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Two antennas got married on a roof.
The ceremony wasn’t much,

but the reception was excellent!

(unknown author)






Abstract

CubeSats are a type of small satellites (< 500 kg) that weigh several kilograms and consist of
multiple Units (U) measuring 100 x 100 x 113.5 mm?. CubeSats emerged as a low-cost alternative
to conventional large satellites, and have since demonstrated capabilities for communication,
Earth observation, technology demonstration and many other. Following their success in the
research and education domains, for which they were developed, CubeSats have attracted the

attention of industry thanks to their cost-efficient, yet promising, features.

The primary goal of CubeSats, as it is the case with any miniaturized satellite, is to reduce the cost
of orbital deployment. CubeSats are commonly launched as a secondary payload on large launch
vehicles. One or several satellites are placed in a dedicated deployment system, which typically
accommodates three CubeSat Units, and deployed with a loaded spring when the satellite is in
orbit. The deployment system strictly limits the dimensions of any features on the CubeSat

surface.

CubeSat antennas perform the same functions as antennas on conventional satellites, such as
telemetry and command, communication, navigation or inter-satellite links (ISL). However, most
traditional antennas for small satellites are not suitable for CubeSats due to the profile constraints
of the deployment system. Two approaches for antenna design are generally adopted. In the first,
one or several low-profile antennas are placed on the CubeSat exterior. In the second, deployable
antenna structures are used if the CubeSat platform does not offer sufficient dimensions. At low
frequencies, the additional space is required to achieve a good radiation efficiency, whereas at
high frequencies an increased antenna aperture provides a high gain. In any case, the stowed

volume of the antenna may not violate the profile limitation specified by the standard.

This thesis describes different antenna geometries, both low-profile and deployable, which
enable several communication aspects of an Internet-of-Things (IoT) constellation of 3U
CubeSats in the Low Earth Orbit (LEO). Wideband aperture-coupled patch antennas for TT&C
and data downlink in S and X bands are presented in the beginning. A thoroughly investigated
shielded-stripline feeding structure enables a wideband circular polarization (CP) with a
unidirectional radiation, and demonstrates capabilities such as interference suppression at
adjacent frequencies and efficient CubeSat integration. Patch-antenna arrays in L band are then
presented, which radiate several independent beams for the capacity increase of an IoT machine-
to-machine (M2M) communication system. The high permittivity of the antenna substrates lead
to a strong coupling to the 3U CubeSat structure, emphasizing the importance of the antenna

placement. Finally, different configurations of high-gain fixed-beam reflectarrays (RA) and



transmitarrays (TA) are for the first time proposed for CubeSat ISL LEO communications in K
band. Two novel unit cells are presented for RA and TA antennas, based on coupled loops and
aperture-coupled patches, respectively. An axially corrugated CP horn antenna is designed as the
feeding element for the arrays. A prototype of this antenna is fabricated using additive

manufacturing in aluminum.

The main novelty of the proposed solutions is in their electromagnetic performance, as opposed
to most CubeSat antenna designs where the mechanical design is the main achievement. The
presented antennas succeed to exhibit a wide bandwidth or a specified radiation under strict size
constraints. The performance of all antennas, presented in this thesis, is validated by agreements
between the calculation and 3D-simulation results and the VNA and anechoic-chamber

measurements of several prototypes.

Keywords: 3D printing, additive manufacturing, antenna, antenna array, aperture coupling,
CubeSat, feeding network, Internet-of-Things, inter-satellite link, nanosatellite, patch antenna,

reflectarray, satellite communication, transmitarray, wideband



Résume

Le CubeSat est une catégorie de petits satellites (< 500 kg) qui pesent quelques kilogrammes et se
compose d’'une ou plusieurs unités (U) mesurant 100 x 100 x 113,5 mm?. Le CubeSat est apparu
comme une alternative a faible colit aux satellites conventionnels et a depuis démontré ses
capacités de communication, d'observation de la Terre, de démonstration technologique etc.
Suite a son succes dans les domaines de la recherche et de 1'éducation pour lesquels il a été
développé, le CubeSat a attiré I'attention de I'industrie grice a ses capacités prometteuses et peu

coliteuses.

L'objectif principal du CubeSat, comme pour tous les satellites miniatures, est de réduire le cofit
du déploiement orbital. Les CubeSats sont généralement lancés en tant que charge utile
secondaire sur les grandes fusées. Un ou plusieurs satellites sont placés dans un systeme de
déploiement dédié, qui accueille généralement trois unités de CubeSat. Ils sont déployés avec un
ressort lorsque l'orbite visée est atteinte. Le systeme de déploiement limite strictement les

dimensions de tous les dispositifs placés sur le chéssis d'un CubeSat.

Les antennes pour CubeSats fonctionnent de la méme maniere que les celles des satellites
conventionnels : elles assurent la télémétrie et la commande, la communication, la navigation ou
les liaisons inter-satellites (ISL). Cependant, la plupart des antennes traditionnelles pour petits
satellites ne conviennent pas aux CubeSats a cause des contraintes de taille du systéme de
déploiement. Deux approches pour la conception d'antennes sont généralement adoptées. Dans
la premiére, une ou plusieurs antennes a bas profil sont placées sur la surface externe du CubeSat.
Dans la seconde, quand la plateforme CubeSat n'offre pas les dimensions suffisantes pour un bon
rendement a basses fréquences, ou pour un gain élevé a hautes fréquences, des antennes
déployables sont utilisées. Dans les deux cas, les dimensions de 1'antenne non déployée ne

doivent pas dépasser les limitations de volume.

Cette these adresse les géométries d'antennes minces et/ou déployables qui couvrent plusieurs
aspects de communication d'une constellation « Internet of Things » (IoT) de CubeSats 3U sur
orbite terrestre basse (LEO). La these présente plusieurs antennes patch a large bande excitées au
travers d'une fente dans le plan de masse pour la télémétrie et la commande (TT&C) ainsi que
pour la liaison descendante de données dans les bandes S et X. Une structure d'alimentation
triplaque blindée assure une performance a polarisation circulaire dans une large bande avec un
rayonnement unidirectionnel. Cette structure permet aussi la suppression des interférences dans
les fréquences voisines et l'intégration efficace dans un CubeSat. Des réseaux d'antennes patch

en bande L sont ensuite présentés, qui permettent de rayonner plusieurs faisceaux indépendants



pour l'augmentation de capacité d'un systeme de communication IoT. La permittivité élevée des
substrats d'antennes conduit a un fort couplage avec le chéassis du CubeSat 3U, mettant en
évidence l'importance du placement de I'antenne. Enfin, différentes configurations d’antennes
type «reflectarray » (RA) et « transmitarray » (TA) a gain élevé sont proposées pour la premiéere
fois pour la communication ISL en bande K pour les CubeSats. Deux nouveaux éléments unitaires
sont présentés pour les antennes RA et TA respectivement, basées soit sur des boucles couplées
soit sur des patchs couplés par une fente dans le plan de masse. Une antenne cornet corrugué a
polarisation circulaire est concue pour alimenter les réseaux. Un prototype de cette antenne est

réalisé en utilisant la fabrication additive en aluminium.

La principale originalité des résultats obtenus est dans la qualité des performances
électromagnétiques, contrairement a la plupart des études ol l'innovation se trouve dans la
conception mécanique des antennes. Les antennes développées possedent une large bande
passante pour une performance de rayonnement améliorée par rapport a I’état de I'art. De plus,
ces caractéristiques sont obtenues sous des contraintes géométriques strictes. Les performances
de toutes les antennes présentées dans cette these sont validées par la comparaison entre les

résultats numériques et les mesures de plusieurs prototypes.

Mots-clés : impression 3D, fabrication additive, antenne, réseau d'antennes, antennes excitée par
fente, CubeSat, réseau d'alimentation, Internet of Things, liaison inter-satellites, nanosatellite,

antenne patch, reflectarray, communication par satellite, transmitarray, large bande



Caxerak

CubeSat je TN HaHOCATEJIMTA KOjU Ce CACTOjU M3 3aMpPeMUHCKUX jeguHuna (U) auMmeH3uja
100 x 100 x 113.5 mm3. CaTeautu Tuna CubeSat npejcTaB/bajy €KOHOMHUYHY aJTepHATUBY
BEJIMKUX CaTeJIUTa U OJf CBOI HAaCTaHKa Cy JeMOHCTpUpajyd PyHKLUje Kao IITO Cy pajuo-
KoMyHUKanuje, potorpaducamwe 3emsbe, uth. Ha ocHOBY ycrexa y obJsiacTuMa o6pa3oBama U
UCTPaXKMBakha, 3a KOje Cy MPBEHCTBEHO HaMemweHH, CubeSat caTeNUTU CYy NPUBYKIU NaXKHy

WH/IYCTPHUjCKOT CEKTOPA 3axXBaJbyjyhu CBOjUM EKOHOMUYHUM, ajiu o6ehaBajyhuM ocobunama.

['J1aBHU pasJior 3a pa3Boj HAHOCATEJ/IUTA je CMakbeHbe TPOLIKOBA FhUXOBOT JIAHCHPakha Y OpOUTY.
CubeSat caTenuTtH ce Haj4yelihe JTaHCUPAjy KAa0 CEKYHAAPHU TOBap Ha BEJMKUM paKeTaMa. JeiaH
WJIM HEKOJIMKO CaTeJINTa, YKYIHe 3anpeMuHe A0 3U, ce mocTaB/bajy y clieldjajaH ofie/baK Koju
u3ballyje caTeJuTe NOMOhy onpyre Kajia JOCTUTHY oJiroBapajyhy op6uty. OBakBU CHCTEMH 3a

JIAaHCHpak€e CTPOr0 OTPAHUYABAjy MaKCUMaJIHe 103B0JbeHe AuMeH3Hje CubeSat caTenuTa.

AHTeHe Ha CubeSat caTenuTrhMa Bplle HCTe QyHKIMje Ka0 U aHTeHe Ha KOHBEHIIMOHAJHUM
catenutuMa. MehyTum, BehrHa aHTeHa 3a Jjpyre BpCTe MajIuX caTeJUTa HUCY oAroBapajyhe 3a
CubeSat catenvTe 360T PU3NYKUX OTpaHHUYEHA CHUCTeMa 3a JlaHcupawe. AHTeHe 3a CubeSat
caTeJIUTe ce MOTY OZeJIMTH y ABe TpyIe. Y NpBY rpyny cnajajy aHTeHe HUCKOT Tpoduia Koje ce
HaJlase Ha MOBPIIMHU caTeJUTa. AHTEHe Apyre rpylne KOPUCTe pa3IMyuTe BPCTe MeXaHU3aMa 3a
noBehamwe yKynHuX JUMeH3Uja aHTeHe. TakBo noBehame je HEONXOAHO Kako 6U ce OCTBApUO
3a/l0B0JbaBajyh cTemeH KOPHUCHOT JejcTBa WM JOOUTAK aHTeHe Ha HUCKUM WJHU BUCOKHUM

¢dpekBeHNMjaMa, peClIEKTUBHO.

OBa jucepTalyja ONUCYyje HEKOJUKO aHTeHa Koje oMmoryhaBajy pas/iuduTe pajuo-
KOMyHHKalMoHe ¢yHKUUje yHyTap Mpexe 3U-CubeSat catennTa y HUCKOj 3eM/bHHO] OPOUTH.
HeKo/IMKO MIMPOKOMOjaCHUX MUKPOTPAKACTUX aHTeHa V S U X QpeKBEHLIUjCKUM OICe3UMa,
CIIPEerHyTHX Ca BOJOM 3a Hallajarbe MyTeM Ipope3a, Cy NpejAcTaB/beHe Ha NoyeTKy. OK/I0oM/beHa
CTPYKTYpa 3a Halajake y TEXHUIIM aCUMeTPUYHUX TpaKacTUX BOAOBa oMoryhaBa KoJ aHTeHa
OBOT' THUIIA UIMPOKOIOjaCHY KpYXKHY IOJlapyU3alijy H3payeHUX Tajaca, I[OTHCKUBabe
uHTepdepeHLUje U3 cyceHUX GpeKBEHLUjCKUX oTcera U epuKacHy UHTerpanujy ca MeTaJHOM
CubeSat cTpyKTypoM. 3aTUM Cy Ipe/iCTaB/beHU HU30BU MUKPOTPAKaCcTUX aHTeHa y L oncery Koju
3paye HEKOJIMKO He3aBUCHUX CHOIOBA y LIMJ/bYy NoBehama KananuTeTa pajuo-KOMYHUKAILHOHOT
cucrteMa. Bucoka mepMUTHBHOCT CyICTpaTa HM3a3uBa jaKy CIOpery aHTeHa ca CTPYKTYypOM

caTesuTa, 300T Yera ce MoJ10XKaj aHTeHe Ha CubeSat CTPYKTYpH MOpa y3eTH y 063up.



[Mocnenwu Jieo oBe AucepTalyje MpejJiaxe HOBe KOHQUTypalllje aHTEHCKUX HU30Ba BEJIMKOT
nobuTka y K omncery 3a paguo-koMyHukauujy usmehy CubeSat catenuta, Tuna reflectarray u
transmitarray. Ilo jexaH esleMeHT je JM3ajHUpPaAH 32 CBAaKH O/ OBUX HU30Ba, HA 63U CIPETHYTHX
MHUKPOTPAKAaCTUX MeT/bU U MHUKPOTPAKACTHX aHTEHA CIPerHyTUX NmoMmohy mpopesa. KpyxHo
HoJiapycaHa JieBaK aHTeHa je [iM3ajHUpaHa cielupUIHO 32 Halmajarbe AaTHX HU30Ba. [IpoToTun

JIEBaK aHTEHE je HanpaBJ/beH NoMohy TexHUKe 3D mITaMIie aIyMUHH]YMCKOT IpalIKa.

E/leKTpoMarHeTcKe KapaKTEpPUCTHKEe aHTeHa ONHCAaHUX Yy OKBUPY OBe JHCepTaluje
Hpe/CTaB/bajy HUXOB IVIABHU HOBUTET, HAacynpoT BehuHu gocajammux CubeSat aHTeHa, YUju
JIOIPUHOC JIEXXHW y MEXaHWYKOM JAu3ajHy. OnucaHe aHTeHe HCIO0J/bAaBajy IIHPOKOMOjacHe
KapaKTEePUCTUKe YIIPKOC CTPOrUM OrpaHHUYehbUMa YKYTHUX AUMeH3Hja. [lok/1aname pesy/tara
HYMepUUYKUX NpopavyyHa U CUMYyJIallkja ca jeZITHe CTPaHE, Te MePekha Y aHEXOUYHOj KOMOPH MyTeM
BEKTOPCKOT aHAJIM3aTopa MpeXa ca JIpyre CTpaHe, IOTBphyje pasi CBUX aHTEHA NPeACTaB/bEHUX

y OKBUPY OBe AucepTalyje.

Ksbyuyne peum: 3D mrtammna, CubeSat, aHTeHa, aHTEHCKU HU3, Mebhy-caTeJuTcKa Be3a,
MUKpPOTpaKacTa aHTEHA, Mpexa 3a Hallajame, HAHOCAaTEJIUT, CaTeJUTCKe paJijio-KOMYHHUKalluje,

crpera nyTeM Ipope3a, TPAaKacTH BOJ, LIMPOKONOjaCHU
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Acronyms and Abbreviations

ADCS Attitude Determination and Control System
AR Axial ratio

COTS Commercial off-the-shelf

CP Circular polarization

DMLS Direct laser metal sintering

EM Electromagnetic

FEM Finite-element method

FN Feeding network

FSS Frequency-selective surface
FTBR Front-to-back ratio

GNSS Global navigation satellite system
IoT Internet of Things

ISL Inter-satellite link

LEO Low Earth orbit

LP Linear polarization

M2M Machine to machine

MoM Method of moments

PEC Perfect electric conductor

P-POD Poly-picosatellite deployer

RA Reflectarray

RHCP/LHCP Right/left-hand circular polarization
SO Space operations

SLL Sidelobe level

TA Transmitarray

TT&C Telemetry, tracking & command
U Unit

WG Waveguide
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1. General Introduction

1.1. The CubeSat Standard

CubeSat is a standard for modular nanosatellites, defined by the CubeSat Design Specification
(CDS), also known as the CubeSat standard [1]. A CubeSat is composed of multiple volume units
(U) 0of 100 x 100 x 113.5 mm?. The CubeSat size varies from 0.25U to 27U, and some common form
factors are shown in Figure 1.1 [2]. Strictly speaking, a nanosatellite is defined in terms of mass
(not volume) and implies any spacecraft with mass between 1 kg and 10 kg [3]. The two definitions
are sometimes misleading since CubeSats in general can have a mass from less than 1 kg to 30 kg,
but a majority falls within the nanosatellite mass range. The two terms are even sometimes

mistakenly used as synonyms, due to the popularity of the CubeSats in the recent years.

The CubeSat was invented in 1999, by Professor Jordi Puig-Suari of California Polytechnic State
University and Professor Bob Twiggs of Stanford University, as an academic project that allowed
graduate students to design and operate a small spacecraft [4]. The 100-mm cube was deemed
sufficient to accommodate basic satellite components - a communication payload, solar panels
and a battery. The first CubeSat was launched in 2003, and over 1000 CubeSats are deployed to
orbit to date, with over 80 destroyed in failures of launch vehicles [2]. The majority of CubeSats
were developed for academic and educational purposes until 2013, when the CubeSat number
starts growing rapidly, a majority being for commercial applications. The development cost of
early CubeSats was reduced by using commercial off-the-shelf (COTS) components for onboard
systems, and conducting only the most important space-eligibility tests. New CubeSats
increasingly use high-performance custom-made modules, which include communication,

propulsion, antennas, etc., specifically developed for certain missions [2].

CubeSats typically serve purposes such as Earth observation, IoT communication, amateur radio,
etc [3], [5]. They present a cost-efficient opportunity to validate a new technology or even perform
biological experiments in space [6]. Several countries used CubeSats as their first national
satellite. Two 6U CubeSats were successfully used in 2018 during a mission to Mars, with more

interplanetary CubeSats planned [7].
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10 2U 3U 6U 12U

Figure 1.1. CubeSat models with different common form factors.

The main motivation for the development of any nanosatellite is the cost reduction of the orbital
deployment. CubeSats are typically launched to Low Earth Orbit (LEO) as a secondary payload of
larger missions or from the International Space Station [3]. A CubeSat dispenser (or deployer)
system, called the Poly-PicoSatellite Orbital Deployer (P-POD), was developed simultaneously
with the CubeSat standard [1]. The system is an aluminum compartment that accommodates a
3U CubeSat (or multiple smaller form-factor satellites) with a hatch and a spring mechanism.
Following the hatch opening, the system deploys nanosatellites by simply ejecting them into orbit
using a loaded spring, located at the bottom of the compartment. Most modern dispensers
operate with a similar principle. The dispenser strictly limits the maximum feature dimension on
the spacecraft surface. Therefore, any deployable components (solar panels, antennas,
magnetometers) must be stowed within this volume during launch, with a typical profile margin

from 6.5 mm to 9 mm.

The total number of launched and announced CubeSats is presented in Figure 1.2, versus their
form factor. The first CubeSats were typically 1U. It was shown over time that a 3U CubeSat offers
a good compromise between the cost and the available volume for onboard components, making
it the most popular form factor to date. As the CubeSats in the recent years start to perform

functions that are more complex, the 6U size is also gaining in popularity.

1.2. CubeSat Antennas

Early CubeSats typically communicated in VHF, UHF and S bands due to good propagation
characteristics at those frequencies and the availability of COTS components and modules. Since
then, the CubeSat communication and other RF functions (e.g. RADAR) are increasingly
performed at higher frequencies reaching Ka band, with some demonstration missions for optical
communications [8]. The number of reported CubeSat communication modules versus the

operating frequency is shown in Figure 1.3.
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Figure 1.3. Number of reported CubeSat communication modules versus the operating
frequency band [2].

A known tradeoff is considered when selecting the communication frequency of a CubeSat
mission - lower frequencies generally offer a narrow bandwidth/low data rate and low path losses,
and vice versa. The CubeSat antenna dimensions, complexity and the achievable performance
also greatly depend on the frequency choice. Thus, the antenna type is a very important factor to
be taken into account during the mission design. Antenna dimensions are proportional to the
wavelength at the operating frequency. The antenna size normalized to the free-space

wavelength, also known as the electrical size, often determines what kind of radiation can be
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expected. Typically, electrically smaller antennas (< 4,) exhibit a wide beamwidth and low gain

values, whereas electrically large antennas (> 54,) radiate high-gain narrow or shaped beams.

The electrical size of an entire 1U CubeSat platform is approximately 0.051, to 124, from VHF to
Ka band, where CubeSats communication is performed. This suggests that the antennas, used
across this vast spectrum, will have very different geometries to conform to the CubeSat chassis
and achieve the specified performance. Typical antenna geometries, along with several exotic
examples, are presented in Figure 1.4 versus the operating frequency. The 1U, 2U and 3U CubeSat

dimensions are denoted in the figure for comparison.
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Figure 1.4. Examples of CubeSat antennas throughout the frequency spectrum. (Top, left to
right) Deployable dipoles [9], MarCO reflectarray and planar UHF antenna [7], patch-antenna
array [10], mesh reflector [11], one-meter reflectarray [12], ISARA [13]. (Bottom, left to
right) GOMX-3 turnstile and helix [14], COTS GNSS patch, CP patch [15], isoflux patch with
chokes and parasitic dipoles [16], patch-antenna arrays [17], bull’s eye antenna [18].
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The figure should be considered in combination with the number of communication modules in
Figure 1.3 to get an insight into the representation of certain antenna geometries. It is by no means
exhaustive, and more examples from the literature are presented throughout this thesis and
discussed in detail at the beginning of every chapter. Colored markers in the figure represent the
antennas developed in the scope of the thesis, where the colors correspond to the labels in

Figure 1.7.

A general trend is evident in Figure 1.4, with relatively small antennas in L and S bands, and an
increase in antenna size at the lower and higher frequencies. However, the size increase is driven
by different mechanisms at the two frequency extremes. Low-frequency antennas (dipole,
monopole, turnstile) require large dimensions simply to achieve a resonance with a good
radiation efficiency. On the other hand, the large antenna apertures for the high-frequency
antennas (array, reflector, reflectarray, etc.) compensate large path losses with a high gain or
provide narrow beams for applications like RADAR [11], [12].

The CubeSat in-orbit orientation with respect to Earth (attitude) is determined and maintained
by the attitude determination and control system (ADCS) [19]. The ADCS relies on sensors such
as sun sensors, star trackers, gyroscopes, etc., and actuators such as thrusters, momentum wheels,
moment gyros, etc. The process can be assisted by a purely passive attitude control using the
gravity gradient or the Earth’s magnetic field, depending on the specific CubeSat shape [20]. Early
1U CubeSats did not include an ADCS and they required near-omnidirectional antennas to
sustain the communication link, regardless of the orbital attitude. Modern, miniature types of
ADCS that are suitable for CubeSats achieve three-axis stabilization up to within 1°. Accurately
maintaining the CubeSat orientation is crucial for the utilization of directive antennas or arrays.

A comparison between the two antenna-ADCS scenarios is illustrated in Figure 1.5.

Without ADCS With ADCS
-
. U .
N—
Omnidirectional antennas Directive antennas

Figure 1.5. A comparison of two CubeSat communication scenarios - with or without ADCS -
and examples of associated antenna geometries.
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1.3. Objectives and Thesis Organization

1.3.1. Motivation and Objectives

The research in this thesis was done in collaboration with Astrocast - a Swiss start-up company
that builds and operates an IoT CubeSat constellation in LEO [21]. The company was founded in
2014 by the team that successfully developed and launched the SwissCube, EPFL’s 1U research
CubeSat, which holds the world record for the longest continuous operation of a CubeSat (over 10

years at the writing time of this thesis) [22].

The aim of the Astrocast network of CubeSats is to provide bidirectional, cost-efficient
communication to remote Earth areas in L band. The network nodes are 3U CubeSats, having
their long axis aligned with the orbital velocity vector, with a large face oriented towards Earth at
all times. Although this attitude is less advantageous in terms of passive stabilization with the
gravity gradient, it allows more planar antennas to be placed on the CubeSat surface facing Earth.
Each satellite is equipped with an accurate ADCS and a small propulsion module for maintaining
the attitude and the orbital velocity over time. The CubeSats inside the network are uniformly
distributed over several polar orbital planes. An inter-satellite link (ISL) is established by each
satellite with two adjacent satellites in the same orbital plane [23]. More details about the

configuration of the constellation can be found in Chapter 4.

The data is sent through the network using different frequencies, protocols and data rates [24].
The system is organized as shown in Figure 1.6. The CubeSats provide low-data-rate bidirectional
M2M L-band links to a large number of user terminals within their coverage area. Each CubeSat
radiates several independent beams through dedicated M2M transceivers, to increase the total
system capacity. The aggregated user data is then sent through a high-data-rate K-band ISL
among CubeSats within the same orbital plane. Once the data reaches the satellite, which has a
connection established with the ground station, the data is downlinked to the Earth using a high-

capacity X-band channel.

A separate Telemetry, Tracking and Command (TT&C) system, operating in S band, constantly
monitors and performs orbital station-keeping of the CubeSat constellation. The satellites are also

equipped with GNSS receivers, for accurate positioning.

Each of the described functions requires specialized antennas onboard every CubeSat platform.
The design specifications for individual antennas are drastically different, based on the
requirements of the corresponding functions. Circular polarization (CP) is used in all the
mentioned links. Other RF specifications include the operating frequency, radiation beamwidth,
maximum gain, impedance matching, and frequency bandwidths in terms of the return loss, gain
and axial ratio (AR).
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Figure 1.7. A sketch of the antennas presented in this thesis, placed on a 3U CubeSat.

The goal of this thesis is to propose novel antenna geometries, which satisfy the mentioned RF
specifications under the strict volume constraints of the CubeSat standard, primarily the thickness
limitation. Depending on the operating frequency, the size constraints have a different impact on
the antenna design in terms of the electrical size. The antenna placement on the exterior of the
satellite may in no case violate the thickness specified by the used dispenser system. Two types of
designs are considered, depending on the function - reliable and robust low-profile antennas on

the CubeSat surface for the critical functions such as TT&C, and deployable antenna arrays in
cases where additional gain is required.
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1.3.2. Thesis Outline

Each chapter of this thesis opens with a short literature review of the CubeSat antennas having the
same, or closely related, function and geometry as the designs presented in the chapter itself. The
3U CubeSat platform, considered for all the antenna designs in this thesis, is shown in Figure 1.7.
The figure indicates the locations of the antenna design within the thesis. The operating frequency
and the size of the antennas is also indicated in Figure 1.4 with the same colors as in Figure 1.7.

The thesis is organized as follows:

Chapter 2 presents several low-profile wideband CP stripline-fed aperture-coupled patch
antennas in S and X bands. A shielded asymmetric-stripline structure enables a wideband
element matching in spite of the CubeSat profile limitations at S-band frequencies [C1]. A detailed
study of the electric field inside the shielded-stripline cavity helped to explain the underlying
mechanisms for wideband operation, outlining a set of design rules for this type of antennas [J1].
The same approach is demonstrated on X-band aperture-coupled patch antennas and arrays,
having simpler feeding networks. It is further shown how the cavity resonances can be used to
suppress interference in an adjacent frequency band. The chapter proposes a novel integration

method of the aperture-coupled patch antennas into the CubeSat metallic structure.

Chapter 3 describes a patch-antenna system for CubeSat duplex IoT communication in L band
and proposes two- and four-element array configurations, where the elements are placed on the
metallic backside of deployed solar panels. The antenna system radiates several independent
beams to increase the IoT system capacity. The high-permittivity substrate, used for antenna
miniaturization, causes a strong coupling with the asymmetric 3U ground plane. The resulting
distortion of the radiation pattern demonstrated the influence of the antenna placement on the
CubeSat [C2]. The chapter finally presents a dual-band dual-fed stacked-patch antenna in L and
S bands, as means of optimizing the limited area on the CubeSat surface [C3]. Several feeding
networks are compared, showing that the choice of the feeding method does not significantly
affect the CP-gain bandwidth of the stacked-patch antenna.

Chapter 4 illustrates how a specific flying formation of the CubeSat network can be used to
simplify the conventional complex high-gain ISL antennas. Design requirements are discussed
for the considered CubeSat LEO constellation, in terms of the beam-scanning angle and the gain,
versus the total number of CubeSats and the antenna aperture efficiency. The chapter for the first
time proposes deployable fixed-beam reflectarray (RA) and transmitarray (TA) antennas for ISL

applications in K band. Several RA and TA configurations are presented for 3U CubeSats.

Chapter 5 presents the elements of the RA and TA antennas from Chapter 4 - two novel RA and
TA element geometries and a 3D-printed CP axially corrugated feed horn antenna. The
foundations of the element-rotation technique and the unit-cell simulation environment are
presented first. The coupled-loops RA element is then designed starting from the conventional

split loop, significantly improving the CP reflection bandwidth while not compromising the



1.3. Objectives and Thesis Organization

complexity [J2]. Furthermore, the slot shape of the previously reported aperture-coupled stacked-
patches TA element is modified, which allowed reducing the number of metallic layers from five
to three [J3]. Both proposed elements exhibit an excellent CP bandwidth with a very low profile,
which is one of the main prerequisites for CubeSat ISL applications. A CP feed chain is designed
as the feeding element of the RA and TA antennas, in which the axial corrugations improve the
off-axis cross-polarization, and a septum polarizer enables a dual-CP operation. The
measurement results of the horn prototype, fabricated using additive manufacturing in

aluminum, confirm the predicted performance [C5].

Chapter 6 opens with a description of the array synthesis and analysis procedures, based on the
simulation results of RA and TA elements and the feed horn presented in Chapter 5. Both
antennas exhibit a wideband high-purity CP radiation due to the element-rotation technique
used to achieve the phase shifting over the array surface. Instead of a known analytical formula, a
simple technique is used for the generation of the array geometry, eliminating the phase errors for
larger elevation incidence angles. The feed’s incident radiation on the array is combined with the
response of every unit cell to obtain the scattered fields on the array, which are then used to obtain
the far fields of the full array. The calculation results of the two 900-element RA and TA antennas
show 1-dB CP-gain bandwidths of ~6% with total antenna efficiency values exceeding 60%. The
antenna prototypes will be evaluated in January 2020. The measurement results of two smaller-
scale prototypes confirm the wideband CP performance of the RA and TA elements, in spite of the

sub-optimal aperture efficiency.

