... 78
Examined double-layer SWAs with a different number of rows for the AV sec-
tion defining Sy: (a) 22, (b) 42, and (¢) 62. All other dimensions as defined in
Table 4.1. . . . . . . e 79
Simulated RG in the (a) yz plane (¢ = 90°), and, (b) the zy plane (f = 90°)
for the different number of AV rows (see Figure 4.8). . . . .. ... ... ... 80

xii



List of figures

4.10

4.11

4.12

4.13
4.14

4.15

4.16

4.17

4.18

4.19

4.20

5.1

5.2

53

5.4

Comparison of the single-layer and double-layer SWA for various cases. In
particular, the electric field is shown for the longitudinal cross-section view
within the structure and the air region (for the near-field, and in the yz plane):
without the AVs and no SMS, without the AVs and with the SMS, with 22 rows
of AVs and without the SMS, and, with 22 rows of AVs and with the SMS. . . . 81
Simulated maximum RG versus frequency for the single- and dual-layer SWA
structures with 22, 42, and 62 rows for the AV section: (a) the yz plane (¢ =
90°) and (b) the xy plane (8 =90°). . . . . . . . . .. ... ... 82

(a): Simulated MLD versus frequency for single- and dual-layer SWA struc-
tures with 22, 42, and 62 rows for the AV section in the yz plane. (b): Sames
as(a),but SLL. . . . . . . . . . e 83
Simulated efficiency: (a) radiation and (b) total antenna efficiency. . . . . . . . 83
Manufactured prototype: (a) top and (b) bottom views of the dual-layer SWA.

Also shown in (c) is the far-field measurement setup, and (d) a photograph
of the fabricated proof-of-concept structure with its external 180° coupler en-
abling differential feeding. . . . . . ... ... ... ... ... ... ... .. 85
Reflection coefficient versus frequency for the dual-layer SWA. It should be
mentioned that simulations were initially completed considering €, = 2.2 (blue
line), while the green, yellow, and purple lines consider a practical shift in the
value of the relative dielectric constant and are within the tolerance for the PCB
material. Measurements also shown (red and black lines) for the top and bottom

layers. . . . . .. 86
Measured and simulated maximum RG versus frequency in: (a) the yz plane
(¢ =90° and (b) the zy plane ( =90°). . . . . . . . . ... ... ... ... 87
Gain patterns in the yz plane (¢ = 90°). Results are 17.7 dBi and 17.5 dBi for
the simulated and measured peak gain, respectively. . . . . . . . ... ... .. 88
Gain patterns in the zy plane (6 = 90°). Results are 17.7 dBi and 17.4 dBi for
the simulated and measured peak gain, respectively. . . . . . .. .. ... ... 89
Measured beam patterns for different frequencies from 18.0 to 18.6 GHz in the
yz plane (¢ = 90°) and the zy plane (0 =90°). . . . . . ... ... ... ... 89
Top and bottom views of the CST mesh calculation screenshot for the proposed
dual-layer SWA structure. . . . . . . . . . . . ..o 90

Example of the possible placement for the proposed SWA array on a 1U Cube-
Sat is depicted, showing 3D, front, and back views with the integration of solar

cells underneath the AV section. . . . . . .. ... ... ... ......... 94
Top view for the AV sections where the optimised dimensions and where dif-
ferent AV sections are outlined. . . . . . ... ... .. oL 96

Comparison of the ungrounded and grounded dielectric slab antenna structures.
The electric field is shown for the longitudinal cross-section view within the
structure and the air region (for the near-field, and in the yz plane). For the
ungrounded case, the fields are clearly shown to be radiated in a more directive
orientation at the end of the substrate, and this can lead to a more directive
far-field beam pattern. . . . . . ... 98
Top and bottom views of the proposed antennas with large wave ports are
shown: (a) with AV sections and a short GDS, (b) without AV sections and
with a short GDS, and (c) without AV sections and with a full ground. . . . . . 101

Xxiii



List of figures

5.5

5.6

5.7

5.8

59

5.10

5.11

5.12

5.13

5.14

5.15

5.16

C.1

C2

Simulated 3D patterns for the proposed antennas with large wave ports are
shown: (a) with the AV sections and a short GDS, (b) without AV sections

and with a short GDS, and (c) without AV sections and with a full ground. . . 101
Simulated beam pattern in (a) the yz plane (¢ = 90°) and (b) the xy plane
(6 = 90°) for the studied antennas with large wave ports. . . . . .. .. .. .. 102

Top and bottom views of the proposed antennas with a single SIW horn are
shown: Design A: with straight rows of AV sections, Design B: with curved
rows of AV sections, and Design C: with curved rows on the sides and straight
rows in the middle of the AV sections. . . . . ... ... ... ... .. ... . 103
Simulated beam pattern for different frequencies from 21 to 24 GHz in (a) the
yz plane (¢ = 90°) and (b) the xy plane (§ = 90°) for the proposed Design A
antenna (see Figure 5.7). . . . . . . . . ... ... 104
Simulated beam pattern for different frequencies from 21 to 24 GHz in (a) the
yz plane (¢ = 90°) and (b) the xy plane (§ = 90°) for the proposed Design B
antenna (see Figure 5.7). . . . . . . ... oL oL o 105
Simulated 3D patterns at 24 GHz for the proposed antennas with a single SIW
horn (see Figure 5.7) are shown: Design A: with straight rows of the AV sec-
tions, Design B: with curved rows of AV sections, and Design C: with curved
rows on the sides and straight rows in the middle of AV sections. . . . .. .. 106
Simulated beam pattern in (a) the yz plane (¢ = 90°) and (b) the xy plane
(6 = 90°) for the proposed antennas Designs A, B, and C with a single SIW

horn at 24 GHz (see Figure 5.7). . . . . . . . . . . .. ... ... 106
(a) Top and (b) bottom views for the proposed antennas with an array of eight
SIW horns with AV sections. . . . . . . . . . . . . . .. ... .. ..o... 108

Simulated beam pattern for different frequencies from 21 to 24 GHz in (a) the
yz plane (¢ = 90°) and (b) the xy plane (§ = 90°) for the proposed antenna

with an array of eight SIW horns with AV sections. . . . . . ... ... .... 109
Simulated 3D patterns for the proposed antennas with an array of eight SIW
horns: (a) with AV sections, (b) without AV sections. . . . . ... ... .... 110

Simulated beam pattern in (a) the yz plane (¢ = 90°) and (b) the xy plane (§ =
90°) for the proposed antenna with an array of eight SIW horns at 24 GHz with
and without AV sections. In the yz plane, the SLL are at -9.2dB and -4.7 dB
for the structures with and without AV sections, respectively. Additionally, in

the zy plane, the SLL for both structures is-11dB. . . . . .. ... ... ... 110
Top and bottom views of the CST mesh calculation screenshot for the proposed
semi-transparent SWA structure. . . . . . . . . .. ..ol 111

Numerical « and 3 calculations for the modelled SIW antenna feeder and load-
ing defined by the different SW guiding sections (see Figure 4.1). In particular,
the normalised LW phase constant 3/kq is in blue and «/kq in red: (a) orig-
inal 18 GHz design, (b) validation design 1 (55 GHz), (c) validation design 2
(77 GHz), and (d) validation design 3 (110 GHz). These results show the com-
plex solution of the TRE (see Equation 4.1) defined by the proposed TEN as in

Figure 4.4. . . . . . o e 129
Simulated reflection coefficient versus frequency for the various microwave and
millimetre-wave frequency designs . . . . . . .. ... ... 130

X1v



List of figures

C3

D.1

D.2

D3

D4

D.5

RG patterns in (a) the yz plane (¢ = 90°) and (b) the xy plane (6 = 90°) for
the various microwave and millimetre-wave frequency designs. Very consistent
peak gain values and patterns are shown, and all with low SLLs and radiation
exactlyatendfire. . . . . . . . . ...

Possible microstrip line structures for the SWA, (a) straight microstrip line, (b)
10 mm 90° curve microstrip line, (c) spline microstrip line, (d) 20 mm 90° curve
microstrip line, and (e) full 90° curve microstrip line. . . . . . . ... ... ..
Simulated reflection coefficient versus frequency for the different proposed mi-
crostrip line structures forthe SWA. . . . . . ... ... ... oL
Simulated electric field inside the substrate for the different microstrip feeding
considerations, (a) straight microstrip line, (b) 10 mm 90° curve microstrip line,
(c) spline microstrip line, (d) 20 mm 90° curve microstrip line, and (e) full 90°
curve microstrip line. . . . . . ... ...
Simulated beam pattern in (a) the yz plane (¢ = 90°) and (b) the xy plane (§ =
90°) for the dual-layer SWA with 42 rows of AVs and 68 mm GDS dimension
with straight microstrip line, full 90° curve microstrip line with and without RF
COMMECIOL. . . .\ v v v v i e e e e e e e e e e e e e e e e e

134

135

136

Simulated reflection coefficient versus frequency for the dual-layer SWA design. 136

XV



List of tables

2.1
2.2
23

3.1

32

4.1
4.2
4.3
4.4

4.5

5.1

52

53

6.1

C.1

Low gain antennas (LGAs) comparisons. . . . . . . . . . . .. .. ... .... 14
High gain antennas (HGAs) with small stowage volume comparisons. . . . . . 17
High gain antennas (HGAs) with large stowage volume comparisons. . . . . . 20

Gain and SLL for the designed SWA with different numbers of patches per row
(see Figure 3.1(b)) in the yz plane (¢ = 90°) and the zy plane (f = 90°) at
I8GHz. . . . . . 53
Endfire Antenna Comparisons (Optimized Results) . . . . ... ... ..... 60

SWA Dimension for the Structure as Illustrated in Figure 4.2 (Dimensions in

Millimetres) . . . . . . . . . e e e e 68
Single-Layer SWA Performance for Different Lengths of the PPW Section . . . 76
Single-Layer SWA Performance for Different Lengths of the GDS Section . . . 76
Single-Layer Directivity & MLD for Different Number of Rows for the AV

Section . . . . e e e 77
Double-Layer SWA Performance for Different Number of Rows for the AV

Section . . . .. e e 80

Parameters values for the proposed antenna with eight AV sections (see Figure
5.2 e e 100
Directivity and SLL for the three design structures (see Figure 5.7) in the yz
plane (¢ = 90°) and the zy plane ( = 90°) for four frequencies: 21, 22, 23,
and24GHz. . . . . ... e 107
Directivity and SLL for the designs structures with single and array SIW horn
in the yz plane (¢ = 90°) and the zy plane (f = 90°) for the wanted frequency

Endfire Surface Wave Antennas Comparisons . . . . . . . ... ... ..... 115

Numerically Determined Dimensions for the SWA Considering the Original
Design & Three Other Validation Frequencies: 55 GHz, 77 GHz, and 110 GHz . 131

Xvi



Acronyms and abbreviations

1D
2D
3D
1U
2U
3U
4U
6U
12U
RF
PCB
PEC
BW
SIW
LwW
SW
LWA
SWA
SWL
HGA
LGA
CP
SLL
TRT
TRE
TEN
HF
VHF
UHF

One-dimensional
Two-dimensional
Three-dimensional

One CubeSat unit volume
Two CubeSat unit volumes
Three CubeSat unit volumes
Four CubeSat unit volumes
Six CubeSat unit volumes
Twelve CubeSat unit volumes
Radio frequency

Printed circuit board

Perfect electric conductor
Bandwidth

Substrate integrated waveguide
Leaky wave

Surface wave

Leaky wave antenna

Surface wave antenna

Surface wave launcher

High gain antenna

Low gain antenna

Circular polarisation

Sidelobe level

Transverse resonance technique
Transverse resonance equation
Transverse equivalent network
High frequency

Very high frequency

Ultra high frequency

Xvii



Acronyms and abbreviations

GDS
PRS
TE
TEM
™
PPW
SMS
AV
RG
MLD

Grounded dielectric slab

Partially reflective screen
Transverse electric

Transverse electromagnetic
Transverse magnetic
Parallel-plate waveguide
Sub-wavelength matching section
Air via

Realised gain

Main lobe direction

XViil



List of Symbols

€0

€r

€repy

Permittivity in free-space
Permittivity in the dielectric
Relative effective permittivity
Permeability in free-space
Permeability in the dielectric
Wavenumber in free-space
Wavelength in free-space
Guided wavelength

Angular frequency

Complex propagation constant
Attenuation constant or leakage rate
Phase propagation constant
Speed of light

Cutoff frequency

Operation frequency

XIiX



Chapter 1
Introduction

This chapter will briefly outline the motivation behind the development of CubeSats antennas in
this thesis. Additionally, it will outline the goals of this thesis in terms of designing antennas for
CubeSats and other small satellites. The chapter then discusses the research methodology, and
describes the approach taken. Furthermore, the structure and content of the thesis are detailed,

providing a clear roadmap for the reader.

1.1 Goals and Motivation

Recent advancements in satellite antenna technology emphasise integration, including inno-
vations like higher frequency bands, optical communication, expanded bandwidth (BW), and
integration with personal and wireless services [1] - [5]. The future of antenna systems includes
hybrid designs capable of producing specific high-gain radiation patterns, offering wide scan-
ning capabilities and precise beam shaping [4]. CubeSats, a distinct category within SmallSats,
are compact satellites measuring 10 x 10 x 10 cm?® and weighing approximately 1 kg, utilising
commercially available components [6]. Moreover, CubeSat system-level specifications are
typically defined by the standard volume of one CubeSat unit (1U) [1], [3], [7]. Although not
poised to fully replace larger satellites, CubeSats significantly complement them and can be
made into a network, finding applications in scientific missions, Earth observation, telecommu-
nications, weather forecasting, navigation, technology demonstrations, and education. Their
potential is substantial, especially with ongoing technological advancements, enabling them to

undertake missions of significant scientific and commercial importance [6].

The motivation behind this research is to integrate the solar panel aperture with the antenna to
minimise space requirements on the CubeSat platform. This is illustrated in Figure 1.1. More
conventionally, CubeSat antennas have been designed for broadside radiation. The goal of this
research is to propose and design novel antennas tailored for CubeSats and other SmallSats.

These new antennas aim to address the gap in CubeSat antenna design by enabling integration
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Figure 1.1: (a) CubeSat with an antenna and solar panel system (a) separated, and (b) inte-
grated.

with the solar panel aperture while offering high gain and endfire radiation capabilities, par-
ticularly at higher frequencies. Figure 1.2 illustrates the usefulness of designing an antenna
with endfire radiation and integrating it with the solar panel. This antenna placement with end-
fire beam patterns can provide increased link connectivity, while being connected to the Earth
ground station, and therefore allow light rays from the Sun to radiate onto the solar cells simul-
taneously. To the best knowledge of the author, no similar antenna structures as reported in this

thesis have been reported previously.

1.2 Methodology of the Research

To achieve these goals, a comprehensive examination of the current challenges encountered by
CubeSats and other small satellites was completed, with a particular emphasis on technologies
that are highly affected by these limitations due to their physical attributes. Once the identified
challenges were well understood, the design process commenced, which can be outlined in the

following stages:
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Figure 1.2: Diagram of a CubeSat with an endfire antenna integration.

Theoretical Analysis

The purpose of these analyses is to validate the feasibility of the proposed antenna systems
and establish a robust starting point for their optimal design. Theoretical methods such as
mode propagation, dispersive analysis, Bloch analysis, transverse resonance networks (TRN),
radiated field calculations and impedance matching [8] were explored. These analyses were

completed utilising software tools such as Matlab [9] and Mathematica [10].

Full-wave Simulations

Full-wave simulations were conducted using the electromagnetic solver CST, short for Com-
puter Simulation Tool [11]. Full-wave solvers serve as the foundational computational en-
gines in CST Studio Suite and similar software packages. These solvers comprehensively solve
Maxwell’s equations, considering all electromagnetic phenomena such as reflection, refrac-
tion, diffraction, scattering, and absorption. CST Studio Suite offers a comprehensive platform
for electromagnetic simulation across various applications, including antennas, RF/microwave
components, and high-speed digital systems [12]. Featuring a user-friendly interface, it pro-

vides a wide range of tools for model setup, simulation, and post-processing. Additionally,
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CST Studio Suite offers various simulation tools for electromagnetic analysis, encompassing

both time-domain and frequency-domain solvers [12].

Time-domain solvers, such as the Finite Integration Technique (FIT) used in CST, directly solve
Maxwell’s equations in the time domain. They discretize both space and time into a grid of cells
and iteratively update the electromagnetic fields over small time steps. This approach enables
accurate modelling of transient electromagnetic phenomena and wideband signals [12]. On the
other hand, frequency-domain solvers, such as the Finite Element Method (FEM) and Method
of Moments (MoM) in CST, analyse electromagnetic fields in the frequency domain. They de-
compose Maxwell’s equations into algebraic equations and solve them at specific frequencies.
Frequency-domain solvers are well-suited for analysing resonant structures and steady-state re-
sponses [12]. The simulations in this thesis utilised the frequency domain solver, which dissects
the structure into small triangles to derive straightforward equations. These equations are then
assembled into a comprehensive system representing the discretized structure and the antenna

under design and study.

The outcomes from these simulations were employed to validate theoretical concepts and refine
design parameters. Parametric simulations were employed for design optimisation, and field

sources were placed to capture 2D near-field profiles and far-field radiation patterns.

Manufacturing and Measurements

The various configurations discussed in this thesis were fabricated using printed circuit boards
(PCBs), which were externally and internally etched by Printech Circuit Laboratories Limited
and the Electrical and Mechanical Workshop at the University of Edinburgh. Subsequently,
measurements were conducted in the Microwave Labs at the University of Edinburgh and
Heriot-Watt University, utilising available equipment, including a calibrated anechoic chamber,
Diamond far-field acquisition software, 2-port and 4-port vector network analysers (VNAS),

and other instrumentation for testing microwave PCBs and antennas.

Post-processing
Post-processing involves comparing the measured outcomes with theoretical predictions and
simulations to validate the concepts. Matlab [9] was employed as the primary tool for this

analysis.
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1.3 Thesis OQutline

The remainder of this thesis is organised as follows:
Chapter 2

This chapter outlines the needed background framework for this thesis. It offers a compre-
hensive survey of the existing landscape of CubeSat antennas, categorising them into low-gain
antennas (LGAs) and high-gain antennas (HGAs) according to their gain levels. The chap-
ter delves into the challenges faced in the domain of small satellite antennas. Additionally, it
provides a detailed exposition of pertinent background theories, including SIWs, surface waves
(SWs), leaky waves (LWs), and explains the fundamental principles of the transverse resonance

technique (TRT) and the transverse resonance equation (TRE).
Chapter 3

In this chapter, a novel and planar quasi-endfire SWA utilising SIW technology for integration
with CubeSats and other small satellites is introduced. This antenna achieves a quasi-endfire
beam pattern through the radiation of the fundamental TMy SW mode at the edge of a grounded
dielectric slab (GDS). This mode is excited via a leaky SIW T-junction, generating a uniform
wavefront that travels through a truncated parallel-plate waveguide (PPW). To enhance antenna
performance, a matching section, employing an array of sub-wavelength patches, is incorpo-
rated at the PPW-GDS interface, reducing reflections and improving radiation characteristics.
Additionally, this chapter illustrates the TEN circuit model and presents the normalised LW
phase and attenuation constants derived through the TRE. Furthermore, an alternative method
for determining the LW phase and attenuation constants, utilising CST results, is introduced

using Bloch analysis [8].
Chapter 4

In this chapter, the primary objective is to develop a highly competitive truly endfire high-gain
antenna suitable for 3U CubeSat applications. This goal is achieved through the introduction
of the AV section, using the distributed aperture principle defining the dual-layer structure,
and the application of TEN methodologies by applying the relevant theory and deriving the
needed equations. The antenna is fed by two leaky SIW T-junctions with a 180° phase shift
between them. These T-junctions establish a uniform wavefront that propagates through a trun-

cated PPW, as outlined in Chapter 3. To optimise the endfire pattern of the antenna, a series of
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matching sections are introduced. This sequence commences with a sub-wavelength matching
section (SMS) positioned between the PPW and the GDS to ensure a seamless transition for
the phase constant and this minimises reflections. Additionally, a grounded AV section with a
fixed diameter is incorporated to modify the relative permittivity, simplifying the field transition
from the GDS to the air region for endfire radiation. The chapter further includes numerical
modelling employing the transverse resonance technique (TRT). This modelling is applied to
the TEN, primarily to ascertain the operating frequency for the SWA while extracting the LW
phase and attenuation constants, crucial in defining the feeder. Moreover, this modelling guar-
antees a smooth field transition for the propagating field at the end of the structure, ensuring

optimal endfire radiation.
Chapter 5

In this chapter, a planar optically semi-transparent endfire antenna will be introduced, designed
also based on SIW technology and TMy SWs. Utilising an ungrounded dielectric slab featuring
eight AV sections, the antenna achieves an endfire beam pattern, ensuring seamless transitions
and minimal reflections in the air region. The feeding process for this antenna involves several
stages, spanning from the theoretical ideal feeding concepts to practical applications involv-
ing both single and arrays of SIW horns. Within this chapter, three distinct designs (Design
A, B, and C) featuring different arrangements for the AVs on the ungrounded dielectric slab
are proposed. This ungrounded dielectric slab, fed by eight SIW horns, forms the final SWA
configuration, characterised by high-gain endfire radiation and integrated solar cells, making it
suitable for 1U CubeSat applications. This configuration can support high data rate capabilities

for downlink communications in CubeSats.
Chapter 6

The last chapter provides a conclusion, summarising the primary contributions of the thesis,

and explores possible activities for future research.



Chapter 2
Background

2.1 Small Satellite Antennas

High-performance satellites were dominant in the space industry, which might have heavy and
expensive payloads, to deliver high-quality services. The timeline for the lifecycle of large
conventional satellites, from proposal to launch, is subject to considerable variation based on
factors such as mission complexity, funding accessibility, regulatory clearances, technical limi-
tations, and the availability of launch vehicles. Nevertheless, a standard duration for this process
typically falls within 5 to 10 years. These satellites are generally of high cost, i.e. starting from
100 million US dollars to 2 billion US dollars depending on the satellite itself [1]. However,
in the last twenty years, small satellites have grown dramatically; CubeSats in particular, have
increased exponentially in the previous five years. Additionally, the university and research
sectors are not the only sectors which are excited about CubeSats. Industries are also interested
in these SmallSats; for instance, commercial businesses, government agencies and military in-
stitutions have CubeSat space programs. As a matter of fact, these sectors latterly override the
research done at universities relating to CubeSats today. As a result of this increase and while
typical satellite systems cannot be entirely replaced by SmallSats, the future vision for space

satellites is starting to develop [1], [2].

From a mechanical point-of-view, the CubeSat standard consists of one cube or more and every
single cube should be 10 x 10 x 10cm?, while the mass should not be more than 1.33kg.
Additionally, CubeSat system-level specifications are typically defined by this standard volume;
i.e. one CubeSat unit volume (1U) [1], [3], [7]. Following this standard, the Picosatellite
platform has also evolved, defined by a 5 x 5 x 5cm? volume. This technology started in 1999
by engineers at Stanford University and California Polytechnic State University as a method
to introduce students to the practical process of designing, fabrication, integration, launching
and operation of satellites [3]. Since this time, modern technology evolution has improved
the capabilities of these small satellites enabling them to be more efficient and to do more

complex functions based on their size. There has also been significant commercialisation of
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small satellite networks by industry such as the Starlink Network [13]. Moreover, examples of
the added technologies on the CubeSat platforms are additional digital signal processing, micro-
electromechanical systems, low-power programmable systems, integrated circuit inclusions,

and miniaturisation.

Antennas are one of the critical components that enable these satellites to transmit and receive
signals by electromagnetic radiation and propagation. The scientific community is working
hard to develop novel antenna systems to achieve specifications for improved bandwidth (BW)
and high data rates. Communications can be to the ground station, large conventional satellites,
or other SmallSats. Additionally, antenna designs must take into account any size and weight
limitations while also abiding by the CubeSat standard, the challenging operating environment
of space, and, the critical need to survive satellite launch. Given these important aspects, non-

deployable antenna systems might be the preferred option to ensure reliable satellite operation

(1] - [3].

There are many previous examples of these CubeSat antennas. One such design, which is an
alternative to more classic deployable systems for low data rate communications is the folded-
shorted patch compact array [14] - [18]. Operation has been for Picosatellites, CubeSats, and
other SmallSats at UHF and L-band frequencies. An interesting patch design with high gain
for the S-band was also achieved by making the four rectangular patches properly excited [19].
Additionally, the dimension of this antenna allows it to fit within the CubeSat standard. A
wideband patch antenna which used an aperture coupled stripline-feed was also presented in
[20]. This antenna used an elegant technique for integrating the structure into the satellite

chassis.

Clever and state-of-the-art methods for solar panel integration when considering non-deployable
antennas on CubeSats have also been investigated [21] - [24]. In this way, extra space is made
available on the satellite structure for more solar cells, other sensor technologies, and commu-
nication devices. This can enhance the battery charging capabilities in that more solar power
can be collected. This is important since these approaches do not add much mass to the satellite
structure, but at the same time, can increase design complexity. Regardless, having more solar
cells on the satellite itself can enhance solar power collection leading to more advanced mission

capabilities.

All these SmallSat antenna examples generally offer broadside radiation. This might be impor-
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tant for some applications, but depending on the antenna placement on the CubeSat chassis, the
broadside beam could be pointing in the wrong direction. For example, radiating away from the
Earth when considering downlink transmission; i.e. into empty space with no relevant direction
for the propagating signal, or, into the sun. These situations can waste precious power levels
within the CubeSat or render faulty system operation, simply, due to the incorrect radiation pat-
tern generated by an inappropriate antenna design which might be better suited for a different

mission task or alternative placement on the CubeSat structure.

Endfire antennas, on the other hand, radiate and direct electromagnetic fields into free space
and along the direction of the antenna structure itself. These types of antennas might be more
appropriate for CubeSats whilst considering physical placement on the satellite. These endfire
antennas can also provide a low aerodynamic drag profile when compared to broadside antennas
in some practical applications, for instance, in missiles, high-speed aircraft, and radar. As a
result of this low profile and radiation along the structure, these antennas typically offer high
gain and are employed in many military and commercial applications [25]. Achieving endfire
radiation can be done with many techniques. Examples include planar antennas that employ
directive surface wave launchers (SWLs) [26]. Also, a metal structure which utilises leaky
waves (LWs) has been reported in [27]. The structure of this antenna is similar to a centipede,
whilst having many radiating elements. Recent substrate integrated waveguide (SIW) horn
antennas [28], which use dielectric-loading at the end of the single-layer horn, are also of

interest for achieving endfire radiation.

