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Preface

This book presents an overview of CubeSat antennas designed at the Jet Propulsion
Laboratory (JPL). The objective of this book is to share the knowledge with under-
graduate students, graduate students, and engineers all around the world. The Jet
Propulsion Laboratory initiated a wave of innovation on deployable antennas for
CubeSats enabling a new class of missions ranging from Low Earth Orbit to Deep
Space missions.

The first chapter presents a brief introduction of CubeSats. It also provides an
exhaustive overview of existing CubeSat antennas organized into three categories:
low gain, medium gain, and high gain antennas. An emphasis on the selection of
high gain antennas is provided for CubeSat missions depending on the requirements
and constraints. As the reader might not be familiar with the design of spacecraft
antennas, key information on the effect of space environment (i.e. radiation environ-
ment, material outgassing, temperature, and multipacting breakdown) on antennas
is provided as these additional constraints drive the antenna design.

The second chapter describes the telecommunication subsystem of Mars Cube
One (MarCO) mission with a focus on the antenna development. The requirements
for each antenna is described and explained in the context of the mission, which
helps the reader to understand the selection process of each antenna. Multiple
antennas are described in this chapter: four X-band low gain patch antennas, an
X-band high gain reflectarray antenna, and deployable circularly polarized UHF
loop antenna. The performance of the reflectarray antenna and UHF antenna was
demonstrated on-orbit. Details on the performance achieved on the ground and in
space are provided in this chapter.



�

� �

�

xii Preface

The third chapter describes the enabling technology of Radar in a CubeSat (Rain-
Cube). The design steps of the deployable mesh reflector operating at Ka-band
are thoroughly described from an electrical and mechanical point of view. The
reader will appreciate through this chapter how mechanical and electrical designs
are tightly related; one can affect the complexity of the other, and one can sim-
plify the complexity of the other. The telecommunication challenge is also described
briefly.

Chapter 4 describes the electrical and mechanical designs of the largest reflec-
tarray compatible with a 6U-class CubeSat: OMERA (one meter reflectarray
antenna). After providing a state of the art of deployable reflectarray, the electrical
and mechanical designs of the deployable reflectarray are described in detail.

Chapter 5 describes the development of a one-meter mesh reflector for telecom-
munication at X- and Ka-band for deep space missions.

In Chapter 6, an inflatable antenna operating at X-band is described from an elec-
trical and mechanical point of view with all the challenges associated with operation
in space.

In Chapter 7, a novel patch array mainly made of metal is described for use on a
CubeSat. This antenna demonstrates extraordinarily high efficiency (>80%) at both
uplink and downlink X-band deep space network. It can also survive high radiation
levels and extreme temperatures.

Finally, Chapter 8 describes the design of multiple metasurface antennas. While
metasurface antennas have never flown in space, JPL is advancing the technology
readiness of metasurface antennas with the objective of infusing this technology in
future space missions. This chapter describes the advantage and drawbacks of these
antennas. Innovative metasurface antenna concepts are described in detail.

Nacer Chahat
Pasadena, CA
January 2019
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Introduction
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1.1 Description of CubeSats

1.1.1 Introduction

Our understanding of the universe, solar system, and Earth has significantly
changed thanks to the revolution of space-based observations using large spacecraft
such as Voyager, Galileo, and Cassini, to name only a few. Although the science
achievement of these missions cannot be presently matched with small satellites,
smaller platforms could address targeted science questions in a rapid, and more
affordable manner.

A new era for CubeSats has started with the success of Radar In a CubeSat
(Raincube) [1] and Mars Cube One (MarCO) [2]. Raincube is the first active radar
in a CubeSat. It has successfully demonstrated that an active precipitation radar
can fit in a 6U form factor CubeSat and collect valuable atmospheric science. The
Raincube CubeSat was released on July 13, 2018 from a NanoRacks deployer out-
side the International Space Station (ISS). As an example of its accomplishments,
Raincube successfully observed typhoon Trami. Tempest-D, another NASA Cube-
Sat, also observed Trami within 5 minutes. RainCube nadir Ka-band reflectivity are
shown overlaid on TEMPEST-D 165 GHz brightness temperature in Figure 1.1.
This illustrates the capabilities of these small satellites that could potentially be

CubeSat Antenna Design, First Edition. Nacer Chahat.
© 2021 John Wiley & Sons, Inc. Published 2021 by John Wiley & Sons, Inc.
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(a) (b)

Figure 1.1 (a) Photography of Trami Typhoon taken from the ISS. (b) RainCube
nadir Ka-band reflectivity overlaid on TEMPEST-D 165 GHz brightness temperature of
Typhoon Trami.

launched in a constellation to unlock unprecedented temporal resolution (i.e. min-
utes) necessary to observe the evolution of weather phenomena. A potential Rain-
cube Follow-on mission, intends to launch a constellation of 12U CubeSats, to
accommodate a larger deployable antenna for a small radar footprint with increased
resolution.

The 2018 launch of the InSight lander to Mars, included two 6U twin CubeSats
called MarCO. These two CubeSats successfully provided real-time telecommuni-
cation relay during the Entry, Descent, and Landing (EDL) of the lander. This is also
the first CubeSat to travel to another planet, Mars, and operate in Deep Space. Mil-
lions of people all over the world witnessed the successful landing of InSight thanks
to these two mighty but small spacecraft. Indeed, the first image of Mars landing
site taken by Insight (see Figure 1.2) was relayed in real time from the Mars surface
to the Earth via the MarCO CubeSat. Without MarCO CubeSats, this picture and
play-by-play real time EDL events would have not been possible and reconstruction
of EDL event data would have been delayed by 2–3 hours.

MarCO and RainCube have paved the way for future small Earth Science and
Deep Space spacecraft making interplanetary space science and high performance
Earth Science much more affordable and accessible.

In 2021, 13 CubeSats will launch as secondary payloads on the Exploration
Mission 1 test flight. Two examples of these missions are Lunar Flashlight
[3] and Near-Earth Asteroid Scout (NeaScout) [4]. They will utilize mostly
commercial-off-the-shelf components. Lunar Flashlight uses reflected sunlight to
determine whether water ice is exposed on the surface in permanently shadowed
lunar polar craters. It uses a four-band spectrometer to observe the reflected light
to detect exposed water ice. NeaScout will perform reconnaissance of an asteroid.
Propelled by sunlight using a large solar sail, it will make accurate measurement
of the asteroid ephemeris, shape, rotation state, spectral class, local dust and debris
field, regional geomorphology, and regolith properties. They are both science driven
missions using much of the same communication capability as MarCO (Figure 1.3).
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Figure 1.2 Photography of Insight landing site taken shortly after its successful land-
ing was relayed by MarCO-A and MarCO-B 3 hours before the Mars Reconnaissance
Orbiter (MRO). Courtesy of NASA.

1.1.2 Form Factors

Mass of small satellites ranges from 0.1 to 500 kg including microsatellites
(10–100 kg), nanosatellites (1–10 kg), and picosatellites (0.1–1 kg). Cube-
Sats belong to the nanosatellite category. Standard CubeSats are made up of
10× 10× 11.35 cm3 units designed to provide 10× 10× 10 cm3 of useful volume
while weighing no more than 1.33 kg per unit. CubeSats come in different form
factor ranging from 1 to 12U as illustrated in Figure 1.4.

Most missions described in this book utilize 6U-class CubeSats (10× 20× 30 cm3

or 12× 24× 36 cm3). To extend the capabilities of CubeSats, future missions
are already exploring the possibility of using larger platform such as 12U
(20× 20× 30 cm3 or 24× 24× 36 cm3). Examples of NASA CubeSats in 3U, and
6U form factors are illustrated in Figure 1.5.

1.1.3 Brief Introduction to CubeSat Subsystems

1.1.3.1 Attitude Control

The in-flight orientation of a CubeSat is of uppermost importance for many aspects
of operation. For example, a radar instrument needs to be accurately pointed to take



(a) (b)

Figure 1.3 (a) Lunar Flashlight [3] uses reflected sunlight to determine whether water ice is exposed on the surface in permanently
shadowed lunar polar craters. (b) NEA Scout [4] pioneers close-up observation of asteroids and their environments during fly-by
encounters, to pave the way for human exploration of such destinations.
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1U 2U 3U 6U 12U1.5U

Figure 1.4 Different form factors of CubeSat.

(a) (b)

Figure 1.5 Examples of 3U and 6U CubeSats. (a) ISARA (3U). (b) Raincube (6U).

accurate measurements. This is an example of application that requires a CubeSat’s
attitude and pointing to be carefully controlled throughout operation.

CubeSat deployment mechanisms are typically low-cost ejection system. If
the CubeSat tumbles due to the asymmetric deployment forces, they need to be
detumbled.

Systems that perform attitude determination and control include reaction
wheels, magnetorquers, thrusters, star trackers, sun sensors, and GPS receivers.
Combinations of these systems are usually used to leverage advantages of each
methods and mitigate their individual shortcomings.
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(a) (b)

Figure 1.6 (a) Sun sensor. (b) Reaction wheel. Courtesy of Blue Canyon Technolo-
gies.

NeaScout and MarCO CubeSats use a Blue Canyon Technologies XACT
attitude-control unit (see Figure 1.6) that includes a star tracker, gyro, coarse sun
sensors, and three-axis reaction wheels. The star tracker is used for fine orientation
and sun sensors are used for course orientation. Gyroscopes are employed to sense
rotation speed and the three-axis reaction wheels adjusts orientation.

1.1.3.2 Propulsion

Propulsion systems are luxury for CubeSats that need to save their limited volume
and mass for science instruments. CubeSat propulsion has made rapid advancements
in the following technologies: cold gas, chemical propulsion, electric propulsion,
and solar sails. Propulsion systems can be used for attitude control or trajectory
correction maneuvers (TCMs).

As an example, MarCO CubeSat uses cold gas with four reaction wheel thrusters
and two axial thrusters fitting in a 2U volume and providing a nominal thrust of
50 mN and a total impulse of 755 N-s. It uses R-236FA as the propellant; it is
a cold-gas propellant used terrestrially in fire extinguishers. Propulsive force is
stored as pressurized gas. The attitude control unit commands thruster firing both
for reaction-wheel desaturation and TCMs. For safety, the control and data han-
dling (C&DH) subsystem maintains power control of the propulsion system. The
propulsion unit employed on MarCO is shown in Figure 1.7.

NASA’s CubeSat NeaScout, currently under development, employs both cold
gas reaction control system and a large solar sail (Figure 1.8). Solar sails are made
of ultrathin and highly reflective material. When a photon from the sun hits the
mirror-like surface, it bounces off the sail and transfers its momentum.
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Figure 1.7 MarCO micro propulsion system. Courtesy of VACCO.

Figure 1.8 NeaScout solar sail fully deployed. Courtesy of NASA.
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1.1.3.3 Power

To date, CubeSats have used solar cells to convert solar light to electricity then stores
the power in rechargeable lithium-ion batteries that provide power during planetary
eclipse, during any operations that point solar panels away from the sun and provide
extra power during peak load times. The solar cells can either be located on the
CubeSat bus or they can be deployed. A dedicated electrical power system (EPS)
controls the battery charging and discharging and monitors and manages battery
health. Other CubeSat power system options could be possible in the future.

Missions with higher power requirements can make use of attitude control to
ensure the solar panels remain in their most effective orientation toward the Sun,
and further power needs can be met through the addition and orientation of deployed
solar arrays. This also implies tradeoff that involves more than one subsystem.
For instance, the pointing of a telecommunication antenna may compete with opti-
mum solar array pointing toward the sun and both solar array and this competi-
tion/optimization will change over the long term trajectory of the CubeSat itself.
This is where system engineering tradeoff needs to be made early on in a project as
it defines critical constraints on multiple subsystems.

Deployable solar arrays compatible with 3U or 6U CubeSats are commercially
available. For example, MarCO uses two deployable solar arrays for a total of 42
cells folding in a stowed volume of 1U× 3U with a dual-axis deployment providing
36 W beginning of life (BOL) (Figure 1.9).

Figure 1.9 Two dual-axis deployment 36 W BOL deployable solar arrays on MarCO
each folding on a 1U×3U stowage volume. Courtesy of NASA.
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Important requirements are imposed on CubeSats that fly as secondary payloads.
Under current policies, no electronics may be active during launch to prevent any
electrical or RF interference with the launch vehicle and primary payloads. Cube-
Sats with rechargeable batteries must be fully deactivated during launch or launched
with discharged batteries. A remove before flight (RBF) pin is required to deacti-
vate the CubeSats during integration outside the Poly-Picosatellite Orbital Deployer
P-POD. The pin is removed once the CubeSats are placed inside the P-POD.

1.1.3.4 Telecommunication

The telecommunication challenges for Low Earth Orbit (LEO) missions vs. deep
space missions are very different. In LEO, ground-antenna gain can compensate
for limited onboard antenna gain and radio power and CubeSats can manage lim-
itations of power generation and thermal dissipation by duty-cycling high-power
components. Most radios commercially available for CubeSats operate at UHF [5]
or S-band [5, 6].

Most LEO CubeSats rely on UHF and/or S-band radios to receive commands or
transmit telemetry back to Earth’s ground station. For instance, the Raincube radar
utilizes both a UHF and an S-band telecommunication system to relay data to the
ground (see Figure 1.10).

Ka-band RADAR

deployable mesh

antenna

S-band patch

antenna

UHF antenna

Figure 1.10 Raincube LEO CubeSat uses both UHF and S-band telecommunication
system.
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There are only few radios available at X-band [7] or Ka-band [8]. The Iris radio
is the only CubeSat radio that provides interoperability with NASA’s Deep Space
Network (DSN) at X-Band frequencies for command, telemetry, and navigation (i.e.
ranging and delta-differential one-way ranging). Iris was launched for the first time
in deep space with MarCO in May 5, 2018. The radio was successfully demon-
strated in the two MarCO Cubesats at X-band and UHF. The Iris software-defined,
radiation-tolerant radio with 5 W RF output at X-band frequencies, has four receive
and four transmit ports, and an external solid-state power amplifier and low-noise
amplifier. The details of the Iris radio are covered in Chapter 2.

The Artemis CubeSat missions follow the lead of MarCO. Most of the Artemis
deep space CubeSats use two X-band low-gain patch antennas (Tx and Rx) on
each side of the CubeSat for near-Earth communications with wide beamwidth or
safe-mode communications, and medium- or high-gain antenna for high-data-rate
communication at larger distance. This is the case of NeaScout as shown in
Figure 1.11.

A CubeSat using these low-gain antennas with a 5 W solid state power amplifier
(SSPA) can transmit telemetry at 62.5 kbps to a 70 m DSN ground station with a
misalignment of 90∘ at distances up to 0.15 AU and it can tolerate a misalignment of
up to±1∘ at 1 AU using the transmitting-low gain antenna (Tx-LGA). The alignment
required to close the link with a 70 m DSN ground station at 62.5 kbps is shown in
Figure 1.12b as a function of distance.

A Cubesat can receive commands at 62.5 kbps, on its LGAs (i.e. 7 dBi patch),
from a 34 m DSN ground station with a misalignment of 90∘ off boresight at a
maximum distance of 0.338 AU. The spacecraft can tolerate a misalignment of up
to ±62∘ at 1 AU (see Figure 1.12a). Using a 70 m DSN, the uplink link can close

MGA-Tx

LGA-Rx

LGA-Tx

LGA-RxLGA-Tx

Figure 1.11 Near-Earth Asteroid Scout (Nea Scout) CubeSat employs four LGAs and
one MGA.
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Figure 1.12 Maximum antenna misalignment to close the link at 62.5 kbps. (a) Uplink
in safe mode with a 34 m DSN ground station. (b) Downlink in safe mode with a 70 m
DSN ground station.

with a misalignment of ±90∘ at distances up to 0.67 AU. The uplink link can tolerate
a misalignment of up to ±80∘ at 62.5 kbps using a 70 m DSN.

1.1.4 CubeSat Antennas

To cover existing antenna technologies for CubeSats, we will classify them in the
following categories: LGAs (<8 dBi), medium gain antennas (MGAs) (<25 dBi),
and high-gain antennas (>25 dBi). This section provides an overview of the different
type of antennas used for CubeSats.

1.1.4.1 Low Gain Antennas

LGAs are primarily used to receive data or transmit telemetry without requiring a
precise pointing. Their larger beamwidth comes in handy when the science pay-
load or the solar cells dominate the spacecraft pointing requirement forcing the
telecommunication antennas to be off-pointed. Also, in safe mode, if the pointing
is unknown, LGAs enable communication link at low data rate.

In LEO, an omnidirectional antenna allows the spacecraft to always be in con-
tact with the ground station without the need for rotating or re-pointing the space-
craft. Traditionally UHF or S-band LGAs are employed in LEO. An example of a
LEO mission is provided in Chapter 3, Raincube, where both UHF and S-band is
employed to relay the science data to the ground station.

Dipole Antennas Dipole antennas are mainly used at VHF or UHF. The most
commonly used UHF CubeSat antenna is the commercially available deployable
dipole antenna. It consists of four tape spring antennas of up to 55 cm length [9]
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Figure 1.13 Turnstile UHF deployable dipole antenna. Courtesy of ISIS.

(Figure 1.13). Various antenna configurations are available (monopole, dipole, or
turnstile) allowing to obtain linear or circular polarizations with an omnidirectional
pattern and a gain of about 0 dBi with an output power of 2 W.

Patch Antennas Circular polarization is typically employed for space commu-
nication to minimize (1) polarization loss due to misalignment between antennas,
(2) de-polarization caused by the atmosphere, and (3) signal degradation due to
atmospheric conditions.

Circular polarization can easily be obtained from a patch antenna. Circular polar-
ization is obtained by exciting two orthogonal linear polarizations. The two modes
must be excited with equal power and with a 90∘ phase difference. Examples of
techniques to achieve circular polarization with a patch are shown in Figure 1.14.
A patch with single feed and with truncated corners is often preferred due to avoid-
ance of combining network.

LEO CubeSats often use commercially available S-band circularly polarized
patch antennas. The antenna shown in Figure 1.15 is designed to operate in the
2.4–2.5 GHz ISM band. A conventional corner truncated microstrip patch antenna

0°
(a) (b) (c) (d)

90°

Figure 1.14 Examples of techniques to design circularly-polarized patch antennas.
(a) Nearly square patch fed on the diagonal. (b) The corners truncated patch antenna.
(c) Dual feed edge fed patch. (d) Square patch with thin slot.
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(a) (b)

Figure 1.15 Low gain corner truncated circularly-polarized patch array operating at
S-band. Courtesy of EnduroSat.

(a) (b)

Figure 1.16 MarCO low gain circularly-polarized patch array compatible with the
deep space network. (a) Rx-LGA. (b) Tx-LGA.

is used to obtain circular polarization. It provides a gain of 8.3 dBic with a half
power beam width of 71∘.

All current deep space CubeSats utilize Jet Propulsion Laboratory (JPL’s) X-band
circularly-polarized Rx and Tx patch antennas. For instance, the X-band LGAs
flown on MarCO are shown in Figure 1.16. They consist of dual feed edge-fed cir-
cularly polarized patch antenna to cover a wider bandwidth. The two right-hand cir-
cular polarization (RHCP) patch antennas are printed on RT Duroid 5880 (𝜀r = 2.2
and thickness = 0.787 mm). They demonstrate a boresight gain of more than 7 dBic
and more than −8 dBic at ±90∘. While the antenna design is relatively simple, the
bonding process between the aluminum plate and the antenna substrate is very crit-
ical to avoid delamination over time caused by thermal changes. The process needs
to be well-controlled and flight qualified. Critical parameters are the epoxy selec-
tion, the bondline thickness, and surface preparation. Testing needs to be performed
on all flight hardware to reduce risks of failure due to process variability.
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Figure 1.17 NeaScout X-band medium gain antenna located near solar cells. The
8× 8 patch array is mounted on a carbon fiber deployable wing. The same antenna is
used on other Deep Space missions (Biosentinel, CuSP) at different locations.

1.1.4.2 Medium Gain Antennas

Medium antennas showcase gain ranging from 12 to 25 dBi. They are mainly used
on deep space CubeSats where higher gain is required for long range or higher data
rate communications.

Patch arrays are very attractive antennas for CubeSats if they can fulfil the gain
requirement within the allocated volume without involving any complex mechanical
deployment. They are constrained to the maximum size of the CubeSat. On a 6U
CubeSat, a 8× 8 patch array can easily fit within 19 cm× 19 cm.

Missions such as NeaScout, Biosentinel, CuSP, are all using a transmit-only 8× 8
circularly polarized patch array providing more than 23.4 dBic. This enables 1 kbps
at 1 AU using a 34 m DSN antenna or 4 kbps using a 70 m DSN antenna. The MGA
developed for NeaScout is shown in Figure 1.17. It is bonded onto the solar array
fixture made of carbon fiber. A new bonding process was developed to accommodate
for the coefficient of thermal expansion (CTE) mismatch between the Rogers 5880
(i.e. 31 and 48 ppm/∘C in x- and y-direction) and carbon fiber (0 ppm/∘C). The
antenna survived thermal cycling from −55 to 110 ∘C.

Table 1.1 summarizes the gain and half power beamwidth achieved for multiple
array configuration.

More recently, a new all-metal patch array was developed for a potential Europa
Lander [10] (see Chapter 7). This antenna demonstrates unprecedented efficiency
of more than 80% and achieving a gain of 25.3 dBic for an 8× 8 patch array. In
addition, this antenna can operate at both uplink and downlink frequency bands.
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Table 1.1 Performance of patch array with different configuration.

Array Size (cm× cm) Gain (dBic) HPBW (∘)

2×2 4.8×4.8 13.2 39.5
2×4 4.8×9.5 16.2 39.5/19.4
4×4 9.5×9.5 17.0 19.4
8×4 19× 9.5 20.0 9.5/19.4
8×8 19×19 23.4 9.5

This is a 2 dB improvement compared to the previous array, which translates into a
1.6 times data rate improvement. One drawback of this antenna is the mass increase
but one can consider using the bus as the ground plane.

The first metal-only metasurface (MTS) antenna was fabricated using metal
additive manufacturing [11] (see Chapter 8). It is operating at Ka-band in the down-
link DSN frequency band (i.e. transmit only). The 10 cm-diameter MTS antenna
achieves 26.1 dBic. Such an antenna can be printed on the bus surface using the
largest side of the CubeSat as a radiating aperture. Unfortunately, metal-only MTS
are still low efficiency (∼<40%). However, it was recently published that MTS
antennas can possibly achieve up to 70% efficiency [12]. This would make them
good solutions for transmit-only MGA antennas at X- or Ka-band, particularly
because they can be designed to achieve any radiation pattern (i.e. directive, isoflux,
etc.). MTS antennas printed on dielectric could also be used as MGAs similarly as
patch arrays assuming higher efficiencies can be achieved.

1.1.4.3 High Gain Antennas

Selection Criteria Guidelines Selecting a high gain antenna (HGA) for deep space
communication or remote sensing instruments is not an easy task and is of the utmost
importance for mission success. A guideline highlighting the advantages and draw-
backs of each HGA technologies is provided to help in the selection process in
Figure 1.18.

The available HGA technologies developed for Cubesats are abundant: patch
arrays [10], deployable reflectarrays [13–15], mesh reflector [16–18], inflata-
bles [19–21], and membrane [22, 23]. Few potential new technologies applicable
to CubeSats are MTSs [11, 12] and slot arrays [24, 25].

The selection criteria typically includes: (1) stowage volume, (2) frequency band,
(3) bandwidth, and (4) performance.

Example 1:
For instance, if one mission requires a HGA at X-band with no stowage volume

available inside of the bus, the first choice is patch array. If the largest side of
the CubeSat does not provide the required gain (i.e. gain> 26 dBic; reference



D
ra

w
b

ac
k

s
A

d
va

n
ta

g
es • Stowage efficiency

• Non deployable

• High reliability

• Controllable SLL

• Low cost

• High TRL

Patch array Reflectarray

Small stowage volume (<0.1U)

High gain antennas

Metasurface Inflatable Membrane

Large stowage volume (>0.5U)

Reflectarray Mesh reflector Slot array

• Stowage efficiency

• Simple deployment

(hinges based)

• Low SLL

• Low cost

• High TRL

• Excellent stowage

efficiency (no feed

deployment needed)

• Simple deployment

(hinges based)

• Stowage efficiency

• Infinite bandwidth

• Simple deployment

• >1 m2

• Stowage efficiency

• Medium cost

• Compatible with 6U

• Large aperture >1 m2

• Stowage efficiency

• Medium cost

• Compatible with 6U

• Medium TRL

• Excellent efficiency

• Infinite bandwidth

• Thermal

• High TRL

• Excellent efficiency

• Thermal

• Simple deployment

• High TRL for 100 kg

smallsat

• Max aperture < side
of CubeSat

• Feed loss limits the
gain

• Low efficiency
• Max aperture <0.6 m2

• Narrow bandwidth
• Thermally affected
• Tx only

• Low efficiency
• Max aperture <1 m2

• Narrow bandwidth
• Low TRL

• Poor surface accuracy
• High SLL
• Low TRL

• Low efficiency
• Complex deployment
• Poor surface accuracy
• Low TRL

• Low efficiency
• Max aperture <1 m2

• Narrow bandwidth
• Complex deployment

(feed)
• Thermally affected

• Stowage volume
(1.5U for 0.5 m/3U
for 1 m)

• Complex deployment
• Max aperture <1 m2

• Stowage volume
complex deployment

• Narrow band
• Single frequency
• Low TRL for CubeSat

W-band

Ka-band

X-band

S-band

Ka-band

X-band

S-band

Figure 1.18 High gain antenna selection guidelines for CubeSats high gain antennas.
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to Table 1.1), the obvious choice becomes a deployable reflectarray. This is the
case of MarCO discussed in Chapter 2.

Example 2:
As another example, if one is looking for a Ka-band highly efficient antenna (i.e.

>50%), with available stowage volume, the options are deployable reflectarray
or mesh reflector. However, mesh reflectors are more efficient and they are also
less sensitive to thermal variation; so they are the natural choice. This was the
case of Raincube discussed in Chapter 3.

Example 3:
Lastly, for a mission requiring a gain of 23 dBic to transmit telemetry to a 34-m DSN

antenna at 1 AU at 1 kbps, the choice is more straightforward for a 6U CubeSat.
A 8× 8 patch array does not require any deployment and fits on one side of the
CubeSat (see Figure 1.17). This was the case of NeaScout.

Reflectarray In 1996, Dr. John Huang at NASA JPL introduced the idea of using
deployable reflectarray composed of flat panels that could also potentially be com-
bined with solar cells in the back of the reflectarray [26, 27]. This concept takes
advantage of flat reflecting surface relying on a simple mechanical deployment with
spring loaded hinges [26]. His concept was implemented for the first time for the
technology demonstration CubeSat ISARA (Integrated Solar Array & Reflectarray
Antenna) [13]. ISARA was the first reflectarray in space. It was designed to achieve
a gain of 33.0 dBic at 26 GHz for LEO communication, which translates into an effi-
ciency of 26%. It suffers from a low efficiency feed, large gaps between panels and
bulky hinges causing both side lobe level increase and gain reduction. The antenna
was successfully deployed in orbit as witnessed by the photography of the deployed
antenna taken in-orbit (Figure 1.19).

(a) (b)

Figure 1.19 (a) NASA’s JPL ISARA CubeSat [13] during Integration and Testing. (b)
Photography of ISARA successfully deployed in-orbit.
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Figure 1.20 (a) NASA’s JPL MarCO CubeSat during Integration and Testing. (b) Pho-
tography of MarCO in deep space on its way to Mars [2].

This work was extended to an X-band telecommunication system using a reflec-
tarray deployed from a 6U CubeSat jointly launched with the NASA InSIGHT Mars
lander mission to provide auxiliary telecommunications during the entry descent
and landing portion of that mission [2, 14]. The transmit-only reflectarray demon-
strates a gain of 29.2 dBic (i.e. 42% efficiency). Higher efficiency was achieved
by (1) removing the gaps between the panels, (2) using low profile hinges, and
(3) improving significantly the feed efficiency. MarCO near-real time bent pipe
communication (i.e. 8 kbps) at Mars distance (∼156 million km) would have not
been possible without its X-band deployable reflectarray as its SSPA is limited to
5 W [2, 14]. For MarCO, the choice of HGA technology is obvious as very lim-
ited volume was available inside the bus and the antenna aperture to meet the gain
requirement could not be reached with a non-deployable patch array. A photography
of the deployed antenna is shown in Figure 1.20 while the CubeSat is approaching
Mars. The antenna gain of MarCO reflectarray was measured within 0.4 dB during
Insight EDL and providing flawless near-real-time coverage. More details regarding
the design of this reflectarray are provided in Chapter 2.

To achieve smaller footprint for remote sensing, a highly constrained deploy-
able reflectarray antenna compatible with 6U-class CubeSat was developed (see
Figure 1.21) [15]; it is currently the largest Ka-band CubeSat antenna. While this
antenna was designed primarily for Earth Science remote sensing [15], it can eas-
ily be redesigned for Ka-band Deep Space communication. The Ka-band high gain
reflectarray antenna employs Cassegrainian optics to accommodate a deployment
mechanism that stows the reflectarray panels and feed assembly into a highly con-
strained volume. Despite the stringent mechanical constraints, the linearly-polarized
antenna demonstrated excellent performance at 35.75 GHz with a gain of 47.4 dBi
[15]. More details regarding the design is provided in Chapter 4.

The adjustable hinges developed for OMERA allows to deploy accurately six
panels from one side of the bus at frequency bands up to Ka-band. For this reason, it
was easy to extrapolate the MarCO design to a larger X-band antenna. A six-panels
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Figure 1.21 One meter reflectarray (OMERA) compatible with 6U-class CubeSat
[15].

deployable reflectarray operating at 8.4–8.45 GHz DSN band was designed for a
6U-class CubeSat (see Figure 1.22). This antenna provides a gain of 33.0 dBic at
X-band. Similarly to MarCO, the feed folds against the CubeSat bus. It is a 2× 2
circularly polarized patch array (see Figure 1.23a) with only 0.4 dB of insertion loss.

The same six-panels deployable reflectarray was also designed at Ka-band (see
Figure 1.23a). The feed is a simple Ka-band multiflare horn. The DSCKa antenna
offers a gain of 33 dBic at Ka-band downlink frequency band (i.e. 31.8–32.3 GHz).

One can combine X- and Ka-band operation using two collocated feeds. A
six-panels reflectarray operating at X- and Ka-bands was achieved using a feed horn
and a X-band 2× 2 patch array. The beam pointing was adjusted by the reflectarray
design itself to obtain the same beam direction at both frequency bands; the
spacecraft can communicate at X- or Ka-band without adjusting its attitude. The
unit cell covering X- and Ka-band is shown in Figure 1.23b, where square patches
are used as unit cells at Ka-band and cross-dipoles are used as unit cells at X-band.
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(a) (b)

Figure 1.22 Deep Space CubeSat Antenna operating at X-band (DSCX). (a) Transmit
only X-band feed. (b) Six-panels deployable reflectarray on the CubeSat Bus simulated
using Ticra GRASP and QUPES tools.

The thickness of the reflectarray panels needs to remain small while supporting the
required bandwidth. The cross-dipole is narrow-band and therefore sensitive to the
fabrication tolerance. Hence, the thickness of the cross-dipole layer was chosen
to meet the bandwidth requirement taking into account the achievable fabrication
tolerance.

Critical characteristics of all available deployable reflectarray antennas are com-
pared in Table 1.2.

Mesh Reflector Multiple deployable mesh reflector for CubeSats were developed
at S-band [28, 29], X-band [18], or Ka-band [16, 17]. A Ka-band 0.5 m deployable
mesh reflector compatible with 6U-class CubeSat was introduced for deep space
communication [17] and Earth science mission [16]. Although the antenna fits in
a constrained volume of 1.5U (i.e. 10× 10× 15 cm3) a gain of 42.4 dBi and a 56%
efficiency were demonstrated. The antenna was successfully deployed in LEO on
July 28, 2018 (see Figure 1.24). The RF design and mechanical deployment is thor-
oughly described in Chapter 3.

