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Abstract

The Automated Identification System (AIS) was originally developed as a terrestrial system

tracking vessels near the coastline. Dedicated channels were allocated within the spectrum

historically reserved for maritime applications in the very high frequency (VHF) band,

enabling long range communications, up to a few kilometers. There have been various ini-

tiatives in the last decade that extended this system with a space segment, enabling global

monitoring of vessels beyond the range of terrestrial stations. Recently, the World Radio-

communication Conference has allocated frequencies for the extension of this system to a

two-way VHF Data Exchange System (VDES) via satellite. This requires to adapt space-

borne antenna solutions previously developed for AIS, particularly for missions using small

satellites and CubeSats. This paper provides a timely review of existing VHF antenna solu-

tions and new concepts under development which could be applicable to VDES missions.

Some key metrics are identified to provide a comparative study between various candidate

solutions. Considering the range of possible missions, from secondary payloads on-board

larger satellites to dedicated constellations, it is believed that a number of antenna products

can find application in future VDES space-based infrastructure.

KEYWORDS:

CubeSat, Filar Antenna, Maritime Communications, VHF Data Exchange System.

1 INTRODUCTION

Maritime radio communications are key to providing information for safety and marine economy 1,2. Thanks to the Automatic Identification System
(AIS), vessels are able to communicate their position and other relevant information to other vessels and shore stations. Within the very high
frequency (VHF) band for maritime mobile services (156.025 to 162.025 MHz), two channels were specifically allocated in the late 1990s for AIS
purposes, referred to as AIS 1 (161.975 MHz) and AIS 2 (162.025 MHz) 3,4. However, the increasing traffic and additional emerging applications,
such as AIS Aids-to-Navigation, AIS Search and Rescue Transmitters or AIS Man Overboard 5, have caused an overload of the channels, making
necessary the development of a new system that could satisfy actual and future communication needs. In this scope, the VHF Data Exchange
System (VDES) is proposed, which is more efficient in terms of radio spectrum use, offloading both AIS functions and Application SpecificMessages
(ASM) and also enabling new services that require higher data rates 4,6,7.
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AIS was developed as a terrestrial system, later extended with a space component to provide ship monitoring capabilities beyond the range of
the coastal infrastructure. Instead, VDES is designed to support both terrestrial and satellite connectivity, referred to as VDE-TER and VDE-SAT
respectively; thus its space component is not subject to some of the limitations experienced with the space segment of AIS 8. VDE-SAT presents a
cost-effective solution to extend the long-range communication capabilities of VDES from coastal to global, being particularly useful in the polar
regions and in areas where the terrestrial VDES infrastructure is not present 1,2,4,8. The on-board antenna design is particularly critical because of
its impact on the system performance, as well as on the technical risk and cost of the mission 4. Therefore, many industrial and academic studies
are investigating new approaches to implement efficient and compact satellite antenna configurations. The VHF band requires physically large
antennas which brings some challenges in the design process due to the limited available volume on board small satellites.

With the increasing growth of the commercial CubeSat missions 9, and more generally small space platforms, combined with the development of
this more advanced maritime communication network, new antenna systems that cover specific needs of VDES 10,11,12 are being developed. In this
paper, we provide a review of candidate antenna solutions, including developments specifically targeting on-board VDES payloads, and propose a
comparative study based on the current state-of-the-art and system requirements. This overview and associated conclusions are based on publicly
available information, and thus cannot be fully exhaustive, as a number of developments are still ongoing. In addition, the range of possible systems,
from secondary payloads on-board larger satellites to dedicated small satellite constellations, provides opportunities for diverse antenna solutions.
This paper is not intended to single out a particular antenna solution, but rather, to provide a comprehensive and timely discussion which will
certainly prove useful to guide future developments. In Section 2, an historical perspective is first introduced, followed by a high level description
of the system and associated specifications for the antenna to achieve a successful link. In Section 3, a review of the state-of-the-art for typical
antenna solutions proposed for CubeSat VHF communications is presented. With this key information, a comparative study providing insight on
the most adequate solutions according to the mission needs in terms of RF performance, volume, mass and cost is developed in Section 4. Finally,
some conclusions based on the previous are drawn.