Chapter 7 concludes the thesis, outlines the main results and discusses the future trends and

challenges of CubeSat antenna design.

1.3.3. Research Projects

The work performed in the scope of this thesis was mainly funded by two Swiss Innovation Agency
(Innosuisse, former CTI) projects, with Microwave and Antenna Group (MAG) as the research
partner and Astrocast as the implementation partner. The aim of the first project, titled
CubeSatCom, was the development of low-profile wideband patch antennas in S and X bands for
TT&C and potentially for data downlink. The results produced during this project are presented
in Chapter 2.

The second, more encompassing project was organized in the same manner and resulted in the
development of the M2M antennas in L band and a case study on the K-band high-gain ISL
antennas. Chapters 3 through 6 present the main results of this work. Additional work was
performed in the scope of this project to help design several L- and S-band antennas for the first
two precursor missions and the first orbital plane of CubeSats developed by Astrocast. This work
is considered less interesting from a research point of view and it is therefore not included in this

thesis.
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The author of this thesis, together with the thesis supervisor, co-supervised several semester and
bachelor student projects listed below. The work for most projects was performed in coordination
with Astrocast and tackled several issues related to different parts of the CubeSat constellation.
The results of the student projects were not directly included in this thesis, although they often
helped the author of this thesis to get a better understanding of the problematics or served as the
starting point for future work. The students’ devoted work is greatly appreciated and it resulted in
a successful project in all cases. The project reports can be found in the corresponding references.

The student projects are:

[SP1] X-band Antenna for CubeSat Satellite - Joana Maria Llull Coll - 2016.

[SP2] L-band Antenna for CubeSats - Manuel Vonlanthen - 2017.

[SP3] Terminal Antenna for Space Applications in L band - Marina Ramos Cuevas - 2018.
[SP4] Isoflux Patch Antenna in X band - Carlos Megias Nufez - 2019.

[SP5] Patch Antenna Design for the EPFL Rocket Team - Alexandre Devienne - 2019.

For the duration of the doctoral studies, the author of the thesis was involved with several other
research projects, not directly related to the thesis topic. The results of the work are not included
here, since they are out of the scope of this thesis. Nevertheless, they served the author to get an

insight into each of the corresponding domains of antenna research. The topics include:

e SATCOM arrays - a project to design mechanically steered high-gain waveguide arrays in
Ku and Ka bands, to be fabricated using additive manufacturing techniques

e Implantable antennas - an initial study and a design of a cranial implantable antenna, to
be used as a part of a potential system for wireless extraction of brain signals [C6], [C7]

e THzsensors - design of dipole antennas and coplanar-waveguide baluns for VO2 sensors

at THz frequencies [C4]

10



2. Low-Profile Wideband CubeSat
Antennas

CubeSats require telemetry, tracking and control (TT&C) antennas to receive telecommand
signals from the ground stations and to downlink telemetry signals. As these signals are crucial for
the satellite operation, the TT&C antennas need to be reliable. In addition, the antennas need to
achieve a full spherical coverage to provide a link with ground stations regardless of the CubeSat’s

orientation, especially in the early stages following deployment.

A thorough review of existing designs and technologies is performed in the first part of this
chapter, showing a variety of different and innovative designs, for the frequency range spanning
from VHF to X band. A general trend is observed, where the antenna solutions exhibit an increase
in performance and complexity with the increase in frequency: from simple deployable
monopoles in UHF band to isoflux patch antennas in X band. The S-band frequencies seem to
show a large potential for compact and at the same time performant designs, suitable for
CubeSats. A number of solutions was proposed in the literature to tackle this trade-off for
conventional small satellites, usually lacking one or several aspects required for CubeSat

applications.

The goal of this chapter is to present a systematic design process and a detailed analysis of several
low-profile wideband antennas for CubeSats in S and X bands. An aperture-coupled patch
antenna is selected for this application, due to its wideband performance. The disadvantages of
an initial microstrip-fed antenna are addressed and the design is modified for the CubeSat
environment by introducing an asymmetric-stripline feeding network. After carefully
investigating the effects of the field distribution inside the stripline, a significant performance
improvement is obtained by a metallic enclosure of the stripline feed. The conditions and
limitations under which this improvement is possible are studied in detail. The resulting cavity
resonances can be harmful if they appear within the operating bandwidth. It is shown how the
same resonances can be used to suppress the radiation in an arbitrary adjacent frequency band.

The chapter further proposes an elegant method of integrating this type of antennas into the
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CubeSat chassis, reducing the antenna profile on the exterior of the spacecraft. The efficient
technique for performance improvement is finally implemented on patch elements and arrays in

X band, demonstrating its potential for antennas having simple feeding networks.

2.1. Review of CubeSat TT&C Antennas

The most commonly used orbital deployment system for CubeSats is the Poly-PicoSatellite Orbital
Deployer (P-POD), initially developed for the first CubeSats at Cal Poly [25]. The system is
essentially an aluminum compartment that fits a 3U CubeSat (or multiple smaller form-factor
satellites) with a hatch and a spring mechanism. Following the hatch opening, the system deploys
nanosatellites by simply ejecting them into orbit using a loaded spring, located at the bottom of
the compartment. The satellite orientation with respect to the Earth (i.e. satellite attitude) is
undefined immediately after the ejection and ADCS is activated at this stage. The purpose of the
ADCS system is to determine the current satellite attitude and rotate the spacecraft to a favorable

orientation using a set of sensors and a, respectively [26].

The TT&C systems are the first to establish the communication with the ground stations after the
orbital deployment. It is crucial for this link to be reliable, as it supports the attitude control
system, and therefore, all subsequent satellite operations depend on the success of this stage [26].
As it is also the case with many other satellite systems, the key system component is the antenna.
The fundamental goal of any TT&C antenna, or an antenna system, is to be able to communicate
with the ground stations, regardless of the satellite attitude. This is typically achieved through one
of the two approaches:

¢ Omnidirectional coverage by a single low-directivity antenna, or
e Sectorial coverage by a set of multiple, more directive, antennas placed on several

spacecraft faces [8].

The choice of a suitable antenna configuration depends mostly on the TT&C operating frequency.
As a rule of thumb, the lower-frequency systems use a single antenna, whereas several antennas
are used at higher frequencies, as their reduced size allows for multiple antennas onboard a
CubeSat. The antenna designs are compared in the following sections and sorted with respect to
the operating frequency. The designs include standard geometries, as well as several exotic,
specialized solutions. It should be noted that not all presented antenna solutions perform
exclusively TT&C functions, but are mentioned here since they accurately represent their
respective antenna classes, very often seen on CubeSats. Other than the examples presented in
this thesis, there exists a large and continuously growing number of publications which introduce

innovative solutions for modern CubeSat missions.
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2.1.1. VHF/UHF Bands

The frequencies of VHF and UHF bands have been the most popular choice for CubeSat
communication since the standard’s development [2]. For most early CubeSats, it was also the
only means of communication with the ground, and therefore included the telemetry and
telecommand signals. The CubeSat mission designers have traditionally selected these bands for
practical reasons: the good characteristics of the propagation channel and the availability of COTS
components operating at these frequencies. However, the free-space wavelengths at the VHF and
UHF radio bands, as defined by the IEEE [27], fall in the range from 300 mm to several meters. This
makes the design of an efficient radiator a challenging task, having in mind the 1U-CubeSat size

constraint of 100 mm.

To overcome this challenge, the deployable wire-based antenna structure is usually chosen [3].
Namely, the wire antenna is wrapped around the CubeSat or wound inside the spacecraft chassis
during the launch, conforming to the standard maximal dimensions. After the placement in orbit,
the antenna structure is deployed using a release mechanism, into its final, functional form. The

antenna geometries are typically in the form of monopole, dipole, turnstile, and helix antennas.

Among the first batch of CubeSats, launched in 2003, was the XI-1V satellite from the University of
Tokyo [28]. The CubeSat demonstrated the space use of a COTS camera and sent the data at
437 MHz (UHF). A linearly polarized dipole antenna is seen in Figure 2.1(a), as a wound wire at
the exterior of the CubeSat. To further simplify the design and reduce the cost, many early
CubeSats use an actual metallic tape measure as the antenna, due to its flexibility. One example
is the PhoneSat built by NASA Ames Research Center, shown in Figure 2.1(b) [29]. PhoneSat uses
the unmodified COTS smartphone and Arduino platforms, and communicates at 437 MHz (UHF).
The tape-measure monopole antenna is stowed inside the chassis and automatically deploys after
the CubeSat ejection. Two circularly polarized deployable antenna solutions are shown in
Figure 2.1(c) - a high-gain helix antenna and a turnstile antenna, mounted on a GOMX-3 CubeSat
from GOMSpace [14].

VHF/UHEF-dual-band antennas have also been investigated. In [30], the first and third harmonics
of a monopole antenna were excited at 130 and 390 MHz to obtain saddle-shaped and
hemispherical patterns, respectively. The physical structure of a passive attitude-stabilization
system of a 3U CubeSat was used as an antenna in [20]. A single-port dual-band performance was
enabled by physical band-stop filters positioned on the metallic strips. A highly-miniaturized

planar UHF antenna is presented in [31].

2.1.2. SBand

The S-band frequencies include the Space Operation (SO) bands (2.025-2.11 GHz uplink,
2.22 - 2.29 GHz downlink), and the Amateur-Satellite Service band (2.4 - 2.45 GHz, the so-called
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Figure 2.1. Deployable VHF antennas for CubeSats. (a) Stowed dipole antenna (left) and the
interior of the 1U XI-IV CubeSat (right) [28]. (b) Monopole tape-measure antenna on the 1U
PhoneSat, with a GPS patch antenna visible [29]. (c) High-gain helix antenna (left) and a
turnstile antenna (right) on a 3U GOMX-3 CubeSat [14].

13-cm band), allocated by the International Telecommunication Union (ITU) [24]. The SO bands
are widely used for TT&C purposes and the amateur band serves for the CubeSat data downlink.

Various types of planar antennas are popular in this frequency range due to their low profile and
reliability, as they require no deployment [3], [32], [33]. An inherent property of conventional
patch antennas is their narrow bandwidth, and a majority of CubeSat patch antennas operates at
a single frequency. Having a multiband or a wideband single-port antenna is an advantage, as the
total number of antennas required for duplex communication is reduced. If a wide impedance
bandwidth is achieved, it is another challenge to obtain good polarization properties across the
same bandwidth, typically in terms of AR for CP antennas. Other common antenna types for small
satellites include helix antennas and patch-excited-cup antennas [5]. These antenna geometries
are not appropriate for CubeSats in S band without significant modifications, as their profile is
significant compared to the CubeSat body.
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Due to their low profile, traditional patch antennas are inherently suitable for any CubeSat
operating in S-band. Very often, however, the conventional designs must be adapted for the
particular needs of a specific CubeSat mission. An example is the patch antenna system in [34],
where four LP patch antennas are sequentially excited to achieve CP. The antenna system is built
with a gap at its center to accommodate a camera lens, as seen in Figure 2.2(a). A dual-CP S-band
patch antenna, fed by a branchline coupler, is designed for CubeSats and presented in [35].
Capacitive coupling and a matching network based on chip inductors provide a dual-band

performance, both in impedance and AR.

A variety of other, low-profile antenna geometries are proposed for CubeSats in S band. A CP
crossed-dipole antenna for CubeSats, operating in the SO bands, is presented in [36]. This
antenna type normally requires a metallic reflector at a distance of Ao/4 to achieve a unidirectional
radiation pattern. In this case, an artificial magnetic conductor is placed close to the dipole
elements resulting in a significant profile reduction, while preserving a wideband performance.
The antenna prototype is presented in Figure 2.2(b). A miniaturized slot antenna system for
micro/nano-satellites in S band, shown in Figure 2.2(c), is introduced in [37]. The radiating slots

are highly integrated with the metallic surface and backed by a cavity inside the satellite.

2.1.3. X Band

The TT&C communication in X band is interleaved with the payload data in the Space Research
and Earth Exploration Services bands (7.145 - 7.235 GHz uplink, 8.025 - 8.5 GHz downlink), as
allocated by the European Cooperation for Space Standardization (ECSS) [38]. The increase in
frequency simultaneously allows a larger data rate and a greater freedom in antenna design, as
the wavelengths in this band are in the order of 40 mm. Two examples that demonstrate how this

freedom can be used are isoflux patch antennas shown in Figure 2.3 [16].

Figure 2.2. S-band CubeSat antennas. (a)Patch antenna array around a central camera
lens [34]. (b) Crossed-dipole antenna over an artificial magnetic conductor [36].
(c) Miniaturized slot antenna system [37].
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(a) (b)

Figure 2.3. X-band isoflux CubeSat antennas. (a) Patch antenna with 12 parasitic dipoles over a
corrugated ground plane [16]. (b) A miniaturized helix antenna [39].

Multiple crossed-dipole elements and deep concentric corrugations yield low AR values and an
isoflux pattern suitable for LEO satellites. Other designs include the miniaturized helix antenna
over a corrugated ground plane [39], various 2 x 2 sequentially-fed patch-antenna arrays [40], [41],
and other [42].

2.2. Antenna Design Requirements

The following sections describe the design procedure for a low-profile wideband antenna in S
band for 3U CubeSat applications. The initial design requirements are summarized in Table 2.1.
The specified frequencies cover the SO and amateur bands, previously mentioned in
Section 2.1.2. The designed antenna should simultaneously provide TT&C links at the SO
frequencies, and data downlink in the amateur band.

A sketch of a 3U CubeSat is shown in Figure 2.4, where the space allocated for the antenna is
indicated in gray. Throughout this thesis, the CubeSat body was modeled as a PEC box for
simplicity. The antenna surface of 100 x 100 mm? corresponds to a 1U-CubeSat face, making it
also suitable for CubeSats with a smaller form factor, such as 1U or 2U. Considering the low profile
requirement of 0.08 A0 at the lowest frequency, it is a challenging task to provide AR values smaller
than 3 dB over a 20 %.

It can be argued that the profile requirement does not comply with the CubeSat standard, which
defines the maximum feature thickness on the satellite surface to be 6.5 mm [1]. Considering the
large required bandwidth in this specific scenario, the implementation partner of this project was
prepared to back off the part of the chassis under the antenna until the standard is satisfied.
Furthermore, a novel method of antenna integration was described in detail in Section 2.6.1,

which reduces the antenna profile on the satellite surface.
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Table 2.1. S-band CubeSat antenna design specifications.

Property Value
Frequency [GHz] 2-2.45(~20 %)
Gain [dBi] >5
Beamwidth [°] >50
811 [dB] <-10
AR @ BW [dB] <3
Dimensions [mm3] 100x100x 12
2 a £
2 2 i
Y g 5= 3
Mengg N\ 100 . Sg S
I Yl 2 100 85 gz «g
~ 100 A : a2 a e <
: CubeSat 100 Design requirement
P 300 2 2.1 2.2 2.3 2.4
i Frequency [GHz]
(a) (b)

Figure 2.4. CubeSat antenna specifications. (a) Volume allocated for the S-band antenna on a
3U CubeSat. (b) Frequency requirements.

2.3. Microstrip-Fed Aperture-Coupled Patch Antenna

The low profile requirement naturally led to the choice of a patch antenna for this application.
The aperture-coupling feeding method was selected, due to the superior bandwidth performance
of that geometry, compared to other methods of patch-antenna excitation [43], [29], [30]. A
microstrip-fed aperture-coupled patch antenna was initially designed in order to test the
feasibility of covering the required bandwidth [C1]. A conventional LP microstrip-fed element was
first tuned for the desired frequency band. A square metallic patch was suspended above the thin
rectangular slot, under which a microstrip feeding line was placed perpendicularly. The circular
polarization is then achieved using a crossed slot and a feeding network based on T-junction
power dividers, quarter-wavelength transformers and phase-delay lines [C1]. The final antenna
geometry is shown in Figure 2.6(a). The design was carefully analyzed in several intermediate

models, presented in Figure 2.5, gradually increasing the feeding network complexity.

The thickness of a microstrip patch antenna and the dielectric permittivity of the substrate are key
factors that influence the antenna bandwidth. A low-permittivity Rohacell foam (&=1.08,
tan 8=0.0002) is used as the patch support, as a means of maximizing the bandwidth. For support

thicknesses roughly 0.1 A, and larger, it is not difficult to obtain a wideband performance of this
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Figure 2.5. Evolution of the microstrip-fed aperture-coupled patch antenna. (a) - (b) LP models.
(c) 4-port CP model.
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Figure 2.6. Microstrip-fed CP patch antenna. (a)Final antenna geometry. (b)Antenna
prototype. Antenna dimensions (in mm): L,=100, L,=48, L;=35, W=2, Liam:=23.64, Wiams=2.44,
We=1.5, stub=9.5, hprs=0.2, hoam=10, hs,,=0.508.

geometry. The support was then made as thin as possible, while preserving the wideband
matching. The radiating patch was printed on a thin layer of FR4 (g,=4.5, tan §=0.02) and Rogers
RT Duroid 5870 (&,=2.33, tan §=0.0012) was used for the feeding network and the ground-plane

slots.

It is important to distinguish the return loss of the radiating element from the return loss of the
entire antenna, including the feeding network. An example is a 4-element patch antenna array
from [34] and [10], where the same radiating elements were used with two different feeding

networks. This resulted in drastically different S,, parameters, seen from the antenna port, while
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2.4. Stripline-Fed Aperture-Coupled Patch Antenna

the element return loss remained unchanged. The matter should be investigated properly to avoid

attributing some aspects of the full-antenna S,; response to the radiating element.

Therefore, it was necessary to evaluate the return loss of the radiating patch itself for the given CP
excitation scheme. An intermediate 4-port model, seen in Figure 2.5(c), was created for that
purpose. The port excitation mimics the feeding network performance, and the active S-

parameters are calculated using:

4
a
active S,, = z Smn—n, m=1.4 (21)
n=1 G

where S,,, are the conventional S-parameters, and a, is the incident power wave at port n. The
active-S parameters give the power reflected at each port, with all ports excited in a desired way.
Only active-S,; parameter is presented in the simulated results, since the remaining ones show a

similar trend.

The simulated and measured performance of different antenna models from Figure 2.5 and
Figure 2.6 is presented in Figure2.7. The full antenna satisfies the impedance matching
requirement across the entire specified bandwidth. The low S;; values at the antenna port are a
consequence of multiple reflections inside the feeding network. The effect is illustrated in
Figure 2.8. Due to the specific feeding-network topology, the signals reflected at the patch arrive
with a relative phase delay of 180° at the T-junction. This corresponds to an odd mode at the
output ports of the divider and it is not supported due to symmetricity. Therefore, the signals suffer
full reflection and ultimately arrive to the antenna input with an undesired phase, degrading the
cross-polarization. This effect is mostly pronounced at frequencies of poor antenna matching,
which is evident from the similarity of the active-S, and AR curves. The AR deterioration is not
seen in other similar publications, since the available thickness in those cases is much larger,
improving the element matching [C1]. In our scenario, the poor antenna matching at the band

edges stems from the limited patch-support thickness.

The overall results show that this type of antenna geometry is an eligible candidate for CubeSat
wideband applications. However, the design must be further modified to address its drawbacks
and adjust it for our application, primarily improving the polarization characteristics over a wide
bandwidth.

2.4. Stripline-Fed Aperture-Coupled Patch Antenna

Beside the AR, another disadvantage of the microstrip-fed antenna described in the previous
section is a poor front-to-back ratio (FTBR) seen in Figure 2.7(d). The back lobe is caused by the
spurious back-radiation of the slot, and it prevents a simple antenna placement onto a CubeSat
surface. Furthermore, the microstrip-fed antenna is very sensitive to a proximity of a metallic

surface below the feeding network [C1].
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Figure 2.7. Simulation and measurement results of the microstrip-fed patch antenna [C1]. (a) S
parameters corresponding to structures from figures 2.5 and 2.6. (b) Broadside gain and AR.

(c) Radiation patterns.

Figure 2.8. Incident and reflected signal paths and their relative phase values.
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2.4. Stripline-Fed Aperture-Coupled Patch Antenna

Starting from the initial geometry, the feeding network was realized in stripline technology to
ensure a unidirectional pattern and isolate the feeding network from the satellite structure. The
spurious back-radiated power in the microstrip-fed model manifests here as a strong electric field
in the stripline. This effect greatly deteriorates the antenna performance, due to the reduction of
the power accepted and radiated by the patch, predominantly at the edges of the band. Under the
thickness constraints, a combination of methodsis required to achieve a sufficiently high coupling
from the feed lines to the radiating element, which will provide acceptable return losses. In
scenarios where a larger antenna thickness is available, only a subset of these modifications would

be sulfficient for a satisfactory performance [C1].

2.4.1. Enclosed-Stripline Feeding Network

As a first step, an asymmetric-stripline feeding network is designed. In this structure, the
electromagnetic fields are concentrated in the thinner, higher-permittivity dielectric, increasing
the power delivered to the patch [46]. A second radiating patch is added to improve the coupling

at the higher frequencies, without increasing the total antenna thickness.

Mode suppression techniques [47]-[49], e.g. shorting pins, were applied and studied in a large
number of cases to understand their influence the antenna operation. The electric field is
calculated inside the stripline of a 4-port antenna model, for different pin configurations.
Considering the strong electric field in the stripline, none of the configurations was beneficial for
the antenna operation in the required band. As seen, for instance, in Figure 2.9(a), where the pins
are placed close to the coupling slots, the electric field values drop rapidly towards the slot edges.
This non-uniform illumination of the slots reduces the coupling to the patches and consequently
yields poor active-S-parameter values in the band of interest. In general, any shorting
configuration that perturbs the electric field in the stripline, directly below the slot, also
deteriorates the S-parameters. This effect is evident in Figure 2.9(d). The stripline is shorted at the

corners, leading to a characteristic field pattern with a minimum at the center - below the slot.

Instead of suppressing the electric field in the feeding stripline, it is possible to utilize an
advantageous field distribution to boost the coupling. It was observed that the electric field
distribution directly below the slot determines the amount of coupling to the patch. The stripline
structure is then enclosed with metallic walls on all sides. The electric field inside a fully shielded
stripline, as shown in Figure 2.9(e), is favorable, since the large field strength under the slot boosts
the coupling to the patch above. This was a key modification that significantly improved the

wideband antenna performance.

2.4.2. Antenna Geometry and Performance

The antenna geometry is shown in Figure 2.10(a). The feeding network is modified by replacing

the simple T-junction dividers and quarter-wavelength transformers with Wilkinson power
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2. Low-Profile Wideband CubeSat Antennas

dividers. Unlike the T-junction dividers, Wilkinson dividers possess a high isolation of the output
ports, which prevents the signals reflected from the patch to travel to the opposite slot and pollute

the cross-polarization.

A prototype of the aperture-coupled stripline-fed stacked-patch antenna is shown in Figure 2.11.
The asymmetric stripline is composed of a Rogers RT/Duroid 5870 (g,=2.33, tan§=0.0012,
h=0.508 mm), on which the lines and coupling slots are etched, and a low-permittivity Rohacell
foam (&,=1.08, tan8=0.0002, h=2 mm). The same foam material is used as the patch support,
similarly as in the microstrip-fed antenna. The radiating patches are printed on a thin layer of FR4
(e=4.4, tan6=0.02, h=0.1 mm). In the first approximation, the metallic wall surrounding the
stripline is modelled as a metallic pin wall, with pin separation of 15.6 mm (0.11 Ag, where Ag is
the wavelength inside the stripline at 2 GHz). As the metallization is not feasible on the foam
material, shorting pins are soldered manually to the two ground planes. After the first Si;
measurements were done, the stripline with pins was additionally enclosed with a copper tape on

all sides. The individual antenna layers are attached with nylon screws.
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Figure 2.9. The complex magnitude of the electric field inside the feeding stripline for different
pin and shielding configurations at 2.225 GHz, and the corresponding active-S1 parameters.
(a) Densely placed shorting pins, spaced by 12.5 mm. (b) Shorting pins placed around the
coupling slots, spaced by 8 mm. (c) Open stripline. (d) Stripline plates shorted on the corners.
(e) Fully shielded stripline. (f) Corresponding active-S; parameters vs. frequency. The white
plusses and the hatched regions mark the pin and shielding locations, respectively.
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Figure 2.10. Stripline-fed stacked-patch antenna geometry. Antenna dimensions (in mm):
Le=100, L,x=49, Lyo=45.6, Li=34.7, W=2, Lwu=24.75, Wwi=0.75, W=1.49, stub=11.8, d,in=15.6,
hpra=0.1, hop=5, hvor=4, hsup1=0.508, heuro=2.

The simulation and measurement results of the antenna are shown in Figure 2.12. Simulated
radiation efficiency of the antenna is from 76% to 90.5% in the frequency band 2 - 2.45 GHz. The
highest efficiency values correspond to 2.1 and 2.4 GHz, which is coherent with the antenna
active-S; parameter. The antenna back lobe is effectively removed, as the measured FTBR is
higher than 30 dB. It would not be adequate to specify a total impedance bandwidth of the
antenna, as the measured S;; is mainly produced by the feeding network. Instead, it can be stated
that the antenna gain is larger than 5.9 dBi (3 dB less than the maximum gain) over a 27%
bandwidth, and the AR bandwidth of the antenna (AR<3 dB) is 32%.

The simulated performance of the feeding network itself is shown in Figure 2.13. By comparing
the return loss at the input port (Sss) with the return loss in Figure 2.12(a), it can be concluded that
the antenna input matching is mostly determined by the feeding network. The phase difference
between signals incident on any two adjacent ports is in the range from 82° to 99° along the whole
band.
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(d)

Figure 2.11. Stripline-fed stacked-patch antenna prototype. (a) Individual layers - the numbers
denote the order of assembly. (b) A detail of the SMA connector before enclosing the stripline
with a copper tape. (c) Antenna prototype (back view) with the soldered shorting pins and
copper tape visible. (d) Antenna prototype (front view) inside the anechoic chamber.

2.5. Stripline-Cavity Resonance Analysis

A rectangular cavity is formed by enclosing the stripline feeding structure, which exhibits cavity
resonances at certain frequencies. The resonances have a narrowband character, but are harmful
for the antenna operation and it is crucial that they do not appear within the operating
bandwidth [J1]. To illustrate this effect, the instantaneous electric field is simulated in the
enclosed-stripline cavity, at the resonance frequency and away from it, and shown in Figure 2.15.
Away from the resonance, the electric-field vector has an opposite direction at the opposite sides
of the slots. This difference creates an electric field along the slot itself, which strengthens the
coupling. The particular field distribution shown in the figure is a consequence of the feeding
required for a CP radiation. On the contrary, the electric-field vector at the resonant frequency has

a uniform direction across the entire cavity.
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Figure 2.12. Simulation and measurement results of the stripline-fed stacked-patch antenna.
(a) S parameters. (b) Broadside gain and AR versus frequency. (c) Radiation patterns.
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Figure 2.13. Simulated S parameters of the feeding network. (a) Magnitude. (b) Phase. Inset:
Port numbering of the feeding-network.
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The presented antenna has cavity resonances seen at the measured Si; curves of Figure 2.12(a).
The model with the pins has a lower resonance (1.84 GHz) compared to the model with both pins
and the copper tape (1.94 GHz), as the fringing fields increase the effective cavity size in the former
case.

A good practice is to allow a safety margin between the operating band and the cavity resonance.
If the cavity size is preserved, a higher permittivity substrate can be used for the feeding network.
This will increase the electrical size of the cavity, further reducing the resonant frequencies. These
resonances are not always visible in the simulation results due to the selection of the interpolating

frequency-sweep technique used in the EM software.

The electric field in the stripline cavity preserves the same distribution at frequencies above and
below the first resonance. This feature enables an equally good antenna operation on either side
of the resonant frequency. Therefore, the cavity size can be reduced, which will shift the resonant
frequency above the operating band. However, the cavity dimensions can be changed to a certain
extent. Figure 2.14(c) shows the active-S parameters for different cavity sizes. A cavity too large

will have a field distribution with low values at the slot location, as seen in Figure 2.14(a).

The consequence is a poor antenna matching at the higher edge of the frequency band, where this
effect initially appears. On the other side, the proximity of the walls to the coupling slot limits the
minimal cavity size. The electric field magnitude at the locations of slot edges is reduced in that
case, as seen in Figure 2.14(b). This effect is dominantly present at lower frequencies, where the

coupling to the patch is consequently deteriorated.

2.5.1. Interference Suppression in an Adjacent Frequency Band

A cavity size of 80 mm exhibits a resonance at 2.42 GHz, which can be seen Figure 2.14(c). At the
resonant frequency, the electric field distribution in the feeding stripline is dominated by the
cavity resonance. The electric field vector has the same direction at all locations in the stripline,
as seen in Figure 2.15. This electric field polarity is analogous to the non-radiating cavity
resonances in cavity-backed slot antennas, which is thoroughly studied in [50]. In our case, since
the slots are used for coupling to the patches, the field polarity at the resonance inhibits this
coupling. The energy is partly dissipated through dielectric and conductive losses in the cavity,
and partly reflected in the feeding network and dissipated in the resistors. All the combined effects

lead to areduction of the antenna gain at the cavity resonance.

If the cavity size is properly selected, the resonance can be placed at an arbitrary adjacent
frequency, leading to a reduced amount of received interference from that frequency band. The
effect of gain reduction is narrowband and does not affect the antenna performance in the
operating band. This feature is demonstrated in the design presented in the next section.
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Figure 2.14. The magnitude of the complex electric field vector in the shielded stripline at

2.225 GHz, for the cavity size of (a) 130 mm and (b) 60 mm, and (c) the corresponding active-S,;
parameters. Slot locations are marked with solid white lines.
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Figure 2.15. Instantaneous electric field magnitude inside the stripline. (a) 2.225 GHz (center

frequency). (b) 1.94 GHz (cavity resonance). Dominant electric-field vector directions are
marked in black.
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Both the field distribution and the resonances of the cavity must be taken into account when
selecting the cavity dimension. The range of viable dimensions depends mainly on the operating
bandwidth of the antenna - the larger the bandwidth, the less frequencies are available for the
suppressed band. This range can be modified by selecting a different combination of stripline
dielectrics. However, it is recommended that the ratio of their dielectric permittivities (2.15) and
the ratio of thicknesses (4) remain the same or larger. Otherwise, it will be difficult to achieve a
sufficient coupling from the feed lines to the patch. If both criteria are fulfilled, the antenna will

benefit from the field-distribution effects, without suffering from adverse resonances.