An offset mesh reflector compatible with 12U-class CubeSats is currently under
development at Tendeg [18]. The offset configuration allows reaching higher
efficiency (no feed blockage), achieving lower side lobe levels, and redesigning
the antenna at other or multiple frequencies. The antenna was designed at X-
and Ka-band for deep space communication [30] (Figure 1.25). For X-band,
a gain of 36.1- and 36.8-dBic is achieved at uplink and downlink frequency
bands, respectively (i.e. ∼72 and 62% efficiency, respectively). At Ka-band, a
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(a)

(b)

WX

W

hX = 1.5 mm

hXa = 0.406 mm

LX

Figure 1.23 Deep Space CubeSat Antenna operating at (a) Ka-band (DSCKa) and
(b) X-/Ka-bands (DSCXKa).



�

� �

�

22 CubeSat Antenna Design

Table 1.2 Deployable reflectarray performance for CubeSats.

Name Type
Aperture
size (m×m) Frequency Gain

Efficiency
a (%)

CubesSat
size (U)

ISARA [13] Reflectarray 0.33× 0.27 26 33.0 dBic 26 3
MarCO [14] Reflectarray 0.60× 0.33 8.4–8.45 29.2 dBic 42 6
OMERA [15] Reflectarray 1.05× 0.91 35.75 47.4 dBi 32 6
DSCX Reflectarray 0.60× 0.67 8.4–8.45 33.0 dBic 50 6
DSCKa Reflectarray 0.60× 0.67 31.8–32.3 43.5 dBic 40 6
DSCXKa Reflectarray 0.60× 0.67 8.4–8.45 32 dBic 40 6

31.8–32.3 43.0 dBic 35

aThe efficiency is defined as the ratio of the realized gain of the antenna to its standard directivity. The
standard directivity is 10⋅log10(4𝜋A/𝜆0

2), where A the area of the antenna aperture and 𝜆0 is the free space
wavelength. This defines how efficiently the area of an antenna is used.

Flight Lab

Figure 1.24 One NASA’s JPL 0.5-m mesh reflector antenna on Raincube CubeSat [16]
was successfully deployed and operated in-orbit.

gain of 48.4-dBic is obtained at downlink frequency band (∼62% efficiency).
The mechanical deployment is still in progress but the results are promising. The
antenna mechanical and RF design are is detailed in Chapter 5.

The performance of these two mesh reflectors are summarized in Table 1.3. Com-
pared to reflectarray deployable antennas (Table 1.2), mesh reflectors achieve higher
efficiency at the expense of larger stowage volume and higher complexity.

Inflatables Inflatable antennas were developed and comprehensively tested at
S-band [19] and X-band [20] for Deep space communication. Additional work
was also reported by another team at W-band [21]. Although the spherical surface
aberration can be compensated by adjusting the feed location [20, 21] or using a
corrective lens [31], it is unlikely that the surface accuracy can be maintained at
frequencies above S-band.
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(a) (b)

Figure 1.25 One-meter deployable mesh reflector for deep space communication at
X-, Ka-, or X/Ka-band [30]. The mesh reflector mechanical deployment is described in
[18].

Table 1.3 Deployable mesh reflector performance for CubeSats.

Name Type
Aperture size
(m diam.)

Frequency
(GHz)

Gain
(dBic)

Efficiency
(%)a

CubesSat
size (U)

KapDA [17] Mesh reflector 0.5 32 42.0 57 6
34 42.4 55

KaTENna
[18, 30]

Mesh reflector 1 8.4 36.8 62 12
36 48.4 62

aThe efficiency is defined as the ratio of the realized gain of the antenna to its standard directivity. The
standard directivity is 10⋅log10(4𝜋A/𝜆0

2), where A the area of the antenna aperture and 𝜆0 is the free space
wavelength. This defines how efficiently the area of an antenna is used.

Membrane Antennas Membrane antennas were extensively investigated by John
Huang [32–34] at NASA JPL for small satellites as they allow achieving large aper-
ture with excellent stowage efficiency. Membrane antennas can be patch arrays [32]
or reflectarrays [33, 34]. Membrane antennas are a natural option for CubeSats. A
large patch array operating at S-band was recently introduced for 6U-class CubeSat
[22] (Figure 1.26). A 1.53 m2 linearly-polarized patch array deploys from a 2U
stowage volume. After multiple deployments, a 28.6 dBi gain was measured which
translates into an 18% efficiency.
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Figure 1.26 S-band 1.5 m2 aperture deployable membrane antenna after its first
deployment [22].

An X-band reflectarray membrane antenna is under development at the JPL [23]
(Figure 1.27). It deploys into a 1.5 m2 aperture with a 0.5 mm surface rms from a
canister of 20 cm diameter and 9 cm height. A gain of 39.6 dBi was measured using
a feed horn located at its focal point. Although the antenna is not yet completed,
the achieved efficiency is about 40% (Table 1.4). The feed deployment inaccuracy,
feed loss, and feed blockage will contribute to additional loss.

Slot Arrays The concept of deployable slot array was presented for 100 kg small
satellites [24]. It consists of six deployable panels folding around the spacecraft
(Figure 1.28). Slot arrays are good solutions for single-band and narrow-band appli-
cations with linear or circular polarization. The concept introduced in [24] can
be implemented for CubeSats at Ka-band or above. Reference [25] presents the
development of an S-band slot array able to produce three operating modes: omni-
directional, multibeam, or directive.

Metasurface Antennas MTS antennas could potentially also be a good solution
for HGAs. They provide the ability to deploy a large aperture antenna without
deploying a feed at a focal distance from the antenna aperture; this is the biggest
challenge as the antenna aperture increases [15, 35]. Similar deployment approach
as deployable reflectarrays can be applied. From 6U- or 12U-class CubeSats, the
maximum aperture achievable is about 1 m2. The effect of small gaps between the
panels remain to be assessed. As mentioned earlier, MTS antennas are narrow band.
A methodology to achieve dual-frequency operation from the same aperture was
recently reported [36, 37].

In Chapter 8, the design process of MTS antennas is described in details through-
out multiple examples.
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PVC cross

Quadrant tensloning line

Reflectarray

Feed hom

Figure 1.27 X-band 1.5 m2 aperture deployable membrane antenna in an anechoic
chamber [23].

Table 1.4 Deployable high gain antenna performance for CubeSats.

Name Type
Aperture size
(m×m)

Frequency
(GHz)

Gain
(dBi)

Efficiency
(%)

CubesSat
size (U)

Membrane [22]a Membrane 1.24× 1.24 3.6 28.6 18 6
LaDeR [23]a Membrane 1.5× 1.5 8.4 39.6 40 6

aNot fully completed – with missing elements that will affect the gain and efficiency.
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Choke flange
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70 cm[top view]
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Figure 1.28 X-band deployable slot array for small satellites. Source: From Akbar et al.
[24]. © 2015 IEEE.
.

1.1.5 Effect of Space Environment on Antennas

When an antenna is used in space, particular attention needs to be made to four
major effects related to space environment: radiation exposure, material outgassing,
temperature change, and multipacting or ionization breakdown.

1.1.5.1 Radiation

Cosmic radiations, such as beta, gamma, and X-rays, are similar to nuclear radia-
tion in many aspects. As a result, cosmic high-energy radiation is a critical design
constraint in space applications and the choice of material is critical when designing
an antenna for spacecraft.

Cosmic radiations can damage materials after long term or short term exposure
to space. It can alter their electrical properties such as dielectric constant and loss
tangent. During irradiation, the dielectric constant and loss factor will be temporar-
ily increased. They are affected by electrical charge distributions in the resin which
decays with time, and thus, the radiation dose rate is important.

Cosmic radiations can also damage the mechanical properties of the material; this
is due to the reduction of molecular weight caused by breaking the large polymer
molecule into smaller parts. The effect of molecular weight reduction is primarily
on mechanical properties: there will be an increase in brittleness and reduction in
tensile strength, modulus, and elongation.
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Table 1.5 Radiation doses in rads for damage to PTFE material.

In air In vacuum

Threshold 2–7× 104 2–7×105 or more
50% tensile strength 106 107 or more
40% tensile strength 107 or more 8×108 or more
Retain 100% elongation 2–5× 105 2–5× 106

Due to the very low conductivity of the dielectrics, electrons can accumulate in
dielectrics over the time. Once excessive charge has accumulated within the dielec-
tric, electrostatic discharge (ESD) events such as arcing or discharge will occur if
the resultant electric field strength exceeds the material’s breakdown limit, dielectric
strength. It worthwhile to note that the damage due to radiation is minimized in an
oxygen free environment such as space.

Most of the dielectric used in our Cubesat patch antennas are PTFE-based com-
posites (e.g. Rogers 5880). The mechanical changes in PTFE appear to depend on
the total radiation dose and to be independent of the dose rate. The degree to which
PTFE is affected is essentially a function of the amount of the energy absorbed
regardless of the identity of the radiation. Table 1.5 summarizes the radiation does
in rads related to damage levels for PFTE in air and vacuum.

As CubeSat missions are meant to be quick turnaround and lower cost, it is highly
recommended to use material already tested.

1.1.5.2 Material Outgassing

Material outgassing is another phenomenon to take into account when flying new
antenna designs in space. It refers to the release of gas trapped within a material.
Outgassing causes a material to lose its mass in the form of gases or volatile con-
densable matter when in vacuum, especially at hot temperature. Losing mass can
potentially affect the material’s mechanical and electrical properties.

In space-based equipment, released gas can condense on critical equipment such
as camera lenses or other optical systems, rendering them inoperative. As such,
rigorous test should be performed to select a material with the lowest outgassing
properties.

NASA test procedure SP-R-0022A is used to test composite materials. ASTM
International, a well-respected materials standards organization, has developed pro-
cedures, such as ASTM E595-84 [38], to gauge key material parameters such as
total mass loss (TML) and collected volatile condensable materials (CVCM) for
the purpose of evaluating the changes in mass of different materials in a vacuum
environment as would occur due to outgassing. ASTM E595-84 [38] outlines a test
method for evaluating the changes of mass in a test specimen under vacuum at a
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Table 1.6 Outgassing test results of Rogers 5880 and 4003C.

Material Rogers 5880 Rogers 4003C

Material composition PTFE with glass
microfiber

Hydrocarbon ceramic
woven glass

Nominal dielectric constant 2.2 3.38
% TML 0.03 0.06
% CVCM 0.00 0.00
% WVR 0.02 0.02

temperature of +125 ∘C for 24 hours. NASA’s target number for acceptable TML
is less than 1% and for CVCM is less than 0.1%.

The outgassing test does not have to be done at the vacuum levels of deep space,
which are typically 10−14 Torr. According to the ASTM the vacuum, for performing
TML and CVCM testing, should be less than 7× 10−5 Torr for 24 hours at +125 ∘C.
An additional test, for water vapor recovered (WVR), can be performed after mea-
surements of TML and CVCM.

The outgassing properties of the composites used in our patch antennas (see
Chapters 2 and 7) are summarized in Table 1.6. More outgassing data for space-
craft materials can be found in [39]. In general, materials with TML over 1.0% or
VSCM over 0.10% should be avoided in spacecraft application.

1.1.5.3 Temperature Change

The effect of temperature in space on electrical and physical properties of any anten-
nas should be taken into consideration when designing spacecraft antennas. Since
space is a vacuum without conduction medium, the temperature of an object in space
could be extremely cold, when it is not exposed to the sunlight, or it could be very
hot, when it is illuminated by the Sun.

The choice of material is also critical to mitigate CTE mismatch or change of
dielectric properties over a wide thermal range. The effect of these temperatures
could cause change of physical dimensions, affect bond lines, and also dielectric
properties of a material.

• The physical dimension changes due to thermal is captured by the CTE of a
material, which is provided in x-, y-, and z-axis in ppm/∘C. For instance, Rogers
4003C, they were measured to be 11, 14, and 46 ppm/∘C in x-, y-, and z-axis,
respectively. The CTE of aluminum and aluminum alloys varies from 19 to
25 ppm/∘C.

• The process for bonding are extremely well documented and carefully inspected
to avoid any delamination during thermal cycling. Over time, NASA has created
an inventory of bonding process given for specific material.
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• The thermal coefficient of the dielectric constant is also provided ppm/∘C. For
instance, the dielectric constant Rogers 4003C exhibits a thermal coefficient of
40 ppm/∘C.

Simulation with applied CTE changes are usually performed to make sure the
antenna will perform adequately. They are also designed with sufficient thermal
guard (i.e. larger bandwidth) to mitigate a drop of performance over thermal
variation.

Sometimes, performance metrics are measured over a specified operational ther-
mal range, for example, antenna reflection coefficient variation with temperature is
measured in a thermal chamber. Less commonly, the radiation pattern of an antenna
can also be measured at hot and cold.

When dealing with deployable antennas, if the antenna is small enough, a deploy-
ment can be performed at hot and cold in a thermal vacuum chamber. This was done
for the Raincube antenna (see Chapter 3).

1.1.5.4 Multipaction Breakdown

The requirements in terms of microwave breakdown (multipaction or corona dis-
charge) of spacecraft components are becoming more restrictive due to the gener-
alized power increase in remote sensing or telecommunication components which
is less of an issue for CubeSats.

The multipaction breakdown occurs when electrons accelerated by radio-
frequency fields are self-sustained in a vacuum (or near vacuum) via an electron
avalanche caused by secondary electron emission. The impact of an electron to a
surface can, depending on its energy and angle, release one or more secondary elec-
trons into the vacuum. These electrons can be accelerated by the electric fields and
impact with the same or another surface. The phenomenon can grow exponentially
causing potential damage and ultimate destruction to the RF devices and antennas.

A few important properties of multipaction breakdown should be pointed out.
First, it is not dependent on the type of gas in which the breakdown takes place as
multipaction relies only on secondary electron emission from the electrodes. Sec-
ond, the breakdown mechanism of multipaction is independent of pressure. The
only requirement on pressure is that it is sufficiently low so that the mean free path
will be longer than the electrode separation distance.

The author recommends the NASA technical report written by R. Woo on RF
voltage breakdown in coaxial transmission lines [40] which provide all the curves
required to perform breakdown voltage calculation and a thorough description of
the phenomenon.

The author also recommends the ECSS multipaction tool which uses the ESTEC
multipaction pre-calculated susceptibility charts for the five materials defined
(Alodine, Silver, Gold, Copper, and Aluminium) and computes breakdown levels
according to them.
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Another commonly used software, allowing to perform full numerical simula-
tion of the multipaction effect considering the 3D EM field distribution, is Spark3D.
Spark3D is a unique simulation tool for determining the RF breakdown power level
in a wide variety of passive devices, including those based on cavities, waveguides,
microstrip and antennas. Field results from CST Studio Suite or HFSS simulations
can be imported directly into Spark3D to analyze vacuum breakdown (multipaction)
and gas discharge. From this, Spark3D calculates the maximum power that the
device can handle without causing discharge effects.

Please note corona discharge or ionization breakdown will not be addressed in
this book as this phenomenon only occurs at lower pressure and CubeSat antennas
are used in the vacuum of space.

1.2 Conclusion

As small spacecraft venture from LEO to Deep Space to explore our solar system,
new antennas with quick turnaround and lower cost are crucial to enable this histor-
ical space advancement. This introduction provides a brief description of CubeSats
(form factor and key subsystems) and summarizes the innovative work on CubeSat
antennas ranging from low-gain to high-gain antennas operating at UHF, S-, X-,
Ku-, and Ka-band. The choice of HGA technologies is not straightforward when
planning a new mission and this introduction provides clear examples of HGA
choices to achieve mission goals and constraints. On-going research concepts are
summarized with promising results (e.g. membrane antennas and larger mesh and
reflectarray designs).

Finally, four major effects related to space environment are described in details
(radiation exposure, material outgassing, temperature change, and multipacting
breakdown) as they are crucial when designing spacecraft antennas.
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Mars Cube One

Nacer Chahat, Emmanuel Decrossas and M. Michael Kobayashi
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2.1 Mission Description

In the last decade, CubeSats have grown from university graduate projects, best
suited for training students given their limited capabilities, to highly capable small
satellites. Advances in technology have expanded their capabilities in areas as
diverse as Earth surveillance, Earth science remote sensing, planetary exploration,
and military communications, attracting greater interests from scientists and
engineers. This was also possible because CubeSats have grown from their original
1U 10-centimeter-cubed form factor to the now common 6U (∼12× 24× 36 cm3)
class CubeSat [1].

While to date, CubeSats are only launched into Low Earth Orbit (LEO), scientists
and engineers have started to explore CubeSat missions targeting lunar, asteroid,
and planetary destinations in which a telecom system must contend with very large
free space attenuation to achieve even a relatively low data rate of few kilobits per
second. Meeting these communication system requirements in a CubeSat is a signif-
icant challenge for two main reasons: (1) limited transmit power and (2) insufficient
antenna gain.

The X-band radio frequency (RF) transmit power for most CubeSats is limited to
a few watts (up to 5 W at X-band) due to solar panel power limits, significant thermal
management issues, and electronics packaging density [2]. As far as the antenna

CubeSat Antenna Design, First Edition. Nacer Chahat.
© 2021 John Wiley & Sons, Inc. Published 2021 by John Wiley & Sons, Inc.
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gain is concerned, the goal is to produce maximum antenna area and efficiency
for a given frequency band. However, the limited mass and volume available in a
CubeSat present a tremendous design challenge. This challenge needed to be solved
even before thinking of sending any CubeSat to Deep Space and to enable the first
interplanetary CubeSat mission: Mars Cube One (MarCO).

MarCO focuses on an engineering goal rather than a scientific investigation. The
InSight mission has placed a lander on the Martian surface that is studying the Mars
interior. During its Entry, Decent, and Landing (EDL) sequence, the lander sent real
time telemetry data of the EDL flight progress and informed us on its expected suc-
cessful touchdown. The Mars Reconnaissance Orbiter (MRO) listened to InSight’s
data stream, but its design prevents it from simultaneously listening to the lander
and relaying that data back to Earth. MRO then disappeared behind Mars, as seen
from Earth, before it could relay Insight’s data. MRO was able to receive confirma-
tion of a successful landing more than three hours before it was able to relay that
information to Earth.

National Aeronautics and Space Administration’s (NASA’s) Jet Propulsion Lab-
oratory (JPL) engineers proposed to send two identical CubeSats (MarCO-A and
MarCO-B) to capture and relay InSight data to earth in real time, AKA “bent pipe
relay” (i.e. data is transmitted as it is received at the same data rate) (Figure 2.1).
The MarCO spacecraft will flyby Mars at an altitude of 3,500 km. Each MarCO
is equipped with a deployable circularly polarized (CP) loop antenna that will lis-
ten to the InSight lander’s UHF broadcast while an X-band deployable reflectarray
antenna relays the data in real time to Earth.

InSight

Mars

MarCO-B

MarCO-A

UHF relay (8 kbps)

X-band 8 kbps

To earth

X-band 8 kbps

To earth
DSN 70 m
reception

Figure 2.1 MARCO mission consists of two CubeSats flying alongside the InSight lan-
der to Mars to provide bent-pipe telecommunication link to transmit Insight’s Entry,
Descent, and Landing (EDL) data to Earth.
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The MarCO spacecraft is carried into space on the same upper stage that is send-
ing the InSight lander to Mars. Following its release from the booster stage, each
CubeSat becomes an independent spacecraft. Each of the spacecraft then unfolds
their solar panels, their X-band high gain antenna (HGA) [3, 4], and their UHF
antenna, in preparation for six and a half months’ cruise to Mars. When Insight gets
to Mars, it goes through its EDL sequence. Each of the MarCO spacecraft relays
data to the NASA’s Deep Space Network (DSN). The twin spacecrafts must per-
form up to five trajectory correction maneuvers to correctly pass over the InSight
landing zone.

A detailed description of MarCO’s CubeSat is illustrated in Figure 2.2. It con-
sists of a 6U CubeSat which includes attitude determination and control system
technology (Blue Canyon Technology, BCT), cold gas thrusters, a telecommunica-
tion subsystem (IRIS radio with UHF and X-band capabilities, solid state power

(a)

X-band LGAs

X-band

feedCold gas

thrusters

Iris radio

Camera

High-gain

reflectarray

antenna

Solar

arrays

Battery

assembly
Flight computer and

attitude control

X-band

MLGAs

Camera

Thermal

radiator

UHF antenna

Solar arrays

X-band HGA

feed

X-band HGA

X-band

MLGAs

UHF Antenna

X-band HGA

(reflectarray)

(b)

Top Bottom

UHF antenna

Figure 2.2 (a) MarCO CubeSat with emphasis on telecom subsystem; (b) MarCO
CubeSat description.
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amplifier – SSPA, low noise amplifier – LNA, and antennas), command and data
handling (CDH), two cameras, batteries, solar panels, and electrical power subsys-
tem (EPS), and more.

MarCO A and B were launched along with NASA’s InSight Mars lander at
4:05 a.m. Pacific Daylight Time (PDT) (7:05 a.m. Eastern Daylight Time (EDT))
on May 5, 2018 from Vandenberg Air Force Base in Central California. Both space-
craft have successfully carried out their tasks and became the first interplanetary
CubeSats.

All X-band antennas Rx and Tx LGAs, Tx and Rx MLGAs, and HGA and the
UHF antenna were successfully tested in space on both spacecraft. This chapter will
provide detailed information on the antenna development at X-band and UHF that
made this mission possible.

2.2 Iris Radio

The information-coded electromagnetic waves received by the spacecraft antenna
must be sampled and decoded so that the CDH subsystem can process the commands
sent from Earth. Conversely, the telemetry data must be encoded and modulated so
that the spacecraft antenna can radiate the data back to Earth. For many CubeSats
in LEO, this transmit and receive function is performed by the radio transceiver,
typically operating in the VHF and UHF RF bands [4–7]. For an interplanetary mis-
sion such as MarCO, a ground station with large antennas such as NASA’s DSN is
necessary to overcome the large free-space path loss. For standard deep-space oper-
ations, X-band frequencies (7.2 GHz uplink, 8.4 GHz downlink) are often used to
take advantage of the nearly transparent transmission of microwave signals through
the Earth’s atmosphere in the absence of weather effects [8]. All three Deep Space
Communication Complexes of the DSN (Goldstone, Canberra, and Madrid) sup-
ports X-band uplink and downlink on the 34 m and 70 m antennas [9].

In addition to the basic telecommunication system, a separate Global Positioning
System (GPS) receiver is often employed to determine the precise position of the
CubeSat in flight [10–12]. However, for spacecraft going beyond the reach of GPS
signals (e.g. lunar, interplanetary, and deep space), a separate scheme for measuring
the spacecraft velocity, distance, and angular position relative to Earth is necessary
for orbit determination. Radiometric tracking techniques such as sequential ranging
and delta differential one-way ranging (delta-DOR) provides the means for gen-
erating navigational products at the DSN [13]. However, the on-board oscillator
on a typical radio does not have adequate frequency stability for precise radio-
metric measurements. A phase-coherent radio architecture, where the downlink
carrier signal has the same frequency stability as the uplink signal (the DSN uses
a hydrogen maser as the main reference clock with Allan deviation 𝜎(𝜏)< 10−14

at 10,000 seconds [9]) has been proven to demonstrate precise tracking of space-
craft by many years of deep-space exploration at the JPL. The so-called two-way
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coherent transponder, along with the use of special navigational tones, are required
for any deep-space mission.

In order to fill the needs of deep-space communications and navigation for
CubeSats and small satellites, the Iris V1 Deep-Space Transponder was developed
at the JPL [14] starting with the interplanetary nanospacecraft pathfinder in
relevant environment (INSPIRE) “first CubeSat to deep space” mission [15]. The
Iris software-defined radio largely inherits the designs and knowhow from JPL’s
flight transponders including the Electra Proximity Operations UHF Transceiver,
the Small Deep-Space Transponder (SDST), and the now-in-development Uni-
versal Space Transponder (UST). The hardware architecture of Iris follows the
same phase-locked loop based receiver and in-phase/quadrature modulator as its
larger sisters, which allows synergistic development of existing code base for the
digital signal processor. During the hardware design phase of Iris, not only was
miniaturization a key driver, but modularity was also an important feature for the
transponder. As such, Iris is a highly capable transponder, allowing configurability
to various mission requirements and modular extension to other operating bands
such as Ka, S, and UHF.

The prime mission requirement for MarCO is to provide the telecommuni-
cation relay for InSight’s EDL sequence [16]. It was quickly identified that the
MSP430-based CDH subsystem, with its 8 kB of RAM and 128 kB of flash mem-
ory, would not have enough processing power to decode and packetize the 8 kbps
EDL data stream from InSight (8 kbps over 20 minutes of EDL equates to roughly
10 Mbits of data volume). The Xilinx Virtex family of Field Programmable Gate
Array (FPGA) used as the main digital processor for the Iris transponder was identi-
fied to have enough resources to perform the modem processing functions alongside
the data processing functions. However, the Iris V1 design for the INSPIRE mission
did not incorporate software functionality, and was hence missing a processor and
RAM for program memory and execution. In addition, a new UHF receiver is now
necessary to capture the InSight transmission. These new requirements resulted in
the development of the Iris V2 Deep-Space Transponder [17].

The Iris V2 Transponder for MarCO consists of three units as depicted in
Figure 2.3. The main transponder unit shown in Figure 2.3a is a bolted modular
assembly consisting of the UHF Receiver, X-Band Receiver, X-Band Exciter,
Power Supply Board, and the Radiation-tolerant Digital slice with Xilinx (RaDiX)
from bottom to top. The X-Band LNA unit (Figure 2.3b) provides the front-end
RF amplification of the received DSN uplink signal for the X-band Receiver slice,
and is intended to be placed physically close to the receiving antenna to reduce the
induced noise from the system cable loss. The X-band SSPA unit (Figure 2.3c)
provides the RF amplification of the modulated signal to be radiated from the
transmit antenna. A simplified top-level block diagram is provided in Figure 2.3.

A typical spacecraft telecom system incorporates a diplexer so that one antenna
can be used for both the transmission and reception of commands and data. This
allows for two-way communications with the ground station without adding
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(a) (c)

(b)

Figure 2.3 MarCO flight hardware. (a) Photograph of the Iris V2 Deep-Space
Transponder with UHF Receiver; (b) Photograph of the X-Band Low Noise Amplifier
unit; (c) Photograph of the X-Band Solid State Power Amplifier unit.

extra physical constraints to the spacecraft bus design, or adding operational
constraints during the mission phase. However, X-band diplexers with sufficient
channel-to-channel isolation are typically constructed of bulky cavity resonators
in waveguide, which are not very well suited for CubeSat applications. As with
any active RF system, the powerful transmitter may interfere with nominal
operations of the sensitive receiver, and this transmit rejection is an important
specification. The Iris LNA unit is designed to accept up to +15 dBm while keeping
the receiving amplifiers linear. With a 5 W (37 dBm) transmitter, at least 22 dB
of transmit-receive isolation must be maintained. It has been shown that patch
antennas for a CubeSat application can achieve greater than 35 dB isolation with the
use of separate transmit and receive antennas [18], and the design of such CubeSat
antennas is the focus of this book. In addition to the high isolation, the removal of
a lossy diplexer is beneficial for both the uplink and downlink space paths.

The Iris V2 Transponder receiver architecture is a shared-IF design in order to
save mass and volume. Both X-band and UHF receivers are single-downconverter
super heterodyne receivers modeled greatly after the Iris V1 design [18]. A power
combiner was added before the IF chain so that the downconverted IF signal from
either the X-band or UHF slice can be fed to the shared amplifiers, filters, and
voltage-variable attenuators (VVA) for the automatic gain control (AGC) circuitry
(Figure 2.4). A limitation of this topology is that simultaneous dual-frequency
receive (UHF and X-band) cannot be performed at the sacrifice of volume. The
IF signal is then sampled by the 12-bit analog-to-digital converter (ADC) on the
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digital processor board, and is then fed to the modem processor in the FPGA
where the digital carrier-tracking loop (CTL) obtains frequency lock to the uplink
carrier. In two-way coherent mode, this frequency tuning information is fed to
the direct digital synthesizer (DDS) to produce the proper downlink carrier at the
880/749 turn-around ratio for the DSN. The configuration of the CTL loop-filter
bandwidth is a key design parameter to control the behavior of the transponder.
A larger bandwidth is necessary to maintain carrier lock in challenging Doppler
dynamics, but a narrow bandwidth is necessary to reduce the stochastic effects
for increased receiver sensitivity. The configurability of a software-defined radio
provides the adaptability to different mission phases and needs. For instance, the
MarCO receiver loop bandwidth is nominally set to approximately 75 Hz for most
of the mission, but in EDL mode, the bandwidth is increased to 200 Hz to be able
to maintain carrier lock throughout the Doppler dynamics of InSight’s parachute
deployment and other dynamic effects during EDL.

Downlinking telemetry data from the spacecraft can be performed in both
one-way and two-way modes. In a transmit-only mode, the DDS frequency is
set constant and a nominal downlink carrier is generated at the desired channel
frequency. It should be noted that the downlink carrier will drift in frequency due to
the limited stability of the on-board oscillator as mentioned previously. The MarCO
Iris unit uses a 50 MHz temperature compensated crystal oscillator (TCXO) with
0.001 ppm short-term stability over 1 second, but as this frequency is multiplied up
to X-band, the stability degrades to 0.5 ppm, or roughly ±4 kHz. Telemetry data is
encoded and modulated onto this carrier by use of an in-phase/quadrature mixer
driven by independent 10-bit digital-to-analog converters (DAC) on the digital
board. For the modulated signal to reach the ground stations on Earth, the SSPA
unit amplifies the signal. MarCO’s SSPA units provide a nominal 5 W of RF power.

Significant upgrades were made to the digital processor board from the first
incarnation of Iris to the MarCO Iris V2 unit. Many complementary metal oxide
semiconductor (CMOS) devices with unknown radiation effects were replaced with
radiation-tolerant devices, the main processing element was upgraded to the Xilinx
Virtex-6 FPGA to provide more computing resources with lower power consump-
tion, and radiation-tolerant memory elements were added for program memory and
execution. A dedicated central processing unit (CPU) could not be populated on
the highly real estate constrained board, so an embedded softcore processor was
implemented on the FPGA. The Leon3-FT softcore SPARC processor was chosen
primarily to maintain synergistic code compatibility with JPL flight transponders
that also use SPARC-based processors. This processor compatibility will allow for
incorporating features such as the Consultative Committee for Space Data System
(CCSDS) Proximity-1 Protocol [19] and adaptive data rate modules [20] for future
Iris units.

The Iris software for MarCO is responsible for basic configuration of the
transponder, command processing, telemetry framing, and EDL data handling.
A register-based modem interface allows programmatic control of the data rate,
encoding scheme, receiver loop bandwidth, etc. Downlink telemetry is framed per
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the Advanced Orbiting Systems (AOS) space data link protocol of the CCSDS
[21], in 8920-bit frames for Turbo-1/6 encoding. In EDL mode, the software is also
responsible for managing the InSight EDL data stream by storing the decoded bits
into memory and reshipping AOS-framed data for bent-pipe retransmission.

The Iris DSN-compatible CubeSat-platform transponder for communications and
navigation that is presented has been used on the INSPIRE and MarCO missions.
The modular design and software-defined nature of the transponder provides the
flexibility to adapt to various mission requirements with relative ease. Currently
at the JPL, several research tasks are underway to develop the hardware modules
for a Ka-band high-rate version for near-earth communications, S-band version for
exploration of Venus, and further X-band development with higher efficiency power
amplifiers for potential use at Europa. The 2018 Space Launch System EM-1 launch
of the Orion spacecraft intends to deploy eleven secondary payload CubeSats, to
which most missions are targeting lunar or deep space exploration [22]. The Iris
Deep-Space Transponder will be a key technology device for many CubeSat mis-
sions of the coming era.

2.3 X-Band Subsystem

2.3.1 Frequency Allocation

As MarCO is venturing to Mars, it is considered as a Deep Space mission. The
DSN’s “deep-space” frequency bands are allocated for spacecraft at distances
greater than 2 million kilometers from Earth: 7.145–7.190 GHz for Uplink (i.e.
Earth to Space) and 8.400–8.450 GHz for Downlink (i.e. Space to Earth). MarCO
essentially communicates at X-band with the DSN stations and all antennas are
optimized across the deep-space frequency bands.