Figure 2.1 displays various types of CubeSat antennas, categorised into low-gain antennas
(LGAs) and high-gain antennas (HGAs). LGAs include patch, dipole, monopole, and heli-
cal antennas. HGAs are further divided based on their stowage volume, with smaller volume
HGAs including metasurfaces, patch arrays, SIWs, and reflect arrays. Larger volume HGAs
comprise inflatable, mesh reflectors, membrane, and reflect-array antennas. Section 2.2 will
explore the current state of CubeSat antennas, classifying them as LGAs or HGAs based on
their gain. This section will also delve into the challenges encountered in the realm of small
satellite antennas. Section 2.3 will provide an overview of the relevant background theories,
encompassing SIWs, surface waves (SWs), LWs, and fundamental concepts of the transverse

resonance equation (TRE). Finally, Section 2.4 will offer a summary of this chapter.
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Figure 2.1: Kinds of antennas for CubeSats that been achieved by the scientific community.
LGAs [20, 29, 30, 31] and HGAs [32, 33, 34, 35, 36, 37, 38, 39].

2.2 State-of-the-art Antenna Review

This section will provide further details on CubeSat antennas with examples. Section 2.2.1
discusses LGAs and their practical applications, while Section 2.2.2 showcases instances of
HGAs. Furthermore, Section 2.2.3 outlines the challenges inherent in designing these antennas

for CubeSat applications.

2.2.1 Low Gain Antennas

LGAs designed for CubeSats provide a wider signal coverage with modest gain. These antennas
are commonly used for CubeSat missions where the primary objective is to provide general
coverage and communicate with ground stations over a broader area rather than long-range,
high-data-rate communications. Thanks to their broad beamwidth, LGAs allow for telemetry
at lower data rates without requiring precise pointing. This feature makes them invaluable
for emergency communication during spacecraft anomalies when pointing accuracy may be
compromised. Even under uncertain satellite orientations, LGAs ensure essential links [1], [5],

[40]. Compared to high-gain alternatives, LGAs are typically simpler in design and can take

10
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the form of a patch, dipole, monopole, or helical antenna.

Patch

Patch antennas are popular for CubeSats due to their low profile and ease of fabrication [1].
The study in reference [41] presents a novel transparent mesh patch antenna designed for 3U
CubeSat communication with ground stations. This antenna is notable for its high transparency,
allowing it to be placed atop solar cells and enabling surface area reuse. The antenna achieved
a total gain of 5.3dBi at 2.43 GHz. A compact circularly polarised meshed patch antenna
designed for small satellites, including 1U CubeSats was introduced in [21]. This antenna is
fully integrated with a solar cell and operates at 2.45 GHz (S-band). The authors achieved
circular polarisation (CP) and improved both BW and overall antenna gain by exciting the
antenna with two orthogonal ports and integrating the feed network under the solar cell. To
ensure high transparency and sunlight penetration to the solar cells, the meshed lines of the
antenna are placed over a glass layer. Moreover, the proposed antenna demonstrated a gain of

4.8 dBi at 2.45 GHz.

Another example of patch antennas was reported in [42], with an array placed on one face of a
1U CubeSat, designed for intersatellite communications. The face of the CubeSat consisted of
nine identical sub-array elements, each comprised of 2 x 2 individual rectangular patch elements
that are fed sequentially in phase. The antenna array operates at 5.8 GHz, achieving a small,
measured reflection coefficient of -21 dB, and a simulated total gain of 7 dBi. Shorting walls and
pins are also techniques that are used to reduce antenna size without impacting performance.
Many CubeSat antennas used this technique to design their antenna, such as the folded-shorted
patch compact array which operated at the ultra-high frequency (UHF) range, S-band, and
L-band frequencies as presented in [14] - [18], [43]. A high gain F-shaped patch antenna
that operated at S-band was introduced in [44], which uses three shorting pins between the
radiating patch element and the ground plane. A dual-band CP patch antenna operating at two
different frequencies, 1.57 GHz (L-band) and 2.2 GHz (S-band) was also reported [45]. The
antenna achieved measured gains of 6 and 5.4 dBi for the S-band and L-band, respectively.

Other designs for patch antennas for CubeSats can be found in [22], [46], [47].

Dipole and Monopole

Wire antennas, such as dipole, monopole, and helical antennas, are commonly employed in

11
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CubeSats. These antennas are typically installed on the exterior of the CubeSat chassis, provid-
ing room for other electronic components. During transit, these antennas are frequently stored
inside the satellite and later deployed once it reaches orbit. They are particularly suitable for

applications in the high-frequency (HF), very high frequency (VHF), and UHF ranges [1].

Dipole and monopole antennas are among the most basic and are typically stowed (or made
deployable). They are widely known and well-understood. In [48], a single monopole antenna
was designed to operate at two different frequencies, 146 MHz (VHF) and 438 MHz (UHF),
for transmitting and receiving data simultaneously. This unique feature makes it useful for
both uplink and downlink communications, freeing up more space on the CubeSat for other
sensors, while reducing interference between the antennas and electronics inside the CubeSat.
According to the authors, the antenna has a total gain of 2.06 dBi for VHF and 3.35 dBi for
UHF frequencies. An alternative dual-band antenna design, employing the diplexer approach,
was described in [49], where a single antenna serves as both the transmitter and receiver. This
antenna is also a deployable, functioning in the VHF and UHF frequency ranges and offering

gains of 2.6 dBi and 3.9 dBi, respectively.

Printed dipoles have also been adapted in CubeSats in [50] and [51]. Paper [50] discusses a
configuration of a 3 x 1 printed dipole antenna array system suitable for 1U CubeSats. The
central concept involves mounting each 3 x 1 sub-array on distinct surfaces of the CubeSat.
This innovative arrangement enhances gain, directivity, and BW, thereby eliminating the need
for a deployment mechanism. Additionally, this antenna achieved a total gain of 5.03 dBi. In
[51], a novel square-shaped printed dipole antenna tailored for 1U CubeSats was reported. This
unique antenna setup incorporates four dipoles intricately with a phase delay line, enabling the
generation of CP. Moreover, this printed dipole antenna design delivers a total gain of 3.49 dBi

at 2.45 GHz. The primary advantage of this proposed design is its compact size and broad BW.

Helical

Helical antennas consist of conducting wires that are wound in the shape of a helix. The wires
may be of the same or different lengths and are typically mounted on a ground plane [52].
These antennas are extensively used in satellite applications because they are affordable, sim-
ple to build, and can produce circularly polarised radiation [S]. A modified helical-shaped
antenna design for 3U CubeSat, which can be deployed, has been introduced in [53]. The an-

tenna is capable of achieving a unidirectional pattern with a wide BW at UHF. This antenna

12
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achieved a gain of 8.44 dBi, and has a small reflection coefficient of -20dB at 550 MHz. Re-
cently, quadrifilar helix antennas have been receiving increased attention as a viable design for
satellite communication, as indicated in [54] and references therein. For example, a deployable
quadrifilar helix antenna, specifically designed for CubeSat applications, was detailed in [55].
This antenna exhibits multi-frequency operation within the UHF range, covering frequencies
from 270 to 450 MHz. Across these frequencies, the antenna demonstrated variable gains, with
the highest gain recorded at 400 MHz, reaching 5.64 dBi. At 270 MHz, the antenna exhib-
ited a gain of 3.56 dBi, while at 350 MHz and 450 MHz, the gains measured were 4.7 dBi and
5.41 dBi, respectively.

In [31], a new design for a deployable quadrifilar helical antenna for a 6U CubeSat operating
in UHF frequency was introduced. The design offers an effective structure that improves pack-
aging and deployment mechanisms, thereby reducing the chances of deployment failure. The
antenna achieved a total gain of 8.38 dBi at a frequency of 365 MHz, making it an efficient
option for UHF operations. Table 2.1 presents a comparison of all the LGAs based on various
parameters, including frequency, size, gain, type of CubeSat, deployability, and polarization.
It is evident that conventional dipole and monopole antennas, as well as helical antennas, are
designed for the VHF and UHF frequency bands, necessitating deployable features due to their
longer wavelengths. In contrast, patch antennas and printed dipole and monopole antennas are
tailored for the L, S, and C-bands, with no deployment mechanism except for the antenna in

[47]. Section 2.2.2 will examine HGAs that are specifically designed for CubeSats.

2.2.2 High Gain Antennas

HGAs with narrow beam widths play a critical role in the ability of CubeSats to venture into
deep space and deliver substantial scientific data for telecommunications and planetary research
[40]. In this section, comprehensive details about HGAs for CubeSats will be provided. These
antennas can be categorised into two types based on their storage size: small or large. Section
2.2.2.1 will showcase examples of HGAs with small storage volume (< 0.5U). Some of these
antennas include metasurface, patch array, SIW, and reflect array antennas. On the other hand,
Section 2.2.2.2 will introduce examples of HGAs with large storage volumes (> 0.5U). Such

antennas include inflatable, mesh reflector, membrane, and reflect array antennas.

13
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Antenna Oper. Freq. Size Gain | CubeSat
Type Ref. (GHz) O x A, | (dBi) Type Deploy. | Polar.
2.45
[21] (S-band) 0.19x0.20 | 4.8 1U No Cp
2.43
[22] (S-band) 0.81x0.81 7.2 1U No LP
2.43
Patch [41] (S-band) 0.23x0.35 5.3 3U No n/a
5.80
[42] (C-band) 1.93x1.93 7.0 1U No CP
1.1
(L-band) 0.0
[43] 24 0.18x0.18 20 1U No CP
(S-band)
2.45
[44] (S-band) 0.82x0.82 | 8.5 3U No LP
1.57
(L-band) 6.0
[45] 790 0.80x0.80 54 3U No CP
(S-band)
2.45
[46] (S-band) 0.67x1.51 54 3U No Cp
2.30
[47] (S-band) 0.46x020 | 44 1U Yes n/a
0.146
(VHF) 0.26 2.1
Dipole | 3] 0.438 (long) 3.4 3U Yes LP
and (UHF)
Monopole 0.144
(VHF) 1.42 2.6
[49] 0.435 (long) 39 U Yes P
(UHF)
2.50 Printed
SO sband) | 0.66x0.66 | U No Lp
2.45 Printed
U sband) | 045x0.45 | 37 tu No P
[31] (%?{61;5) 0.12x0.12 | 8.4 6U Yes CP
Helical 0.550
[53] (UHF) 0.22x0.22 | 84 3U Yes CP
0.270
(VHF) 3.6
0.350 4.7
[55] 0.400 0.35%0.35 56 30 Yes CP
0.450 54
(UHF)

Table 2.1: Low gain antennas (LGAs) comparisons.
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2.2.2.1 Small Stowage Volume

This section will provide more details on examples of HGAs with small stowage volumes (<
0.5U). Multiple design technologies have been explored to create such structures, which can

take the form of a metasurface, patch array, SIW, or reflect array.

Metasurface

Metasurface antennas could be a reliable solution for CubeSat HGAs due to their low pro-
file and mass [32], [56]. In paper [32], a novel millimetre-wave high-gain antenna design
was presented. This antenna utilises a class of metal-only metasurface and features thousands
of subwavelength metallic cylinders with varying elliptical cross sections and heights. These
cylinders are arranged in a square lattice on a ground plane, maintaining antenna flatness and
lightweight characteristics. The use of an all-metallic structure eliminates concerns related to
electrostatic discharge, streamlining qualification testing for space applications [32]. The an-
tenna generates a pencil beam right-handed circular polarisation (RHCP) and with a maximum
measured gain of 24.4 dBi at 31.5 GHz. A silicon (Si)-gallium arsenide (GaAs) semiconductor-
based holographic metasurface antenna, which operated at 94 GHz, was introduced in [56]. The
antenna utilises a holographic technique to shape the radiated beam. This was achieved through
modulation of a guided mode generated by a pillbox beamformer. The pillbox beamformer was
connected to three integrated horns using SIW technology, all positioned in the focal plane of
the pillbox beamformer. This antenna demonstrated a maximum directivity of 31.9 dBi reported

at 94 GHz.

Patch Array

Patch arrays represent a straightforward solution for obtaining higher gain in a specific direc-
tion when it comes to CubeSat antennas [40]. A high gain X-band patch array antenna for small
satellites, including CubeSats, to achieve high aperture efficiency, low sidelobes, and CP radi-
ation in [57], which operated between 7.52 to 8.82 GHz, was reported. The antenna comprised
a 4 x 4 array of CP stacked patch antenna elements. These elements were connected via an
unequal tapering using a 1-to-16 power divider network, which enabled the antenna to achieve
the desired high gain and low sidelobe characteristics. The final design was compact, measur-
ing 10 x 10 cm with a low profile. It attained a peak gain of 20 dBi, SLL below -20 dB, and an

aperture efficiency ranging from 65.0% to 97.5%. A dual aperture-coupled microstripline-fed
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antenna array designed for CP in the C-band was presented in [33]. The primary goal was to
create a four-patch antenna array intended for installation on CubeSat deployable wings, along-
side a layer of solar panels. This approach aims to optimise available space and enhance the

link budget for a standardised 1U CubeSat.

Substrate Integrated Waveguide

SIWs are engineered to minimise mutual coupling between antennas and other components,
along with mitigating the impact of unwanted substrate and surface waves [58]. This distinc-
tive transmission line technology enables SIW-based circuit elements to be positioned in close
proximity, leading to a reduction in the overall system dimensions. Consequently, SIW can
represent an effective solution in small satellite applications [59], [60]. In a recent study, a
compact dual slot antenna integrated with a small aperture-coupled SIW cavity was introduced
[60]. This prototype antenna demonstrated a gain of 8.4 dBi at 15 GHz. To explore high-gain
applications, the study also examined an array configuration consisting of a 2x4 arrangement
of these antenna elements, and experimental validation confirmed a gain of 16 dBi. A novel pla-
nar leaky wave antenna (LWA) and its array have been introduced for CubeSat communication
applications in [34], featuring flexibility in CP and beam scanning. Utilising SIW technology,
the proposed LWA is realised by etching periodic fan-shaped slots on the surface of a SIW, cov-
ering a broad frequency range from 27.4 to 37.3 GHz. Leveraging the special element design
in [34], a conformal high-gain LWA array comprising two vertically arranged units for a 1U

CubeSat was achieved, achieving an overall gain of approximately 17 dBi.

Reflect Array

In 1996, John Huang proposed a deployable reflect array made of flat panels that could be
combined with solar cells [61], [62]. This concept was first realised with the CubeSat Integrated
Solar Array and Reflectarray Antenna (ISARA) technology demonstration [63], which marked
the first reflectarray in space. ISARA achieved an impressive 33 dBi gain at 26 GHz for LEO
communication. This research was expanded to an X-band communication system employing a
reflectarray that was deployed from a 6U CubeSat [35], [63]. This CubeSat was launched with
the NASA InSight Mars lander mission. The transmit-only reflectarray exhibited a substantial
gain of 29.2dBi at 8.4 GHz. The selection of the deployable patch array HGA for the Mars
cube one (MarCO) mission was primarily motivated by the necessity to store a physically large

aperture within the extremely constrained volume of the spacecraft. To stow the antenna, the
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Antenna Oper. Freq. Size Gain CubeSat
Type Ref. (GHz) O X Ay) (dBi) Type Deploy. | Polar.
31.5 5
Metasur. [32] (Ka-band) (Radius) 244 n/a No cp
94.0 32.0
[56] (W-band) 15.6x15.6 Directivity 1U No n/a
Patch [33] 33 42x%x1.9 12.4 1U Yes CP
(C-band)
Array %)
[57] (X-band) 2.7x2.7 20.0 1U No CP
28
SIW [34] (Ka-band) 18.4x0.5 17.0 1U No CP
15.0
[60] (Ku-band) 2.1x1.5 16.0 1U No CP
Reflect | [35] 8.4 9.4x16.8 29.2 6U Yes CP
(X-band)
Array 6
[63] (K-band) 29.4x20.7 33.0 3U Yes CP

Table 2.2: High gain antennas (HGAs) with small stowage volume comparisons.

three flat panels were folded against the CubeSat side, occupying minimal stowage space.

Table 2.2 provides a comparison of all HGAs with small stowage volume antennas, focusing
on parameters such as operational frequency, size, maximum gain, polarization, deployability,
and CubeSat type. In general, it is observed that metasurface, patch array, and SIW antennas
are compatible with 1U CubeSats and do not incorporate deployable techniques, except for the
patch array antenna in [33], which is designed with a deployable structure. Reflect array an-
tennas are associated with 3U and 6U CubeSats, both antennas featuring deployable structures.

Notably, all antennas listed in this table generate CP.

2.2.2.2 Large Stowage Volume

This section provides additional details about HGAs characterised by substantial stowage vol-
umes. Various design techniques, such as inflatable and mesh reflectors, membranes, and reflect

arrays (> 0.5U).

Inflatable and Mesh Reflectors

High-gain reflector antennas have gained prominence in the CubeSat field due to their poten-
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tial for high gain and fine resolution, particularly for higher orbits and deep space missions.
These antennas can achieve gains exceeding 30 dBi across a wide frequency range. However,
their mechanical complexity and large profile pose integration challenges within the limited
CubeSat volume, necessitating the development of deployment mechanisms for such antenna
systems [1], [5], [64]. An innovative solution involves the use of inflatable antennas, which
have undergone thorough testing, particularly at S-band [65] and X-band [66], for deep-space
communication applications. This antenna design features an inflatable reflector, either conical
or cylindrical in shape, with a diameter of 1 m. It is designed to be attached to the end of a 3U
CubeSat. While in its folded state, this reflector occupies minimal space on the CubeSat, but
upon deployment in space, it transforms into a substantial reflector dish, featuring a patch an-
tenna at the feeding point. The resulting antenna configuration offers impressive performance,

delivering a maximum gain of 25 dBi at the S-band [65] and 34 dBi at the X-band [66].

Several innovative deployable mesh reflector solutions have been created for CubeSats, func-
tioning in X-band, or Ka-band frequencies, as illustrated in [37], [67], [68]. A deployable mesh
reflector antenna, operating in the Ka-band with a 0.5 m diameter, was developed for use in
deep space communication [37] and Earth science missions [67]. Despite its compact design to
fit within a restricted 1.5 U volume, the antenna exhibited remarkable performance, achieving a
gain of 42.4 dBi with an efficiency of 60% at a frequency of 34 GHz. The design incorporated a
mesh reflector equipped with 32 ribs and included components such as a feed horn, four struts,
a hyperbolic reflector, and the 0.5 m deployable mesh reflector. In [68], an innovative 1 m de-
ployable mesh reflector, designed for deep space network telecommunications, was introduced.
This antenna is suitable for 12U CubeSats and operates in both X-band and Ka-band for uplink
and downlink purposes. Prior to deployment, during launch, the antenna is stowed within a 3U
CubeSat volume. The mesh reflector boasts an effective diameter of 1 m and a focal length of
0.75 m. Impressively, the antenna achieves high gain in the X-band, with values of 36.1 dBi for
the uplink frequency band and 36.8 dBi for the downlink frequency band. Furthermore, in the
Ka-band, the antenna delivers remarkable gains of 48.4 dBi for the uplink frequency band and

48.7 dBi for the downlink frequency band.

Membrane
Membrane antennas have been extensively studied by John Huang at the NASA Jet Propulsion
Lab (JPL) for small satellites [69], [70]. These antennas are attractive due to their ability to

provide a large aperture while occupying minimal stowage volume. These membrane antennas
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can take the form of patch arrays [38] or reflectarrays [71] and are a logical choice for CubeSats.
The fundamental concept involves constructing the antenna on a flexible, fabric-like material.
This design feature enables the antenna to be conveniently folded and stored in a compact
space [1]. Nevertheless, its primary limitation lies in the reliance on a sophisticated deployment
mechanism, which could potentially result in mission failure if the antenna fails to deploy as

intended [5].

A significant 16 x 16 patch array, intended for remote sensing applications on a 6U CubeSat,
offers deployable functionality [38]. This antenna design employs two tensioned membranes
that can be neatly folded into a compact 2U payload size. With the aid of four deployable boom
structures, it operates at 3.6 GHz (S-band), achieving an impressive gain of 30.5dBi. An X-
band reflectarray membrane antenna is currently in the developmental phase at JPL [71]. This
antenna is configured to be accommodated within a 4U CubeSat volume while in stowage but
can significantly expand, providing a substantial aperture of 1.5m X 1.5 m upon deployment.
Notably, it demonstrated an impressive gain of 39.6 dBi at 8.4 GHz during measurement using

a feed horn located at its focal point.

Reflect Array (> 0.5U)

To achieve a narrower beamwidth suitable for remote sensing applications, a deployable reflec-
tarray antenna has been developed for 6U-class CubeSats [39]. Notably, it is the largest Ka-
band CubeSat-compatible antenna to date. This Ka-band high-gain reflectarray antenna utilises
Cassegrain optics, allowing it to incorporate a deployment mechanism for stowing the reflec-
tarray panels and feed assembly within a confined space. Despite the challenging mechanical
constraints imposed by the small wavelengths in the Ka-band, this linearly polarised antenna
demonstrated exceptional performance, achieving a remarkable gain of 47.4 dBi at 35.75 GHz

[39].

Table 2.3 presents a comparison among HGAs with large stowage, focusing on parameters
such as frequency, size, gain, polarization, deployability, and CubeSat type. It is notable that
all antennas listed in this table feature deployable structures with significantly high gain. The
membrane antennas target lower bands, specifically the S and X-bands, while the reflect array
is tailored for the high band, namely the Ka-band. Additionally, reflector antennas, available in

two types, inflatable and mesh, are designed for all bands, including S, X, and Ka-bands.

After analysing the information provided in the literature and Tables 2.1, 2.2, and 2.3, it be-
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Antenna Oper. Freq. Size Gain | CubeSat
Ref. . Deploy. | Polar.
Type (GHz) | (\ox\) | (@Bi) | Type | P
32.0 53.3
Inflatable [371 (Ka-band) (diameter) 420 6U Yes cp
and 2.4 8.0
Mesh | 91| (Sband) | (diametery | >>° 3U Yes n/a
Reflectors 8.4 28.0
[66] (X-band) (diameter) 34.0 3U Yes n/a
34.0 56.6
[67] (Ka-band) (diameter) 42.4 6U Yes n/a
7.2
8.4 23.9 36.1
(X-band) (diameter) 36.8
[68] 32.1 107.0 w7 | Y Yes | CP
34.5 (diameter) 48.4
(Ka-band)
3.6
*
Membrane [38] (S-band) 18.4%x 8.4 30.5 6U Yes LP
8.4
[71] (X-band) 42.0x42.0 39.6 4U Yes n/a
Reflect 35.7
Array [39] (Ka-band) 109.8x124.9 | 47.4 6U Yes n/a

Table 2.3: High gain antennas (HGAs) with large stowage volume comparisons.

comes evident that there is a gap in the availability of high-gain antennas integrated with solar
cells for high-frequency and endfire radiation applications. Hence, the motivation behind this
research is to integrate the solar panel aperture with the antenna to minimise space requirements
on the CubeSat platform. Additionally, the focus is on designing new antennas for such appli-
cations with endfire radiation capabilities, where endfire beam patterns can enhance link con-
nectivity. Section 2.2.3 will outline the challenges associated with achieving these objectives,

while Section 2.3 will present the relevant background theory for designing these antennas.

2.2.3 Challenges for Small Satellite Antennas

The concept of small satellites typically encompasses both their mass and size characteristics.
These satellites are defined by their relatively low mass and compact dimensions compared to
traditional larger satellites. Although there is no universally accepted definition, SmallSats gen-
erally refer to satellites weighing below 500 kg and exhibiting dimensions ranging from a few

centimetres to several meters in length, width, and height. This category includes minisatellites
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(100-500 kg), microsatellites (10-100 kg), nanosatellites (1-10 kg), picosatellites (0.1-1 kg),
and femtosatellites (<0.1 kg) [1], [2]. The emphasis on mass and size is crucial because these
factors significantly influence various aspects of the satellite design, deployment, and operation.
Small satellites offer several advantages, including lower costs, quicker development timelines,
and the capability to be launched in clusters or constellations. As a result, they facilitate a
broad spectrum of applications in space exploration, Earth observation, communications, and

scientific research [2], [72], [73].

CubeSats are among the standardised small satellites with defined design and size specifica-
tions. The standard outlines a modular design structured around 10 cm cubic units known as
“1U”. These units are combinable to form larger CubeSat configurations. The dominant Cube-
Sat configurations range from 1U to 12U, representing multiples of the 10 cm cubic unit [2],
[72], [73]. Furthermore, the Canadian Space Agency stipulates that the maximum allowable

configuration consists of 24U [72].

In general, the design steps for CubeSat antennas, as outlined in the literature and primary
CubeSat organisations [72] - [75], are outlined in Figure 2.2. The process begins with iden-
tifying the mission requirements, followed by selecting the frequency range. For these initial
steps, multiple applications typically need to be submitted to the Space Services Department
(SSD) within the International Telecommunication Union (ITU) [76], the organisation respon-
sible for managing this sector. Subsequently, the design phase begins, involving decisions on
antenna type, radiation pattern, and integration method with the CubeSat. This is followed by
simulation and analysis, fabrication and testing, and environmental testing, culminating in final
regulatory approval from the ITU. Finally, the process involves verification, system integration,

and satellite launch and operation preparation.

Designing antennas for CubeSats poses a set of distinctive challenges primarily due to the
small size of the satellite and power limitations. The confined space within CubeSats restricts
the physical dimensions of antennas, limiting their potential gain and directivity. Selecting the
appropriate frequency band for communication or scientific objectives is another complex task,
considering issues such as interference and adherence to regulatory standards. Overcoming
the gain-size trade-off is crucial as CubeSats often require high-gain antennas for effective
long-range communications, necessitating innovative compact design approaches. Managing
power constraints, ensuring antennas can survive the harsh space environment, and facilitating

frequency agility for diverse mission needs also rounds out the tough challenges in CubeSat
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Figure 2.2: General design steps for CubeSat antennas.

antenna design [1], [2], [4], [5].

The literature on CubeSat antennas has identified several critical challenges that encompass
high gain, operational BW, compact size, low mass, and CP. Each of these challenges plays a
pivotal role in enhancing antenna performance. High-gain antennas, for example, enable inter-
satellite communications, support deep space missions, and facilitate high-speed data downlink.
Wider BW and multiband capabilities enhance mission throughput, allowing a single antenna to
operate at multiple frequencies and thereby enabling a broader range of applications, including
remote sensing. The emphasis on small size and low mass contributes to cost-effectiveness
and mass production while providing additional space for solar panels and reducing the overall
weight budget. Additionally, CP offers advantages by eliminating polarisation mismatch losses
caused by antenna misalignment, mitigating the effects of Faraday rotation, increasing link
reliability, and supporting inter-satellite communications [2], [4], [S], [6]. Next, each of these
challenges will be presented and discussed, along with the techniques used in the literature to

address and improve these metrics when considering CubeSat antennas.