2.6. TT&C Antenna

The stripline-fed wideband antenna was modified to work as a TT&C antenna, at the ECSS
frequencies in S-band [J1]. The frequency band of interest for this design is from 2 to 2.3 GHz,
while the other design requirements remain unchanged. A small stripline cavity is selected and
the resonance frequency is shifted above the operating band. The total antenna dimensions are
then also reduced, which allows a greater flexibility of the antenna placement on the CubeSat. It
was seen that a satisfactory performance could be achieved with one radiating patch only. In
addition, the total thickness of the antenna is slightly reduced. The thickness can be reduced
further if necessary, while accepting a lower radiation efficiency, and thus, a lower antenna gain

at extreme frequencies.

The selected design has a cavity dimension of 78 mm, yielding a resonant frequency of
approximately 2.45 GHz. That frequency corresponds to the amateur-satellite service band, which
is very popular for CubeSat communications. If the antenna were to operate at the ECSS
frequencies only, the signals in the amateur band would present a significant interference and the

suppression of the received signal from that band would be an advantage.

The following sections present the antenna geometry, prototype construction, as well as
simulation and measurement results. Section 2.6.1 proposes an elegant method of integrating this
type of antennas into the CubeSat metallic chassis, which reduces the antenna extrusion on the

satellite surface.

2.6.1. CubeSat Integration

As it was discussed in Section 2.2, the antenna would significantly violate the total dimension
requirements, if it were to be simply placed on the CubeSat face. A very practical approach is to
integrate the antenna into the CubeSat by placing the feeding stripline inside the satellite chassis,
while keeping the patches on the exterior. The concept is illustrated in Figure 2.16. As a first
approximation, it is assumed that the CubeSat chassis is a hollow metallic box with a thickness of

1.2 mm. In this configuration, the satellite face on which the antenna is mounted acts as a ground
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2.6. TT&C Antenna

plane with the coupling slots, and the adjacent faces are used as vertical cavity walls. The second
stripline ground completely isolates the feeding network from the satellite interior. As the
coupling slots are cut in the metallic face of the satellite, they now have a substantial thickness
(1.2 mm) compared to the PCB metallization in the previous prototype (17 um). The influence of
the increased slot thickness can be partially neutralized by enlarging the slot width, or modifying
the slot shape. If the desired cavity size does not match the dimensions of the satellite face, such
as the TT&C antenna presented here, the antenna structure can be shifted towards one corner of
the CubeSat and the remaining cavity walls can be modeled as pin walls. This halves the required
number of pins, compared to the case where the antenna is positioned on the center of the face.
The cavity’s resonant frequency is then a function of pin-cage dimensions and can be altered,
while keeping in mind the potential problems outlined in Section 2.5.1. Furthermore, the
remaining part of the face remains available for other features on the satellite’s surface, or antenna
filters, diplexer, etc.

2.6.2. Antenna Prototype Construction

The TT&C antenna prototype was built using the same materials as in the previous model, and
integrated in a 3U CubeSat mock-up during the S;; and radiation measurements. The geometry of
the TT&C antenna, mounted on a CubeSat, is shown in Figure 2.17. The antenna was not
significantly modified compared to the previous design, safe for the fact that the power dividers
are tuned to the frequency of 2.15 GHz. A low-cost CubeSat mock-up was built using 1.2-mm-
thick metallized panels of FR4 epoxy. The panel edges are ridged and interlocked for a better
structural stability. The crossed-slot was cut in one of the long faces, where the antenna was to be
mounted. The individual antenna layers, before assembly, are shown in Figure 2.18(a). After the
structure was assembled, the edges and the slot were covered with a copper tape to electrically

connect the individual panels and provide conductivity on the slot’s vertical walls. The feeding

Figure 2.16. Aperture-coupled patch antenna on the CubeSat surface (top) and the same
antenna integrated into the CubeSat chassis (bottom).
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2. Low-Profile Wideband CubeSat Antennas

network was placed inside the CubeSat, against one of the corners. It was then attached to the
structure with ten metallic screws that formed the remaining two vertical walls of the stripline
cavity. The screws connect the two ground planes electrically, but also provide a mechanically
rigid structure. The foam and the patch were placed above the slot and fixed to the structure with

nylon screws.

The CubeSat mock-up was designed in such a way that the antenna can be placed on both the
large and the small CubeSat face. This is simply done by exchanging the two panels seen on the
left side of Figure 2.18(c), marked with letters ‘L’ and ‘S’. Figure 2.18(d) and (e) show the assembly
of the entire structure, with the antenna mounted on a large and small CubeSat face, respectively.
The SMA connector is placed vertically in both cases, at the inside of the CubeSat. In this
configuration, the measured return losses of this coaxial-to-stripline transition are smaller than -

22 dB in the frequency range of interest.

Lfoam

— FR4
Ihfoam Sl(’t\ Patch Foam

“ Duroid
Feeding network
\Nylon screws / .

Metallic screws CubeSat body

Connector

Figure 2.17. TT&C patch antenna integrated into a 1U CubeSat chassis. Antenna dimensions (in
mm): Lc=78, Lfoam=75, L,=50, L=39, Wi=3, dpin=13.2, hcam=8, tcs=1.2. The remaining parameters
have the same values as in Figure 2.10.
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(a) (b)

()

Figure 2.18. TT&C antenna prototype. (a) Individual antenna layers before assembly, bottom
view. Numbers indicate the stacking order. (b) Close-up view of the coupling slot covered with
conductive tape. (c) Panels of the CubeSat mock-up before assembly. Panels marked with ‘top’
and ‘side’ were interchanged during measurements. (d) Assembled patch antenna (back view).
(e) Antenna mounted on a large CubeSat face. (f) Antenna mounted on a small CubeSat face.
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2. Low-Profile Wideband CubeSat Antennas

2.6.3. Antenna Performance

The first set of measurements was performed with the antenna mounted on a large CubeSat face.
The antenna was afterwards moved to the small face, and all the measurements were repeated.
Figure 2.19 compares the simulation and measurement results of the antenna matching and
radiation characteristics. The beam tilt of 5° was observed for the antenna on a large CubeSat face,
caused by the ground-plane size increase. The small beam tilt does not pose a problem, since the
main lobe is a smooth function of the radiation angle. There was not a significant change in the
measurement results when the antenna was moved to the small CubeSat face. Therefore, the

presented results correspond to the antenna mounted on the large CubeSat face only.

There is a larger discrepancy between the measured and simulated responses, with respect to the
wideband antenna prototype. Most notably, the measured results show a shift of the cavity mode
towards the higher frequencies, as it appears at 2.55 GHz. The resonance effect also exhibits a
more-wideband character compared to the simulations. Several aspects of the low-cost mock-up
construction can be used to explain this difference: the copper tape used to provide the slot
conductivity, feed-slot-patch misalignment, material thickness tolerance, etc. Despite this, the
radiation patterns are in agreement with the simulations and the gain reduction at the cavity
resonance frequency is ~4 dBi, as seen in Figure 2.19. This reduction is not larger since the main

driving mechanism of the antenna is not the cavity mode, but the stripline feeding network.

The measured S;; parameter, shown in Figure 2.19, is below -15 dB at both ECSS bands. The
antenna beamwidth is 74° and 67° at 2 and 2.3 GHz, respectively, and the AR values are below 3 dB
across the entire radiation beamwidth, as seen in. Iflarger gain values are required at the edges of
the band, the single patch can be replaced with a stacked-patch structure, similar to the one in the

wideband antenna model.

2.7. X-band Antenna

In previous sections, it was shown how an enclosed-stripline feeding network can improve the
element matching and the overall performance of limited-profile aperture-coupled patch
antennas. This was demonstrated on several designs in S band, with rather complex feeding
networks. The purpose of this section is to show how this new technique can be used to boost the
performance of other antenna types, such as aperture-coupled antenna geometries with much
simpler feeding methods. A patch antenna for data downlink and telemetry in X band, described
in this section, represents this principle. The frequencies allocated for the purpose are the Earth
Exploration-Satellite service and Space Research frequency bands (8.025 - 8.5 GHz) [38].
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Figure 2.19. Simulation and measurement results for the TT&C antenna mounted on a long face
of a 3U CubeSat mock-up. (a) S11 parameter vs. frequency, for ¢=0°. Inset: antenna prototype
with visible metallic screws that form the cavity. (b) Broadside gain and AR vs. frequency.
(c) Radiation patterns in two orthogonal planes, at 2 and 2.3 GHz. (d) AR vs. angle, at 2 and 2.3
GHz.

2.7.1. Antenna Geometry

Since the early development of circularly polarized microstrip patch antennas, it was evident that
the bandwidth strongly depends on the antenna thickness and substrate permittivity, but also the
feeding technique. There was an effort over time to improve their inherently narrow impedance
and AR bandwidths, without compromising the simplicity of the feeding method. One proposed
solution was a single-feed CP patch antenna, coupled to a microstrip feeding line through a
symmetrical crossed slot in the ground plane [51]. The bandwidth was further optimized by
adding a second patch and introducing asymmetries in the coupling slot and the first patch [52]-
(55].

This geometry was a starting point for our design, which is shown in Figure 2.20. The antenna is
fed with a 50-ohm line realized in asymmetric stripline technology. The feeding structure and
materials are identical to ones used in the S-band antenna. The patch has a square shape, and the

unequal length of the orthogonal coupling slots introduces the 90° phase shift, required for CP
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Figure 2.20. X-band aperture-coupled patch antenna geometry.

radiation. As the wavelength in the desired band is ~36 mm, the limitations for the antenna profile
are less stringent, and the total thickness of the structure is less than 0.15 A, at 8 GHz.

The initial antenna designs were performed using an open (unshielded) asymmetrical stripline in
the feeding part. A prototype of the design was built and evaluated. The measured impedance
bandwidth was larger than 20%, but the cross-polarization levels were higher than specified. A
detailed study of the first prototype, including the simulation and measurement results, can be
found in [56].

2.7.2. Simulation Results

After the successful performance improvement in S-band antennas by the stripline enclosure, the
same technique was applied here. A PEC wall was added around the stripline in the simulation
model, and the antenna was slightly retuned. To get a better understanding of how this

modification influences the antenna operation, three designs were compared:

e Microstrip feeding
e Open stripline feeding

e Enclosed stripline feeding

Apart from the feeding-network technology, all the design parameters remain identical in the
three models. Their performance is compared in Figure 2.21. Microstrip model is matched at the
entire frequency band, exhibits low AR values, but has a back lobe due to the radiation of the open
slot. Adding a second ground plane in the open-stripline model improves the FTBR, but
deteriorates the AR. An enclosed-stripline model takes the best from both worlds, having at the

same time a similar polarization to the microstrip model and a unidirectional radiation pattern.
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Figure 2.21. X-band patch antenna - the performance of its three variations. (a) S11 parameter.
(b) Broadside gain and axial ratio vs. frequency. (c) Radiation patterns.

A cavity resonance is evident in the enclosed-stripline model at 7.2 GHz, indicating that the
antenna operates above the first resonance. Following the analysis in Section 2.5, the cavity
dimension must be carefully selected in order to have a beneficial field distribution in the
stripline, across the entire operating bandwidth. To give an example of an improperly sized cavity,
the stripline dimension was increased and the field was calculated inside the stripline in the
original and larger models. The plots in Figure 2.22 show the field distribution for the two cases.
For the correct cavity size, electric field is focused below the slot. The field distribution of the larger
cavity gradually changes over frequency, until the second higher-order resonant mode at 8.8 GHz.
The coupling to the radiating patch is consequently inhibited and a full reflection occurs at the
resonant frequency. The first resonant mode of the larger cavity is lower than the displayed range
of S parameters. It should also be noted that the plotted fields are normalized for clarity and that
the maximum field strength at the resonant frequency is an order of magnitude higher.
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Figure 2.22. (a,c,d) Electric field distribution inside the feeding stripline of the X-band antenna
and (b) the corresponding S parameters.

2.7.3. 4-Element Antenna Array

The small antenna dimension allows for an array of X-band patch antennas on a CubeSat, and the
designs in the literature usually come in the form of 2 x 2 arrays. Although the radiation
beamwidth is reduced in an array, and consequently the duration of the link with the ground
station, shorter high-data-rate bursts are possible due to an increased antenna gain.

A 4-element array was constructed using the previously described element. The sequential
rotation technique was used as a means of improving the AR [57]. Various types of corporate and
serial feeding networks were designed for the four-element array. Finally, a serial FN with a
minimal line length is presented in this chapter. The characteristic impedance of the feeding
sections were modified to obtain matching of the entire structure [58], [59]. As there is no unique
solution to this problem, the authors of [58] used a global optimization algorithm to solve for
characteristic impedances. The result of this optimization process was directly implemented here
and the line dimension were tuned for our specific stripline technology. The geometry of the full
array is shown in Figure 2.23. The four stripline sections are isolated with vertical PEC walls,
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except for a small opening for feeding lines. Similarly as in[60], the openings are small enough not
to perturb the field distribution below the slots, and large enough to allow the TEM mode of the
stripline to pass through. Instead of PEC walls, the stripline sections/cavities can be built with

columns of shorting pins in an antenna prototype, as in the S-band prototype.

The simulation results in Figure 2.24 show that the AR bandwidth of the array easily covers the
required frequencies. The results imply that a smaller patch element, with a higher permittivity
dielectric, can be used inside such an array, with the performance still satisfying the design

specifications.

2.8. Summary and Discussion

Several wideband low-profile antenna designs in S and X bands are presented in this chapter. The
antennas perform the TT&C as well as data downlink functions, in the case of the first S-band
antenna. A TT&C antenna and the system as a whole are identified as the crucial satellite
component, upon which every subsequent operation depends. For this reason, no deployable
structure is used for the antenna geometry, with the high reliability in mind. Considering the
electrical size of a CubeSat at S-band frequencies, it can be seen that the available space on the
spacecraft surface is strictly limited. Having a single-port multi-band antenna efficiently
optimizes the usage of the sparse real estate onboard, simplifies the antenna placement, and
eliminates the cross coupling between several antenna elements.

&—
Yy

Stripline wall

Port

Figure 2.23. X-band series-fed aperture-coupled patch antenna array. The line sections have a
90° phase delay and the characteristic impedance values are taken from [58].

37



2. Low-Profile Wideband CubeSat Antennas

T T T T T T

L] g Gain element //_—\
Gain array
---- AR element
AR array

S|, parameter [dB]
[dB]

7 7.3 76 7.9 8.2 8.5 8.8 7 73 76 7.9 8.2 85 8.8

Frequency [GHz] Frequency [GHz]
(a) (b)

270°

Figure 2.24. X-band antenna array performance. (a) S11 parameter. (b) Broadside gain and axial
ratio vs. frequency. (c) Radiation pattern.

Therefore, the S-band antennas are designed to cover several (up to three) frequency bands
simultaneously. The CubeSat antennas in S band are traditionally simple, robust, and
narrowband, in line with the design complexity of early systems. As new technologies become
available regularly, and CubeSat capabilities improve, there will be an increased demand for high-
performance wideband antennas.

In the antenna design process, special attention is paid to distinguish the S,; parameter of the
antenna element and that of the entire antenna, including the feeding network. The difference is
otherwise well known in the antenna community, but often not clearly explained in publications
on CubeSat antennas. Therefore, it is emphasized in this chapter.

The aperture-coupled patch-antenna geometry maximizes the bandwidth in the allocated
volume for the antenna. Beside the bandwidth, another key requirement is the unidirectional
radiation pattern, which allows a seamless antenna placement on the CubeSat structure. The
initial feeding network was modified from microstrip to stripline, removing the back radiation,
but leading to a set of problems related to the field distribution inside the feeding stripline. After
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a series of attempts to suppress the electric field inside the stripline with shorting pins, it was
observed that the magnitude of the electric field below the coupling slot is the driving mechanism
of the antenna. This magnitude is then maximized, by shielding the stripline on all sides, resulting

in wideband impedance, gain and AR performance of the antenna.

The stripline shielding forms a resonant cavity. At the cavity resonance, unlike at other
frequencies, the field distribution inhibits the coupling to the patch and traps the energy inside
the stripline. By properly sizing the cavity, the resonance can be moved outside the operating
bandwidth. The antenna preserves its performance for a large range of cavity dimensions, given
that the resonance is sufficiently far from the working frequencies. A set of rules is presented for a
correct selection of the stripline cavity dimensions that yield a good performance. The harmful
resonance effects can further be used to reduce the radiation at the resonant frequency, thus

suppressing the interference in an arbitrary adjacent band.

A novel method of integration into the CubeSat is proposed for this type of antennas, where the
feeding network is placed at the CubeSat interior, and the patches at the surface are excited
through coupling slots, cut in the metallic chassis of a CubeSat. This approach significantly
reduces the total antenna thickness on the surface of the CubeSat. Although the profile of the
antenna structure is still larger than what the CubeSat standard specifies, it is deemed necessary
for the given set of requirements. The problem can be alleviated by a recess of the CubeSat face

on which the antenna is mounted.

The stripline-shielding method is applied in the case of the S-band antenna with a rather complex
feeding network. In the last section of the chapter, the method is demonstrated in the case of an
X-band patch antenna and, having a single feed line and an asymmetric coupling slot. The
purpose of this section is to show the potential of the described principle for stripline feeds with
simpler geometries. The same effects are observed in the obtained results as in the previous
designs, confirming the presented analysis. A four-element array of sequentially rotated patch
antennas is designed using the described patch-antenna element. The performance of the patch

array makes it suitable for wideband high-speed CubeSat communication.

In the cases of both single elements and antenna arrays, a foam layer in the feeding network
complicates the fabrication procedure, since no metallization is possible on the foam material.
Instead, this layer can be replaced by a low-permittivity substrate, such as Rogers Duroid 5870.
Following the rules outlined in Section 2.5.1, the second substrate of the feeding network must
then be also replaced by a higher-permittivity substrate, for efficient focusing of the electric field
close to the coupling slots. Such modifications require the complete redesign of the feeding

network, which is not performed here.
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3. L-band Antenna System for
CubeSats

When a CubeSat’s initial attitude is determined, the spacecraft is oriented to the flight position by
the ADCS. The system afterwards continues to monitor and correct the attitude, allowing the
payload (downlink and/or uplink) antennas to be facing the Earth at all times. This capability
enables high-performance CubeSat antenna designs with an increased directivity or even shaped
beams. Planar antennas or antenna arrays are a good candidate, since their narrower beamwidth
is not a limiting factor in this scenario. If, however, a lower communication frequency is selected
(L, Sbands), a 3U CubeSat offers a very limited surface for antennas, much less arrays. Therefore,
various miniaturization techniques must be applied during the antenna design in order to fit the

low-frequency antennas on a CubeSat face.

Another alternative is to use the surfaces allocated to the solar cells and integrate the antenna
radiating elements with them. The degree of integration depends on the relative position of the
antenna and solar cell elements: one above the other, in the same level, or on opposing sides of
deployable wings. A larger degree of integration presents an increased difficulty of preserving a

good performance of both functions - radiation and power generation.

A combination of the two approaches is used in this chapter to design an antenna system for full-
duplex communication in L band [C2]. Miniaturized antenna elements are placed on either the
CubeSat body or the Earth-facing side of deployable solar panels. In the first stage, a single patch
antenna per frequency band is designed. The high-permittivity substrate reduces the antenna
size, but also causes the antenna to couple to the CubeSat chassis, distorting the radiation pattern.
The effects of the pattern distortion are considered in detail for an arbitrary antenna placement
on a 3U CubeSat body or deployable solar panels.

Antenna arrays are created in the following stages, using the designed patch antennas as array

elements. The arrays radiate first two and then four tilted CP beams for an increased capacity of
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the communication system. The sequential rotation of dual-band Tx/Rx LP antenna elements is
used to generate CP radiation while halving the required number of antennas. Alternatively, the
L-band antennas are combined with S-band elements as another way of minimizing the surface

required for antennas on a CubeSat [C3].

The chapter opens with a short literature review on the planar antennas for solar cell integration.
Although the integration level considered in this thesis is rather low, it was deemed necessary to
compare the different approaches here, in order to show the difficulties and efforts associated with
this task.

3.1. Review of Solar-Panel-Integrated Antennas

The CubeSat onboard power is limited and most of today’s CubeSats have a majority of the surface
covered by the solar cells, including the deployable solar-panel wings (see, for example,
Figures 1.4 and 2.1). The power requirements lead to a contest for the precious satellite real estate,
between the solar cells, antennas, sensors, and other features on the spacecraft surface. To
overcome this challenge, several different attempts were made to combine the solar cells and
antennas on the same surface, with an aim of maximizing the efficiency of both individual
components. There are several ways of how antennas and solar cells can coexist on a common

surface, depending on the spacecraft section:

e Satellite body:
o Antennas below solar cells
o Antennas and solar cells at the same level
o Antennas above solar cells

e Deployable wings:

o Antennas on the back side of solar cells (this thesis)

A detailed comparison of the possible integration configurations versus various antenna types

and geometries are given in [61] alongside several demonstrated implementations.

Several examples are shown in Figure 3.1. Three variations of modified patch antennas, placed
above and below the solar cells, are presented in [62] for CubeSat communication in UHF and S
bands. One of the presented designs is a transparent patch antenna, where both the patch and the
ground plane are made of a gridded conductor on a glass substrate. The entire design is to be
placed on top of the solar cell with a minimal impact on the cell performance, due to a large
antenna transparency. The CP performance was enabled using two sequentially rotated dual-
band LP elements. A similar technique was adopted in [63] for the reflectarray elements on top of
solar cells. A tradeoff between the metallic conductivity (copper or transparent conductors) and

the optical transparency was demonstrated.
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The described techniques are useful for scenarios where it is necessary to optimize the usage of
the satellite body. Moreover, similarly as in conventional satellites, CubeSats usually have one or
several deployable solar panels as a source of additional power supply. In LEO, the solar cells are
placed on the panel sides facing away from Earth. This leaves the panel surface facing Earth
available - ideal location for Earth-communication antennas. This feature was used in [13] to
create a structure that contains a reflectarray on one face of the deployable panel and solar cells

on the other, with a metallic ground completely isolating the two components.

Combining the two functionalities does not come free, as the total structure thickness must be
minimal for a neat stowage on the CubeSat exterior. The antenna elements suffer the most from
this limitation since the bandwidth of resonant element is reduced. The effect of a narrow

bandwidth is more critical at low frequencies.

(b)

Solar array mounted
on back side

| Resonator
- +—— Glass substrate
Thin film

RA: Reflectarray Antenna
SC: Solar Cell
GP: Ground Plane

© @

Figure 3.1. Solar-panel-integrated antennas. (a) Transparent-mesh patch antenna on a glass
substrate [62]. (b) Deployable patch antenna array [64]. Reflectarray cells on the (c) same [63]

and (d) opposite side of the solar cells [13].
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3.2. Design Requirements

L band is not often used for CubeSat communication purposes, mostly radiometry [2]. However,
the CubeSats can profit from the frequencies allocated for Iridium and other LEO satellite
constellations. Such a scenario is considered in this chapter, where a duplex communication is
specified, at the downlink (i.e. Tx, 1.525-1.555 GHz) and uplink (i.e. Rx, 1.6265 - 1.66 GHz)
frequencies of the Mobile Satellite bands, allocated for the by the ITU [24]. The specifications
correspond to bandwidths of ~2.2% per frequency band.

The requirements predict the evolution of the antenna system in several stages:

e Stage 1: Single 90° x 90° broadside beam
e Stage 2: Two 45° x 90° beams, tilted away from broadside by ~20°
e Stage 3: Four 45° x 45° beams, tilted away from broadside by ~35°

The purpose of multibeam radiation is to increase the total system capacity by several
independent transceivers and an increased antenna gain per beam. Each beam must be served
by both Rx and Tx frequencies for full duplex communication. The final operating frequencies of
the system within the Tx/Rx bands will be only a subset of the specified range, and can be a subject
of change over time. Therefore, the goal is to cover as much of the specified range as possible. The

antenna gain should be larger than 5 dBi and the polarization should be circular.

The space allocated for the antennas is the 3U-CubeSat body for Stage 1 and the backsides of solar
panels for Stages 2 and 3. Due to the previously outlined reasons, the antenna elements must have
a low profile. The number of solar panels for the considered scenario varies from one to three 3U
panels on each side of the CubeSat. A visual representation of the radiation-stage evolution is
depicted in Figure 3.2. The number of solar panels on each side (two) is arbitrarily selected for this
illustration.

Figure 3.2. Evolution stages of the radiation-pattern configuration, having (a) one, (b) two, and

(c) four beams.
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3.3. Single Beam (Stage 1)

A broadside beam is easily generated by a single patch antenna element; the real difficulty here is
to cover both Tx and Rx frequency bands by that same element. It is difficult to achieve the
bandwidth of 8.5% and control the radiation characteristics with a single patch antenna,
considering the strict profile limitation at L-band frequencies. Therefore, it was decided to use
one patch antenna per frequency band (Tx/Rx). Although this configuration requires more space
on the CubeSat exterior, the system design is simplified, as the transmitter and receiver are
connected directly to the corresponding antennas and a diplexer is not needed inside the
CubeSat.

The antenna size is indeed a key requirement, since two conventional L-band patch antennas
require a majority of the 3U CubeSat face, leaving no space for other devices (e.g. S-band
antenna). A high-permittivity dielectric material Rogers TMM10i (£,=9.9, tan 6=0.002, h=5.08 mm)
is used for the antenna substrates, and the antennas are miniaturized through dielectric loading.
The substrate has stable properties in a large temperature range - a desirable feature for space
applications. The dielectric loading significantly increases the quality factor of the antenna,
leading to reduced antenna dimensions, at the cost of a narrow frequency bandwidth. The two
miniaturized patches fit comfortably on a 3U CubeSat face. As the radiator size is reduced, the
beamwidth also becomes larger, consequently. The associated design tradeoffs are summarized
in Table 3.1.

A small electrical size of the antenna causes the radiating element to couple to the satellite
structure - an effect commonly seen in small antennas [65]. The effects related to the patch
antenna placement on small spacecraft were briefly investigated previously [66]. In the following

section, the effects are studied in detail, for the special case of CubeSats.

3.3.1. Chassis Coupling Effects

Throughout this chapter, the ground plane is approximated by a 300 x 100-mm? PEC rectangle,
having in mind that the exact dimension of the CubeSat chassis is slightly larger. The ground plane
dimensions accurately model both the large CubeSat face and the backsides of solar panels,

whichever of the two is chosen for the final antenna location.

Three LP patch antennas, having different substrate permittivities, were placed asymmetrically
on the 3U ground plane, and the S,, parameters and radiation patterns were calculated. The
radiation patterns are also calculated on a 100 x 100-mm? (1U) ground plane, for comparison. The
results clearly show a stronger main-lobe degradation for a higher substrate permittivity,
indicating that the excited 3U ground plane is also contributing to the total radiation. The

degradation can be observed for other antenna locations on the ground plane.
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Table 3.1. Design tradeoffs for CubeSat patch antennas, versus the dielectric permittivity of the
antenna substrate.

Relative permittivity (&) High Low

Dimensions + Small — Medium/Large
Beamwidth + Wide - Medium
Bandwidth - Narrow + Wide

CubesSat structure coupling - Strong + Weak

The effect is predominant for the antenna polarization aligned with the long axis of the ground
plane, as in Figure 3.3(a), and it is negligible for the orthogonal antenna orientation (not shown

here). Nevertheless, a CP antenna will suffer from the same degradation effects.

In another set of models, a single CP antenna was placed on several locations on an identical
ground plane, as in Figure 3.3(c), and the radiation pattern was calculated. It was observed that
the main lobe shape strongly depends on the antenna position, and this effect must be carefully
considered for a given antenna configuration [C2]. Furthermore, if there is a freedom of selecting
the antenna position, it can be selected to exhibit a certain radiation pattern and suit a specific
scenario. For example, the antenna offset of 0 mm yields a beamwidth of 110° and its shape
resembles an isoflux pattern - a very desirable feature for LEO satellites in general. Note that this

pattern shape is generated by nothing else other that a proper antenna placement.

In other words, the antenna coupling to the CubeSat structure is not necessarily a negative effect,
and in some cases, it can be used to our advantage. Some researchers even propose to excite the
CubeSat chassis itself for radiation, using a set of properly distributed small antenna
elements [67]. In any case, the chassis coupling effects should not be neglected when designing
CubeSat antennas, especially if the antennas are electrically small.

3.3.2. Antenna Prototype

As a high-permittivity substrate reduces the antenna bandwidth, a large substrate thickness was
selected to alleviate this reduction. The antenna geometry is a square patch with chamfered
corners for CP operation. Two patch antennas were designed and tuned for Tx and Rx frequencies.
First antenna prototypes were fabricated and placed on a metallized 100 x 300-mm? FR4 panel for
anechoic chamber measurements [C2]. The antennas are fed using a small MMCX connector with
a lock-snap mechanism and connected to a VNA with an MMCX-to-SMA adapter. The antenna
simulation model and the Rx antenna prototype are shown in Figure 3.4.
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3.3. Single Beam (Stage 1)
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Figure 3.3. (a) LP patch antenna on a 3U CubeSat face. Dimension L changes according to the
substrate permittivity, and the antenna is always resonant at the same frequency. (b) LP
radiation patterns along the large axis of the ground plane, for various substrate permittivities.
(c) CP patch antenna on a 3U CubeSat face. (d) CP radiation patterns along the large axis of the
ground plane, versus the offset from the center. Radiation patterns of identical antennas, placed
on a 1U CubeSat face, are shown for comparison. Default dimensions (mm): L=27, W,,4=100,
L¢na=300, Dotse=75, dcham=4.25.
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Figure 3.4. (a) Tx and Rx patch antennas on a 3U CubeSat face. (b,c) Rx patch antenna
prototype. (b) Bottom, with the MMCX connector visible. (c) Top. Dimensions (mm): L1=28.7,
LRx=27p Lsub,Tx:Lsub,Rx:45-

After the first set of prototypes was characterized, a frequency shift of ~35 MHz was observed in
the measured S parameters, as compared to the simulations (Figure 3.5(a)). The permittivity was
tuned in the simulation models, and an estimated final value was found to be ~10.15 in L-band.
After the correction, there was still a discrepancy attributed to the used connectors, which were
not included in the simulation model.