2 SYSTEM OVERVIEW AND SPECIFICATIONS

2.1 From AIS to VDES

The historical development of AIS and VDES had a significant impact on the system definition and antenna specifications of VDE-SAT. Indeed, AIS
was originally developed as a terrestrial network. For this reason, the shipborne antennas were predominantly monopole and dipole-like antennas
with a toroidal pattern providing higher gain at lower elevations, suitable for ship-to-shore and ship-to-ship communications. As a consequence,
shipborne antennas have naturally poor performance at zenith. This constrained the development of the first AIS space-based payloads with
antennas providing higher gain towards the horizon of the Earth, rather than towards nadir for link-budget considerations.

Launched in July 2010, AISSat-1 was one of the first satellites to detect AIS signals in real time from polar orbit, as part of a Norwegian nanosatellite
technology demonstration funded by the Norwegian Space Center (NSC) with programme management by the Norwegian Defense Research
Establishment (FFI) 13,14. Constructed by UTIAS/Space Flight Laboratory, the satellite design is based on a cubic platform of 20 cm side with a fixed
monopole serving as VHF payload antenna (see Fig. 1(a)). The platform has an altitude control system, providing pointing stability over the entire
orbit to orient the toroidal pattern of the monopole antenna in a favorable way for enhanced AIS signal reception. The VesselSat AIS constellation,
with its first satellite VesselSat-1 launched in October 2011, implemented a different approach 15. The slightly bigger platform (30 cm side cube)
was developed by OHB LuxSpace as a tumbling satellite with a crossed-dipole VHF antenna design. To accommodate for the larger antenna, four
deployable monopoles were arranged on the four edges of a same platform face and phased to operate as dipole antennas. They consist of a
bistable metal strip that is rolled up for stowage during launch and released during the satellite in-orbit testing (IOT) phase. They are represented
in stowed configuration in Fig. 1(b), on the lower side of the platform which has the launcher interface ring (note that the fixed monopoles on the
upper side are UHF antennas for the telemetry, tracking and command functions). These deployable antennas, fully qualified under the European
Cooperation for Space Standardization (ECSS) approach for a lifetime of 6 years in low Earth orbit (LEO), have already demonstrated operation
beyond expectations, being able to detect 25000 – 30000 ships per day 16.

AIS is now a fully operational system, with both terrestrial and space components being deployed. Besides the small constellations discussed
above, there are also larger constellations under development. For instance, Spire Global has already over a hundred CubeSats with multi-sensors,
including AIS receivers. On the user side, a large number of ships already carry AIS globally and may decide to upgrade to VDES. For this reason,
it is assumed that the shipborne antennas will be very similar to minimize changes to existing installations, and that future VDES transceivers will
be combined with AIS into a single piece of equipment 17. Despite VDES being still under development, there is already advanced research with
experimental testing ongoing. NorSat-2, part of the Norwegian AIS constellation including also AISSat-1 and 2 as well as NorSat-1, is a mission
intended to carry out advanced ship tracking for the Norwegian Space Agency which also includes an experimental VDES payload for Space
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(a) (b)

FIGURE 1 Early demonstrations of AIS signal reception from space using small satellites: (a) AISSat-1 with a fixed monopole AIS antenna (credits:
Norsk Romsenter/FFI/NASA) 13,14 and (b) VesselSat-1 with a deployable crossed-dipole AIS antenna, shown in stowed configuration (courtesy of
OHB LuxSpace) 15,16.

(a) (b)

FIGURE 2 NorSat-2 Yagi-Uda deployable crossed-dipole antenna for VDES (courtesy of UTIAS Space Flight Laboratory) (a) in stowed configura-
tion 17 and (b) deployed in-orbit configuration (credits: T. Abrahamsen/Space Norway AS) 19.

Norway 17. For this specific mission, a Yagi-Uda antenna implemented with deployable crossed-dipoles has been designed (see Fig. 2 (a) and (b)
for stowed and deployed configuration, respectively). This antenna is more directive and delivers on-axis radiation pointed towards the horizon of
the Earth with controlled attitude of the platform, allowing for higher data rates and a reduced power consumption. This antenna solution is the
current baseline in the technical studies for standardization purposes conducted by the ITU 8. A preliminary verification of the downlink satellite
component using NorSat-2 was recently reported in a real ship environment 18.