2.3.2 Near Earth Communications Using Low Gain Antennas

2.3.2.1 Antenna Requirements

On one end of the spacecraft (i.e. behind the reflectarray panels), two LGAs are
included for emergency communication near earth (∼<0.1 astronomical unit–AU)
at a data rate of 62.5 bps (i.e. minimum data-rate handled by Iris V2 [1]). They
are placed so that no part of the spacecraft can interfere with their broad beams. A
34 m diameter DSN antenna will be used for non-EDL communications to receive
command from Earth and to transmit telemetry to Earth.

Although it is technically possible to design an LGA with both transmitting and
receiving capabilities, the Iris V2 radio was designed to accommodate distinct trans-
mitting and receiving antennas [1]. Hence, two LGAs were designed:

• Rx-LGA: a right-hand circular polarization (RHCP) receiving (Rx) antenna,
• Tx-LGA: a RHCP transmitting (Tx) antenna.
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For downlink, the antenna gain and cross polarization discrimination (XPD)
requirements were selected to be able to transmit telemetry to Earth at a distance
of 0.1 AU (astronomical distance – 1 AU∼ 150 million kilometers), using the 34 m
DSN antenna, with an off-pointing angle of ±80∘ at the emergency data-rate.
Hence, the gain of Tx-LGA should be greater than or equal to −5 dBic with a
XPD higher than 3 dB within ±80∘ off boresight. The reflection coefficient should
be smaller than −14 dB to avoid power to reflect back into the radio and to avoid
losing any significant amount of power or damaging the SSPA.

For uplink, the same requirements allow to receive commands from Earth at a dis-
tance as far as 0.1 AU with an off-pointing angle of ±80∘ at the emergency data-rate
using the 34 m DSN antenna. The isolation between Tx-LGA and Rx-LGA at uplink
frequency band should be higher than 30 dB. The main requirements for Tx- and
Rx-LGA are summarized in Table 2.1.

2.3.2.2 Antenna Solution and Performance

A dual edge-fed CP patch antenna (Figure 2.5) meets the aforementioned require-
ments. The two RHCP patch antennas are printed on RT Duroid 5880 (𝜀r = 2.2 and
thickness = 0.787 mm).

The reflection coefficient is measured using an Agilent 8510XF vector network
analyzer (VNA). The measurement setup is calibrated using a Short Open Load
(SOL) calibration procedure. The calculated and measured reflection coefficients
of both LGAs are shown in Figure 2.6. The achieved antenna bandwidth exceeds
the required value. To maximize the isolation between the transmitting and receiv-
ing antennas to relax the filtering requirement at the receiving frequency band, the
antennas are rotated to maximize the distance between the feeding points of each
antenna. The isolation is greater than 40 dB.

The radiation patterns at the center frequency of each antenna are shown in
Figures 2.7 and 2.8. Measured and simulated results are in good agreement. The

Table 2.1 Low-gain antenna requirements.

Property Value

Frequency band (MHz) 7145–7190 (Rx-LGA)
8400–8450 (Tx-LGA)

Gain between ±80∘ >−5 dBic
XPD between ±80∘ >3 dB
Boresight El. angle 0± 2∘
Boresight Az. angle 0± 2∘
Polarization RHCP
Return loss ≥14 dB
Isolation ≥30 dB
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(a) (b) (c)

Figure 2.5 Low gain antennas: (a) Rx-LGA; (b) Tx-LGA; (c) LGAs fixed on MarCO
Flight Model.
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Figure 2.6 Reflection coefficient of the two low gain antennas (Rx-LGA and Tx-LGA)
and isolation between the two antennas. — (black) calculated. (gray) measured.

gain is greater than −5 dBic within ±80∘ off boresight with an XPD higher than
3 dB. It allows closing the link at a distance of 0.1 AU at a data rate of 62.5 bps
with sufficient margin.

Using the Rx-LGAs, the spacecraft can receive commands at 62.5 bps from a
34 m DSN ground station with a pointing of ±90∘ at a maximum distance of 0.3 AU
(Figure 2.9). Using the Tx-LGAs, the spacecraft can transmit telemetry to a 70 m
DSN ground station at 62.5 bps, with a pointing of ±90∘ at a maximum distance of
0.15 AU (Figure 2.10). Figure 2.9 illustrates the pointing requirement imposed to
the spacecraft to receive commands from a 34 m DSN ground station. Figure 2.10
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Figure 2.7 Radiation pattern of Rx-LGA at 7.1675 GHz. (a) Elevation; (b) Azimuth.
– (grey) Measured. – (black) Calculated.
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Figure 2.8 Radiation pattern of Tx-LGA at 8.425 GHz. (a) Elevation; (b) Azimuth.
(black) Calculated. (grey) Measured.

illustrates the pointing requirement imposed to the spacecraft to transmit data to a
70 m DSN ground station.

2.3.3 Mars-to-Earth Communications

2.3.3.1 Telecommunication Description: Uplink and Downlink from Mars

While landing, Insight transmits to MRO on a UHF link at 8 kbps. MarCO CubeSats
are also receiving the EDL data using their UHF deployable circularly-polarized
loop antenna at 8 kbps. To provide a bent pipe system, MarCO CubeSat must be
designed to send data to Earth at 8 kbps at 1.07 AU (i.e. 157 million km). Using the
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Maximum cone angle vs distance using 34 m DSN at 62.5 bps
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Figure 2.9 Pointing required to receive commands at 62.5 bps using the Rx-LGAs
using a 34 m Deep Space Network ground station.
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Figure 2.10 Pointing required to transmit telemetry at 62.5 bps using the Tx-LGAs
using a 70 m Deep Space Network ground station.
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Table 2.2 Mars low-gain antenna requirements.

Property Value

Frequency band (MHz) 7145–7190 (Rx-MLGA)
8400–8450 (Tx-MLGA)

Gain within ±8∘ off boresight >7 dBic
XPD within ±8∘ off boresight >7 dB
Boresight El. angle 22.7± 1∘
Boresight Az. angle 0± 1∘
Polarization RHCP
Return loss ≥14 dB
Isolation ≥30 dB

70 m DSN antenna, 8 kbps can be achieved with a 28.0 dBi-gain antenna at X-band
for downlink assuming the spacecraft can maintain a pointing accuracy of ±2∘.

As far as the HGA is concerned, a reflectarray antenna is a natural choice as the
available antenna stowage volume is very limited (refer to Chapter 1 for HGA selec-
tion guidelines). Because of volume constraints and IRIS V2 radio limitations [1],
the reflectarray only operates as a transmitting antenna. Hence, a complementary
low-gain receiving antenna (Rx-MLGA for receiving Mars Low-Gain Antenna) is
employed for uplink. As opposed to downlink, the link margin for uplink is much
larger for two reasons: (1) lower data rate is required (i.e. 62.5 bps) and (2) the out-
put power from the DSN is several orders of magnitude higher than the IRIS output
power (i.e. 20 kW vs. 4 W). Therefore, a LGA with a broader beamwidth and lower
gain is suitable to close the link at Mars.

As a result, a transmitting 1× 2 patch array LGA (Tx-MLGA for transmitting
Mars Low-Gain Antenna) is employed. Because its larger beamwidth provides
telemetry capability without the precise pointing required by the narrow beam
HGA, the Tx-MLGA is also used for emergency situations when spacecraft
pointing may not be correct.

First, the low-gain antennas are described in terms of requirement and perfor-
mance. Second, the high-gain antenna is discussed in details including its require-
ments, feed and panel design, and overall performance.

2.3.3.2 Mars Low Gain Antennas

Two LGAs are located on the other side of the spacecraft as shown in Figure 2.11:

• Rx-MLGA: an RHCP receiving antenna,
• Tx-MLGA: an RHCP transmitting antenna.

The MLGAs pointing requirement is driven by the HGA pointing angle of 22.7∘
from the bus axis. For downlink, the antenna gain and XPD requirements were



�

� �

�

Mars Cube One 49

(a) (b)

Figure 2.11 (a) Rx-MLGA (left) and Tx-MLGA (right);(b) MLGAs fixed on MarCO
Flight Model.

selected to be able to transmit telemetry to Earth from Mars with an off-pointing
angle of 22.7∘ ± 8, using the 70 m DSN antenna, at the emergency data rate of
62.5 bps. Hence, the gain of Tx-MLGA should be greater than or equal to 7 dBic
with an XPD higher than 7 dB within 22.7∘ ± 8 from the bus axis. For uplink, the
same requirements allow to receive commands at 62.5 bps from Earth to Mars, using
the 34 m DSN antenna, with an off-pointing angle of 22.7∘± 8 from the bus axis.
The return loss should be better than 14 dB and the isolation between Tx-MLGA and
Rx-MLGA at uplink frequency band should be higher than 30 dB. The requirements
for Tx- and Rx-MLGAs are summarized in Table 2.2.

The off-pointing angle of 22.7∘± 8 from the bus axis can is easily achievable using
a 1× 2 patch array with a phase difference of 75∘. The 1× 2 patch array (Figure 2.11)
consists of two RHCP patch elements printed on RT Duroid 5880 (𝜀r = 2.2 and
thickness = 0.787 mm). The calculated and measured reflection coefficients of both
MLGAs are shown in Figure 2.12. Overall antenna bandwidth exceeds the required
value which provides a useful thermal guard. The isolation between Rx-MLGA and
Tx-MLGA is higher than 30 dB within the uplink frequency band.

The radiation patterns of Rx-MLGA and Tx-MLGA calculated and measured at
the center frequency are shown in Figures 2.13 and 2.14. Measured and calculated
results are in good agreement. The effect of the solar panels and reflectarray panels
were numerically studied. While the solar panels do not affect the antenna perfor-
mance, the reflectarray can cause up to 0.3 dB interference. This remains too small
to be an issue as the gain from 14.7 to 30.7∘ from the bus axis remains higher than
8 dBi (requirement is 7 dBi).

2.3.3.3 High Gain Antenna

HGA Description The reflectarray antenna is designed to achieve a gain greater
than 28.0 dBi within the 8.4–8.45 GHz frequency band with an XPD higher than
10 dB. The HGA should satisfy an elevation pointing angle of 22.76∘ from the
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Figure 2.12 Reflection coefficient of the two MLGAs (Rx-MLGA and Tx-MLGA) and
isolation between the Tx and Rx antennas (black) Calculated. (gray) Measured.

(b)(a)

–50 0 50

–20

–10

0

10

Angle (°)

R
ea

li
ze

d
 g

ai
n

 (
d

B
i)

–50 0 50

–20

–10

0

10

Angle (°)

R
ea

li
ze

d
 g

ai
n

 (
d

B
i)

Figure 2.13 Radiation pattern of Rx-MLGA at 7.1675 GHz. (a) Elevation; (b)
Azimuth. (black) Calculated. (gray) Measured.

bus axis. In addition, the side-lobe-level should remain under −15 dB. The HGA
requirements are summarized in Table 2.3.

The MarCO high-gain antenna consists of a medium gain patch array antenna
feeding a 33.5 cm× 59.7 cm assembly of three reflectarray panels. The deployment
of the reflectarray antenna is illustrated in Figure 2.15. The feed is mounted to
a spring-loaded hinge which enables it to fold flat against the spacecraft body.
The three reflectarray panels are connected via spring loaded hinges which enable
them to be folded down against the MarCO Spacecraft. At launch, the Feed and
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Figure 2.14 Radiation pattern of Tx-MLGA at 8.425 GHz. (a) Elevation; (b) Azimuth.
(black) Calculated. (grey) Measured.

Table 2.3 High-gain antennas requirements.

Property Value

Frequency band (MHz) 8400–8450
Gain >28.0 dBic
XPD (in 3 dB BW) >10 dB
AZ 3 dB beamwidth >3.5∘
EL 3 dB beamwidth > 6.5∘
Boresight Az. angle 0± 0.1∘
Boresight El. angle 22.76±0.35∘
Azimuth peak SLL ≤ −15 dB
Elevation peak SLL ≤ −15 dB
Polarization RHCP

reflectarray panels are folded down against the spacecraft body. The three reflectar-
ray panels are folded against each other and are down atop the feed. The arrays are
tied to the spacecraft body for launch. During the early phase of the cruise to Mars,
the reflectarray and feed are deployed using a burn-wire mechanism. As the panels
deploys, the feed is released and deploys. The reflectarray panels deploy perpendic-
ular to the side of the bus so that the main beam is scanned 22.76∘ from the bus axis
to satisfy MARCO’s mission pointing requirement.

The previously reported Integrated Solar Array and Reflectarray Antenna
(ISARA) CubeSat reflectarray [23] suffered from large panel gaps due to the size
of the hinges resulting in high side lobe levels (SLL) and extra gain loss. Hence,
we designed custom-made hinges at NASA’s JPL to reduce the large panel gaps
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Figure 2.15 MarCO High-Gain Antenna deployment.

(Figure 2.16). As a result, this strongly reduces the SLL and increases the overall
gain. The gaps between the three panels are reduced to 0.254 mm (Figure 2.19).
The most challenging task in designing the high-gain deployable antenna is to
comply the tight stowage volume requirement: 12.5 mm× 210 mm× 345 mm.
These custom hinges also minimize the overall thickness of the folded panels
(Figure 2.16c).

To fit within the 12.5 mm× 210 mm× 345 mm volume allocation, the panel
thickness is minimized. The three reflectarray panels consists of two 0.813 mm
fiberglass reinforced hydrocarbon ceramic laminate circuit boards co-cured with
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(a) (b) (c)

Figure 2.16 MarCO custom made hinge. (a) CAD model of the folded hinge; (b)
CAD model of the deployed hinge; (c) Photography of MarCO flight spacecraft with
its HGA folded. The gaps between each panel is apparent.

Rogers 4003 – 0.813 mm

2
.2

8
6
 m

m

STABLCOR composite structural board – 0.589 mm

Rogers 4003 – 0.813 mm

Figure 2.17 MarCO reflectarray panel configuration. It consists of three layers. Layer
1: a 0.813 mm-thick Rogers 4003 printed with the reflectarray patches on one side.
Layer 2: a 0.589 mm-thick STABLCOR layer providing the required flatness over tem-
perature. Layer 3: another 0.813 mm-thick Rogers 4003 printed with the reflectarray
patches on the opposite side of layer 1 to provide structural rigidity over larger temper-
ature range (symmetry avoids large temperature gradients).

a 0.589 mm central core of graphite composite. The symmetrical panel with a
thickness of 2.286 mm results in a very high structural rigidity (Figure 2.17).

The MarCO reflectarray design uses variable square patches arranged on a rect-
angular grid [24]. The required phase of each element is determined from the reflec-
tarray design equation:

𝜙i + 𝜙0 − k0(ri + ri ⋅ r̂0) = 2πN (2.1)

where ri is the distance from the feed to the ith array element, 𝜙i is the phase
of the field reflected from the ith element, 𝜙0 is an arbitrary phase constant, ri is a
vector from the center of the array to the ith array element and r̂0 is a unit vector in
the main beam direction. A unit cell Floquet mode Moment Method technique [25]
is used to design the patch elements and perform radiation pattern calculations.

This design methodology assumes that each patch is surrounded by identical
patches which is an acceptable assumption for this application. However, reflec-
tarrays are aperiodic by nature due to the need to compensate for the spatial
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phase delay from the feed. Hence, the local periodicity assumption can lead
to discrepancies between simulated and measured radiation patterns and other
methods have been investigated to account for this aperiodicity [26, 27]. The
surrounded element approach does not account for periodicity and includes the
actual neighboring elements that surrounds the element under consideration, thus
accounting for mutual coupling. Mutual coupling will mainly affect the SLL
and cross polarization at a level that does not affect the telecommunication link.
Therefore, the design methodology used here is sufficient.

This S-parameter calculation can also be performed with a full-wave software
such as HFSS and CST MWS assuming an infinite periodicity. The S-curve of
the reflectarray unit cell is shown in Figure 2.18. It gives the reflection phase as
a function of patch size at an incident angle of 22.76∘ for V- and H-polarizations.
To achieve the best performance out of this reflectarray, the angle of incidence for
each patch element should be taken into account.

Since the MarCO aperture is electrically small (9.4 𝜆× 16.8 𝜆), it is important to
minimize the element spacing in order to maximize the number of patches and create
a more uniform environment surrounding each patch. The phase wrap pattern was
adjusted to place hinges and other discontinuities in non-resonant patch locations
(Figure 2.19) by varying the value of𝜙0 [4]. This minimizes the impact of the hinges
and other discontinuities on the overall performance of the antenna.

It is worthwhile to mention that a multitude of solutions could lead to similar
performance. One could optimize the performance with different optimization goals
(e.g. max gain, max XPD, or larger bandwidth, etc.).

However, most of the performance are driven by the feed. The directivity could be
improved by improving the feed illumination reducing spillover and taper loss. The
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Figure 2.18 MarCO reflectarray S-curve of the reflection phase vs patch size in cm
for V- and H-polarization. Source: From Hodges et al. [4]. © 2017 IEEE.
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Figure 2.19 MarCO reflectarray panel layout. (a) Panel layout before adjusting the
phase; (b) Panel layout after adjusting the phase wrap with 𝜙0 =240∘. Source: From
Hodges et al. [4]. © 2017 IEEE.
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Figure 2.20 MarCO reflectarray antenna optic design. Source: From Hodges et al.
[4]. © 2017 IEEE.

feed is mounted at the bottom of the bus (Figure 2.20) to maximize the f/D which
results in a more efficient design. Maximizing the f/D also minimizes the angle of
incidence variation. The f/D is also a critical parameter driving the feed directivity.
The higher the f/D, the higher the feed directivity will be, which in turn will require
a larger feed.

High-Gain Feed Antenna Array The reflectarray circular polarization is formed
by the feed patch array design. For communication, RHCP is employed; hence, the
feed should be left-handed circularly polarized (LHCP). The feed covers the whole
downlink frequency band (8.4–8.45 GHz).

The feed is a 4× 2 microstrip patch array designed to create approximately
−10 dB edge taper. The edge taper angle in azimuth and elevation are set by the
reflectarray antenna optic design (Figure 2.20). To minimize spillover and edge
taper loss, a −10 dB elevation beamwidth of 47.1± 2∘ and a −10 dB azimuth
beamwidth of 84.1± 2∘ are required.

This is achieved using a 4× 2 patch array with the right spacing between each
patch elements (Figure 2.21). To minimize the fabrication complexity, corner
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Substrate 3 (Rogers 6002, εr = 2.94, h = 1.524 mm)

Figure 2.21 Patch antenna array model. (a) Top layer with Taylor distribution;
(b) Ground layer of substrate 1; (c) Layer 3: strip-line corporate feed with a Taylor
distribution; (d) Feed layout.

truncated patches are employed to generate LHCP within the 8.4–8.45 GHz band.
In addition, to avoid any spurious radiation generated by corporate feed lines, the
antenna consists of probe fed patch element excited by a stripline corporate feed
(Figure 2.21).

In addition, the SLL in the direction of the CubeSat bus should be controlled and
minimized. Analysis performed on Ticra GRASP using Physical Optics (PO), have
shown that the SLL should be lower than −20 dB to avoid multipath issues. There-
fore, a Taylor distribution is employed to reach SLL of −20 dB. Reducing the SLL
helps minimizing spillover loss. The Taylor distribution is shown in Figure 2.21a.

It is worthwhile to underline that each patch is excited perpendicularly to its
E-plane, which causes an asymmetry in the SLL in the elevation plane. This allows
to reduce further the SLL on one side of the feed and therefore the radiation toward
the CubeSat.

For the feed deployment, a SMP (sub miniature push-on) Full Detent connector
is acting as a rotary joint (Figure 2.22). The feed is deployed with a spring-loaded
hinge. It is restrained in its stowed position by the reflectarray panels and deploys
automatically when the panels deploy. The SMP connector is connected to a
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Figure 2.22 Photographies of the feed antenna.

CPW (co-planar waveguide) line. The CPW-to-stripline transition is optimized to
minimize the insertion loss (∼0.1 dB). The reference point for all measurements
(i.e. reflection coefficient and radiation patterns) is taken at the end of the 4 cm-long
coaxial cable (Figure 2.22a). The measured insertion loss in this cable equals
0.25 dB. Measurements have shown that the rotation around the SMP shroud does
not affect the reflection coefficient or the antenna gain.

The reflection coefficient was optimized to be below −15 dB from 8.3 to 8.5 GHz
to withstand temperatures ranging from −55 to +80 ∘C. The measurement and sim-
ulated reflection coefficient is shown in Figure 2.23. The measured reflection coef-
ficient is below −10 dB from 8.20 to 8.82 GHz.

The radiation pattern is measured in a far-field anechoic chamber at NASA’s JPL,
Pasadena, CA. The feed radiation pattern is shown in Figure 2.24 at 8.4, 8.425, and
8.45 GHz. The measured and calculated co- and cross-polarization components are
in excellent agreement in both elevation and azimuth planes. The gain is measured
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Figure 2.23 Reflection coefficient of the reflectarray feed.

by substitution method using a standard horn. The calculated and measured gains
are shown in Table 2.4. They are in excellent agreement.

The deployment of the feed was tested and a total of 20 deployments were per-
formed. The results led to a mean deployment angle of 22.82∘. The maximum
deviation angle was found to be up to 0.1∘. Such a small deviation will not affect
the reflectarray pointing.

The CP feed proved to be one of the greatest challenges for this antenna as it
drives the HGA performances:

• minimizes taper and spillover loss affecting the antenna directivity,
• controls the XPD,
• mitigates multipath interference caused by the CubeSat bus (achieved by reduc-

ing the SLL).

HGA Calculated and Measured Results Two Flight Models (FM) MarCO reflec-
tarray and feed mounted on a representative bus were built to perform antenna
deployment and radiation pattern tests (Figure 2.25). Figure 2.26 shows the FM
antenna mounted on the flight spacecraft. Table 2.5 gives the gain budget for the
reflectarray antenna. The predicted MarCO antenna gain corresponds to an overall
efficiency of 42% (i.e. 3.81 dB of loss). There is little room for improvement but if
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Figure 2.24 Radiation pattern of the feed. (Top) Elevation. (Bottom) Azimuth. (a) f = 8.4 GHz; (b) f = 8.425 GHz; (c) f = 8.45 GHz.
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Table 2.4 Simulated and measured realized gain of the feed.

Gain (dBi) Axial ratio (dB)

Frequency (GHz) Calculated Measured Calculated Measured

8.375 13.8 13.90 2.0 2.76
8.400 13.96 13.96 1.2 1.53
8.425 13.97 13.93 0.3 0.55
8.450 13.87 13.92 1.6 1.33
8.475 13.78 13.87 3.0 2.60

(a) (b)

Figure 2.25 (a) Reflectarray prototype folded and deployed; (b) Photograph of the
HGA with its feed mounted on the CubeSat.

Figure 2.26 Two MarCO flight spacecrafts.
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Table 2.5 Marco antenna gain budget.

Gain Loss

Max directivity (aperture) 32.97 —
Spillover loss 31.46 1.51
Taper loss 30.48 0.98
Feed loss 29.74 0.74
Patch diel loss 29.49 0.25
Patch conductivity loss 29.45 0.04
Mismatch loss 29.31 0.14
Hinge mounting area loss 29.16 0.15
Total 29.16 3.81

one wanted to achieve a higher efficiency, the focus would be on reducing taper and
spillover loss. It should be noted that the feed, in terms of efficiency, has achieved
maximum performance.

While the reflectarray hinges were designed to achieve the best deployment accu-
racy, it is critical to assess the impact of the deployment error. These hinges do
not have tuning features. An effort to characterize the deployment accuracy and
repeatability was carried out using dummy panels made of aluminum as shown
in Figure 2.27. The maximum deployment angle error between the center panel
and the right and left panels is about 0.65∘ and −0.06∘, respectively. The impact
of having both side of the panels deployed within ±1∘ (with margin) was assessed.
The gain is reduced by 0.3 dB and the azimuth pointing can be as large as 0.4∘.
It is worthwhile to note that the deployment repeatability is excellent (i.e. within
0.03∘). A deviation of 0.03∘ will not affect the gain or pointing. Hence, the effect
of the panel deployment deviation is captured during the RF measurements and the
pointing angle of the radiation pattern and gain will be well known in space. The root

Figure 2.27 MarCO deployment test setup to determine the deployment angle
repeatability.
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hinges (i.e. between the CubeSat bus and the center panel) also show good repeata-
bility of about 0.03∘ with a maximum error of 0.22∘. Our calculation predict a gain
loss of 0.01 dB, which is negligible. In conclusion, at X-band the hinges require-
ment is not as stringent as Ka-band where tuning features are required on hinges
(see Chapter 4). At X-band, good repeatability can be obtained and the deployment
accuracy can easily be achieved.

The effect of the feed deployment accuracy also needs to be assessed. It was
shown that the feed is deployed within ±0.1∘. The radiation pattern of the reflectar-
ray was calculated with a feed deployment error of ±0.1∘ and the gain and pointing
of the reflectarray is not affected.

The HGA flight model was validated on a simplified CubeSat mockup entirely
made of aluminum (Figure 2.28). The radiation pattern of the reflectarray was
measured in a cylindrical near field chamber at NASA’s JPL, Pasadena, CA
(Figure 2.28a).

An accurate knowledge of the beam pointing is required for the MarCO’s mission
success. A series of measurements was performed in the metrology laboratory at
NASA’s Jet Propulsion, Laboratory, Pasadena, CA (Figure 2.28b). First, four tool-
ing ball nests located on the test fixture surface are employed to provide a convenient
reference for laser metrology on the antenna near field range. Second, the reflectar-
ray panel surface flatness is assessed using photogrammetry. Finally, a theodolite
is employed to determine the physical center and orientation of feed, and to locate
the four corners of each panel. This measurement permits to determine the best fit
plane of the reflectarray antenna coordinate system (xA, yA, zA) relative to the four
tooling ball nests.

To accurately determine the HGA beam pointing relative to the best fit plane of the
reflectarray antenna coordinate system (xA, yA, zA), two additional measurements
were performed in the near field chamber. First, laser tracker measurement of the
four tooling ball locations is used to establish the coordinate system reference of the

Reflectarray
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Figure 2.28 (a) Measurement set-up of the HGA in the cylindrical near field chamber
at NASA’s JPL, Pasadena, CA; (b) Lab metrology set-up used to measure surface flatness
and determine best fit plane.
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Table 2.6 HGA radiation pattern performances.

Frequency (GHz) 8.400 8.425 8.450

Calc. Meas. Calc. Meas. Calc. Meas.

Gain (dBi) 29.3 29.2 29.2 29.2 29.2 29.0
Az beam pointing (∘) −0.08 0.10 −0.06 0.10 −0.05 0.10
El beam pointing (∘) 22.52 22.14 22.53 22.15 22.54 22.17

measurements performed in the metrology laboratory. Second, the near field antenna
range coordinate system (xR, yR, zR) is determined using laser tracker measure-
ments. These two datasets allow to accurately determine the beam pointing relative
to best fit plane of the reflectarray antenna coordinate system.

The elevation and azimuth beam pointing are summarized in Table 2.6 at 8.4,
8.425, and 8.45 GHz. While the deviation between predicted and measured azimuth
pointing angle remains under 0.18∘, the deviation of the elevation pointing angle
can be as large as 0.4∘. Such misalignment would result in up to 0.45 dB loss which
could be mission critical. Measured radiation patterns are shown in Figure 2.29. The
antenna gain remains greater than 29 dBi within the entire downlink bandwidth. The
XPD is greater than 15.2 dB across the band. It is important to note that the HGA is
deployed shortly after the release of the CubeSat and remains deployed during the
long trip to Mars. The antenna radiation pattern is fully characterized shortly after
deployment near Earth to verify the successful deployment of the antenna and to
characterize its performance and its optimal beam pointing. This is a critical phase
of the mission that should not be omitted.

Prior to the radiation pattern characterization in space, a photography of the
antenna is taken shortly after its deployment. The photography is transmitted back
to Earth using the LGA-Tx and is compared with a photography taken in the lab
prior to launch. This allows to rule out any major deployment error.

Performances obtained for this high-gain antenna meet the mission requirements
in all aspects. This high-gain antenna, involving different innovative technologies,
was designed by two RF engineers and two mechanical engineers in a short period
of 6 months to meet the tight and unforgivable interplanetary launch window.
Another innovative aspect of this mission, is the deployable UHF antenna discussed
in Section 2.4.

On-Flight Performance of the X-Band HGA On May 5, 2018, NASA launched
InSight to Mars. The MarCO satellites made the journey alongside NASA’s InSight
lander. The lander successfully touched down on Mars just before 3 p.m. Eastern
Time (ET) on Monday, November 26, 2018. MarCO A and B transmitted flawlessly
the EDL data from Insight to the 70 m DSN ground station. The received carrier
power from both MarCO CubeSats at the 70 m DSN antenna (DSS-63 in Madrid,
Spain) as a function of ERT (Earth-Received Time) is shown in Figure 2.30. During
EDL, DSS-63 operated in MSPA (Multiple Spacecraft Per Aperture) mode, where
downlinks from more than one spacecraft can be achieved simultaneously as long
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Figure 2.29 Normalized measured HGA radiation pattern at (a) 8.4 GHz;
(b) 8.425 GHz; and (c) 8.45 GHz.

as the transmitted beam is within the same view of the ground-station antenna. The
received carrier power from the two spacecraft could have some variation in power,
which arises from one spacecraft being off-point relative to the other in MSPA.
In addition, variations between the two spacecraft (unit-to-unit, thermal, etc.) can
compound to 1–2 dB of power difference as seen at the station. During InSight’s
EDL, the carrier power varied approximately 0.6 dB for MarCO-A and 1.0 dB for
MarCO-B at a distance of 0.977947 AU. The predicted carrier power at this distance
is about −148 dBm± 2 dB.
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Figure 2.30 Carrier power during and post EDL from MarCO A and B at 0.977947 AU
range.

Reflectarray

Feed

Figure 2.31 Photography taken by MarCO B while approaching Mars.

As MarCO was approaching the red planet, few minutes before carrying out its
duty, the spacecraft took multiple historical pictures of Mars (see Figure 2.31).
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2.4 Entry, Descent, and Landing UHF Link

One of the major challenges to design a UHF system in such a small spacecraft
is to accommodate the size of the antenna. Typical CubeSat UHF antennas consist
of four deployable monopoles fed in phase quadrature and placed at the bottom,
top and/or sides of the CubeSat [28]. However, the MarCO mission antenna gain
requirement cannot be met using monopoles.

In addition, the UHF antenna must be positioned on only one side of the CubeSat
in order to keep InSight spacecraft in line of sight. Although different UHF antenna
tradeoffs were considered (e.g. patch and unifilar, bifilar, and quadrafilar helices),
the loop antenna proposed here offers the best performance in terms of stowage fac-
tor, required gain, XPD and simple deployment mechanism. Additionally, because
the loop antenna has extensive material cutouts, it offers a favorable spacecraft ther-
mal view-factor which provides the radiative cooling performance needed to meet
system thermal requirements.

The single resonant linearly polarized loop antenna, one wavelength around, is
well known and different designs can be found in the literature for circular, square,
triangular, rectangular, and rhombic loops. It was shown that a reactively loaded
loop antenna with a reflector can radiate CP waves if a gap is introduced in the
loop [29]. Likewise, a CP loop antenna using a “branch wire” acting as a length of
transmission line coupled to the loop was demonstrated [30].

The loop designed for MarCO (Figure 2.32) is a one wavelength planar square
loop with two feed points fed in phase quadrature. The loop is placed above a

UHF antenna

Camera

Thermal

radiator

Figure 2.32 MarCO 6U CubeSat fully deployed showing the proposed UHF loop
antenna on top.
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Table 2.7 UHF deployable antenna requirements.