High Gain
High gains in CubeSat antennas can be achieved through various techniques, namely the cavity
technique, SIW, and increasing the aperture size. The cavity technique, as demonstrated in

papers such as [20] and [24] for CubeSat antennas, is a popular approach for enhancing antenna
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gain [5]. However, a key limitation is the increase in the overall antenna profile and weight.

SIW (which will be intensively explained in the next section), on the other hand, is designed
to reduce the size and cost of rectangular waveguides while facilitating integration with planar
components [58]. This technique offers the advantage of controlling SWs at high operating
frequencies, thereby increasing antenna efficiency. Moreover, papers like [34] and [60] have

employed SIW in CubeSat antennas and successfully achieved high gain.

Regarding aperture size, the CubeSat community has adopted various innovative methods to
accommodate large apertures within the CubeSat form factor, which can be deployed once the
satellite is in orbit [1]. These techniques encompass folding apertures or employing collapsible
substrates as seen in reflectarrays [35], [39], [63], membranes [38], [71], and when replacing
conventional reflectors with inflatable structures [65], [66], or deploying mesh reflectors [37],

[67], [68].

Bandwidth
Expanding BW and achieving multiband capability in CubeSat antennas can be realised through
various techniques, including the utilisation of shorting pins, aperture coupling and stacked

structures, quadrifilar arrangements, and subwavelength periodicity, as highlighted in [5].

One effective technique to enhance BW and reduce the size of patch antennas involves em-
ploying shorting pins and effective metallic walls [5]. These pins, when strategically placed at
the edges of the patch, lower the first resonant frequency mode. Additionally, they facilitate
antenna miniaturisation by effectively extending the electrical length of the patch antenna (and
this reduces the operating frequency) while not increasing its physical size. An example of this

technique in practice from the literature is the F-shaped patch antenna [44].

The aperture-coupled and stacked structure presents another approach for widening the BW of
microstrip slot antennas. This method isolates the microstrip feedline from the radiating patch
element by inserting a ground plane between them. The radiating element resides on the upper
substrate, while the feedline is situated on the lower substrate, ensuring no direct connection
between them [5]. A practical application of this technique from the literature can be found in

[57] which considers X-band antennas.

The quadrifilar helix antenna design is characterised by orthogonal quadrifilars rotated by 90°

with respect to each other. This configuration is significant as it imparts CP and extends the BW
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of the antenna [5]. Notable instances of antennas employing this method from the literature can

be found in references [31] and [55].

In reflectarrays, the subwavelength periodicity technique is frequently employed to increase
gain and BW. This approach involves arranging the reflectarray elements or unit cells in a grid
pattern with spacing less than half a wavelength [5], [77]. This effectively broadens the BW of
the antenna. Examples of CubeSat antennas employing this technique from the literature can

be found in references [35] and [63].

Size and Mass
CubeSat antennas can achieve small size and reduced weight through various techniques, in-
cluding solar panel integration, meandering, mesh grid reflectors, and diplexers with LC load-

ing, as detailed in [5].

The integration of solar panels into antennas, often referred to as transparent antennas, is a pop-
ular approach for minimising mass and size while efficiently utilising CubeSat real estate. This
design strategy allows CubeSats to share space between the antenna and solar cell subsystems
without the need for additional payload volume. Examples of CubeSat antennas adopting this

technique can be found in references like [21], [22], [41], and [63].

The meandering technique is another method utilised for patch antennas to achieve miniatur-
isation without altering the operating frequency of the antenna. Meander line geometries are
created by folding and bending conductors back and forth, effectively reducing the the physical
size of the antenna. Antennas employing this technique provide broad BWs while occupying
minimal surface area. Examples of CubeSat antennas utilising meandering techniques can be

found in references like [43], [46], and [47].

In reflector-based CubeSat antennas, meshing reflector apertures have gained popularity. This
method approximates the parabolic surface of conventional reflectors with a mesh structure,
resulting in weight reduction and deployment mechanisms [67], [68]. Additionally, diplexers
are employed to enable each antenna to function as a transceiver, reducing the overall number
of antennas required. This allows for transmission and reception at different operating bands.
The diplexer and other loading techniques have been applied in CubeSat antennas for VHF and

UHF operation, as demonstrated in references such as [48] and [49].
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Circular Polarisation

In space communications, challenges like polarisation mismatch and signal attenuation can be
effectively mitigated through the use of CP antennas. CP antennas have the advantage of mak-
ing up/downlink or intersatellite communication robust against antenna misalignment. This is
particularly helpful in CubeSat communications with ground stations, where signals traverse
the atmosphere and Faraday rotation can distort the signal. The Faraday rotation, also known
as the Faraday effect, is the phenomenon where the polarization of electromagnetic waves is
altered by a magnetic field as they travel through a medium. This effect results in the rotation
of the field maximum for the propagating radio wave. The degree of rotation experienced, is
determined by various factors, including the intensity of the magnetic field, the concentration of
free electrons within the medium, and the frequency of the radio wave [78]. CP antennas func-
tion by exciting two orthogonal modes with a 90-degree phase difference and equal amplitude

around the resonant frequency [78] and [79].

Patch antennas for example, can achieve CP through two primary techniques: corner-truncated
and sequential-feeding [5]. These techniques find application in single patch antennas, patch
antenna arrays, reflectarray feeds, etc. Basically, sequential-phase feeding (with equal am-
plitude) and corner truncation are the two prominent approaches widely adopted by CubeSat
antenna designers. Notable instances of CubeSat antennas employing these techniques from

the literature can be found in references like [43] and [57].

In response to these challenges and limitations, the research in this thesis endeavours to propose
and design novel antennas tailored for CubeSats and other SmallSats. These new antennas aim
to address the gap in CubeSat antenna design by enabling integration with the solar panel aper-
ture while offering high gain and endfire radiation capabilities, particularly at higher frequen-
cies. The upcoming technical chapters will comprehensively present these designs. However,
before delving into the design specifics, Section 2.3 will provide an overview of the essential
background theories that support the design of these antennas. This will encompass fundamen-

tal information on SIW, SWs, and the principles of LWs.

2.3 Relevant Background Theory

In this section, comprehensive information pertaining to the relevant background theory will be

provided. Section 2.3.1 will delve into the SIW technology, outlining its fundamental princi-
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ples, equations, and comparison with the conventional structure, which is a rectangular waveg-
uide. Subsequently, Section 2.3.2 will offer an overview of Surface Wave Antennas (SWAs),
delving into the general guided-wave phenomenon. This section will provide an in-depth ex-
ploration of SWs propagation in planar guides, specifically along a grounded dielectric slab
(GDS). Additionally, the fundamental principles of the transverse resonance technique (TRT)
will be explained, which is a method that will be used for the following technical chapters.
Lastly, Section 2.3.3 will present a historical perspective on LWAs, their various types, and a

general discussion on a comparison between SWs and LWs.

2.3.1 Substrate Integrated Waveguide Overview

SIW structures are characterised by their width (Wgryy), post-separation (P), and diameter
(d) as illustrated in Figure 2.3(a). However, one potential drawback of SIW structures is their
tendency to produce leakage losses into the substrate due to the practical spacing of the vias
(P). These losses can be rendered negligible when the ratio between P and d is sufficiently
small (P/d < 2) [80]. In this case, a dense wall of vias behaves effectively as a perfect
electric conductor (PEC). Alternatively, when the value of P is larger, it can induce power
leakage, leading to considerable losses. Under these circumstances, the array of vias effectively
functions as a partially reflective screen (PRS) [81]. To elaborate further, a substantial P value
can facilitate the conversion of a portion of the propagating wave within the SIW into the
TEM parallel-plate waveguide (PPW) modes. This characteristic becomes advantageous when
designing efficient planar LWAs in SIW, as shown in studies such as [82], [83], and [84], where
precise control over these two parameters is required to achieve antenna leakage and radiation

into the far-field.

When designing the SIW guide for standard and non-radiating situations, the subsequent guide-
lines can be considered to reduce these losses and minimise unwanted radiation within an SIW

type of transmission line [85]:

d< — 2.1

P <2d 2.2)

26



Background

Metallic
Vias

Conductor

Dielectric
‘i‘x (b)

Figure 2.3: (a) Section of an SIW configuration, and (b) its equivalent dielectric loaded waveg-
uide.

following Equations 2.1 and 2.2 will ensure that the radiation loss remains at a minimal level,
allowing the SIW to be modelled similarly to a conventional rectangular waveguide, where A,

is the guided wavelength and defined as [58]:

Ay = A0 2.3)

er(l —( )2)

where )\ is the free space wavelength at the operational frequency, €, is the relative permittivity

5

of the dielectric, f is the cutoff frequency, and f is the operation frequency.

When these conditions for non-leaky behaviour are met, the dispersion characteristics of the
SIW align with those of rectangular waveguides. Thus, the equations used to determine the
width (W) are associated with the equivalent width of a rectangular waveguide (Wyy )
operating at the same frequency, along with the P/d ratio, as detailed in [80]. While these
equations offer a reliable approximation for designing SIW structures, they may lack flexibility
when dealing with non-standard P/d relationships. To address this limitation, a viable solution
involves conducting a comprehensive full-wave analysis to obtain a precise estimation of the

propagation constant across a broad range of P/d values.

The dispersion characteristics of both SIW and rectangular waveguides are similarity, as con-
firmed by [80]. Consequently, the SIW cutoff frequency and equivalent impedance (Z.) can be
determined by employing the equivalent width of a rectangular waveguide (Wyy ), as outlined

in [58], [80], [86]:
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where h, €., and p, are thickness, relative permittivity, and relative permeability of the sub-

strate, respectively, €g, and p are the permittivity and permeability of free space.

Hence, the SIW width (Wg /) can be determined by [80]:

d? d?
W, = W, —1.08— +0.1
SIW WG P + Wirc

2.7)

These equations will be employed to compute the parameters required for the non-radiating

SIW guides for feeding throughout the thesis.

2.3.2 Overview of Surface Waves and Surface wave Antennas

SWAs represent a category of travelling-wave antenna that typically exhibit a beam pattern
resembling endfire in the far-field, providing significant gain and vertical polarisation. Their
popularity stems from their low profile, lightweight nature, and compatibility with various sur-
faces, making them applicable across diverse platforms [87]. SWAs can be constructed from
metal or via PCB technology and may or may not have a metal backing. In these antennas,
SWs are generated and radiated at points of discontinuity, such as corrugations or structural

truncations.

SWAs typically have gains that do not surpass 20 dB, as described in Zucker’s classic Surface-
Wave Antennas Chapter [87], and their ability to control pattern shapes, including sidelobes,
is limited. They usually have narrow BWs. These antennas operate across a frequency range

from VHF, where Yagi-Uda antennas are commonly used, to microwave and millimeter-wave
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frequencies in printed antennas. In contrast, arrays stimulated by SWs can, in theory, generate
patterns with exceptionally high gain and precision, comparable to those of nonresonant slot

arrays, and offer better control over their characteristics [87].

In order to understand the principles of SWs and its philosophy, firstly, general concepts con-
cerning the guided wave phenomenon and their bounded propagation on planar guiding sur-
faces are further discussed in Sections 2.3.2.1 and 2.3.2.2. Further insight into the propagation
of SWs in GDS regarding key aspects such as wavenumbers, fields excitation, and impedances
are provided in Sections 2.3.2.3 and 2.3.2.4. Additionally, the application of the TRT specific

to a GDS configuration, is thoroughly explained in these sections.

2.3.2.1 General Guided-Wave Phenomenon

The behaviour of an electromagnetic wave in any medium can be described using its wavenum-
ber and is mathematically expressed by the Helmholtz wave equations [8]. In a rectangular

coordinate system, the representation of this wavenumber can be represented as follows:

K=k +k+k (2.8)

and in general, the wavenumber can be complex for any value of k;:

ki = Bi + joy (2.9)

where [3; is the phase constant in radians per unit length and «; is the attenuation in nepers
per unit length. These phase and attenuation constants, which represent the wavenumbers, are
useful when describing electromagnetic waves in any medium, such a PPW, GDS or for plane-

wave propagation.

2.3.2.2 Bound Surface Waves on Planar Guiding Surfaces

An electromagnetic SW follows Equation 2.8 and behaves as a type of guided wave confined
within the guiding structure. This implies that the electromagnetic fields are mainly restricted

to the guiding surface, propagating away from the excitation source, which is assumed to be

29



Background

positioned at the origin as illustrated in Figure 2.4. Typically, a SW travels parallel to an
interface or guiding surface and exhibits vertical decay from that same interface. This means
that the SW phase constant in the vertical direction is zero (8, = 0), while it is non-zero
along the interface or in the direction of propagation (3, # 0). As SWs undergo vertical
attenuation in the z-direction (k, = —«,), the SW attenuation constant, c,, is defined as

positive. Consequently, according to Equation 2.8, k, must be purely real [88]:

ki =B, =k +o?. (2.10)

This ensures that there is no attenuation along the direction of propagation (y). Consequently,
the field components of a SW in this situation, for propagation in the y-direction, can be de-

scribed as follows:

E = yEye_aze_jﬁyy . (2.11)

2.3.2.3 Surface wave Propagation along a Grounded Dielectric Slab

A suitable area for the propagation of SW is the interface between air and a GDS [8], [87],
defining a planar guiding surface as depicted in Figure 2.4. The wavenumber in the upward

transverse air region (z) is determined by:

k(air) = ko (2.12)

while the wavenumber within the dielectric is associated with the relative permittivity of the

substrate, €,

k(substrate) = /e kg . (2.13)

The field distributions in both regions are matched in phase at the interface, and propagation
in the y-direction can be characterised by a real propagation constant. Figure 2.4 depicts a
typical profile of the SW field as it propagates along the y-direction, showing evanescent field

decay away from the air-dielectric interface at z = h (where h represents the thickness of the
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Electric field
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Figure 2.4: Diagram of SW propagation considering a GDS.

dielectric slab). Phase propagation along the guiding surface is defined by (3,, and the SW

experiences attenuation o, towards the interface. Accordingly [88]:

k, = By (2.14)

ky = —ja, 2.15)

These explanations assume that these guided SWs are not influenced by changes in the z direc-
tion, meaning that k, is zero and that the propagation primarily occurs in the +y direction and

the guide structure is lossless.

SWs are classified as slow waves because their phase velocity is always less than or equal to
the velocity of air in the hosting medium; in other words, the phase constant is higher than the
propagation constant in free space (8, > ko) [89]. Another significant characteristic of SWs

on a GDS is the presence of TM and TE modes above a specific cutoff frequency, as defined in

[8]:

nc

2hr/€,. — 1

31

£(TM) = n=0,1,2,.., (2.16)



Background

(2n —1)c

J(TE) = ﬁ’

n=0,1,2,.., (2.17)
where c is the speed of light. Additionally, regarding these cutoff frequencies, the TMg SW
mode is the dominant and fundamental mode propagating in the GDS [8]. Its cutoff frequency
is 0 Hz, implying that it exists and operates at any frequency; it merely requires a matching
system. This mode plays a crucial role in fulfilling the objective of this thesis in designing
CubeSat antennas, mainly since it is the dominant mode and can propagate for any frequency.
Calculating the TM SW phase propagation constant, denoted as k,, = /3, for this specific GDS
example, as explained earlier, can be determined using the TRT [8] after knowing h, ¢,, and
Aop. Section 2.3.2.4 illustrates this method that will be used next in the following chapters,
utilising this specific example, where Section 2.3.2.5 shows the TMy SW field distributions for

this example as well.

2.3.2.4 Basics of the TRE Approach

The TRT is a general method which can be used to analyse communication systems and help
calculate various important quantities, such as wavenumber for complicated waveguiding struc-
tures (SWs, LWs, dielectric-loaded waveguides, etc.) and resonance frequencies of resonant
cavities. This technique can easily define the propagation constant by solving the transmission
line equivalent circuit, which is based on the cutoff condition of the waveguide. The transverse
resonance method involves selecting a reference plane and enforcing Kirchhoff’s current law
(where the entering and leaving currents at a node in a closed circuit are equal) and Kirchhoff’s
voltage law (where the sum of voltages at a node in a closed circuit is equal to zero), which
leads to the TRE (see Equation 2.18). The location of this reference plane is arbitrary; a good
selection will typically simplify the derivation of the TRE and the complexity of the final TRE
[8]. The first step in setting up the TRE, is assigning the input impedances looking up and down

at an interface and defining an equation for calculation:

Fim = —Zom 2.18)

where Z«L is the sum of the input impedances seen looking to the right of the reference plane,

=
and Z;,, is the sum the input impedances seen looking to the left of the reference plane.
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Figure 2.5: (a) The schematic of the TEN model for the GDS structure, and (b) the equivalent

structure for the GDS.

To illustrate the method, a basic derivation of an equation for the wavenumber of the TMy SW

mode on GDS using the TRE is outlined. Figure 2.5 illustrates the TEN and the transverse

profile structure of the GDS. This derivation assumes that there is no variation of the fields in

the x direction, and the propagation is along the y direction. The reference plane is chosen at the

interface between the substrate and the air regions. Figure 2.5 considers that the characteristic

impedances for the transmission lines with the TEN, in the 2 direction are as follows [8]:

kzO
Z00TM =
€o
kzl
Zo1TM =
WEr€g

where
ko = \JkE — k2 = —jy\/k2 — k3 = —j K1,
k.1 = 1/erk§ — k:g =K,
and

ko = wv/Ito€o

(2.19)

(2.20)

2.21)

(2.22)

(2.23)

where £, is the phase propagation constant, kg is the wavenumber in the free space, €, is the

permittivity in the substrate, €, is the permittivity in free space, p, is the permeability in free
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Figure 2.6: The normalised TMy SW mode phase propagation constant for the GDS with €, =
2.2 and h = 1.575 mm for the frequency from 0 to 300 GHz.

space, w = 2 f is the angular frequency, Kraz,, is defined as \/ky? — k3, and Krpr,, =
v/ erkd — kg

Equation 2.24 shows the derivation after implementing the TRE (Equation 2.18) to this TEN
[8]:
JZovrv tan(hkz1) = —Zoorm (2.24)

where h is the thickness of the substrate. The left-hand side of this equation is due to an effective
short circuit (or ground plane) positioned at the bottom of the substrate at a distance h from
the air-dielectric interface. The right-hand side is the upper input looking into an infinite air
space defined by Zyoras. Equation 2.25 presents the derivation after simplifying and expanding
Equation 2.24 [8]:

ery K3 — g = Jerkd — k2 tan (e — K2 . (2.25)

Figure 2.6 depicts the normalised TMy SW mode phase propagation constant for the GDS
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after using the Equation 2.25 and numerically solving for the phase propagation constant using
Mathematica (see the relevant code in Appendix B). The permittivity for this slab is 2.2 with a
thickness of 1.575 mm, for the range of frequencies from 0 Hz to 300 GHz. It can be seen that
the maximum normalised phase constant value of this mode is around 1.48, which is equal to

/€ or the refractive index of the GDS medium for the relevant TM mode.

2.3.2.5 Transverse Magnetic Surface-Wave Field Distributions

The field components that exist for TM SWs on the GDS are the E,, E., and H, field distribu-

tions. By following the expressions in [8] the solutions are as follows:

A sin(Krp, 2) e~ IByy 0<z<h
E, =
A sin(Kppp,, h) e Km0 =R o=ibyy p < 2 < o0
A %5: cos(Krpy,, 2) e3Py 0<z<h
A %}6?:0 sin(Kppg,, h) e Krm0GG=h) e=ibyy h < 2 < 00
K;z:; €r €0 cos(Krpr,,z) e 1P 0<z<h
H, =

—jw . —Kry,o(z—h) —38,
Ko g €0 sin(Krpr,,h) e 7 0 =iBy h < 2 < o0

where A is the constant relative to the magnitude of the excited SW field distribution, 8, = k,

from Equation 2.15, K7pr., = v/ky? — kg from Equation 2.21 for the TMy SW mode on GDS,

and K7nr,, = \/€-kj — k2 from Equation 2.22 (8], [88].

2.3.3 Leaky Waves Overview

LWAs employ discontinuities like slots or metallic strips in guiding structures to manipulate
travelling waves, generating radiation [90]. The concept traces back to 1940 when a patent
described a waveguide with a continuous slot on one side (see Figure 2.7 (a)), causing radiation

by allowing energy to leak from the waveguide into free space [91]. This falls into the category
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of 1D uniform LWAs, where the introduced perturbation element maintains a consistent geom-
etry along the structure [90]. However, in this setup, there is limited control over leaked energy,

leading to broad-beam patterns [91].

A modified approach was presented a decade later, replacing the long slot with closely spaced
holes along the waveguide side wall (see Figure 2.7 (b)) [92], [93]. This configuration, is
considered quasi-uniform due to the closeness of the holes, and employs the fundamental mode
for radiation and still maintains a fast-wave property. This is defined by a phase velocity greater
than the speed of light. This development enabled the practical realisation of 1D LWAs, and
this type of structure achieved a directive (or narrow-beam) radiation pattern in the far-field

[90], [92], [93].

After the initial advancements in antennas with discontinuities, a periodic printed LWA design
was introduced in [94]. This structure involved a coplanar transmission line that was periodi-
cally modulated using shapes like triangles, sinusoids, and trapezoids. These kinds of structures
are described as 1D periodic LWAs (see Figure 2.7 (c)). Moreover, the periodic shapes can be
represented by metallic strips or gratings. The key distinction from quasi-uniform structures
lies in the fact that periodic LWAs operate based on a slow wave which does not radiate (TMg
SW mode or TE;y waveguide mode), where its phase velocity is lower than the speed of light,
supported within the guiding structure [90], [93]. Additionally, the introduction of a periodic
array of strips or gratings leads to the excitation of an infinite number of spatial harmonics due
to the periodicity. This radiating harmonic (also named the fundamental spatial harmonic) is
associated with the dominant bound (or slow) mode of the structure, which is responsible for

radiation [95].

Simultaneously with their 1D counterparts, 2D LWAs, inherently planar, were introduced in
[96]. These antennas achieved highly directive pencil beams with gains ranging from 15.0 to
20.0 dBi. This was achieved through a planar cavity incorporating a partially reflective screen
or surface above the antenna source. This partially reflective screen (PRS) could be composed
of either a stack of substrates [97], [98] or a periodic array of slots or metallic gratings [99],
[100] (as depicted in Figure 2.7 (d) and (e)). A key characteristic of these 2D systems is their
ability to produce either a pencil beam at the broadside or an omnidirectional conical beam,

depending on the specific design and feeding technique [90], [93].

1D LWAs have found applications across various technologies in the microwave and millimeter-
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Figure 2.7: Examples of different types of LWAs.

wave ranges. Specifically, in many communication systems, dielectric image guides have been
employed due to their low losses at higher frequencies. The initial implementation of a LWA
using dielectric image guides utilised a corrugated structure [101], where grooves were intro-
duced on the top of the dielectric image guide. This design exhibited excellent performance,
serving as a foundation for subsequent high-frequency LWAs. Conversely, the utilisation of pe-
riodic strip gratings, instead of modified dielectric slabs, is common for this kind of technology

due to the simplicity of manufacturing offered by microstrip technology [102], [103].

However, the realm of 1D LWAs has expanded beyond dielectric image guides with the in-

troduction of SIW technology (as illustrated in Figure 2.8). Many LWAs previously con-
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Figure 2.8: An SIW LWA and its radiation principle.

structed using conventional waveguides or non-planar structures have been re-designed into
planar forms through this SIW technology. This transformation offers notable advantages, such
as competitive power handling capabilities and low losses at the relevant frequencies, making
it a favourable choice over its non-planar counterparts [80]. Moreover, SIW allows for straight-

forward feeding mechanisms using microstrip and other planar designs [104].

A simple method to induce LW radiation in these structures involves incorporating a PRS on one
side of the SIW guide, while the opposite side serves as a PEC wall, as elaborated in [83], [84],
and [105]. Specifically, the dominant mode in SIW is a fast wave, which can be transformed
into a leaky mode by the introduction of this PRS. This approach will serve as the technique
for creating a leaky SIW T-junction SWL, the upcoming chapter will comprehensively report

on this type of structure.

The studies conducted by Oliner and Jackson [93], [106] - [109] significantly advanced our
understanding of LW radiation, a phenomenon more complex than its SW counterpart. LWs
are characterised as fast waves (with 5 < ko) that continuously leak power while propagating
as waves in a guiding medium [93]. For the sake of simplicity and explanations, the author
will again consider a lossless GDS, as illustrated in Figure 2.9. The LW travels away from

its source, releasing power along the structure, in this situation, through periodic perturbations
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Figure 2.9: lllustration of LWs considering a GDS, where the bound fields are perturbed by
the periodic structure at the air-dielectric interface, causing them to radiate.

on the GDS. Due to this energy leakage, both the longitudinal and transverse wavenumbers

become complex and are described as [90]:

ky = By — jay 2.27)

k,=p8.—ja, (2.28)

and those two equations can be related by k, = | /kZ — k:g, where kj is the propagation constant

for free space as has explained in Section 2.3.2 (Equation 2.23).

2.3.3.1 Leaky Waves and Surface waves

As explained in this chapter, SWs are generally non-radiating and remain bound as they propa-
gate along a GDS. Radiation can occur at specific points of discontinuity or when the structure
tapers, such as at the finite edge of a GDS where endfire radiation takes place. In contrast,
LWs continuously emit radiation along the antenna aperture as they propagate. Essentially, the

amplitude of the LW field decreases as the wave moves along the guiding surface [88].
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At this stage, the characteristics of LWs and SWs propagating along a lossless guiding surface
have been explained. Bounded SWs are characterised by a real propagation constant, k, = 3,
(see Figure 2.4), indicating attenuation in the transverse direction. In contrast, LWs exhibit
complex propagation, radiating above the guiding surface in the z-direction k, = 5, — ja,
with field attenuation in the longitudinal y-direction k, = 3, — ja, (see Figure 2.9). Both
types of guided waves, SWs and LWs, can be exploited for different types of feeding and for
antenna radiation [88], [90], [93], [110].

2.4 Summary

In this chapter, a comprehensive review of the literature and theoretical foundations have been
presented. It can be summarised that significant research has been conducted in the past few
decades concerning small satellite antennas, exploring aspects such as increased gains, smaller
sizes, and various antenna types. Moreover, the challenges inherent in designing these anten-
nas have been highlighted, including the difficulties in achieving high gain, expanding BW,

attaining multiband capability, managing size and mass constraints, and to generate CP.