Realized gain and AR values of both prototypes are presented in Figure 3.5(b). The gain of the Rx
antenna is lower due to a mismatch introduced by the used connector, as can be seen in the S-
parameter response. The measured and simulated radiation patterns of the Rx antenna only are
compared in Figure 3.5(c). The results of the Tx antenna are omitted here, as that antenna exhibits
a similar performance. The patches exhibit a wide beamwidth of ~90°, conforming to the design
requirements. The radiation results show that the pattern in the ¢=0° plane is not influenced by
the antenna offset with respect to the long axis of the satellite face, except for a small beam tilt of
5°. However, there is a more significant pattern distortion in the ¢=0° plane as a consequence of a
large ground.
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3.4. Two Tilted Beams (Stage 2)

3.4. Two Tilted Beams (Stage 2)

The next considered scenario is having two 45° x 90° radiating beams, tilted away from broadside.
The given configuration can be enabled using 2 x 1-element patch-antenna arrays. However,
since the elements, described in the previous section, are single-band, a separate array must be
assigned per beam and per frequency band. The total required number of antenna elements in
that case is eight. Without the loss of generality, the scenario can be analyzed considering only the

Rx patch antenna.

The patch antenna described in the previous section is used as an array element, and the inter-
element spacing is tuned to provide the required beamwidth in the narrow plane. A two-element
CP array is shown in Figure 3.6(a). The array center coincides with the ground plane center. The
inter-element spacing of 100 mm yields a beamwidth of 45°, and the beam tilt of -20° is enabled

by an appropriate relative phase shift.

3.4.1. Sequential Rotation of CP elements

Sequential rotation of the two elements can be used to improve the axial ratio performance in
both frequency and angular coverage [57], [68]. The technique was implemented in the array
shown in Figure 3.6(a), as the element rotation angles are selected as multiples of 90°. Active-S
parameters were calculated at each port, which take into account both the matching and the cross
coupling between elements. The individual active-S parameters from Figure 3.6(b,c) strongly
depend on the relative rotation angle the cross-coupling value reaches -16 dB for some cases. The
element rotation can be selected to simultaneously minimize the coupling and to keep the active-
S parameters below -10 dB. The individual antenna elements can be further adapted for each

rotation angle, but it was avoided here for simplicity.

Although this technique exhibits its real potential for a larger number of elements in an array;, it
has demonstrated a significant AR improvement even for only two elements considered here. The
results of two representative array configurations are presented in Figure 3.6(d). A two-fold
increase in AR bandwidth is obtained by the sequential rotation technique. Maximum gain
reaches 7.5 dBi. The total array radiation was plotted in polar coordinates in Figure 3.7. The
coverage area is indicated by a dashed line in the polar plots. The gain is larger than 3 dBi and the
average AR value is 2.63 dB, along the entire specified angular range. An identical 2-element array

is to be used to cover the opposite half of the hemisphere.

It might seem that the array performance is not as good as it could be expected from the single-

element results. Several factors prevent further improvement:

e Beam scanning - The main lobe of the array is scanned to 20° from broadside, at which

direction the element pattern naturally has a lower gain.
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¢ Element rotation - Different orientation with respect to the ground plane cause the two

elements to exhibit a slightly different radiation pattern.

e FElement location - It is previously shown that the element position on the asymmetric
ground plane is a dominant factor that determines the element radiation pattern.

Although the elements’ offset from the ground center is identical, the individual gain

values are different in the beam-scanning direction.

e Cross-coupling - The radiation pattern of one element further changes in the presence of

the other.
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Figure 3.5. Simulation and measurement results of Tx and Rx patch antennas. (a) S parameters.
(b) Broadside realized CP gain and AR vs. frequency. (c) Radiation patterns of the Rx antenna,

in two principal planes, at 1.63 GHz.
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Figure 3.6. (a) A 2-element Rx patch antenna array on a 3U CubeSat face. (b,c) S parameters and
active-S parameters, and (d) realized CP gain and AR, for the two rotation configurations, versus
frequency. The gain and AR are calculated at ¢=90°, 8=-20°.
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Figure 3.7. The radiation performance of a 2-CP-element patch array. Presented are contour
plots in polar coordinates, at 1.63 GHz. (a) Realized CP gain. (b) AR. (c) Realized CP gain in the
plane marked by a dotted line in (a). The rotation configuration is a=0°, f=-90°. Dashed lines

and the cross indicate the coverage area and the beam scanning direction, respectively.

A MATLAB code was developed to visualize the beam footprint on the Earth’s surface. The
maximum half-angle of Earth visibility, seen from the CubeSat (6max), is a function of the orbit

altitude, and can be obtained from Figure 3.8(a) using the relation:

) R
Ormax = asin (R m h) (3.1)

The radiation pattern of the CubeSat antennas can be projected on the Earth surface by:
Rsinf
h+ R(1—cospB)

where £ is the angle between the CubeSat’s projection and the observation point on the Earth

surface. A contour plot, shown in Figure3.8(c,d), is obtained using the function
sphere3d.m[69].

6 = atan (3.2)
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Figure 3.8. (a) The CubeSat’s position above the Earth surface, with associated dimensions
indicated. h=650 km, R=7378 km. (b) A visual representation of the relation (3.2). (c,d) The
radiation pattern of the array from Figure 3.6, projected on the surface of the Earth.

A 650-km orbit was considered for the contour plot. The projection is useful for estimating the
antenna coverage for a given radiation pattern. The results can be combined with the antenna
transmitting power and the propagation losses to obtain the power density on the surface of the
Earth.

3.4.2. Antenna Array Prototype

An array prototype was built using two patch antenna prototypes from the previous measurement
campaign. The resonant frequency of both elements is 1.6 GHz. The MMCX connectors were
replaced with SMA connectors and the measured S;; parameter was below -9 dB for both
antennas. Two dedicated power dividers were built for the array radiation measurements. The
power dividers consist of Wilkinson dividers and phase-delay lines, where the delay-line lengths
are calculated to suit a specific antenna rotation scenario (0° or 90°). The array prototype is shown
in Figure 3.9.
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Figure 3.9. (a) Patch-antenna array prototype inside the anechoic chamber. (b,c) Measured
radiation patterns, and (d) measured AR at ¢p=90°, 6=-20°, versus frequency, for the two rotation

configurations.
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The array was evaluated in an anechoic chamber for the two simulated configurations, and the
radiation patterns are presented in Figure 3.9(b,c). The AR improvement of the sequentially
rotated array was confirmed through the experiment, tripling the AR bandwidth of a single

element, which can be seen in the same figure.

3.5. Four Tilted Beams (Stage 3)

Proceeding in the same fashion as until now, a four-element array is formed to radiate a 45° x 45°
tilted beam. If the same technique is applied for the four-element array, as in the previous stage,
the required number of elements would be 4 elements x 4 arrays x 2 frequencies = 32 antennas.
This configuration is not acceptable for a CubeSat, considering the required surface, associated

total weight and feeding-network complexity. Instead, a different approach is adopted.

Sequential rotation technique was initially proposed to generate CP radiation using LP antenna
elements [57]. Here, we can simply modify our CP patch element into a dual-band dual-LP
element. In that design, the two feeding ports excite two independent orthogonal modes in the
patch, at two different frequencies. The mode independence means that it is possible to generate
a distinct beam at the two frequencies, with dedicated feeding networks for each of the
frequencies. The advantage of this method is the reduction of the total number of antenna

elements by a factor of two.

The antenna array is shown in Figure 3.10, indicating the separate feeding locations for the two
modes/frequency bands. The array radiation is calculated for three different scanning azimuth
angles of -90°, -64° and -45°. The beam tilt is achieved with a varying phase of the excitation
signals, on top of the fixed progressive phase in steps of 90°, which follows the physical rotation.
The radiation patterns in polar coordinates are presented in Figure 3.11. The array layout, shown
next to each set of figures, indicates the scanning direction that corresponds to the results in those

figures.

The three beam-scanning scenarios show a comparable performance, with minor differences in
AR levels at the ends of the coverage area. The last configuration (45°) shows a slightly lower
average AR than the remaining two. The scanning angle will also depend on the CubeSat flying
orientation and the network scenario. In any case, the results demonstrate that such array
configuration can be used for a multibeam radiation scenario for LEO CubeSats. If a 4-element
array of sequentially rotated CP patch antennas were scanned in the same direction, the AR
performance would be further improved, at the cost of an increased number of antennas. The

proposed configuration of four LP patch elements is the optimal compromise.
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Figure 3.10. The geometry of a 4-LP-element patch array. Black and white circles mark the
feeding locations of the 1.63-GHz and 1.54-GHz resonances, respectively. Dimensions (mm):
L=27, W=29, D=100.

3.6. Stacked-Patch Antenna in L and S bands

Another way of reducing the surface allocated for the CubeSat antennas is to combine individual
patch elements into a dual-band antenna. The approach is demonstrated in this section through
a stacked-patch antenna operating in L and S bands. The S-band frequencies are the same as the
ones considered in Chapter 2. Each of the two bands contains two uplink/downlink sub-bands
and the frequencies considered in this section are arbitrarily selected throughout this section. The
presented dual-band stacked patch can also be used as an element of an antenna array in L-band,

with the S-band counterpart working as a standalone antenna.

3.6.1. Patch Antenna Elements

Linearly polarized (LP) square patch antennas, shown in Figure 3.12, were initially designed on
several space-eligible dielectric substrates to study their size versus the dielectric permittivity. The
thickness of the individual substrates was fixed at 3.18 mm, the substrate was 4 mm larger than
the patch in each model, and the permittivity was varied from 2.33 to 9.9. The antennas were
placed on a 100 x 100-mm? ground plane, which corresponds to a single 1U-CubeSat face. The
patches were tuned to 1.54 GHz and 2.05 GHz, and the resulting geometrical parameters of all

variations are given in Table 3.2.
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Figure 3.11. The radiation performance of a 4-LP-element patch array. Presented are contour
plots in polar coordinates, at 1.54 GHz. (a,c,e) Realized CP gain. (b,d,f) AR. The scanning
azimuth angle is (a,b) -90°, (c,d) -64°, and (e,f) -45°. Dashed lines and the cross indicate the
coverage area and the beam scanning direction, respectively.

In a stacked-patch configuration, where each radiator is fed independently, the difference in
individual patch sizes must be sufficient to increase the isolation. In addition, each of the patches
must be exposed to the free space for a proper radiation. With that in mind, a typically chosen
configuration is the one with the smaller high-frequency element on top [70]. However,
considering the larger required bandwidth in the S band (4.1%), compared to the L band (2.2%),
it was advantageous to use a low-permittivity substrate for the S-band antenna, as it would yield
a larger bandwidth. For this reason, the geometry that was selected (bold cells in Table 3.2) has a
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higher permittivity substrate and a smaller size for the L-band patch. Consequently, it is actually
placed above the higher frequency S-band patch, contrary to the more conventional

configuration [71].

Two antenna geometries were compared. In the first one, each patch is dual-fed with coaxial
probes and a relative phase offset of 90° for the CP excitation. In the second one, the radiating
elements are corner-chamfered single-fed patches. The two antenna geometries are shown in
Figure 3.13(a,c). Circular holes are removed from the bottom patch in the feeding locations of the
top patch. The bottom substrate is Duroid 5870 (S-band patch) and the top substrate is TMM10i
(L-band patch). The S-band patch dimension has a large influence on the L-band resonant

frequency, and the two patches must be tuned simultaneously.

S parameters of the two antenna geometries are shown in Figure 3.13(b,d). The dual-resonance
behavior in the single-fed model is a consequence of the CP excitation method. A rather large
coupling between the two elements (S;; and S;» parameters in the dual- and single-fed models,
respectively) come from the fact that these ports excite resonant modes on the two patch elements
with parallel current directions. As the radiating edges of the two modes are also parallel and close
to each other, the coupling is large. Additional work is required to improve the port isolation,
which was not the goal of this study. The radiation patterns show a larger beamwidth in L band,

due to a higher permittivity substrate and a smaller patch dimension.

Table 3.2. Geometric parameters and performance
LP patch antennas in L and S bands, versus the
substrate permittivity.

T™MM10i TMMa Duroid

L, Substrate material £29.9 et 7 5870
&=2.33
h Patch [mm)] 30 43 60.5
— e L Xieed [Mm] 4 6.2 9
. band Bandwidth [MHz] 13.7 23 27
¢ Gain [dBi] 5.8 6.5 7.2
3-dB Gain BW [MHz] | 54 71 82
~TL+rimm Patch [mm] 22.3 32.3 45.3
Xfeed [Mm] 2.5 4.3 7
J % ls; 4 Bandwidth [MHz] 22 32 43
lz_.x Z.—"l 4% Gain [dBi] 6.3 7 7.8
Figure 3.12. LP patch antenna 3-dB Gain BW [MHz] 68 100 131

geometry.
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Figure 3.13. (a) Dual-feed stacked-patch antenna geometry and (b) the corresponding S
parameters. (c) Single-feed stacked-patch antenna geometry and (d) the corresponding S
parameters. (e) Radiation patterns of the dual-feed antenna in (a).
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3.6.2. Feeding Networks

Three stripline feeding networks were designed and evaluated for the described stacked-patch

dual-fed antenna structure. The networks are based on:

e T-junction power divider
e Wilkinson power divider

e Branchline coupler

The three network layouts are presented in Figure 3.14. In the first two, the phase difference is
achieved with 90° phase-delay lines, whereas the branchline coupler has an inherent relative
phase difference of the two output ports. However, itis also the largest, and some line meandering
was required to reduce its total surface. Rogers RT Duroid 5870 was used for both dielectric layers
of the stripline feed, each having a thickness of 0.508 mm. The stripline ground planes were
grounded in several locations and shielded along the edges, to avoid the excitation of parallel-
plate modes inside the frequency bands of interest. The shielding distribution is performed having
in mind the S-band frequencies, where the modes will appear first. Coaxial probes are placed at

the locations of the patch feeds.

N

Feeding /Ports /
network Shorting
: u | (BL model)

Figure 3.14. Models of the stripline feeding networks used for comparison: (a) T-junction,
(b) Wilkinson-divider, and (c)branchline-coupler models. (d)Side view of the feeding
networks. The two ground planes are shielded around the edges in all cases. Additional

shielding is added in the branchline-coupler model.
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Figure 3.15. S parameters of the three feeding networks in Figure 3.14: (left) input matching and
the isolation at the output ports, (center) power distribution at the output ports, and
(right) phase difference at the output ports. The presented performance corresponds to the S-
band section of each model.

The feeding network performance, without the patch elements, is compared in Figure 3.15. The
results are presented for the S band, since the bandwidth requirement is larger in this case, and
identical conclusions could be drawn from the L-band results. The delay lines used in the T-
junction and Wilkinson-divider models provide a relative phase difference that varies linearly
with frequency. However, the difference remains within +2.5° along the required band. On the
other hand, the branchline coupler exhibits a wideband phase difference. The output isolation is
higher than 20 dB except in the T-junction model (6 dB). All three networks are matched at the
input ports.

3.6.3. Full Antenna Models

Three antenna models in Figure 3.16, composed of the patch elements from Figure 3.13 and the
feeding networks from Figure 3.14, were analyzed on a 100 x 100-mm? ground plane. The
simulation results are presented in Figure 3.17.

The dual feed and the sophisticated feeding networks cannot influence the narrowband nature of
the patch elements. In all analyzed antenna geometries, the radiating elements only accept the
incident power at the close vicinity of their resonant frequency, and the remaining power is
reflected in the feeding network. Therefore, the overall gain bandwidth changes only slightly
among different models and is mostly limited by the narrowband S;; parameter of the dual-fed
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Figure 3.16. Antenna geometry of the three models: (a) T-junction, (b) Wilkinson-divider, and
(c) branchline-coupler models. (d) Side view of all models.

patch element. On the other hand, the single-feed antenna elements from Figure 3.13(c) have a
wider impedance bandwidth than the dual-feed models. In this case, the main factor limiting the
gain bandwidth is the inherently low AR of the single-feed antenna geometry. Consequently, all
four versions have comparable realized CP gain bandwidths.

The purpose of a feeding network is to provide a stable relative phase difference at the antenna
ports, over a specified frequency range. Thus, only the AR bandwidth improvement can be
expected if a sophisticated feeding network is used in combination with a narrowband radiating
elements. The three feeding network configurations illustrate the discussed points.

In the case of the T-junction divider, the signals, reflected from the patch element, partially travel
to the opposite antenna feed, contributing to the cross-polarization (see Chapter 2 for a detailed
explanation). For this reason, the AR of the T-junction model is low only at frequencies where the
S11 parameter is also low. In the other two scenarios (Wilkinson, branchline) the power reflected
from the patch is dissipated in the resistors, which can be seen from the low S,; values in
Figure 3.17. Consequently, the two models exhibit a wideband AR performance and impedance

matching at the input ports. In fact, the Si4 parameter of the branchline coupler model can be used
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to estimate the return losses of the patch element itself. The S;; of the T-junction models, with two
resonances, resembles the one of the single-feed model. However, this is because the FN (higher
resonance) and the patch element (lower resonance) were not tuned to exactly the same
frequencies.
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Figure 3.17. Complete antenna performance of (top) T-junction, (center-top)Wilkinson-
divider, (center-bottom) branchline-coupler models in Figure 3.16, and (bottom) the single-
feed model in Figure 3.13(c).
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Of the analyzed models, the branchline-coupler model provides the most stable phase difference
over a wide frequency band. However, having in mind the required bandwidths, the phase
difference of the Wilkinson-divider model is sufficient here, even in the more limiting case, in the
S band (4.9%). Considering all criteria, it was selected as the optimal for this application. A

prototype of this antenna was fabricated and the results are presented in the following section.

3.6.4. Antenna Prototype

The antenna prototype was finally tuned to the Tx frequencies of L and S bands. A Wilkinson-
based stripline FN was initially fabricated. Some complications were experienced while attaching
the two stripline layers together, and this FN prototype was discarded. Another FN was realized in
microstrip technology and used during experiments. The ground plane of the inverted microstrip
FN acts as a ground plane for the patch elements above. SMA connectors are soldered vertically
to the microstrip board. The two FNs were excited individually, one at a time, while the other one
was matched with a coaxial 50-Q load. The antenna prototype is shown in Figure 3.18. The
measurement results of the full antenna, presented in Figure 3.19, confirm the predicted antenna
performance. The main performance aspects are compared in Table 3.3. The input reflection
coefficient corresponds mainly to the S;; parameter of the FN and the impedance bandwidth is
therefore not specified. The broadside AR values are lower than 2 dB across the 3-dB-gain
bandwidth, in all models. The beamwidth difference at two frequency bands is a direct

consequence of the substrate permittivity, and thus, the patch size.

(a) (b)
Figure 3.18. Stacked-patch antenna prototype in the anechoic chamber. (a) Front. (b) Back. The

coaxial matched load is connected to the opposite FN connector.
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Figure 3.19. Measured and simulated performance of the dual-band stacked-patch antenna.
(a,b) S-parameters. (c,d) Radiation patterns. (e,f) Broadside realized gain and AR versus
frequency. The second resonance in the measured S;; curve of the L-band patch is frequency-
shifted patch-antenna resonance.
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3. L-band Antenna System for CubeSats

Table 3.3. A comparison of the simulated and measured dual-band antenna performance.

L band S band
Simulation Measurement Simulation Measurement
Maximum gain [dBi] 5 4.2 7.3 7.2
3-dB gain
bandwidth [MHz] 40 40 200 200
Maximal AR [dB] 0.9 2 1.4 1.6
Beamwidth [°] 93 100 78 75

3.7. Summary and Discussion

A patch-antenna system in L band is proposed in this chapter, with a focus on 3U-CubeSat
communication in LEO. The CubeSat’s attitude-control system constantly maintains the satellite
orientation with respect to the Earth. Therefore, the locations envisioned for the antenna
elements include the satellite face and the backsides of deployable solar panels, which are facing
the Earth at all times. Both antenna locations are approximated as 300 x 100-mm? PEC rectangles
throughout this study. The chapter proposes several antenna configurations, which radiate of one,

two and four independent beams.

Considering the small electrical size of CubeSats at L-band frequencies, dielectric loading with
high-permittivity substrates is used to reduce the patch-antenna dimensions. A small, high-
permittivity antenna exhibits a wide beamwidth, narrow bandwidth, and, most of all, strong
coupling to the asymmetric ground plane, which causes the radiation pattern of the antenna to be
deteriorated. A detailed analysis of the pattern deterioration showed that the antenna placement
is critical for its radiation performance, and that it should not be neglected in the antenna design
phase.

Two patch elements are tuned to the Rx and Tx frequencies in L band, and analyzed on a large
face of a 3U CubeSat. In the next stage, the Rx element is used to create two-element sequentially
rotated arrays and provide a beam tilt of 20° from broadside. The sequential rotation technique
improves the AR over frequency, although the number of elements is rather small. The individual
element pattern, caused by the coupling to the asymmetric ground plane, is shown to be the main
limitation of the array performance. Nevertheless, the array satisfies the design requirements,
covering the half of the coverage area. Another antenna array, and the two arrays corresponding

to the Tx frequencies, yield a total of 8 antenna elements required for this scenario.
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Proceeding in the same manner, a total of 32 patch elements would be necessary for 4
independent tilted beams, radiated by 4-element arrays of single-band elements. Instead, a
Tx/Rx-dual-band dual-feed LP patch element is designed, which halves the required number of
elements. A sequential rotation of LP elements is used to radiate CP beams, and the excitation
phase of each feeding port can be tuned to independently scan the beams at Tx and Rx
frequencies. At least four LP elements are necessary for satisfactory performance in the
sequentially rotated array configuration. Therefore, this method cannot be implemented in the

previous design stage. The total number of antenna elements is compared in Table 3.4.

In both the two- and four-element arrays, the patches are rotated in steps of 90°. Other angular
steps (45°, for example) were not investigated, and could potentially further improve the array

performance.

It can be argued that the described patch elements, in their current form, have a profile that is too
large for a convenient stowage of the deployable wings, if the antennas are placed on their
backside. All the effects studied in the scope of this chapter will be also valid for patch antennas

with a smaller profile, except that the frequency bandwidth will be reduced.

A large number of L-band antennas might occupy a majority of the CubeSat’s Earth-facing
surface, not leaving enough space for other features, e.g. S-band antennas. For that reason, the L-
and S-band elements are integrated in a single dual-band stacked-patch antenna in the last part
of the chapter. To improve the AR, three FN, most commonly seen in the literature, were designed
for each of the bands, and compared with a simple single-feed CP stacked-patch antenna. The FN
based on Wilkinson power dividers is found to be the optimal compromise for CubeSat
applications, in terms of its AR performance, size and complexity. Furthermore, the CP gain
bandwidth of a narrowband patch element cannot be significantly improved, regardless of the FN

selection.

Table 3.4. The total number of elements required for the arrays of the CubeSat antenna system
in L band. Each beam is duplex and CP.

Elements Element Feeds/bands Total

Frequencies Stage  Beams N
per array  polarization perelement elements

1. 1 / CP 1 2

2 2. 2 2 CP 1 8

(Tx/Rx) CP 1 32
3. 4 4

LP 2 16
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3.7.1. Antennas Flying in Orbit

Several evaluated prototypes of individual patch-antenna elements and antenna arrays were
fabricated and evaluated. The measurement results of all prototypes confirm the antenna
performance, predicted through EM simulations. These are typically first or second prototype
iterations. Afterwards, several other antenna designs, based on the ones presented in this thesis,
were further optimized, including the tuning to the final operating frequencies. The two Tx and
Rx antennas were launched in December 2018 and April 2019, on two of the Astrocast precursor
satellites. Based on the communication-system tests, the antennas operate nominally. A modified
version of the Rx patch antenna and the dual-band stacked-patch antenna are in the final testing
phases, and will be launched on the first batch of commercial satellites in 2020.
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CubeSats

The CubeSat technology offers a cost-efficient alternative to the conventional large-scale
satellites, for achieving global coverage. The reason CubeSats became commercially attractive
is their low development and deployment cost, which allows them to be efficiently launched to
LEO. The advantages of any LEO satellite are low communication latency and propagation loss.
On the other hand, the coverage area of a LEO satellite is small and the link duration with the
ground is short (10-15 minutes), due to the low altitude and high orbital velocity, respectively.
These inherent drawbacks render the global coverage impossible with a small number of

satellites.

The solution is to use a large group of CubeSats to achieve global coverage. In that case, each
point on the Earth’s surface is in contact with at least one CubeSat at all times. A smaller orbit
altitude would then mean a larger required number of CubeSats. However, the information that
a CubeSat collects, or receives from communication devices, is inaccessible until the first time
the CubeSat makes contact with a ground station and downlinks the gathered data. Given the
fact that dedicated ground stations are sparsely distributed, the time delay can reach several
hours. Such a latency is undesirable for most practical commercial applications, and

unacceptable for communication purposes.

Oneimpractical approach is to increase the number of ground stations, which would reduce the
latency only by a small factor and virtually undo the low-cost nature of the CubeSat system [72].
Another idea is to interconnect the constellation in a network and allow the nodes (CubeSats)
to exchange data among themselves. These connections can be established using inter-satellite
links (ISL). The impact a connected space network can have is stunning, as the order of
magnitude of the latency can be reduced from hours to seconds. Although the system
complexity is unavoidably increased by introducing ISLs, it is the optimal solution to achieve a

global coverage.
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The design requirements for ISL antennas and the associated design difficulties are outlined in
this chapter. An advantage can be taken from the specific CubeSat flying formation to simplify
the conventional complex ISL antenna geometries. It is shown that deployable reflectarray and
transmitarray antennas are good candidates for the ISL within a CubeSat constellation, when
the surface of the CubeSat body is not sufficient for a planar antenna to achieve the specified

gain.

4.1. Review of ISL Antennas

The first known ISL was established between Orbiting Satellite Carrying Amateur Radio
(OSCAR) 6 and 7, two amateur-radio satellites on almost identical circular orbits. When the two
spacecraft were 7000 km apart, OSCAR 6 has received the signal, transmitted from OSCAR 7,
and re-transmitted it, thus directly connecting two amateur Earth stations. In the following
period, two-way communication has been reported between points on Earth as far as Japan and
Finland [73]. The later ISL systems were more advanced, being developed for satellite
formations with well-defined and maintained relative positions. ISL communication exists in S-
band and Ka-band frequencies, as well as in the optical range. An exhaustive study of the past,
current and future ISL antennas is presented in [74]. A survey of ISL communication systems for

small satellites can be found in [75].

Data relay satellites represent the first and the largest group of satellites that utilize ISLs. The
purpose of a relay satellite is to connect two satellites, ground stations, airplanes, etc. that
cannot establish a line-of-sight communication. Most famous examples of such systems in GEO
are the Tracking and Data Relay Satellite System (TDRSS) [76] and the European Data Relay
System (ERDS) [77], which primarily serve to enable cross-links between other LEO satellites
and ground stations. These satellites use ISL frequencies from S to Ka bands to relay data using
directional antennas. A notable non-GEO example is the Iridium constellation for satellite
phone and data, shown in Figure 4.1 [78]. Iridium satellites are distributed in several polar orbits
and have four K-band phased-array ISL antennas - two for ISLs in the same orbital plane, and
one for each of the two adjacent planes. Common feature for all of these satellites is their large

size (antenna diameter up to 2 m) and mass (up to several tons).

A second smaller group of satellites using ISL includes small formation flying missions, almost
all being technology demonstrations. This group is particularly interesting for CubeSat ISLs,
since the described spacecraft is much smaller in mass in volume, compared to the first group.
A good example is the Canadian Advanced Nanospace eXperiment (CanX), which is a dual-
nanosatellite formation-flying demonstration mission [79]. CanX 4 and 5 satellites are two
identical 8U CubeSats (200 x 200 x 200 mm?®) which communicate at S-band frequencies. Two
ISL patch antennas are placed on opposite sides of the spacecraft, and each antenna provides
hemispherical coverage.
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Steerable ISL antenna
Adjacent orbital planes

Fixed ISL antenna Ka band
Same orbital plane
Ka band

Main mission antenna
Ground users
L band

= = - o e - ,»‘—:-_—:._-4&’_ s
Figure 4.1. Iridium NEXT satellite [80]. Four phased-array ISL antennas are visible, out of
which two serve for ISLs in the same orbital plane, and one for each of the two adjacent orbital
planes. L-band antenna radiates 48 beams for users on Earth.

Another example is the Network and Operation Demonstration Satellite (NODES) mission,
whose objective was to test the control of connected small-satellite swarms that make
distributed scientific measurements [74]. The two NODES are 1.5U CubeSats that achieve the
ISL through two UHF monopoles.

Except for the mentioned examples, no ISL systems or antennas for CubeSats have been
demonstrated to date. On the other hand, several innovative high-gain CubeSat antennas were
designed for different purposes, such as radar, communication, and even deep space. These
antenna geometries are very promising candidates for CubeSat ISL applications, in scenarios
where the satellite relative orientation and distance are defined. The most interesting
geometries were designed in the Jet Propulsion Laboratory (JPL), among which are several
deployable reflectarrays and a deployable mesh reflector antenna, shown in Figure 4.2. The LP
reflectarray (RA) antennas are composed of square patch elements and operate at X and Ka
bands, with a total deployed surface of approximately 18U and 9U, respectively [7], [13]. A very
interesting feature for ISL applications is the capability of CubeSat RA antennas to tilt their
beams at an arbitrary direction, regardless of the relative position of the deployed panels with

respect to the CubeSat body.
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Figure 4.2. High-gain CubeSat antennas designed at JPL. (a) Integrated Solar Array and
Reflectarray Antenna (ISARA) [13]. (b) Mars Cube One (MarCO) reflectarray antenna [7].
(c) Deployable Ka-band mesh reflector antenna [11].

4.2. ISL Communication Scenarios

Depending on the mission design, the configuration of the satellite constellation can vary, from
flying in clusters, to well-ordered formations. The most common formation types, depicted in
Figure 4.3, are [23]:

e Trailing - every satellite of the group flying in the same orbit with an equal relative
distance

e Cluster - satellites follow individual orbits which allow them to remain with a dense,
tightly spaced arrangement

e Constellation - a set of satellites organized in several orbital planes, that cover the entire

Earth, with sufficient overlap in ground coverage

Figure 4.3. Common types of satellite flying formations. (a)Trailing. (b) Cluster.
(c) Constellation.
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Depending on the selected flying formation, the ISL antenna design requirements can vary
drastically. In an ideal case, each spacecraft should have a number of dedicated high-gain
scanned-beam antennas for communication with several neighboring satellites. Such solutions
have been implemented in large-scale satellites, such as the Iridium constellation. This can be
afforded since the total mass of every Iridium satellite is over 600 kg. The dimension and weight
limitations of CubeSats, however, require simpler ISL designs in terms of mechanical

requirements and total volume.