2.2 Technical Studies on VDE-SAT

A critical aspect addressed in the technical studies assessing the feasibility of VDES 8 is the compatibility with AIS and ASM operations, as well
as services in adjacent bands, while ensuring the space component does not degrade the current terrestrial component. To this end, the World
Radiocommunication Conference 2019 (WRC-19) has identified the frequency bands 157.1875-157.3375 MHz and 161.7875-161.9375 MHz
for the utilization of VDES. Contiguous 25 kHz channels may be merged to form larger channel bandwidths, thus providing some flexibility in the
utilization of the allocated frequencies. The capability of the candidate solutions to cover the complete VDES band , or at least provide a dual-
band operation, is desirable. Preferably, the antenna solutions should be compatible with the complete spectrum allocated to maritime mobile
service (MMS), considering this represents only a small extension in terms of fractional bandwidth and would enable multi-service payloads. This
frequency requirement is one of the key differences between AIS and VDES, as the space component of AIS is a receive-only system with a very
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limited fractional bandwidth. In principle, this allows for simpler antennas and in particular simpler matching circuit designs, although the frequency
shift due to thermoelastic distortions has to be anticipated and accounted for in the design. To a lesser extent, these design considerations are also
applicable to VDE-SAT antennas, as the fractional bandwidth remains fairly small. Resonant antennas are generally more sensitive to temperature
variations.

For link-budget analyses 8, the orbit altitude is assumed to be 600 km, corresponding also to the satellite range at 90◦ elevation (nadir from the
perspective of the satellite), and leading to a satellite range varying between 882 and 1392 km for elevation angles at the surface of 40◦ and
20◦, respectively. With reference to nadir, this results in an additional 3.3 to 7.3 dB path loss in the link-budget. Further, the shipborne antenna
gain is assumed to be 3 dBi at low elevation and -20 dBi at zenith, corresponding to the typical performance of a shipborne AIS antenna with a
positive gain below 40◦ elevation and a quick gain drop at high elevation angles. With this link geometry and shipborne antenna assumptions,
most of the satellite coverage area and visibility time are at low elevation angles and high elevation angles contribute little to the overall system
capacity. System analyses 4 for an Arctic region scenario predicted that more than 80% of the visibility time will correspond to angles below 30◦

elevation. This was confirmed by the first experimental data collected with NorSat-2 8. The statistical analysis of the satellite downlink passes on
a Norwegian Coastguard vessel operating in the Artic demonstrated that satellite visibility is indeed predominantly at elevation angles below 30◦.
Thus, VDE-SAT antennas should also provide preferably higher gain towards the horizon of the Earth.

Two filar antenna solutions were considered for the space component in the technical studies 8. The first one is a Yagi-Uda antenna with crossed-
dipoles, similar to the one on NorSat-2 (Fig. 2(b)), with a peak gain of 8 dBi and its main lobe pointing towards the horizon of the Earth. The second
option is an iso-flux antenna, designed to point at nadir and providing a symmetric pattern around the pointing direction. The antenna is assumed
to have a gain of about 2 dBi towards the true horizon and -8 dBi at nadir, to comply with power flux density (PFD) restrictions in the downlink 20.
In both cases, the antenna gain near the horizon is the most critical to comply with the mask, corresponding to a ship elevation angle between
20 and 30◦. The Yagi-Uda antenna requires less RF power to achieve the same link-budget when compared to the iso-flux antenna, but at the
expense of a reduced field of view. It is noted that a shaped pattern (e.g. cosecant-like pattern) could help improve further the system performance,
providing a gain profile following more closely the PFD restrictions. Thus, one of the selected criteria for the comparison of the candidate antenna
solutions in this paper is the capability to generate an iso-flux pattern and more generally a shaped pattern. Besides the improvement on the link-
budget, antenna patterns with reduced field of view are also of interest to minimize interference with VDE-TER since the two systems share part
of the MMS frequency band. This can also help mitigate intra- and inter-system interference, as multiple satellites and operators may use the same
frequencies.

Another important assumption in these studies is the choice of circular polarization for the space segment, introducing a 3 dB polarization loss in
the link-budget for all elevation angles, since the shipborne antenna is linearly polarized. This mitigates the risk of polarization mismatch, which is
higher if both antennas are linearly polarized and not properly aligned, and can significantly compromise the link budget depending on the position
of the ship within the satellite field of view. This limitation was overcome using two orthogonal linearly polarized antennas in some AIS payloads, as
described above in VesselSat-1. However, this requires to duplicate some hardware. Thus, the capability to radiate circular polarization is another
selected criterion for the comparative study, of interest for both the space and ground segment.