The theoretical framework essential for comprehending the forthcoming designs, in the upcom-
ing chapters, has also been outlined. Notably, detailed explanations have been provided on the
general SIW structure (in this chapter) as well as leaky and surface-wave theories, which are
integral to the all the CubeSat antenna systems reported in this thesis. Furthermore, specific
theories, such as the guided-wave phenomenon and the behaviour of SWs and LWs on planar
guiding surfaces were introduced. Additionally, the TRT was discussed concerning a GDS.
These foundations serve as the basis for the designs to be presented in the subsequent chap-
ters. As preferred in this thesis, the use of SIW, LW, SW, and GDS implementations are used
to advance the state-of-the-art and bridge the gap in CubeSat antennas. This is achieved in
terms of designing clever planar structures which achieve endfire radiation. Moreover, this also
involves integrating the solar panel aperture with the antenna to minimise space requirements
on the CubeSat platform itself. Furthermore, these non-deployable design approaches are safer
and of lower risk, and thus can foster an alternative way to develop new antennas. As shown
in the following, these planar antennas can offer high gain and endfire radiation capabilities for

operation at microwave and millimeter-wave frequencies.
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Chapter 3
Compact Substrate Integrated
Waveguide Quasi-EndFire Antenna

3.1 Introduction

In the previous chapter, Chapter 2, the focus was on providing a literature review of small
satellite antennas and their challenges. Various examples were listed depending on their gain,
whether high or low. Additionally, the last chapter provided an overview of some relevant
background theories that this research used, including substrate integrated waveguide (SIW),

leaky waves (LWs), surface waves (SWs), and the transverse resonance technique (TRT).

This chapter will present the first major contribution of this thesis by proposing a planar quasi-
endfire surface wave antenna (SWA) using SIW technology for integration with CubeSats and
other small satellites. A quasi-endfire beam pattern is achieved by the radiation of the funda-
mental TMy SW mode at the edge of a grounded dielectric slab (GDS). This mode is excited
by a leaky SIW T-junction, creating a uniform wavefront that propagates through a truncated
parallel-plate waveguide (PPW). To reduce reflections and improve antenna radiation perfor-
mance, a matching section based on an array of subwavelength patches is also added at the

interface between the PPW and the GDS.

3.2 An Overview of Previous Works and Challenges with Compact

CubeSat Antennas

As a result of the increasing interest for affordable Earth and planetary observation networks,
telemetry systems, tracking and control, as well as remote sensing and navigation services,
small satellites have seen a rapid growth in the last two decades. Due to this technology trend,
and whilst conventional satellite systems cannot be entirely replaced by small satellites, many
academic and industrial efforts are focusing on the development of compact and innovative sys-

tems. Subsequently, the trend for these small satellites is to offer more communication services
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in a generally highly constrained volume when compared to larger satellites. This is especially
challenging for antenna engineers as additionally to the RF performance requirements, they

also need to consider the inherent CubeSat constraints in terms of volume, weight and cost [1],

(2].

Following these trends, there are challenging requirements and antenna specifications in terms
of pattern directivity and realised gain (RG), for example, that could restrict design selection
when considering said high data rate applications. This has resulted in extensive research into
CubeSat antennas which have focused on achieving these important requirements. For instance,
the work reported by NASA for remote sensing, which integrated large antennas with a compact
stowage box while aiming for high directivity, was based on a meshed deployable reflector
antenna system having a stowed volume of 3U [68], [111]. Additionally, in [35], a folded
panel reflectarray operating at X-band was stowed in a 6U CubeSat providing a lightweight
configuration (<1 kg) while keeping high gain values of 29.2 dBi. Planar and nondeployable
structures have also been explored when lower gains are required, for instance, as with the
folded-shorted patch compact array for telemetry and intersatellite links [14], [15], [18]. These
miniaturised patch antennas usually have a resonant length of A/2, and can be reduced to a
fraction of \/4 by a shorting wall and structure folding. These antennas have been designed
at UHF and L-band frequencies for small satellites [112] such as the Maritime Monitoring and

Messaging Microsatellite (M3MSat) mission for the Canadian Space Agency.

Planar antennas attached to the satellite, as proposed herein (see Figure 3.1), could then be
advantageous with respect to deployable systems, due to the degrees of freedom when adopting
PCB design and possibly higher reliability in space environments, where debris and strong
vibrations or extreme thermal conditions during launching could lead to failed deployments
[1], [2], [3]. Moreover, they also allow for innovative integration techniques such as on top of
solar cells, as presented in [21], [23], [24]. In this way, extra space is made available on the
satellite for additional antennas, sensors, image capturing devices, etc. as well as more solar

cells.

Many of these CubeSat antenna examples offer broadside radiation. However, due to the lim-
ited space available, chassis placement, and the satellite structure integration requirements, the
beam pattern of the antenna may be pointing in the wrong direction. Therefore, it may be nec-
essary to steer the antenna radiation in a different direction such as endfire, being useful for

downlink communications for instance. Also, there are not many examples in the literature of
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Figure 3.1: (a) Examples of the placement of the proposed antenna on a 1U CubeSat illus-
trating the quasi-endfire beam pattern, (b) top-view of the proposed endfire antenna structure
defining the design parameters and sections. As illustrated in (a), a solar panel array could
also be placed on top of the planar antenna if the microstrip-SIW feedline is removed and the
structure is excited by a vertical probe. This is possible because the covered part of the SWA
would all be metal [From [110] ©2021 IEEE].

planar endfire antennas specifically designed for CubeSat applications, and this may be due to
integration constraints when aiming to achieve proper endfire or quasi-endfire radiation. More
classical implementations, such as Yagi-Uda arrays [113] or complementary dipoles [114], may
not be suitable if metallic structures are underneath the radiating element or the space available
is highly constrained. These challenges require more clever solutions such as miniaturisation

[115] or mechanical steering of the antenna [116].

3.3 Chapter Overview

The researcher proposes herein a compact planar K-band endfire antenna (see Figure 3.1) based
on SIW technology [117], [118], LW principles, and TM SWs. The newly studied antenna de-
sign employes an adapted version of the PPW launcher (i.e. a nonradiating feed system), as
previously reported for a lower frequency band in [82] and [119]. Both of those works focused

on the implementation and optimisation of the PPW launcher as a feeding network suitable
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for slotted PPW antenna arrays [119], and, a phase control technique to help achieve a uni-
form and guided wavefront for a nonradiating, two-port demonstrator [82]. The excitation
efficiency, which was more than 90% in those previous works, as well as the controlled phase
front demonstrated, inspired the modification and adaptation of this feed system to drive a new
endfire antenna suitable for downlink applications at K-band on CubeSats and where directive
beam patterns are required. The thickness of the substrate was also increased from [82], [119],
mainly, to improve and further enhance the SW excitation efficiency for the designed and ex-
perimentally measured SWA, providing alternatives to other SW feeding schemes as in [120]

and references therein.

Detailed simulations, numerical analysis, and measurements examining the performance of the
SWA are reported in this chapter. This proposed planar structure could also be attached to the
body of the satellite, achieving a compact and low-profile design. Figure 3.1(a) illustrates ex-
amples of the possible CubeSat placement as well as its far-field beam pattern. An explanation
on the antenna design is provided in Section 3.4. Discussions on the simulated and measured

results will follow in Section 3.5, while Section 3.6 concludes this chapter.

3.4 Antenna Design Approach

The proposed endfire antenna consists of four parts: the microstrip to SIW transition, the leaky
SIW T-junction using a PPW, the matching section made by a subwavelength array of patches,

and the GDS section for bound SW propagation and then radiation (see Figure 3.1(b)).

3.4.1 Leaky SIW T-Junction

Another name for this antenna part is the open T-junction. The implementation of the conven-
tional T-junction based on SIW technology is the first step in the design process [117], [118].
The primary function of this T-junction is to divide the power over the aperture equally, as
shown in Figure 3.2. It should be mentioned that adding an extra inductive post in the middle
of this junction will improve the matching [121]. This inductive via has been optimised with a

diameter of d’ = 0.21 mm and a position S’ = 3.07 mm (see Figure 3.1 (b)).

The SIW TE;y fundamental mode is coupled into the transverse electromagnetic (TEM) mode

of the PPW section. This is made possible since the broad arms of the T-junction walls are
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Figure 3.2: The simulated electric-field distribution inside the conventional SIW T-junction;
i.e. in the middle of the slab.

made lossy to leak out power [82], [122]. Thus, vias are required to be separated more than the
regular condition for guided and confined propagation within the SIW (P < 2d, where P and d
are the via periodicity and diameter, respectively [80], [117]). This creates a partially reflective
screen (PRS) to allow leakage from the SIW structure to the PPW, which can be designed
following the general guidelines in [82] and [83]. The complex propagation constant for the
relevant LW mode needs to be analysed to design this PRS. The phase constant 3 determines
the propagation direction for the TEM mode in this PPW region (3 is the real part of the
complex propagation constant for this mode, see Equation 2.9, [82], [83]). Simultaneously, the
leakage rate « controls the coupled power into the PPW TEM mode (« is the imaginary part
of the complex propagation constant for this mode, see Equation 2.9, [82], [83]). Moreover,
« depends on the spacing between the vias, and the higher this spacing the shorter this PRS
length L needs to be [82], [123]. Furthermore, « needs to be high enough for suitable leakage;
i.e. such that most of the power from the input feed point is coupled into the PPW section, and

not reaching the two side arm ends of the SIW T-junction.

To achieve uniform phase propagation inside the PPW region and the matching section (see
Figure 3.3), the operating frequency must be slightly above the cutoff frequency of the SIW,
which in this case has been selected to be 18 GHz, and, at the splitting condition where 5 ~ «
[122]. The frequency selection of 18 GHz has been chosen to align with operational bands
used in previous CubeSat missions [124], [125], for downlink communication with ground

stations. The PRS aperture length L can then be found by setting the aperture efficiency to 90%,
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Figure 3.3: Simulated electric field showing a uniform distribution within the PPW, the SMS,
and the GDS [From [110] ©2021 IEEE].

requiring L = 2.3/« [122]. The dispersive analysis depending on the antenna parameters,
can then be performed by a transverse equivalent network (TEN) [8], which is based on an
equivalent transmission line circuit of the structure to define the impedance TRE (basics have
been explained in Section 2.3.2.4) related to the complex propagation constant. The adopted
TEN circuit is the same as in [82] and is depicted in Figure 3.4, where the final dispersive
analysis results are also included. It can be observed that the splitting condition occurs in the

proximity of 18 GHz.

This analysis of leaky mode dispersion is necessary to adjust the values of Wy and Pprg
(see Figure 3.1(b)) that determine the dimensions of the leaky SIW, providing the desired beam-
splitting conditions (5 = «). In order to easily identify the correct mode or solution using a
theoretical approach, it is important to note that mathematically, the TRE for this structure has
numerous solutions, with the wanted TEM mode in the PPW region being one of them. To
accurately determine the dispersion analysis, the researcher recommends using a quick simula-
tion approach with the Bloch analysis technique [126], which utilises CST results to generate «
and [ values. Section 3.4.1.1 provides a comprehensive explanation of the Bloch analysis for
this particular structure, and then one solution for any frequency will be taken as the first root
to be used in the theoretical approach. This will help to easily identify the mode and solution

for this structure and tune all the necessary parameters accordingly. Section 3.4.1.2 will present
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Figure 3.4: TEN circuit model and the normalised LW phase and attenuation constants. The
splitting-condition; i.e., & = [3 can be observed at =18 GHz [From [110] ©2021 IEEE].

the tuned parameters for the leaky SIW T-junction.

3.4.1.1 Bloch Analysis

The Bloch analysis, which utilises CST results for its calculation in this thesis, is another
method used for generating the dispersive response of the T-junction [126]. Simulations were
conducted on multiple unit cells, referred to as N, that consist of a straight SIW section. One
side of the section is a PEC wall while the other is a leaky PRS wall. In each unit cell, there are
two vias from the PEC wall and one via from the PRS wall, as shown in Figure 3.5 (a). Based
on [127], the S-parameters for this structure are used to calculate the transfer matrix (7'-matrix),

wherein the propagation constant is defined following the equation found in [8]:

coshyd = (A+ D)/2 3.1

where + is the complex propagation constant (y = a+j = jk), and A and D are the elements

from the T-matrix. This matrix will be described in full in the upcoming discussions.

In order to determine the complex propagation constant -, it is necessary to conduct simula-
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Figure 3.5: (a) Diagram showing the unit cell consisting of one via which forms the PRS while
two vias form the PEC, (b) simulated electric field for 3 and 4 unit cells where it can be noticed
that the field has leaked into the PPW region, and (c) results of the normalised LW phase and
attenuation constants using Bloch analysis and numerically determined using Matlab.
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tions on the CST system with N and N + 1 unit cells. This will allow for determination of
the T-matrix by analysing the S-parameters at the individual ports. In particular, by utilising

Equations 3.2, 3.3, 3.4, and 3.5 [8]:

(14 S11)(1 — Sa2) + S125921

A= 55 (3.2)
B = 7,150 ;55122) sLeL (3.3)
o Zlo (1-51)1 2—35122) — 512521 (3.4)

D_ (1 = S11)(1 4 S22) + S12521 (3.5)

2501

where Z is the characteristic impedance (Zy = 50€2). The T-matrix for the two systems can

then be defined as Equations 3.6 and 3.7:

Ay B
Ty = N EN (3.6)
Cy Dy

Any1 Byt
TNy = 3.7
Cnt1 Dy

According to the equation presented in [127], the division of the two matrices can be performed

as follows:

T A B
_ ANy (3.8)
In C D

T

~ can now be determined using Equation 3.1. Figure 3.5 provides a detailed diagram of the unit
cell developed for this analysis. Additionally, this figure illustrates the electric field for the two

unit cell lengths (see Figure 3.5(b)). One design consists of three unit cells (representing the
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N structure in the Bloch method), while the other comprises four unit cells (representing the
N + 1 structure). Using the S-parameters for these two proposed structures, and following the
equations mentioned earlier, Figure 3.5(c) presents the normalised o and 3 obtained through

the above described Bloch analysis procedure.

It can be noticed from Figure 3.5(c) that 5 ~ « at around 18.8 GHz; and this is consistent
with the centre frequency of the structure [110]. As described earlier, the Bloch analysis is
a useful tool to identify the frequency response for 5 and «, and this is a useful method to
support the findings for the TRE of the TEN. Basically, this makes it easier to generate « and
5 using the TRE with knowledge of the Bloch analysis findings. For the Bloch analysis, the
following dimensions were utilised: the diameter of the vias for the SIW section was 1 mm (d),
the separation between the vias in the PEC wall and PRS wall was 2 mm (P) and 4 mm (Ppgrgs)
respectively. The width between these two walls was 6.6 mm, which is the initial width used in

a conventional T-junction structure for 18 GHz using the SIW equation (Equation 2.7).

These dimensions were chosen to satisfy the conditions for bound and leaky propagation within
SIW (Equations 2.1 and 2.2) and also to address the limitations of Bloch analysis. The choice
of a 2mm and 4 mm separation was made to facilitate the easy identification of the unit cell.
It is worth noting that one of the drawbacks of employing Bloch analysis for SIW lies in the
requirement for precise structural details. Section 3.4.1.2 will present the optimised parame-
ters for the leaky SIW T-junction after conducting dispersive analysis and fine-tuning all the

necessary parameters accordingly using the TRE and with optimisations completed by CST.

3.4.1.2 Optimised Structure Parameters

Following these preliminary numerical calculations and utilising the TRT to derive the LW
phase and attenuation constant represents the initial step in tuning the values of Wy g and
Pprgs (see Figure 3.1(b)) to determine the leaky SIW dimensions that achieve the desired beam
splitting condition (8 = «) at the designated frequency (18 GHz). Figure 3.6 illustrates a
parametric study generated using the TRT to fine-tune the key values for these two parameters.
It can be observed that the leakage rate can be controlled by adjusting Wy and Pprg. As
inferred from SIW theory, higher cutoff frequencies are attained with smaller values of Wyy .

Conversely, the leakage rate is influenced by Pppg.

After determining the values for those two parameters and by using the optimisation scheme
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using CST Microwave Studio, all structure parameters were optimised. The optimised final
values for this leaky T-Junction are: Werpy = 6.99mm, d = 1mm, P = 1.93mm, Wy g =
5.67mm, Pprg = 4.5 mm, and L = 54 mm. Figure 3.1(b) displays these parameters and their
position within the designed structure considering Rogers RT5880 as the employed substrate
with a relative permittivity of €, = 2.2 and a thickness of 1.575 mm. This Rogers material
is suitable for use in high-reliability, aerospace and defence applications, as outlined on their

website [128].

3.4.2 Matching Section and GDS

The distance to the truncation of the PPW region is defined as .S = 5.33 mm (see Figure 3.1 (b)),
this is because it is required to be set as a multiple of \,/4, being A\, the guided wavelength.
This can reduce any reflected power from the leaky T-Junction, and by following conventional
Ag/4 transformer concepts to control impedances [8]. The same applies to the matching section,
defined by subwavelength patches, which is essential to prevent an abrupt transition from the

TEM mode inside the PPW to the TMy SW mode of the GDS.

The number of these patches also helps to control the leaked power from the T-junction allowing
for a smooth transition (see Figure 3.3). During the simulations and optimisations in CST, it
was found that the number of subwavelength patches for this SWA should be 10 for every row.
The objective is to assess the trade-off between SLL and antenna performance to identify the
optimal structure. The parametric study presented in Table 3.1 illustrates the simulated gain
and SLL for the yz and zy planes across different numbers of patches per row, ranging from 9
to 21 at 18 GHz. This table illustrates the increase in SLL in the xy plane before and after the
design with 10 patches. Moreover, this table highlights that the optimal results are achieved for

the SWA structure when 10 patches are used.

The subwavelength square patches are an array of metallic microstrip segments printed on
the top of the substrate. This matching section has two parameters, D, the distance between
patches, and G, the gap between them (see Figure 3.1(b)). The surface grid impedance Z,
is related to G and allows the fields within the matching section to be controlled and well-
matched to the TMy SW mode of the GDS [129], [130]. The reason why this is classified as
a subwavelength array is because the distance D is more than four times smaller than the free-
space wavelength [130]. These parameters can be determined by using the following equations

[129] and [130]:
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Figure 3.6: Normalised LW phase and attenuation constants analysis for different values of (a)
Wwe, and (b) Ppgs .
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Number of yz planoe id planoe
Patches (¢ = 90°) (0 = 90%)
Per Row Gain | SLL | Gain | SLL

(dBi) | (dB) | (dBi) | (dB)
09 13.7 | -12.1 | 9.14 | -11.0
10 139 | -148 | 9.21 | -114
11 13.9 | -15.7 | 9.06 | -10.7
12 13.9 | -15.7 | 9.06 | -10.2
13 13.9 | -15.1 | 9.10 | -10.0
14 139 | -149 | 9.11 | -10.1
15 14.0 | -15.0 | 9.14 | -10.0
16 139 | -14.6 | 9.15 | -10.1
17 13.9 | -15.1 | 9.11 | -10.0
18 13.9 | -155 | 9.08 | -9.9
19 139 | -155 | 9.10 | -99
20 14.0 | -14.3 | 9.17 | -10.1
21 14.0 | -13.8 | 9.15 | -10.0

Table 3.1: Gain and SLL for the designed SWA with different numbers of patches per row (see

Figure 3.1(b)) in the yz plane (¢ = 90°) and the xy plane (0 = 90°) at 18 GHz.

Meff
Lg=—]—(0—

g 27
1=\ eoeers
k1D | 1

= n
7T i (29
e +1
66ff = 2
k1 = kov/er

3.9

(3.10)

3.11)

3.12)

(3.13)

where Z, is the surface grid impedance, the wavenumber in the free space kg = w,/lio€0, €,

is the permittivity in the substrate, €, is the permittivity in free space, y, is the permeability in

free space, and w = 27 f is the angular frequency.
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After following the equations above and full-wave simulations, the microstrip patch size was
set to D = 3.485 mm with G = 0.355 mm. Also, as it is well known for travelling wave anten-
nas [87], reflections need to be minimised to prevent unwanted backward radiation, therefore
matching techniques, such as the \,;/4 PPW section and the subwavelength array of patches,
are needed to improve the front-to-back ratio. This is examined in Figure 3.7 where it can
be observed that the backward radiation is considerably higher, by more than 12 dB, when the
patches are removed. This is also the case for the GDS section (see Figure 3.1 (b)), as it is
important to optimise its length and to prevent reflections back from the truncated edge of the

dielectric.

At this point within the feed structure and after the sub-wavelength matching section (SMS),
the phase propagation constant is already demonstrating slow-wave behaviour, and therefore,
the TMy SW within the GDS section can be radiated at structure discontinuities. This achieves
endfire radiation defining the SWA, and this distance was optimised after a parametric study
using CST Microwave Studio to be 8 mm. It should also be mentioned that this SWA was
designed in the presence of a ground plane, and when attached to the CubeSat body, the far-
field beam pattern can deviate from full-endfire towards quasi-endfire. However, the structure
can also be modified and optimised to remove the ground plane of the GDS making it a full
endfire SWA, which is useful for other applications and need not to be placed on a metallic

surface.

3.4.3 Microstrip to SIW Transition

The tapered microstrip line [104] is widely used for the microstrip-to-SIW transitions as it
enhances the matching from the 50-§2 microstrip line to the SIW input [104], [131], [132].
However, there are cases in which the impedance of the SIW section is higher than the one
in the microstrip line, and therefore, conventional microstrip tapering cannot be implemented.
This occurs in our structure and this is solved by tapering the SIW instead [132]. The reason
for this is that the field distribution in the microstrip line is wider than the one in the SIW. Even
an optimised design of the traditional microstrip tapered transition cannot achieve good field
coupling, as described in [132]. As has been described earlier in Section 2.3.1, the equivalent
impedance (Z.) of SIW can be determined by employing the equivalent width of a rectangular

waveguide (Wi ¢). Moreover, the impedance of the SIW is defined by [133]:
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2h 1o 1
VA =J, = 3.14
SIW Wwe Ve fr o (%)2 (3.14)

o]

where h is the dielectric substrate thickness, 7 is the intrinsic impedance of the free space,
fe 1s the cutoff frequency, and f is the operation frequency. By varying the width W}, (see
Figure 3.1), the impedance of the SIW would decrease, leading to a significant improvement in
matching. As is typical in the design of matching networks, the length of this taper should be
configured as a multiple of \,/4 for best matching. The specific values for the width W and
length L of the microstrip line are determined based on the desired frequency and impedance,

as outlined in reference [8].

After determining the maximum width of W}, for the desired impedance, the spacing between
the subsequent vias must be established. Positioning the vias for this transition should follow

an exponential distribution as explained in [132]:

y = 0.01@& + 0.99@ (3.15)

1n(1oo L —99)

Wsrw

Ly

b= (3.16)
where y is half of the separation between vias at both sides, z is the longitudinal coordinate
relative to the first via with a separation equal to it Wgyy, and Ly is the length of the transi-
tion. Taking into account all the equations and explanations provided above, the parameters for
this section have been optimised using the optimisation scheme in CST Microwave Studio as

follows: Wy, = 9mm, L; = 8.85mm, W, = 4.85 mm, and L, = 12.2 mm.

3.4.4 Excited Fields and Modes

To gain a deeper understanding of the field excitation in this structure, it is crucial to analyse it
comprehensively, encompassing all components from the port to the radiation edge (as depicted
in Figure 3.1). The dominant mode of the microstrip transmission line is quasi-TEM. In this
configuration, while the electric field is primarily confined within the dielectric, it also extends

slightly above the dielectric into the free space region, hence the term quasi-TEM in that the
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fields are not consistent in both regions, which is different to propagation within a coaxial
cable, for example. For this microstrip dominant mode, the electric fields stretch between the
two conductors (the ground and the top plate of the microstrip line), while the magnetic field

surrounds the conductor [8].

However, within the SIW section, the dominant mode is like the TE;g mode in rectangular
waveguides, where there is no electric field component along the direction of propagation
(B, = 0), while the magnetic field component is non-zero (H, # 0). Given the striking
resemblance in the dispersion characteristics of both SIW and rectangular waveguides, as ex-
plained in the preceding chapter (Section 2.3.1), the excited field for the dominant TE;p mode

can be described as follows [8]:

Hy, = Ay COS(M;T;G) e 1Py (3.17)

B, = — A 2HEWG m(VJ;G) =I5 (3.18)
Hy = Ay D M;WG sm(V;;G) eIy (3.19)
E,=E,=H.=0 (3.20)

where Ajg is the arbitrary amplitude constant for the mode.

Subsequently, the field will leak into the PPW from this leaky SIW T-Junction and couple into
the TEM mode. Inside the PPW region, there are no y-directed field components for the TEM
mode (&, = 0, H, ~ 0) [8]. Furthermore, upon truncating the PPW, the TEM mode will
couple into the TMy SW mode inside the GDS. The field distribution here precisely aligns
with the illustration in Section 2.3.2.5, where (F,, Hy, H, = 0) and (H,, Ey, E, # 0) as
represented in Equation 2.26. The fields in the matching section are the same as those in the
GDS, where this section is designed to facilitate a smooth transition from the TEM mode in the

PPW to the TMy mode in the GDS, as previously explained.
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3.5 Simulations and Measurements

The quasi-endfire SWA was fabricated and measured in a calibrated anechoic chamber. Re-
sults are reported in Figures 3.7-3.12. Agreement was also generally observed between the

simulations and measurements.

A minor frequency shift can be noted for the reflection coefficient in Figure 3.8, which is likely
related to possible manufacturing tolerances, including via drilling, metallization, and substrate
property variation. To understand this frequency shift further, additional simulations were per-
formed for different relative permittivities. After this parametric analysis, results suggested that
€, & 2, is more representative of the substrate at about 18 GHz (rather than ¢, = 2.2 as rated
on the data sheet [134], which is probably due to the anisotropy effect [135]). This effect is
also shown in Figure 3.10 where there is a better agreement between the simulated and mea-
sured RG versus frequency. This noted frequency shift in |S1;| and the RG is also likely related
anisotropy of the GDS, where the relative dielectric constant in the vertical direction can be dif-
ferent than the horizontal direction at higher frequencies [135], [136], [137]. This anisotropy,
which can be significant for thick substrates, is a result of manufacturing and has some fre-
quency dependence (see [135] pp. 758, Appendix A). As discussed in [136], by changing the
value for the dielectric constant (a similar procedure was reported in [120]), a better agreement

between simulations and the measurements can be observed.