In order to conform to the specifications without drastically increasing the complexity and cost,
the antenna design must be suited for the specific flying formation. In cluster formations, as the
spacecraft relative position and orientation is not defined, omnidirectional antennas are
preferred, which are mechanically simpler, at the price of a modest data rate. Trailing and
constellation formations do not necessarily require a scanned beam, if the satellite attitude can
be maintained with precision higher than the antenna beamwidth. These constellations can
consequently profit from cost-efficient high-performance fixed-beam antennas, without the

need for a complex scanning scheme (electrical or mechanical).

In this thesis, a constellation formation is considered, where N CubeSats are distributed along a
single orbital plane, and the entire system is composed of M such orbital planes, for a total of
Nx M satellites. It is also considered that at least one CubeSat from each orbital plane is in
contact with a ground station, and there is no need for a link between CubeSats from different
orbital planes. Therefore, the CubeSats of a single orbital plane communicate in a ring network,
where each satellite establishes a link only with two adjacent satellites, as shown in Figure 4.4.
The CubeSats are required to communicate in both directions along the ring. Two scenarios are

possible:

e Single frequency - All CubeSats communicate at a single ISL frequency. Two-way
communication is performed in a form of time-division multiplexing (TDM).
¢ Dual frequency - Every ISL is two-way and consists of two channels, forward and return,

at separate frequencies.

ISL communication scenarios

/:I\ D fl ’ /:I\\\\\\A
 § \ Y 4 \

/ Y/ \
R bob ,u
9 Ny

~A |:|‘///
Single frequency Dual frequency

Figure 4.4. ISL communication scenarios.
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A single communication channel simplifies the system design of the first scenario, but limits the
total system capacity, as the communication can be performed only in one direction at a time.
The second scenario offers a continuous two-way communication. However, the dual-band
links complicate the ISL system design, primarily its RF part, as it will be shown in the following

sections.

4.3. ISL System Requirements

The key-enabling component of an ISL system is the antenna. Being a subject of strict
mechanical limitations and EM requirements, the antenna is challenging to design. The
antenna geometry mostly depends on the RF specifications, which are determined by the link
budget calculations for the ISL system. In the case of the considered CubeSat constellation, the
main requirements are a high-gain fixed-beam radiation pattern and the antenna bandwidth
that covers the frequency band(s) of interest. The following section discusses different aspects

of the ISL requirements.

4.3.1. Frequency

An individual CubeSat, which is a part of a constellation with a global coverage, will require
collecting and handling a large amount of data. The data is gathered, for example, by Earth
observation, tracking or communicating with a large number of devices, etc. The ISL is the
bottleneck of the constellation network, since all the collective data is aggregated and sent
through it. Therefore, the capacity requirement of the ISL is several times that of any individual
channels for data uplink/downlink. As an excellent example, the satellites of the Iridium
constellation in Figure 4.1 (not CubeSats, but a valid example) provide voice and data services
in L band and ISL in Ka band [78]. The millimeter-wave ISL naturally provides a high-capacity
connection for the aggregated user data, in real time.

The ISL frequency bands are sparsely allocated below 40 GHz, only in S, K and Ka bands [24].
The bands above 40 GHz require sophisticated RF technology that is not mature enough for
commercial CubeSat applications. The choice of ISL frequencies is therefore limited to either S
or K/Ka bands. The tradeoff between these two bands is presented in Table 4.1. Although the
propagation loss is lower at S band and the antenna-gain requirement is not as stringent as for
the Ka band, the antenna dimensions (for instance, a deployable helix) would still have to be
significantly larger than the Ka-band counterpart. Furthermore, the S-band link capacity could
be insufficient to support the ISL data rate. Thus, K/Ka bands are selected as optimal for the
high-data-rate ISL communications in a CubeSat constellation.

74



4.3. ISL System Requirements

Table 4.1. Tradeoff between available frequency bands for ISL.

S band K/Ka band
Propagation loss + Small - Large
Antenna size - Very large - Large
Data rate - Low/Medium + High

1A%

20 22 24 26 28
Frequency [GHz]

30 32 34

Figure 4.5. A visual representation of the frequencies allocated for ISL applications in K/Ka

bands.

Several individual ISL bands are allocated at K/Ka-band frequencies, and visually represented

in Figure 4.5 [24]. A large variation of the frequency bandwidths (from 1.2% to 8.5%) may require

different antenna solutions, depending on the selected band. Some of the wider bands are

composed of narrower segments, and it is expected that only a subset of frequency segments

will be eventually used. However, the exact center frequency within a band may vary over time,

and the goal is to cover as many frequencies of a given band as possible.

4.3.2. Antenna Radiation

The radiation requirements for the ISL antenna are derived from the CubeSat mission

parameters. The CubeSat configuration related to the described process is depicted in

Figure 4.6.

1. After the orbital altitude is specified, low-frequency user antennas (L band in this case)

are designed with sufficient beamwidth for the required coverage of a single CubeSat.

2. The total number of CubeSats per orbital plane N is determined from the full-coverage

condition in a single plane. The number of orbital planes is found in a similar manner.

3. For a given number of CubeSats, the ISL beam tilt, away from the orbit tangent, is fixed

and is calculated simply by:
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gozf_l<ﬂ_2_”>:£ (4.1)

For practical LEO applications, the beam-tilt angle is always smaller than 30° and the
associated scanning loss smaller than ~0.6 dB.

4. The inter-satellite distance is obtained by:

dis, = (Rg +h) \/m (4.2)

where Ry and h are the Earth radius and the orbit altitude, respectively. The path loss is
calculated at the ISL frequency.

5. The antenna-gain requirement is found using the link budget calculations (path loss,
data rate, modulation, coding, etc.). The preliminary value of 30 dBi was obtained for
eight satellites per orbit, with a minimum bit rate of 0.5 Mb/s using the QPSK
modulation.

6. The ISL antenna beamwidth is estimated from the antenna gain and compared against
the angular stability of the CubeSat’s ADCS.

The satellite attitude must be maintain by the ADCS, so that the high-gain ISL antennas
accurately point towards the adjacent CubeSats. If the angular precision of this system is smaller
than the ISL antenna beamwidth, the link cannot be constantly maintained and one of the
design decisions must be revisited. Shaped-beam radiation patterns (for example, a flattop
beam) are an interesting option to tackle a poor-performing ADCS, at the cost of a reduced

maximum gain. This antenna functionality is not considered in the scope of this thesis.

4.3.3. Antenna Size

The small wavelength at K/Ka-band frequencies provides a large freedom in the antenna
design. The design process, in this and following chapters, focuses on the case of LEO CubeSats,
and, more specifically, 3U CubeSats having their long axis aligned with the orbital velocity
vector. In other words, the small CubeSat face (1U) is facing the adjacent satellites within the
same orbital plane. This orbital attitude allows several TT&C and payload antennas to be

accommodated on the large CubeSat face and oriented towards the Earth.

Anatural approach in this case is to allocate the two small faces for two low-profile ISL antennas.
However, by calculating the achievable directivity with an aperture of that area, having a
realistic antenna efficiency, it can quickly be seen that an antenna, with a total area equal to that

of a 1U face, cannot provide the specified antenna gain.

An ideal, uniformly illuminated antenna aperture provides a maximal antenna directivity. In
practice, the electric field across the aperture is non-uniform, and the loss related to this effect
is described by the aperture efficiency n,, with typical values between 0.4 and 0.7. A theoretical

antenna directivity, versus the aperture efficiency, is calculated by:
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4mA
D = 10logy, (na — > (4.3)
0

where A is the total aperture area. The aperture efficiency 7, in the previous expression does not
include the dielectric and ohmic losses of the antenna (the antenna efficiency is described in
detail in Chapter 6). The directivity is calculated for different efficiency and area values, and
represented graphically in Figure 4.7. Two points should be noted when inspecting this figure.
Firstly, it only shows theoretical values of directivity, not including any losses related to antenna
mismatch, polarization, dielectric or ohmic losses, etc. Secondly, the directivity is calculated at
broadside, and the results should be multiplied by a cosine factor for a tilted beam. In other

words, the final antenna size must be selected with an additional margin, to account for the
mentioned losses.

User data
L band

Figure 4.6. The geometry of a single orbital plane in a constellation, used to determine the
design requirements of the ISL antenna system.
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Figure 4.7. Theoretical antenna directivity at broadside versus the aperture efficiency, for
different antenna apertures in terms of CubeSat Units (U), at 24.6 GHz.
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4.4. Reflectarray and Transmitarray Antennas

It can be seen that an antenna surface larger than 3U is required to achieve the specified gain.
This area is not available on the small CubeSat face, and therefore, the antenna will have to
incorporate some sort of a deployable mechanism to increase its effective area. Regardless of
the geometry, the entire antenna must be stowed within the 3U CubeSat volume during launch

in orbit.

Having any microwave components (amplifiers, feeding networks) on the deployed part of the
antenna would require a microwave transmission line between it and the satellite body, such as
an RF hinge or a flexible coaxial cable. These solutions were discarded early on, due to
associated risks. Therefore, the deployable sections should preferably contain only non-
connected components. Two well-known high-gain candidates are reflector and lens antennas.
Both geometries require a feeding antenna in the focal point of the reflector/lens, which can be
placed on the CubeSat body, while the focusing mechanism is deployed.

The conventional reflector and lens antennas come in various forms, usually being bulky and/or
heavy (dielectric lenses). Several techniques exist for the reduction of their total profile. The
most efficient approach is the design of reflectarray (RA)[81] and transmitarray (TA)
antennas [82], which are essentially planar reflector and lens antennas, respectively. The
operating principle of RA and TA antennas is illustrated in Figure 4.8. A RA antenna creates a
reflection phase gradient over the flat antenna surface, modeling the curvature of the
conventional parabolic reflector surface. A TA antenna uses a similar approach to model the
refraction in dielectric lenses. The phase gradient is created with an array of resonant elements,
typically by changing one or several geometrical parameters of the array element, and using a

gradual change in the reflection/transmission phase around the resonant frequency.

RA and TA antennas have a focal point, at which the feeding antenna is placed. The feed has a
low gain, and it is typically a patch antenna (array) or a small horn antenna. The RA and TA
antennas can be designed for an arbitrary position of the feed and the main-beam direction,
which is, besides their low profile, their biggest advantage.

The individual array elements of RA and TA antennas are standalone - not connected through
a feeding network, as in corporate-fed arrays, for instance. Therefore, the number and
distribution of elements are also arbitrary, as long as they follow a specified distribution lattice.
Consequently, the RA and TA antennas can have any shape and size, necessary to achieve the
required antenna gain. This fact enables an interesting mechanical advantage - the antenna can
be made of several separate panels, over which the array elements are distributed. During the
launch, the panels can be stowed on the CubeSat’s surface, similarly as the solar panels, and

deployed once the CubeSat is in orbit. Some examples are the RA antennas in Figure 4.2.
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RA element

yﬂ/
/

TA element

B »

Transmitarray

Figure 4.8. Operation principle of reflectarray (RA) and transmitarray (TA) antennas.
Reflection and transmission phase gradient of RA and TA flat panels models the focusing
effect of the parabolic reflector and dielectric lens, respectively. Feed position and main beam
direction of RA and TA antennas are arbitrary. (Upper-right) Examples of RA and TA elements
presented in Chapter 5.

4.4.1. Antenna Configurations for CubeSat ISL

Two ISL antennas are required on every CubeSat inside the constellation, for a communication
with the two adjacent satellites in the orbital plane, as illustrated in Figure 4.6. If the antennas
are in the form of a RA and/or TA, there are various scenarios how the arrays and feeds can be
arranged on a 3U CubeSat. Several configurations are conceptualized here, and presented in
Figure 4.9, both for single- and dual-band ISL communication scenarios from Figure 4.4. The
presented configurations are drawn in the plane of the orbit, although other options are
possible. Beside the CubeSat orientation, the choice of the final scenario also depends on the

location of other deployable CubeSat features, primarily solar-panel wings.

It is straightforward to obtain single-frequency configurations from Figure 4.9(a-d) simply by
removing the second frequency in the sketches. If a dual-band performance is required, the RA
and TA panels (and their array elements) must operate independently at two frequencies. The
dual-band element design depends greatly on the frequency spacing and bandwidth of the
individual forward and return ISL channels. This can be achieved with either a single dual-band

or wideband element, or by interleaving two lattices of single-band elements.
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It is equally important that the feeding antenna operate at both frequencies. Interleaved single-
band elements provide a benefit of having independent operation at the two frequencies. In this
case, two single-band feeding antennas, simpler to design and construct than a dual-band feed,
can be placed in different locations on the CubeSat body. Each of the two sub-arrays is then
designed for focal point at the location of the corresponding feeder, and the two beams are
radiated in the same direction. Otherwise, a single wideband feeder can be used for awideband-
element scenario.

Any panel, deployed towards the Earth, will partially obstruct the Earth-facing low-frequency
antennas. An RA antenna can be made transparent at low frequencies for this purpose, if the
ground plane is replaced with a frequency-selective surface (FSS) [83]. This scenario is depicted
in Figure 4.9(c). The FSS behind the RA elements acts as a ground plane for the frequency of RA
operation, and transmits other frequencies, including the L and S frequency bands.

4.4.2. A Unified TA/RA Antenna

The last example of Figure 4.9 is a unified transmitarray/reflectarray antenna, shown in
Figure 4.9(d). This exotic configuration consists of a single panel, which performs the functions
of both the RA and TA at two separate frequencies. The FSS layer provides reflection at the RA
frequency and transmission at the TA frequency. It could potentially be omitted if the properly
designed TA element had the ability to provide a reflection at RA frequencies.

The main difficulty in this configuration is the proper handling of the mutual coupling between
RA, FSS and TA elements. The standalone performance of individual layers is drastically
deteriorated when the layers are placed together. In order to reduce the coupling, the total
thickness of the structure would have to be increased to the point where the antenna is not
suitable for the stowage on a CubeSat exterior. The only solution is to account for the coupling
in the design phase, performing a co-design of the three layers simultaneously and thus

significantly complicating the design process.

One example of this structure, with a significant profile and only for LP operation, is previously
proposed in [84]. A design based on a TA/FSS combination provides the desired function, again,
with a large panel thickness. In the scope of this thesis, many attempts were made to design an
array element, without arriving to a solution that satisfied the design requirements. The most
promising geometry, shown in Figure 4.10, is based on the dual-band TA design from [85].

The proposed TARA concept enables independent scanning of the transmitted and reflected
beams. However, if the satellites are uniformly distributed within a single orbital plane (as is the
case here), and if the array aperture is perpendicular to the orbit, the angles for both scanning
directions are the same. Under these conditions, a newly proposed class of antennas, called
transmit-reflect-array (TRA) antennas, is appealing for ISL applications. The TRA is designed as
a single metallic layer, and it provides a bidirectional CP high gain at the same frequency [86].
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A reconfigurable version of the same antenna incorporates PIN diodes for active beam steering,

simultaneously in the two directions [87].

Frequency 1

Frequency 2

(b)

RA+FSS+TA

(©) (d)

Figure 4.9. Reflectarray and transmitarray configurations for ISL between 3U CubeSats.
(a) Two RA antennas. (b) Two TA antennas. (c) TA and RA antenna. The RA antenna is
potentially backed with a FSS. (d) The TARA concept: unified TA and RA antennas, separated
by a ESS.
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Figure 4.10. Transmitarray/reflectarray (TARA) antenna concept. (left) Array layout.

\

(center) Individual elements. (right) Principle of operation.
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4.5. ISL Antenna Design Requirements

It was seen that an antenna aperture larger than 3U is necessary at 24.6 GHz to obtain a gain
larger than 30 dBi with a sufficient margin. RA and TA antennas are selected as excellent
candidates due to their ability to provide the required antenna aperture through several non-
connected passive panels. A design of one RA and one TA antenna is presented in this thesis, for
the frequency band II from Figure 4.5. However, the geometry should be scalable and the
antenna geometries should ideally be able to provide a satisfactory CP performance over any of
the other ISL bands, with more demanding bandwidth requirements.

The design requirements for both RA and TA ISL antennas are presented in The main design
goal of the RA element in the following chapters is to improve the CP bandwidth of the RA
element, without compromising the complexity. The element should be designed on a single
dielectric layer, without metallized vias or SMD components. Among several presented

geometries in Chapter 5, one novel RA element satisfies these requirements.

Table 4.2. Beside the given requirements, the antennas should also have a profile low enough,
so that the combined thickness of all stowed panels does not violate the CubeSat limitation of
6.5 mm for features on the chassis exterior. Ideally, the thickness should not exceed 70-80% of

the limitation.

If the array panel is deployed perpendicularly to the CubeSat’s long axis (and the orbit tangent),
the angle between the main beam and the tangent is at the same time the antenna beam-
scanning angle away from broadside. For practical applications, this angle is smaller than 30°
and the associated scanning loss smaller than ~0.6 dB, as seen in Figure 4.11. Depending on the
selected ISL antenna configuration and the relative position of the feed, the deployment angle
with respect to the CubeSat body can differ from 90° to alleviate the scanning loss.

4.5.1. RA Antenna

Conventional reflector and lens antennas have a theoretically infinite bandwidth, as they rely
on the principles of geometrical optics. The resonant nature of RA and TA antenna elements
limits their bandwidth [81]. Furthermore, maintaining good CP performance over the entire

reflection or transmission bandwidth is even more challenging.

The bandwidth limitation is more severe in RA antennas, compared to TA antennas. Since the
introduction of the RA antennas, many techniques, having different levels of complexity, have
been developed to tackle this limitation [81], [88]. The key step in the RA antenna design is the
design of the RA element itself. In the literature, the RA element bandwidth is often improved at
a cost of an increased structural complexity, typically by introducing several metallic and/or
dielectriclayers. Such approaches violate the CubeSat requirements, where a simple, low profile

and robust solution is preferred.
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The main design goal of the RA element in the following chapters is to improve the CP
bandwidth of the RA element, without compromising the complexity. The element should be
designed on a single dielectric layer, without metallized vias or SMD components. Among

several presented geometries in Chapter 5, one novel RA element satisfies these requirements.

Table 4.2. ISL antenna design requirements.

Parameter Value
Frequency [GHz] 24.45-24.75
Polarization CP
Gain [dBi] >30
S [dB] <-15
AR [dB] <3
30 @ 10.62
;*" 25+ 40.43 QE
< 201 1027 2
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Figure 4.11. ISL antenna beam-tilt angle 6, with respect to the orbital tangent (see Figure 4.6)
and the associated scanning loss, versus the number of CubeSats in a single orbital plane.

4.5.2. TA Antenna

The bandwidth limitation is not as critical in conventional TA elements, compared to the RA
antennas. A wideband performance of TA antennas typically comes from their large overall
thickness, which can reach a full wavelength [89]. Needless to say, the resulting panel thickness
would be incompatible with the CubeSat standard. The goal in this case is to minimize the

overall thickness of a TA element (and the antenna) while preserving the CP bandwidth.

Among the TA-element geometries, previously presented in the literature, one proposed
configuration is based on two patch elements on opposite sides of the ground plane, connected
with a metallized via [90]. Although the total element thickness is very low, this geometry yields
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a wide CP bandwidth. Promising results are also achieved using two pairs of stacked patches
and EM coupling through a slot in the ground plane [91]. In Chapter 5, a novel TA element is
proposed, which combines the best aspects of both previous designs - an aperture-coupled

geometry (without metallized vias) with a low profile and only two patch elements.

4.6. Summary

Inter-satellite links (ISL) are a key feature for CubeSat constellations that aim to provide global
coverage and a very low communication latency. Conventional ISL antennas for small satellites
are not suitable for CubeSats, due to the size and weight limitations. A general approach of
simplifying the antenna geometry is to adapt the design to a specific CubeSat flying formation.

Among several flying formations, a satellite constellation is considered in this thesis. In a
constellation formation, CubeSats are uniformly distributed over multiple orbital planes, having
identical relative distance and orientation within a single plane. High-gain fixed-beam antennas
are a good cost-efficient candidate for ISLs in this configuration, since the two adjacent satellites
see each other at a same angle, at all times. The CubeSat’s attitude control system must have an
accuracy higher than that of an ISL antenna beamwidth, for the link to be maintained without

interruptions.

An ISL in K/Ka band was selected, among the sparse bands allocated for ISL applications below
40 GHz, due to the large capacity at those frequencies. Each 3U CubeSat of the constellation is
flying with its long axis tangential to the orbit and facing the adjacent CubeSats with the smallest
face. Based on the link-budget calculations, the 1U surface cannot provide sufficient gain for a
required data rate. Therefore, a deployable antenna is necessary, and deployable reflectarray
and transmitarray antennas are found to be optimal for this application. The nature of the RA
and TA antennas allows the reflector/lens to be constructed out of several separate panels. The
panels can then be neatly stowed or wrapped at the CubeSat exterior and no electrical or RF

connection is required with the main satellite body.

Several RA and TA configurations for ISL applications are envisioned and depicted in this
chapter. The configurations differ in the relative position of deployable panel and the feeding
antenna, with respect to the chassis. Although they are adapted to the specific CubeSat attitude
described in this thesis, they can also be suitable for CubeSats having different form factors or
in-orbit attitudes.

The RA and TA antennas consist of an array of resonant elements, and one or several
geometrical parameters are tuned to vary the phase of the reflected/transmitted signal.
Different techniques were previously proposed to improve the bandwidth of the inherently
resonant RA elements, usually compromising the overall simplicity. On the other hand, the

existing TA elements have a good bandwidth performance, but a large total thickness. Chapter 5
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proposes one novel element for each of the RA and TA CubeSat antennas: a single-layer
wideband RA element, and a low-profile TA element. The chapter also presents the design and
measurement results of an axially corrugated horn antenna used as the feeding element for both
arrays. The presented RA and TA element geometries, designed for the CubeSat ISL
applications, can be equally interesting for other applications and different frequency bands.

Although the RA and TA antennas seem to serve completely opposite purposes, the essence of
their design process is identical, safe for the design of the array element itself. Chapter 6
describes the RA and TA antenna design process in detail, based on the simulation results of
individual array elements and the feeding antenna from Chapter5. The simulation and

measurement results of several manufactured prototypes are finally presented in Chapter 6.
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5. Reflectarray and Transmitarray
Components

Both RA and TA antennas belong to a group of phase-shifting surfaces (PSS). Although many
different PSS design techniques and geometries exist, the focus of this thesis is on PSS arrays of
discrete elements. A detailed design process of such geometries was previously presented, for
example, in [81], [82], [88]. Individual array elements within most PSS arrays have a similar
topology, and the phase-shifting property is achieved by changing one or several design

parameters of the array element.

A CP radiation is used in space communications to eliminate the losses related to LP
misalignment. For the same reason, it will be used for the design of RA and TA antennas for
CubeSat ISLs. In the CP case, both RA and TA elements can benefit from a design technique
known as the element-rotation technique [92]. The geometry of elements, designed with this
technique, is identical in the entire array, and the phase shifting is done by a simple rotation
around the element’s vertical axis. The rotation angle of individual elements is then proportional
to the phase of the reflected/transmitted waves, depending on the antenna type (RA or TA). A set
of conditions that an array element and the feeding antenna must satisfy and a detailed theoretical

analysis are presented in Section 5.1.2.

The antenna arrays are intended for operation in one of the ISL frequency bands allocated in
K/Ka-band. The antenna design requirements are given in Table 4.2. Both the array elements,
whether RA or TA, and the feeding antenna should have an excellent CP performance across the
entire frequency band. Ideally, the array elements and the feed should also be scalable to the ISL

K/Ka-bands other than the specified one, where the bandwidth requirement is more stringent.

The simulation environment of an array unit-cell and the associated assumptions are presented
in the beginning of this chapter. Following a theoretical description of the element-rotation
technique, two novel RA and TA elements are proposed for CubeSat ISL applications in K band,
based on coupled microstrip loops and aperture-coupled microstrip patches. As discussed in
Chapter 5, the design goal of the RA antenna element is the improvement of the CP bandwidth of
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existing geometries without compromising the array thickness or complexity. In the case of TA

elements, the goal is opposite - a thickness reduction with a preserved aperture efficiency.

Finally, a 3D-printed all-metal corrugated-horn feed chain is designed, as a feed for RA and TA
antennas. The CP operation of the feed, required for the element-rotation technique, is achieved
with a septum polarizer in a square WG. Simulation and measurement results of the horn feed

demonstrate its suitability for CubeSat ISL applications.

5.1. Element Design Approach

The fundamental part of the general design process is the design of the array element itself. The
elements of the array are distributed over a square lattice. A common approach is to assume local
periodicity of elements and analyze the element in an infinite-array environment [81]. In other
words, each element of the array is surrounded by elements typically having only slight
differences in geometry. The approximation is less applicable for elements close to the edge of the
array. However, the amplitudes of the waves, incident at these elements, are also smaller, so that
the introduced error is also reduced. This approximation was shown to give excellent results in
RA and TA antenna design for many different element geometries[81], [82]. The approach is
equally suitable for full-3D and quasi-3D EM solvers. It is favorable to use the quasi-3D solver for

the planar geometries presented here, as it requires significantly less computing resources.

5.1.1. Infinite-Array Approximation

In an infinite-array approximation, the simulation relies on the application of Floquet’s theorem
on infinite periodic structures [81], [93]. It states that the field in the infinite periodic structure can
be expressed as a superposition of travelling waves, called Floquet’s spatial harmonics. In the case
of a 2D periodic structure, the total field in two adjacent cells of the periodic structure differs only

by a propagation factor of a plane wave. The theorem then becomes:
E(r+R) = E(r)e /kR (5.1)

where Eis the electric field component, r is the element position vector, R is the lattice vector, and
k is the propagation vector of a plane wave. It is shown that, if the element spacing is chosen to
prevent the appearance of grating lobes in the visible space, only one pair of harmonics is
supported. The two harmonics have identical propagation constants and orthogonal
polarizations, and they can be used for a full characterization of the periodic structure, including

the phase response, losses and cross-polarization.

It directly follows from the previous analysis, that it is sufficient to analyze a single element of the

periodic structure (in this case, the array), called the unit cell. The simulation environment of RA
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and TA unit cells is shown in Figure 5.1. The element is surrounded on lateral sides by periodic
symmetry planes. The field amplitudes on opposing symmetry planes within each pair are
imposed by the solver to be equal, allowing for a phase shift. The two independent phase shifts of
the cell determine the propagation vector of a supported plane wave, given by:

ky, =kycos¢sinb
ky = kqosin¢sin@ (5.2)
k, = kocos@

where 6 and ¢ are angles in the spherical coordinate system, and k, = 2m/4,. Boundary
conditions at the remaining cell faces, defined as Floquet ports, are used for excitation of the unit
cell. A modal decomposition of the fields at Floquet ports is performed, where the two
fundamental supported modes correspond to incoming LP plane waves with orthogonal
polarizations, referred to as TE and TM modes. The relations between all supported (incident and
scattered) modes is presented in the form of S parameters. Therefore, the order of the resulting S
matrix is four and two in the TA and RA case, respectively. Two Floquet ports are defined for TA
cells in order to calculate the transmission as well as reflection coefficients of the cell. In the case
of a RA, the bottom port is usually replaced with a PEC plane. If the RA is used in a combination
with a FSS, a setup similar to the TA cell should be used.

5.1.2. Variable Rotation Technique

The reflection phase shift of most RA elements is obtained by modifying one or several element’s
geometrical parameters. This way, the resonant frequency of the element is shifted around the
central operating frequency of the RA, simultaneously controlling the phase of the reflected signal.
The phase range that can be achieved with simple, single-resonance elements, such as a
microstrip patch, is smaller than 360°, meaning that some of the required phase values will be
impossible to achieve. Moreover, the size variations between adjacent elements can invalidate the

local periodicity assumption in the RA locations where the phase wrapping occurs [88].

A special technique is applicable for CP RA and TA antennas, referred to as the variable rotation

technique. The following conditions must be satisfied [91], [92]:

e The feeding antenna must radiate CP
e RAcase:

o The CP sense must be the same for the incoming and scattered waves
e TAcase:

o The CP sense must change while passing through the TA surface

o Thereflection is minimal
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Floquet
port Symmetry
plane
Floquet
port
Floquet
port
Transmitarray Reﬂectarray

Figure 5.1. The simulation environment of TA and RA antennas in a full-wave 3D EM solver.

If these conditions are fulfilled, the phase can be changed simply by rotating the elements around
the vertical axis. The range of attainable phase values is continuous from 0° to 360°, while the
amplitude of reflection/transmission coefficients and the coupling to adjacent elements remains

nearly constant across this range.

An excellent comparison between two types of TA elements - phase-delay and phase-rotation
elements - is presented in [94]. The theoretical development of the element-rotation technique,
for RA and TA antennas, is presented in [91], [92], [94], [95], and the main points are outlined in
this chapter for the more general case of CP TA antennas. The equations for the RA are derived

afterwards from the TA case.