Property Value

Frequency band (MHz) 401.6
Bandwidth (MHz) >0.1
Gain within ±30∘ >0 dBic
XPD within ±30∘ >10 dB
Nominal beam pointing (Az. & El.) 0
Polarization RHCP
Return loss >14 dB

reflecting ground plane (GP) which is the spacecraft’s body. The two feed points
are separated by a quarter wavelength and produce radiation patterns with linear
orthogonal polarizations. The quadrature phase between the two orthogonal (linear)
polarizations thus produces the desired circular polarization. Finally, the finite GP
(i.e. the CubeSat body) transforms the usual bidirectional loop radiation pattern into
a more directive pattern. Before presenting this original deployable UHF antenna,
a brief state-of-the-art is presented showing all antenna concepts available in the
literature at the time MarCO development started. The UHF antenna requirements
are summarized in Table 2.7.

2.4.1 State-of-the-Art of UHF Deployable CubeSat Antennas

2.4.1.1 Four Monopole Antenna

The most commonly used UHF and VHF antenna is the commercially available
Innovative Solutions In Space (ISIS) deployable antenna [28]. It consists of four
tape spring antennas of up to 55 cm length (Figure 2.33). It is compliant to CubeSat
standard and is completely packaged. It includes the deployment mechanism, RF
interfaces, and the option of accommodating a two solar cells on the top face of the
antenna system. Various antenna configurations are available (monopole, dipole, or
turnstile) allowing to obtain linear or circular polarizations with an omnidirectional
pattern and a gain of about 0 dBi. Although this antenna presents excellent stowage
efficiency, this antenna cannot meet MarCO’s gain requirement.

2.4.1.2 Helical Antenna

Although helical antennas require deployment scheme to be stowed in a CubeSat,
they offer a real alternative to monopole/dipole antennas in terms of gain and band-
width due their non-resonant nature [31, 32]. A seven turns deployable helix was
developed for CubeSats [33, 34]. This antenna provides more than 50% bandwidth
and a gain of approximately 13 dBi at 360 MHz. As the gain of a helix is related to
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Figure 2.33 ISIS deployable UHF and VHF antenna. Courtesy ISISpace.

the number of turns [35], the antenna can be unreasonably long for a given gain.
A long antenna can be challenging for spacecraft’s attitude control; however, it
is possible to reduce the length of the unifilar antenna by implementing bifilar or
quadrafilar helices [36]. Bifilar and quadrafilar helices propose equivalent perfor-
mance but requires the usage of baluns and/or hybrid/splitters components.

California Institute of Technology developed a new deployable antenna involving
a helical or quadrifilar-helix antennas [32]. It uses helical composite supports wind-
ing in the opposite sense of conductors to form a helical pantograph, as shown in
Figure 2.34. The structure is compacted axially much like a linear pantograph and
can be compacted in the transverse direction by simply pulling four or eight points
inward. In addition to helical and quadrifilar antennas, other interesting deployable
antenna concepts are summarized in [32] involving log periodic antenna and conical
log spiral antenna.

Figure 2.34 Deployable wideband UHF antenna. Courtesy of California Institute of
Technology, Pasadena, CA.
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H = 6.4 mm
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Figure 2.35 Patch antenna for CubeSat. Source: From Kakoyiannis et al. [37]. ©2008
IEEE.

2.4.1.3 Patch Antenna

Other types of UHF antenna for CubeSat are currently being investigated such as
microstrip patch antennas. Again the real challenge is to fit the UHF antenna in a
small volume allocation. For instance, the conceptual antenna designed at 436 MHz
[37] consists of a microstrip patch antenna implemented on a thick dielectric sub-
strate with high relative permittivity (i.e. 𝜀r = 6.15 and thickness = 6.4 mm). To
increase the electrical length of the patch, tapered peripheral slits are used to further
miniaturize the size of the antenna (Figure 2.35). Unfortunately, such electrically
small antennas present low efficiency (i.e. 𝜂 ≈ 30%) and low gain (i.e. ≈ 0 dBi) and
may not be adequate for CubeSat configuration considering power handling, thermal
view-factor, weight, and radiation in space.

2.4.2 Circularly Polarized Loop Antenna Concept

2.4.2.1 Loop Antenna Radiation and Polarization

While many loop antennas are constructed using tubing, single or multi-stranded
wire supported by non-conducting posts [38], the loop described here is printed on
a 1.524 mm-thick dielectric substrate that is stiff enough to hold its flatness. This
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Figure 2.36 (a) Printed one wavelength loop antenna showing the bidirectional pat-
tern of the directivity and the orientation of the linear polarization (+45∘); (b) Printed
one wavelength loop antenna presenting the orientation of the linear polarization
(−45∘) based on the new position of the feed; (c) Loop antenna above the CubeSat
bus, the antenna becomes more directive due to the reflection from the CubeSat; (d)
Polarization of the loop antenna based on the different combinations of relative phase
between the two feeds (V pol, RHCP, LHCP, H pol).

trace-on-substrate approach greatly simplified the implementation of the required
baluns and matching network because the later are implemented using microstrip
lines. The one wavelength loop antenna is printed on a 200× 200 mm2 RT Duroid
4003 substrate (𝜀r = 3.38 and tan𝛿 = 0.0027).

When the loop is fed at the bottom left corner, it produces linear polarization
oriented at +45∘ as shown in Figure 2.36a. When it is fed at the bottom right corner,
the linear polarization is oriented at −45∘ as illustrated in Figure 2.36b. The input
impedance simulated in this case is approximately 150Ω and is independent of the
position of the feed on the loop. The addition of a finite ground plane (GP) lowers the
input impedance and increases the directivity of the antenna [39]. In this case, the GP
is the CubeSat itself (Figure 2.36c). It is placed at a distance of 86 mm (i.e. 0.11 𝜆0
at 401 MHz) to achieve a ∼100Ω input impedance and a maximum directivity of
6.14 dBi. When the antenna is fed combining two sources, the polarization of the
antenna loop is changing relative to the phase difference between the two feeds as
depicted in Figure 2.36d. The impedance and directivity are nearly identical for all
source locations.

The directivity as well as the resonant loop’s input impedances are directly
affected by the GP size and spacing between the loop and GP. Ideally, maximum
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directivity for a one-wavelength loop occurs when the loop is a quarter-wavelength
above an infinite GP. At 401 MHz, the ideal spacing would be 187 mm. For a 6U
CubeSat, the available GP area is 340 mm× 200 mm. Reducing the spacing above
the ground to 86 mm simplifies the deployment while achieving acceptable loop
impedances and maintaining good pattern directivity.

The optimized loop shown in Figure 2.36c produces the impedances and direc-
tivity needed for the CubeSat mission. Although the axial ratio can be tuned simply
based on the phase difference between the two baluns relative to the position of
the feed, the aspect ratio of the 200 mm× 340 mm CubeSat-GP degrades the axial
ratio of the antenna by approximately 3 dB. This is explained by the non-symmetric
dimensions of the CubeSat which affect the amplitude of the two orthogonal linear
polarization.

2.4.2.2 Infinite Baluns Design and Shielded Loop

In 1946, Libby explained the basic principles of the shielded loop antenna using
coaxial cables [30] as shown in the schematic in Figure 2.37. The outer jacket of
the coaxial cable is used to radiate. The inner conductor of the coax is soldered
to the outer shell of a second coaxial line, thereby forming what is known as an
infinite balun. The solid bold red arrows show the current flowing on the surface of
the inner conductor of the coaxial cable. The dotted arrows represent the balanced
current flowing in the internal surface of the outer conductor and the dashed arrows
illustrate the current at the surface of the coaxial outer conductor.

The same basic principle is applied to the proposed loop antenna, except
that coaxial transmission line are substituted by microstrip transmission lines.
The microstrip lines facilitate the implementation of infinite baluns. In this

Center conductor

soldered to outside

shield

Coaxial

line

Figure 2.37 Schematic illustrating the current flow of an electrically small shielded
loop antenna using coaxial cable.
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GPO connector

Fiberglass

substrate

Tee power

splitter

Current flow on the signal trace

Current flow on the gnd plane

Balun A (ø = 0°)

Balun B (ø = 0°)

Figure 2.38 Loop antenna design presenting the current flows on the signal trace and
the ground plane in addition to the two baluns for the case of the V-pol configuration.

configuration, the loop is created by a 5.6 mm-wide circuit trace. This trace is also
used as GP for the microstrip lines. As illustrated in Figure 2.38, the infinite baluns
are formed by the 100Ω microstrip lines and the 1.38mm gaps at two corners of
the loop. It is worthwhile to underline that the gap for balun A is located at the
standing wave current null for balun B (and vice-versa) so that the two infinite
baluns do not interfere with one another.

The two baluns are separated by quarter-wavelength. The current radiating from
the ground is represented in Figure 2.38 (in dashed arrows) as well as the current
carried by the signal microstrip line (in solid arrows). The radiation of the antenna
is due to the current flow on the microstrip line GP similar to the case of the shielded
loop antenna.

2.4.2.3 Feeding Structure

The antenna input uses a GPO connector to transition from the input coax cable to
a 50Ω microstrip line (Figure 2.39a). The design of this component is illustrated
in Figure 2.39a. In addition, a simple T-junction power splitter is also designed
in microstrip line to feed two separate 100Ω transmission lines as illustrated in
Figure 2.39b. The position of the power splitter on the loop is used to adjust the
lengths of the two 100Ω microstrip lines in order to achieve the quadrature phase
between the two infinite baluns that feed the loop. In other words, the electrical
length difference between the antenna input connector and the two infinite baluns
is designed to be one quarter wavelength.
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50 Ω
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100 Ω

100 Ω

Figure 2.39 (a) Transition from coaxial to 50Ω microstrip line; (b) Power splitter
showing the transition from 50 to 100Ω microstrip line.

The current with the usage of the two baluns is used to radiate, but a fraction
of the current is carried back to the spacecraft through the external surface of the
coaxial cable. One way to minimize its impact on the pattern and axial ratio is to use
a flexible coaxial cable as vertical as possible and close to the center of the loop.
Another way is to use ferrite beads along the cable to cancel the common mode
(or unbalanced current) on the coaxial transmission line. However, ferrite beads
increase mass, deployment risk and the volume of the antenna in stowed configura-
tion. Consequently, we decided to account for the radiation from the coaxial cable
as part of the design.

2.4.3 Mechanical Configuration and Deployment Scheme

The mechanical configuration of the UHF antenna is constrained by two main fac-
tors: stowed volume and tight schedule requirements due to the InSight launch date
(approximately 8months from design conception to delivery). In addition, the inher-
ent tight integration of the RF design with the physical structure and deployment
mechanism imposed design compromises.

Stowed volume is the other driving constraint on this antenna. To meet antenna
performance and spacecraft thermal management requirements, the UHF loop cir-
cuit board needs to be positioned at least 80 mm off the spacecraft deck. However,
in order to fit into the launch canister, the antenna is required to stow within a 6 mm
height from the deck of the spacecraft. A deployment mechanism is thus required.
To this end, the spring loaded cable tension structure shown in Figure 2.40 was
developed. This mechanism allows for a very efficient stowed volume that meets the
critical 6 mm stowage requirement. It also permits the circuit board loop to reach
90 mm deployed height and still maintain good structural stiffness.

Structural natural frequencies are the frequencies at which the deployed system
will oscillate in the absence of any damping force. These frequencies do not depend
on the applied mechanical excitation. If the fundamental natural frequency of the
deployed mechanical structure is too low, there is a risk that its oscillations (in
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Deployed

~8.5 cm

Stowed

Figure 2.40 Stowed and deployed configurations of the UHF.

the deployed state) will interfere with the Attitude Control System (ACS) of the
spacecraft. This could result in an inability to point the spacecraft in the desired
location relative to its inertial frame.

As a rule of thumb, large deployable structures attached to spacecraft bus struc-
tures strive for resonant frequencies on the order of 10–20 Hz or greater. The goal is
for the structure’s natural frequency to be above the control frequency of the space-
craft ACS system, so that the structure can be treated as a rigid body for spacecraft
control purposes [40]. If the deployed structure is treated as a rigid body, the space-
craft can be reliably controlled by thrusters, reactions wheels, torque rods, etc. For
the MarCO CubeSat, the ACS system required a deployed natural frequency greater
than 5 Hz. It should also be noted that, it was demonstrated that precision driven
structures are stiffness driven structures [41]. In other words, structural precision
and stiffness go hand-in-hand, so, in order to get a more precise structure, its stiff-
ness should be maximized.

Figure 2.41 shows the first four natural frequencies of the deployed UHF antenna
calculated from the structural Finite Element Analysis (FEA) simulation [42]. The
deformations in Figure 2.41 are highly exaggerated for visualization purposes only.
The first natural frequency occurs above 90 Hz indicating that the deployed structure
is extremely stiff and as a result there should be no issues with interference with the
spacecraft attitude control system, and the antenna should have excellent deployed
precision.

As presented in Figure 2.42, the main mechanical components of this deployable
antenna are:

1. circuit board support (ULTEM material),
2. RF circuit board (RT Duroid 4003 material),
3. structural Hexapod tension cables (Vectran material),
4. compression deployment springs,
5. Tie-down/Tension mechanism,
6. burn wire release system.
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Mode 1 Mode 2

Mode 3 Mode 4

Figure 2.41 Selected mode shapes from Finite Element Analysis (FEA) Eigenvalue
analysis of the 3D printed support structure with the printed loop antenna.

6) Burn wire
release system

5) Tie-down/tension
mechanism

4) Compression
spring

3) Hexapod
tension cables

2) Circuit
board

1) Support
structure

Figure 2.42 Deployed UHF antenna mechanical components, nomenclature.
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The circuit board support structure is designed to meet stiffness requirements
while minimizing RF interference and loss in the ULTEM material. To accomplish
this, the material is concentrated at the center of the loop antenna while a mini-
mum amount of material is added underneath the perimeter of the loop. It should
be noted that the structural behavior of the overall antenna relies on the stiffness
of the 1.524 mm Rogers 4003 circuit board. The main loads into this ULTEM sup-
port structure are from the Hexapod Tension Cables (item 3) and the compression
springs positioned at the center of the loop (item 4) as highlighted in Figure 2.42.
The two springs are placed at the center of the loop to minimize their impact on the
antenna performance. The support structure is a triangle with two inscribed circles
which mate with the deployment springs in order to efficiently handle the loads from
the tension cables, which are arranged in a kinematic hexapod style configuration
[43]. The overall thickness of the structure is sized to prevent bowing of the circuit
board in the deployed state. In fact, the springs are pushing the structure away from
the spacecraft while the tension cable tends to pull it back, and the combination of
two opposite forces make the structure robust and stable.

In order to ensure accuracy and repeatability in length, the Vectran Hexapod ten-
sion cables, item 3, are fabricated on a custom tooling fixture. Vectran cables are
bendable and similar to heavy duty fishing line, but have material properties suitable
for the demanding environments of space [43–46]. The cables have open loops on
each end with one loop formed from a single overhand knot [47] and at the other end
of the cable a standard copper crimp is used. It should be noted that tensioned (flex-
ible) cables make for efficient deployable structural elements because they can stow
in a variety of compact geometries and carry loads in tension only, which is the most
efficient use of a structural element [48]. The compression springs (made of nickel
coated spring steel) which preload the tension cables supply a 7.6 N total preload,
which is shared between the six hexapod cables. This preload (which results in a
breakaway acceleration capability of about 7.5 m/s2) was excessive for withstand-
ing the minute loads encountered in space. In other words, there is no friction or
counter forces in space to slow down the antenna during the deployment. The hexa-
pod cables always remained tensioned despite different orientations with the gravity
vector. So, when the spacecraft is in a vertical position, the antenna is not sagging
due to the gravity.

For stowing and launch tie-down, the antenna uses another Vectran cable (140 lbf
tension strength, which supports only the tie-downloads) combined with a novel
miniature turnbuckle mechanism with integrated spring as shown in Figure 2.43.

The turnbuckle allows the Vectran tie-down cable to be easily tensioned without
having to tie-off a knot under tension (which can be a difficult thing to do, especially
in tight spaces). The integrated spring in the mechanism ensures that the assembly
stays stowed and under tension, even if the Vectran tie-off cable changes length
slightly due to thermal loads or launch vibrations. Lastly, the tie-off cable is released
using two redundant burn wire mechanisms.



�

� �

�

78 CubeSat Antenna Design
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Torque nut

Compression spring
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Turnbuckle/tension
mechanism

Burn-wire
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Figure 2.43 Turnbuckle/Tension mechanism and Burn-Wire Mechanisms. (Note, no
tie-off wire is shown in the figure).

These mechanisms are based on an earlier design conceived at the Naval Research
Laboratory (NRL) [49] and use a moving Nichrome hot-wire which thermally cuts
through the Vectran tie-off cable. The burn wire mechanism typically cuts through
the tie-down cable in less than 8 seconds after a current of 1.6 A current is applied
to the device. Note that the burn wires are redundant and so either burn wire can cut
through the tie-down wire and release the antenna for deployment.

Deployment repeatability, thermal cycle and random vibration tests were per-
formed to verify that the antenna functions reliability in the extreme ±125 ∘C space
environment of the MarCO mission. The deployment mechanism of the antenna as
shown in Figure 2.43 has been tested at −60 ∘C (temperature to be expected during
the deployment phase) in a thermal chamber to verify that the stiffness of the cold
coaxial cable will not affect the loop release scheme.

2.4.4 Simulations and Measurements

The loop antenna simulation was performed using the 3-D finite-element electro-
magnetic solver, ANSYS HFSS. The artwork of the manufactured loop antenna
including detailed dimensions is shown in Figure 2.44. The antenna is designed to
be sufficiently broadband to withstand frequency shifts due to the shrinkage and
expansion of the material over the extreme ±125 ∘C temperature range [50].
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(a) (b)

(c)

Figure 2.45 MarCO CubeSat UHF antenna as simulated in HFSS (a) top view); (b)
side view; (c) photo of the fabricated CubeSat mockup model to verify the performance
of the antenna.

The HFSS model of the loop antenna mounted on MarCO spacecraft and a photo
of the mockup are shown in Figure 2.45. The model does not include details that
are small in terms of wavelengths, such as burn wire mechanism, hexapods and
multi-layer thermal insulation. Note that the spacecraft includes two deployed solar
panels, which are each represented by an aluminum “window pane” structure in the
mockup.

Since the UHF antenna illuminates these 300× 220 mm2 solar panels, it is impor-
tant to include them in the HFSS model. The overall effect of the solar panels is to
increase the reflective surface in addition to the CubeSat body, resulting in a larger
effective GP which provides an overall improvement in antenna directivity. The sim-
ulation only includes the grounded part of the solar panel as it was found that the
addition of the solar cells to the panel only slightly improves the directivity of the
antenna.

A total of four antennas are fabricated and evaluated using the CubeSat mockup.
Figure 2.46 shows the simulated and measured reflection coefficients. The reflection
coefficients of the four antennas are measured with an Agilent performance network
analyzer (PNA) E8363B using a short-open-load (SOL) calibration. All measured
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Figure 2.46 Measured Reflection coefficients of the four fabricated antennas com-
pared the HFSS simulated model.

and simulated reflection coefficients are in reasonably good agreement, with differ-
ences attributed to the shape of the coaxial cable after deployments.

The radiation patterns are measured at the JPL on the 212 West Range [43] as
depicted in Figure 2.47. The substitution method is used to extract the absolute
gain of the loop antenna based on the measurements of two standard gain horn
antennas.

Figure 2.48 shows a comparison between the simulated and measured RHCP
and LHCP gain patterns at the center frequency (i.e. 401.6 MHz) in the azimuth
and elevation planes. The error bars depict the discrepancies between the four mea-
sured antenna patterns. The maximum gain at boresight is 5 dBi (90% radiation
efficiency). The gain at ±30∘ in the elevation and azimuth direction is better than
2.5 dBi. The XPD is measured to be better than 10.5 dB in this range which cor-
responds to an axial ratio lower than 4 dB over the region of interest. The axial
ratio value is largely caused by the finite GP defined as the CubeSat body with the
solar panels. The aspect ratio (870× 340 mm2) in the elevation compared to azimuth
directions causes an estimated polarization loss of less than 0.3 dB at ±30∘ in ele-
vation and azimuth. It is clear from the plots in Figure 2.48 that the pattern is not
symmetric due to asymmetry of the GP and the non-uniform distribution of the
current along the loop.

In fact, the azimuthal asymmetry is primarily due to the presence of the microstrip
feed and the non-uniform current distribution along the loop while the asymmetry in
the elevation cut is due to the asymmetric placement of the antenna on the CubeSat
and the asymmetric placement of the solar panels.

Return loss, Gain, XPD, return loss, and bandwidth requirement (as summarized
in Table 2.7) are all met using this proposed deployable UHF loop antenna.
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Figure 2.47 West range antenna pattern measurement setup. The antenna under test
is placed on top of the post and the ground is covered with absorber material to mini-
mize multi-path interference.
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Figure 2.48 Measured and HFSS simulated RHCP gain in the azimuthal and elevation
planes. The difference between the RHCP and LHCP defines the cross discrimination
polarization of the antenna. (a) Elevation. (b) Azimuth.

2.4.5 In-Flight Performance

During InSight’s EDL, the Iris radio was placed in bent-pipe relay mode where
the UHF receiver was used to acquire the signal from InSight and the X-band
transmitter was used to relay the information back to Earth in real-time. InSight’s
EDL sequence induces a highly dynamic scenario for the radio to maintain carrier
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Figure 2.49 Received signal strength and carrier frequency offset due to Doppler
from InSight as seen by MarCO-A during EDL. AOS stands for Acquisition Of Signal
and LOS for Loss of Signal.

lock from events such as atmospheric entry, plasma blackouts, and parachute
deployment. Figures 2.49 and 2.50 shows the received signal strength (interpolated
from receiver gain control telemetry) and the carrier frequency offset as seen by
each CubeSat.

The pre-EDL trajectory analysis between InSight and MarCOs predicted the
received power to be approximately −110 dBm± 3 dB. Both CubeSats saw strong
signal strength within the expected range. During hypersonic entry to Mars atmo-
sphere, communication blackouts and brownouts have been previously observed
due to the higher plasma electron density compared to the X-band signal [51, 52].
MarCO-A observed a strong blackout period lasting 37 seconds, but MarCO-B
observed a less severe plasma event with a pure blackout of only 9 seconds. It
is hypothesized that the line-of-sight between MarCO-A and InSight had higher
plasma density compared to that between MarCO-B and InSight. Further analysis
of plasma formation in the wake regions of the entry probe are underway using
orbit reconstruction and aero-thermodynamic modeling.

Through Monte-Carlo simulations, the expected nominal Doppler dynamics
were estimated to have a frequency offset of ±4 kHz with rates up to 50 Hz/s. Both
CubeSats observed an overall frequency shift of 6 kHz during the EDL event, with
MarCO-A observing a +2/−4 kHz shift and MarCO-B observing a +4/−2 kHz
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Figure 2.50 Received signal strength and carrier frequency offset due to Doppler
from InSight as seen by MarCO-B during EDL. AOS stands for Acquisition Of Signal
and LOS for Loss of Signal.

shift. The Doppler shift difference is mostly from the two fly-by trajectories of
MarCOs (MarCO-A is placed south of the landing site whereas MarCO-B is placed
north of the landing site in the fly-by B-plane), and the slight time difference.
Rapid frequency change can be observed in the MarCO-B telemetry at parachute
deployment on InSight.

2.5 Conclusions

The antenna development of MarCO was done in a very tight schedule of 9 months;
this might have been one of the most challenging schedule of any NASA’s JPL
project. Despite the strenuous schedule, the four X-band low-gain antennas, the
X-band deployable reflectarray antenna, and the deployable UHF loop antenna were
delivered on schedule and all met the mission requirements. This work was per-
formed by a very small team (Figure 2.51).

After thorough examination, NASA managers have decided to suspend the
planned March 2016 launch of the Interior Exploration using Seismic Investi-
gations Geodesy and Heat Transport (InSight) mission. The decision follows
unsuccessful attempts to repair a leak in a section of the prime instrument in the
science payload. MarCO mission was therefore delayed.
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Figure 2.51 MarCO antenna team with the high-gain deployable reflectarray antenna
and the UHF deployable antenna. From the right to the left: Dr. Richard E. Hodges, Dr.
Joseph Vacchione, Phillipe Walkameyer, Dr. Nacer Chahat, Brittany S. Velasco, Vinh
Bach, and Dr. Emmanuel Decrossas.

On May 5, 2018, NASA launched InSight to Mars. The MarCO satellites made
the journey alongside NASA’s InSight lander. The lander successfully touched
down on Mars just before 3 p.m. ET on Monday, November 26, 2018. MarCO
A and B transmitted flawlessly the EDL data from Insight to the 70 m DSN
ground station. The X-band HGA gain was assessed to be well under 0.5 dB of the
predicted value during the critical EDL event.

Beyond MarCO mission, the technologies developed within the project by the
antenna engineers will be useful for a large amount of upcoming interplanetary
CubeSat missions. For instance, numerous NASA’s CubeSats such as Near-Earth
Asteroid (NEA) Scout, Lunar Flashlight, LunaH-map, BioSentinel, Lunar Icecube,
will use the X-band low-gain antennas. The deployable high-gain reflectarray
antenna offers new capabilities for deep space communication, allowing to venture
farther in space. These technologies will pave the way for future utilization of
CubeSat antennas that will revolutionize future space and Earth observations
and explorations. In 2016, the National Academies of Engineering, Science,
and Medecine, have identified telecommunication as a stringent limitation for
free-flying planetary Cubesats, implying the need for larger antennas. Since
then, this limitation has been fully addressed with the successful development
and demonstration of MarCO, along with many more antenna innovations to be
covered in other Chapters of this book.
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This demonstrates the tremendous national value of this work with a significant
and lasting impact on NASA’s space exploration program and the instruments it
employs to explore the solar system.
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3
Radar in a CubeSat: RainCube

Nacer Chahat, Jonathan Sauder, Alessandra Babuscia and Mark Thomson

NASA Jet Propulsion Laboratory/California Institute of Technology, Pasadena, CA, USA

3.1 Mission Description

Launching multiple copies of a radar instrument is now possible with recent
advances in miniaturized radar and CubeSat technologies. The radar in a CubeSat
(RainCube) mission, developed at NASA’s Jet Propulsion Laboratory (JPL)
and launched in 2018, is a 6U (∼12× 24× 36 cm3) CubeSat precipitation radar
[1] (Figure 3.1). It was put into orbit in May 2018 and was deployed from the
International Space Station on June 25, 2018.

Thanks to the simplification and miniaturization of radar components, the Rain-
Cube project at JPL has developed a novel architecture that is compatible with the
6U class. In comparison to existing spaceborne radars, the RainCube architecture
reduces the number of components, power consumption, and mass by several order
of magnitude. This opens up a new realm of options for low-cost spacecraft plat-
forms saving not only on the instrument implementation but also on the launch and
spacecraft costs.

We can now consider deploying a constellation of identical copies of the same
instrument in various relative positions in low Earth orbit (LEO) to address specific
observational gaps left open by current missions that require high-resolution vertical
profiling capabilities.

CubeSat Antenna Design, First Edition. Nacer Chahat.
© 2021 John Wiley & Sons, Inc. Published 2021 by John Wiley & Sons, Inc.
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Figure 3.1 RainCube 6U CubeSat description.

RainCube is a proposed technology demonstration mission to enable Ka-band
precipitation radar technologies on a low-cost, quick-turnaround platform. Rain-
Cube developed, launched, and operated a 35.75 GHz radar payload on a 6U
CubeSat. This mission validated a new architecture for Ka-band radars and
an ultra-compact deployable Ka-band antenna in a space environment. It also
demonstrated the feasibility of a radar payload on a CubeSat platform. The antenna
and its radar payload are shown in Figure 3.2. The antenna can also be seen fully
deployed when integrated to the spacecraft (Figure 3.3).

The RainCube instrument configuration is a fixed nadir-pointing profiler at
Ka-band [1], with a minimum detectable reflectivity better than +12 dBZ1 at 250 m
range resolution and 10 km horizontal resolution at an altitude of 450–500 km.
The key RainCube requirement relevant to the antenna is the 10 km diameter
instantaneous radar footprint, which defines the antenna directivity and beamwidth
(<1.2∘). The gain is defined by the radar sensitivity. The sidelobe level needs to
remain below −17 dB in order to avoid radar ambiguities.

Despite its very limited volume, this small satellite carries a three-axis atti-
tude determination and control system (ACS), two deployable solar arrays
(∼24× 36 cm2), multiple batteries, a deployable uplink and downlink UHF

1 It is a logarithmic dimensionless technical unit used in radar, mostly in weather radar, to
compare the equivalent reflectivity (Z) of a radar signal reflected off a remote object (in mm6

per m3) to the return of a droplet of rain with a diameter of 1 mm (1 mm6 per m3).
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Figure 3.2 The radar electronics and folded antenna integrated into the flight chassis.

antenna for telecommunication, an S-band downlink patch antenna and a radio for
telecommunication, the radar power amplifier and radio frequency (RF) electronics,
the radar digital boards and power supply, and the radar deployable mesh reflector
antenna.

One of the major challenges of this mission is to develop an antenna providing a
gain of more than 42 dBi and fitting in a highly-constrained volume (<1.5U). The
required antenna gain and limited stowage volume dictate utilization of a deployable
antenna. This book chapter offers a detailed state of the art of deployable antennas
for CubeSat with a focus on mesh deployable parabolic antennas. It also provides the
basic knowledge required to design focal-fed reflectors and dual reflector antennas
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Figure 3.3 Photography of RainCube spacecraft with its antenna fully deployed dur-
ing integration and testing (I&T).

(i.e. Cassegrain and Gregorian reflectors) as this is essential to understand how
the RainCube antenna engineers converged into the final design. Analytical and
experimental results are provided showing excellent agreement. A brief description
of the S-band and UHF telecommunication capabilities are also provided.

3.2 Deployable High-Gain Antenna

3.2.1 State of the Art

Three deployable antenna technologies are currently under investigation for
CubeSats: inflatable antennas (Chapter 7) [2], folded panel reflectarray antennas
(Chapters 4 and 5) [3], and deployable mesh reflector antennas [4–6]. A brief state
of the art is reported here and the pros and cons for each options is discussed.



�

� �

�

Radar in a CubeSat: RainCube 95

(a) (b)

Figure 3.4 (a) The inflatable antenna experiment; (b) S-band inflatable antenna for
CubeSat. Courtesy of NASA’s JPL/California Institute of Technology.

3.2.1.1 Inflatable Antennas

While research on inflatable antennas dates back to the 1950s, the inflatable antenna
experiment (IAE), a NASA experiment that began on May 19, 1996, is the only
inflatable antenna deployment performed in space (Figure 3.4a). Launched from
the space shuttle endeavor during the 1996 STS-77 mission, the 14 m parabolic
reflector antenna successfully deployed, but the lenticular structure did not main-
tain the required shape due to a malfunction of the gas inflation system [7]. More
recently, an inflatable antenna designed for CubeSats was introduced (Figure 3.4b),
providing a gain of 21 dBi at S-band [2]. This inflatable antenna has a very high
ratio of deployed to stowed volume [2]. However, the required surface accuracy for
a Ka-band operation cannot be achieved using inflatable design due to wrinkling of
the surface and pressurization that tends to deform the surface out of a parabola.