When the SWA is attached to the satellite body, there is little effect on its performance as
observed in the dashed lines of Figure 3.8 due to the presence of a large ground plane (Figure
3.9 displays a screenshot from CST illustrating the simulated model of the SWA integrated with
the CubeSat). Also, the measurements imply that the centre frequency for the quasi-endfire
SWA is higher than originally intended. In fact, results depicted in Figure 3.8 show that the
centre frequency for the fabricated structure was around 18.6 GHz and not 18.1 GHz as per the
original design. This can be observed by checking the measured |S11|, which is below -15dB
at around 18.6 GHz.

Simulation and measurement results for the far-field beam patterns are shown in Figures 3.7
and 3.11. The maximum measured realized gain is 13.3dBi at 18.6 GHz (due to the shifted
frequency of operation) in the yz plane (¢ = 90°) (see Figure 3.7), which is slightly reduced in
comparison to the simulated 14 dBi. This gain reduction is likely related to the noted practical

change in the €, value and to the employed connector. Also, the simulated radiation efficiency
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Figure 3.7: Simulated and measured beam patterns in the yz plane (¢ = 90°). Measured
results are plotted at 18.6 GHz. Dashed lines represent the simulated beam patterns without
the SMS and without the PPW and SMS. The simulated 3D pattern is also reported (right)
[From [110] ©2021 IEEE].

is over 92% with and without the connector from 18 GHz up to 18.8 GHz. However, the total
efficiency is between 84% and 95% for the antenna without the connector and between 75% to

94% with the connector for the same frequency range.

The measured RG in the zy plane ( = 90°) (see Figure 3.11) is 5.5dBi. This value is sig-
nificantly lower because the main beam is pointing towards quasi-endfire (¢ = 70°) and not
full endfire (¢ = 90°). Regardless of the practicalities mentioned above, general agreement
between the simulated and measured beam patterns can be observed. Figure 3.12 also reports
the measured beam patterns for the the yz plane (¢ = 90°) over a wide frequency range from
18.1 GHz up to 18.7 GHz. It can be observed that the pointing angles and SLLs are very sim-
ilar through frequency. These features can support high data-rate downlink communications.
Also, as compared to other antennas in the literature [138] - [143], our proposed SWA offers a
very competitive high radiation efficiency while maintaining a compact structure size. This is
outlined in Table 3.2. Figure 3.13 displays the CST mesh calculations, showing a high density

of calculations near the vias and the connector pin.
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Figure 3.8: Reflection coefficient versus frequency for the designed SWA (see inset). It should
be pointed out that initial simulations were completed considering €, = 2.2 (blue solid line)
while the green lines consider practical permittivity tolerances. Simulations on the CubeSat
body are also reported [From [110] ©2021 IEEE].

Figure 3.9: Screenshot of CST simulation model of the proposed antenna with the CubeSat.
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Max Radiation Structure
Work Frequency Realised Gain Technology Efficiency Size
[138] 28 GHz 9.5dBi Microstrip - 11.2)9 x6.5)
[139] 14 GHz 18.0dBi Metasurface - 8.0\ x7.0)\g
[140] 28 GHz 8.1dBi SIW - 2.8\ X2.6)\
[141] 30GHz 15.9dBi SIW 79% 5.5 X5.0)\
[142] 34 GHz 11.4 dBi Microstrip 85% 1.7Xg x0.6 ¢
[143] 28 GHz 10.0 dBi Coplanar 90% 13.2)0 X6.6)
[144] 17 GHz 16.2 dBi Dielectric Rod - 5.6\ x0.6)\g
Proposed Work 18 GHz 14.0dBi SIW 94% 5.0\ x4.8)\g

Table 3.2: Endfire Antenna Comparisons (Optimized Results)
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Figure 3.13: Top and bottom views of the CST mesh calculation screenshot for the proposed
antenna structure.
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3.6 Summary

A planar quasi-endfire SWA has been introduced in this chapter for endfire operation at K-
band. The structure has been designed using SIW technology for integration on CubeSats and
other small satellites. This quasi-endfire performance has been achieved by edge radiation of
the fundamental TMy SW mode from a GDS. This mode was efficiently excited by a leaky
SIW T-junction, which created a uniform wavefront that propagates through a truncated PPW.
A matching section was also included which was based on an array of subwavelength patches
placed at the interface between the PPW and the GDS for a smooth transition and reduced
structure reflections. The fabricated SWA obtained a RG of 13.3 dBi, demonstrating also good
agreement between the simulated and measured beam patterns. The next chapter extends and

enhances this design, such that radiation is directly at endfire.
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Chapter 4

Planar Surface Wave Antenna with
Directive Radiation Exactly at Endfire

4.1 Introduction

In Chapter 3, the focus was to design a quasi-endfire surface wave antenna (SWA) by radiation
of the fundamental TMy surface wave (SW) mode at the edge of a grounded dielectric slab
(GDS). The structure is excited by a leaky substrate integrated waveguide (SIW) T-junction
that creates a uniform wavefront which propagates through a truncated parallel-plate waveguide
(PPW). A sub-wavelength matching section (SMS) was added between the PPW and GDS as
an interface to smooth the transition and improve the antenna radiation performance. In this
chapter, the new focus is to achieve a competitive and truly endfire, high gain antenna by
introducing an air via (AV) section. A distributed aperture principal is also newly proposed
for the structure, and the transverse equivalent network (TEN) approach is developed using the

theory and closed-form equations, mainly in an effort to fully model the structure.

4.2 Background Literature

SWAs are a class of travelling-wave antenna with generally an endfire-like beam pattern in the
far-field, offering high gain and vertical polarisation. These antennas are widely implemented
on various platforms because they are low profile, lightweight, and structurally compatible with
various surfaces [§7]. Moreover, SWAs can be metallic-based or implemented using PCB tech-
nology, with or without metal backing, where the excited SWs are radiated at discontinuities,

e.g.,at corrugations or at structure truncation.

Some recent studies on SWAs were reported in [145] - [149] using perhaps conventional guided-
wave structures and transmission line implementations. For example, a tapered-width SWA
based on SIW technology was recently proposed in [145] for K-band operation. This design has

the benefits of being planar with simple fabrication and results demonstrated realised antenna
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gain up to about 18 dBi. The use of metasurfaces to design low-profile endfire antennas was also
examined in [146]. In that work, the propagation characteristics were analysed by the magnetic
field integral equation technique and measurements showed near-endfire beam patterns with
gain ranging from 12.3 to 15.3 dBi over a broad bandwidth (BW) from 9.6 to 13.6 GHz. A low-
profile SWA implementation [149] was also recently studied achieving a wide operational BW
from 6 to 18 GHz with quasi-endfire radiation. In addition, a SW phased array with tapering and
high gain, and broadband characteristics was also proposed in [147] covering the X-band. Also
in [148], a microstrip-fed SWA was reported using an air gap region and a top dielectric cuboid.
This non-conventional structure, defined a half-mode dielectric waveguide with radiation due

to SWs and a maximum endfire gain of 13.3 dBi at 4.75 GHz.

One challenge with SWAs, as outlined in [145] - [149], is achieving directive beams over a
broad frequency range, and, exactly at endfire. This is due to their inherent frequency depen-
dence and limited control over radiation patterns, necessitating creative design approaches to
overcome these limitations and optimise antenna performance. This complexity arises from the
special propagation characteristics of SWs and the need to carefully control antenna parame-
ters to achieve the desired radiation performances. This can also be observed in the recent trend
for SWAs to be integrated within deployable solar panel arrays [150], [151] for CubeSats and
other SmallSats, and on the satellite structure itself [110] for example. More specifically, in
[151] quasi-endfire radiation was reported using a yagi-uda array of patches for operation at
about 8 GHz with realised gain values above 0 dBi when implemented directly on a thin solar
cell array whilst considering a silicon substrate. An impedance matching BW of 0.65% was
observed. However, a compact structure offering endfire radiation was demonstrated in [150]
which offered a BW of 6.25%. In that work, meandering and artificial dielectric concepts were
implemented on an FR-4 substrate for operation at 2.4 GHz and peak gain values approached
5dBi at full-endfire (i.e. 90°). The compact K-band design in [110] also demonstrated quasi-
endfire radiation where the beam approached 70° with realised gain values over 13 dBi and
high sidelobe levels (SLLs) whilst using leaky wave (LW) SIW feeding and SW radiation at

truncation.

4.3 Chapter Overview

Following the previous developments outlined in Section 4.2, this chapter newly reports on a

new K-band SWA with high gain, low SLLs, and directive radiation exactly at endfire. SW
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Figure 4.1: Top and bottom view of the proposed SWA were the different sections for the struc-
ture are defined. Note: both sides of the SWA are analogous.

radiation is achieved by using a cascade of different SW guiding sections defined by PPW,
sub-wavelength patches, a GDS region, and an air-hole via section (see Figures 4.1 and 4.2).
These effective matching sections ensure a gradual transition for the travelling SWs from the
feeder into the GDS and AV regions to be radiated into air at the truncated edge with minimal

reflections. This structure arrangement offers efficient radiation which is more than 90%.

To achieve directive radiation at endfire, a two-layer structure is proposed herein with a common
ground plane (see the cross-section in Figure 4.2(a)). This implementation exploits differential
feeding and basically duplicates or mirrors the planar SWA for both the top and bottom layers

allowing for simple and more flexible assembly. Moreover, this two-antenna design effectively
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Figure 4.2: (a): Cross-section view for the SWA where the two dielectric layers are illustrated
as well as the ground plane and input microstrip lines (top and bottom). This basically defines
two stacked SWAs with a common ground plane. (b): Top or bottom view for the SWA where the
optimised dimensions are outlined (see Table 4.1). (c): Photograph of the fabricated prototype.

distributes the launched SWs at the edge of the guiding structure for in-phase radiation and this
defines a shared radiating aperture (see Figures 4.1 and 4.2) or a distributed SW aperture which
is common for both planar SWAs. A comparison is also made in the chapter to a single-layer
implementation, which is more conventional achieving quasi-endfire radiation only, as well as,

the aforementioned dual-layer version.

Applications for the antenna include endfire radiation and where low-profile and low-cost de-
signs are required. The SWA can also be suitable for small satellite integration, similar to the
scenarios reported in [110], [150], [151], whilst providing a solution to achieve directive gain
exactly at endfire and with low SLLs. With these motivations in mind and given that air holes
are used within guiding structure, the SWA becomes semi-transparent and this allows for solar
panels to be located underneath the AV regions (as illustrated in Figure 4.3). In addition, so-
lar panels can also be placed on top of the metallic guidance sections within the SWA. To the
best knowledge of the authors, no similar low-profile antenna structure for SWs and solar cell

co-location have been reported previously.
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Design motivations, detailed numerical analysis, simulations, and measurements investigating
the performance of a fabricated prototype are reported in the chapter. More specifically, an
overview of the antenna design guidelines are provided in Section 4.4. Details of the employed
TEN approach to model the SIW feeder and SWA are also reported therein. Discussions on
the simulation approach for the single- and dual-layer structures and an examination of the AV
section is documented in Section 4.5. Simulations and measured results are reported in Section

4.6, while Section 4.7, summarises these findings.

4.4 Motivations, Analysis & Design

CubeSats and other small satellites are typically sized in multiples of one cubic unit 10 x 10 x
10cm3, (i.e. 1U). Thus, it is essential that the electronics, especially the antennas be econom-
ical, as small as possible, and, low-profile to meet these volume constraints [1], [3], [7]. Any
size and weight restrictions must be considered throughout the antenna design stages whilst

also adhering to this CubeSat standard.

Given these crucial factors, non-deployable antenna systems might be the option to guarantee
reliable satellite operation [2], [3]. One interesting advantage of these non-deployable systems
is that satellite elements, such as the solar panels, can also be used as the antenna surface,
as investigated in [21] - [24]. As a result, more room is made available on the satellite itself
for communication equipment, additional sensor technologies, more solar cells, etc. and this
approach to the satellite design can foster more advanced mission capabilities. Also, with more
solar cells, battery charging capacities can improve. Applications for the SWA include high
data rate downlink satellite communications, for example, Earth and planetary observations or

intersatellite links.

Figure 4.3 illustrates possible placement of the SWA on a 3U CubeSat; i.e. different ways
in which the solar cells can be integrated underneath the AV section and on top of the GDS
and metallic parts of the SWA. Possible stationary and deployable implementations of the solar
panels integrated with the SWA are also shown. This defines suitable dual-functionality, in that
the proposed antenna can also act as structure were solar cells can be co-located with the planar
antenna. Similar concepts were also reported in [21], [110] and [152] (see also ref. therein).
Depending on the power budget and design and mission requirements of the CubeSat itself, a

deployable or non-deployable setup might be preferred. In particular, a deployable design might
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W, Ly S1 Sy | S3 Sy Dpir | Payw | G | D L | Pprs

79.5 | 212.3 53 7.0 68.0 | 92.7 2.0 22 |1 03] 35 | 54.0 4.5
S’ d Wwa | P d Wsrw | Wy, Ly W, | L, h €
3.2 0.2 5.7 19 1.0 7.0 8.6 89 |49 122 ] 1.6 2.2

Table 4.1: SWA Dimension for the Structure as Illustrated in Figure 4.2 (Dimensions in Mil-
limetres)

be needed to allow more space for other sensors on the CubeSat platform or a non-deployable

might be required for simplicity and robustness.

It should also be mentioned that the feeder for the SWA utilises an updated version of the PPW
launcher, reported in [82] and [110]. Motivations for those works were for feeding PPW-based
slotted antenna arrays and compact SWAs. In particular, the major aperture size of the design
in [110] was about 3y and achieved quasi-endfire radiation only. Also, the efficiency for both
structures was more than 90%, and this encouraged the modification and adaption of this SIW

feed system when realising the proposed two-layer SWA.

4.4.1 Radiation Principles by Cascaded Matching & Guidance

The proposed SWA is based on LW feeding and SW radiation principles for operation at 18
GHz whilst employing microstrip and SIW technology [117], [118]. The new antenna structure
can be divided into five-parts (see Figure 4.1). Optimised dimensions for the fabricated K-band
design are outlined in Table 4.1. The leaky SIW T-junction feeds the SWA, which is basically
designed to excite a uniform and guided, plane-wave inside the PPW region. Next a matching
section using an array of sub-wavelength patches was employed [110] and this was included
to minimise reflections into the GDS region whilst maintaining the noted uniform phase front.

Further details on this leaky SIW T-junction feeder and SMS can be found in [82] and [110].

For directive endfire radiation, an extended GDS for SW radiation and an AV section was also
included between the GDS and the radiating edge. This made the length and width of the SWA
to be about 10Ag by 3\, respectively. This ensured that the travelling SWs from the SIW
feeder experienced a more gradual transition when radiating into air (as compared to [110]
which was shorter in structure length; i.e. only 5Ag and did not employ AVs and an extended
GDS region). The new design approach reported in this chapter also fosters more standard
travelling-wave features to achieve high gain. Basically, this is due to the fact that the proposed

SWA is electrically longer than the compact version reported in [110] and this supports a larger
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3D View Front View

(a)

Front View Back View

(b)

Figure 4.3: Examples of possible placement for the proposed SWA on a 3U CubeSat: (a) 3D
and front view where the SWA is placed on one side of CubeSat with the solar cells integrated
underneath the AV section and on top of the GDS region, (b) 3D, front, and back views where
the SWA and solar cells are deployed (similar to [150]). The structure that is mechanically
more stable is the non-deployable one, denoted as (a).
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effective aperture.

This more lengthy structure and cascaded matching section design approach generally follows
conventional A4 / 4 transformer concepts where \j =27 / By (here A\, is the guided wavelength in
the relevant region and /3, is the associated phase constant). The same matching section design
approach also applies to the AV section which was included to prevent an abrupt transition into
the air region (where [ / ko = 1). Similarly, from the TEM mode inside the PPW (3, / ko =
V€ to the TMg SW mode of the GDS (3, / ko < y/€r). Also, by this design flexibility 3,
in the AV section can be tailored by the spacing and size of the drill holes such that the phase

constant in this region is greater than air but less than the GDS section; i.e. 1 < 8, < \/€;..

Given this cascaded matching approach when designing this SWA, guided-waves from the
feeder are slowly transitioned into the different regions and eventually air. Also, as further
examined in the next few sections of the chapter, the lengths of these regions are selected to
reduce the SLLs and increase the realised antenna gain while also maintaining compact di-
mensions to reduce structure losses. In addition, these GDS and AV sections, which are not
selected to be as short as possible (i.e. A, / 4), but suitably longer to support the travelling-wave
principles required for SW radiation. In particular, section lengths were chosen to be n), / 4,
where n >>1 and n is a positive integer. These design choices made the major dimension of

the structure to be about 10\ in length to support travelling-waves for edge radiation.

4.4.2 Transverse Equivalent Network for the Proposed SWA

To further describe the design and analysis of the proposed SWA, a TEN model [8] will be
developed in this section. This will help to characterise the dispersive features for the relevant
LW fields within the SIW T-junction as the employed matching sections and air region (at the
end of the structure), act as a combined load to the feeder. As a result, the complex LW propa-
gation constant (Y = arw + jBrw = jks) can be calculated using the transverse resonance

technique (TRT) [8].

Figure 4.4 illustrates the equivalent structure and schematic of the TEN model. The non-leaky
perfect electric conductor (PEC) via wall is symbolised by a short circuit on the left side. Mov-
ing toward the right on the schematic, a transmission line of length Wy ¢ is defined. This is the
space between the PEC vias and the sparse via wall, which is defined as a partially reflective

screen (PRS), for leakage into the PPW region [82], [110]. After that, a T-network characterises
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Figure 4.4: TEN circuit model and the corresponding SWA. Note the common colours for each
part of the SWA within the TEN circuit and highlighted for the representative section.
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these PRS vias. More specifically, this is modelled with two series capacitors and one centre

inductor in parallel [153], which are effectively inductive posts in the PPW.

Four transmission line sections follow this T-network afterwards and have a loading effect on
the feeder. The first transmission line, with a length of .Sy, is the distance between the edge of
the PPW and the PRS via wall. Second, with a length of S, is the space between the PPW
edge and the second edge of the sub-wavelength patches. Third, with a length of S3, is the
distance between the SMS and the first row of the AV section; i.e. the GDS length. The fourth
transmission line, with a length S4 corresponds to the length of the GDS with additional AVs.

The termination impedance of air is the final component for this model.

The transverse resonance equation (TRE) at the reference point (see Figure 4.4) is enforced to

determine the dispersive behaviour of the leaky SIW T-junction. This equation is [8]:
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Z1(ky) + Zi(ky) = 0 (4.1

where Z,(k,) and Zr(k,) are the input impedances on the left and right of the reference plane

and are defined as
ZL(kiy) = jZTE(ka) tan(ngky) — ij(ky) “4.2)

Ity — AXalhy) Zin,(hy) = 5X0(0)

— . 4.3
3Xu(ky) + Zims (ky) — 3 X (ky) 3

The transverse wavenumber k, and the characteristic impedance for the TE1¢p mode inside the

SIW, ZrE, are explained in the following:
ky = \/K2er — k2 (4.4)

Zre(ky) = : (4.5)

Moreover, X, and X}, are the capacitances and inductance for the T-network as defined in [153]:

P k
Xa(ky) = ZTE(ky)< L c§s¢( ) <1n Z’;’Zﬁ
2 (4.6)
2
+0.601(3 — 2 cos? ¢(k,)) (PP)\RS> ))
P, ky) ; 2md
Xi(0y) = Zrr(ky) ( S (p;rﬁsf) @)

where
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cos p(ky) = . (4.8)

In addition, the input impedances Z;n,, Zins> Zin, and Z;,, can be determined as

st =5 (Gl )
oty (BB )
Ziny (k) = Zsw (g:vlv(ﬁf’lgj IZ(ZZV) E:Egjg) @.11)
et (bt

where Zrgar (= nh/Sh) is the characteristic impedance for the TEM mode inside the PPW
[8], Zsams (= Bsms/were,) is the impedance of the SMS (calculated by using the code in
Appendix B.1), Zsw (= Bsw/were,) is the impedance of the GDS (calculated by using the
code in Appendix B.2), Zay (= Bav/wer, 1 €,) 1s the impedance of the AV region (calculated
by using the code in Appendix B.3), and Zy (= Bp/we,) is the impedance of the air region.
Additionally, A is the thickness of the substrate, Sg,ss is the phase propagation constant for
the SMS, Bgw is the phase propagation constant for the GDS, Sy is the phase propagation
constant for the AV section, Sy is the phase propagation constant for the air region, and €, is

the relative effective permittivity for the AV section and defined by [154]:

D?%. D?.
€r (me - 2““) + 7 2”’

Crepr = 2
PAir

(4.13)

where Py;, is the AV post separation and D 4;, is the diameter for the AVs.

Figure 4.5 depicts the results for the TEN analysis (which has been calculated using the codes

in Appendix B) considering that there are no dielectric and conductor losses, while also fol-
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Figure 4.5: Numerically determined attenuation and phase constants, oy and Bry, respec-
tively, for the leaky SIW T-junction feeder representing the complex solution for the TRE (with
ko normalisation). Results show that the SWA is designed to work at about 18 GHz.

lowing the dimensions in Table 4.1. It can be observed that Sryw ~ apw at about 18 GHz
which is the desired frequency of operation for the optimised, prototyped and fabricated SWA.
This LW mode dispersion analysis for the SIW feeder can be used to initially determine the di-
mensions of this feed system while including the aforementioned matching sections. This will
identify the ideal structure parameters to test its performance using CST Microwave Studio,
and then simulations will determine the more realistic representation of the parameters. This
approach is further investigated in Appendix C for analogous designs which show operation
at millimeter-wave frequencies; i.e. 55 GHz, 77 GHz, and 110 GHz. This is documented for
further validation and to report on a basic parametric study for the developed TEN model as
well as the scalability of the structure itself. The next section further reports on the investigated

K-band SWA using a commercial full-wave solver.

4.5 Design, Simulation Results, & Discussions

This section will further outline our design process by comparing the single-layer structure with

the two-layer design as well as the benefits of the AV section and the other cascaded sections.
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Also, the differential feeding of 180° for the two-layer SWA is studied and its practical feeding

implementation.

4.5.1 Single-layer Design & Operation

Starting from the earlier SWA in [110] which operated at 18 GHz and achieved quasi-endfire
radiation, this section will investigate the impact of the extended antenna length and the added
AV section. Moreover, an assessment on different dimensions for the PPW and GDS sections
is also reported. Firstly, introducing the AV section in the design of the SWA provides an addi-
tional degree of freedom, and this will allow for a less abrupt transition for the travelling SWs
from the feeder. The effective dielectric constant ¢, y for the AV section can be calculated
using Equation 4.13. Using this information whilst maintaining lengths of n\, / 4 for the var-
ious cascaded regions, the SWA performance for different lengths of the PPW, GDS, and AV

sections and the resulting beam patterns were studied.

Table 4.2 compares the realised gain (RG) and the SLL for the ¢ and 6 planes at 18 GHz
for different lengths Sy of the PPW region. Also, the main lobe direction (MLD) has been
studied. Moreover, for this study, the GDS length was held constant at 8 mm (as in [110])
and the AV section was also fixed at 12 rows with D 4;. = 2mm and Py4;, = 2.2mm. See
Table 4.1 for all other relevant structure dimensions. It can be noticed that there is an inverse
relationship between the PPW dimension and the MLD; i.e. when the PPW length increases
the MLD moves away from endfire or 90°. This is undesired. It should also be noted that the
RG increases for the ¢ and 6 cuts when the PPW dimension increases for the following lengths:
Ag/2, Mg, and 3X\ /2. Given that a finite sized structure is required for the aforementioned
CubeSat requirements, a PPW length of ), / 2 (or 5.3 mm) was adopted, mainly, to achieve
high gain and a MLD which approaches 90°.

Table 4.3 studies the GDS section length at 18 GHz whilst fixing the PPW region to be 5.3 mm,
also, having 12 rows for the AV section with D 4, = 2mm and Py, = 2.2 mm. As observed
in Table 4.3, the MLD increases toward the endfire direction when the GDS section length
increases, and at the same time, the RG slightly increases also. Table 4.4 further explores the
peak directity and the MLD for increasing row numbers of the AV section while keeping all
other parameters in Table 4.1 constant. Basically, it can be observed that with an increase in the
number of AV holes in the substrate at the end of the SWA, the beam direction also approaches

endfire. For example, with 10 rows the directivity increases to 15 dBi and with a MLD of 66°.
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18 GHz

PPW Length yz plane zy plane

S1 (¢ =90°) (6 =90°)
RG | SLL RG | SLL
(dBi) | (dB) MLD (dBi) | (dB)
(1/4)Ag 10.3 | -0.8 74° 74 | -11.2
(2/4)Ag 14.5 | -1.8 72° 109 | -11.9
(3/4)Ag 11.7 | 2.5 63° 6.5 | -12.2
(4/4)\g 149 | -2.1 62° 10.1 | -11.0
(5/4)Ag 114 | -1.0 65° 6.6 | -11.7
(6/4)Ag 154 | -2.2 66° 9.6 | -11.1
(7/4)Aq 11.7 | -1.9 64° 57 | -104

Table 4.2: Single-Layer SWA Performance for Different Lengths of the PPW Section

18 GHz

GDS Length yz plane xy plane

Ss3 (¢ =90°) (6 =90°)
RG | SLL RG | SLL
(dBi) | (dB) MLD (dBi) | (dB)
(2/4)Ag 145 | 2.3 | 66° 104 | -16.4
(3/4)Ag 144 | -1.7 | 72° 109 | -12.1
(4/4)\g 148 | -1.3 | 70° 11.1 | -17.8
(6/4)Ag 148 | -14 | 74° 11.6 | -12.3
(7/4)Ag 15.1 | -1.5 | 73° 11.7 | -17.5
(9/4) g 149 | -14 | 75° 12.1 | -12.7
(10/4) A4 15.1 | -1.8 | 75° 12.1 | -16.8
(14/4) A, 150 | -1.6 | 78° 12.7 | -12.0

Table 4.3: Single-Layer SWA Performance for Different Lengths of the GDS Section

With the findings from Tables 4.2, 4.3, and 4.4, it is clear that to achieve a main beam close to
endfire, the GDS and the AV regions should be made of typical lengths for a travelling-wave
antenna (i.e. more than 7)) while the PPW section should be as short as possible, for example,

on the length of A, /2 as selected herein.