Besides electrical requirements, there are also a number of keymechanical and environmental aspects. Forwhat concernsmechanical specifications,
the stowed volume is considered to be an important comparative criterion, together with mass and the complexity of the deployment mechanism,
if any. Complex mechanisms or large deployable elements increase the risk of non-deployment or partial deployment, resulting in substantially
lower system reliability. Thus it requires careful consideration when performing payload trade-offs. Concerning the environmental and in-orbit
effects, a key aspect is the tolerance to debris, as larger deployable apertures are naturally more susceptible to impacts, which could compromise
the mission lifetime. The choice of materials is also important, to minimize potential issues related to outgassing, thermoelastic stress and aging.

3 ANTENNA SOLUTIONS

There is a wide volume of literature in antennas for small space platforms and CubeSats covering an extensive range of frequencies, including many
in the VHF range and indicating a promising landscape for accommodating an AIS/VDES antenna. Industry and academia alike have proposed new
systems and ideas that could reduce the mass and volume, while also complying with uplink and downlink requirements. These efforts typically
point towards deployable antennas although more exotic solutions are also explored, including the use of fixed structures, i.e. quasi or fully planar
antennas that are attached to the satellite, or directly the use of the satellite bus itself as a radiating structure by means of the characteristic
modes. Non-conventional materials and original antenna geometries have also been considered, and these concepts, or their evolution, could be
useful and an inspiration for future VDES antennas. There are also a number of concepts that were initially intended for UHF bands that could be
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(a) (b)

FIGURE 3 Deployable UHF antennas: (a) turnstile UHF antenna on a 3U CubeSat (courtesy of Endurosat) 21 and (b) printed UHF monopole on
Unicorn-2 PicoSat (courtesy of Alba Orbital) 22.

scaled down to VHF. A review of aforementioned antenna concepts is provided in the following Subsections and their performance and features
summarized in Table 1 at the end of this Section.

3.1 Deployable Antennas

One common antenna solution for VDES satellite systems is based on deployable configurations that help to reduce the volume needed for
the payload and the launching costs, while maintaining nominal antenna performance. Deployable antennas for small satellites can be based
on inflatable 23,24, meshed 25,26 or folded structures 15,17. Inflatable and meshed antennas are interesting concepts, however, they are typically
implemented for CubeSat payloads at higher frequencies, with limited interest so far for VHF systems. For AIS and VDES, folded monopole and
dipole-like antenna configurations are often encountered. This is mainly due to a simple and reliable deployment when in orbit, which commonly
makes use of strain energy but can also involve the use of motors.

Deployable filar antennas for VHF and UHF communications are a mature off-the-shelf technology with flight heritage that can be widely found in
commercial satellite missions. A number of companies already offer products with different designs based on folded antenna solutions compactly
stowed in the satellite bus 17,19,21,22,27,28,29. These structures generally prove to be reliable thanks to simple deployment designs and show a life-
time in orbit fully in line with typical mission needs. Deployable monopoles, as the ones used for VesselSat-1 and 2 15, and more recently for the
microsatellite ESAIL 30, are a common, compact and lowmass solution available for small satellites, including CubeSats and PicoSats 21,27,29. Typically
these monopoles are placed in a turnstile or crossed-dipole fashion, as depicted in Figs. 1 (b) and 3 (a), providing circular polarization, low directiv-
ity and omnidirectional patterns limiting possible blind spots at VHF and UHF bands, such as those observed with the toroidal patterns of single
monopole and dipole antennas. Turnstile antennas have been successfully demonstrated in different space missions, showing satisfactory perfor-
mance and with the capability to be adapted to the different CubeSat bus sizes 21,29. The suitability of the deployable monopole/dipole approach
for VDE-SAT communications has already been demonstrated by the implementation of a crossed-dipole Yagi-Uda antenna on the Norsat-2 satel-
lite 8,17,19 (see Fig. 2). This antenna enables a higher directivity than the single element configuration, whilst keeping a compact stowed volume on
the satellite payload. In NorSat-2, a single antenna deployment mechanism is used for both the AIS and the VDES antennas, but this is obviously
specific to that satellite design.