The S-parameter matrix S*

of the unit cell from Figure 5.1 is defined as:
pLP = SLP4LP (5.3)

where b™” and a'? and the matrices of scattered and incident TE/TM modes. Its expanded form

is:

TETE ¢TETM ¢TETE ¢TETM TE
b [511 S11 S12 S12 ] a;
pTM[ |STMTE gTMTM GTMTE TMTM]|,TM (5.4)
5.4
bTE |~ | STETE  GTETM  GTETE  GTETM | oTE
TMTE ¢TMTM ¢TMTE ¢TMTM| | ,TM
b, So1 So1 S35 S35 a,
If the element is rotated by an angle a, the new matrix Sf; can be written as:
cosa sina 0 0
- — si 0 0
SLP — (RLP)-1§LP RLP, RLP = sina  cosa _ ) (5.5)
o = (RY) 0 0 cosa sina
0 0 —sina cosa

where RIP is the rotation matrix. As the incident and scattered radiation is always CP, it is

convenient to work with circular unit vectors and define the matrix S} as:
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bCP = SCPaCP, (5.6)

The matrix S, relates incident and scattered CP waves, while also taking into account the

variable rotation angle. It can be obtained by:

1 —j 0 0
1 7 0 0

Srot — TL2C SrOt(TLZC) -1 TLZC — 0 0 1 _] , (57)
0o 0 1

where T?C is the transformation matrix from Cartesian (x, y) to circular (RHCP, LHCP) unit
vectors. Expression (5.6) can also be written as:

[bf] [SLR St Siz iy ] [a
lbf | SRR SRL SRL SfZR
[bz J {SRR SRL SRL SéazR‘
b; St St Si S
where, for example, a} is the incident LHCP wave at port 2, bR is the scattered RHCP wave at

(5.8)

port 1, and SR is the matrix entry that relates the two mentioned waves. Since the feed antenna is
always placed on the top of the array, all signals that are incident at port 2 are of no importance.
The relevant matrix entries are obtained by substituting (5.5) in (5.7) and comparing with (5.8):

1 )
S§1R —— [STETE _ 51T1MTM +J(S'1TlETM + Sil‘lMTE)]e+]2a

511.1L — [STETE SﬂMTM _j(Sil‘lETM + Sil‘lMTE)]e—jZa
St = [S;EETE — ST (ST + S3TE) JetI2e (5.9)
Si = [S;EETE - S;EMTM —j(SFE™ + SFITE) e3¢

Sit = Sit = (SEETE + S

521 — 21 — (S ETE_l_STMTM

It directly follows that, if the element satlsfles the previously outlined conditions for the TA case,
the phase shift is then equal to twice the value of the rotation angle and the CP sense of the
scattered wave is of the opposite hand compared to the incident wave [92]. The CP-sense change
is achieved if the phase difference between the two co-polarized LP components is 180°, or
equivalently:

arg(S7ETE) — arg(STM™) = 180°,  SJETE = —gTM™ (5.10)

By properly selecting the rotation angles across the TA surface, the resulting phase distribution
can collimate the radiated beam and scan it in an arbitrary direction.
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The response of a RA cell is obtained simply by using the expressions of (5.9) with a subscript ‘11,
which take into account exclusively port 1. Similar conclusions apply as in the TA case, except that

the reflection of the same CP sense is the desired effect in CP RA antennas.

A notable example in the group of RA elements, which satisfies the described conditions, is the
microstrip split loop [96], [97]. Different stacked and coplanar configurations of split loops were
reported for dual band performance, sometimes in a combination with ESS if transparency was
required at lower frequencies [83], [98]. On the other hand, TA examples of CP elements include
an aperture-coupled stacked patches [91], stacked split loops [85], and various other, not listed
here [99]. The existing elements served as a starting point for the RA and TA element design. The
following sections present novel elements, developed from the existing ones, which significantly
improve the bandwidth or panel thickness of the RA and TA structures, respectively.

5.2. TA Element: CP Aperture-Coupled Patches

The general approach in one group of TA elements is to have two resonant elements at opposite
sides of a ground plane. Several element geometries are illustrated in Figure 5.2. The element
facing the feed accepts the incoming radiation, resonates and transfers the energy to its

counterpart, which in turn resonates and radiates the waves on the opposite side of the TA.

The first TA lens based on this concept is shown in Figure 5.2(a) [100]. Two parallel arrays of
rectangular patches are connected with delay lines and metallized vias, where the variable line
length provides the required phase shift. The design from Figure 5.2(b) eliminates the delay lines
and uses only a metallic pin to connect the receiving LP patch to a transmitting CP patch, in

combination with the element-rotation technique [90].

Another work presented a design shown in Figure 5.2(c) where the patches are aperture-coupled
to stripline delay lines, removing the need for unreliable metallized vias [101]. The geometry was
later improved further, by eliminating the stripline delay lines and directly coupling the patches

through a crossed slot in the common ground plane.
N"eed
e Ground

N Patch Apertur This
el : \ plane . Thesis
o /Via\

Radiation, ~-- \Mlcrostnp ;

N, T Tx Line Striplin

(a) (b) (d) (e)
Figure 5.2. A comparison of different methods to achleve phase shifting in TA elements based
on microstrip patches. (a) Delay line and via connection. (b) Via connection, variable rotation.
(c) Stripline delay line and aperture coupling. (d) Aperture coupling of stacked patches, variable
rotation. (e) Aperture coupling of single patches, variable rotation (this thesis).
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This structure is proposed for dual-LP [102]and CP operation [91] and the element geometry is
shown in Figure 5.2(d). The transmission phase is varied by changing the patch physical
dimensions in the dual-LP case, and by using the element-rotation technique in the CP case. A
stacked-patch structure is used in both designs, due to difficulties to obtain satisfactory

transmission parameters with only a single patch element.

As discussed in Section 5.1.2, the element-rotation technique requires the phase difference
between the transmitted LP components to be 180°. This difference is achieved in [91] with a
rectangular patch shape. A large aspect ratio of the rectangle separates the two orthogonal
resonances in frequency and increases the phase difference of transmitted components. The
authors stated that it was difficult to obtain the required difference of 180° with a single patch, and
that the stacked patches were used for this purpose. The resulting structure has a wide CP
transmission bandwidth, but also a large profile, as it is composed of four dielectric and five

metallic layers.

The remaining part of this section presents a TA element shown in Figure 5.2(e) having only two
dielectric layers, which achieves the 180° phase difference using a modified shape of the coupling

aperture.

5.2.1. Geometry Evolution

Introducing asymmetries in conventional patch antennas is commonly used to excite CP by
creating a phase difference of 90° between orthogonal resonances. This was done in Section 2.7
by introducing a small asymmetry in the coupling slot of an aperture coupled patch antenna. The
same idea is used here for the described TA element. Since the required phase difference is twice
that of the patch antenna, the slot asymmetry must be larger, in combination with rectangular
instead of square patches. The evolution of the TA-element geometry is shown in Figure 5.3. One
slot in the pair of crossed slots is drastically elongated at first, and then loaded at the ends in the
form of a dog-bone slot [103]. It is shown that a single patch on each side is sufficient to achieve a
phase difference of 180° with this geometry.

Indeed, the transmission polarization-sense change and minimal reflection are found to be
conflicting criteria in the design of the aperture-coupled element. In other words, if the reflection
is minimized at the same frequency for both LP components, the difference in transmission phase
tends to be smaller than the required 180°. A phase difference close to 180° is achieved with a
significant slot and patch asymmetries, while maintaining low values of reflected LP components.
After the initial manual tuning, the element was optimized to minimize both reflected and cross-
polarized transmitted CP components at the design frequency. The dimensions of the optimized

element given in Figure 5.4 present the best compromise.
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Design evolution

\

Patches

Slot

Figure 5.3. Design evolution of aperture-coupled patches as TA antenna elements. Two
identical patch elements are placed symmetrically on the two opposite sides of a ground plane
with a slot. The slots are shown in white on the gray ground plane.

Figure 5.4. The geometry of the TA element based on aperture-coupled patches. Dimensions (in
mm): d=6, h=0.76, P,=3.19, P,=1.87, 5,=2.63, §,=2.99, S.=2.28.

5.2.2. Simulation Results

The simulated performance of the optimized element is shown in Figure 5.5. Although the
maxima of the LP transmission components do not appear at the same frequency and the phase
difference is not exactly equal to 180°, the unwanted CP components are all below -17 dB at
24.6 GHz.

When used as a part of an array, the incoming radiation arrives at individual elements at a range
of different incidence angles. This range is increased for TA antennas with a low F/D ratio (TA
focal distance over the total array dimension, as explained in the next section) and offset-fed TA
antennas. For a good array performance, the element must show stable characteristics over the
given angular range. The CP performance is calculated for three elevation incidence angles: 0°,

20°, and 40°, and the simulation results are presented in Figure 5.6. The response shifts to lower
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frequencies with the increase of the incidence angle. As a compromise, the element is designed at
a slightly higher frequency to account for this effect. Nevertheless, the CP cross-polarized and
reflected components remain below -15 dB at 24.6 GHz in all cases.

The TA element is designed on two Rogers RO6002 laminates (£,=2.94, tan§=0.0012, h=0.76 mm).
The total thickness of the structure is ~0.13 Ao at 24.6 GHz. The initial design was done on Rogers
RT/Duroid 5870 boards, yielding a total thickness of ~0.09 A, , but the substrate material was
changed due to material availability. By comparing the two models, a better performance-stability
versus the incident angle was observed in the Duroid 5870 element due to a lower profile. The

same conclusion can be made by comparing this element’s performance at large incidence angles
versus the stacked-patch element from [91].
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Figure 5.5. Simulation results of the aperture-coupled-patch TA element. (a) Transmission and
reflection S parameters for the two orthogonal LP components - TE and TM. (b) Transmission
and reflection S parameters for the two CP components - LHCP and RHCP. (c) Phase and phase
difference of the LP transmission S parameters. (d) The co-polar transmission magnitude versus
the elevation incidence angle, for different azimuth incidence angles.
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Figure 5.6. The dominant S parameters of the aperture-coupled-patches TA element versus the
elevation incidence angle.

5.3. RA Element: Coupled Loops

RA antennas with elements having variable rotation angles were first designed with square
microstrip patch element and attached delay lines [92], followed by the split-loop element [96].
Split loop remains the most attractive CP RA element to date. Its small conductive surface makes
it convenient to stack or interleave elements with different dimensions, for multiband RA
operation [98], [104]. Furthermore, the circular shape of the element minimizes the variations of
the mutual coupling for various rotation angles of adjacent elements. The split loop is used in
combination with a backing FSS structure to make the RA panel transparent to low
frequencies [83]. This configuration is especially appealing for the RA CubeSat configuration

previously illustrated in Figure 4.9(c).

The design goal of this section is to improve the split-loop element bandwidth, starting from the
existing geometries, for it to be able to cover any ISL frequency band in K/Ka bands. The

simulation setup for the RA unit cell is shown in Figure 5.1(b).
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5.3.1. Geometry Evolution

RA element geometries and the corresponding simulated S parameters are shown in
Figure 5.7 - 5.9. The starting design for the wideband RA element is the known split-loop from
Figure 5.7(a) [96]. It is a metallic ring above a ground plane, cut in two positions on opposite sides.
In this structure, the phase of the reflection coefficient for vertically polarized waves is 180° larger
compared to the horizontally polarized, which is the key condition for the element-rotation
technique. The CP sense of the incident and scattered waves is thus the same. The underlying

principles of its narrowband CP performance will be explained in the following section.

The bottom-left element in Figure 5.7(a) is presented in [97], where it is claimed that the vertical
line is added to reduce the cross-polarization. The bottom-right element in Figure 5.7(a) is the
result of an attempt to increase the capacitive coupling at the edges of the two circular arcs.
Consequently, the element has a smaller dimension compared to the conventional split loop, for
a given resonant frequency, and a slightly smaller bandwidth. However, elements of this type can
be distributed with a smaller separation, potentially improving the bandwidth of the full array.
This element is novel and it can be considered as an intermediate design step that led to the
development of the final wideband geometry. The performance of both split-loop modifications

is found in the simulations to be very similar to a conventional split loop.

The RA element shown in Figure 5.8 is an evolution from the bottom-left element in Figure 5.7(a),
where the vertical line is extended to an I-shaped line. An interesting property of the element is its
dual-band performance. The angular positions of the gaps determine the ratio of the two central
frequencies. Unfortunately, the element cannot be used simultaneously for both bands, since the
required rotation angles will be different in the two frequencies, even if the main beam is scanned
in the same direction. The same conclusion can be made for the dual-band TA element from [99].
While trying to bring the two frequencies together, an anti-resonance was observed between the
two bands, preventing the two resonances to collapse into a single, wide band. This element

geometry could be of interest for a future study.

Although the attempts to generate a wideband geometry were unsuccessful for the element in
Figure 5.8, the final design yields two collapsed resonances with a potential for a significant
bandwidth increase. The RA element in Figure 5.9 is obtained by continuing the process, used to
generate the capacitive-coupled loop in Figure 5.7(a), until the two pairs of arc edges are
connected. The obtained geometry is composed of two coupled loops. When the element is re-
sized to the design frequency, it is larger than the original split loop. However, the total diameter
is equal to only 0.331; at the design frequency. The element-spacing condition that prevents the

excitation of grating lobes in a RA is given by:

a__ 1 (5.11)

<
Ao 1+ |sind|

where d is the element separation and 6 is either the incidence angle from the feed or the beam-
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tilt angle, whichever is larger [93]. Therefore, the excitation of grating lobes is eliminated by using

the described element in any feeding or scanning configuration, since the element-separation

limit is larger than 0.54, for all incidence angles.

The full-wave simulation results of the coupled loops are presented in Figure 5.9(b,c). A dual-
resonant behavior is evident from both the CP and LP S parameters. Consequently, the CP-
reflection bandwidth of the coupled loops is significantly improved compared to the traditional
split-loop element. The following Sections 5.3.2 and 5.3.3 provide a detailed modal analysis and

the full-wave simulation results of the coupled-loops element, for a deeper insight into the

wideband CP nature.
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Figure 5.7. Geometry of split-loop RA elements and the full-wave simulated performance.
(a) The original element geometry and two modifications. The three geometries have a similar
single-resonant performance. (b) Magnitude of the CP S parameters. (c) Phase of the LP S
parameters.
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Figure 5.8. Geometry of the I-shaped-loop RA element and the full-wave simulated
performance. (a) The element geometry. (b) Magnitude of the CP S parameters. (c) Phase of the
LP S parameters. Note the expanded frequency axis.
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Figure5.9. Geometry of the coupled-loops RA element and the full-wave simulated
performance. (a) The element geometry. (b) Magnitude of the CP S parameters. (c) Phase of the
LP S parameters.

5.3.2. Modal Analysis

The performance of different elements can be explained by examining the structural resonances
of the geometry, as well as the electric currents on the element when it is illuminated by LP and
CP plane waves. Different solvers are used for the two tasks - the eigenmode solver for the
structural resonances in the absence of any excitation and the modal-driven solver for the full-
wave simulation with plane-wave excitations. The periodic boundary conditions are used in both
cases. The only setup difference is that, in the eigenmode simulations, the Floquet port is replaced

with an open (radiation) boundary. The splitloop and the coupled loops are used for comparison.

The first two resonant modes of the two geometries are calculated and the characteristic electric-
current distributions are shown in Figure 5.10. The two split-loop modes can be seen as the even
and odd modes and their eigen-frequencies are the same. On the contrary, the first two modes of
the coupled loops have different eigen-frequencies, with a spacing of ~7.6%. When the two RA
elements are excited by LP plane waves at the central frequency in the full-wave simulations, the
currents on the coupled loops correspond exactly to the two mode distributions. However, only
the first mode is excited on the split loop for both vertical and horizontal polarizations, as the
second mode is not supported. CP plane waves excite the same (first) mode, explaining the

narrowband character of the split-loop element.

The current distribution of the coupled loops in the case of a CP plane-wave excitation is a
combination of the two eigen-mode distributions. Individual modes are dominant at different
frequencies within the operating band, in agreement with the relationship of the mode eigen-
frequencies. The current distribution of the coupled loops is presented in Figure 5.11 at several
frequency points. The distribution is mainly determined by the first mode at lower frequencies,

and vice versa.
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Figure 5.10. Electric currents on the split-loop and coupled-loops RA elements. The top two
rows show the results of the eigenmode analysis, and the bottom three rows show the results of
a full-wave 3D simulation with a Floquet-port excitation. Periodic boundary conditions are used
in both sets of simulations.

100



5.3. RA Element: Coupled Loops

5.3.3. Full-Wave Simulation Results

The simulated S parameters of the RA coupled-loops element, with a Floquet-port excitation in
the infinite-array environment, are shown in Figure 5.12. It is observed that the two resonances
separate in frequency, as the incidence angle of the incoming wave increases. Therefore, it is
essential for the element to be designed with closely spaced resonances in the case of broadside
incidence, in order to preserve a low cross polarization at the center of the band for large incidence
angles. On the other hand, if the resonances are designed too closely together, the overall element
bandwidth is reduced. The main parameter that influences the resonance separation is the gap
between the two loops. As seen in Figure 5.12(b), the S parameters are very sensitive to the gap
distance.

The coupled-loops element is modeled using zero-thickness conductor layers during the
simulations, including the conductive and dielectric losses in the materials. This approximation
significantly accelerates the quasi-3D simulation process. However, through prototype
measurements in Chapter 6, it will be shown that the effect of the finite conductor thickness is
important, since it also affects the sensitive coupling between the two loops. Therefore, it is
advised to include the finite conductor thickness in the simulation models, for maximum

accuracy.

The effect of resonance separation is also evident from Figure 5.13, where the co-polar reflection
S parameter is presented for different incidence angles. The magnitude of the co-polar reflection
drops most rapidly in the center of the band, at 24.6 GHz, which is in line with the results from
Figure 5.12(a). Nevertheless, a wideband performance of the coupled loops is preserved across a

wide range of incidence angles, with a low cross polarization across the entire band.
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Figure 5.11. Electric-current distributions on the coupled-loop element at different frequencies.
The results are obtained using a full-wave 3D simulation and a Floquet-port excitation.
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Figure 5.12. Simulated S parameters of the coupled-loops RA element (Element5 from
Figure 5.7). (a) Variation of the elevation incidence angle. (b) Variation of the gap between the
two D-shaped loops.

O‘ O‘
- -1
g -2 24 GHz g 2[] 246GHz g -
r§:/1: -3 - G)im: - éu): -3 - G:)im: " gw: -
—a— ¢, = 30° —&— 0, = 30°
4 -~ Q‘)inc: 60° 4 -~V (binc: 60°
—¥—= QinC: 90° —4— (binc: 90°
-5 -5 -5
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
0,00 71 0[] ine L]
(a) (b) (c)

Figure 5.13. The co-polar reflection magnitude SRR versus the elevation incidence angle, for
different azimuth incidence angles. (a) 24 GHz. (b) 24.6 GHz. (c) 25 GHz.

5.4. 3D-Printed Corrugated-Horn Feed Chain

A feeding antenna is an equally important part of the RA or TA system as the array element. Its
properties must be carefully chosen for the given array geometry. In the case of arrays that use the
element-rotation technique, the feeding antenna must be circularly polarized. Moreover, the CP
quality should be preserved along the entire range of angles, under which the array is visible. A
circular horn antenna is selected for this application, although other geometries can be equally
suitable (a patch antenna array, to name one). The choice was driven by a high operating
frequency and the fact that the horn antenna is an all-metal geometry - an attractive feature for
space applications.
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5.4.1. Array Focal Distance

The F/D ratio is the main parameter that determines the properties of the feeding antenna. Some
antenna aspects are outlined in Table 5.1 and illustrated in Figure 5.14, versus the F/D value. The
beamwidth of the feed is inversely proportional to the F/D ratio, meaning that a more directive
antenna should be selected for a larger feed distance [81]. The incidence-angle estimate in the
table is given for center-fed antennas or the antennas where the feed projection is at the array
center. This issue becomes more important for offset-fed arrays (and especially for large offset
values) since the maximum incidence angle is increased and the central area of the array is
illuminated at a larger angle as well. The central array area is also the one with the strongest
illumination, and which plays the largest part in the total RA performance. A larger F/D will reduce
the maximum incidence angle in any case, but will require a more directive feed, which will also

be larger.

For the antenna geometries depicted in Figure 4.9, the array is deployed from the CubeSat surface,
and the feed is located on the large face of the CubeSat, with a distance F from the array base.
Therefore, an offset value of 0.5D is adopted in this thesis, as the worst-case scenario, while having
in mind that the actual offset in the practical antenna model will be slightly smaller. Offset-fed
arrays are more prone to exciting grating lobes for element-spacing values larger than 0.5A,. The
maximum allowed element spacing is calculated using (5.11) for different array sizes and F/D
values, and the results are presented in Table 5.2. The elements used in this thesis are designed

with an element spacing of approximately 0.54, and thus never excite grating lobes.

Table 5.1. Design tradeoffs of RA and TA antennas, for different values of the F/D ratio.

F/D ratio Small Large
Feed beamwidth Wide Narrow
hﬁiﬁﬁgg:i{gﬁ; nt Large Medium
Feed size Small Large
Total RA antenna size Medium Large

Figure 5.14. The impact of the F/D value on the design parameters of the feed and the array: feed

beamwidth BW, maximum/average incidence angle 657, and feed horn diameter Dj,.
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Table 5.2. The maximum element separation (in A,) that does not generate grating lobes, versus
the focal distance and the array dimension.

F [mm]

D [mm] 100 150 200 250
100 0.59 0.64 0.69 0.73
150 0.54 0.59 0.62 0.66
200 0.53 0.56 0.59 0.62
250 0.52 0.54 0.56 0.59

Table 5.3. The angle (in °) at which the deployed RA or TA aperture is visible from the feed
position on the surface of the CubeSat.

D [rmm] F [mm] 100 150 200 250
100 45 34 27 22
150 56 45 37 31
200 63 53 45 39
250 68 59 51 45

In the given array configuration on a CubeSat, the angle at which the array is visible from the feed,
given in Table 5.3, is calculated by:

D
Ofeea = atan . (5.12)

This angle gives an initial estimate of the feed’s 10-dB beamwidth. In the literature, maximum
aperture efficiency of the array is typically obtained if the illumination in the array edge is
approximately 10 dB below the center illumination [81]. A similar rule is adopted for the designed

feed, as explained later on.

5.4.2. Axially Corrugated Horn

A horn antenna is the most common choice for the feeding element of a reflector. An all-metal
horn geometry is an attractive feature for space applications. CP radiation of a horn antenna is
excited with two orthogonal modes in the input waveguide, which should be either circular or
square. The radiation performance then depends on the horn geometry. In general, a larger horn
will have a higher directivity and a lower beamwidth. As described in the previous chapter, one of
the main requirements for the RA and TA feeders is a good off-axis CP performance. The cross
polarization of an ordinary horn (circular or square) deteriorates quickly when moving off axis,
making it unsuitable for this scenario. Several known techniques are used for the improvement of
the cross polarization: corrugated horn (axial or radial corrugations), scalar horn, spline horn,
etc [105].
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Starting from an ordinary circular horn, designed at 25 GHz, two variations were implemented.

e Scrimp horn - a multimode horn element, consists of a flared section, a single axial
corrugation and the cylindrical section

¢ Axially-corrugated horn - the same geometry, only with three axial corrugations

The geometry and radiation characteristics of the two horn geometries are compared with a
regular circular horn in Figure 5.15. The diameter of the feeding circular WG is chosen to be
7.8 mm to prevent excitation of higher-order modes in the waveguide. Two orthogonal WG
modes, with the same cutoff frequency, are supported in the specified frequency band. In the
simulations, the waveguide is fed with a wave port, and the two modes are excited with a phase
delay of 90° for CP radiation. The corrugated horn has the largest aperture area, and therefore the
highest directivity. Several corrugations yield a significant improvement in the broadside cross-
polarization, over the other two models. The corrugated horn, with its increased directivity and a
narrower beamwidth, will require a larger F/D value to achieve an optimal aperture efficiency, as
it will be explained in the next chapter. The cross-section of the axially corrugated horn with
optimized dimensions is shown in Figure 5.16.

5.4.3. Septum Polarizer

The practical excitation of CP in horn antennas can be done in a number of ways, including
external feeding networks, meander-line polarizers, etc. One of the simplest methods is to use a
so-called septum polarizer, shown in Figure 5.17 [106]-[108]. The septum polarizer consists of a
thin, ridged, metallic wall, placed in the middle of a square waveguide.
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Figure 5.15. Simulated CP radiation patterns of the three horn antennas. (a) Regular circular
horn. (b) Scrimp horn. (c) Axially corrugated horn. Cross-sections of horn-antenna geometries
are shown above the corresponding radiation patterns.
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Dy,

Figure 5.16. Cross-section of the axially corrugated horn antenna. Dimensions (in mm): Dyg=9,
D.,=31, t=1, W,=1.5, H=2.5, H=18.7.

Win t Hin

Figure 5.17. Septum polarizer in a square WG. Numbers denote the rectangular ports (1,2) and
the common square port (3). Dimensions (in mm): W,,=9.8, Wi,=7.8, Hi,=3.4, t=1.
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Figure 5.18. Septum-polarizer S parameters. ‘3:1’ in the subscript stands for port 3, mode 1.
(a) Matching at ports 1 and 3. (b) Transmission magnitude from port 1 to the two orthogonal

modes of port 3. (c) Transmission phase difference from port 1 to the two orthogonal modes of
port 3.

The polarizer consists of three ports: a square port that leads to the horn antenna, and two
rectangular ports. If one of the rectangular ports is excited, the resulting wave scattered on the
square port is CP. The excitation of the other port results in the CP of an opposite sense.

During the simulations, the fundamental TE10 modes are excited in the rectangular wave ports 1
and 2, and two fundamental modes, TE10 and TEO1, in the square wave port 3. The heights and
lengths of the individual ridged sections of the septum are optimized to give the best CP
performance with a minimum total length. The optimized polarizer performance is presented in

Figure 5.18. The return loss at all ports and rectangular-port isolation are better than 30 dB in the
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frequency band of interest. The equal power division to the two orthogonal modes in the square
WG and the transmission-phase difference of 90° ensure the excitation of a high-quality CP
radiation. The polarizers of this kind can be optimized further for a wideband or dual-band

performance.

5.4.4. Full Feed Chain

The 3D simulation model of the full feed-chain geometry is shown in Figure 5.19. The composing

parts of the antenna are:

Corrugated Horn - described in Section 5.4.2.

2. Circular to square WG transition - a simple linear taper from a 9-mm circular WG to a
7.8-mm square WG
Septum polarizer - described in Section 5.4.3.
WRA42 transition - an S-shaped WG twist, with a gradual linear taper from a 7.8 x 3.4-mm?
WG to a standard-sized WR42 (10.668 x 4.318 mm?)

5. WRA42 flange - a standard flange for mating with the adapters of the measurement system

The fabrication method, selected for the prototyping of the feeding system, is the additive
manufacturing in aluminum, or more precisely Direct Metal Laser Sintering (DMLS) [109]. Tt
allows the entire feed chain to be built as a single metallic piece. During this procedure, an
aluminum-alloy powder is selectively melted, layer by layer, with a high power-density laser. The
structure is therefore gradually ‘grown’ along one axis. In the case of this antenna, the printing
direction is along the Z-axis. The WR42 transition has a characteristic smooth shape since the
DMLS process cannot handle interior walls perpendicular to the printing direction (these would
appear if right-angle bends were used). The standard WR42 is designed as the input WG since the

WR42-to-coaxial (3.5 mm connector) adapters are available in the measurement facilities.

The pictures of the fabricated prototype are shown in Figure 5.20. During the anechoic-chamber
measurements, two WG-to-coaxial adapters were connected to both ports of the feed chain, and
a 50 Q termination was additionally connected to the port that is not used for measurements. The
measured radiation pattern and AR of the antenna are compared with simulations in Figure 5.21.
The measured co-polarized pattern is in agreement with the simulated one. There is a larger
discrepancy in the cross-polarized pattern, which is attributed to the fabrication accuracy of the
DMLS method. The most critical part of the feed chain, in terms of fabrication, is the polarizer,
since it is difficult to accurately 3D-print the small geometrical details of the septum. However,
the measured AR is smaller than 2 dB within a beamwidth of +20°, and the broadside AR is smaller
than 0.5 dB across the specified frequency bandwidth. Moreover, the radiation patterns retain the

shape and levels in this frequency range.
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1 - Corrugated horn

2 - Circular-to-square
WG transition

3 - Septum polarizer

4 - Transition to WR42

5 - WR42 flange

=
Vo oz zo Ty
Figure 5.19. Simulation 3D model of the feed chain, with denoted individual components.

5.4.5. Future Integration with a CubeSat

The measured performance of the horn antenna prototype makes it suitable for RA and TA feed

applications. A stable AR over frequency is especially important for the operation with the

wideband RA antenna element, described in Section 5.3.

The presented feed-chain geometry is primarily developed for the laboratory evaluation of RA and

TA prototypes. The final antenna prototype will have to be redesigned for an efficient integration

with the CubeSat structure. The main aspects that could be modified are:

e Coaxial-to-WG transition - Instead of the bulky adapters, the coaxial probe can be

directly integrated into the feeding WG immediately before the septum polarizer.

Depending on the polarization used in the system, it could be possible to match one of

the two polarizer’s ports.

e Horn aperture - If the total horn antenna diameter (33 mm) is too large, the size can be

reduced by using only two corrugations. The increased horn beamwidth would then

require a smaller F/D of the antenna system, for an optimal illumination of the array

aperture.

e Septum polarizer in a circular WG - The square-to-circular WG transition can be omitted

by designing the septum polarizer in the circular WG, and gradually changing the cross-

section to the two rectangular output ports of the polarizer.

e Total length optimization - Once one or several of the mentioned modifications are

implemented and individually optimized, the entire structure should be optimized as a

whole with the main goal of minimizing the total length.
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5.4. 3D-Printed Corrugated-Horn Feed Chain

Figure 5.20. (a) Prototype of the 3D-printed feed chain. (b) Polished mating surfaces of the
WRA42 flanges, for ensuring a good contact. (c) Feed chain mounted on a plastic support inside
the anechoic chamber, before adding the absorbers. The WG-to-coaxial adapters and the 50-Q
load are visible in the picture. (d) Horn antenna detail, after the absorbers were placed.
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Figure 5.21. Simulation and measurement results of the feed chain. (a) CP radiation patterns.
(b) AR versus angle. (c) AR versus frequency. (d) Realized gain vs. frequency. (€) S parameters.

A drastic size reduction could be achieved with these modifications, without a significant loss in
performance. However, the horn aperture remains the bulkiest part of the feed chain. During the
CubeSat launch, it would have to be stowed in a dedicated compartment inside the satellite body.
One envisioned configuration is shown in Figure 5.22. The feed chain is stowed inside the CubeSat
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5.5. Summary and Discussion

and covered with the array panel(s). Following the panel deployment in orbit, the horn simply
moves up to the required position by a spring mechanism. The rotation is done around the axis of

the feeding coaxial probe. The feeding structure can be integrated into the rotating hinges.

This type of feed occupies a significant volume compared to planar feeds (patch arrays) that are
stowed on the CubeSat exterior. As such, it is not compatible with most standard CubeSat chassis
and internal components directly below the feeding mechanism. However, the ISL functionality
is, in itself, an exotic feature for CubeSats in today’s standards. Therefore, the feed and array

designs are primarily intended for high-performance CubeSats, for which a custom-built chassis

is typical.