It is also useful to compare the SWA with and without the AV section as shown in Figure 4.6.
This full-wave simulation illustrates the benefit added by the AV section. For example, it can
be observed that the MLD for the SWA with a continuous GDS section is about 63° and that the
endfire beam is actually reduced in magnitude, and, defines the first sidelobe maximum. This
is related to the mismatch in the SW phase constant for the GDS region and air. Basically, the

guided SWs experience an abrupt transition at the edge of structure. On the other hand, the SWA
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Number 18.0 GHz 18.3 GHz
of Directivity | Main Lobe | Directivity | Main Lobe
Rows (dBi) Direction (dBi) Direction

2 Rows 14.4 53° 14.3 53¢
4 Rows 14.7 57° 14.7 57°
6 Rows 14.8 61° 14.8 60°
8 Rows 14.9 63° 15.0 63°
10 Rows 15.0 66° 15.0 65°

Table 4.4: Single-Layer Directivity & MLD for Different Number of Rows for the AV Section

— With 22 rows of AirVias
— Without AirVias

Reflection Coefficient (dB)

-45 ‘ .
175 18 18.5 19
Frequency (GHz)

(b)

Figure 4.6: Single-layer SWA simulations: (a) normalised beam patterns in the yz plane (¢ =
90°), and (b), the reflection coefficient versus frequency. A comparison is made with 22 rows
for the AV section and without the AVs.

design with the AV section, achieved a MLD of 83°, being only 7° away from endfire. Both
structures offered similar reflection coefficient values over frequency (see Figure 4.6(b)), albeit

a 4 dB reduction in the minimum for the reflection coefficient for the single-layer structure with

AVs.

Using the results and findings from Tables 4.2, 4.3, and 4.4, further optimisations were com-
pleted, but a design with low SLLs and a main beam directly at endfire was not possible. Figure
4.7 displays the beam pattern in the yz- and zy-planes for the SWA using only a single layer.
This design was defined by an AV section with 42 rows, the GDS was 68 mm and the PPW
region was 5.3 mm in length. In addition, the MLD in the yz-plane was 84°. However, there is

a significant problem in that the SLL, which is -0.7 dB, could not be improved after significant
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With 42 rows of AirVias
and 68 mm of GDS

(a)

Figure 4.7: Single-layer SWA simulations (42 rows of AVs and a GDS length of 68 mm or
24)\9/4).' RG pattern in (a) the yz plane (¢ = 90°) and (b) the xy plane (0 = 90°). The
design was optimised (and compared against a variety of single-layer structure dimensions),
however, a beam maximum directly at endfire with low SLLs was not achieved. This problem
was overcome with the proposed two-layer SWA (see patterns in Figure 4.9).

iterations of all possible structure features. This is a substantial loss in the radiated power for
the SWA and when directive endfire radiation is required. Basically, the main beam position
and the SLL should be improved upon to minimise (unwanted) radiation into undesired direc-
tions. This problem has been mitigated using the aforementioned dual-layer SWA topology, as

further explored in the next section.

4.5.2 Operation of the Dual-layer Design

Following the previous studies of the single-layer SWA structure, the dual-layer design is now
examined. Basically a distributed SW aperture is proposed to improve the SLL and correct the
beam pointing position (which is now directly at endfire; i.e. 90°). The structure is simply
realised by two identical single-layer SWAs, but sharing a common ground plane. The allows
for simple fabrication and low-cost assembly, in that the top and bottom layers (see Figures 4.1
and 4.2) can be made identical albeit a 180° phase shift between the distinct feeding ports. This
differential feeding can be practically achieved with a conventional hybrid coupler, delay lines,

and other related antenna feeding circuits.
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Figure 4.8: Examined double-layer SWAs with a different number of rows for the AV section
defining Sy: (a) 22, (b) 42, and (c) 62. All other dimensions as defined in Table 4.1.

To further examine the travelling-wave performance for the proposed two-layer design, Figure
4.8 shows three simulated SWAs designs where the AV sections lengths are varied (22, 42, and
62 rows of AVs) and all with a common GDS length of 60 mm whilst keeping all other design
features consistent (see Table 4.1). Figure 4.9 reports the simulated beam patterns in the yz-

and xy-planes for the three SWAs and Table 4.5 compares the RG and the SLL.

As it can be observed, the SLL is significantly reduced when compared to the single-layer de-
sign and for a longer AV section. More specifically, the SLL improved to -7.5 dB for the struc-
ture with 22 rows of AVs in the yz plane (¢ = 90°), -8.7 dB with 42 rows of AVs, and -9.6 dB
with 62 rows of AVs (see Table 4.5). This is because the SW radiating aperture is effectively
longer making the main beam more directive while also lowering the SLL. This performance
improvement is typical with travelling-wave structures. More importantly, in all cases, the beam
points directly at endfire (when compared to the single-layer SWA). This distinctive change in
the main beam position is related to the fact the distributive aperture effectively acts as like two
distinct travelling-wave antennas, phased appropriately and with complimentary edge radiation.

This makes the far-fields radiated by both the top and bottom SWA structures to constructively
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Figure 4.9: Simulated RG in the (a) yz plane (¢ = 90°), and, (b) the xy plane (6 = 90°) for
the different number of AV rows (see Figure 4.8).

Number of yz plane xy plane
Air Via Rows (¢ =90°) (@ =90°)
RG (dBi) \ SLL (dB) | RG (dBi) \ SLL (dB)
22 Rows 17.1 -1.5 17.1 -14.6
42 Rows 18.4 -8.7 18.4 -17.6
62 Rows 19.7 -9.6 19.7 -19.8

Table 4.5: Double-Layer SWA Performance for Different Number of Rows for the AV Section

add in the desired endfire region while also having a cancelling-effect for the sidelobes.

4.5.3 Comparison of the Single-Layer and Dual-Layer Designs

To further illustrate the radiation mechanisms for the two SWA structures, Figure 4.10 depicts
the simulated electric field for 8 different antenna structures: without AVs and the SMS, without
AVs and with the SMS, with AVs and without the SMS, and with rows of AVs and with the
SMS. By this comparison, it can be observed that a mismatch in the fields is present without the
SMS, causing unwanted back radiation and reducing the front-to-back ratio of the SWAs. Also,
there is an unwanted change in the SW fields when the AV section is not present. Basically,
it can be observed that the fields are more contained to the substrate (and at the end of the
structure) when no AVs are present (see Figure 4.10, the double-layer SWA structures without

AVs and with the SMS, and with AVs and with the SMS). This is important to ensure efficient
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Figure 4.10: Comparison of the single-layer and double-layer SWA for various cases. In
particular, the electric field is shown for the longitudinal cross-section view within the structure
and the air region (for the near-field, and in the yz plane): without the AVs and no SMS, without
the AVs and with the SMS, with 22 rows of AVs and without the SMS, and, with 22 rows of AVs
and with the SMS.
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radiation into the air region, as the motivation for the design process is to achieve a gradual
transition or matching of the input power for radiation. It can also be noticed from Figure 4.10
that the main direction of the fields in the air region are radiated at angles above endfire for the

single-layer SWA, and this is not observed for the dual-layer design.

To compare in more detail the single- and dual-layer SWAs, the structures have been analysed
in terms of maximum RG, MLD, SLL, and efficiency for different number of rows for the AV
section whilst adhering to all other dimensions as in Table 4.1. Figure 4.11 shows the simulated
RG versus frequency, and as it can be observed the peak gain increases with a high number
of AV rows, and also, with the two-layer structure. It is also interesting to note that the gain

increases by about 3 dB for all cases when the single- and two-layers are compared.

Figure 4.12(a) also reports the simulated MLD versus frequency for the single and distributed
aperture SWAs with 22, 42, and 62 rows of AV in the yz plane (¢ = 90°). It can be noticed
that the MLD for the yz plane (¢ cut) for the distributed structures is always 90° and for the
frequency range of study; i.e. 17.5 GHz to 19 GHz. Figure 4.12(b) shows the improvement in
the simulated SLL for the dual-layer design. For example, the SLL in the yz plane (¢ cut) is

enhanced by about 6 dB (or more) for most of the studied frequency range.

Figure 4.13 also compares the simulated radiation and total antenna efficiencies for the two
SWAs, where the radiation and total efficiencies are about 90% or above. Here the radiation
efficiency is defined as the ratio of input power that is converted into radiated electromagnetic

waves. It accounts for losses in the antenna structure and feed system, where total efficiency
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Figure 4.11: Simulated maximum RG versus frequency for the single- and dual-layer SWA
structures with 22, 42, and 62 rows for the AV section: (a) the yz plane (¢ = 90°) and (b) the
xy plane (6 = 90°).

includes radiation efficiency as well as other losses, such as impedance mismatch losses and
losses due to reflections from nearby objects. Total efficiency provides a comprehensive esti-
mation of how effectively an antenna converts input power into radiated electromagnetic waves
while considering all sources of loss. It is interesting that the efficiency can reach 95% at about
18 GHz for the two-layer design with 22 AV rows. This result is interesting and suggests an-
tenna efficiency decreases slightly due to structure length, and thus efforts should be made to
realise compact implementations while also keeping low SLLs and achieving maximum radia-
tion directly at endfire. As discussed previously, this is possible by the two-layer SWA design,
following the detailed design process of cascaded matching sections, and, utilising the SWA

dimensions outlined in Table 4.1.

4.5.4 Feeding Considerations and Practical Implementation

Due to the required differential feeding of the dual-layer structure, practical connector place-
ment is the next task in the design process. As reported in [110], the tapered microstrip line
can be employed for the needed microstrip to SIW transition. This is important to enhance the
matching from the 50-§2 microstrip line to the SIW input of the SWA and its T-junction feeding

using LW principles. However, two distinct feed ports are required for the realised design (see
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Figure 4.12: (a): Simulated MLD versus frequency for single- and dual-layer SWA structures
with 22, 42, and 62 rows for the AV section in the yz plane. (b): Sames as (a), but SLL.
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Figure 4.13: Simulated efficiency: (a) radiation and (b) total antenna efficiency.
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Figures 4.14(a) and (b)). Basically, after designing the two-layer SWA as outlined in the previ-
ous sections, and, achieving directive radiation directly at endfire as shown in the simulations
(see Figures 4.9 to 4.13), the next step is to design the practical two-port feeding arrangement

for the SWA whilst making size considerations for the CubeSat standard.

Different microstrip feeding arrangements were initially considered (other than a standard end-
launch connector positioning for the top and bottom layers as this would require co-located con-
nector placement, which is not practical). In particular, they included different combinations of
compact spline and 90° curved lines (see Appendix D.1 for more information). However, the
full 90° microstrip line curve showed the best response when connectors (End Launch Super-
SMA model 292-04A-6, by Southwest Microwave) were considered in the full-wave simulator
and closely followed the previously studied results which employed a straight microstrip line

feeder and a more ideal waveport excitation.

Regarding finalising the dimensions for SWA proof-of-concept whilst considering CubeSat size
requirements, the T-Junction was made more compact in the Y-dimension when compared to
the design in [110], and this shorted the length from about 267 mm to 255 mm. This was made
possible by further optimising the T-junction feeder for compact implementation. Furthermore,
the employed RF connector was taken into consideration at this design step, and after further
optimisation in the full-wave simulator, a small transition was added between the RF connector
and the two microstrip lines (More details about the impact of the RF connector on the beam
pattern and reflection coefficient can be found in Appendix D.2). The length of this transition
was 6.1 mm, and its width was 1.4 mm. Moreover, this needed transition extends the width of
the structure in the X-axis to about 90 mm. Also, 42 AV rows were chosen for the fabricated
design (see final design dimensions in Table 4.1), even though 62 rows would provide higher
endfire gain and reduced SLL (see Figures 4.11 and 4.12(b), respectively). Basically, a 42 AV
row structure was selected to ensure that the SWA can be suitable for 1U by 3U CubeSats,

while also, ensuring high radiation efficiency and low SLL.

4.6 Experimental Validation & Discussions

This section will report on the final dual-layer SWA as well as its fabrication and measurement
in terms of the practical PCB materials employed and external couplers for feeding (see Figure

4.14). A comparison and discussion of these findings is made. In addition, simulated and
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Figure 4.14: Manufactured prototype: (a) top and (b) bottom views of the dual-layer SWA.
Also shown in (c) is the far-field measurement setup, and (d) a photograph of the fabricated
proof-of-concept structure with its external 180° coupler enabling differential feeding.

measured data are in agreement.

As previously mentioned, the SWA being fabricated has 42 AV rows with a 68 mm length for
the GDS region (all other dimensions for the optimised structure can be found in Table 4.1).
The fabrication entailed manufacturing two identical antennas, and these were a fixed together
using conductive epoxy (CW2400 from Chemtronics). This enabled the top and bottom layers
to share a common ground plane, and alignment was made possible using a microscope. The
substrate material used was Rogers RT5880 with a relative permittivity of €, = 2.2 (rated) and a
thickness of 1.575 mm. The employed end launch connector was SuperSMA 292-04A-6 from
Southwest Microwave, while differential phase feeding for ports 1 and 2 were achieved using
an external 180° hybrid coupler (KRYTAR 3, 4060265). Figure 4.14 shows the top and bottom
views for the manufactured prototype. Moreover, this figure shows photos of the fabricated

dual-layer SWA whilst being measured in the far-field.

The distributed aperture dual-layer SWA was measured in the calibrated anechoic chamber at
Heriot-Watt University, Edinburgh Scotland. Results are reported in Figures 4.15 to 4.19. Gen-
erally, a reasonable agreement can be observed between the simulations and measurements.
A minor frequency shift can be noticed for the reflection coefficient in Figure 4.15, which is

likely related to possible manufacturing tolerances, including vias and AV drilling, metalliza-
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Figure 4.15: Reflection coefficient versus frequency for the dual-layer SWA. It should be men-
tioned that simulations were initially completed considering €, = 2.2 (blue line), while the
green, yellow, and purple lines consider a practical shift in the value of the relative dielectric
constant and are within the tolerance for the PCB material. Similar findings were reported in
[110]. Measurements also shown (red and black lines) for the top and bottom layers.

tion, grounding, and practical variation of the relative dielectric constant for the substrate from
the rated data sheet values (note: similar findings were reported in [110], [120], and [155]). To
further understand this practical frequency shift for the PCB material, additional simulations
were performed for different values of the relative permittivity. After this parametric investiga-
tion, findings suggest that a more representative permittivity is between €, = 2.1 and ¢, = 2.05

for the substrate at about 18 GHz instead of ¢,, = 2.2 as rated on the datasheet.

This frequency shift is also examined in Figure 4.16, where again there is a better agreement
between the simulations for ¢, = 2.10 and ¢, = 2.05, as well as, the measured RGs versus
frequency in the yz plane (¢ = 90°) and the xy plane (f = 90°). This notable frequency shift
in |S11] and the RG are likely linked to possible anisotropy of the employed PCB material,

where the relative dielectric constant in the vertical direction can be slighly different than the
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Figure 4.16: Measured and simulated maximum RG versus frequency in: (a) the yz plane
(¢ = 90°) and (b) the xy plane (6 = 90°).

horizontal direction at higher frequencies [135], [136], [137]. This anisotropy, which can be
substantial for thick substrates, is a consequence of manufacturing and has some frequency de-
pendence (see [135] pp. 758, Appendix A). As examined in [136], a better agreement between
simulations and measurements can be observed after modifying the value for the dielectric

constant. An analogous procedure was completed in [110], [155].

Simulation and measurement results for the far-field gain patterns are reported in Figures 4.17
and 4.18. The maximum measured RG is 17.5dBi at 18.6 GHz in the yz plane (¢ = 90°) (see
Figure 4.17) and this is because of the noted frequency shift from the original design frequency
of 18 GHz. Also, this peak measured value of the gain is slightly reduced when compared to
the simulated peak value of 17.7 dBi at 18.0 GHz. Moreover, the measured RG in the zy plane
(6@ = 90°) is 17.5dBi, whereas the simulated RG is 17.7 dBi. These minor reductions in gain
are likely related to the noted practical change in the €, value. Regardless of these practicalities,

a good agreement between the simulated and measured RG patterns can be observed.

Figure 4.19 also presents the measured beam patterns in the yz (¢ = 90°) and the zy planes
(6 = 90°) over a range of frequencies from 18.0 GHz up to 18.6 GHz. It can be seen that the

pointing angles and SLLs are very similar through these investigated frequencies, and findings
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Figure 4.17: Gain patterns in the yz plane (¢ = 90°). Results are 17.7 dBi and 17.5 dBi for
the simulated and measured peak gain, respectively.

are consistent with simulated data. In particular, the SLL is more than 7 dB below the main
beam peak and the MLD is consistently at endfire demonstrating maximum radiation for the
desired beam angle. In addition, cross-polarisation levels are well below 20 dB from the main
beam maximum (all results not reported for brevity, and this is because the SWA is only defined
by the PCB material thickness 1.575 mm). These cross-polarisation values are consistent with
the earlier reported single-layer SWA design, which demonstrated quasi-endfire radiation only
[110]. Additionally, the BW for this antenna is 5.0%, and this band limitation is attributed to the
feeding system, which consists of a T-junction, as well as the matching techniques employed
between the antenna sections. However, the BW is acceptable for more narrow-band applica-
tions, but can still support high data rates mainly due to the high carrier frequencies adopted.
Figure 4.20 illustrates the CST mesh calculation for the proposed dual-layer SWA. It can be
observed that the density of calculations increased between sections, such as between the GDS

and air vias sections. Moreover, the highest density of calculations occurred in the AV section.
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Figure 4.18: Gain patterns in the xy plane (6 = 90°). Results are 17.7 dBi and 17.4 dBi for
the simulated and measured peak gain, respectively.
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Figure 4.19: Measured beam patterns for different frequencies from 18.0 to 18.6 GHz in the yz
plane (¢ = 90°) and the xy plane (6 = 90°).
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Figure 4.20: Top and bottom views of the CST mesh calculation screenshot for the proposed
dual-layer SWA structure.
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4.7 Summary

The experimentally validated SWA has been designed using SWs for radiation as well as LW
principles and SIW technology for feeding. In particular, the developed two-layer distributed
aperture SWA achieves edge radiation at structure truncation from the dominant TMy SW
mode. This field configuration was efficiently excited by a leaky SIW T-junction feeder, which
created a uniform and guided wavefront that propagated through the PPW section and is phase
constant matched to the GDS and AV region by the compact matching section. This match-
ing section was included, which is based on an array of printed sub-wavelength patches placed
at the interface between the PPW and the GDS, and ensures a smooth transition and reduced
structure reflections for the travelling-wave structure. The fabricated dual-layer SWA obtained
a RG of more than 17 dBi, establishing also good agreement between the simulated and mea-
sured beam patterns. The dual-layer design offers low SLLs, high efficiency (which is more

than 90%), and directive beam patterns, which are positioned directly at endfire.

Numerical modelling was provided by using the TRT as applied to an equivalent network,
mainly to determine the operating frequency for the SWA whilst extracting the LW phase and
attenuation constant, which defines the feeder. Basically, the different regions act as a load for
the SIW feeder, and section lengths need to be taken into consideration when designing the
SWA. In addition, an Appendix C is provided, which extends the modelling approach to higher
millimetre-wave frequencies of operation. This demonstrates that the adopted numerical model

can be useful when up-scaling the design.

In summary, the proposed K-band SWA can be suitable for CubeSats or other small satellite
commercial missions, for example, Earth and planetary observations or inter-satellite links and
where other low profile designs are required with directive radiation exactly at endfire. More-
over, the planar antenna was designed considering solar panel integration onto the antenna
surface being positioned above and/or below the PCB. Also, the air hole via section makes the
structure semi-transparent to optical frequencies enhancing solar power collection capabilities.
Regarding manufacturing, the time and cost for fabrication of the PCB antennas can be roughly
defined in terms of time units; i.e. the number of processes needed for SWA fabrication. For
example, to make a purely SIW-based antenna, which is generally considered low cost, it is
roughly defined into three steps: photolithography (metallic etching), hole drilling (defining air
holes or AVs), and then hole plating to make metallised vias. The proposed SWAs only have

metallised vias (and thus three steps) for the feed, and mainly only two steps for the majority
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of the radiating part of the aperture. Future work can include further SWA optimisation and
co-design with solar cells and CubeSat placement as well as further experimental testing to
assess radiation and solar power harvesting performances. The next chapter expands upon this
structure by reporting on a new design which does not include a ground plane. This improves

the potential applications for solar panel integration.
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Chapter 5

Optically Semi-Transparent Planar
Endfire Antenna

5.1 Introduction

In Chapter 4, the focus was to achieve a competitive, truly endfire high-gain antenna for 3
CubeSat units. This was accomplished by introducing the air vias (AV) section and the dis-
tributed aperture principal describing the dual-layer structure. This antenna is fed by two leaky
substrate integrated waveguide (SIW) T-junctions with a 180° phase shift between them. These
T-junctions create a uniform wavefront that propagates via a truncated parallel-plate waveg-
uide (PPW). A sub-wavelength matching section (SMS) is included between the PPW and the
grounded dielectric slab (GDS) to facilitate a smooth transition for the phase constants and
reduced reflections. Additionally, a grounded AV section with a fixed diameter was added to
modify the relative permittivity and simplify the field transition from the GDS to the air region

with endfire radiation.

In this chapter, the objective is to design a more compact endfire high-gain antenna with solar
cell integration suitable for 1U CubeSats. To accomplish this, an ungrounded substrate with AV
sections of different diameters is used, which gradually changes the permittivity for a smoother
transition and minimises reflections to the air region while maintaining an endfire radiation
pattern. Additionally, the design frequency for this structure is set at 24 GHz, differing from
the previous chapters, where it was 18 GHz, aiming to shorten the wavelength and better align
with the objectives of this chapter. This makes the 1U CubeSat structure more compact than the
design reported in the previous chapter. To feed this ungrounded substrate with AV sections, a
series of SIW horn arrays working in phase were adopted. This configuration can provide high

data rate capabilities for downlink communications for CubeSats.

Moreover, CubeSats can benefit from combining antennas with solar cells, resulting in in-
creased efficiency, reduced weight, and simplified design [5], [23], [24]. However, it is im-

portant to keep in mind that this technology is still relatively new and developing. While there
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Figure 5.1: Example of the possible placement for the proposed SWA array on a 1U CubeSat
is depicted, showing 3D, front, and back views with the integration of solar cells underneath
the AV section. Here the solar cell is shown to be deployable as in [150], but non-deployable
configurations are also possible.

are advantages to integrating solar cells with CubeSat antennas, there are also challenges to
address, such as optimising antenna performance while maintaining solar cell efficiency and
minimising potential blockages of the antenna inhibiting solar power collection. Regardless,
this integration has great potential for future CubeSat missions, as it allows for more compact
designs and opens up new possibilities for further integration with other sensor technologies
to enhance mission capabilities. Figure 5.1 presents the possible placement for the proposed
SWA array on a 1U CubeSat, and this type of deployable solar panel antenna integration setup
has been tested in the Alba Orbital CubeSat mission; i.e. Unicorn-2 [150]. Next, Section 5.2
will illustrate the necessary background information relating to other antenna structures which

employ AVs, while Section 5.3 further outlines the proposed SWA design.

5.2 Background Literature

The utilisation of drill holes in a PCB or AVs, which are basically air filled holes, have been
exploited to control aperture fields in various works whilst designing antennas [156], [157].
The specific application and context may vary depending on factors such as the desired beam
direction, frequency range, and performance characteristics. For example, in [156], efforts fo-
cused on a SIW horn antenna by realising a sparsely perforated dielectric slab. That design
demonstrated a significant improvement in bandwidth (BW) when compared to a more conven-
tional SIW horn, and operated from 16 to 24 GHz with an average gain of 9 dBi. In that work,

the AVs in the perforated dielectric slabs enhanced the antenna performance across frequencies
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by improving impedance matching and reducing sidelobes. In another work, [157], some AVs
within a dielectric slab and in conjunction with an H-plane horn antenna, achieved a wide BW

from 17.4 to 24 GHz whilst maintaining a compact form factor.

More recent studies on AV antennas have been reported in [154], [158] and [159]. For instance,
[154] proposed a compact SIW horn antenna with partially detached broad walls and AV per-
forations. This design achieved a compact size and exhibited a BW performance ranging from
17.7 to 26.7 GHz, with a gain varying between 8 and 9 dBi. The inclusion of the AV perfora-
tions and partially detached broad walls leads to improved impedance matching and radiation,
thereby enhancing the overall performance of the antenna. In another study, [158] presented a
low-profile and wideband SIW horn antenna that is surface-mountable and contains AVs. This
structure operates from 19.1 to 27.4 GHz, and this antenna achieved a wide BW. Furthermore,
[159] introduced a novel and unique configuration of a SIW horn antenna without a broad wall.
Instead, AVs were arranged in an intricate pattern. This design operated within a BW from 17.8

to 28.2 GHz and exhibited characteristics of higher than 5 dBi gain and directive patterns.

Two other studies, based on Luneburg lens antennas, also used AV units and were reported in
[160] and [161]. More specifically, in [160], a novel planar-integrated Luneburg lens antenna
exploited AVs and metamaterial inclusions. Broadband performance was achieved through the
integration of the AV metamaterial inclusions at the edge of the SIW horn aperture. Moreover,
to achieve good wave-focusing effects, the AV unit cells were designed and arranged in an ar-
ray with equivalent gradient refractive indexes by changing the diameters. The design operated
from 18 to 27 GHz with a gain ranging from 12.5 to 17 dBi. In [161] also, an innovative multi-
beam Luneburg lens antenna was proposed and defined by a unique triple-layer configuration
for efficient beamforming and wide angle coverage. In that work, moreover, seven feed anten-
nas were placed on the edge of the middle layer to perform multibeam radiation, achieving a

peak gain of 18.2 dBi at 28 GHz.

The previous works in the literature primarily emphasised expanding BW rather than gain; it is
notable that all the antennas achieved gains of 10 dBi or below, except for those referenced in
[160] and [161], which achieved approximately 18 dBi. However, these two designs encoun-
tered issues related to the dimensions and stability of integrating the antenna with solar cells in
alU CubeSats. The primary objective here is to develop a compact, high-gain endfire antenna

integrated with solar cells suitable for 1U CubeSats.
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Figure 5.2: Top view for the AV sections where the optimised dimensions and where different
AV sections are outlined.

5.3 Overview of the Proposed Design

In this chapter, the researcher proposes an endfire high-gain surface wave antenna (SWA) with
an ungrounded substrate featuring AV sections of varying diameters, gradually changing the
permittivity for a smooth transition of the guided-waves and reduced reflection in the air re-
gion. The advancement from the above mentioned previous structures [154] - [161] is that the
proposed structure has been designed for the inclusion of solar cells underneath the SWA, fol-
lowing Chapter 4. Figure 5.1 presents the 3D, front, and back views for the possible placement
of the proposed SWA on a 1U CubeSat, showing the solar cells integrated underneath the AV
section. Figure 5.2 illustrates the top view for the antenna, displaying the eight AV sections,

where the optimised dimensions and different AV sections are outlined (see Table 5.1).