Simpler configurationswith a single radiating element have also demonstrated acceptable performancewith the limitation of a single linear polariza-
tion operation. Although these antennas have not been embarked in a successful mission yet, they could provide an interesting solution for VDES,
benefiting from the successful in-orbit demonstration for AIS payloads (see Fig. 1 (a)). For instance, the nanosatellite ConSat1 31 was designed with
a single deployable monopole antenna with dual-band performance in the VHF and UHF bands. The antenna was installed with a diplexer that
separates the uplink and downlink frequencies and achieved around 3dBi gain with omnidirectional patterns at both frequencies. A slightly more
complex design exploits lumped LC circuits combined with a monopole antenna, which achieves dual-band behaviour, covering VHF and UHF
bands without the necessity of a diplexer 32. The LC circuit is attached to the monopole at λ0/4 distance with respect to the higher frequency of
operation, λ0 being the wavelength in free space. In this way, it can act as a notch filter in the UHF band, exciting exclusively the inner section of
the antenna at high frequencies and thereby making the monopole virtually shorter. For VHF operation, the LC circuit becomes a passband filter,
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(a) (b)

FIGURE 4 Trifilar helix antenna for VDES CubeSats (courtesy of Oxford Space Systems) 11: (a) deployment sequence and (b) simulated iso-flux
radiation pattern at 150 MHz.

exciting the full length of the antenna. Alternatively, planar structures could also be considered. A monopole for UHF band, based on printed circuit
board (PCB) technology, is attached to the Unicorn-2 picosatellite 22 (see Fig. 3 (b)). The planar rigid design enables a simple one-axis deployment,
similar to that employed for the solar panels, with the PCB implementation enabling a robust and low-cost design approach at UHF.

Recent studies, which have not been implemented on a practical satellite system yet, also present solutions focusing on the improvement of the
deployable mechanism with advanced materials while keeping standard required antenna performance. These materials normally feature a more
flexible composition, or inversely, additional robustness for deployment. Nevertheless, their reliability and feasibility are still under study. For
instance, metallized kapton and bistable composite tape-springs 33,34 are among the investigated alternatives. In the case of the kapton antenna 35,
the focus is on the further reduction of the payload mass. For such purpose, a planar crossed-dipole antenna with four arms, operating at the VHF
and UHF bands, is implemented with the addition of elliptical holes to reduce the mass by a factor of 2 35. The antenna RF performance is very
similar to typical deployable crossed-dipole systems described above, however, the reliability of this configuration is not clear as the stiffness of
kapton once deployed in space is yet to be proven. On the other hand, bistable composite tape-springs, which are thin, laminated open slit tubes 36,
allow the antenna to be structurally stable in both the deployed and folded states. This is because the bistable composite material has only two
elastically stable physical states, fully rolled and extended 33. For this research, another crossed-dipole antenna for VHF operation has been used
for testing the material capabilities in order to provide new deployable possibilities. Thus, the focus of this study was on the material analysis,
however, simulations on antenna performance show promising results for further research.

There are other antenna geometries that can provide directive radiation patterns with circular polarization to comply with higher data rate require-
ments whilst maintaining favourable characteristics for deployment. This includes helix antennas, which can provide features useful for VDES
requirements that are not readily achievable with conventional monopoles, such as iso-flux type of patterns and higher gain. Despite the need for
adding a deployable ground plane in most of the cases, these systems are widely considered for small satellites and there are already products
available with flight heritage 28 or under development 11,12,37,38. Although most of the research for CubeSat applications is for UHF systems, these
could possibly be scaled down to VHF. One example currently being designed for VDES from a CubeSat platform is the deployable trifilar helix
antenna proposed by Oxford Space Systems 11,12. This antenna operates in VHF with an iso-flux radiation pattern, as depicted in Fig. 4, achieving
also high stowage efficiency and a maximum gain around 7 dBi. Moreover, another interesting point of this structure is the use of a balun in the
feed that removes the necessity of a ground plane, allowing a further reduction of the stowage volume 12.