3.2.1.2 Deployable Reflectarray Antennas

While the topic of reflectarray antennas has been actively researched for many
years, to date, only two reflectarray antennas have flown in space: ISARA and
MarCO (see Chapter 2). Reflectarray antennas are lightweight, low-cost, and can
be typically folded in panels to yield stowage efficiency. However, reflectarrays
exhibit narrow bandwidth (<10% depending on element design and F/D [8])
and the maximum gain of current configurations is limited by the number of
panels that can be practically folded into a CubeSat. Despite the inherent phase
error and element dissipation losses, reflectarrays can achieve relatively high
efficiency. For example, deployable flat panel reflectarrays have experimentally
demonstrated 50% efficiency at Ka-band [9]. Moreover, a dual X/Ka-band reflec-
tarray based on thin tensioned membrane suitable for inflatable systems also
demonstrated 50% efficiency [10]. For space applications, reflectarray antenna
materials must be evaluated for susceptibility to radiation effects and electrostatic
discharge (ESD) [8]. Two reflectarray antennas for CubeSat applications have
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(a) (b)

Reflectarray Solar array

Feed
Feed

Figure 3.5 (a) ISARA 3U CubeSat. Source: Based on Hodges et al. [3]. © 2015 John
Wiley & Sons; (b) MarCO 6U CubeSat with its fully deployed reflectarray [11]. Courtesy
of NASA’s JPL/California Institute of Technology.

been developed at NASA’s JPL [3]. Under integrated solar array and reflectarray
antenna (ISARA) project, a circularly-polarized reflectarray antenna operating at
26 GHz was developed at NASA’s JPL (Figure 3.5a). Following the success of this
approach, an X-band circularly-polarized reflectarray was developed for the Mars
cube one (MarCO). MarCO’s reflectarray employs in-house hinges allowing to
reduce gaps between adjacent panels. These gaps are very critical as they result in a
gain reduction (i.e. therefore efficiency reduction) and increase of side-lobe-levels.
The two fully deployed reflectarrays are shown in Figure 3.5, along with their
CubeSat. Reflectarrays are possible candidates for radar operating at Ka-band but
they are highly sensitive to thermal variation and panel flatness. A larger Ka-band
radar is under development at the NASA’s JPL (Chapter 4 and Figure 3.6). This
reflectarray consists of 15 deployable panels and one fixed panel and a deployable
feed. It could be a good solution for future radar missions at Ka-band requiring
higher gain for a smaller radar footprint on Earth.

3.2.1.3 Deployable Mesh Reflector Antennas

Reflector antennas are the most commonly used solutions for high-gain spacecraft
antennas, as they provide high efficiency, and can support any polarization.
The reflector’s large bandwidth allows for multiple frequency operation using a
multi-band feed system. General reflector antenna design guidelines are available
in the literature [12, 13]. Although numerous reflector antenna deployment
mechanisms have been developed and many have been flown in Earth orbit for
defense and commercial applications, only a few deployable mesh reflectors have
been used for scientific remote sensing missions. The most notable deep space
antenna is the Galileo 5 m deployable high gain mesh reflector (Figure 3.7a),
which failed to fully deploy after its first Earth flyby [14]. More recently, a 6-m
deployable mesh reflector antenna (Figure 3.7b) was successfully deployed in LEO
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Figure 3.6 One-meter Ka-band deployable reflectarray combined with solar arrays.
Courtesy of NASA’s JPL/California Institute of Technology.

(a) (b)

Figure 3.7 (a) Fully extended Galileo antenna; (b) unfurled SMAP mesh reflector
antenna. Courtesy of NASA’s JPL/California Institute of Technology.

for the soil moisture active passive (SMAP) spacecraft that launched in January
2015 [15]. Before that, another deployable antenna had flown as part of the Highly
Advanced Laboratory for Communications and Astronomy (HALCA) mission
with an effective diameter of 8 m [16]. The NASA’s JPL in collaboration with the
India Space Research Organization (ISRO) is planning to fly a 12 m deployable
mesh reflector operating at L- and S-band. for the NASA-ISRO Synthetic Aperture
Radar (NiSAR) mission.

Apollo 11, 12, and 14 missions used a 3 m deployable mesh antenna operating
at S-band for direct link to Earth. The Erectable S-Band Antenna was first flown
on Apollo 11 and was intended to provide a stronger television signal. Because
of the fact that the time during the brief Apollo 11 extravehicular activity (EVA)
was so precious, the expected 19 minute deployment of the antenna would have a
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major impact of productivity. Consequently, an assessment was made of the first
few minutes of the bandwidth television (TV) signal coming through the Lunar
Module’s steerable antenna. The signal was deemed adequate, so the Erectable
S-Band was not deployed. However, it was deployed on both Apollo 12 and 14.
Deployment was intended to be easy enough that one person could do it. The deploy-
ment sequence assisted by an astronaut is illustrated in Figure 3.8a. The pointing
of the antenna is performed by the astronaut itself as shown in Figure 3.8b showing
astronaut Jim Lovell setting approximate elevation. More details about this antenna
can be found in [17].

As part of the Apollo missions, several deployable mesh reflector antennas oper-
ating at S-band were flown. Apollo 15, 16, and 17, employed a lunar roving vehicle
(LRV). LRV was an electric vehicle designed to operate in the low-gravity vacuum
of the Moon and to be capable of traversing the lunar surface, allowing the Apollo
astronauts to extend the range of their surface extravehicular activities. Three LRVs
were driven on the Moon, one on Apollo 15 by astronauts David Scott and Jim
Irwin, one on Apollo 16 by John Young and Charles Duke, and one on Apollo 17
by Gene Cernan and Harrison Schmitt. A large mesh reflector antenna was mounted
on a mast on the front center of the rover. This high-gain mesh antenna operates at
S-band and provides direct communication link with Earth (Figure 3.9).

All deployable reflectors flown to date have been developed for large spacecraft
or Rover that can afford greater space within the launch shroud, which allows for
spacecraft packaging to be adapted to accommodate antenna stowage [12–20]. Con-
sequently, existing antenna designs do not address the requirement to fit within the
rigid CubeSat packaging constraints. Furthermore, existing mesh reflector designs
cannot be directly scaled to CubeSat dimensions because knitted mesh density and
thickness are fixed by RF requirements and other deployment mechanism devices
such as springs, hinges, and motors are not directly scalable. However, few deploy-
able parabolic antennas for CubeSats have been studied but all were designed for
S-band operation. One concept for a CubeSat antenna is a wrapped gore composite
reflector, where slits are made in a composite parabolic shell, and then the entire
reflector is wrapped around a center hub [21]. While this architecture may pro-
duce good surface accuracy, a 0.5 m antenna could not stow in a 1.5U volume.
Another concept involves transforming the entire CubeSat body into a reflector
with a parabolic-shaped center section [22], but this concept produces a rather small
parabolic reflector. Finally, two S-band deployable mesh reflector antenna concepts
have been developed. The first concept is a 50 cm diameter folded rib reflector
(Figure 3.10), which was flown on the AENEAS spacecraft developed by University
of Southern California, Information Sciences Institute [4]. The antenna deploys sim-
ilarly to an umbrella, tensioning the mesh between each pair of ribs. The folding rib
architecture allows the antenna to stow in a 1.5U volume and provides sufficient sur-
face accuracy for S-band operation. However, this antenna design is not scalable to
Ka-band, due to surface accuracy limitations and the prime focus feed configuration
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(a)

3
4 5

S-band erectable antenna
deployment sequence

(b)

Figure 3.8 Deployable mesh reflector antenna used during the Apollo 11, 12, and 13
missions used to provide television link between the Lunar Module and the Manned
Spaceflight Network: (a) last and major three steps of the deployment of the antenna
performed by one astronaut. Source: From Bryan and Strasburger [17]. © 1969 NASA
; (b) Apollo 13 training photo showing Jim Lovell using the crank to set approximate
elevation; (c) Apollo 12 landing site showing the antenna fully deployed. Courtesy
NASA.
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(a) (b)

Figure 3.9 (a) Apollo 17 LRV and astronaut Eugene Cernan on the moon. The
high-gain mesh antenna is located in the front center of the rover; (b) the high-gain
communications antenna with the TV camera in the stowed position on the Apollo 15
Lunar buggy chassis. Courtesy NASA.

(a) (b)

Figure 3.10 (a) Integrated and stowed AENEAS antenna; (b) fully deployed AENEAS
antenna. Courtesy of University of Southern California.

(which leads to excessive blockage loss and feed loss). A wrap-rib style antenna
with mesh attached to ribs wrapped around a center hub [6] has also been fab-
ricated. Unfortunately, using thin, flexible ribs (required to enable the design to
wrap around the small CubeSat hub) would not provide adequate rigidity to ten-
sion the mesh, as the ribs would be too flexible to hold the mesh in place when
deployed.



�

� �

�

Radar in a CubeSat: RainCube 101

3.2.2 Parabolic Reflector Antenna Design

Before discussing in details the design steps of the RainCube Cassegrain deploy-
able mesh reflector, we will address the design procedure of typical dual-reflector
antennas: Cassegrain and Gregorian reflector.

3.2.2.1 Paraboloidal Reflector

A paraboloidal reflector transforms a spherical wave radiated by a feed located at
its focal point into a plane wave. A parabolic reflector is illustrated in Figure 3.11.
The equations for the reflector surface are:

• In rectangular coordinates:
r2 = 4F(F + z) (3.1)

• In polar coordinates:

𝜌 = F
cos2(𝜓∕2)

(3.2)

where F is focal length, D the diameter, 𝜌 the distance from the focus to the reflec-
tor, and 𝜓 the feed angle from the negative z-axis. The reflector depth z0 defined as
the distance between the reflector rim to its center equals to:

z0 = D2

16F
(3.3)

Focal point

n

ρ
ψ

ψ0

z0
zD

F

Figure 3.11 Geometry of a parabolic reflector.
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The half-subtended angle 𝜓0 relates to the ratio F/D by:

𝜓0 = 2 tan−1 1
4F∕D

(3.4)

3.2.2.2 Dual-Reflector Antennas

Cassegrain and Gregorian reflectors are dual-reflector antennas using a sub-reflector
to increase their effective focal length. Cassegrain dual-reflector antennas use a
hyperbolic subreflector (Figure 3.12a) and Gregorian dual-reflector antennas use
an elliptical sub-reflector (Figure 3.12b). One focus of the subreflector is located at
the focus of the main paraboloidal reflector. The second focus of the subreflector
is placed at the feed antenna phase center. The subreflector changes the curvature
of waves coming from one focus into waves with their caustic at the second
subreflector focus.

Clearly, as can been seen in Figure 3.12, the Gregorian design requires a larger
subreflector because it extends farther from the main reflector vertex. The subtended
angle of the main reflector is 2𝜓0 but the effective subtended angle is 2𝜃0. The
subreflector eccentricity is given by:

Cassegrain ∶ e =
sin 1

2
(𝜓0 + 𝜃0)

sin 1
2
(𝜓0 − 𝜃0)

= c
a

(3.5)

Gregorian ∶ e =
sin 1

2
(𝜓0 − 𝜃0)

sin 1
2
(𝜓0 + 𝜃0)

= c
a

(3.6)

where 2a is the vertex distance and 2c is the foci distance of the subreflector, given
by:

Cassegrain ∶ 2c = 2Pe2

e2 − 1
(3.7)

Gregorian ∶ 2c = 2Pe2

1 − e2
(3.8)

where P is given by:

Cassegrain ∶ P = 2c(e2 − 1)
2e2

(3.9)

Gregorian ∶ P = 2c(1 − e2)
2e2

(3.10)

The subreflector diameter Dsub can be found using:

Dsub =
2e • P • sin(𝜋 − 𝜓0)
1 − e • cos(𝜋 − 𝜓0)

(3.11)
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Figure 3.12 (a) Cassegrain reflector antenna; (b) Gregorian reflector antenna.
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For the Cassegrain design, the hyperboloidal surface is defined by:

z = c − a
b

√
b2 + x2 + y2 (3.12)

b =
√

c2 − a2 (3.13)

3.2.3 RainCube High-Gain Antenna

3.2.3.1 Antenna Choice: Cassegrain Reflector

While axially symmetrical reflector antennas such as Cassegrain reflectors, Grego-
rian reflectors, and splash plate configurations were identified as possible candidates
for CubeSat deployable mesh reflector, the complexity of the mechanical deploy-
ment has led us to select a Casssegrain design. To understand, one need to consider
the two main constraints set by the mechanical deployment:

1. The F/D ratio (where F is the focal length and D the reflector diameter) is deter-
mined by the need to minimize the rib curvature so that the ribs fit within the
volume between the subreflector/horn deployment mechanism and the walls of
the CubeSat. A minimum F/D ratio of 0.5 is determined for a 0.5 m reflector.

2. The height of the subreflector is directly influenced by the height of the stowed
volume and the number of deployment mechanisms required to deploy the sub-
reflector. To constrain the design to only one feed deployment mechanism, the
subreflector needs to be at maximum 24 cm above the vertex (Figure 3.13).

Only a Cassegrainian design can accommodate the mechanical deployment
mechanism constraints. For a 0.5 m reflector with a focal length of 0.25 m, a Gre-
gorian and splash plate reflector cannot be used since the subreflector is forward of
the focal point. This would place the subreflector at a distance greater than 24 cm
above the vertex and would require two deployment mechanisms to deploy the
subreflector. In contrast, Cassegrain reflector optics place the subreflector under the
focal point, which places the subreflector within the required 24 cm space above
the vertex (Figure 3.13).

3.2.3.2 Antenna Description

The Ka-band deployable mesh reflector antenna is a Cassegrain reflector which con-
sists of four main elements: the feed, three struts, a hyperbolic subreflector, and
a 0.5 m deployable parabolic mesh reflector. The focal length is set at the mini-
mum required 0.5 F/D ratio (i.e. 0.25 m) to minimize the subreflector diameter to
achieve the smallest blockage and lowest sidelobe performance [23]. The maximum
possible directivity Dmax = 10⋅log10((𝜋⋅D/𝜆)2) of the 0.5 m antenna is 45.45 dBi at
35.75 GHz.
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Figure 3.13 Why a Cassegrain design? A Cassegrainian design limits the number of
deployments by placing the subreflector closer to the vertex of the main reflector.

3.2.3.3 Perfect Paraboloid Antenna

The antenna is first optimized with an ideal parabolic reflector surface with no ribs or
surface distortion to assess and minimize taper and spillover losses, and subreflector
blockage. The subreflector position and dimensions (Figure 3.14) were optimized
to maximize the gain and minimize the sidelobe levels using a mode matching and
body-of-revolution method of moment (BoR-MoM) based analysis. The simulation
includes a model of the multiflare horn feed shown in Figure 3.15a and accounts for
the subreflector blockage and multi-reflection between the subreflector, horn, and
main reflector.

The multiflare horn provides good beam circularity, stable feed taper, and low
cross-polarization [25]. It is also a convenient design for deployment as the horn
is fed by a telescoping waveguide. When stowed, the telescoping waveguide fits
inside the horn (Figure 3.15b). During deployment, the horn slides upward while
the telescoping waveguide does not move (Figure 3.15b). A rectangular-to-circular
waveguide transition, connected to the telescoping waveguide, is optimized to excite
the feed with linear polarization. An illustration of the horn, telescoping waveguide,
and transition is shown in Figure 3.15b. In order to minimize the taper and spillover
losses, the feed horn is optimized to provide a minimum feed taper of −10 dB at
15.5∘ (Figure 3.16).

The rectangular-to-circular transition consists of a stepped matching section that
is designed by numerical optimization. Its overall length is 3.65 mm. The horn per-
formance is measured when connected to its telescoping waveguide and transition
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Figure 3.14 Optimized Cassegrain reflector antenna design dimensions. Source:
From Chahat et al. [24]. © 2016 IEEE.
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transition in stowed and deployed configuration.
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Figure 3.16 Radiation pattern of the optimized multiflare horn feed providing a
−11.5 dB taper at 𝜓0 =15.5∘ at 35.75 GHz. The radiation pattern is provided for
𝜑 = 45∘.

as shown in Figure 3.17a. The measured and simulated reflection coefficients of the
horn assembly are in excellent agreement as shown in Figure 3.17b and remains
under −30 dB at 35.75 GHz.

For an ideal reflector, an overall efficiency 𝜂 = 𝜂T⋅𝜂S can ideally reach up to
81% (i.e. −0.9 dB, where 𝜂T and 𝜂S are the taper efficiency and spillover efficiency,
respectively) [23]. This efficiency number is driven by the antenna F/D and its
feed edge taper. A Cassegrain design also suffers from subreflector blockage. The
ratio dsub/D should be minimized to increase the blockage efficiency. A study of
the diffraction and blockage effects on the efficiency of a Cassegrain antenna was
carried out in [26]. The optimum ratio dsub/D is approximately given by Sudhakar
Rao [26]: (

dsub

D

)
opt

=
[ 1

16𝜋2

𝜆

D
C2

]1∕5
(3.14)

where C is the mean amplitude taper at the subreflector edge. This equation allows
to have a good starting point before thoroughly optimizing the subreflector size.
The size of the subreflector dsub was optimized to maximize the antenna gain
and minimize the side lobe levels. The subreflector dimensions are as following:
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Figure 3.17 (a) Reflection coefficient measurement set-up of the multiflare horn con-
nected to its telescoping circular waveguide and its rectangular-to-circular waveguide
transition (in deployed configuration); (b) reflection coefficient of the feed-horn alone
(including the telescoping waveguide and transition) and with the struts and subreflec-
tor. Source: From Chahat et al. [24]. © 2016 IEEE.

diameter dsub of 60 mm, vertex distance of 80 mm, and foci distance of 130.2 mm.
The subreflector to main reflector diameter ratio roughly equals to 0.12.

The spillover, taper, and blockage loss calculated at 35.75 GHz are summarized
in Table 3.1. The taper and spillover losses are about 1.15 dB. The subreflector and
spillover blockage equals to 0.33 dB. The blockage and diffraction loss 𝜉 of the
subreflector can be analytically calculated using [29]:

𝜉 = 20 log 10

(
1 − Cb

(
dsub

D

)2

− Cd

√
𝜆

dsub

√
1 −

dsub

D
C

)
(3.15)

where:

Cb =

√
Gf

na
tan

(
𝜓0

2

)
(3.16)

and:

Cd = 1
2𝜋

sin(𝜓0)√
sin(𝜃0)

√
Gf

na
(3.17)

where Gf is the feed gain, na is the aperture efficiency of the Cassegrain when block-
age and diffraction is neglected.

Using Equation (3.15), the blockage and diffraction loss is estimated to be 0.36 dB
(Figure 3.18). This is in excellent agreement with the simulated result reported in
Table 3.1 (i.e. 0.33 dB). Subtracting these losses from the 45.45 dBi area gain gives
an optimized directivity of 43.97 dBi for the ideal Cassegrain reflector. The direc-
tivity calculated using TICRA GRASP (physical optics [PO]) is 43.97 dBi.
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Figure 3.18 Gain loss as a function of dsub/D for an Edge Taper of −11.5 dB using
Equation (3.12). Gain loss = 0.36 dB for dsub/D = 0.12, 𝜓0 =15.5∘, 𝜃0 = 59.6∘, and
feed gain Gf =21.3 dBi.
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Figure 3.19 Radiation pattern of the ideal parabolic reflector at 35.75 GHz using dif-
ferent simulations methods at 𝜑 = 45∘. Solid line: TICRA GRASP. Dashed line: TICRA
CHAMP. Source: From Chahat et al. [24]. © 2016 IEEE.
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Table 3.1 Gain table at 35.75 GHz after compensation (30 ribs).

Gain (dBi) Loss (dB) Peak SLL (dB)

Ideal directivity 45.45 — —
Spillover+ Taper 44.3 1.15 23.1
Blockage 43.97 0.33 22.1
Surface ribs (30) 43.90 0.07 20.7
Struts 43.60 0.3 17.7
Surface mesha (40-OPI) 43.35 0.25 17.4
Surface accuracyb (±0.22 mm) 42.88 0.47 16.8
Feed loss/telescoping waveguide/transition 42.76 0.12 —
Feed mismatch (RL = 15 dB) 42.62 0.14 —
Overall performance 42.62 2.83 16.8

aBased on calculated results using TICRA GRASP model of a 40-OPI mesh.
bUsing Ruze’s equation [27, 28]. The surface accuracy was adjusted with the measured number of ±0.22 mm.

The radiation patterns obtained using TICRA CHAMP (BoR-MoM) and TICRA
GRASP (PO) are in excellent agreement (Figure 3.19). It is worthwhile to underline
that the unfurlable model (i.e. including the mesh reflector) will be investigated
essentially using TICRA GRASP since BoR-MoM method is applicable only with
axially symmetric design.

3.2.3.4 Unfurlable Paraboloid with Ribs and Mesh Structures

The antenna gain and loss contributions are assessed thoroughly. They are summa-
rized in Table 3.1 for the deployable antenna. The losses include taper, spillover,
blockage from the subreflector, ribs, struts blockage and diffraction, surface mesh,
surface accuracy, feed loss, and feed mismatch.

Ribs Effect An unfurlable reflector surface consists of a discrete number
of parabolic ribs that are connected by surfaces called gores as illustrated in
Figure 3.20. Each gore is a section of a parabolic cylinder bounded between two
adjacent parabolic ribs. The gore is formed by stretching a mesh between the two
ribs. As a consequence, an unfurlable paraboloid deviates from a true paraboloid
which results in ambiguity of optimal feed position. The number of ribs is a tradeoff
between good RF performance, limited available stowage volume, and mitigation
of the risk of deployment failure.

The optimal feed location for umbrella reflector surface was explored in [30, 31].
In [30], using physical optics (PO) with parallel ray approximation (POPRA) the
best feed location can be found using:

Fribs

F
=

Ng

2𝜋
sin

2𝜋
Ng

(3.18)

where Fribs is the optimum feed location for an unfurlable paraboloid with Ng gores.
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Figure 3.20 Defocusing effect of gores. The focal point of the umbrella reflector and
ideal paraboloid are different. Source: From author.

We have implemented a method using PO to optimize the feed position of an
unfurlable paraboloid reflector (Figure 3.21). The optimal position is obtained by
optimizing four parameters: the gain loss, the beamwidth, and the side lobe levels
for a focal fed unfurlable reflector for a given F/D and edge taper. We focused the
study on our unfurlable reflector where D = 0.5 m, F = 0.25 m, and at frequency
of 35.75 GHz. The radiation pattern for 30 and 25 gores is shown in Figure 3.23.
It can be seen that Equation (3.18) is not optimal but it provides a good starting
point. It is clear that our Ka-band reflector should use 30 ribs. Using 30 ribs, the
gain loss is reduced to 0.24 dB as shown in Figure 3.22. The side lobe levels are
also significantly improved as can be seen in Figure 3.23.

Although demonstrated on a focal-fed unfurlable reflector, this allows us to
extract the optimal focal point of our reflector. On the dual reflector antenna, the
subreflector should be redesigned to make sure one of its foci is placed at Fribs
and its second foci point should still be placed at the phase center of the feed
horn. After re-optimization of the subreflector position and eccentricity, the loss
caused by the 30 section rib-and-gore surfaces is only 0.07 dB. It is worthwhile to
emphasize that without re-optimization, the loss is equal to 0.5 dB at 35.75 GHz
(Figure 3.24). The equivalent gore surface root mean square (RMS) error calculated
using Ruze’s equation is about 0.23 mm [32]. The radiation pattern before and
after re-optimizing the subreflector position is shown in Figure 3.24 where the
improvement is clearly evident.

The reflection coefficient of the horn is shown in Figure 3.17b with the subre-
flector (after re-optimization of the subreflector position). Simulated and measured
results are in good agreement. Although the effect of the struts is negligible (not
shown here), the effect of the multiple reflections between the horn and the subre-
flector is rather significant. The ripples observed in the presence of the struts and
subreflector is mainly due to the subreflector. Depending on the application, the
reflection coefficient might need to be improved and different methodology could
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Figure 3.24 De-focusing effect using 30 ribs. The subreflector is re-focused to com-
pensate the ribs effect. Dash line: before correction. Solid line: after correction.
Gainre-focused = 43.9 dBi, Gainde-focused =43.4 dBi.

Figure 3.25 Photograph of the feed horn with its three struts holding the subreflector.

be employed (e.g. reshaping of the subreflector [33]). For RainCube, a return loss
of 15 dB is acceptable.

Struts To maintain a good alignment of the subreflector, three stainless steel
struts are employed (Figure 3.25). This affects the peak gain, the cross-polarization
and the sidelobe levels. The three rectangular cross-section struts are 1.0 mm thick
and 4.0 mm deep. The struts result in an overall increase in sidelobe level (∼3 dB),
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reduce the peak gain (∼0.3 dB at 35.75 GHz) and must be under 1.0 mm wide to
avoid further losses. The three struts are aligned so that only one is very sensitive
to the polarization, the two other struts are less sensitive. This is illustrated in
Figure 3.26 where strut #1, collinear to the polarization, is contributing the most to
the side lobe levels and cross polarization.

Mesh Opening Effects A common parameter to describe mesh surfaces is the
number of openings per inch (OPI). To date, most large deployable antennas flown
in space used 10-, 20-, and 30-OPI meshes. These meshes are available in densities
suitable for use at frequencies up to Ka-band. Analytical and measured data on 10-,
20-, and 30-OPI meshes are reported in [32]. Reported results, shown in Figure 3.27,
suggests that the 10-OPI mesh can be used up to C-band (4–8 GHz) as the reflectivity
loss remains under 0.3 dB. In the other hand, the 20-OPI mesh can be used up to
Ku-band (downlink: 11.7–12.7 GHz and uplink: 14–14.5 GHz). The reflectivity loss
of 20-OPI mesh remains below 0.2 dB at Ku-band.

The proposed deployable antenna uses 40-OPI mesh knitted from 0.0008′′

diameter gold plated Tungsten wire. The 40-OPI mesh provides excellent electrical
performance but it is stiffer and more difficult to tension accurately with the
deployment mechanism than a less dense mesh. The 40-OPI mesh is described in
TICRA GRASP using a mesh grid which consists of two orthogonal sets of wires
as illustrated in Figure 3.28. The spacing between the two wires is Sx and Sy in
the x- and y-direction, respectively. The diameter of the wires is d0. The wires
are all in electrical contact. A mesh with unequal reflection coefficients for the
x- and y-direction will be described with two different dimensions Sx and Sy. For
simplification and also because our antenna is linearly polarized, we will assume
Sx = Sy for our analysis. For a circularly-polarized antenna, a mesh with unequal
reflection coefficient in x- and y-direction will generate a cross-polar beam similar
to the co-polar beam and with an amplitude given by 20⋅log10((Ry −Rx)/(Ry +Rx)).

In practice, the tricot mesh is not rectangular as illustrated in Figure 3.29 which
showcases a 10-OPI and 40-OPI mesh. The wire mesh is an adequate way of
modeling the RF properties of the tricot mesh of unfurlable antennas. This can be
done by defining an equivalent rectangular grid which, for any angle of incidence
and polarization, gives the same reflected and transmitted field as the real mesh.
To do so, we assessed the power reflection coefficient Rx,y, for the 40-OPI mesh in
Figure 3.29b, for a normal incidence. The reflection coefficient Rx,y was found to
be Rx,y = 0.9441 at Ka-band.

The spacing Sx,y of the equivalent rectangular grid can be found using [34]:

Sx,y =
𝜆0

√
1

Rx
− 1

2 ln

( Sx,y

𝜋d0

) (3.19)
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(a) (b)

Figure 3.29 Photography of two mesh with different OPI: (a) 40-OPI mesh; (b)
10-OPI mesh.

where d0 = 0.0008′′ and 𝜆0 is the free space wavelength. The separations Sx and Sy
are 0.02′′ = 0.508 mm. The gain loss can be obtained using:

Gloss = 10 log10(1 − T2) (3.20)

with Rx = 0.9441, the expected gain loss is 0.25 dB. This is the output from TICRA
GRASP which confirms the calculate spacing values. This sets the ideal parameters
to describe the 40-OPI mesh. We will see later that the gain loss of 0.25 dB was
confirmed experimentally.

Surface Accuracy Ruze’s equation predicts the gain loss of a reflector antenna as
a function of its surface RMS error. It is given as [32]:

Loss = 10 • log10e
−
(

4𝜋𝜀
𝜆0

)2

(3.21)

where 𝜀 is the surface RMS error of the reflector, 𝜆0 is the free space wavelength. As
the frequency increases, the loss will also increase for a given surface RMS. Gain
loss versus surface RMS is shown in Figure 3.30 for different frequency bands. It
is clear that the surface accuracy achieved for this antenna could enable operation
up to Ka-band (Table 3.2). For a surface RMS of 0.2 mm, Ruze’s equation predicts
0.39 dB loss at 35.75 GHz [32]. At mm-wave, the surface RMS should be improved
down to 0.1 mm. However, for a gain loss of 0.4 dB, a surface RMS of 0.9 and
3.2 mm are required at X- and S-band, respectively. While S- and X-bands are very
forgivable, the challenge of designing a deployable mesh antenna is therefore very
obvious at Ka-band and beyond.
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Figure 3.30 Gain loss versus surface RMS for different frequency bands: S-band,
X-band, Ka-band, V-band, and W-band.

Table 3.2 Gain loss for 0.2 mm surface RMS at S-, X-, Ka-, and W-bands.

Frequency
S-band

(2.3 GHz)
X-band

(8.4 GHz)
Ka-band

(35.75 GHz)
V-band

(60 GHz)
W-band
(94 GHz)

Gain loss (dB) 0 0.02 0.39 1.1 2.7

In order to maintain the required 0.2 mm RMS surface accuracy, the deployed
rib positions are held in place by keeping all hinges pre-loaded against precision
stops, ensuring the rib deploys consistently to the same position. Manufacturing
errors during the machining process are eliminated by assembling the ribs on preci-
sion bonding fixtures, which greatly reduces inaccuracy caused by any component
tolerance deviations.

3.2.3.5 Antenna Measurement Results

Two different prototypes were constructed, a solid non-deploying RF prototype,
which was used to validate the RF design, and a mechanically deploying mesh proto-
type (Figure 3.31). The solid reflector, representing the gore-mesh reflector surface,
and the deployable mesh reflector were tested in a planar near-field antenna mea-
surement facility at NASA’s JPL. A gain comparison between the mesh deployable
antenna and the non-deploying RF prototype will allow us to precisely assess the
losses due to the mesh opening and surface accuracy.
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Figure 3.31 Antenna prototypes in the near-field anechoic chamber of NASA’s Jet
Propulsion Laboratory: (a) solid non-deployable prototype; (b) mesh deployable
prototype.

Table 3.3 Measurement results at 35.75 GHz.

Directivity (dBi) Gain (dBi) Loss (dB)a Peak SLL (dB)

Calc. Meas. Calc. Meas. Calc. Meas. Calc. Meas.

Solid 43.6 43.55 43.3 43.24 0.3 0.31 −17.45 −17.75
Mesh – 43.28 42.61 42.48 – 0.8 −16.8 −18.33

aLoss = Directivity−Gain.

The radiation pattern was measured in elevation and azimuth planes at 35.75 GHz.
The directivity, gain, loss, and peak side lobe level (SLL) are shown in Table 3.3
for the solid and mesh antenna prototype. The calculated and measured radiation
patterns in E- and H-plane are shown in Figure 3.32a for the solid non-deploying
reflector and they are all in good agreement. The beamwidth equals to 1.17∘ and
1.14∘ in E- and H-plane, respectively. The results for the deployable mesh reflector
antenna are shown in Figure 3.32b. The measured and calculated results are in good
agreement with prediction. The mesh does not have any significant impact on the
cross-polarization level as it remains roughly identical.

After a successful deployment, the mesh was attached and measured to find an
initial surface accuracy. The ribs were found to match the desired parabolic shape
to within an error of 0.22 mm RMS resulting in 0.47 dB loss according Ruze’s
equation [32]. Hence, the numerical analysis has predicted loss of 0.7 dB for the
surface RMS and the mesh opening. The loss resulting from the surface accuracy
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Figure 3.32 Measured and calculated radiation pattern of (a) the gore-shaped
solid non-deployable reflector antenna model and (b) the deployable mesh reflector
antenna. Source: From Chahat et al. [24]. © 2016 IEEE.

and mesh opening was assessed by comparing the solid reflector loss and the mesh
reflector gain and equals to 0.76 dB.

The predicted and measured gain obtained for the mesh antenna equal to
42.59 and 42.48, respectively. The agreement is excellent and is within the
measurement accuracy of the near-field range. The mesh loss 𝛿mesh can be
easily retrieved by comparing the gain results of the solid reflector Gsolid and
the gain of mesh reflector Gmesh as the surface accuracy loss 𝛿acc was measured
(𝛿mesh = Gsolid −Gmesh − 𝛿acc = 43.24− 42.48− 0.47 = 0.29 dB). This is in very
good agreement with the calculated mesh loss using the equivalent rectangular grid
model in TICRA GRASP.