Detailed simulations and numerical analysis examining the performance of the SWA array are
reported in this chapter. An overview of the theoretical approach and the calculation for the

effective relative dielectric constant, €, and the diameters for the AVs are provided in Sec-
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tion 5.4. Simulation results with the ideal feeding for the proposed SWA and a comparison
between the structure with and without AVs and ground are reported in Section 5.5. Introduc-
tion of the practical feeding, which is a planar SIW horn arrangement, to the three different
ungrounded substrates, is discussed and compared in Section 5.6. Section 5.7 will further dis-
cuss the simulation results and provide an analysis for the proposed SIW horn array feeding
for this ungrounded substrate. Finally, Section 5.8 concludes this chapter and highlights some

possible future work.

5.4 Approach to Designing the SWA

Firstly, it is essential to note that the variation in permittivity between a dielectric slab with
and without a ground plane is mainly caused by changes in the electric field distribution due
to the existence or absence of the ground [8], [87], [162]. The specific values of permittivity
are determined by the material properties of the dielectric slab, thickness, and surrounding
environment. In the case of a dielectric slab with a ground plane, the electric field distribution
(TMp SW mode) generated by this slab is affected within the antenna system. The ground plane
acts as a mirror image of the electric field (TMy SW mode) generated by the dielectric slab,
altering the relative effective permittivity (¢, ). Essentially, the fundamental TMy mode on a
dielectric slab with a ground is the same as the mode found on a dielectric slab with twice the
thickness of an ungrounded slab [8], [87]. Consequently, the ¢, .t of the ungrounded dielectric
slab is typically higher than its relative permittivity for a grounded slab. This is illustrated in
Figure 5.3 where a grounded and an ungrounded dielectric slab are compared, following [8],

[87].

On the other hand, in the case of a dielectric slab without a ground plane, the electric field
(TMy) distribution remains unaffected by any reflective surfaces, such as a ground plane [8],
[87], [162]. Consequently, the €., Iy of the dielectric slab stays close to its €,. Without the
presence of a ground plane, the electric field propagates freely without significant interaction
or alteration [87], [162]. Moreover, the dielectric constant defines the extent to which an electric
field is immersed in the dielectric versus air region, and without a ground plane to control the
electric field distribution, the ¢, becomes the dominant factor in determining the behaviour of
electromagnetic waves passing through this dielectric slab [87], [162]. Also, the higher the ¢,

the more the fields will be confined to the dielectric slab region.
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Figure 5.3: Comparison of the ungrounded and grounded dielectric slab antenna structures.
The electric field is shown for the longitudinal cross-section view within the structure and the
air region (for the near-field, and in the yz plane). For the ungrounded case, the fields are
clearly shown to be radiated in a more directive orientation at the end of the substrate, and this
can lead to a more directive far-field beam pattern.

Since the €, primarily controls the behaviour of SWs in a dielectric slab without a ground plane,
this chapter introduces a novel concept of an ungrounded dielectric slab with AV sections (see
Figure 5.2). The purpose is to guide the waves toward the edge of the structure, and this supports
propagation to the end of the SWA, generating an endfire pattern in the far-field. In addition, the
AV sections increase the vertical effective aperture of the antenna structure, and this increases
pattern directivity. The ungrounded dielectric slab comprises eight sections, each with varying
AV diameters, post-separation, and the number of AV rows. By incorporating these different
sections, a gradual change in the €, ., occurs, resulting in a smooth transition and minimal
reflection from the feeding through the ungrounded dielectric slab to the air region. Section

5.4.1 will provide detailed calculations for determining the parameters of these AV sections.

5.4.1 Determination of the Effective Relative Dielectric Constant with the Air
Via (AV) Sections

As has been briefly explained above, €, and the substrate thickness are the dominant factors
controlling the behaviour of SWs in a dielectric slab without a ground plane. A ungrounded

dielectric slab with eight AV sections is designed in this chapter (see Figure 5.2), and the €, ,
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is calculated for each section using the equation provided in [154]:

(5.1)

where Pg;, represents the AVs post separation and D 4;, is the diameter for the AVs. This
equation helps to characterise the propagation of the fields in the endfire direction, leading to a
gradual decrease in the €, along the structure. Basically, with a larger AV diameter and more
dense AVs, and further towards the end of the structure, the propagation constant approaches
that of air; i.e. 8 = ko. In the proposed design, the €, for the structure varies from €, = 10.2
in the substrate without AVs to 3.3 in the last AV section before the air region. It is crucial
that section lengths are about equal to a multiple of A;/4 to ensure gradual transition for the
phase constants and minimised reflection, thus achieving the desired endfire pattern. Here ),
(= €rph0 = 257r) refers to the wavelength for the guided wave and is related to the phase

propagation constant 3.

Table 5.1 presents the parameter values for the proposed antenna, which comprises eight AV
sections (see Figure 5.2). The diameters are set to range from 4.5 mm to 1 mm, while the
post-separation varies from 4.6 mm to 2.5 mm. The €, ,, is gradually reduced in each section,
starting from approximately 10.2 in the initial material and decreasing by 1 in every subsequent
section until reaching 3.3 in the last section before the air region. This approach guides the SWs
to be excited toward the end of the antenna design. The length of each section and the number
of rows are determined based on the values of P4; and D 4. to ensure that each section is
approximately equal to a multiple of \,/4. This design choice aims to minimise any reflected
power between sections and achieves a smooth transition for the phase constant and minimal
reflections throughout the antenna structure, and follows the design approach also developed

(and shown successful with a practical prototype) in the previous chapter.

Feeding the ungrounded dielectric slab with AV sections poses certain challenges. Therefore,
the initial step in designing this proposed structure involves utilising ideal feeding, which en-
tails employing a large waveguide port [163]. To achieve this, a GDS is incorporated into the
ungrounded dielectric slab with AV to facilitate the modeling of the ideal feeder and to assist in
the optimisation of the overall structure. The simulation process using a commercial full-wave

solver begins in Section 5.5, which outlines the starting point for the simulations. Additionally,
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Diameter POSt. Effective Section | Number
(mm) Separation Permittivity Length of
(mm) (mm) Rows
DAirl 4.5 PAirl 4.6 ETsffl 33 Sl 9.1 2
Dairz | 40 || Paira | 42 || €ryps | 36 || S2 | 126 3
Dairs | 35 || Pairs | 38 || €r,,p | 41 || S5 | 114 3
Dajra | 30 || Pazra | 35 | €rpps | 49 || Sa | 105 3
DAirS 2.5 PAirS 3.3 ETeffE) 6.0 85 9.9 3
Daire | 20 || Paire | 3.0 | €r,ps | 7.0 || Se | 9.0 3
DAir? 1.5 PAir? 2.7 Grefﬁ 8.0 57 10.8 4
DAz'rS 1.0 PAirS 2.5 ETeffS 9.0 Sg 10.0 4

Table 5.1: Parameters values for the proposed antenna with eight AV sections (see Figure 5.2).

Section 5.5 explores and highlights the distinctions between the proposed design with AVs, the

design without AVs, and a regular GDS configuration.

5.5 Ideal Feeding for the SWA

After calculating the parameters for the ungrounded dielectric slab with AV sections in the
previous section and tuning the section length and number of rows, this section will proceed to
the simulation stage. Feeding this antenna is not easy; thus, the simulation will commence with
an ideal feeding approach, utilising a large waveguide port. This large waveguide port will be
connected to a GDS to generate a uniform SW phase front to the ungrounded dielectric slab for
endfire radiation [163]. Figure 5.4 illustrates the top and bottom views for the three structures
with large waveguide ports: ungrounded dielectric slab with and without AVs, and without AVs

but with a full ground plane.

Figures 5.5 and 5.6 present the far-field results for the three structures at 24 GHz in the 3D view
and 1D cuts, which are the yz plane (¢ = 90°) and the xy plane (¢ = 90°). The achieved
directivities are 21.3 dBi for the design with an ungrounded dielectric slab and AV sections,
20.5 dBi for the structure with an ungrounded dielectric slab but without AVs, and 16.1 dBi for
the design with a full ground and without AVs. The proposed structure with an ungrounded
dielectric slab and AV sections exhibits the best SLL in both cuts, which are -13.8 dB in the
xy plane and -6dB in the yz plane, compared to the other designs. The structure with an
ungrounded dielectric slab but without AVs and the structure with a full ground have -10.9 dB
and -8.2dB SLL in the xy plane and -3.2dB and -3.2dB in the yz plane, respectively. These
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Figure 5.4: Top and bottom views of the proposed antennas with large wave ports are shown:
(a) with AV sections and a short GDS, (b) without AV sections and with a short GDS, and (c)
without AV sections and with a full ground.

Figure 5.5: Simulated 3D patterns for the proposed antennas with large wave ports are shown:
(a) with the AV sections and a short GDS, (b) without AV sections and with a short GDS, and
(c) without AV sections and with a full ground.
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Figure 5.6: Simulated beam pattern in (a) the yz plane (¢ = 90°) and (b) the xy plane
(0 = 90°) for the studied antennas with large wave ports.

findings emphasise the importance of having the AV sections in the proposed structure and
exciting the fields with an endfire direction. In particular, the directivity increases and the SLL

generally decreases.

5.6 Practical Feeding Approaches For the SWA

This section further investigates a practical feed for the SWA, utilising a single SIW horn that
will be attached to the ungrounded dielectric slab with the AV sections. The detailed design of
this horn SIW feed is described in Section 5.6.1. the researcher proposes three different struc-
tures for the ungrounded dielectric slab with AV sections: straight rows (Design A), curved
rows (Design B), and straight-curved rows (Design C) of AVs. Figure 5.7 illustrates these three
proposed designs and presents the top and bottom views for each structure. These configura-
tions are designed to manipulate the cylindrical field for radiation, which is generated by the
SIW horn. Different structures were also initially examined, but these three configurations of-
fered the best results and provided an interesting comparison. Sections 5.6.2 and 5.6.3 examine
the far-field simulation results for Designs A and B at different frequencies, while Section 5.6.4

provides a comparison of the three designs in terms of far-field results.
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Figure 5.7: Top and bottom views of the proposed antennas with a single SIW horn are shown:
Design A: with straight rows of AV sections, Design B: with curved rows of AV sections, and
Design C: with curved rows on the sides and straight rows in the middle of the AV sections.

5.6.1 SIW Horn Feeding

This SIW horn feed has been used for various designs. It has been introduced as a planar horn
antenna for the proposed structure, and as a type of surface wave launcher (SWL) by following
[164]. This SIW horn from [164] exhibits a range of potential applications, for instance, feeding
leaky wave antennas (LWAs) and SW-based designs. In [165], a width-modulated microstrip
line LWA was reported using this SIW horn as a feeding point. The LWA system comprises a
SIW horn and three rows of quasi-periodic width-modulated microstrip lines, which are iden-
tical to excite leaky wave (LW) fields. A fan beam pattern was obtained in the far-field, with a
realised gain (RG) greater than 10dBi. A third approach for this SIW horn was an end-to-end
guide with a simple match technique to control the SWs in [166]. This design used a finite
metasurface matching section based on a sub-wavelength array of patches to control and guide
the SWs on the GDS. This matching section improved the transmission coefficient from -9 to

-3.5dB and the reflection coefficient from -6 to -12 dB at 23.7 GHz.
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Figure 5.8: Simulated beam pattern for different frequencies from 21 to 24 GHz in (a) the yz
plane (¢ = 90°) and (b) the xy plane (0 = 90°) for the proposed Design A antenna (see Figure
5.7).

5.6.2 Design A

This section examines the simulated far-field results of the proposed Design A with a single
SIW horn (see Figure 5.7). Figure 5.8 illustrates the simulated beam pattern for the proposed
Design A antenna in the yz and zy planes for diverse frequencies from 21 to 24 GHz. The
antenna achieves a truly endfire pattern, with a maximum directivity of 12 dBi at 24 GHz and
a minimum directivity of 9.5dBi at 21 GHz. In the yz plane (¢ = 90°), the SLL varies ap-
proximately from -7 to -8 dB, while in the xy plane (8 = 90°), it ranges roughly between
-5 to -10dB. Generally, Figure 5.8 shows a good agreement in the beam pattern among the

frequencies in the yz and zy planes.

5.6.3 Design B

In this section, the focus will be on the proposed structure Design B with a single SIW horn (see
Figure 5.7) in terms of the far-field outcomes. Figure 5.9 illustrates the simulated beam pattern
for frequencies from 21 to 24 GHz in the yz and xy planes for Design B. The directivity starts
at 10.7 dBi at 21 GHz, increases to 11.3 dBi at 22 GHz, further rises to 11.5 dBi at 23 GHz, and
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Figure 5.9: Simulated beam pattern for different frequencies from 21 to 24 GHz in (a) the yz
plane (¢ = 90°) and (b) the xy plane (0 = 90°) for the proposed Design B antenna (see Figure
5.7).

reaches 13 dBi at 24 GHz, with an endfire pattern. The SLL in the yz plane reaches around
-8 dB while achieving almost -9.5 dB in the zy plane. Generally, Figure 5.9 demonstrates an
acceptable agreement in the beam pattern among the frequencies in the yz (¢ = 90°) and zy
(6 = 90°) planes. A comparison between the three designs will be presented in the next section

(Section 5.6.4) and will address the potential issues with the single SIW horn.

5.6.4 Comparison Between Designs A, B, and C

This section will examine in detail the far-field results for the three proposed structures: Design
A, Design B, and Design C (see Figure 5.7). Figure 5.10 presents the simulated 3D beam pattern
at 24 GHz for the three designs with the ungrounded AVs slab, while Figure 5.11 depicts the
same simulated beam patterns in 1D cuts: the yz plane (¢ = 90°) and the zy plane (0 =
90°). Both figures verify that the designs have similar beam patterns at 24 GHz, with minimal

differences in directivity and SLL, approximately 1 dB and 0.6 dB, respectively.

Table 5.2 illustrates and evaluates the differences between the three proposed designs in terms

of far-field results for four frequencies: 21, 22, 23, and 24 GHz, in the yz (¢ = 90°) and zy
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Figure 5.10: Simulated 3D patterns at 24 GHz for the proposed antennas with a single SIW
horn (see Figure 5.7) are shown: Design A: with straight rows of the AV sections, Design B:
with curved rows of AV sections, and Design C: with curved rows on the sides and straight rows

in the middle of AV sections.

—— Simulated Design A at 24 GHz
— Simulated Design B at 24 GHz
—— Simulated Design C at 24 GHz

(a)

Figure 5.11: Simulated beam pattern in (a) the yz plane (¢ = 90°) and (b) the xy plane
(0 = 90°) for the proposed antennas Designs A, B, and C with a single SIW horn at 24 GHz

(see Figure 5.7).
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] Design H Design A | Design B | Design C
yz plane | Directivity (dBi) 9.5 10.7 10.6
21 GHz (¢ =90°) . SL.L.(dB) . -6.9 -7.9 -1.7
zy plane | Directivity (dBi) 9.5 10.7 10.6
(¢ =90°) SLL (dB) -7.8 -8.6 -8.7
yz plane | Directivity (dBi) 10.1 11.3 11.3
(¢ =90°) SLL (dB) -6.7 -7.2 7.1
22 GHz xy plane | Directivity (dBi) 10.1 11.3 11.3
(@ =90°) SLL (dB) -5.0 -4.4 -4.5
yz plane | Directivity (dBi) 10.5 11.5 11.5
(6 =90°) SLL (dB) -7.9 -1.7 -1.5
23 GHz xy plane | Directivity (dBi) 10.6 11.7 11.7
(¢ =90°) SLL (dB) -7.9 -5.9 -5.8
yz plane | Directivity (dBi) 12.0 13.0 12.9
(¢ =90°) SLL (dB) -7.6 -7.8 -7.6
24GHz = lane | Directivity (dBi) | 12.0 3.0 2.9
(6 =90°) SLL (dB) -9.6 9.4 -9.0

Table 5.2: Directivity and SLL for the three design structures (see Figure 5.7) in the yz plane
(¢ = 90°) and the xy plane (0 = 90°) for four frequencies: 21, 22, 23, and 24 GHz.

(6 = 90°) cuts, in terms of directivity and SLL. Among the three designs, the best frequency
response is observed at 24 GHz in terms of directivity and SLL. Moreover, the directivity for the
three designs ranged from 9.5 to 13.0 dBi, and the SLL ranged from around -4.5 to -9.5 dB. De-
signs B and C exhibit slightly higher directivity than Design A, by about 0.5 to 1 dB. However,
regarding the SLL, it can be observed that Design A is slightly better than Designs B and C,
with a difference of approximately 0.8 dB. It can be noticed from Table 5.2 that the differences
between the three structures are not significant, and to reduce complexity in the structure, De-
sign A has been chosen for further study. To address the issue of other modes propagating from
the SIW horn to the ungrounded dielectric slab, which is a common problem in these kinds of
SWLs, Section 5.7 proposes an array structure with eight SIW horns to feed this ungrounded

dielectric slab with straight AV rows.

5.7 SIW Horn Array Feeding

To mitigate the presence of other modes observed in the single SIW horn and other SIW horns,
a series of eight SIW horn arrays were used to feed the ungrounded dielectric slab. As described

in the previous section, Designs B and C, which feature curved and curved straight AVs rows,
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Figure 5.12: (a) Top and (b) bottom views for the proposed antennas with an array of eight
SIW horns with AV sections.

respectively (see Figure 5.7), did not show significant differences, and this is related to the fact
that AVs are sub-wavelength so the different configurations did not alter the antenna radiation
responses significantly. This section will present the proposed design featuring straight AV
rows of the ungrounded substrate with eight SIW horns. These SIW horns will work in the
same phase to generate a uniform phase front SWs at the end of the structure, producing an
endfire beam pattern in the far-field and this results with higher directivity and low SLL. Figure
5.12 shows the top and bottom views of the proposed endfire antenna with eight SIW horns
and an ungrounded substrate with eight straight sections of AV rows. As previously stated,
the €,,,, steadily decreases from 10.2 in the SWLs to 3.3 before reaching the air region for a

smooth transition and low reflections.

Regarding far-field results, Figure 5.13 illustrates the simulated beam pattern for the proposed
design with a dense SIW horn array for a range of frequencies from 21 to 24 GHz in the y=z
plane (¢ = 90°) and the zy plane (6 = 90°). In general, the response exhibits good pattern
agreement among the frequencies in both planes. The directivity increases from 18.6 dBi at
21 GHz to a maximum of 21.3 dBi at 24 GHz. At 22 and 23 GHz, the directivity ranges between

approximately 19.4 and 19.8 dBi, respectively. It can be seen that the directivity significantly
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— Simulated Array with AV Rows at 21 GHz
—— Simulated Array with AV Rows at22 GHz
—— Simulated Array with AV Rows at 23 GHz
—— Simulated Array with AV Rows at 24 GHz

(a) )

Figure 5.13: Simulated beam pattern for different frequencies from 21 to 24 GHz in (a) the yz
plane (¢ = 90°) and (b) the xy plane (8 = 90°) for the proposed antenna with an array of
eight SIW horns with AV sections.

increases compared to the single SIW horn with Designs A, B, and C (see Figure 5.7), as
explained in the previous section. Compared to the single design, the SLL was enhanced by
around 2 dB in both planes, the yz and the zy. The SLL varies from -7 to -9.2 dB in the ¢ cut,
whereas in the 6 cut, the SLL goes from -8.5 to -10.8 dB.

Figures 5.14 and 5.15 show the simulated beam pattern for the proposed structure with SIW
horns arrays with ungrounded substrate with and without AV rows at 24 GHz. These figures
demonstrate that the design with AV sections reduces reflections and achieves a smoother tran-
sition for the fields, resulting in the generation of an endfire far-field pattern. The directivity
decreases from 21.3 dBi in the design with AVs to 20.2 dBi in the design without AVs. The
SLL exhibits a significant improvement in the yz plane (¢ = 90°), decreasing from -4.7 dB
in the design without AVs to -9.2dB in the structure with AVs rows. Moreover, in the zy
plane (6 = 90°), both designs exhibit nearly the same response with an SLL of approximately
-11dB. Naturally, it can be seen that the proposed design with ungrounded substrate and AV
rows achieves the same directivity and better SLL in the yz plane compared to the first proposed
structure with the ideal feeding using a large waveguide port (see Figures 5.4 (a), 5.5 (a), and

5.6).
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Figure 5.14: Simulated 3D patterns for the proposed antennas with an array of eight SIW
horns: (a) with AV sections, (b) without AV sections.

—— Simulated Array with AV Rows at 24 GHz
— Simulated Array without AV Rows at 24 GHz
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Figure 5.15: Simulated beam pattern in (a) the yz plane (¢ = 90°) and (b) the xy plane
(0 = 90°) for the proposed antenna with an array of eight SIW horns at 24 GHz with and
without AV sections. In the yz plane, the SLL are at -9.2 dB and -4.7 dB for the structures with
and without AV sections, respectively. Additionally, in the xy plane, the SLL for both structures
is-11dB.
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24 GHz
Design 1z plane xy plane
(¢ =90°) (6 = 90°)
Directivity | SLL | Directivity | SLL
(dBi) (dB) (dBi) (dB)
Large waveguide port
Design A (see Figure 5.4 (a)) 213 6.0 21.3 -13.8
Single SIW horn
Design A (see Figure 5.7) 12.0 76 120 9.6
Single SIW horn
Design B (see Figure 5.7) 130 78 13.0 9.4
Single SIW horn
Design C (see Figure 5.7) 129 7.6 12.9 2.0
Array SIW horn
Desgin A (see Figure 5.12) 213 92 213 -11.0

Table 5.3: Directivity and SLL for the designs structures with single and array SIW horn in the
yz plane (¢ = 90°) and the xy plane (0 = 90°) for the wanted frequency 24 GHz.

Y Y
| Top View | Bottom View

X (a) X (b)

Figure 5.16: Top and bottom views of the CST mesh calculation screenshot for the proposed
semi-transparent SWA structure.
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Table 5.3 provides a comprehensive overview of different proposed antenna designs that had
been presented through the chapter at a frequency of 24 GHz, focusing on their directivity
and SLL characteristics in both the yz plane (¢ = 90°) and the xy plane (8 = 90°). The
designs consist of different variations that feature large waveguide port feeding (with Design
A using AV rows (see Figure 5.4 (a))), single SIW horn feeding (with Designs A, B, and C
using AV rows (see Figure 5.7)), and an array of SIW horns feeding (with Design A using
AV rows (see Figure 5.12)). Generally, it can be noticed that the single SIW horn designs yield
lower directivity values yet provides reasonable SLL. This table shows that the large waveguide
port and the array of SIW horns (Design A) exhibit the highest directivity values of 21.3 dBi.
However, the large waveguide port experiences relatively higher SLL by 3 dB in the zy plane
but lower by 3.2 dB in the yz plane compared to the array of SIW horn. Therefore, it is clear
that the SIW horn array design is an improvement compared to the other examined structures.
Figure 5.16 displays the CST mesh calculation for the proposed SWA. It is evident that the
density of calculations increased in sections with smaller air vias diameters and decreased as

the diameter increased.

5.8 Summary

In this chapter, a planar optically semi-transparent endfire antenna operating at 24 GHz has been
presented. The design of the antenna is based on SIW technology, utilising efficient methods
for exciting the TMy SW mode. By employing an ungrounded dielectric slab with eight AV
sections, the endfire beam pattern has been achieved, ensuring smooth transitions and minimal
reflection in the air region. The process of feeding for this antenna involves multiple steps,
ranging from the theoretical ideal feeding to the practical implementation with both single SITW
horns as well as an array of SIW horns. In this chapter, three designs (Design A, B, and C) with
distinct feature arrangements for the AVs have been proposed for the ungrounded dielectric

slab.

The ungrounded dielectric slab has been fed by eight SIW horns, for the final SWA, which
resulted in a directivity of 21.3dBi and a SLL of -9.2dB in the yz plane, with the xy plane
reaching -11 dB. Additionally, all designs were compared based on their directivity and SLL
to highlight this successful design. Furthermore, to the researcher’s knowledge, no similar
design has been examined previously. Future work involves creating a microstrip line for the

SIW horns and implementing a feeding network for this array. The researcher also intends to
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manufacture the SWA and compare its actual performance with the simulation results.
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Chapter 6
Conclusion and Future Work

6.1 Conclusions

This thesis introduced innovative surface wave antennas (SWAs) specifically designed for Cube-
Sat and other small satellites. These antennas were engineered using concepts such as substrate-
integrated waveguide (SIW) technology, surface waves (SWs), and leaky wave (LW) principles.
The resulting antennas exhibited both quasi and full endfire beam patterns, providing a simple
approach for solar cell integration alongside high-gain performance. These configurations rep-
resent a significant advancement in the field of non-deployable CubeSat antennas by enabling
integration with the solar panel aperture while offering high gain and endfire radiation capa-
bilities, particularly at higher frequencies. The designs were supported by thorough theoretical
analysis, comprehensive full-wave simulations, and experimental measurements to validate the

SWA structures.

A comprehensive review of the literature and theoretical background was presented, exploring
the research landscape in the domain of small satellite antennas. Critical parameters such as
gains, sizes, and various antenna types were examined, along with the challenges inherent in
antenna design. These challenges include achieving high gain, expanding bandwidth (BW),
ensuring multiband capability, managing size and mass considerations, and achieving circular
polarization. These obstacles underscore the limitations in designing antennas for such applica-
tions. Moreover, important theoretical background information necessary for understanding the
developed designs was reviewed. This includes concepts like SIW technology and leaky and
surface-wave theories, which form the foundation of the antenna systems and set the presented
limitations. Additionally, complex theories such as the behaviour of SWs and LWs on planar
guiding surfaces are introduced, alongside the discussion of the transverse resonance technique

(TRT) applied to a grounded dielectric slab (GDS).

Table 6.1 presents a comparison of the three proposed designs with state-of-the-art endfire
SWAs. The table evaluates CubeSat unit size, operational frequency, maximum gain, solar

panel integration, and beam pattern position. The proposed antennas demonstrated in this thesis
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. Frequency Peak Gain Solar Panel .
Ref. Size (GHz) (dBi) Compatibility Beam Position
[145] 2U 22.0 17.0 No Quasi-endfire (83°)
[146] 3U 11.6 15.3 No Quasi-endfire (72°)
[147] U 9.0 19.1 No Quasi-endfire (70°)
[148] 10U 4.7 13.3 No Quasi-endfire (77°)
[149] 1U 12.0 9.0 No Quasi-endfire (60°)
[150] 1U 2.4 5.0 Yes Full-endfire (90°)
[167] 28U 5.0 10.2 (directivity) No Full-endfire (90°)
[168] 4U 114 19.8 No Full-endfire (90°)
Design 1 . °
(Chapter 3) 1U 18.0 12.1 No Quasi-endfire (70°)
Design 2 o
(Chapter 4) 3U 18.0 17.5 Yes Full-endfire (90°)
Design 3 . o
(Chapter 5) 1U 24.0 21.3 (directivity) Yes Full-endfire (90°)

Table 6.1: Endfire Surface Wave Antennas Comparisons

offer competitive size, operate at high frequencies, and achieve competitive gains, with solar
cells integrated via the AV section in Designs 2 and 3. Notably, Designs 1 and 3 (reported in
Chapters 3 and 5) are compatible with 1U CubeSats, similar to the antennas in [149] and [150],
but they operate at lower frequencies and offer lower gains. In contrast, other designs in the
table target larger sizes. Design 2, newly reported in Chapter 4, stands out for its comparatively
high gain, smaller size, and solar cell integration feature compared to other SWAs in the table.
Regarding beam position, which is a challenge for SWAs, Designs 2 and 3 achieve full endfire
radiation, a feat matched only by three other structures in the table: [150], [167], and [168].
Next, Section 6.2 will describe the key contributions of this research, while Section 6.3 will

outline future directions.