Stowed Deployed
Rotating
Array Feed Stowage RF hinge

l chain

compartment

Figure 5.22. The stowage and the deployment mechanism of the proposed feed chain. The side
view shows the cross section along the CubeSat center.

5.5. Summary and Discussion

RA and TA antennas offer an excellent compromise in terms of mechanical complexity and
electrical performance. They are an attractive choice for CubeSat CP ISL communications in K/Ka
bands, when a required antenna aperture is not available on the satellite surface. These antenna
types consist of a planar array of discrete elements and a feeding element, placed in the array focal
point. Different methods are used to achieve the phase shifting of the incident radiation from the
feed, in order to scan the beam radiated by the antenna aperture, in the desired direction. This

chapter focused on the study of individual elements of RA and TA antenna systems.

Most of the elements in the considered arrays are similar in geometry and they can be efficiently
analyzed using the infinite-array approximations. Simulation setups for RA and TA elements,
using periodic boundary conditions and Floquet-harmonic excitations, are presented in
Section 5.1.1.

If the array radiation is CP, a special technique of variable element rotation can be used for the
phase-shifting purpose. A detailed theoretical analysis of the technique is given in Section 5.1.2.

The RA elements that qualify for the element-rotation technique must have the same CP sense of

111



5. Reflectarray and Transmitarray Components

the scattered and incident waves, whereas the CP sense of the wave should change while passing
through an eligible TA element. The CP-sense change is achieved with a phase difference of 180°
between the two LP wave components. The phase shifting is then done with a simple element
rotation around the vertical axis. Two novel elements that satisfy described conditions, one each

for RA and TA antennas, are presented in this chapter for CubeSat ISL applications.

Conventional TA elements achieve the required phase difference with either a significant profile
or unreliable metallized vias. The TA element proposed in Section 5.2 introduces a simple
modification to the slot shape, thus reducing the number of required metallic layers from five to
three. The associated profile reduction and the manufacturing simplicity can be the enabling
factors for CubeSat applications. The element is incorporated in two final TA antenna designs.
The full array performance is simulated using the approach described in Chapter 6, where the

prototype measurements of the TA antenna are also presented.

The novel coupled-loops RA element, presented in Section 5.3, is an evolution from a well-known
microstrip split-loop. By coupling two microstrip loops, a significant bandwidth improvement is
obtained. The frequency spacing of the two resulting resonant modes is a key factor for enabling
a wideband performance. The increase in complexity is minimal, compared to the original
element, as the final geometry remains single-layer without any metallized vias or SMD
components. The simple geometry and a wideband CP performance make the coupled-loops
element a very promising candidate for CubeSat communications, as well as other RA

applications.

The feed antenna should radiate CP across the entire frequency band that the RA and TA elements
cover. An axially corrugated horn antenna is designed for this purpose. The axial corrugations
provide a lower off-axis cross polarization, compared to the conventional circular horn. A septum
polarizer in the common square WG provides the required CP radiation at the horn aperture. The
feed-chain prototype is fabricated for laboratory testing, using the additive manufacturing in
aluminum. The measured standalone performance of the all-metal feed-chain prototype
confirms its eligibility for CubeSat ISL applications as the RA and TA feeding element. The
presented horn antenna is used during the design and measurement phases of several RA and TA

antennas in the Chapter 6.

112



6. RA/TA Design Process

Once the individual components (array elements and the feeding antenna from Chapter 5) have
been designed and characterized, the simulation results are combined to predict the performance
of the entire RA or TA antenna system. The array synthesis and radiation analysis processes are
presented in the beginning of this chapter. Both functions are performed with a custom MATLAB
code, which imports the simulated results from the EM software, generates the array geometry,

and performs the necessary far-field calculations.

Both the arrays and the feeding antenna exhibit CP radiation, which is a main requirement for ISL
communications. The AR of individual array elements and the feed horn, described in the
previous chapter, is low across the entire specified frequency band. Consequently, the variable
rotation technique can be used to generate the required phase shift across the array, for

collimating the array radiation and tilting the main beam.

The variable rotation technique for RA and TA antennas in its standard form uses an analytical
formula to calculate the rotation angles that provide the necessary phase shift across the array
aperture. Depending on the element geometry and the elevation angles of incidence, a phase
error is introduced with this approach. A different, and yet simple, process is used here to

eliminate the phase errors and consequently increase the array gain.

One RA and one TA antenna, with 900 elements each, are designed and analyzed using the
described code. The aperture efficiency of the arrays is calculated as a combination of individual
efficiency factors. The designed array yield a gain of at least 32 dBi, with the aperture efficiency
larger than 60%. The 1-dB CP bandwidths of the two array are comparable, at ~6%.

Two prototype sets of the designed arrays are fabricated for measurements at two different
facilities. The prototype measurements are compared with the simulations at the end of the
chapter. The agreement between the conducted measurements and simulations verifies the

antenna performance and the RA and TA design process.



6. RA/TA Design Process

6.1. Design Process Overview

The entire design process is summarized with a flowchart in Figure 6.1. The program is separated
into two main parts:

e Synthesis and analysis - calculates the element rotation angles and the array radiation at
the central frequency

e Frequency analysis - calculates the radiation parameters over a frequency band for the
obtained element rotations

The first part uses the array unit-cell and the feed simulation results at the center frequency as the
input. The simulation results are then interpolated and sampled, and the scattered fields are
calculated using the procedure described in Section 5.1.2. The results are then used to obtain the
array geometry in the form of the element-rotation matrix. The total array radiation and aperture
efficiency are calculated at the center frequency with the approach described in Sections 6.4 and

6.5, starting from the scattered fields on individual array elements.

Unit Cell
S parameters (f;) S parameters (£infiax)
Feed
Far-field radiation (fu) Far-field radiation (fuun:fmax)
'y
Synthesis & analysis (f;)

- Feed far-field sampling - y
- Cell response interpolation Analysis (frin‘fma)
- Calculation: - Similar to main code, with

- Incident fields Element rotation fixed element rotation

- Element rotation P|_ Calculation (Frninifinax):

- Scattered fields - Scattered fields

- Radiation pattern - Directivity

- Efficiency - Axial ratio

Directivity

Directivity

Angle Frequency

Figure 6.1. A flowchart of the RA and TA antenna design and analysis process. Frequency f,
represents the central (design) frequency of the array, and fiin:fmex the analyzed frequency range.
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The inputs for the second part of the code are the unit-cell results in the entire frequency range of
interest and the element-rotation matrix, obtained in the first part. The same analysis procedure
is then repeated at every frequency point, for which the unit-cell and the feed responses are

available.

The unit-cell simulations can become time consuming over a frequency band, having in mind the
large number of incidence angles that must be considered. The use of a quasi-3D EM solver for
this part accelerates the process and obtains the wideband unit-cell performance in a shorter

time.

The antenna geometry and coordinate systems used for the arrays considered in this thesis are
presented in Figure 6.2. The focal point is located above one edge of the array, to model the feed
antenna placed on the CubeSat surface and the array deployed perpendicularly to that surface.
The following sections (6.2 - 6.5) describe the individual steps of the array-design process, and

discuss the main points from the CubeSat perspective.

6.2. Feeding-Antenna Radiation

6.2.1. Methodology

The radiated fields from the feeding antenna illuminate the individual array elements with a
different incidence angle, magnitude and relative phase. Determining the incident fields
accurately is necessary for a good array synthesis and the estimation of the array far field. Two

methods, commonly used to evaluate the array illumination, are depicted in Figure 6.3.

The first method involves sampling the far field of the feeding antenna, calculating the distance
from the feed to the individual elements and combining the far field with the path loss to obtain
the magnitude and phase of the incident fields. The method assumes that the array is located far
enough from the feed, so that it is not influenced by the near fields of the feed. Since an FEM code
is used for the 3D simulation, the model of the feeding antenna needs to be enclosed with an

‘airbox’ - a 3D object with radiation/PMC boundaries at the object faces.

The second method calculates the near fields in the exact locations of the individual elements.
The method implies either having a large airbox or using a hybrid FEM-MoM setup (FEM inside
the two regions and MoM at the exterior). The Poynting vector is calculated at the element
locations and adopted as the incidence angle for each element. The electric fields transversal to
this vector are adopted as the incidence fields, from which the magnitude and phase are obtained.

Alternatively, (6.1) can be used for the same purpose.
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The second method can be considered more accurate, as it calculates exact fields at element
locations. However, if the feed position changes, the entire model must be re-simulated, since the
relative position of the array elements has changed. For the first method, it is only required to re-

sample the existing far-field results, which requires significantly less resources.

The first method is adopted in this thesis. It is found more convenient in the case where several
arrays with different F/D values are used. It gives the freedom to optimize the F/D for a given
feeding antenna, with just one 3D simulation. The array elements considered in this chapter are
located in the far-field zone of the feeding antenna, and thus satisfy the conditions to use this
method.

Feed
(_D/zy 0) F)

Main beam
direction

(¢Or 90)

D

Figure 6.2. The array geometry and nomenclature used throughout the chapter, with respect to
the deployed-array configuration on a 3U CubeSat (top-left).
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Figure 6.3. Two common EM simulation setups for the calculation of the feeding-antenna
radiation. The dashed lines represent the airbox boundaries for the FEM model and the dotted
lines represent the boundaries for the hybrid FEM-MoM regions.
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6.2.2. Calculation of Incident Fields

Two Cartesian coordinate systems are defined for the feed and the array elements. The systems
are aligned at first, and then the elements are moved to their final position using geometrical
manipulations (rotation and translation matrices). The element positions are determined in the
feed’s coordinate system and converted to the spherical coordinates. The far field is sampled at
coordinates 6 and ¢ (in the feed’s system) and the element distance can be obtained from the
coordinate r. Finally, the path loss is calculated from the distance to the individual elements and

combined with the radiation pattern of the feed to obtain the incident fields on the array.

Examples of the normalized magnitude of the incident electric field is presented in Figure 6.4 for
three values of F/D, in the case of an offset-fed array from Figure 6.2. The axially corrugated horn
from Chapter 5 is used as the feeding element in all cases, pointing towards the array center. As
often suggested in the literature, the goal is to have the array edges illuminated by a field
magnitude approximately 10 dB lower compared to the center illumination, for optimal aperture
efficiency. This condition is fulfilled in Figure 6.4(b). The two sub-optimal scenarios are illustrated
in Figure 6.4(a,c). Having a lower F/D results in a poor utilization of the array aperture, as the feed
radiation is focused in the array center. On the other hand, a large F/D value yields a large power
spillover. The loss mechanisms are further discussed in Section 6.5.

6.3. Array Synthesis

6.3.1. Unit-Cell Incidence Angle

The element-rotation technique states that the phase of the co-polarized reflected or transmitted
signal is equal to twice the element rotation angle. This is, however, strictly valid only for the
broadside wave incidence. The actual phase of the considered RA and TA elements (and many

other) deviates from this rule for large elevation angles, as seen in Figure 6.5.

0
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4 4
& >
6 g 6
8 -8
-10 -10
X X X
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Figure 6.4. The normalized magnitude of the electric field incident on the offset-fed array, for
different values of F/D. (a) F/D=0.7. (b) F/D=0.9. (c) F/D=1.1.
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Figure 6.5. Phase response of the (a) RA and (b) TA elements, versus the azimuth incidence
angle, for different elevation incidence angles.

The effect is more severe for offset-fed RA and TA antennas, as the average elevation angle of
incidence is larger in that case. For an accurate array synthesis, the element rotation and the

resulting phase of every element must be determined for the given elevation angle of incidence.

6.3.2. Assumptions

The RA and TA are typically composed of hundreds of elements, and the angle of incidence is
different for most of the elements. Ideally, the unit cell should be simulated for every combination
of azimuth/elevation angles of incidence and rotation angles. This would not only be a tedious
task, it would also have to be repeated every time a different position of the feed is desired. Instead,
a given unit cell is simulated for a set of uniformly distributed azimuth/elevation angles, and the
results are interpolated. The phase of a certain incidence angle is then obtained by a simple table
lookup in the interpolated results. During this process, an assumption is made that the negative
change of the element-rotation angle is equal to an identical positive change of the azimuth angle
of incidence [91]. The unit cell is then simulated only with the element rotation set to zero.
Although this arrangement is not representative for the majority of the array elements, the

assumption is valid if the inter-element coupling is low, as is the case in this thesis.

6.3.3. Element Rotations

For the array configuration of Figure 6.2, the incidence angles of element n, located at coordinates
(xn, ¥n), can be found by:

. F .
0, = acos (—), ¢ = atan n pl—™ (6.1)
n X, + 5
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D 2
Ty = (EHC) +y2+F?,

where angles 8 and ¢ are defined starting from z and x axes, respectively. To scan the beam in the

(8, ) direction, the phase distribution across the array is given by:

Y, = ko(r, — x, sin 6, cos ¢y — ¥y, sin B sin ¢g) + Py (6.2)

where 1, is an arbitrary constant. Expressions (5.9) suggest that the element rotation should be

set to:

a, = % (6.3)

since the phase shift is equal to twice the value of the rotation angle. However, this rule is valid
only for broadside incidence, although it yields more accurate results for center-fed arrays, or

arrays having a large F/D value.

A different approach of element-rotation calculation is adopted here to eliminate the phase errors
that arise for large elevation angles of incidence. The arrays considered in this thesis are offset-
fed, meaning that the angles 8™ have a large value on average. As an illustration, if F/D equals
0.8 for the configuration in Figure 6.2, approximately 66% of elements will have the ¢ angle
larger than 30°.

The array synthesis is described here for RA antennas. The procedure for the n-th element of the

array is as follows:

Calculate the azimuth angle of incidence ¢ using (6.1).

R

Determine the current phase of S inc

for the given azimuth angle ¢,
Determine the required phase v, in that array location with (6.2) and the associated
required azimuth angle.

4. The element rotation angle is the difference between the required and initial azimuth

angles.

The procedure is graphically represented in Figure 6.6. An equivalent procedure is used for TA
antennas, except that the parameter S is used in step 2. The proposed approach does not
notably increase the execution time, compared to the closed-form expression (6.3), even for
several thousand elements within the array. The procedure is repeated for every array element, to

obtain the element-rotation matrix for a given F/D and beam-steering direction.

The element rotations are calculated for three F/D values as an example, similarly as in Figure 6.4,
and shown in Figure 6.7. A lower F/D yields more phase wraps. Unlike the conventional RA
elements, which cannot achieve a full 360° reflection-phase range, the phase wrapping is not an

issue here, and it is hardly visible in the final antenna prototypes.
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Figure 6.6. A graphical representation of the array-synthesis procedure on the element level.

Numbers in bold mark the order of steps.
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Figure 6.7. Characteristic element-rotation angles across the RA surface, for different values of
F/D. (a) F/D=0.7. (b) F/D=0.9. (c) F/D=1.1.
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6.4. Array Analysis

The analysis in Chapter5 is used to calculate the fields, scattered from the array of rotated
elements. The described procedure is performed for every array element, summing the individual

far-field contributions afterwards.

The unit-cell simulations are done with LP excitations (TE, TM) in the quasi-3D EM software and
the S parameters are converted directly in the software to S$%, using expressions (5.9). This is
convenient since the field radiated by the feeding antenna is also CP, and the CP performance of

the unit cells can be quickly inspected within the software. The incident fields on the array (a“F)
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are obtained by adding the propagation loss to the horn-antenna gain, sampled in the direction
of every element. The incident fields are then combined with CP S parameters to obtain the
scattered fields (b°P) using (5.6), taking into account the exact incidence and rotation angles for

every element. The rotation angles are calculated using the procedure in Section 6.3.2.

The far-field radiation of the array is calculated using the special case of the Field Equivalence
Principle applied to radiation of rectangular apertures. A RA scenario is considered here for
simplicity, although an identical procedure is applied for the TA case. Every array element is
treated as a uniformly illuminated rectangular aperture in an infinite PEC plane and the element
is replaced by the equivalent magnetic currents, from which the radiation is calculated. The
scattered fields b“F are represented in the form of two LP orthogonal components. For an

arbitrary oblique incidence, the scattered fields are first converted to TE and TM components:

bTEY 111 17rpR
[bTM] V2 [j —j] [bL] 64
and then to Cartesian components:
bX _ 1 —-k;?c kiﬁc bR
bY] - k_c[ k}icnc k}i}nc [bL] (6.5)

where k' and ki can be obtained by replacing (¢, 6) with (¢™¢,0¢) in (5.2), and:

ke = \/ (kin) + (ki) = ky sin gine (6.6)

Index n is omitted in (6.4)-(6.6) for clarity, and it is implied that the expressions are calculated for

every array element. The spherical components of the radiated fields are then obtained by:

—jkor
ES(6,9) = jkoF e2nr (bX cos ¢ + bY sin ¢) (6.7)
—Jjkor
E,?(G, ¢) = jkoF 5 COS 0 (—b¥ sin¢ + bY cos ) . (6.8)
k,.d k,d\ .
F = d? sinc (%) sinc (%) eJ (xnkatynky) (6.9)

where k, and k,, are obtained from (5.2) and a is the square unit-cell dimension. Expressions
(6.7) and (6.8) give the radiated electric-field components for a single cell n, and the total far field

of the entire array is obtained by summing the contributions from N individual cells:

Eo(0.0) = ) ES6,4),  Ey(6,6) = Y EL(6,¢) . (6.10)

n

Finally, the RHCP and LHCP radiated components, directivity and AR are:

1 _
EgpL = E(Ed) FjEg) (6.11)
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2T 2
DRlL = 1010g10 (TlrER|L| ) (612)

(6.13)

Ep| + |E
AR=2010g10<| Rl +1 Ll)

|Er| — |EL|
all being functions of spherical angles 6 and ¢, where 7 is the free-space wave impedance. The

power radiated by the feed is setto 1 W.

The described analysis procedure is performed at the central frequency, for which the element
rotation angles are calculated. After the element-rotation matrix is obtained, the far-field
calculation procedure is repeated for every frequency point, for which the cell and feed
performance is available, as illustrated in Figure 6.1. During the frequency analysis, a fixed
element-rotation matrix is used. The radiation pattern is calculated at the central frequency, and
the directivity and AR are calculated at the beam-steering direction over the frequency band.

6.4.1. Alternative Approach

As an alternative to the method described in this section, the total array radiation can be
calculated using the phased-array theory. With this approach, the element’s radiation pattern is
evaluated in the 3D EM software, and the far field is obtained using the scattered field of every
element as the array excitation vector. The approach simplifies the far-field calculations, but
requires the calculation of the active element pattern across a hemisphere. The active element
pattern is obtained in the infinite-array approximation by illuminating the unit cell from a set of
directions and recording the realized gain in the wave-incidence direction. This is a lengthy
procedure, as it requires simulating the unit cell many times. However, the simulations for the
magnitude/phase response of the cell can be re-used for this purpose, and the angular range can
be reduced if the element possesses symmetry planes. The method has not been implemented in
this thesis.

6.5. Aperture Efficiency

A uniformly illuminated aperture with a linear phase gradient would have an ideal efficiency of
100% and a maximal theoretical directivity. In a realistic antenna, several factors decrease this

ideal directivity, and their combined contributions are quantified by the total efficiency:

Ntotal = nfeedntapernspillnphase ntransnpol (6- 14)

The total efficiency value consists of several terms:

®  7)feeq - the mismatch and ohmic losses associated with the feeding antenna

122



6.5. Aperture Efficiency

*  Taper - taper efficiency; quantifies the effects of the electric-field magnitude across the

aperture deviating from the ideal, uniform distribution:
_ CalbaD?

Ntaper = 2
N Xnlby
* 7y - spillover efficiency; the ratio between the power incident on the array and the total

(6.15)

radiated power by the feed:

(|61R|2 + |a |2 ) :
Nspin = Z = cos gin¢ (6.16)

®  Tphase - quantifies effects of the electric-field phase across the aperture deviating from the

ideal, linear gradient, required for beam steering to (¢p, = 0°,6,):

. i 2
_ (1 + cos 90)2 |Zn bne]kodzxn sin 90| (6 17)
Nphase Ad* (anbnl)z
*  7ans — the ratio between the total power scattered from the array to the total power

incident on the array:
. _ ZaUBF 1% + 1bz1?)
s = Yn(lak1? + [ak|?)

® 7)o - the ratio between the power scattered from the array in the desired polarization to

(6.18)

the total power scattered from the array
b EaUbP)
POl ™ Za(IDEI? + [BEI?)
The expressions (6.16) - (6.19) are obtained by combining the analysis in [82], [91], [105] and

(6.19)

writing the main results in the terminology used here. Depending on the specific RA or TA
scenario and the feed/array polarizations, the waves a and b should be replaced by the proper

polarization components (RHCP or LHCP) and port indices.

6.5.1. Discussion

The taper and spillover efficiencies are combined into a single parameter called the aperture

efficiency:

naperture = ntapernspill (6-20)

This component is the dominant contributor to the total antenna efficiency, and it is imperative
to maximize it by a proper selection of the system geometry and the feeding antenna parameters.
In the literature, the aperture efficiency is typically maximized by using a center-fed circular array.
A circular array aperture is the most suitable due to the circular symmetry of the feed’s radiation
pattern. A center-fed array results in a good taper efficiency and a relatively low average value of

incidence angles, especially in the strongly illuminated array center, which is preferable for many
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RA or TA elements with poor angular performance. Closed-form expressions for the aperture

efficiency are available for this specific scenario [81].

The array geometry for antennas described in this thesis is constrained by the CubeSat structure,
the deployment mechanism of the RA/TA panels, and the beam-steering direction. Therefore, the
feeding element is always positioned with an offset from the array center. On the other hand, a
rectangular (or square) array aperture is more suitable for the stowage on the CubeSat surface.
From a clearly engineering standpoint, a rectangular aperture that maximizes the available
surface is more advantageous due to an increased gain, although its aperture efficiency is lower.
A detailed study on the efficiency of square reflectarray antennas showed how the aperture

efficiency drops as the function of the feed offset-angle [110].

In our case, it would not be justified to use a circular aperture, simply to artificially boost the array
performance (efficiency). Therefore, the values of aperture efficiencies for the square RA and TA
antenna prototypes, presented in Chapter 7, are lower than what the proposed array elements can
reach. To alleviate the effect, a larger F/D value is selected and the feeding antenna is designed to
have a higher directivity than the conventional feed horns. In this way, the average value of

incidence elevation angles is reduced.

The phase efficiency is calculated by (6.17) having in mind that the considered beam scanning is
only within the plane (¢, = 0°, 6,) (in other words, in the plane containing the focal point and
the CubeSat’s long axis). The ohmic and dielectric losses of the unit cell are described by ;gns,
and the element’s polarization performance by 7,,,;. All EM simulations are performed including
realistic substrate materials. Other factors that contribute to the total efficiency (feed blockage,
specular reflection) can only be quantified by 3D simulations of the entire array [82], which is not

performed due to limited available computational resources.

6.6. Array Simulations

The total array size, for either RA or TA antennas, should be larger than a surface equivalent to
three CubeSat units (3U) to achieve a gain larger than 30 dBi with a realistic efficiency and a small
margin (see Figure 4.4). The arrays composed of 30 x 30 elements (a total of 900) are selected. As
the wunit-cell dimension is 6mm, the total array dimensions are 180x 180 mm?
(~218 Ap*> @ 24.6 GHz) or 3.24 U in CubeSat units.

If the (quasi-)3D simulation results are available, the complete array synthesis and analysis
procedures are efficiently executed on an ordinary PC, for 900-element RA and TA antennas. This,
combined with the re-sampling of the feed radiation, allows us to vary the F/D of the arrays is in
several sequential program runs. An optimal F/D value, in terms of the aperture efficiency (6.20),

is found to be 0.9. The design procedure is again repeated several times for various phase
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constants ;. Changing 1, moves the elements having a poor reflection/transmission efficiency

away from the strongly illuminated array center and increases the total gain.

The simulation results of the RA and TA antennas are presented in Figure 6.9 - 6.12, and their
performance is summarized in Tables 6.1 and 6.2. Both considered arrays have an F/D value of
0.9. According to Figure 4.11, the required beam-scanning angle for ISLs is in the range from 10 to
30°. Here, this angle is arbitrarily set to 25° and 20° for the RA and TA antennas, respectively.
Figure 6.8 shows the same result as presented in Figure 6.9, only along one dimension of the RA
aperture.

R RR R
a, S” b

Angle [°]

S
o
o

Magnitude [dB]

Magnitude [dB]
Magnitude [dB]

-0.05 0 0.05 -0.05 0 0.05 -0.05 0 0.05
X X

Figure 6.8. Simulated incident and scattered electric fields, and the S parameters, of a 900-

element RA antenna at 24.6 GHz, for one row of elements along the x axis. The field components
are the same as in Figure 6.9.

Table 6.1. Simulated-performance summary of the RA and TA antennas. Gain and AR values are
calculated at 24.6 GHz in the main-beam direction.

Parameter Limit RA antenna TA antenna
Gain @ (¢, 8y) 32 dBi 32.6 dBi
AR @ (o, 05) 1.4dB 0.7dB
SLL -19dB -19.2dB
Beam-Steering Angle -25° -20°
Beamwidth 1-dB 2.5° 2.5°
Gain bandwidth 1-db 0.5% >
3-dB 8.2% > 8%
AR bandwidth 3-dB 7.4% > 8%
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Figure 6.9. Simulated incident and scattered electric fields, and the S parameters, of a 900-element
RA antenna at 24.6 GHz. (Top) The angle and (bottom) magnitude of the (left) incident electric

Figure 6.10. Simulated far-field performance of a 900-element RA antenna. (left) CP gain versus

angle, at 24.6 GHz. (top-right) CP gain versus frequency, at the maximum-gain angle. Dashed

lines represent the aperture-efficiency values, in percent. (bottom-right) AR versus frequency, at

the maximum-gain angle.
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Figure 6.12. Simulated far-field performance of a 900-element TA antenna. (left) CP gain versus
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lines represent the aperture-efficiency values, in percent. (bottom-right) AR versus frequency, at
the maximum-gain angle.
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Table 6.2. A breakdown of RA and TA antenna efficiencies at 24.6 GHz. The factor 7y is set to
100%.

Efficiency RA antenna TA antenna

% dB % dB
Taper 87 -0.58 87 -0.59
Spillover 81 -0.91 81 -0.91
Aperture 71 -1.49 71 -1.5
Phase 100 0 99 -0.03
Transmission - - 95 -0.21
Polarization 85 -0.71 98 -0.09
Total 60 -2.21 69 -1.62

In the case of the RA antenna, the phase distribution of the incident field af in Figure 6.9 is a
consequence of a spherical wave propagation form the feeding antenna. In combination with the
phase of the reflection coefficient SRR, it yields a linear phase across the antenna aperture,
required to scan the beam in the desired direction. The average magnitude of the parameter SR}
is -0.55 dB, and therefore, the magnitude of the scattered field has a very similar distribution to
the incident one. Concentric circles, visible in the SRR magnitude plot, correspond to the
elements that have a lower reflection efficiency for the combinations of azimuth/elevation
incidence angles at those element locations. As previously discussed, the positions of these lower-

efficiency circles can be varied by changing 1) in the array-synthesis design phase.

It should be noted that the presented S-parameter is calculated at the design frequency of
24.6 GHz, which is between the two resonances of the coupled-loops RA element, as previously
presented in Figure 5.10. This frequency corresponds to the minimum value of the SRR parameter
across the element bandwidth and consequently, a minimum efficiency value of the RA antenna
across the operating bandwidth. Therefore, the RA efficiency is further improved above and below
the design frequency, resulting in a wideband performance. Both the gain and the AR over

frequency follow a similar trend, with slightly better values above and below the design frequency.

For the TA antenna, the according transmission parameter S} and the transmitted scattered
component b} are presented in a similar fashion. The average magnitude of the parameter SIR is
-0.29 dB, and the aperture efficiency reaches a value of 69% with an AR lower than 0.8 dB.
Although the aperture-coupled-patch element has a single-resonance response and a low profile,
a 1-dB CP bandwidth of 5.7% is achieved.

Overall, the simulated performance of the RA and TA arrays is significantly improved over the
similar designs in the literature. The reported 1-dB and 3-dB gain bandwidths are typically 2 - 3%

and 5 - 7% respectively, for the conventional single-layer split-loop RA geometries and other CP
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single-layer RA elements. In contrast, the calculated values for the proposed coupled-loop RA
element are 6.5% and 8.2%. Note especially the improvement of the 1-dB gain bandwidth by a
factor of two. The proposed TA antenna reaches an aperture efficiency of 69% with only three
metallic and two dielectric layers, as compared to a previously reported simulated efficiency of
56%, for a similar array having five metallic layers [91]. The CP aperture efficiency is among the
highest reported for this type of antennas, with the total thickness of only 0.13 4, (1.6 mm).
Despite the low electrical profile, a good gain bandwidth of the array is a consequence of the

wideband performance of the aperture-coupled patch element.

As an additional illustration, the TA antenna, having a circular array geometry, is simulated with
a simple CP square horn as the feeding element, centered on top of the circular array. A total
efficiency of 0.73 (-1.4 dB) is achieved with an F/D value of 0.8 and a beam scanned to broadside,
showing that the efficiency of both arrays can be increased further if a different system geometry

and the feeding antenna parameters are selected.

Most importantly, the total efficiency of the proposed arrays is mainly determined by the aperture
efficiency, which does not take into account the element performance. The efficiency degradation
by the elements themselves is minimal. In other words, the reflection/transmission and
polarization performance of the presented RA and TA element geometries maximizes the

achievable capability of this antenna type, under the constraints of the given feeding scenario.

6.7. Prototype Measurements

6.7.1. Array Prototypes

Several antenna prototypes are fabricated to evaluate the antenna performance. The laminate
Rogers Duroid 5870 (¢, = 2.33,tan § = 0.0012, h = 0.508 mm) is used for the RA substrate, and
Rogers RO6002 (¢, = 2.94,tan § = 0.0012, h = 0.76 mm) for the two TA substrates. The two TA
boards are bonded together using the Rogers 2929 BondPly (€, = 2.94,tan § = 0.003,h = 51 um)
adhesive film. The selected bonding layer has the same permittivity as the two substrates, to

eliminate the potential reflections at the dielectric interfaces.