Two deployments are performed and the antenna radiation pattern is measured
after each deployment. Before each deployment, the antenna is carefully folded
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Figure 3.33 Comparison of the radiation pattern after two deployments. Dashed line:
1st deployment. Solid line: 2nd deployment.

back inside the canister. An experienced technician is manipulating the mesh and
ribs during the folding process. This allows assessing the effect of the deployment
on the RF performance as well as proving the repeatability of the mechanical design.
The antenna gains measured before deployment and after the two deployments equal
42.5 and 42.7 dBi, respectively. The difference is within the near-field chamber mea-
surement accuracy. This is in excellent agreement with the calculated/predicted gain
of 42.6 dBi. The measured radiation patterns after each deployment is shown in
Figure 3.33. The two results are in good agreement which demonstrates the repeata-
bility of the deployment. The maximum side lobe level remains below −17.5 dB for
each deployment. The mechanical deployment will be discussed in the next section.

3.2.4 Mechanical Deployment

The mechanical design of a deployable mesh antenna solves three key challenges.
The first is a deployed antenna geometry, which balances RF performance and
stowed size. The second is a method to deploy the antenna to a precise surface (with
0.20 mm RMS) which can still fold in a small volume. The third is applying signif-
icant deployment force to stretch the mesh, to remove any wrinkles from stowing,
while avoiding impact loads during deployment.

Balancing RF performance and stowed size required many interactions between
RF and mechanical design. Mechanical configurations that are easy to implement
do not provide the required RF performance. On the other hand, optimal RF config-
urations did not stow in 1.5U volumetric goal. The main conflicting requirements
occurred in determining the secondary reflector position and the number of ribs.

From a mechanical perspective, the height of the subreflector is influenced by the
height of the stowed volume and the number of deployment steps required to deploy
the subreflector. For instance, for a stowed height of 15 cm, if the subreflector is
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less than 11 cm above the vertex of the parabola, no deployments are required (4 cm
of height is consumed by the deployment mechanisms in the base of the antenna
and curvature of the subreflector). If the subreflector is less than 22 cm above the
vertex, only one deployment step is required. If less than 33 cm, two deployment
steps are required. In order to reduce complexity and reduce risk, it was desired to
have a maximum of one deployment step for the subreflector, which thereby lim-
ited its height above the vertex to 22 cm, as illustrated in Figure 3.8. In addition,
the stowage-imposed constraint on rib curvature results in a minimum focal length
requirement of 25 cm. If the radius of curvature becomes too small, the ribs will
exceed the stowed volume when folded.

Another key limitation is the number of ribs that can be stowed in the volume. As
the mesh is tensioned between the ribs, it becomes a flat surface between each of
the ribs. Therefore, the greater the number of ribs, the closer the surface will be to a
perfect parabola. For example, the extreme cases are only three ribs which creates a
parabolic three-sided pyramid whereas an infinite number of ribs creates a perfectly
parabolic surface. However, when stowed the antenna can only fit a finite number
of ribs, and too many ribs increase mechanical complexity and cost. While up to 40
ribs could fit radially in the antenna stowed volume, there would be no clearance
between each of the ribs increasing the probability of the ribs tangling with each
other during deployment. In addition, RF losses due to a non-idealized parabolic
shape were found to be minimal above 28 ribs, with only 0.6 dB in losses (before
re-optimization). Therefore, the optimum number of ribs balancing clearance and
RF performance was determined to be 30.

The next key challenge was to obtain the required surface accuracy from the
deployed antenna with errors of less than 0.20 mm RMS from the designed surface
profile. Achieving such a surface accuracy would keep RF losses due to mechan-
ical imperfections to under 0.39 dB. The key to maintain a high surface accuracy,
when deployed, is well-designed ribs and hinges. Tolerances on the ribs to ensure
machined parabolic profile with an error of 0.13 mm or less. Hinges were designed
with precision stops, which were located as far from the hinge pin as possible to
improve accuracy of the deployed position. However, if stacking up the machining
tolerances of both the ribs and hinges, the required 0.20 mm RMS tolerance could
not be met. Therefore, an assembly process was developed to nearly eliminate error
due to manufacturing tolerances. A precision bonding fixture was machined to have
a high tolerance parabolic shape. Each of the five components that made up the ribs
were bonded while in the fixture. This eliminated issues with tolerance stack up,
and ensured all the ribs were uniform, as they were each bonded on the same fix-
ture. After all the ribs were bonded, the next step was to attach the mesh. The mesh
was stretched over a convex parabolic dish, and then the structural skeleton of the
antenna, all 30 ribs, were placed on top of the mesh. The ribs were then stitched to
the mesh, while the mesh was held in its tensioned state with over 2,000 stitches.
This process allowed the mesh to assume the parabolic shape of the ribs.
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The amount of force required to deploy the antenna is determined by the amount
of force required to stretch the mesh such that it takes on the shape of the ribs.
Inadequate deployment force would not pull out the wrinkles which occur when the
mesh is stowed. The Ka-band 40 OPI mesh used in RainCube is much denser and
requires greater force to tension it on deployment than the lighter mesh often used
on S-band antennas. Each rib requires 12 N-cm of torque at its base to fully stretch
the mesh. A standard approach to deploy such an antenna is to use strain energy
stored in a spring. To provide adequate torque in each rib, a spring deploying the
antenna requires 290 N of pre-load after the antenna is fully deployed. Of course,
when stowed, the spring produces even greater force, resulting in the antenna being
deployed with 860 N of force. This creates an undesirable impact when the antenna
deployed. Therefore, an innovative deployment mechanism had to be invented.

The first solution concept designed was to use gas to deploy the antenna by push-
ing it upwards in the canister like a piston in an engine. The deployment sequence
begins with a releasing launch lock (Figure 3.34a), which held the antenna in the
stowed position against any residual pressure maintained in the system. Next, gas
is metered into the canister slowly lifting the base of the antenna up and out of the
CubeSat (Figure 3.34b). This was the key innovation enabling the antenna deploy-
ment. The gas is produced by a powder which sublimates when heated or a cool
gas generator, like those developed by Cool Gas Generator Technologies [35]. As
the base of the antenna nears the top of the canister, the root ribs interlock with
a feature near the top of the canister, pulling them outwards (Figure 3.34c). Since
the pressurized gas acts over a surface area, only 42.0 kPa of pressure is required
to apply the 290 N force to fully deploy the ribs and tension the mesh. As the root
ribs move outwards, a constant force spring located in the mid rib hinge deploys the
tip ribs. Once the ribs fully deploy, the subreflector is released and a compression
spring telescopes it along the horn (Figure 3.34d). By correctly defining machining
tolerances, the sub-reflector deploys to within 0.2 mm on the z-axis and 0.1 mm on
the x- and y-axis of its ideal position. As the subreflector is kept under pre-load by
a spring, it repeatedly deploys to the same position. When the hub is elevated into
its fully deployed location, latches lock the hub in place to ensure the antenna stays
in the deployed position, even if the canister depressurizes (Figure 3.34d).

As can be observed in Figure 3.34, the gas-powered deployment system was built
and tested. Gas was pumped into the canister using an air compressor. Unfortu-
nately, near the end of deployment test, just before the tip ribs deploy, the antenna
tilted by approximately 5∘ as the gas actuation mechanism does not provide any fea-
tures to keep the antenna perpendicular to the canister. This tilt in the deployment
prevented latching of the antenna. Therefore, when pressure was lost after deploy-
ment, the antenna did not keep its desired shape or precision. If this had occurred in
orbit, it would have been a performance inhibiting failure. Further, detailed investi-
gation into available cold gas generators and sublimating powders revealed, the gas
would be released within 1/10th of a second, unlike the air compressor test where
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(a) (b) (c) (d)

Figure 3.34 Deployment sequence of the reflector antenna. The antenna is initially
stowed in a 1.5U volume: (Top) computer-aided design (CAD) model of the antenna
deployment; (Bottom) photos of the deployment sequence using a gas-powered
deployment system.

gas was pumped into the canister over the course of 1 minute. This would likely
result in a large undesirable impact on the antenna, similar to a spring deployment.
Therefore, a new deployment concept was needed.

While initial concepts for slowing the gas release with orifices and valves were
considered, these were eliminated because of their complexity. Ultimately it was
determined the best approach would be to use a motor and lead screw. As the motor
would turn the lead screw, the base of the antenna would slowly be raise. While the
lead screw option had come up in some of the initial mechanism brainstorming, the
concept was eliminated as the best place to put a single lead screw was in the center
of the antenna, but this volume was already consumed by the feed and waveguide.

The key innovation enabling the lead screw design was by placing four lead
screws, one in each corner of the antenna cylinder (Figure 3.35). In order to keep
the four lead screws in sync, a single motor was used with a unique planetary gear
system, with a single sun gear keeping four planet gears (each attached to a lead
screw) in sync with each other. The deployment as shown in Figure 3.34 occurs in
the same fashion with the motorized lead screw deployment (Figure 3.36), except
that the hub is now raised out of the canister with 290 N of force by the lead screws.
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Figure 3.35 A motorized lead screw deployment requires four synchronized lead
screws.

Figure 3.36 Deployment sequence of the reflector antenna using a motor and lead
screw. The antenna is initially stowed in a 1.6U volume. Photos of the deployment
sequence of RainCube engineering model (EM). Reproduced with permission of IEEE.

Lead screws offer a very high gear ratio, enabling a small motor to produce the large
amount of required deployment force.

As this design was being implemented, one drawback was noticed. The stowed
volume of the antenna increased from 1.5 to 1.6U, as the height increased to
16 cm. However, beyond a highly deterministic deployment, a number of additional
advantages were observed on a motorized lead screw deployment over a gas
deployment. First, the motorized deployment eliminated the need for a launch
lock, as back driving the lead screws hold the antenna in place with hundreds of
pounds of preload. Secondly, latches at the end of deployment were eliminated as
once again, the lead screw holds the hub in place. Third, the motor now provides
deployment feedback, as it can be determined how many rotations occurred to
deploy the antenna. Fourth, there is no longer a canister of pressurized gas at the
end of deployment, which if a leak were to occur it could negatively affect the
attitude control of the spacecraft. Finally, deployment tests can now occur in air
and at a much lower cost than a pressurized deployment, as each cold gas generator
are fairly expensive, and three are required for each deployment test.
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Figure 3.37 Vibration testing of the antenna resulted in loads over 100 G’s.

3.2.5 Design and Testing for the Space Environment

After a final mechanical design was built and deployment test, the next step was
to qualify the design by environmental testing. During launch, spacecraft hardware
can be subjected to extreme G-loading and while on orbit, it is subject to large
temperature variations as the spacecraft moves in and out of Earth’s shadow in
the vacuum of space. The spacecraft will be subjected to vibe and thermal swings
prior to deployment, and thermal swing after deployment. To raise the technology
readiness level (TRL) from 4 to 6, and provide confidence that the design will
work on orbit, it is necessary to qualify the design through environmental testing.
Environmental testing is generally done in the order that it will be experienced by
the spacecraft, with vibration testing first, followed by thermal testing.

For the antenna, the most likely mechanism of failure would be due to failure of
the structure in vibration, as extreme loads can occur. Therefore, prior to building
the flight antenna, the prototype antenna went through vibrational testing. As it was
initially unknown what launch RainCube would be occurring on, the vibration spec-
trum from the general environment validations spectrum (GEVS) was used, with a
peak load of 14.1 GRMS. This is a harsh spectrum meant to encompass the vibra-
tional loads that could be seen in most launch vehicles. It is important to note while
the value is given in RMS, which means peak vibrational loads at the shaker head
can be as high as 42.3 G’s. Further structural amplification, due to natural frequen-
cies of the hardware can increase loading to over 100 G’s. The antenna was mounted
to a shaker, and the vibration response is as observed in Figure 3.37 as observed.
As can be seen, peak accelerations of over 100 G’s were experienced at the tip of
the antenna (Figure 3.37).
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After vibration, the engineering model antenna was deployed to ensure every-
thing operated correctly. While the antenna did not exhibit any structural failures,
the antenna did not fully deploy after vibration, as the tip ribs remain folded in
place. This issue was that the constant force springs deploying the tip ribs pro-
vided too little torque margin. They did not have enough moment arm about the
mid-hinge pin. The issue was not observed earlier. However during vibe the tip
rib hinges settled into the lowest energy state possible, which resulted in to torque
margin. To solve this issue, kick-off springs were added to several of the mid-rib
hinges, to increase the moment arm of each constant force spring. The antenna then
underwent additional vibration testing and then deployed. With the kick-off springs,
adequate torque margin was achieve. To verify the deployed shape, radiation pattern
were measured on the deployed antenna pre or post vibration. The results remains
very constants (e.g. the antenna gain and directivity remained within 0.05 dB) and
the radiation pattern almost overlaps. This demonstrates the repeatability of the
mechanical deployment.

After successful vibration testing, the next step was to build the flight model of the
RainCube antenna. The flight model was nearly exactly the same as the engineering
model, with some very minor changes. One of the key changes was altering the
geometry of the mid-rib hinge such that the constant force spring acted over a longer
moment arm. This ensured the design achieved a greater torque margin.

The RainCube flight model was then first subjected to thermal testing prior to
being integrated with the rest of the instrument. This was because the electromag-
netic (EM) antenna had not undergone thermal testing, and thus it was desired to see
if there were any issues with deployment in thermal vacuum. As two thermal test
were to occur, one with the antenna alone, and one months later with the antenna
integrated into the instrument, the RainCube had the advantage of performing a full
deployment at both the hot and cold ends of the thermal spectrum. For the first test,
a full deployment of the antenna occurred at hot temperature, and then a second
motion of the antenna (where the antenna was driven in reverse for about 0.5′′ and
then the antenna was commanded to deploy again) occurred at cold temperature
(the reverse would be applied on the second test with the instrument). During the
first test, it was discovered the circuit board on the motor controller would over-
heat a temperature of 65 ∘C. Therefore, the deployment temperature was dropped
to 55 ∘C. While the circuit board had a maximum operating temperature of 85 ∘C,
well under the tested environment temperature, operation of the circuit board with-
out convective cooling caused it to overheat. As the spacecraft had plenty of margin
on deployment temperature, it was determined the best approach was to reduce
the range of deployment temperatures on the spacecraft, rather than redesign the
motor controller chassis. After dropping the deployment temperature, the antenna
deployed successfully. The thermal test profile is shown in Figure 3.38 for the
antenna alone and the antenna integrated with the instrument. A photography of
the antenna after thermal cycling is shown in.
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Figure 3.38 Thermal test profile of the antenna alone (a) and then of the antenna
integrated with the instrument (b) enabled testing of the antenna at both hot and cold.

Figure 3.39 Image of deployment in thermal vacuum at 0 ∘C (cold finger and heat
exchanger tube in foreground).

After thermal testing, the antenna was then integrated with the rest of the instru-
ment. The antenna would then be vibe-tested and deployed while attached to the
instrument, as this simulates a more flight-like mounting condition. The vibration
spectrum for the spacecraft was much lower than what the antenna was previously
tested to, as RainCube was being launched as soft cargo to the International Space
Station, which means the spacecraft is essentially launched in a cocoon of bubble
wrap. This results in a 2 GRMS vibrational load (with peak G’s at the shaker head of
6 G’s). As such a low level vibe would be insignificant, it was decided to perform
and standard workmanship vibe at 6.8 GRMS. This was still a low level vibration test
which avoided damage to the hardware, but also provided greater qualification of
the design.

After vibe testing, the antenna was immediately place in thermal vacuum, where it
was deployed at cold (Figure 3.39). While a hot deployment is the condition where
electrical systems are most likely to fail, a cold deployment tests the case where
mechanisms are most likely to seize up or fail. This is due to both coefficient of
thermal expansion changes in the antenna and that the grease used in the bearings
and motor becomes thicker, and more resistant to motion. The antenna showed no
anomalies during vibe. It then was successfully deployed in thermal vacuum at 0 ∘C.
After deploying, a second motion of the antenna was performed at 55 ∘C, where the
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Figure 3.40 Antenna after thermal vacuum testing at both hot and cold. The thermal
vacuum chamber can be seen in the background.

antenna was reversed and then driven through the highest torque portion of deploy-
ment, to ensure the antenna still operated at hot. The deployment in thermal vacuum
after vibration fully flight qualifies this antenna (Figure 3.40).

In conclusion, the mechanical design has overcome its challenges. It has
balanced RF performance with stowed size through careful collaboration between
mechanical and RF engineers, which produced a Cassegrain secondary reflector
and a 30 bi-folding rib design. Precise surface accuracy was achieved through
accurate machining, precision hinge stops, and use of fixtures for assembly. Finally,
adequate deployment force with a low impact was achieved by implementing a
motorized lead screw design. Although the detailed descriptions of these mechani-
cal developments have been discussed in [36], the key deployment processes were
highlighted here for completeness.
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3.2.6 In-Flight Performance

The Raincube CubeSat was released on July 13, 2018 from a NanoRacks deployer
outside the International Space Station. The antenna was successfully deployed in
LEO on July 28, 2018. The deployment of the antenna was witnessed by Tyvac’s
camera (star tracker). Screenshots of the video are shown in Figure 3.41. The image
of the deployed antenna was overlapped with the image of the antenna deployed
in our lab to verify the proper deployment of the ribs, subreflector, and horn. The
antenna and the radar are operating nominally and collect critical science data.
Unfortunately, unlike telecommunication antennas, it is extremely difficult to char-
acterize accurately the antenna gain in orbit.

3.3 Telecommunication Challenge

The bus used for RainCube is developed by Tyvak and it features both a UHF and
an S-Band telecommunication system to relay data to the ground (Figure 3.42).

The UHF telecommunication system was chosen for its high reliability and
proven flight heritage. UHF telecommunication systems have now been used
successfully on many CubeSat missions in LEO, and the Tyvak UHF radio has
already been used for previous missions. The UHF antenna is composed by two
rolled tape antennas folded on one of the 30× 10 side. The end bobbins are used to
facilitate the stowing of the tape and the deployment trigger is a burn wire which
will be activated approximately 45 minutes after the release of the spacecraft from
its canister. The UHF antenna provides an approximately omni-directional pattern
with 0 dBi gain, which allows the spacecraft to be potentially always in contact
with the ground station during any contact without the need for rotating or pointing
the spacecraft. For this reason, the UHF telecommunication is to downlink health
and safety telemetry data and to issue commands to the spacecraft. The data rate
is 19.2 Kbps in both direction, which is achieved with plenty of margin even at
worst case. The ground stations used to support the UHF links are located in
Irvine (California) and in Tromso (Norway). Simulations show that the spacecraft
will be in visibility only with the ground station in Irvine (Figure 3.43) for an
average of seven contacts per day of approximately 6.5 minutes duration. Although
the RainCube spacecraft will not need all these contacts at UHF every day, the
availability of multiple passes ensures the possibility of promptly commanding the
spacecraft if emergency arises. Despite its reliability and high flight heritage, one
of the fundamental limitations of the UHF telecommunication system is the low
data rate which is insufficient to relay the payload data.

The S-Band telecommunication system is used for high data rate downlink only
to enable the highest possible data return for the RainCube radar. The system is
composed of the S-Band Quasonic radio and of an S-Band patch antenna placed
on the 10× 30 side as shown in Figure 3.42. Both radio and antenna have exten-
sive flight heritage on previous CubeSat missions. The ground stations that will
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Figure 3.41 RainCube antenna deployment in low Earth orbit.

be used to receive the S-Band signal are part of the K-Sat network and they are
located in different part of the world. Given the RainCube orbit, the K-Sat sta-
tions currently pre-selected for the missions are located in: Mauritius, Dubai, Harte-
beesthoek, and Singapore. Given that the link analysis predictions show an expected
data rate of approximately 4 Mbps, only two passes per day are needed to relay the
currently predicted data volume. However, a third pass per day is planned for con-
tingency purposes. The coverage analysis (Figure 3.44) shows an average of four
possible contacts per day, which is sufficient to guarantee the three passes planned
coverage.
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Figure 3.42 CAD model of the RainCube spacecraft. All antennas are indicated. The
UHF and S-band antennas are employed for telecommunication. The deployable mesh
reflector is used for the radar.

Figure 3.43 UHF coverage map for RainCube. The two stations considered are
located in Irvine (California), and Tromso (Norway). Given the inclination of the Rain-
Cube orbit, the Irvine station will be the only one used for the UHF links. The circled
area around the Irvine station shows all the possible tracks of the RainCube satellite
across the 6 months of mission operation.
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Figure 3.44 S-Band coverage map for RainCube. The four K-Sat stations considered
are located in Dubai, Mauritius, Singapore, and Hartebeesthoek. Given the inclination
of the RainCube orbit, all the four stations will be able to track the satellite. The circular
areas around each station (1 for Dubai, 2 for Mauritius, 3 for Singapore, and 4 for
Hartebeesthoek) show all the possible tracks of the RainCube satellite across the 6
months of mission operation.

The patch antenna on the CubeSat suffers inevitably from some shadowing due
to the Ka-band parabolic antenna (placed on the bottom of the spacecraft) and to the
solar panels (deployed from the top of the spacecraft). As a result, the only way to
establish link with our ground stations is to rotate the spacecraft before the telecom
pass, to allow visibility between the patch and the ground station.

The rotation angle required to point the CubeSat patch antenna is 70∘ from the
zenith orientation. Attitude control system analysis shows that the actuators on the
spacecraft will rotate the CubeSat back and forth from its zenith position in approx-
imately 10 seconds. The duration of each pass is approximately 8 minutes. Hence,
at the worst-case scenario of three passes per day, the spacecraft will be rotated and
hence unable to perform radar measurements for approximately 25 minutes per day
(1.7% of the time). This solution satisfies the key requirement on the duty cycle of
the radar instrument, which must operate for at least 90% of the time. Hence, this
solution was considered acceptable for the project.

3.4 Conclusion

CubeSats are strong candidates for Earth Science mission and the need for a
high-gain antenna is crucial. This chapter provides a detailed description of a
novel, highly constrained deployable mesh reflector antenna which is believed to
pave the way for the future development of this technology. The proposed antenna
provides a novel solution to the increasing need of Earth Science and Deep Space
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missions aiming to launch small and low cost satellites. It also enables the mission
RainCube, the first radar in a CubeSat.

The 0.5 m Ka-band high gain mesh reflector antenna employs Cassegrainian
optics to accommodate a deployment mechanism that stows the reflector and feed
assembly into a highly constrained 1.5U (10× 10× 15 cm3) volume. It uses only
one deployment step for the feed and subreflector.

The antenna demonstrates excellent performance at 35.75 GHz. A gain of
42.6 dBi and an efficiency of 52% were measured. All the critical aspects of
the design (i.e. mesh effects, struts and blockage effects, feed mismatch and
interactions, etc.) have been thoroughly addressed. Two RF prototype antennas,
namely solid and mesh deployable have been developed and detailed measurements
demonstrated excellent agreements with the simulation results. Two measurements
were performed and the antenna radiation pattern was measured after each deploy-
ment. The antenna performance remains very stable which demonstrates that the
surface accuracy is maintained.

Another 0.5 m Ka-band mesh reflector antenna was developed for Telecommu-
nication operating at the deep space network (DSN) frequency bands [37]. This
antenna version is right-handed circularly polarized and operates at both Tx and Rx
DSN band.

Extensive research effort is on-going to achieve larger deployable antennas using
mesh reflectors (Chapter 5) or reflectarrays (Chapter 4). The science community
also expressed needs for higher frequency deployable concepts (e.g. 94 GHz and
higher) which opens up a new challenge where the deployment accuracy is stringent
and can hardly be fulfilled with mesh reflectors.
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4.1 Introduction

With the recent advances in miniaturized RADAR and CubeSat technologies,
launching multiple copies of a RADAR instrument is now possible. The RainCube
mission, developed at NASA’s Jet Propulsion Laboratory (JPL), launched and
demonstrated successfully the first active radar in a 6U CubeSat [1]. The enabling
technology, the 0.5 m deployable mesh reflector antenna [2], deployed successfully
on-orbit to collect precipitation measurement data from space.

A constellation of precipitation-profiling instruments in Low Earth Orbit (LEO)
would provide spatial-temporal resolution necessary to observe the evolution of
weather phenomena at the appropriate spatial and temporal scale, but the cost and
timeframe of typical satellite platforms and instruments make this solution impos-
sible. This can now be accomplished using 6U or 12U CubeSats. The potential
RainCube follow-on mission will send a constellation of CubeSats to enable con-
stellation mission and revolutionize climate science and weather forecast. The small
volume and mass of CubeSats allows frequent and low-cost access to space through

CubeSat Antenna Design, First Edition. Nacer Chahat.
© 2021 John Wiley & Sons, Inc. Published 2021 by John Wiley & Sons, Inc.
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ride-along launches with other larger manifested spacecraft, as well as single pur-
pose launches where the cost is distributed among many small spacecraft.

An outstanding need associated with small spacecraft is a radio frequency (RF)
aperture that is commensurate with the scale of the overall space system. For
Earth-observing systems, solid optical apertures that fit into small satellites without
deployment are in regular use meeting a range of requirements. Additional research
continues for larger deployed optical apertures [2–5]. RF apertures that will
produce high gain for telecommunication applications, or are needed to produce
narrow beamwidths for Earth science needs, are currently under development. For
apertures that will be larger than the bus dimensions and hence are deployed, both
the deployed precision for the frequency of operation, as well as stowed volume
during launch, are driving parameters. There is an additional system efficiency
that must be considered, since growing the aperture too large results in pointing,
thermal, and other issues that make the small spacecraft impractical from cost and
spacecraft system accommodation standpoints.

One approach for an RF deployed aperture is a reflectarray antenna where the
panels are held against the side of the spacecraft bus during launch and deployed
in a hinged system on-orbit. The flat, two-dimensional reflectarray antenna geom-
etry negates the additional volume needed for deployed parabolic or other conic
three-dimensional surfaces of the traditional aperture antenna. The reflectarray pan-
els can be fabricated to meet on-orbit thermal demands and launch dynamic require-
ments, providing the necessary deployed precision when coupled with appropriate
hinges connecting the panels. A release mechanism allows the panels to deploy on
orbit. A first application of this approach integrated solar panels with the reflectar-
ray antenna (ISARA, Integrated Solar Array and Reflectarray Antenna) operating
at Ka-band, combining the two functions and resulting in small additional mass and
volume increase over the solar panels themselves [5]. This flight system has been
built and tested on the ground and was launched and validated on orbit. This work
was extended to an X-band telecommunication system using a reflectarray deployed
from a 6U CubeSat jointly launched with the NASA InSIGHT Mars lander mission
and provided auxiliary telecommunications during the entry descent and landing
portion of that mission [4]. Mars Cube One (MarCO) X-band reflectarray provided
real-time relay of telemetry from InSight during landing, avoiding hours of delay of
the signal that confirmed that the spacecraft had landed successfully. The success of
MarCO bodes well for future planetary small satellites of increasing sophistication
and for future use of deployable reflectarray antennas in such missions.

The current work presented in this chapter extends the size of the reflectarray
to what is considered practical for a 6U CubeSat space system, stacking panels on
three faces of the spacecraft bus (i.e. ±x faces and +z face) and employing a unique
telescoping feed from the center of the bus [6]. This feed follows and extends work
in the Raincube parabolic mesh antenna system to feed the reflectarray [2, 3]. The
stowed feed and system of panels removes about 2U of volume within the spacecraft
bus, allowing 4U of volume for bus systems and instruments. An accommodation
study has shown that the Raincube instrument will fit in a 6U CubeSat with the
proposed antenna. The antenna is shown in folded and deployed state in Figure 4.1.
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(a) (b)

Figure 4.1 One-meter deployable reflectarray antenna compatible with 6U-class
CubeSats. (a) Folded. (b) Deployed.

4.2 Reflectarray Antennas

4.2.1 Introductions to Reflectarray

A reflectarray is an antenna consisting of either a flat or curved reflecting surface
and a feed ideally located at its focal point. The reflecting surface can use vari-
ous radiating elements (e.g. square patches, rectangle patches, dipoles, open ended
waveguides, etc.). This surface is illuminated by a feed – either directly or using a
subreflector – with the reflectarray elements designed to reradiate and scatter the
incident field with the desired electrical phases to form a planar phase front in
the far-field. They are sometimes called “flat reflectors” because just like parabolic
reflectors, it forms a planar phase front when the feed is placed at its focal point.

4.2.2 Advantages of Reflectarray

Reflectarrays can achieve good efficiency (i.e. >50%) for a very large aperture
because as opposed to patch array, they do not require power divider. The effi-
ciency of a reflectarray is driven by multiple factors: element design (type and
dielectric properties), the focal-length-to-diameter (f/D) ratio, edge taper, feed loss,
etc. Another advantage of reflectarray is that they can have its main beam designed
to tilt at an angle from its broadside direction. In addition, when a spacecraft antenna
requires a deployment mechanism, the flat structure of reflectarray enables to fold
more efficiently, reliably, and simply. The ability of reflectarray to fold in a very
constrained volume is very attractive for small satellite platforms.
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Solar arrays can also be combined with solar arrays on the non-reflective side
of the array [7]. Reflectarrays can cover multiple frequencies [8, 9] and they can
potentially entirely be made of metal [10–12].

4.2.3 Drawbacks of Reflectarray

The key drawback of reflectarrays, generally, is the narrow bandwidth (i.e. <10%)
that it is driven by its aperture size, focal length, element design, etc. The bandwidth
of the reflectarray is limited by the bandwidth of the element itself and the differen-
tial spatial phase delay. Two well-known methods can be implemented to improve
the bandwith: (1) increase the f/D and (2) use a concavely curved reflectarray with
piecewise flat surfaces instead of a completely flat surface. While increasing the
f/D is not always trivial in a deployable antenna, using a concavely curved reflec-
tarray could easily be implemented in specific cases like ISARA or MarCO. The
bandwidth can be also improved by creating elements with a broader bandwidth.
Also, though the antenna operation is limited to the center frequency of the element,
multi-frequency elements can be used to create multi-bandwidth antenna systems.

4.2.4 State of the Art

Extensive work on deployable reflectarray was initiated by Dr. John Huang at JPL
in the 1990s. His book entitled “Reflectarray Antennas” [8] is still a reference and
his work was avant-garde at the time. He proposed different concept of deployable
membrane reflectarray antennas [8, 9] (Figure 4.2). He also introduced the con-
cept of deployable reflectarray with integrated solar arrays in [7] which was then
implemented on the ISARA.

To the best of our knowledge, the first reflectarray ever flown in space is the
three-panel deployable reflectarray operating at 26 GHz and integrated in a 3U-class
CubeSat: ISARA (see Figure 4.3). ISARA was launched in December 2017 and
was successful deployed and tested in space as witnessed by the photography taken
in LEO (Figure 4.3). ISARA is a 33 cm× 27 cm antenna demonstrating a gain of
33 dBic and an efficiency of roughly 26% at 26 GHz. While the efficiency of this
antenna can appear to be very low, solutions exist to improve its efficiency. First,
reducing the large gaps between the panels would improve the gain, efficiency, and
side lobe levels. Another solution to improve its efficiency would be using a more
efficient feed, such as a 2x2 linearly-polarized metal-only slot array, combined
with the use of a reflectarray which converts an incident linearly-polarized wave
into a reflective circularly-polarized wave.

The MarCO spacecraft (see Chapter 2) employs a 33.5 cm× 58.7 cm deployable
reflectarray. Despite stowing in a stringent volume of 12.5 cm× 21 cm× 34.5 cm,
this transmit-only antenna achieves a gain of 29 dBic at X-band. New hinges were
specifically designed by JPL to reduce the gaps between panels. This improves the
overall antenna performance. As a result, the aperture efficiency achieved by MarCO
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(a) (b)

(c) (d)

Figure 4.2 (a) 1 m X-band pressure stabilized reflectarray [9]. (b) 3 m Ka-band pres-
sure stabilized reflectarray [9]. (c) 3 m Ka-band inflatable reflectarray [8]. (d) 3 m
dual-frequency membrane antenna [8]. Courtesy of NASA’s JPL/California Institute of
Technology.

is about 42%. A picture of the antenna is shown in the lab during integration and
testing at JPL and is also shown successfully deployed in space (Figure 4.4).