A number of works are evaluating advanced folding concepts in combinationwith advancedmaterials to reduce volume andmass. Bistable compos-
ite tape-springs have been considered to design an helix antenna for AIS applications 34. In this case, further studies have been reported, achieving
a high stowage efficiency with high antenna gain values around 10 dBi. The key advantages of this material are its robustness and stiffness, avoiding
the need for an additional supporting structure to keep the helical shape. Nevertheless, precisely because of these features, the natural vibration
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frequency of the helical shape with no support is a significant issue that may affect antenna performance. In particular, this could be an issue for
longer helices that may require axial stiffeners to maintain the required dimensions. Alternatively, flexible materials have also been investigated
due to the considerable mass reduction achievable. One example is a helix antenna made of fiber glass covered with copper tape 39. Although this
antenna needs additional vertical stiffeners for support, all the elements of the design, including the ground plane, can be folded and stowed into
a relatively small space. This is possible thanks to the flexibility of the materials, which demonstrated, in a specific implementation, the capability
to provide low stowage volume and a mass of only 0.3 kg including the stow box. This work also demonstrated that the antenna RF performance
is not affected, achieving operation at both VHF and UHF bands, with circular polarization and a maximum gain of 13 dBi. Flexible materials also
allow for other interesting solutions which involve origami patterns 40 that may enable further compression and reduced stowage volume. A con-
ventional helix designed for UHF CubeSat missions has been folded following that principle. The antenna consists of four conductive beryllium
arms and four additional fiber glass arms. The main difference with typical deployable helices is here mechanical, since the origami antenna is
compressed not only longitudinally, as the conventional designs, but also transversally resulting in a compact flower-shaped structure.

3.2 Fixed Antennas

Fixed antennas are appealing from a reliability perspective, as there is no risk related to possible deployment failure. In this respect, planar antennas
can be quite useful due to their compactness and ease of integration. However, this type of antenna requires a considerable surface area for lower
frequency bands such as VHF and UHF, which presents a critical issue for CubeSat integration. Thus, solutions adopting this approach are very
limited in the literature and the majority have not been flown into space yet. A simple method to overcome this obstacle is the full integration
of UHF slot antennas 41 on the satellite bus. This results in an efficient use of the real estate available on CubeSats, integrating solar panels and
slot antennas by sharing the same base material, typically a laminate. Commonly, the antenna elements need to be fed in quadrature for circular
polarization, requiring the addition of another substrate underneath to accommodate the feeding strips and the associated ground plane.

Another fixed antenna option is the use of quasi-planar folded patches for small satellite integration 42,43. Two versions of this concept reported
in the literature include a fully metallic structure 42 and a microstrip version packed in a multilayered dielectric slab 43. The main advantage of
these systems is that they feature higher degrees of freedom for the design and naturally higher robustness against space debris when compared
to deployable structures. The designs reported are generally narrow-band which make them more sensitive to tolerances and could result into a
product with low yield requiring tuning capability.

The possibility of using compact inverted F antennas 44 (IFA) has also been analysed. These antennas could be excited in phase quadrature, aiming
to comply with circular polarization needs, whilst achieving a higher bandwidth and requiring less volume and mass. Two parallel metal plates can
be placed at the end of the IFA elements to create a capacitive loading and reduce the total size of the antenna. A second antenna for higher
frequency bands is also proposed for integration in between the IFA arms for higher frequency bands and thereby optimising the space.

For missions with less stringent accommodation constraints, including microsatellites and secondary payloads on-board larger platforms, antenna
size may be less of an issue and alternative designs with generally better RF performance can be considered. Miniaturization techniques are still
of interest to maintain acceptable dimensions in spite of the low operating frequency. For example, non-deployable helix antennas have been
considered at VHF and UHF 45,46,47, adapted from developments at L-band 48,49. Meandering techniques were applied to shorten the axial length of
quadrifilar helix antennas, with reduction factors ranging from 48% up to 72%, while still providing in some cases an iso-flux radiation pattern 48,49.
Another interesting fixed antenna solution considered for AIS applications consists of crossed-dipoles over an artificial magnetic conductor (AMC)
ground plane 50. This structure provides a low profile, in the order of λ0/25 at 162 MHz, while maintaining high aperture efficiency and low back
radiation. A variation of the design using composite materials was also reported 51, with a further reduced thickness of about λ0/50 at 162 MHz
(see Fig. 5 (a)). An array configuration combining 5 of these antennas was considered, with a central fixed element and 4 side elements attached to
one-axis deployment arms. A picture of the deployed array under test on a satellite mock-up at the Renault Technical Center, Aubevoye, France, is
provided in Fig. 5 (b).