The 30 x 30-element arrays (180 x 180 mm?) are printed on a 200 x 200 mm? PCBs. A PVC plastic
support seen in Figure 6.13 is designed and fabricated specifically for these arrays, to place the
feed and the array in the correct position during the measurements. Both RA and TA antennas are
measured using this support. The support also allows to translate the feed along the axis
perpendicular to the array aperture, and to rotate the feed around its phase center. Arrays of
different F/D can be measured using this support and the position can be finely tuned during the

measurements.
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The far-field anechoic chamber, available at the MAG premises, offers a maximum measurement
distance of 2.3 m. The 900-element antennas have the boundary between the radiating near field

and the far field zones at:
2(vV2D)’
T
0

Measuring full-sized arrays in the said anechoic chamber is not adequate. Therefore, a smaller

=10.63 m. (6.21)

version of each array is designed and fabricated for the initial measurement campaign. The
elements inside the smaller arrays are arranged in a circle with a diameter of 120 mm and the far-

field zone exactly at 2.3 m. The total number of elements is 316.

The same plastic support, designed for the 900-element arrays is also used for the measurements
of the 316-element array. Due to the support constraints, the projection of the feed’s phase center
is outside of the circular array, putting it in a disadvantageous position for achieving a high
aperture efficiency. Therefore, the overall performance for this set of prototypes are lower than in

the case of full-sized arrays.

After the initial far-field measurements in the anechoic chamber, the 900-element square arrays
are measured using the near-field scanner at Viasat premises, located in the EPFL Innovation

Park. The plastic support is modified for a proper mating to the standard flange inside the scanner.

6.7.2. RA Measurement Results

The 316-element prototype of the circular RA antenna, and the corresponding simulation and
measurement results, are shown in Figure 6.14. The horn-antenna rotating mechanism, the
sliding rail and the plastic frame around the array are not considered in the numerical analysis of
the array. The sliding rail presents an obstacle for the RA radiation, and it is the cause of a large

discrepancy between the simulations and measurements for positive 6 angles.

The measured RA radiation agrees with the numerical analysis in the remaining angular range.
The measured SLL in the RHCP radiation pattern are within 2 dB of the predicted values. The
maximum-gain direction is shifted by 0.5°, which is explained by the incorrect estimation of the
substrate permittivity in the unit-cell simulation model. The resulting frequency shift is also

visible in the gain-vs-frequency plot in Figure 6.14(e).

Both the gain and AR measurement results show an improvement in the central part of the band,
between the two coupled-loop resonances, compared to the calculations. The effect stems from
an increased coupling between the two D-shaped loops in the RA prototype, with respect to the
simulation model. As analyzed in Figure 5.10(b), a smaller gap between the loops, and a higher
coupling at the same time, correspond to a smaller separation between the two resonances. The
RA element is simulated with zero-thickness conductors throughout the study, to accelerate the

analysis with the quasi-3D solver. On the other hand, the actual prototype has finite-thickness
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conductors (~17 um), as it can be noticed in Figure 6.14(a). In the prototype, the coupling is
increased due to the increased lateral surface between the two loops, most importantly in the gap
region. As the element resonances are less spaced in frequency, the gain over frequency is
consequently flatter than predicted, and the AR values lower. For a more accurate prediction of
the RA antenna radiation based on this type of elements, finite-thickness conductors must be

included in the simulation models.

In spite of all the unaccounted factors, the circular RA prototype, although of suboptimal system
geometry, achieved a maximum gain of 26.2 GHz (52% efficiency), 1-dB gain bandwidth of 7.5%
and 3-dB AR bandwidth of 8.1%, validating the results predicted through simulations.

Similar conclusions apply for the 900-element square RA antenna prototype, as for the smaller-
scale circular antenna. The large prototype is shown in Figure 6.15 alongside simulation and
measurement results. As expected, the aperture efficiency and radiation-pattern agreement are
significantly improved. The improvement is due to a more advantageous feeding location, as well
as an increased array size. The antennas of this type are known to perform better as their size
increases, since the infinite-array assumption is valid for a larger number of elements inside the
array. The maximum gain of this antenna at -25° reaches 31.7 dBi for a total efficiency of 60%. The
measured 1-dB CP-gain bandwidth is 6.8% for an array profile of only 0.08 A, at 24.6 GHz. The
measured 3-dB AR bandwidth is 10%.

(a) (b)

Figure 6.13. RA measurement setup inside the anechoic chamber. (a) The array and the feed
horn mounted on the plastic support. (b) Feed horn detail.

131



6. RA/TA Design Process

(b)
6
— — RHCP sim.
—— RHCP meas. | - 51
— — LHCP sim.
—— LHCP meas.

Gain [dBi]
Axial Ratio [dB]
w

15 30 45 60 -36 -33 -30 -27 -24

: . : . 5
/ &0%
27F o] 4t
PN / A 50770
g
=261 =3r
5 s
= )5
R ~
5 = ol
25 8> 2
<
24t 1F
— — RHCP sim.
—— RHCP meas.
23 | I | I | 0 | | | | |
23 235 24 24.5 25 25.5 26 23 23.5 24 24.5 25 25.5 26
Frequency [GHz]| Frequency [GHz]
(e) ®

Figure 6.14. The 316-element circular RA antenna prototype. (a) Array detail. (b) Antenna
prototype in the anechoic chamber. (c) Radiation patterns in the plane ¢ = 0°, at 24.6 GHz.
(d) AR versus angle, in the vicinity of the main lobe. (e) CP gain versus frequency, at § = —30°.
Gray lines represent the aperture-efficiency values. (f) AR versus frequency, at 8 = —30°.
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Figure 6.15. The 900-element square RA antenna prototype. (a) Antenna prototype in the near-
field scanner. (b) Radiation patterns in the plane ¢ = 0°, at 24.6 GHz. (c) AR versus angle, in the
vicinity of the main lobe. (d) CP gain versus frequency, at & = —25°. Gray lines represent the
aperture-efficiency values. (e) AR versus frequency, at § = —25°.
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6.7.3. TA Measurement Results

The prototype of the circular TA antenna and the corresponding simulation and measurement
results are shown in Figure 6.17. Unlike the RA case, the effect of the plastic support is minimal in
the radiating hemisphere, as the feed and the sliding rails are located in the opposite side of the
array. In this setup, the feeding horn antenna is oriented towards the test antenna in the anechoic-
chamber setup. Therefore, the spillover RHCP radiation from the horn becomes dominant when
it appears behind the TA aperture, as seen from the test antenna. The effect is visible in the
radiation patterns (especially at 8 = —40°), where the cross-polarized RHCP radiation is

significantly increased, with respect to the numerical analysis.

Nevertheless, the calculations accurately predict the TA antenna radiation, as the measured and
simulated main lobes practically overlap, as well as the AR value at that angle. The measured
maximum gain shows a larger discrepancy, compared to the RA case. The measured 1-dB gain
bandwidth is 6.5% and the 3-dB AR bandwidth is larger than the measured frequency range (12%).

The plastic support had to be significantly modified for measurements of the 900-element TA
antenna in the near-field scanner. The differences between two measurement setups are shown

in Figure 6.16. The measurement results of the 900-element prototype are shown in Figure 6.18.

The maximum measured gain of the large square TA antenna reaches 31.7 dBi for an efficiency of
56%. The measured 1-dB gain bandwidth of this prototype is 5.7%, as predicted through
calculations. The AR values are below 0.6 dB throughout the gain bandwidth, and below 1 dB in
the entire measurement range. The maximum-gain difference between the calculations and
measurements is larger than in the RA antenna case. This discrepancy is potentially related to the
assumption made in Section 6.3.2, and the fact that the RA element has a more compact shape,
which reduces the inter-element coupling inside the array. This effect will be further investigated

in the future.

(a) (b)

Figure 6.16. The measurement setups of the TA antenna. (a) Anechoic chamber, 316-element
array. (b) Near-field scanner, 900-element array.
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Figure 6.17. The 316-element circular TA antenna prototype. (a) Array detail. (b) Antenna
prototype in the anechoic chamber. (c) Radiation pattern in the plane ¢ = 0°, at 24.6 GHz.
(d) AR versus angle, in the vicinity of the main lobe. (e) CP gain versus frequency, at 8 = —30°.
Gray lines represent the aperture-efficiency values. (f) AR versus frequency, at 8 = —30°.
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Figure 6.18. The 900-element square TA antenna prototype. (a) Antenna prototype in the near-
field scanner. (b) Radiation patterns in the plane ¢ = 0°, at 24.6 GHz. (c) AR versus angle, in the
vicinity of the main lobe. (d) CP gain versus frequency, at & = —20°. Gray lines represent the
aperture-efficiency values. (e) AR versus frequency, at 6 = —20°.
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6.8. Summary and Discussion

Following the design of RA and TA elements and the feeding antenna in Chapter 5, this chapter
presents the synthesis and analysis procedures for the complete RA and TA antennas, based on

the designs in Chapter 5.

A custom code is developed for the generation of the array geometry, starting from the
interpolated results of the quasi-3D EM unit-cell simulations and the corrugated-horn feed. The
arrays in this chapter use the variable rotation technique (Section 5.1.2) to convert the incident
spherical phase-fronts to a linear phase of the scattered field across the array aperture, required
for beam steering. Instead of a well-known formula (6.3), a different procedure was implemented
here to obtain the element-rotation matrix, which eliminates the phase errors for any angle of
incidence on the individual elements. The electric field, incident on the individual elements, is
obtained by sampling the interpolated far-field radiation of the feeding antenna and combining it
with the path loss. The method allows for a fast re-calculation of the incident fields, if the array

focal point changes.

The analysis portion of the code calculates the scattered fields at each array element, using the
incident fields and the element S parameters, for a specific incidence angle and the element
rotation obtained in the previous step. Different S parameters are used, depending on the
considered case (RA or TA). The far-field array radiation is calculated using the Field Equivalence
Principle applied on the radiation of rectangular apertures. The scattered fields on each element
are decomposed into two orthogonal components, and the individual contributions are

combined to find the CP performance of the full array.

As a final analysis step, the simulated array efficiency is evaluated as a combination of individual
factors, and the aperture efficiency is found to be the dominant factor. It does not depend on the
array elements, but solely on the feed and the antenna-system parameters. In the case of
deployable CubeSat arrays, these parameters are constrained by the mechanical requirements -
an offset feeding and a rectangular aperture. Under these conditions, the arrays do not reach their
maximum potential, but their performance is maximized from an engineering standpoint.
Nevertheless, the elements themselves introduce minimal losses in terms of phase, polarization

and reflection/transmission.

The calculated 1-dB gain bandwidth of the 900-element RA antenna, based on the coupled-loop
element from Chapter 5, reaches 6.5%. This result is a significant improvement over the reported
bandwidths of simple split-loop elements, originally proposed for RA CP applications. A literature
review reveals that it is somewhat easier to achieve a wideband-gain performance of single-layer
microstrip LP elements, compared to the CP elements, as the microstrip resonators can be
coupled with a larger freedom. Some CP elements report the CP bandwidths reaching 20%. These

elements are either composed of several dielectric and metallic layers, or a use a thick air layer
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between the RA substrate and the ground plane. The novel RA element proposed in this thesis
yields a unique wide bandwidth while having a profile of only 0.042 A, at 24.6 GHz.

The presented aperture-coupled-patch TA element is a modification of the element from [91]. The
number of dielectric layers is reduced from five to three by modifying the slot shape in the ground
plane, thus improving the element performance versus the incidence angle. Although the total
profile is reduced to 0.13 A, at 24.6 GHz, the calculated 1-dB gain bandwidth of the TA antenna is
5.7%, while the efficiency reaches a value of 69%. This value is constrained by the offset feeding
and the rectangular aperture. Efficiencies of up to 73% are obtained in the calculations for a

circular array geometry.

The performance of RA and TA antennas is verified through measurements of several prototypes.
Smaller-scale array prototypes are built for compatibility with the available far-field anechoic
chamber. The plastic support, originally developed for the 900-element antennas, is used for the
measurements of all arrays. Although this configuration is suboptimal in terms of aperture
efficiency, the agreement between the measurement and calculation results confirms the
wideband performance of the novel array elements. The large 900-element square arrays are
measured in the near-field scanner. The measurement results show an improvement with respect
to small-scale prototypes, due to a larger array size and a more advantageous feed position. The
RA and TA antennas exhibit 1-dB CP-gain bandwidth of 6.8% and 5.7% and AR values smaller than
1 dB and 0.6 dB, respectively, across the entire gain bandwidth.

A combination of an extremely low profile and wideband performance is highly desired for
CubeSat applications, due to the limited antenna-stowage volume and the simplicity of the
fabrication process. Both presented designs are fabricated with a simple PCB etching process (and
bonding for the TA antenna) and require no metallized vias, SMD component soldering, or a
complicated multi-layer assembly. The array aperture can be constructed of several panels folded
at the satellite exterior, while the total thickness does not violate the CubeSat constraints.
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7.1. Summary

The CubeSat has established itself as the dominant nanosatellite standard, since its conception in
1999. CubeSats have since proven their capabilities for Earth observation, RADAR, and even inter-
planetary missions, in spite of their small size. Their low development and orbital deployment
cost are the main features that attracted satellite developers. In recent years, this increased
interest has caused the fast-growing number of CubeSats for commercial applications to surpass
the number of CubeSats developed for academic purposes, for which the standard was initially

developed.

The volume constraints specified by the standard have encouraged scientists and engineers to
redesign and miniaturize conventional satellite components, for them to fit into the tiny CubeSat
chassis. Among different on-board components, CubeSat antennas are one of the most
constrained, since their physical size is directly proportional to the wavelength at the operating
frequency. This was especially important for early CubeSats, which communicated in the VHF

and UHF frequency bands, where the 1U CubeSat dimension is only 1,/20 and 4,/7, respectively.

The domain of CubeSat antennas has since seen a large and still growing number of innovative
antenna solutions in a wide frequency spectrum, spanning from VHF to V band. Depending on
the application and the design specifications, different methods were used to adapt the
conventional antenna geometries to the CubeSat environment. The main novelty for a majority of
the proposed geometries (primarily the exotic deployable antenna geometries) is actually in their

mechanical design, as their electrical performance is well known.

The research for this thesis is conducted with a final goal to enable different communication
aspects of an IoT constellation of CubeSats in LEO. The thesis presents several new antenna
designs, innovative in terms of both their CubeSat integration, and most importantly, their EM
performance. The proposed antennas operate in frequency bands ranging from L to K bands, and
exhibit a different performance depending on their intended application. The common design

requirement of all presented antennas is to increase or preserve the operating bandwidth under
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a constrained or reduced available volume, respectively, while the critical limiting factor is the
total antenna thickness. The main achievements per thesis chapter are summarized in the

following paragraphs.

Chapter 2 - Wideband CP stripline-fed aperture-coupled patch antennas in S and X bands are
presented in this chapter. The primary function of the S-band antennas is the satellite TT&C, for
which a highly reliable antenna is necessary. Therefore, a low-profile solution is preferred here
over the deployable geometries. An asymmetric-stripline feeding network enables a
unidirectional radiation and isolates the antenna from the CubeSat structure, but introduces
difficulties with the antenna matching over a wide band, considering the profile limitation.
Adding a metallic shielding around the stripline structure drastically improves the antenna
impedance bandwidth. After a detailed investigation of the electric fields inside the formed
stripline cavity, it was discovered that the strong electric field magnitude below the coupling slot
boosts the coupling to the radiating patches. Design rules for this antenna type are outlined based
on this study. The wideband antenna covers up to three adjacent frequency bands
simultaneously. A unidirectional radiation pattern, a 3-dB gain bandwidth of 27% and an AR
bandwidth of 32% were obtained with a total antenna prototype profile of 0.08 A at 2 GHz. In a
modified version of the antenna, the resonances of the stripline cavity are used to reduce the gain
and suppress the interference from an adjacent band. A novel method of integrating this type of

antennas in the CubeSat structure is proposed.

The chapter also emphasizes the importance of evaluating the radiating-element matching in the
case of multi-fed antennas of antenna arrays, and distinguishing it from the matching at the
feeding network input. The S-band antennas incorporate a rather complex feeding network to
enable high-quality CP over the operating bandwidth. As a means of demonstrating that the
shielded stripline technique is equally powerful with antennas having simpler feeding networks,
a CP stripline-fed patch antenna is designed in X band with a single feed line and an asymmetric
coupling slot. The same improvements over the microstrip-fed model are observed as with the S-
band antenna. An array of four sequentially rotated elements is designed with the described patch

element that achieves a gain of 15 dBi a wideband AR.

Chapter 3 - A patch-antenna system in L band is presented in this chapter for IoT 3U-CubeSat
duplex communications in LEO. Several antenna array configurations are proposed, with antenna
elements placed on the backsides of deployed solar panels, facing the Earth. A high-permittivity
dielectric substrate is used to miniaturize the size of CP patch elements until they are suitable for
placement on a CubeSat. A separate antenna element is designed for each of the communication
directions (uplink/downlink) due to a reduced impedance bandwidth. The small electrical size of
the antennas resulted in a large coupling to the asymmetric 3U ground plane, causing a distortion
of the radiation pattern. It is shown that the placement on the 3U CubeSat is critical for the
radiation performance of this type of antennas. Several independent radiating beams, scanned

away from broadside, are envisioned to increase the capacity of the IoT system. Four two-element
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sequentially rotated arrays are required to provide two duplex beams using the described CP
patch antenna elements. Similarly, 32 CP antennas would be necessary for four independent
beams. Instead, arrays of four sequentially rotated dual-band LP patch antennas are used for the

same purpose, reducing the number of antennas to 16.

As another method of optimizing the available real estate on a CubeSat, an L-band patch antenna
is combined with an S-band element in a stacked-patch configuration to obtain a dual-band dual-
fed CP antenna. The L-band element is actually smaller than the higher-frequency S-band
element, due to the heavy dielectric loading, and consequently located on top of the stacked
structure. Three feeding configurations are compared, and the network based on a Wilkinson
divider is found to be optimal for CubeSats in terms of size, complexity and AR. It is further
demonstrated that the choice of a feeding network does not significantly influence the CP gain

bandwidth of the antenna, even compared with a simple single-fed CP antenna.

Chapter 4 - This chapter proposes several configurations for high-gain inter-satellite-link (ISL)
antennas in K band, which enable a low-latency high-data-rate global coverage with a CubeSat
constellation. The ISL for small satellites was previously reported in literature only in low
frequencies, such as S band, and this thesis discusses the K-band CubeSat ISL for the first time.
The conventional K-band ISL antennas are either too large, heavy and/or too complex for
CubeSats. Therefore, advantage is taken from the specific flying scenario to design simpler and
robust fixed-beam antennas. In the considered constellation, the CubeSats are uniformly
distributed over distinct orbital planes and the individual satellites are connected with ISLs to
adjacent neighbors within one plane. Based on the number of satellites per orbit, the antenna
requirements in terms of CP gain and beam-steering angle are calculated and presented in this
chapter. The antenna gain is calculated versus the aperture efficiency for different aperture areas,
and itis found that the smaller face of a 3U CubeSat does not provide sufficient gain for a required
ISL data rate at K-band frequencies. Among the candidates for deployable antennas, reflectarray
(RA) and transmitarray (TA) antennas offer an excellent tradeoff between the performance,
complexity and the stowage volume. Several RA and TA ISL configurations are envisioned and
illustrated for 3U CubeSats in LEO.

Chapter 5 - This chapter presents the individual elements of the CubeSat ISL antenna system
described in Chapter 4 - one novel CP array element for each of the RA and TA antennas, and a
3D-printed CP axially-corrugated horn antenna. The CP specification allows the phase shifting
across the RA and TA antennas to be achieved using the element-rotation technique, where the
phase shift of the reflected or transmitted waves is proportional to the element rotation angle. A
unit-cell infinite-array simulation environment and the theoretical developments are presented
for the element-rotation technique. From the results, a set of conditions is obtained, which an
element must satisfy in order to qualify for this technique. Two new TA and RA elements, based
on the conventional CP elements, are designed to satisfy these conditions. The shape of the

coupling slot is modified for a TA element based on aperture-coupled patches, reducing the
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required number of metallic layers from five to three and preserving a high-quality CP
performance. A novel coupled-loops RA element is designed as a modification of a known split-
loop. The dual-resonant nature of the proposed element doubles the CP bandwidth, while
preserving the simplicity and the low profile of a single-layer design. The presented modal
analysis of the element provides a deeper insight into the mechanisms behind the wideband CP
operation. An axially corrugated CP horn is designed as the feeding element for RA and TA
antennas. The axial corrugations improve the off-axis AR of the horn, and a septum polarizer
generates two CP radiation modes of the horn, depending which input port is excited. A feed-
chain prototype is fabricated for laboratory testing using additive manufacturing in aluminum
(DLMS). The presented prototype measurement results validate the simulations and confirm the
feed eligibility for ISL CubeSat applications.

Chapter 6 - The synthesis and analysis, as well as prototype measurements of RA and TA antenna
geometries is presented in this chapter. The simulated performance of the RA, TA elements, and
the feeding horn from Chapter 5 is first used to generate the array geometry. The radiation pattern
of the feed is combined with the path loss to obtain the incident fields on the array - a process that
allows a fast re-calculation of incident fields for different feed positions. Instead of a known
analytical formula suggested by the analysis in Chapter 5, the element rotation angles are
determined with a simple and fast procedure, which eliminates the phase errors for large
elevation incidence angles. The array geometry is first generated at the design frequency, and the
array far-field radiation is then calculated at several frequency points. To achieve this, the
scattered field on all elements is obtained by combining the incident fields and the unit-cell
responses for different incidence angles. The CP far field of entire arrays is finally obtained using

the Field Equivalence Principle applied on the radiation of rectangular apertures.

The achievable aperture efficiency for this type of antennas is limited by the specific CubeSat ISL
scenario. The offset rectangular RA and TA antennas conform to the CubeSat structure during
stowage and maximize the performance from an engineering standpoint, although their aperture
efficiency is reduced. A study of the overall antenna efficiency shows that the main factor for both
antennas is indeed the aperture efficiency, which only takes into account the array geometry. In
other words, the proposed RA and TA elements introduce minimal losses in terms of phase,
polarization and reflection/transmission and maximize the antenna capabilities under the given
constraints. The calculations for two 900-element RA and TA antennas show a 1-dB CP gain
bandwidth of 6.5% and 5.7% with total efficiency of 60% and 69%, respectively. This achievement
is especially important in the case of RA antennas, since the bandwidth is significantly improved
with respect to the conventional elements, without any loss of simplicity. Two smaller-scale
prototypes are fabricated for anechoic chamber measurements, whereas the prototypes of 900-
element arrays were measured in a near-field scanner. The presented measurement results

confirm the high-quality CP performance of the designed elements, in spite of a sub-optimal
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aperture efficiency. The CP performance, along with the low profile and simplicity of the proposed

antennas, are the main enabling factors for ISL CubeSat applications.

7.2. Discussion

A shielded asymmetric stripline is used in Chapter 2 to generate a unidirectional radiation pattern
while preserving a good impedance matching under a low profile. The stripline cavity formed by
the shielding exhibits resonant modes and it is essential to keep the modes outside of the
operating bandwidth. The narrowband nature of these modes, and the fact that the field
distribution inside the cavity is similar below and above the resonance, allow for a certain freedom
in selecting a suitable cavity dimension. Electric-field analysis helps to understand the causes of
mismatch in case of an improperly sized stripline cavity. Very often, the required dimension will
be different from the CubeSat face, and a row of metallic screws can be used to create a cavity of
arbitrary dimensions or shape. In addition, the feeding network can be placed inside the metallic
CubeSat chassis, reducing the antenna protrusion on the surface. This integration method
requires a custom-made CubeSat chassis with slots cut for the coupling aperture between the

feeding network and the radiating patches.

The S-band low-permittivity patch antenna in Chapter 2 and the L-band high-permittivity patch
antenna in Chapter 3 are studied on a large face of a 3U CubeSat (modeled as a 300 x 100 mm?
PEC). The effect of the substrate permittivity is seen by comparing their radiation performance.
The miniaturized high-permittivity antennas couple strongly to the asymmetric ground plane and
their radiation pattern is consequently deteriorated. The pattern distortion is negligible in the S-
band case due to a low substrate permittivity, despite the extreme offset on the 3U CubeSat face.
In conclusion, the antenna placement on a CubeSat is critical in case of small antennas, and the
satellite structure, or at least parts of it, must be considered in the design phase. Furthermore, the
proper antenna placement can also be used to generate isoflux-like patterns, which is

demonstrated in Chapter 3.

Distinguishing the matching of the multi-fed antenna elements from the matching at the feeding-
network input is crucial for an accurate antenna design. This fact is well known in the antenna
domain, but often omitted in the CubeSat literature. Therefore, it is emphasized in Chapters 2 and
3. In the beginning of the design phase, it is recommended to create several intermediate antenna
models in the absence of the feeding network, and evaluate the active S parameters. Afterwards,
a suitable feeding network can be selected. The comparison of three feeding-network geometries

in Chapter 3, with varying performance and complexity, can be of assistance in this step.

RA and TA antennas for CubeSat ISL in LEO, as well as the IoT arrays in L band, are proposed
specifically for the 3U CubeSats, flying with their long axis aligned with the orbit. In the considered

scenario, the deployable flat reflectors and lenses offer an excellent compromise between the
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complexity and the performance. However, this might not be the case for similar CubeSat
constellations, with satellites having different form factors (6U and more) or flight attitudes. As an
example, a patch antenna array, covering a large face of a 3U CubeSat, could achieve a gain
comparable to the presented deployable antennas. Such scenarios are not considered here, but

should definitely be taken into account if the design specifications allow.

TA antennas are for the first time proposed for CubeSats in this thesis, to the best knowledge of
the thesis author. TA antennas are less sensitive to the array flatness, compared to RA
antennas [81]. The symmetrical dielectric and metallic structure of the proposed TA element can

help to minimize the bending of the array panel with drastic changes in temperature in LEO.

The presented RA and TA elements - the coupled loops and the aperture-coupled patches - have
demonstrated their excellent CP performance, taking into account their simplicity and low profile.
These elements are equally suitable for other applications (terrestrial, GEO, etc.) in different

frequency bands.

7.3. Future Work

Both the feeding network and the patch elements of wideband antennas in S band can be
redesigned on substrates with a higher permittivity. This would reduce the total antenna
dimensions and improve the beamwidth required for TT&C applications. Although the
impedance bandwidth will be reduced by this approach, a stacked-patch configuration should be
sufficient to cover the two TT&C frequency bands.

The L-band patch antennas are too thick in their present form, for an efficient stowage of one or
several solar panels, on which the antennas are placed. Furthermore, a feeding-network substrate
required for arrays will additionally increase the total stowed profile. The antennas should be
redesigned on a thinner substrate. In combination with the sequential rotation, the arrays should

still be able to cover the entire Tx or Rx band, in terms of both impedance matching and AR.

The combined TA/RA antenna panel is a promising concept that could result in a single
deployable panel for an independent two-way dual-band ISL communication. The initial study
showed that the response of the RA, FSS and TA layers changes when they are assembled, due to
a large coupling between individual elements. The approach to this problem would be either to
analyze the entire structure simultaneously or to design individual elements that exhibit less

cross-coupling.

The measurements of the 900-element arrays showed a larger difference between the calculated
and measured maximum gain of the TA antenna, with respect to the RA antenna. The reasons for

this difference will be investigated in the future.
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7.4. Perspectives

A very low substrate permittivity (1.08) in Chapter 2 is used to achieve a CP bandwidth larger than
20% in the wideband patch antenna. However, the TT&C antenna bandwidth criteria are less
demanding (~12%). A higher feeding network and patch substrates can be selected in this case, in
order to reduce the antenna size (primarily profile), increase the beamwidth and simplify the
fabrication and assembly processes. This would require a complete redesign of the feeding
network and the radiating element. Therefore, itis not performed in this thesis, but should be used

if demanded by the volume constraints.

The presented patch antennas in Chapter 3 cover the entire allocated downlink and uplink
bandwidths. The antenna thickness is increased to alleviate the narrowband matching, caused by
a high substrate permittivity. The antennas are not immediately suitable for placement on the
backsides of solar panels, as the total thickness of stowed panels would violate the CubeSat
constraints. Once the final operating frequency is known within the bands, a thinner patch having
a narrower bandwidth can be tuned to that frequency. The conclusions of Chapter 3 would then
also apply for such patches, although these are not studied in this thesis. Otherwise, a different
substrate/thickness combination can achieve the same bandwidth performance, if the allocated

space allows.

It has been over one year since the first Astrocast CubeSat is launched with several L-band
antennas on-board. During this time, the satellite communication systems are tested and the
hardware, including the antennas, performs as predicted. This result has encouraged the use of
more complex dual-fed L-band and L/S-dual-band stacked-patch antennas for the first batch of
commercial satellites, which is to be launched during 2020. The high-gain deployable arrays in K
band are currently being evaluated by the mechanical engineers, for use in the future satellite

versions.

The total count of launched CubeSats in Figure 7.1 shows a growth explosion in the past several
years [2]. This rapid increase is driven by the increased interest of the commercial sector for
CubeSat platforms. One reason for this is that the CubeSats’ cost-efficient nature opens many new
opportunities in the space industry, which would otherwise be inaccessible with conventional
satellite technologies. Several companies have either deployed or announced LEO constellations
incorporating tens or hundreds of CubeSats, with indications that the progress will continue in
the future. The trends show that recent CubeSats have a larger form factor (6U and more) to
accommodate specialized components and modules that provide new communication functions.
The future developments in this field will likely include a higher level of component integration

and customization, which will also include the antennas.
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Figure 7.1. The total number of nanosatellites and CubeSats over time [2].

Besides CubeSats, there is an even more drastic increase in the number of planned satellites in
the small-satellite class (<500kg). Several companies have announced and started the
deployment of LEO constellations spanning from hundreds to even tens of thousands of small
satellites (SpaceX, OneWeb, Kepler). Some questions were recently raised regarding the
sustainability of such mega-constellations, considering the long lifetime of space debris (non-
operational satellites), especially at high LEO altitudes above 1000 km. Therefore, it is imperative
to incorporate a deorbiting functionality on every LEO satellite, to preserve a clean and safe space
environment in orbit. There is also an effort to use dedicated spacecraft that track and deorbit

non-responsive satellites from orbit.

The growth of the CubeSat and small-satellite industry will provide new exciting challenges and
opportunities for antenna design. As the CubeSats continue to expand their communication
functions, there will be an increased demand for innovative, performant antenna designs that
conform to the nanosatellite paradigm. Modern CubeSat antennas will most likely achieve this by
revisiting conventional antenna geometries and adapting them to the CubeSat environment, in

combination with new fabrication and integration techniques.
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