In addition, the Surface Water Ocean Topography (SWOT) mission is employing
two deployable 5 m× 0.5 m reflectarray antennas operating for his radar interferom-
eter operating at 35.75 GHz. This spacecraft is currently under development and is
scheduled for launch in 2021. The large deployable antenna is shown in Figure 4.5.

4.3 OMERA

4.3.1 Antenna Description

In order to achieve a wider bandwidth and higher efficiency, a large f/D ratio is gen-
erally needed for reflectarrays. A large f/D implies that the focal feed has to project
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(a) (b)

Figure 4.3 (a) ISARA 3U CubeSat with its three-panel reflectarray antenna fully
deployed during integration and testing. (b) Photography of the ISARA antenna taken in
Low Earth Orbit becoming the first reflectarray ever flown in space. Courtesy of NASA’s
JPL/California Institute of Technology.

(a) (b)

Figure 4.4 (a) MarCO reflectarray antenna deployed during integration and testing.
(b) MarCO reflectarray deployed in space on its way to Mars. Courtesy of NASA’s
JPL/California Institute of Technology.

far from the array aperture, which results in a complex deployment and larger mass.
The proposed Cassegrain configuration, shown in Figure 4.1, will reduce the feed
and subreflector height while maintaining the same or a higher effective f/D ratio.

In addition, the transmission loss between the feed and the transceiver is sig-
nificantly reduced, which is especially important at higher frequencies, such as
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Figure 4.5 Radiation pattern measurement of SWOT’s engineering model reflectarray
antenna. Courtesy of NASA’s JPL/California Institute of Technology.

Table 4.1 Reflectarray requirements.

Frequency 35.75 GHz
Number of elements 271× 238
Unit cell 3.86× 3.86 mm2

Reflectarray dimensions 922.5× 1049.2 mm2

Substrate thickness 0.406 mm
Relative permittivity (𝜀r) 3.55
Loss tangent (tan𝛿) 0.0027
Focal distance (F) 0.7 m
Subreflector vertex distance 0.095 m
Subreflector foci distance 0.22 m
Subreflector dimensions 95.0× 124.0 mm2

Ka-band. To mitigate these loss, coaxial cables are obviously not an efficient option.
Hence, three telescoping waveguides are employed to maximize the antenna effi-
ciency. The concept of telescoping waveguide was successfully introduced in [2].
This is however, the first time multiple telescoping waveguides are employed. In the
proposed design, the circular waveguides are moving relative to each other, whereas
in the previous design the horn moved relative to the fixed waveguide [2].

The reflectarray antenna operates at 35.75 GHz. The overall dimensions are
986× 821 mm2, which consists of 345× 287 elements. The focal distance equals to
0.7 m. The geometrical parameters are summarized in Table 4.1. The subreflector
vertex and foci distance equal 0.095 m and 0.22 m, respectively. The subreflector
dimensions were selected to maximize the antenna efficiency while fitting inside the
CubeSat stowage volume. The subreflector rim dimensions are 95× 124 mm2. It is
important to highlight that the subreflector can easily be replaced by a reflectarray.
Using a flat subreflector could reduce the overall mass of the antenna if needed.

The feed design is described in the next section. The maximum possible direc-
tivity Dmax = (𝜋⋅D/𝜆)2 of the reflectarray is 45.45 dBi at 35.75 GHz.
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Table 4.2 Telescoping waveguide dimensions.

Waveguide no.
Inner dimension

(mm)
Outer dimension

(mm)

3 9.35 10.15
2 7.85 8.65
1 6.35 7.15

4.3.2 Deployable Feed

The telescoping feed consists of a multiflare-angle horn and three telescoping
waveguides with increasing inner diameter. When stowed, the telescoping waveg-
uides fit inside the horn. The bottom waveguide Wg1 (Figure 4.6), with the smallest
diameter, remains fixed in the CubeSat. The two other waveguides, the feed horn,
and the subreflector slide upwards using two lenticular tapes. The lenticular tapes
are controlled by a set of encoders, which provide feedback to the driving motor.
To further improve the feed deployment accuracy six quartz cables are employed.
A cable hexapod is created using the six cables to precisely locate the secondary
reflector.

Figure 4.7 illustrates how the ends of the tapes are bonded to the base of the col-
lar. The upper portion of the collar is bonded to three subreflector struts. The top of
the subreflector struts are bonded to the subreflector, providing a rigid connection
between the upper collar (which also locates the horn) and the subreflector. The
upper and lower collar are joined by a compression spring, which provides com-
pliance in the joint. This allows the bottom half of the subreflector collar to just
provide an upward force, and can be located less accurately, whereas the position of
the upper half will be precisely controlled by the cables attached to the subreflector.
This design also makes the architecture resistant to coefficient of thermal expansion
(CTE) dimensional changes in the tapes.

The subreflector and feed deploy to within 0.2 mm on the z-axis and 0.2 mm on
the x- and y-axis of its ideal position. The dimensions of each waveguide are sum-
marized in Table 4.2. A compression spring is employed within the walls of the
waveguide, to precisely locate the waveguides position. The feed deploys after the
panel deployment is completed as shown in Figure 4.8.

The feed horn is shown when folded and fully deployed in Figure 4.6. The
detailed dimensions of the feed horn are shown in Figure 4.9. The feed horn
was optimized using our in-house code as described in [13]. The calculated and
measured reflection coefficient of the feed horn with its three waveguides is shown
in Figure 4.10. The calculated and measured results are in good agreement. The
telescoping feed is measured in the cylindrical near-field anechoic chamber of
NASA’s JPL. The calculated and measured radiation patterns in E- and H-plane
are shown in Figure 4.11 for the feed horn and its telescoping waveguides. The
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Sub-reflector

Struts

Collar

Horn

Waveguide/horn

threaded insert

Waveguide part 3

Secondary reflector assembly

Quartz cables set position

Tapes drive deployment

Deployable guide structure

Deployment driving mechanism

(purchase from Tendeg)

Waveguide part 2

Waveguide part 1

Base plate

(a)

(b)

Figure 4.6 Feed horn with its three telescoping waveguides in (a) folded configura-
tion and (b) deployed configuration.

calculated and measured gain and directivity are summarized in Table 4.3 and they
are in excellent agreement.

4.3.3 Reflectarray Design

The proposed antenna uses as a unit cell a variable size square patch microstrip
element. The required phase of each element is determined using the reflectarray
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Bottom collarTapes bonded in

bottom collar

Spring for compliance

Strut bonding slot

Top collar

Figure 4.7 Feed horn mechanical features for an accurate deployment in x-, y-, and
z-axis.

Figure 4.8 Feed deployment occurring after the panel deployment.
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Figure 4.9 Feed horn geometry and dimensions in mm.

design equation:
𝜑i − k0(Ri + ri • r̂o) = 2πN (4.1)

where 𝜑i is the required transmission-line phase delay of the ith element, Ri is the
distance from the focal point to the ith array element, ri is a vector from the center
of the array to the ith array element, r̂o is a unit vector in the main beam direction,
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Figure 4.10 Calculated and measured reflection coefficient of the feed-horn alone
(including the telescoping waveguides and transition).

Table 4.3 Deployable feed horn calculated and measured
directivity and gain.

Directivity (dBi) Gain (dBi)

Calculated 20.82 20.52
Measured 20.95± 0.2 20.40± 0.2

and k0 is the free space wavelength. The required phase delay distribution of the
proposed reflectarray is shown in Figure 4.12.

Since the f/D ratio is small, the angle of incidence needs to be considered to
maximize the antenna efficiency [14]. The central element directly below the feed
has an incidence angle of 0∘, whereas those elements at the edges of the reflectarray
have larger angles of up to 45∘ (see Figure 4.12). The angles for the other elements
have values between these extremes.

The theoretical reflectarray design assumes a planar surface of metal patches
attached to a known substrate. In practice, gain reductions due to an imperfect reflec-
tarray surface, are due to a lack of planarity in the individual panels making up the
array, gaps between the panels and imperfections in the connecting hinges that do
not allow the panels to be perfectly aligned over the deployed area.
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Figure 4.11 Telescoping feed horn radiation pattern at 35.75 GHz at (a) 𝜙 = 0∘ and
(b) 𝜙 = 90∘.
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Figure 4.12 (a) Required wrapped phase delay of all elements of the proposed reflec-
tarray. (b) Angle of incidence of all elements of the proposed reflectarray.

The reflectarray patch spacing is set to 3.86 mm, i.e. 0.46 wavelengths. The 16
reflectarray panels consists of two 0.813 mm-thick Rogers RO4003C (𝜀r = 3.55
and tan𝛿 = 0.0027), printed with the reflectarray patches on one side, co-cured
with a central core of graphite composite. The central layer is a 0.589 mm-thick
STABLCOR layer providing the required flatness over temperature. The cross
section of the reflectarray panels is illustrated in Figure 4.13. The maximum
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Figure 4.13 Reflectarray panel layout.

Figure 4.14 Deployable reflectarray antenna panel layout. Cutouts and gaps in the
reflectarray are included. The hinges are not included.

out-of-plane deviation of an individual panel was measured to be within 0.4 mm.
Most of the non-flatness was concentrated in 4 panels; the other 12 panels flatness
within 0.25 mm. The symmetrical panel with a thickness of 2.08 mm results in a
very high structural rigidity. The two Rogers RO4003C layers are printed with the
reflectarray patches on the opposite side of each other to provide structural rigidity
over larger temperature range (symmetry reduces large temperature gradients).

The reflectarray antenna and its 16 panels are shown in Figure 4.14. The deploy-
able reflectarray consists of twelve 20.1 cm× 34.8 cm panels (top and bottom panels
in Figure 4.14). Six of them are folded on each side of a 6U CubeSat large side
(∼360× 220 mm2). They are all roughly separated by 0.254 mm gaps, which is
negligible compared to the unit cell size. The two remaining panels fold on top of
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Figure 4.15 (a) Deployment angle definition employed to perform a detailed mis-
alignment analysis. (b) CAD model of exaggerated deployment errors.

the fixed panel on the bus and deploys thanks to two spring loaded hinges. Custom
hinges are specifically designed and developed for this mission to meet the deploy-
ment accuracy required at Ka-band and to minimize the gap between each panel.

There are gaps and cutouts in the reflectarray design as can be seen in
Figure 4.14. The cutouts are there to accommodate the hinge volume, in stowed
position, required to meet the deployment accuracy. The gaps are accommodating
the CubeSat bus. These gaps and cutouts results in a gain loss of 0.15 dB. The
reflectarray is modelled using TICRA’s QUPES software [15] and all the gaps and
cutouts are all included in our QUPES model (see Figure 4.14).

4.3.4 Deployment Accuracy

A very thorough analysis was performed to derive the deployment accuracy required
to maintain satisfactory performance. To do so, five angles were defined as shown
in Figure 4.15. The dependency between angles is also considered. For instance,
if 𝜃2 is not null, which means it was not properly deployed, it will impact the 12
large panel deployment. The calculated deployment angle accuracy is summarized
in Table 4.4. These numbers were used as the basis for designing our custom hinges.
Assuming the deployment accuracy reported in Table 4.4 and perfectly flat panels,
the predicted gain loss is about 0.33 dB.

Development of new hinges was required to meet the deployment accuracy of
the reflectarray panels. The middle hinge of the three hinges that comprise a single
hinge line has an adjustable end-stop that sets its deployed position. This end-stop
comprises a fine-thread ball-end set screw that rests against a flat surface in the
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Table 4.4 Required and achieved deployment accuracy.

Angle Requirement (∘) Measured (∘)

𝜃1 ±0.04 ±0.03
𝜃2 ±0.04 ±0.096
𝜃3 ±0.04 ±0.009
𝜃4 ±0.04 ±0.012
𝜃5 ±0.10 ±0.006

deployed configuration. By adjusting the position of this set screw, the deployed
angle of the hinge can be adjusted in fine increments. This adjustability relaxes the
requirements on the accuracy of the assembly process; the deployed hinge angle
can be measured after assembly, and adjusted to meet the deployed hinge angle
requirement. This allows the deployed planarity of the array to be limited not by the
assembly process (as it was with previous hinge design), but by our ability to mea-
sure and adjust the hinge angle. Additionally, if the ball-end set screw and the flat
surface against which the set screw rests are made of similarly hard materials, this
design also achieves better deployment repeatability than existing hinge designs.

The new one-sided hinges allow the panels to fold such that when folded, the gap
between the panels can be arbitrarily small. This allows us to fold the panels with
little wasted volume in the packaged configuration. In other words, the packaging
efficiency is much higher than previously possible, by a factor of about 2. This is
critical to fit in a 6U-class CubeSat.

Besides, the hinge attachment to the panel is innovative (Figure 4.16). Instead of
using a double-sided hinge (which is what was used on MarCO) in which the panel
is affixed using an epoxy adhesive (which not only increases the stowed volume
but also allows for the panel position to shift within the hinge due to viscoelastic
effects), we use a combination of alignment pins, metal bolts, low-profile threaded
inserts, and an epoxy adhesive to attach the hinges to the panels. The alignment pins
ensure good alignment between the hinge and the panel that does not drift over time,
the bolts and inserts provide tensile stiffness and strength, and the epoxy adhesive
distributes loads over the footprint of the hinge and avoids stress concentrations.
The folding pattern avoids panel interference during deployment, and ensures that
the panels do not jam against each other or against the spacecraft bus during deploy-
ment. Additionally, it facilitates the hinge and panel assembly process, since all of
the hinges are attached to the same side of the panels.

Figure 4.16a shows two adjacent panels (1) and (4), fully unfolded. Figure 4.16b
shows the panels in a partially unfolded state. Figure 4.16c shows the panels fully
folded. One leaf (2) is fixed to one panel (1), and the other leaf (3) is fixed to
the other panel (4). The two leafs are interconnected using a hinge pin (5); this
interconnection allows the leafs to rotate about this hinge pin. One or more springs
can provide stiffness and an unfolding force.
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Figure 4.16 Custom made hinges with adjustability features. The adjustable end-stop
comprises a fine-thread ball-end set screw that rests against a flat surface in the
deployed configuration allowing to adjust the deployment angle within few hundredths
of a degree.
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1 2 3 4 5 6

Figure 4.17 Six-panel deployment with an offloading mechanism to simulate weight-
less condition.

When fully unfolded, a ball (6) presses against a flat end stop (7), thereby dictating
the final unfolded angle between the panels. The location of the ball with respect
to the leaf (3) can be adjusted by turning a fine-thread set screw (7). The ball is
attached to the end of the fine-thread set screw in a manner that allows the ball to
freely roll, like a ball-point pen. Changing the location of the ball with respect to
the leaf (3) allows for fine control of the final unfolded angle between the panels
and allows for the correction of any manufacturing or assembly errors.

The leafs are attached to the panels using three parallel methods. For instance,
the leaf (2) is attached to the panel (1) using an alignment pin (8), an externally
threaded bolt (9) that threads into an insert (10), and an epoxy adhesive between the
leaf and the panel. The insert has a flange that catches a counterbore on the panel,
thus providing strength in tension and peel. The alignment pin precisely locates the
leaf with respect to the panel.

A first set of tests was performed to demonstrate the adjustability and the
deployment repeatability using two panels only. A faro arm with a laser scan head
is used to measure the deployment angle. A deployment accuracy of ±0.05∘ was
observed with 158 deployments. In addition, deployment accuracy was tested on
one side of the CubeSat (i.e. six panels). The deployment accuracy achieved using
the custom-made hinges is well within the requirement as shown in Table 4.4.

The deployment of the antenna will be sequential. First, using a burn wire release
mechanism, the two sets of six panels are deployed. Then, the two single panels
are deployed using a second burn wire. Finally, the feed deployment occurs. The
deployment of one set of the six-panels is shown in Figure 4.17. An offloading
mechanism is employed to reproduce the zero gravity conditions.

4.3.5 Effect of Struts

Three stainless steel struts are employed to maintain a good alignment of the
subreflector (i.e. ±0.2 mm in z-axis and ±0.1 mm in x- and y-axis). This affects
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the peak gain, the cross-polarization and the sidelobe levels. The three rectangular
cross-section struts are 1.0 mm thick and 4.0 mm deep. The struts result in an
overall increase in sidelobe level (∼3 dB), reduce the peak gain (∼0.3 dB at
35.75 GHz). The struts were located and designed to ensure the panels can fit on
either side of the S/C; this enables a compact 6U-class antenna design.

4.3.6 Predicted Gain and Efficiency

The feed horn, combined with the three struts, the subreflector, and three telescoping
waveguides, is modeled as a method of moment (MoM)/multilevel fast multipole
method (MLFMM) object using ESTEAM within the TICRA Tools framework
[15]. A waveguide port is employed to excite the MoM/MLFMM object. The horn
and telescoping waveguides are defined as one object using two piecewise linear
body of revolution objects, one for the interior and one for the exterior. These two
objects are combined in a scatterer cluster and define the horn geometry. A scatterer
cluster including the feed horn and waveguides, the three struts and the subrefector,
is created and used as a MoM/MLFMM object.

Scattering by the reflectarray elements are determined using the Spectral Domain
Method of Moment in QUPES [15], in which the local periodicity approach is
adopted. This means that each array element is analyzed assuming that the indi-
vidual element is located in an infinite array of identical elements. The advantage
of local periodicity approach is that the problem is restricted to a single periodic
unit-cell, thus reducing the complexity of the problem and allowing the analysis
of electrically large reflectarrays in a reduced amount of computation time and a
reduced amount of memory as opposed to using MoM/MLFMM. Each array ele-
ment is assumed to be illuminated by a locally plane wave and the direction of
propagation of this incident field is assumed to be the direction of the Poyting’s
vector at the field point. Once the current is calculated on the reflectarray, the far
field radiation pattern can be determined by integrating the currents.

The loss contributions are summarized in Table 4.5. The deployable reflectarray is
expected to achieve a gain of 47.4 dBi, which translates into a 32% efficiency. Please
note this surface accuracy can be improved by refining the bonding process of the
hinges and by controlling the surface flatness of all panels. This would increase the
gain by 0.6 dB and efficiency to 37%. The gain loss was calculated by including the
measured surface of all panels.

It was shown in [16] that an increase of 0.5 dB can be achieved using a Jerusalem
cross with an open loop element instead of square patches. Square patches are easy
to implement, but are not known for providing the optimal performance due to a
phase range that is usually is limited to <360∘. However, this comes at the cost of
increasing the thickness of the substrate (i.e. from 0.406 to 0.762 mm).

The spillover and taper loss are non-ideal for a cassegrain antenna and this is due
to the packaging constraints: the subreflector dimensions are limited by the bus size.
However, one could improve spillover and taper loss by shaping the subreflector. For
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Table 4.5 Gain table at 35.75 GHz.

Gain (dBi) Loss (dB)

Ideal directivity 52.37 —
Spillover 51.46 0.91
Taper 49.95 1.51
Blockage 49.67 0.28
Struts 49.37 0.3
Gap loss 49.22 0.15
Patch dielectric/conductivity loss 48.97 0.25
Surface accuracya 47.77 1.2
Feed loss/telescoping waveguide/transition 47.47 0.3
Feed mismatch (RL = 17 dB) 47.38 0.09
Overall performance 47.38 4.99

aThe surface accuracy was adjusted with the measured surface dataset and indicates gain
reduction due to the surface not being perfectly planar.

the flight unit, these improvements will be applied: (1) better surface flatness, (2)
shaping of the subreflector, and (3) new reflectarray unit cell if it fits within the
allocated volume.

4.3.7 Prototype and Measurements

A first fully deployable and operational prototype was fabricated (Figure 4.18). The
antenna was folded and deployed a first time to align the panels. The hinges were
adjusted to obtain the best surface accuracy. It was observed that the bowing of the
panels was causing further deformation after bonding the hinges. Indeed, as can be

Figure 4.18 Photography of the prototype tested in JPL’s near field planar range.
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Figure 4.19 The final adjusted reflectarray surface profile. The units on the color bar
are in millimeters.

seen in Figure 4.19, the out-of-plane deviation on the left side came out much better
(0.98 mm) than the right side (1.59 mm). Note these are peak values that exist over
small portions of the array as shown in Figure 4.19. As the panel flatness on the left
side was originally better, the surface accuracy on the left side came up better than
the right side. The surface flatness can be improved using a better bonding process
of the hinges and by controlling the surface flatness of all panels. Improving the
surface accuracy would limit the gain loss due to the panels not being perfectly
planar and the hinges not being perfectly aligned.

The QUPES model is updated with the actual surface of each panels. The surface
was measured with a faro arm and included in the model using tabulated surface for
each reflectarray panels. The measured and calculated radiation pattern is shown in
Figure 4.20. The measured gain equals to 47.1 dBic.
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Figure 4.20 Measured and calculated radiation pattern of the one-meter reflectarray
deployable prototype. (a) 𝜑 = 0∘. (b) 𝜑 = 90∘.
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4.4 Conclusion

The need for a high gain antenna for CubeSats is of uppermost importance to push
the limit of their capabilities for telecommunication and radar. This chapter provides
a detailed description of a novel, deployable reflectarray antenna which is currently
the largest Ka-band antenna for 6U-class CubeSats.

The Ka-band high gain reflectarray antenna employs Cassegrainian optics to
accommodate a deployment mechanism that stows the reflectarray panels and
feed assembly allowing accommodation into a very compact space. Despite
these mechanical constraints, the antenna demonstrates acceptable performance
at 35.75 GHz: a gain of 47.4 dBi and an efficiency of 32%. This is in line with
previously reported Ka-band reflectarray such as ISARA (i.e. 26% at 26 GHz).

All the critical aspects of the design, namely, reflectarray panels, struts and block-
age effects, feed mismatch and interactions, etc., have been thoroughly addressed.
The RF prototype has been developed and detailed measurements demonstrated
good agreements with the simulation results. “Solutions to improve the performance
of the design have been introduced and will be implemented for the flight model.”
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5.1 Introduction

In the past few years, interest for CubeSats carrying science experiments in Low
Earth Orbit (LEO) and Deep Space has exploded. The National Aeronautics and
Space Administration (NASA), in particular, has launched multiple pioneering mis-
sions such as Mars Cube One (MarCO) [1] and Radar in a CubeSat (RainCube)
[2, 3], which were enabled by innovative deployable antennas.

MarCO, had two twin 6U CubeSats on their way to Mars. They were the first
CubeSats to travel into deep space and they carried a deployable X-band reflectarray
designed to enable 8 kbps bent pipe relay communication from the Insight space-
craft at Mars (∼1 AU) during the critical Entry Descent and Landing of Insight. The
success of this pair of cubesats achieved in relaying telemetry Insight demonstrates
that such spacecraft can play key roles in future deep space missions.

The RainCube mission, deployed successfully in LEO, a 0.5-m mesh reflector
from a 6U CubeSat to measure rain and snow precipitation [3]. A clear witness
of CubeSat capabilities is the science data collected by Raincube and Tempest-D
on September 28, 2018 while overflying Typhoon Trami less than 5 minutes apart

CubeSat Antenna Design, First Edition. Nacer Chahat.
© 2021 John Wiley & Sons, Inc. Published 2021 by John Wiley & Sons, Inc.
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Figure 5.1 RainCube nadir Ka-band reflectivity shown overlaid on TEMPEST-D
165 GHz brightness temperature illustrating complementary nature of these sensors in
constellation for observing precipitation. Courtesy of Dr. Shannon Brown, JPL/Caltech.

(see Figure 5.1). Raincube is an active radar measuring reflectivity and Tempest-D
is a passive mm-wave radiometer. While this success was quietly advertised, it is
worthy of higher accolades, paving the way for radar in CubeSats. In a constellation,
these CubeSats will achieve unprecedented temporal resolution required to observe
weather phenomena at short time-scale.

To further improve the capabilities of CubeSats for interplanetary missions, there
is a critical need for larger radio frequency (RF) aperture. Research continues on
larger deployed antenna apertures for CubeSat and SmallSat [3–5] that will produce
high gain for telecommunications applications, or narrow beamwidths for Earth sci-
ence needs. For deployable antennas, the deployed structure precision is critical for
antenna mainbeam and sidelobe performance. The undeployed antenna stowed vol-
ume is critical for launch accommodations.

One approach for an RF deployed aperture is a reflectarray antenna where the
panels are held against the side of the spacecraft bus during launch and deployed
via a hinged system on-orbit. The flat, two-dimensional reflectarray antenna geom-
etry minimizes the stowed volume especially when compared to parabolic or other
conic three-dimensional surfaces of traditional aperture antennas. The reflectarray
panels and hinge deployment mechanims can be fabricated to retain high physi-
cal integrity and fidelity in the presence of launch dynamics and on-orbit thermal
variations. A first application of this approach integrated solar panels with the reflec-
tarray antenna (ISARA, Integrated Solar Array & Reflectarray Antenna) operating
at Ka-band, combining the two functions and resulting in small additional mass and
volume increase over the solar panels themselves [5]. This design was extended
to an X-band telecommunication system on MarCO using a reflectarray deployed
from a 6U CubeSat launched with the NASA InSIGHT Mars lander mission to
provide near-real-time bent-pipe relay during the entry descent and landing portion
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(a) (b) (c)

Figure 5.2 Evolution of CubeSat reflectarray antennas. (a) ISARA [5]. (b) MarCO [1].
(c) OMERA [6].

of that mission. Most recently, a larger one-meter Ka-band reflectarray antenna was
developed and demonstrated on a 6U-class CubeSat employing 15 deployable pan-
els [6]. The evolution of reflectarray deployable CubeSat antennas is illustrated in
Figure 5.2. Although ISARA and MarCO are transmit-only antennas, reflectarray
antennas can provide dual frequency operation using a dual frequency feed (e.g. slot
array) combined with a broadband reflectarray unit cell. However, since the margin
is much larger for uplink, there is no need for dual-band reflectarray for deep space
communication. Commands are received through a low gain antenna. One drawback
of reflectarrays is the difficulty of covering multiple frequency bands as opposed to
mesh reflectors.

The European Space Agency is currently developing a 12U CubeSat, M-Argo, a
standalone deep space CubeSat to rendezvous with a small <100 m diameter aster-
oid to characterize its physical properties [7]. M-Argo uses a deployable reflectarray
which demonstrates that reflectarrays are establishing themselves as a standard for
interplanetary CubeSat missions (Figure 5.3).

Figure 5.3 ESA’s 12U CubeSat M-Argo using a deployable reflectarray antenna [7].
Courtesy of European Space Agency.
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Another approach are deployable mesh reflectors flown in multiple NASA mis-
sions such as the Tracking and Data Relay Satellite System (TDRSS), Gallileo [8],
Soil Moisture Active Passive (SMAP) [9], and Raincube [3]. On CubeSat platforms,
a 0.5-m Cassegrain mesh reflector was demonstrated for the Raincube radar [3] and
for telecommunication compatible with the Deep Space Network (DSN) frequency
bands at Ka-band [4] (see Chapter 3).

The antenna presented in this chapter extends the telecommunication capabilities
of CubeSats with a one-meter offset-fed mesh reflector compatible with 12U-class
CubeSats. The antenna stows in a 3U volume. This antenna can either be used
at X-band, Ka-band, or both. The deployable antenna is a commercially available
mesh reflector invented and commercialized by Tendeg LLC [10]. This reflector was
previously used for a Ka-band radar instrument [11] and is now considered for mul-
tiple potential applications by multiple agencies including commercial Synthetic
Aperture Radar (SAR). This broad interest is explained by the ability to reuse this
reflector at different frequency bands and to scale the reflector up to 3 meter. The
antenna presented in this chapter is extending the telecommunication capabilities
of CubeSats for interplanetary exploration where a large diameter deployable mesh
reflector fits in very constrained stowage volume. Mission concepts such as Mars
NanoOrbiter [12] (Figure 5.4), could directly benefit from this technology achieving
20 times higher data rate at X-band for the same RF output power.

Patch antenna
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Figure 5.4 Mars NanoOrbiter concept. Source: From Ehlmann et al. [12]. © 2018
Lunar and Planetary Institute.
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5.2 Mechanical Design

5.2.1 Trade Studies

5.2.1.1 Design Goals

The mesh reflector used in this chapter is a Tendeg patented technology [10] funded
by NASA Earth Science Technology Office (ESTO) under an Advanced Component
Technology (ACT) program. The mesh reflector was developed to meet the follow-
ing requirements. The antenna should be able to operate at frequencies as high as
Ka-band for radar or telecommunication. For telecommunication, the targeted aper-
ture size is about 1 m, but there is a need for greater aperture size for radar. As a
result, the reflector should be scalable to meet larger aperture size than 1 m (i.e.
ideally 3 m).

As this antenna will be used on a 12U CubeSat (20× 20× 30 cm), the stowage
volume is limited to approximately 3U (10× 10× 30 cm). This volume includes
a statically mounted feed. An offset fed reflector is preferred with a target
ratio between the focal length and the diameter (f/D) ranging between 0.65 and
0.75.

The surface accuracy of the reflector should be under 0.3 mm RMS. Surface
reflective loss shall be less than 0.3 dB (exclusive of RMS) at Ka-band and this
will drive the selection of the mesh opening per inch (OPI).

5.2.1.2 Rigid

Many architectures were considered and some were quickly ruled out. Rigid reflec-
tors have the advantage of high precision surface manufacture either through form-
ing or reinforced carbon fiber matrix layups. The challenge is that these rigid sur-
faces have to be segmented and folded or furled in some manner to fit within the
3U volume. At an f/D of 0.7 the major axis of the reflecting surface is about 108 cm
and the circumference is over 300 cm. This would require dozens of segments that
would then have to be linked or hinged in some manner that could be precisely
deployed. This is not feasible and becomes even more challenging when scaled to
larger apertures.

5.2.1.3 Elastic Composite

Elastic composites help simplify the challenge of folding rigid segments by allow-
ing the surface and segments to flex, fold, or furl. Elastic composites are advancing
rapidly and current state of the art laminates can withstand 2% strain limits. Even at
cured thicknesses of 0.25 mm the bend radii must be greater than 6 mm. This does
not allow full aperture folding like a coffee filter to fit within the 10× 10 cm foot-
print. If the surface is segmented and furled then recovery of the free edges becomes
critical to the surface accuracy. Creep from long term storage is another issue and
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the surface segments end up thin which makes them susceptible to distortions
from temperatures and gradients. Elastic composites show promise but at this time
making a precision Ka-band surface with this level of packaging does not seem
feasible.

5.2.1.4 Mesh

Reflecting surfaces made from knitted mesh have extensive space heritage dating
back to the 1960s. The heritage material is gold plated molybdenum wire, approxi-
mately 25 micrometer diameter. By changing the needle density, guide bar settings
and runner settings the density of the mesh can be modified in both the warp and
weft directions. This allows mesh that is tuned for specific operating frequencies
and the in-plane stiffness can be modified as well. The mesh needs to be tensioned
to provide good loop to loop conductivity and to pull out any folding or creas-
ing effects that may be a result of packaging. The mesh has advantages of being
lightweight, highly transparent (low drag in LEO, doesn’t shadow solar arrays), and
packages very efficiently. The drawback is that it is expensive, fragile, must have
proper in-plane stiffness properties, and must be properly tensioned. Despite these
challenges, the gold wire mesh was down selected as the reflecting surface primar-
ily because of its packaging capabilities and versatility to allow different operating
frequencies, shapes and aperture diameters.

5.2.2 Structural Design of the Reflector

Numerous deployable architectures were considered that used a reflective mesh
surface. The challenge was achieving Ka-band surface accuracy and getting the
structural and actuator elements to package within the 3U volume (i.e. maximum
volume that can be used in a 12U Cubesat). Any architecture with folding rigid
radial ribs could not meet the surface accuracy due to large facet sizes at the out-
side perimeter. This required additional shaping elements between the ribs and to
do an offset design required a boom that supported the center hub. A rigid but folded
perimeter truss concept was considered but the volume needed for all the hinging
elements excluded this concept.