An innovative concept is the use of the characteristic modes of the satellite bus to achieve the required radiation performance. Non-resonant
exciters are placed at adequate positions to produce the desired current distribution on the satellite structure, thus turning the satellite bus into an
antenna.While there are a number of examples for higher frequencies 52, where the satellite has dimensions comparable to theworkingwavelength,
designs in the VHF band are seldom discussed. One of few studies publicly available proposes the addition of four metallic arms to the body of
the satellite 53 to lower the excitation of the characteristic modes from 1 GHz to 435 MHz. The antenna operates by differentially feeding the
ports located at the opposite sides of the CubeSat diagonals. This ensures dipole-like radiation with broad beams and gain values around 2 dBi for
each characteristic mode. In order to achieve circular polarization, a phase shifter is also necessary. The antenna does not rely on any deployment
mechanism, thereby increasing the reliability of the satellite. However, the performance of this design may be affected by the accommodation of
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(a) (b)

FIGURE 5 Cross-dipole antenna over an AMC ground plane for AIS applications (courtesy of Microwave Vision Group): (a) prototype using
composite materials and (b) array configuration on a satellite mock-up under test at Renault Technical Center, Aubevoye, France 51

TABLE 1 Review of VHF/UHF Antenna Solutions

Antenna Type Frequency Stowed Volume (λ0) Mass (kg) Polarization Gain (dBi) Bandwidth (%)

Monopoles 16 Deployable VHF - 0.24 - - -
Single Monopole 31 Deployable VHF / UHF - - Linear 2.06 -
LC Monopole 32 Deployable VHF / UHF - - Linear 2.14 4.16
Monopoles 53 Fixed UHF - - Circular 1.6 4.6
Turnstile 21 Deployable UHF - 0.09 Circular > 0.0 0.7
Turnstile 29 Deployable UHF 0.15 × 0.15 × 0.01 0.03 Circular 1.37 22.22

Crossed-dipole 35 Deployable VHF / UHF - < 0.01 Circular - -
Crossed-dipole 51 Fixed VHF 0.25 × 0.25 × 0.02 - Dual-linear 5.0 -

Yagi-Uda 4 Deployable VHF - - Circular > 6.0 -
Yagi-Uda 17 Deployable VHF - - Circular 8.0 -

Iso-flux Helix 11 Deployable VHF 0.12 × 0.12 × 0.1 < 2.5 Circular 7.14 -
Iso-flux Helix 28 Deployable UHF 0.13 × 0.13 × 0.05 < 0.18 Circular 3.5 -

Composite Helix 34 Deployable VHF 0.03 × 0.03 × 0.03 0.16 Circular 11.21 -
Flexible Helix 39 Deployable UHF 0.1 × 0.1 × 0.05 - Circular 13.0 50.0
Origami Helix 40 Deployable UHF - - Circular 8.38 7.12

Quadrifilar Helix 47 Fixed VHF 0.05 × 0.05 × 0.12 - Circular 2.4 -
Slots 41 Fixed UHF - - Circular 4.0 < 1.0

Folded Patch 42 Fixed UHF - - Circular 2.51 4.5
Multilayer Patch 43 Fixed UHF - - Circular 0.4 -

IFA 44 Fixed UHF / L - < 2.0 Circular 3.3 25.0

the other satellite appendages and surface elements affecting the electrical conductivity, thus requiring fine-tuning for each payload configuration.
At VDES frequencies, this solution is probably only suitable for medium sized platforms. In addition, it is important to ensure that the currents
generated on the satellite bus are not affecting the operation of other components. In particular, the risk of receiver blindness is considered higher
and hardware may even be damaged, thus requiring particular attention to anticipate electromagnetic compatibility issues at satellite level.
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TABLE 2 Comparative Study of Antennas for VDES Applications

Type Polarization
Iso-flux &

Shaped Pattern
Deployment
Complexity

Stowed
Volume

Mass
Space

Heritage
Design

Complexity
Resistance
to Debris

Helix Circular Yes
Simple to
Moderate

Small to
Medium

Low to
Medium

Yes Medium Lower

Turnstile &

Crossed-dipolea
Linear or
Circular

No
Simple to
Moderate

Small to
Medium

Low Yes Simple Lower

(Quasi) planar Circular Yes NA NA
Medium
to High

No Medium Higher

Satellite bus Circular No NA NA Low No Complex Higher
Monopole Linear No Simple Small Low Yes Simple Lower

aincluding Yagi-Uda configurations

4 COMPARATIVE STUDY

The choice of a spaceborne antenna solution for the VDES has a great impact on accommodation, platform sizing and the deployment mechanism,
thus requires careful trade-offs. The state-of-the-art indicates that academic and industrial efforts are developing solutions to address both directive
and iso-flux patterns with possibilities for beam shaping, and more generally beamforming, to improve further system performance.