6.2 Key Contributions

This section briefly summarises the novelty of the work in terms of the three main contributions

achieved:
* Design, fabrication and measurement of a planar quasi-endfire SWA for operation at K-

band utilising SIW technology. This antenna is tailored for CubeSat and other small

satellite commercial missions, such as Earth and planetary observations or intersatel-
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lite links. This antenna provides high data rate capabilities for downlink communica-
tions. The fabricated SWA demonstrated a realised gain (RG) of 13.3dBi at 18.6 GHz,
exhibiting excellent agreement between simulated and measured beam patterns, with a
simulated total radiation efficiency of 93.4%. Additionally, determining the normalised
LW phase and attenuation constants by using results from CST and the Bloch analysis
method. Furthermore, the TRT was applied to the TEN circuit model to also extract LW

alpha and beta values.

Design, fabrication, and measurement of a truly endfire high-gain antenna tailored for 3U
CubeSats. This advancement involved introducing an AV section, describing a new dual-
layer structure through the distributed aperture principle, and employing TEN method-
ologies. Basically the antenna is fed by two leaky SIW T-junctions with a 180° phase
shift between them. To further optimise the endfire SWA, a series of matching sections
were introduced. Numerical modeling employed the TRT applied to a TEN, primarily to
ascertain the operating frequency of the SWA and extract the LW phase and attenuation
constants, with respect to the feeder. The series of matching sections serve as loads for
the SIW feeder, necessitating careful consideration of section lengths during the design
of the SWA. Additionally, Appendix C validates and extends the modeling approach to
higher millimeter-wave frequencies of operation, illustrating the versatility of the adopted
numerical model for upscaling the design. The structure becomes semi-transparent upon
the addition of the AV section, which can be positioned either above or below solar pan-
els, enhancing solar power harvesting capabilities. The measured prototype exhibited a
peak RG of 17.5dBi at 18.6 GHz, demonstrating excellent agreement between the sim-
ulated and measured beam patterns, along with high radiation efficiency exceeding 90%
and low SLLs and directive beam patterns oriented directly at the endfire position. This
design also supports high data rate capabilities for downlink communications, other small
satellite missions, or any scenario requiring a low-profile, non-deployable antenna design

with direct endfire radiation.

Designing a planar optically semi-transparent endfire antenna operating at 24 GHz. Based
on SIW technology, the design employed efficient methods to excite the TMy SW mode.
Utilising an ungrounded dielectric slab with eight AV sections, the antenna achieved an
endfire beam pattern, ensuring minimal reflections for radiation into the air region. The
feeding technique was also explored considering a single SIW horn as well as an array of

SIW horns. The proposed antenna with arrays of SIW horns demonstrated an impressive
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directivity of 21.3 dBi and exhibited a SLL of -9.2dB in the yz plane, while in the xy
plane, the SLL reached -11 dB.

6.3 Future Work

The proposed implementations offer numerous advantages but also hold potential for future
improvements and perhaps new CubeSat antenna missions. The following is a list of potential

future work for each system:

* In Chapter 3, this SIW T-junction planar launcher can be redesigned using substrates
with different permittivity, especially when considering operation at higher millimetre-
wave frequencies. This redesign could potentially achieve a truly endfire pattern, thereby
reducing side and back-lobe radiation and enhancing the forward directivity of the pat-
tern. Another method to enhance directivity, applicable in environments where space
industry constraints are not a concern, involves adding a reflector plate above the antenna
structure. This plate, with specific dimensions and distance from the antenna, would con-
centrate the SW fields toward the end of the structure. This configuration could result in

reduced side and back-lobe radiation and more efficient radiation in the endfire direction.

 In Chapter 4, further optimisation and co-design possibilities exist for this SWA, involv-
ing integration with solar cells and considering CubeSat placement. Additionally, other
designs could be pursued to assess both radiation and solar power harvesting perfor-
mances. Moreover, a potential enhancement of this structure includes the introduction
of CP in the CubeSat application. This can be achieved by integrating four single-layer
antennas, resulting in CP with high gain and solar cell integration. Addressing the feed-
ing issues and integrating circuit feeding for the millimetre-wave structures is also a vital

area for future research, preparing them for fabrication.

* In Chapter 5, the initial step involved designing a microstrip line feeding for the SIW
horns and establishing a feeding network for the array. Subsequently, the SWA needs
to be manufactured, and its actual performance should be compared with the simulation
results. Additionally, experimental tests need to be conducted on the antenna with solar
panels to evaluate both its radiation and solar power harvesting performance. Another
viable approach is to change the feeding from the SIW horns to directive SWLs, for

example [26]. This modification can enhance the compactness of the antenna, aligning
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further with CubeSat requirements. Moreover, achieving CP with this structure will add

more value and should that be needed, given the preferences in space communications.
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Appendix B
Transverse Equivalent Network Codes

In this appendix, the Wolfram Mathematica codes are reported. They were used to design
and assist in generating aryy and Sryy values for the surface wave antenna (SWA) structure
proposed in chapter 4. These codes are formulated based on the equations and visual represen-

tations detailed in Section 4.4.2.

Furthermore, Sections B.1, B.2, and B.3 encompass codes that provide guidance on computing
the Zgsnrs, Zsw, and Z 4y impedances. These codes are integral components of the Trans-
verse Equivalent Network (TEN) code, elaborated upon in Section B.4. This code can assist in
calculating the dispersive features for the LW field within the SIW T-junction. The employed

matching sections and air region act as a combined load to the feeder.

B.1 Calculating 75,5 Code

In this section, the code will use the transverse resonance technique (TRT) to calculate the phase
propagation constant (8syrs) for the sub-wavelength matching section (SMS). This value will
then be utilised in the code to determine the SMS impedance flowing (Zsnrs = Bus/wereo).

Here is an explanation of the Wolfram Mathematica code:

(x*Comments and Variables *)

Eo = 8.854%10"-12;(x Permittivity of free space=x)
muo = Pix4%10"-7;(x Permeability of free spacex)
eta = Sqrt[muo/Eo];(*Wave impedance of free space )
Er = 2.2; («xPermittivity of the dielectric %)

¢ = 1/Sqrt[muoxEo]; (xSpeed of light=)

lambda = 1/(freq*Sqrt[muoxEoxEr]);(* Wavelength %)
omega = 2%Pixfreq; (xAngular Frequency )

h = 1.575%x10"-3; (*The thickness of the dielectric *)
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(*Dimensions of the Subwavelength patches %)
DMS
GMS

3.485%10"-3; (xThe distance between patches*)

0.335%10"-3; («xThe gap between the patches*)
Eeff = (Er + 1)/2; («The relative effective permittivity =)
Etaeff = Sqrt[muo/(EoxEeff)]; (xThe effective impedancex)

(*Wavenumber in the substrate x)
K1 = omegaxSqrt[muoxEoxEr]; (% Wavenumber in the substrate x)

Ko = omegaxSqrt[muoxEo]; (*Wavenumber in the free spacesx)

(#Identifying the impedances for the regions )
Z00[Kz_] := KxO0[Kz]/(omegaxEo);
Z01[Kz_] := Kx1[Kz]/(omegaxEo*Er);

Kx0[Kz_] := Sqrt[Ko™2 - Kz"2];
KxI1[Kz_] := Sqrt[K1"2 - Kz"2];

(+TRE*)

Zp[Kz_] := (Z00[Kz]«Zg)/(Z00[Kz] + Zg)
Zup[Kz_] :=

Z01[Kz] ((Zp[Kz] + (I+Z01[Kz]«Tan[Kx1[Kz]=(h/2)]1))/(Z01][
Kz] + (I+Zp[Kz]+«Tan[Kx1[Kz]*(h/2)])));
Zdown[Kz_] := (I%Z01[Kz]*Tan[Kx1[Kz]*(h/2)]);

(#to identify the equation equal to O=x)
eqDisp[Kz_] := Zup[Kz] + Zdown[Kz];

fIn 18%1079;

KOp = 2#Pi*fIn+Sqrt[muoxEo]; (+*Wavenumber in the free spaces=x)

Kilp = 2%PixfIn*Sqrt[muoxEo*Er];(* Wavenumber in the substrate )

(xHere to make the function search nearby the initial \
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value , which needs to be identified with the proper mode TMOx)
Kzin = (1.23788 + (0.00000251457+1))*=KO0p;

(#Calculating the surface grid Impedance )

GammaMS = ((Klp*DMS)/Pi)xLog[1/Sin[(Pi*GMS)/(2+DMS)]];

ZgC = -1 (Etaeff/(2xGammaMS)); (+*Surface grid impedance*)

N[s = FindRoot[(eqDisp[Kz]/.{ freq —> fIn, Zg —> ZgC})==0, {Kz,
Kzin }]]

kzprova = Replace[Kz, s];

kzprova_norm = kzprova/KOp

Zms = kzprova /(2= Pi«fIn=Er«Eo) (*matching section impedance *)

B.2 Calculating Zs; Code

This section utilises the TRT to compute the phase propagation constant (Sgyy7) for the grounded
dielectric slab (GDS). This value was then used to calculate the impedance for the GDS using

the formula (Zsyw = Bsw /wer€,). Below is an explanation of the Wolfram Mathematica code:

(x*Comments and Variables x)
Eo = 8.854%107-12; («Permittivity of free spacex)

muo

Pi*4%10"-7; (+Permeability of free space=x)

eta

Sqrt[muo/Eo]; (*Wave impedance of free space )
Er = 2.2; (# Permittivity of the dielectric %)
lambda = 1/(freq=Sqrt[muoxEo*Er]); (+*Wavelength )
omega = 2%Pixfreq; (* Angular Frequency )

h = 1.575%x10"-3; (*The thickness of the dielectric %)

(*Wavenumber in the substrate )

K1 = omegaxSqrt[muo+«EoxEr]; (xWavenumber in the substrate *)
Ko = omegaxSqrt[muoxEo]; (*Wavenumber in the free spacex)
(+*TRE =)

eqDisp[Kz_] :=Tan[Sqrt[K1"2 — Kz"2]«h]*Sqrt[K1"2—- Kz"2]- Er=
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Sqrt[Kz"2 - Ko"2];

fln 18%1079;

KOp = 2#PixfIn+*Sqrt[muoxEo]; (xWavenumber in the free space =)

(*Here to make the function search nearby the initial \
value , which needs to be identified with the proper mode TMOx)
Kzin = 300;

N[s = FindRoot[(eqDisp[Kz] /. {freq —> fIn}) == 0, {Kz, Kzin}]]
kzprova = Replace[Kz, s];
kzprova_norm = kzprova/KOp

Zsw = kzprova/(2*PixfIn*Er«Eo) («The SW GDS impedance *)

B.3 Calculating 7, Code

To calculate Z 4y, the same code explained in Section B.2, with a modification can be used.
Instead of using the relative permittivity of the substrate €, replace it with the relative effective
permittivity €., , obtained by using Equation 4.13 for the AV section. Once you have generated
the phase propagation constant (54y/) for the AV section, you can calculate the impedance using

the formula (Zay = Bav /wer,; €0).

B.4 Generating oy and 51 using TEN Code

To calculate the dispersive feature iz and Sy, use the TRT as described in Section 4.4.2.
Prior to using the code below, ensure that the impedance values Zgprs, Zsw and Z 4y have
been obtained from the codes in the previous sections, labelled as B.1, B.2, and B.3. Once the

impedance values are available, the code can be used to generate cvryy and By .

(x*Comments and Variables *)

Eo = 8.854%10"-12; (xPermittivity of free space=)

muo Pix4+10"-7; (xPermeability of free space=)

eta = Sqrt[muo/Eo]; (%Wave impedance of free space=x)
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Er = 2.2; (* Permittivity of the dielectric *)
mur = 1;

lambda = 1/(freq=Sqrt[muoxEo*Er]); (+Wavelength )

omega = 2%Pixfreq; (xAngular Frequency %)

S1 = 5.33%x10"-3; (xLength of the PPW section )
S2 = 6.97%«10"-3; (xLength of the SMSx)

S3 = 68%10"-3; (xLength of the GDS section %)
S4 = 92.7%x10"-3; (xLength of the AVs section )

h = 1.575%"-3; (*The thickness of the dielectric %)

(*Wavenumber in the substrate *)

Ke

omegax Sqrt [muoxEo+Er]; (xWavenumber in the substrate )

Ko = omega*Sqrt[muo*Eo]; (*Wavenumber in the free spacex)

(x*Dimensions *)

a = 4.5%10"-3; (*PITCH for the PRSx)
d = 1%x10"-3; (*Diameter of the via=x*)
W= 5.67%«10"-3; («SIW Width=)

ZOTE[Kz_] := omegasmuo/Kx[Kz]; (+TE wave impedance *)
eta0 = 376.73;
eta = eta0=Sqrt[mur/Er];

ZO0TEM = eta=x(h/S1); (+TEM wave impedance *)

Cosphi[Kz_] := Kx[Kz]/Ke;

Kx[Kz_] := Sqrt[Ke"2 - Kz"2];

(#* Enforcing improper solutions )

Kx[Kz_] := Sqrt[(Ke"2 - Kz"2)] /; Im[(Ke"2 - Kz"2)] > O
Kx[Kz_] := -Sqrt[(Ke"2 - Kz"2)] /; Im[(Ke"2 - Kz"2)] <=0
(#* TNetwork =)
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Xa[Kz_] := (axCosphi[Kz]/lambda)x(Log[a/(2+Pixd/2)] +
0.601%(3 — 2«Cosphi[Kz]"2)*(a/lambda)"2);

Xb[Kz_] := (axCosphi[Kz]/lambda)+(2xPix(d/2)/a)"2;

XaUn[Kz_] := Xa[Kz]*ZOTE[Kz];

XbUn[Kz_] := Xb[Kz]*ZOTE[Kz];

(#* Transverse Resonance Method for the proposed structure )

ErAir = 1; («*The Permittivity of the Airx)

¢ = 1/Sqrt[muoxEo]; (xSpeed of light )

Lambda0 = c¢/freq;

BetaA = 2 Pi/Lambda0; (xBeta for air section )

Z0TM := BetaA/(omegaxEoxErAir);(«TM wave impedance for Air=x)

(xThe SMS impedances for the frequencies that we want, which)\
have been calculated using SMS impedance code =)

ZmsData = Import[”.csv”];

(«To get the Zms for the right frequency that we want)\

after we calculate it using SMS impedance code:*)

Zms := Transpose[{ZmsData[[ZF,2]]1}] )

(xThe SW impedances for the frequencies that we want, which)
have been calculated using SW impedance codex*)

ZswData = Import[”.csv”];

(xTo get the Zsw for the right frequency that we want)\

after we calculate it using SW impedance code *)

Zsw := Transpose[{ZswData[[ZF,2]]}]

(xThe AV impedances for the frequencies that we want, which)
have been calculated using AV impedance codex*)
ZswavData = Import[”.csv”];

(xTo get the Zav for the right frequency that we want)\
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after we calculate it using AV impedance code*)

Zswav := Transpose[{ZswData[[ZF,2]]}]

Zinl [Kz_] :=
Zswav # ((ZOITM + (I«Zswav+Tan[Kx[Kz]*S41))/(Zswav + (I+Z0TMz=
Tan[Kx[Kz]«S41)));

Zin2 [Kz_] :=
Zsw s ((Zinl [
Kz] + (I«ZswxTan[Kx[Kz]%S3]))/(Zsw + (IxZinl[Kz]*
Tan[Kx[Kz]%S31)));

Zin3[Kz_] :=
Zmsx((Zin2 [
Kz] + (I*Zms+*Tan[Kx[Kz]*S2]))/(Zms + (I%Zin2[Kz]=*
Tan[Kx[Kz]%S21])));

Zind[Kz_] :=
ZOTEM = (( Zin3 [
Kz] + (I+«ZOTEM=Tan[Kx[Kz]+«S1]))/(ZOTEM + (I%Zin3[Kz]=*
Tan[Kx[Kz]%S11])));

ZLL[Kz_] (I+Tan[Kx[Kz]*W]+*ZOTE[Kz]) - I%XbUn[Kz];

ZR[Kz_] (I
XaUn[Kz]*((Zin4 [Kz]) - I*XbUn[Kz]))/(I«XaUn[Kz] + (Zin4]
Kz]) - I«XbUn[Kz]);

(#to identify the equation that is equal to Ox)
eqDisp[Kz_] := ZL[Kz] + ZR[Kz];

127



Transverse Equivalent Network Codes

fin = 18%x1079;
KeCST = 2#Pix«fln*Sqrt[muoxEo=*Er];
KOCST

(#The value here has been calculated using Bloch Analysis*)

2+%PixfIn+Sqrt [muoxEo];

KzCST = (0.504 - I%0.01855)*KeCST;
KxCST = Sqrt[KeCST"2 - KzCST"2];
ZF = 1;

Kzin = KzCST; (xHere to make the function search nearby the \
initial value, which Bloch Analysis calculated %)

N[s = FindRoot[(eqDisp[Kz] /. {freq —> fIn}) == 0, {Kz, Kzin}]]
kzprova = Replace[Kz, s];

kzprova_norm = kzprova/KOCST
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Appendix C

Application to Millimetre-wave
Structures

This Appendix will provide a parametric study by using the adopted transverse resonance tech-
nique (TRT) for higher millimetre-wave frequencies of operation (see Figure C.1 and Table

C.1). Some brief full-wave simulations follow to demonstrate scalability of the dual-layer de-

sign using a commercial full-wave simulator (see Figures C.3 and C.2).
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Figure C.1: Numerical o and (3 calculations for the modelled SIW antenna feeder and loading

defined by the different SW guiding sections (see Figure 4.1). In particular, the normalised LW
phase constant 3 /kq is in blue and o /kyg in red: (a) original 18 GHz design, (b) validation
design 1 (55 GHz), (c) validation design 2 (77 GHz), and (d) validation design 3 (110 GHz).
These results show the complex solution of the TRE (see Equation 4.1) defined by the proposed

TEN as in Figure 4.4.
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Figure C.2: Simulated reflection coefficient versus frequency for the various microwave and

millimetre-wave frequency designs

— QOriginal Design (18 GHz)
Validation Design 1 (55 GHz)
Validation Design 2 (77 GHz)
Validation Design 3 (110 GHz)

Figure C.3: RG patterns in (a) the yz plane (¢ = 90°) and (b) the xy plane (8 = 90°) for the
various microwave and millimetre-wave frequency designs. Very consistent peak gain values

and patterns are shown, and all with low SLLs and radiation exactly at endfire.
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Design Original (see Tab. 4.1) | Validation 1 | Validation 2 | Validation 3
Frequency (GHz) 18 55 77 110
W, (mm) 79.50 26.23 18.70 13.07
Ls(mm) 212.32 73.89 52.62 36.81
S1(mm) 5.33 1.76 1.25 0.88
So(mm) 6.97 2.30 1.64 1.15
S3(mm) 68.00 22.45 16.00 11.18
S4(mm) 92.70 30.60 21.80 15.24
D 4;,-(mm) 2.00 0.66 0.47 0.33
Py (mm) 2.20 0.73 0.52 0.36
G(mm) 0.33 0.11 0.08 0.05
D(mm) 3.48 1.15 0.82 0.57
L(mm) 54.00 17.82 12.70 8.88
Ppprs(mm) 4.50 1.48 1.06 0.74
S’(mm) 3.17 1.05 0.74 0.52
d'(mm) 0.21 0.07 0.05 0.03
Wwc(mm) 5.67 1.90 1.33 0.93
P(mm) 1.93 0.64 0.45 0.32
d(mm) 1.00 0.33 0.23 0.16
Wsrw (mm) 6.99 2.31 1.64 1.15
Wp,(mm) 8.56 2.82 2.01 1.41
Ly(mm) 8.85 292 2.08 1.45
W, (mm) 4.85 1.60 1.40 0.80
L,(mm) 12.20 4.03 2.87 2.00
h(mm) 1.57 0.52 0.37 0.26
€-(mm) 22 2.2 2.2 2.2

Table C.1: Numerically Determined Dimensions for the SWA Considering the Original Design
& Three Other Validation Frequencies: 55 GHz, 77 GHz, and 110 GHz

Basically the design of three more SWA structures with different operational frequencies for
validation of the adopted modelling approach is reported herein. In particular, designs at

55 GHz, 77 GHz, and 110 GHz. All structures include 42 rows for the AV section and all other
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optimised structure dimensions are outlined in Table C.1. This parametric study is included to
illustrate the usefulness of the developed numerical modelling approach (previously outlined in
Sec. 4.4.2) which can speed up the design process. Basically, by applying the transverse equiv-
alent network (TEN) and solving the transverse resonance equation (TRE), whilst having some
baseline model information at 18 GHz which have been normalised to the guided wavelength
Ag (see Tables 4.2 to 4.5), the determination of the structure dimensions becomes significantly
less time consuming in terms of characterising the section lengths required to achieve o ~ (3 at
the desired frequency, and as compared to analogous full-wave optimisations in a commercial

simulator.

The plot of the numerical calculations for « and § of the four structures are depicted in Figure
C.1. It can be observed that o = (3 for the four SWA structures at about the desired frequencies:
18 GHz (i.e. the original design), 55 GHz (validation design 1), 77 GHz (validation design 2),
and 110 GHz (validation design 3). Simulated reflection coefficient values also show consistent
-30 dB impedance matching (or less) at these frequencies (see Figure C.2). Figure C.3 also re-
ports the simulated beam patterns for the original 18 GHz design as well as the millimetre-wave
structures. In particular, realised gain (RG) plots in the yz plane and the xy plane. The peak
RG for the 18 GHz design is 18.2 dBi as well as 19.0 dBi, 18.8 dBi and 18.8 dBi for the 55 GHz,
77 GHz, and 110 GHz designs, respectively. Other operational frequencies are possible, but the
motivation here is to show that the design and modelling approach for the SWA can be applied

to other frequencies as desired.
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Appendix D

Feeding Considerations and Practical
Implementation

In this appendix, additional details about the feeding considerations for the fabricated structure
(proposed SWA in Chapter 4) are discussed. Section D.1 presents various designs for microstrip
lines that can solve the practical two-port feeding problem for this SWA while keeping the
CubeSat standard size in mind. Moreover, Section D.2 shows the impact of the RF connector

on the beam patterns and reflection coefficient results.

D.1 Microstrip Line Feeder

Four alternative microstrip feedline configurations, distinct from the straight configuration,
were introduced to address the challenge posed by the dual-layer antenna arrangement when
accommodating RF connectors. This is necessitated by the shared ground for the two-layer
structure. Figure D.1 displays the straight microstrip line and the four other designs: the
spline, 10 mm 90° curve line, 20 mm 90° curve line, and full 90° curve line. These designs
added a length L)y, to the structure, with the straight microstrip line adding 12.2 mm, the
spline microstrip line adding 32.2 mm, the 10 mm 90° curve microstrip line adding 26.0 mm,
the 20 mm 90° curve microstrip line adding 36.0 mm, and the full 90° curve microstrip line

adding 54.7 mm.

The reflection coefficient versus frequency and electric field inside the substrate for different
microstrip line designs are presented in Figures D.2 and D.3. Figure D.2 shows that the spline
design has a shifted resonance at around 19 GHz and the worst response, while the full 90°
curve microstrip line has the best response, similar to the straight line. Figure D.3 shows that
the full 90° curve microstrip line has the best matching and most of the electric field transfers
to the SIW, while the spline design has inefficient electric field transfer away from the SIW. In
conclusion, based on these findings, it is recommend that the full 90° curve microstrip line be

considered for the dual-layer distributed aperture antenna reported in Chapter 4.
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[ List

ILMSL
(a) »

LMSL

(e)

Figure D.1: Possible microstrip line structures for the SWA, (a) straight microstrip line, (b)
10mm 90° curve microstrip line, (c) spline microstrip line, (d) 20 mm 90° curve microstrip

line, and (e) full 90° curve microstrip line.
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Figure D.2: Simulated reflection coefficient versus frequency for the different proposed mi-

crostrip line structures for the SWA.
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Figure D.3: Simulated electric field inside the substrate for the different microstrip feeding
considerations, (a) straight microstrip line, (b) 10mm 90° curve microstrip line, (c) spline

microstrip line, (d) 20 mm 90° curve microstrip line, and (e) full 90° curve microstrip line.

D.2 RF Connector

This section will examine how the RF connector and the small transition between the RF con-
nector and microstrip lines affect the performance of the system. Figure D.4 shows the sim-
ulated beam pattern for the dual-layer SWA design with 42 rows of AVs and 68 mm for the
length of the GDS and with straight microstrip lines, full 90° curve microstrip lines with and
without an RF connector in both the yz and xy planes. The results indicate that there is good
agreement between the three designs in the yz plane, but in the zy plane, the antenna with the
full 90° curve microstrip line with the RF connector experienced a rise in the SLL of 0.8 dB at

0° and 180° due to the added RF connector.

Figure D.5 displays the simulated reflection coefficient versus frequency for the dual-layer SWA
design with straight microstrip lines, full 90° curve microstrip lines with and without an RF
connector. The responses for each design are slightly different from one another. However, the

figure shows that all three structures are matched for the desired frequency.
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Antenna with Straight MS line
Antenna with 90° Full curve MS line

Antenna with 90° Full curve MS line with RF Connector

Figure D.4: Simulated beam pattern in (a) the yz plane (¢ = 90°) and (b) the xy plane
(6 = 90°) for the dual-layer SWA with 42 rows of AVs and 68 mm GDS dimension with straight

microstrip line, full 90° curve microstrip line with and without RF connector.

Antenna with Straight MS line
Antenna with 90° Full curve MS line
Antenna with 90° Full curve MS line with RF Connector
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Figure D.5: Simulated reflection coefficient versus frequency for the dual-layer SWA design.
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