Based on the information provided in the previous sections, deployable configurations present advantageous characteristics in terms of accommo-
dation and performance. Specifically, helix antennas are among the most mature solutions, including commercially available products with flight
demonstration as well as additional ongoing developments. The majority of the presented structures operate at UHF and VHF bands and offer
circular polarization with bandwidth promising to cover both uplink and downlink. Moreover, these antennas can also provide iso-flux and shaped
patterns which can bring system level benefits for VDES communications, such as interference mitigation as discussed in Section 2.2.

Innovative studies investigating new materials to improve key features such as volume and mass could bring some breakthrough in future devel-
opments although sometimes critical factors such as reliability may be compromised, implying further research still needs to be done. Turnstile
antennas are also mature and widely available products with flight heritage for UHF band and AIS payloads. These antennas generally provide an
omnidirectional pattern avoiding blind spots with an inherent low directivity. In this case, a crossed-dipole Yagi-Uda configuration can be employed
for directivity enhancement, at the expense of a more advanced deployment configuration. At present, turnstile antennas that have been devel-
oped for CubeSat missions have been designed for UHF operation and adaptation to VHFmay be a challenge due to the scaling factor in frequency.
Alternatively, there is an active research in small antennas with new concepts emerging that could be embedded in the satellite structure. Despite
the interest of some of the designs discussed, there is no obvious candidate for the targeted VDES applications and no "one-size-fits-all" concept
applicable to the wide range of systems currently under consideration. The Yagi-Uda crossed-dipole configuration benefits from flight heritage and
is the baseline solution in the technical studies performed by the ITU to support VDES standardization 8. This is indeed a promising solution, but its
accommodation is dependent on the platform. Other solutions may be preferred when significantly different system specifications are defined, for
example in the case of secondary payloads on board larger satellites. Therefore, further design activities are required to consolidate trade-offs and
develop suitable antenna solutions matching a wide range of system needs. Larger antennas, including antenna arrays, based on less explored tech-
nologies such as inflatable and deployable membranes may introduce more advanced beamforming capability and even multiple beam operation
to add flexibility to the system and enhance further its performance.

In order to provide some insight on which antenna configuration would be more suitable with the current state-of-the-art for a given VDES
application, a summary of the key aspects to take into account is reported in Table 2, which compares the main types of candidate solutions
identified. The antenna types are listed in the order of their evaluated suitability for VDES applications, with helix and turnstile (or crossed-dipole)
antennas being considered the most suitable at this stage of development. Specifically, helix antennas are considered of interest for their pattern
shaping capability, although this may come at the expense of a more complex design. The particular design discussed in Section 3.1 is expected to
provide extended coverage with an antenna gain similar to that of the Yagi-Uda crossed-dipole antenna configuration successfully demonstrated
on board NorSat-2. Besides pattern shaping capabilities, low mass and stowed volume are also important trade-off criteria, as most VDE-SAT
payloads under development are based on small satellites for a cost-effective design and launch. Reliability, related to both deployment complexity
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and resistance to debris, is also a crucial parameter in the trade-offs. Some key aspects described in the table could only be evaluated in a qualitative
way, based on the information provided in the open literature, and may also vary significantly within a given family of solutions.

5 CONCLUSIONS

This paper has provided a detailed overview of antenna technologies suitable for VHFData Exchange applications, andmore specifically spaceborne
satellite antennas. The review of the literature has shown that a number of solutions are already available, benefiting from previous developments
related to AIS and other VHF applications, but also from specific ongoing developments targeting VDES. This paper hasmostly focused on candidate
solutions for small satellites and CubeSats. However, it must be noted that secondary payloads onboard larger satellites are also considered, relaxing
some of the constraints particularly on stowed volume and mass. It is anticipated that a number of product developments are already ongoing
to provide suitable solutions for VDES, and more will be initiated in the short term. This review paper provides a timely contribution, useful for
assessments and comparative studies at system level. It is also hoped that this paper will trigger innovation to overcome some of the identified
shortcomings of existing solutions.
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