As a result of this trade study, the down selected reflector incorporates a tenseg-
rity design that utilizes dual tensioned nets and a tensioned perimeter truss. The
compressive elements are radially aligned ribs that spiral wrap on a center spool
and are deployed with an electrically redundant motor. This architecture is similar
to Northrop Grumman’s Astromesh [13] in that it incorporates the interconnected
front and backside tensioned nets with triangular facets. This provides the accurate
paraboloid surface and modifying the facet size allows optimization of gain and side
lobes depending on operating frequency. Figure 5.5 shows the structural details of
the reflector assembly.
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Figure 5.5 Tendeg Ka-band mesh antenna for CubeSats (not all tension ties shown).

The reflector achieves the packaging goals by spiral wrapping the radial ribs onto
a central spool. This pulls the battens radially toward the center hub. The ribs, hub
and motor comprise the deployment actuator and the rigidizing structure. These
elements package into a 3.5 cm diameter approximately 10 cm tall. This only con-
sumes about 100 cm3 of our total 3000 cm3 volume. Figure 5.6 shows the deploy-
ment sequence of the prototype reflector. Another advantage of this architecture is
that the mesh can be folded and pleated such that its peak tension only occurs at the
final deployed state. Some hinging and folding architectures require the mesh to be
over-tensioned to accommodate the articulating motions of its supports.
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Figure 5.6 Deployment sequence of the Tendeg Ka-band 1 m prototype reflector.

(a) (b) (c)

Figure 5.7 Cross sections studied: (a) double omega; (b) carpenter tape; (c)
lenticular.

5.2.2.1 Ribs

The 1 m aperture reflector utilizes eight ribs. The number of ribs was a trade between
compressive load per rib, span of the ribs and the required catenary size at the
perimeter that still allows a 1 m effective aperture. The reflector can be modified
to allow more or fewer ribs but at a 1 m aperture the eight ribs has worked well.
Numerous rib architectures have been studied and shown in Figure 5.7.

The driving requirements for the rib include deployed properties (stiffness, buck-
ling capacity), deployment authority (bending and torsional stiffness during deploy-
ment), and ability to transition from the deployed cross section to a flattened and
spiral wrapped condition without damage or need of a complex mechanism. The
required deployed properties and rib boundary conditions were derived from a finite
element model (FEM). The desired tension for the mesh was known and with that
strain state in the FEM the ribs needed to withstand about 18N of compressive force.
At these load levels the open section carpenter tape design is adequate and provides
a simple interface and packaging scheme. The carpenter tapes can utilize well under-
stood metallic spring materials like stainless steel, carbon steel, beryllium copper
and titanium alloys. They can also use elastic composites. For the prototype antenna
the tried and proven Stanley carpenter tape was used and has proven to be extremely
robust even when mishandled.
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As the apertures grow in diameter the open section carpenter tapes, or slit tubes,
break down and become more complex to package and the free edge tends to initiate
buckling near the root transition. Closed cross sections are desirable and the double
omega rib shows the most promise utilizing elastic composite materials. A scaling
effort is underway and double omega ribs have been fabricated and tested for pack-
aging robustness, stiffness and buckling. The ribs have been verified to allow 3 m
apertures and scaling studies have shown capability up to 8 m apertures.

5.2.2.2 Hub

The hub is the central structure that packages and deploys the ribs. The hub includes
the spool, hub frame, rib interfaces and the motor drive assembly. The primary chal-
lenge is creating a simple interface to the ribs that packages efficiently, doesn’t
overstrain the ribs as they transition from deployed to flattened and wrapped and
allows the ribs to reach a final position that is radially aligned through the center
of the hub. This alignment is critical because it minimizes the moment that would
otherwise be reacted through the ribs and into the hub.

The motor assembly includes the motor and gearbox. The motor includes an
encoder to give precise motor position feedback. The motor is directly tied into
the spool assembly. The spool assembly includes the rotating rib interface features.
The spool is supported on bearings within the hub frame assembly. The hub frame
also includes the rib guide rollers which provide root support for the ribs during
deployment. Figure 5.8 shows an exploded view of the hub assembly for the 1 m
prototype reflector.

5.2.2.3 Battens

The battens set the height between the nets. Consequently they react a compressive
force and a bending moment as the compressive force from the ribs is balanced
by the tensile force from the nets. Structurally there isn’t a difficult requirement
imposed on the battens. They do need to be thermally stable so the construction
will typically be a carbon fiber reinforced plastic (CFRP) with a near zero coeffi-
cient of thermal expansion (CTE). The batten assembly does include the interface
to the rib and also houses a low rate spring. The low rate spring ensures that any
thermal expansion in the rib or any tolerance stack-up in manufacturing or deploy-
ment precision does not dramatically change the compression force in the rib which
in turn would change the net tension (Figure 5.9).

5.2.2.4 Nets

The most important requirement for the reflector is to provide an adequate sur-
face and pointing accuracy. The surface accuracy is derived from a systematic error
plus a multitude of errors that are from many sources including manufacturing and
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DETAIL C

SCALE 2:3

Figure 5.8 1 m reflector hub and motor assembly.

Figure 5.9 Prototype reflector batten assembly.

material effects. The systematic error for the Tendeg reflector is because the faceted
net is not a perfect paraboloid. Obviously, the denser the net pattern, the more the
net approaches a paraboloid. However, there are diminishing returns and a balance
of performance versus complexity of the net must be achieved. Tendeg elected to
use one-third of the surface accuracy budget on systematic error. This resulted in
a desired facet size of approximately 65 mm (height of the facet projected into the
aperture plane) assuming triangular facets. Tendeg considered different net patterns
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Figure 5.10 Prototype reflector net design.

and settled on a pseudo-geodesic pattern over eight ribs. Figure 5.10 shows the
selected net pattern for the prototype reflector.

The net material selection was critical. Unidirectional aramid or carbon tapes
would not work for this application because the tight packaging of the net would
require the bend radii of the tapes to exceed their strain limits. A braided cord
was selected and Tendeg reviewed numerous high-performance fibers. A fiber that
demonstrated low stress relaxation was selected and a braided configuration study
was done for each diameter. The variants included different yarn twist rates and
different braiding twist rates. Each architecture was cycled to measure deflection
vs. load. The repeatability, linearity and number of cycles to remove hysteresis
were recorded. In addition, the samples were tested by Tendeg to determine gen-
eral workability (termination and connections) and ability to package. From both
the performance data and the workability testing, Tendeg selected a single archi-
tecture for each diameter (catenary, net, perimeter truss, tension ties). The cords
were also coated. This provides an additional degree of workability by keeping the
fibers and yarns from fraying and opening. The coating also provides proven atomic
oxygen protection for low altitude LEO missions.

The prototype net was fabricated over a tool that allowed each node point of the
facets to be placed on the correct offset paraboloid. The net cords were pre-tensioned
to the predicted tensions from the detailed FEM that allowed the proper mesh ten-
sioning with enough margin to eliminate or minimize pillowing effects. Pillowing
can result when the mesh tension causes local buckling of the net cords. The net
cords were then connected by hand at each node and the perimeter catenary was
tensioned and the net cords were terminated to the catenary. The back-side net was
made identically to the front-side net. During the fabrication of the nets the termi-
nation forces at the battens were controlled very tightly with digital load cells. This
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is important because the ribs provide the same force at each batten and the front and
backside nets have to balance each other.

5.2.2.5 Perimeter Truss

The perimeter truss comprises the longerons and the diagonals as shown in
Figure 5.5. The diagonal is the more critical element because it provides shear
stiffness for each batten bay which helps keep the battens vertical and coplanar to
each other. The cords for the perimeter truss utilize the same material and braided
properties described above. During final assembly the perimeter truss cords are
tensioned to levels from the FEM and force balancing is maintained. The battens
have cord adjustment and locking features that allow fine tuning.

5.2.3 Deployment

The offset design with an f/D of about 0.7 requires that the reflector must be posi-
tioned with a focal length of 0.7 m and an offset to the center of the aperture of
0.6 m. On a CubeSat bus that is only 30 cm deep and with a fixed feed this requires
a deployable boom. The deployment sequence has three steps: (1) release the boom
and reflector assembly, (2) deploy the 2-stage boom, and (3) deploy the reflector.
The current baseline design has the booms deployed passively with spring energy
and the reflector is deployed with a motor as described above.

5.2.3.1 Boom Design and Deployment

The boom assembly is shown in Figure 5.11. The boom assembly is three seg-
ments – tray, stage 1 and stage 2. The tray is the static structure that provides the
mount for the fixed feed. The tray will be kinematically mounted to the cubesat
bus. By including the tray it allows the boom, reflector and feed to be aligned as a
payload. The tray will also minimize pointing misalignment that may be inherent in
aluminum cubesat buses that are often dissipating heavy heat loads from embedded
avionics.

The boom deployment sequence is shown in Figure 5.12. The boom segments
clamshell around the reflector providing launch support and protecting the reflec-
tor and deployment mechanisms from contamination. After release, the first stage
rotates away from the tray with passive spring energy. Before the first stage com-
pletes its full rotation the second stage is released by an internal mechanism. The
second stage is also deployed with passive spring energy. The final position of the
boom stages is determined by adjustable hard stops. The remaining spring force pro-
vides a final position preload and magnetic latches can also be included. The design
does incorporate eddy current dampers to minimize the total deployment energy and
impact loading at the end of rotations. If necessary, the eddy current dampers could
be replaced with motors which would supplant the spring drives.
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Release device

Tray

Stage 1 boom

Stage 2 boom

Reflector

Ka-band feed

Figure 5.11 Tendeg boom design.

Figure 5.12 Boom deployment sequence.
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Since the boom assembly is a critical structural element for the reflector posi-
tioning, it will be fabricated with low CTE carbon fiber reinforced polymer. At this
time, the on-orbit thermal analysis does not show extreme temperatures that require
specialized optical coatings.

5.2.3.2 Reflector Deployment

The spiral wrapped ribs contain a significant amount of stored strain energy. If
the reflector was released from the stowed position the ribs would self-deploy.
This type of deployment is not desired for several reasons. Primarily it introduces
unwanted dynamics and would result in a rapid tensioning of the mesh and nets.
And a dynamic deployment is difficult to properly offload in earth gravity. To make
the deployment repeatable and low energy, the ribs are slowly unwrapped with a
motor assembly. The motor provides negative torque through the full deployment
until the final few degrees of rotation when the ribs go into compression.

During development, the transition to the final and fully tensioned geometry was
a concern. If the compressive force builds up too soon it can cause the ribs to bloom
on the spool or the combination of moment with axial force could cause the rib to
buckle. However, this concern was not realized. Through careful design, the ribs
are able to fully recover their cross section before they are axially compressed. And
the compression only occurs when the ribs are nearly aligned radially. This means
the ribs do not have to react a large moment at the end of deployment which could
trigger a buckling mode. The end of the reflector deployment has been very robust
and no failures have been detected. The antenna fully deployed is illustrated in
Figure 5.13.

Figure 5.13 Full deployment showing feed and bore illumination.
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5.2.3.3 Deployment Issues

Multiple deployments have been completed of a breadboard boom assembly and
of both a breadboard and prototype reflector. The passively deployed booms did
exhibit some large impact loads. This is often the case when sizing springs to carry
200% margin at the end of deployment against worst case temperature, friction and
drag conditions. From these observations and simulations, eddy current dampers
were added to the deployment mechanism.

The remaining reflector deployment issues are mainly due to cord management
and snag potential. The perimeter longerons and diagonals have a long span and
when the reflector is stowed they have the potential to loop over battens or snag
on batten features. The prototype batten had some protruding headed fasteners that
provided a snag feature. This has been corrected on the new batten design. However,
fully managing the cords will require a shroud that is part of the battens. This will
keep the cords from migrating during launch vibration and will prevent the cords
from being able to loop over any battens.

The 1 m antenna assembly has been designed to generic mission requirements and
the design is currently being fabricated to flight materials and tested in flight like
environments (vibration, hot and cold TVAC (thermal vacuum chamber) deploy-
ments) to achieve technology readiness level (TRL) 6. Once a mission is defined
additional analysis and testing is needed to verify that the antenna inertial loading
during deployment does not destabilize the cubesat bus.

5.3 X/Ka RF Design

5.3.1 Antenna Configuration and Simulation Model

The mesh reflector is an offset reflector to accommodate the deployment of the
reflector away from the feed to minimize the side lobe levels and minimize blockage
from the feed or bus.

The reflector effective diameter is about 1 m and the focal length of the 1 m reflec-
tor is 0.75 m. For all efficiency calculation, an effective diamtere of 1 m will be
assumed. The antenna optics is shown in Figure 5.14. For an edge taper of −10 dB,
a feed directivity of 15.5 dBi is required. Theoretically, the taper and spillover effi-
ciency of an offset reflector can be as low as 0.8 dB.

The antenna is simulated using TICRA GRASP using Physical Optics (PO) and
method of moment (MoM) /multilevel fast multipole method (MLFMM) solver.
The CubeSat and boom are described as a MoM object to assess the scattering from
boom and CubeSat bus. The antenna configuration is illustrated in Figure 5.15. The
feed is designed and analyzed using a full wave software (CST MWS). The field
of the feed is imported as a tabulated feed where the pattern is described on a full
sphere on a set of equidistantly spaced points in 𝜃 and 𝜑. The phase center of the
feed is located at the focal point of the reflector to maximize performance.
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0.75 m

1 m

0.63 m

28.4°

35.7°

Figure 5.14 One-meter deployable mesh reflector optics and dimensions.

Feed

Boom
Reflector

Reflector

CubeSat

bus

Figure 5.15 Mesh reflector antenna model including the mesh reflector, deployable
boom, and 12U CubeSat bus.

The mesh reflector uses commercially available 30 OPI mesh which is suitable for
X- and Ka-band. At X-band, a 30-OPI mesh reflects most of the incident power (i.e.
<0.03 dB gain loss). At Ka-band, the 30-OPI mesh leads to a 0.25 dB loss. Please
note that in [3, 4], a 40-OPI mesh that presents better performance at Ka-band was
employed but 30-OPI mesh is more readily accessible.

The surface of the mesh reflector was measured using a FaroArm, a non-contact
3D laser scanning measurement technique before performing the RF test. The sur-
face rms remains below 0.38 mm in the effective 1-m aperture (Figure 5.16). The
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Figure 5.16 Mesh reflector surface accuracy measurement demonstrating a surface
rms of 0.38 mm.

loss due to the surface deformation is calculated using Ruze’s equation [14]. While
this surface rms is negligible at X-band, it will lead to a 1.1 dB gain loss at Ka-band
and will affect the side lobe levels. As a result, the mesh reflector is described using
the actual measured surface in the TICRA GRASP’s model. The reflector used in
this test is a first article prototype and surface accuracy is expected to be improved
with future builds. The antenna performance at X-band and Ka-band will now be
discussed.

5.3.2 X-Band Feed and Mesh Reflector

The X-band feed needs to operate at X-band uplink (7.145–7.19 GHz) and downlink
(8.4–8.45 GHz) frequency bands. The antenna needs to survive harsh temperature
cycling and potentially high radiation levels. The X-band feed should be left handed
circularly polarized (LHCP) at both uplink and downlink frequency bands. An inno-
vative circularly polarized antenna, capable of operating in harsh environment was
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Figure 5.17 Dual frequency X-band feed with LHCP polarization. Dimensions are in
mm.

proposed in [15] for the Europa Lander mission. As this antenna operates at both
uplink and downlink frequency bands, it can be used to meet the mesh reflector
requirements. As a result, a 2× 2 patch array with LHCP was designed to illumi-
nate the one meter mesh reflector. The feed antenna is shown in Figure 5.17. The unit
cell is fed at a single point and is entirely made of metal. This element is single-fed
thereby simplifying the feeding network and the antenna assembly. The unit cell
was optimized in an array configuration to achieve an edge taper ranging between
−10 and −12 dB.

The air stripline corporate feed network was designed to achieve less than−10 dB
within the uplink and downlink frequency bands with sufficient thermal guard. The
calculated and measured reflection coefficients of the antenna are in good agree-
ment (Figure 5.18). The radiation pattern is measured in a planar near-field anechoic
chamber at NASA’s Jet Propulsion Laboratory, Pasadena, CA, USA. The radiation
pattern is shown at the center frequency of uplink (i.e. 7.1675 GHz) and downlink
(i.e. 8.425 GHz) frequency bands in Figures 5.19 and 5.20, respectively. The cal-
culated and measured results are in good agreement. The calculated and measured
directivity and gain of the X-band feed are summarized in Table 5.1.
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Figure 5.18 Calculated and measured reflection coefficient of the X-band feed.

One should note that the cross-polarization discrimination can be improved sig-
nificantly by implementing sequential rotation. By doing that, the cross-polarization
can be as good as 25 dB at both uplink and downlink frequency bands at the feed
and reflector level. These results are not shown here.

Assuming an effective area of one meter, the standard directivity Dmax = (𝜋⋅D/𝜆)2

of the reflector is 37.5 and 38.9 dBic at 7.1675 and 8.425 GHz, respectively,. The
loss contributions are summarized in Table 5.2. The taper and spillover loss are
slightly higher than ideal as the edge taper is about −8 dB. At X-band frequency,
the mesh OPI loss and surface accuracy loss are negligible (i.e. <0.05 dB). The gain
loss at X-band as a function of surface rms is shown in Figure 5.21. It is worthwhile
to note that a surface rms of 0.38 mm is good enough for X-band usage. The feed
loss and mismatch loss are around 0.5 dB.

The calculated overall gain of the mesh reflector antenna is about 35.85 and
36.95 dBic at 7.1675 and 8.425 GHz, respectively. This translates into an efficiency
of 68 and 64% at 7.1675 and 8.425 GHz, respectively. This is more than the Rain-
cube antenna, as one would expect, since it is an offset reflector (i.e. no blockage
from the struts and subreflector). In addition, the sidelobe levels are much smaller
also due to the offset configuration (i.e.>20 dB as opposed to 15 dB for the Raincube
antenna).
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Figure 5.19 Normalized X-band feed radiation pattern at 7.1675 GHz. — LHCP. ---
RHCP. Calculation in black and measurement in gray. (a) 𝜑 = 0∘; (b) 𝜑 = 90∘.
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Figure 5.20 Normalized X-band feed radiation pattern at 8.425 GHz. — LHCP. ---
RHCP. Calculation in black and measurement in gray. (a) 𝜑 = 0∘; (b) 𝜑 = 90∘.
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Table 5.1 Calculated and measured X-band feed performance.

Frequency (GHz) Directivity (dBi) Gain (dBic)

Calc. Meas. Calc. Meas.

X-band 7.1675 13.5 13.8 13.4 13.1
8.425 14.3 15.1 14.0 14.0

Table 5.2 X-Band mesh reflector gain table at X-band.

Uplink Downlink

Gain (dBic) Loss (dB) Gain (dBic) Loss (dB)

Standard directivity 37.5 — 38.9 —
Taper 37.2 0.3 38.4 0.5
Spillover 36.3 0.9 37.4 1.0
Surface mesha (30 OPI) 36.28 0.02 37.38 0.02
Surface accuracyb (±0.38 mm) 36.22 0.06 37.30 0.08
Feed loss 35.92 0.3 37.00 0.3
Feed mismatch (RL = 15 dB) 35.82 0.1 36.90 0.1
Overall performance 35.82 1.68 36.90 2.00

aBased on calculated results using GRASP model of a 30 OPI mesh.
bUsing Ruze’s equation [14]. The surface accuracy was adjusted with the measured surface accuracy.
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Figure 5.21 Gain loss versus surface rms at X-band.
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Figure 5.22 X-band mesh reflector in the near field anechoic chamber with its off-load
structure. Note that the boom is not included. The CubeSat bus is included.

The radiation pattern is measured in a planar near-field anechoic chamber at
NASA’s Jet Propulsion Laboratory, Pasadena, CA, USA where the feed is mounted
onto a bus simulator as can be seen in Figure 5.22. The radiation pattern of the
reflector mesh antenna is shown in Figure 5.23. A good agreement is obtained. The
axial ratio is lower than 3 dB within the downlink frequency band and lower than
4.5 dB within the uplink frequency band. The directivity and gain of the X-band
mesh reflector are summarized in Table 5.3. A gain of 36.1- and 36.8-dBic is mea-
sured at uplink and downlink frequency bands, respectively. This translates into an
efficiency of 72 and 62%, respectively.

It is important to discuss the impact of the achieved cross-polarization discrim-
ination on the overall link budget with a DSN antenna. Most 34 and 70 m DSN
antennas, have an XPD of 25 dB (i.e. axial ratio of 0.8 dB). At uplink, the antenna
demonstrates an XPD of 12 dB (i.e. axial ratio of 4.4 dB) which would result in a
polarization loss of 0.4 dB. At downlink, the XPD is around 17 dB (i.e. axial ratio of
2.5 dB) which would result in only 0.15 dB of polarization loss. Hence, the antenna
is properly designed for deep space communications as the link will have excessive
margin for uplink and 0.15dB of loss for downlink is acceptable.

However, as mentioned earlier, the cross-polarization discrimination can be
improved significantly by using sequential rotation on the feed. More than 25 dB
can be achieved at both uplink and downlink frequency bands by doing so.

This is a significant improvement compared to the state of the art. First, this
antenna operates at both uplink and downlink at X-band and is fully compatible with
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Figure 5.23 X-band mesh reflector radiation pattern at (a) 7.1675 GHz and (b)
8.425 GHz. — RHCP. --- LHCP. Calculation in black and measurement in gray.
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Table 5.3 X-Band mesh reflector directivity, gain, and loss at X-band.

Freq. (GHz) Directivity (dBi) Gain (dBic) Efficiency (%)

Calc. Meas. Calc. Meas. Calc. Meas.

7.1675 36.3 36.9 35.8 36.1 68 72
8.425 37.4 38.2 36.9 36.8 64 62

the DSN. Compared to the MarCO high gain antenna, this represents an increase
of 8 dB (∼6.3 times increase in data rate). However, the deployment complexity is
higher and the stowage volume bigger. While MarCO’s high gain antenna can only
receive, this antenna can transmits telemetry and receive commands.

Using a 70 m DSN antenna, a telemetry data rate of 64 kbps can be achieved at
a distance of 1 AU (i.e. 149 million km). Using a 34 m DSN antenna, the spacecraft
could receive commands at 2 kbps at distances as large as 8 AU (i.e. 1.2 billion km).

5.3.3 Ka-Band Mesh Reflector

The design of a Ka-band is much simpler with a goal of achieving an edge
taper illumination of −10 dB. The feed is designed using TICRA Champ, using
mode-matching body of revolution (BoR) method, following the method described
in [16]. The feed is a multiflare horn demonstrating low cross polarization, low
side-lobe level, good return loss, and excellent beam circularity.

A genetic algorithm is used to optimize edge taper, directivity, cross-polarization,
and beam circularity. It is also easy to fabricate. The antenna feed dimensions and
photography are shown in Figure 5.24. As the feed antenna needs to provide LHCP,
we designed a Ka-band polarizer operating at both uplink and downlink Ka-band.

14.3 19.6

14.5

31.7
(a) (b)

5

106.35

Figure 5.24 (a) Ka-band feed horn dimensions in mm. The phase center of the
antenna is shown in gray. (b) Photography of the fabricated Ka-band horn and polarizer.
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Figure 5.25 The OMT polarizer reflection coefficient of LHCP port and isolation
between the two input ports.

The polarizer was specifically designed for this antenna to fit within the allocated
volume. The refection coefficient of the antenna with its polarizer is shown in
Figure 5.25.

The mesh reflector performance is calculated using TICRA GRASP. The feed
horn phase center (shown in Figure 5.24) is located at the focal point of the reflector.
The loss breakdown of the mesh reflector at Ka-band is summarized in Table 5.4.
The taper and spillover loss are smaller than at X-band because it is easier to meet
the edge taper requirement with a horn. The surface mesh and surface accuracy
loss are obviously much larger than at X-band (0.25 and 1.1 dB, respectively). The
total calculated loss due to the mesh is about 1.35 dB at 32 GHz. However, it is
important to highlight that the reflector used in this test is a first article prototype
and surface accuracy is expected to be improved with future builds. An improvement
from 0.38 mm surface rms to 0.25 mm would improve the gain by 0.8 dB and this
is illustrated in Figure 5.26 where the gain loss is shown for surface rms ranging
from 0 to 0.4 mm. The surface accuracy is a critical parameter at Ka-band as it will
impact the side lobe levels, directivity, and gain of the antenna. The mesh surface is
measured accurately using a non-contact 3D laser scanning measurement technique
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Table 5.4 Ka-band gain table at 32 GHz.

Gain (dBic) Loss (dB)

Standard directivity 50.5 —
Taper 49.9 0.6
Spillover 49.5 0.4
Surface mesh (30 OPI) 49.25 0.25
Surface accuracy (0.38 mm rms) 48.15 1.1
Feed loss 48.10 0.05
Feed mismatch (RL = 15 dB) 48.05 0.05
Overall performance 48.05 2.45
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Figure 5.26 Gain loss versus surface rms at Ka-band. Note that the mesh surface
accuracy can be improved.

and the data is incorporated into the calculation. The impact of the surface accuracy
is illustrated in Figure 5.27, where the radiation pattern of an ideal reflector and the
actual reflector are compared. The gain reduction and the side lobe level increase
are obvious.

The radiation pattern is measured in a planar near-field anechoic chamber
at NASA’s Jet Propulsion Laboratory after replacing the X-band feed with the
Ka-band feed. As shown in Figure 5.28, the calculated and measured radiation
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Figure 5.27 Calculated radiation pattern of the Ka-band mesh reflector. — RHCP. ---
LHCP. (a) 𝜑 = 0∘. (b) 𝜑 = 90∘. In gray: calculated with an ideal reflector. In black:
calculated with the measured surface.
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Figure 5.28 Measured and calculated radiation pattern of the Ka-band mesh reflector.
— RHCP. --- LHCP. (a) 𝜑 = 0∘. (b) 𝜑 = 90∘. In gray: measured. In black: calculated.
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Table 5.5 Ka-band antenna directivity, gain, and efficiency at 32 and 34.45 GHz.

Frequency (GHz) Directivity (dBi) Gain (dBic) Efficiency (%)

Calc. Meas. Calc. Meas. Calc. Meas.

32 48.4 48.8 48.1 48.4 58 62
34.45 48.5 49.0 48.3 48.7 52 57

pattern are in good agreement. A gain of 48.4 dBic was measured at 32 GHz, which
translates in a 62% efficiency, assuming an effective aperture of 1 m.

It is a 6 dB increase compared to the 0.5-m mesh reflector antenna presented in
[4]. A 6 dB gain increase translates into a data-rate increase by a factor of 4. In
theory, since this is an offset reflector, the side lobe levels can be much smaller (i.e.
<25 dB) but they are affected by the surface accuracy of the reflector. At 34.45 GHz,
a gain of 48.7 dBic was measured, which translates into a 57% efficiency (Table 5.5).

A closer look at Figure 5.27 is of great interest. The co-polar pattern in eleva-
tion (𝜑 = 0∘) is shown, with the pattern produced by the nominal paraboloid in
gray and by a uniform mesh with the actual measured reflector in black (i.e. uni-
form mesh with hexagonal symmetry with equilateral triangle side length of 7.3 cm
and 295 nodes). This mesh reflector exhibits the characteristic grating lobes around
|𝜃g| = 9.0∘.

As a parabolic reflector with a feed at focus generates a constant aperture phase, it
yields in the best possible performance. A nominal paraboloid can be conceptually
be thought as a mesh reflector with triangular mesh side length ml tending to 0.
When the paraboloid is generated by a mesh of planar triangular facets, the surface
is no longer ideal leading to a reduction of peak directivity and the generation of
grating lobes. The grating lobes will appear at an angle 𝜃g given by:

sin 𝜃g = 2𝜆
ml

(5.1)

in the 𝜑 = 0∘ + p 60∘ planes and by:

sin 𝜃g = 2𝜆√
3ml

(5.2)

in the 𝜑 = 30∘ + p 60∘ planes.
For ml = 6.9 cm, the grating lobes in 𝜑 = 90∘ should be found at |𝜃g| = 9.1∘.

The grating lobes can be reduced if necessary by using different mesh topologies.
Making divisions in the radial direction at non-regular intervals (see Figure 5.29)
allows to reduce the grating lobes by almost 10 dB without changing any fundamen-
tal components such as the number of divisions and the number of parts [17]. While
the sidelobes are suppressed in the non-regular division case, the gain reduction is
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(a) (b)

Figure 5.29 Illustration of (a) uniform hexagonal mesh reflector and (b) non-uniform
or arithmetic mesh for grating lobes suppression. Source: Modified from Orikasa et al.
[17]. © 1993 John Wiley & Sons.

slightly worse than with regular intervals and this is because the surface accuracy
is slightly worse.

It was shown in [18] that the arithmetic pentagonal mesh can also decrease
unwanted radiation pattern grating lobes by almost 10 dB compared to a uniform
hexagonal mesh. This discussion is exclusively informative for the reader, as there
is no need for deep space communication to control the grating lobes.

5.3.4 X/Ka-band Mesh Reflector

The two feeds can be used simultaneously with the one meter reflector while fit-
ting in the stowage volume while meeting the telecommunication scenario. As the
co-located feeds are not placed at the focal point of the reflector, the pointing, gain,
and efficiency will be affected. The pointing is less of an issue. Typically, in a
mission scenario where both X- and Ka-band are expected to be used simultane-
ously, commands will be received at X-band and telemetry transmitted to the DSN
at Ka-band.

In this case, maximum gain should be targeted at Ka-band (i.e. >47.5 dBic) while
a reduced gain at X-band (i.e.> 20 dBic) is needed to relax the pointing requirement.
This is explained by two things:

1. the DSN RF output power (i.e. 20 kW) is significantly higher than the on-board
solid state power amplified output power (i.e. typically around 5 W).

2. uplink data rate are usually around 1 or 2 kbps, much smaller than downlink data
rates.

When both feeds are co-located, the X-band antenna demonstrates a gain of 35.2
and 36.8 dBic, at uplink and downlink frequency band, respectively. The Ka-band
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Table 5.6 Calculated directivity and gain of the X/Ka-band antenna.

Frequency
(GHz)

Directivity
(dBi) Gain (dBi) Efficiency (%)

Pointing
in Az (∘)

7.1675 35.6 35.2 59 −2.1
8.435 36.8 36.3 55 −2.1
32 47.9 47.6 51 +0.6
34.45 48.0 47.8 46 +0.6

antenna has a gain of 47.8 and 47.6 dBic, at uplink and downlink frequency band,
respectively. The directivity, gain, efficiency and pointing direction of the antenna
is shown in Table 5.6.

The X-band antenna demonstrates a gain of 20.5 dBic at +0.6∘ in azimuth which
is meeting the requirement to provide simultaneous X/Ka-band communication. An
uplink data rate of 2 kbps can be achieved with 20.5 dBic of gain at a maximum
distance of 2 AU (i.e. 299 million km) (Table 5.6).

5.4 Conclusion

The antenna presented in this chapter answers to a clear need for higher data rate
for CubeSats or Small satellites. It also provides, for the first time, X- and Ka-band
capabilities on a CubeSat. As this antenna folds in a 3U volume, it is compatible
with 12U-class CubeSats.

At X-band, a gain of 36.1- and 36.8-dBic is achieved at uplink and downlink
frequency bands, respectively. This translates into an efficiency of 72 and 62%,
respectively. For the Ka-band only antenna, a gain of 48.4- and 48.7-dBic is obtained
at downlink and uplink frequency bands which translates to a 62 and 72% efficiency.

The performance of the antenna is also given when both X-band and Ka-band
feeds are collocated. The antenna efficiency at X-band is higher than 55% and higher
than 50% at the Ka-band downlink frequency band.

This is a game changing technology for space exploration using Small Satellites
enabling venturing farther into deep space while achieving higher data rate. As this
mesh reflector is scalable to larger size (i.e. 3 to 4 m), this antenna has many other
applications, such as remote sensing for NASA missions but also in the emerging
new space for Synthetic Aperture Radar.
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6.1 Introduction

The inflatable antenna for CubeSat concept has been in development at the Jet
Propulsion Laboratory for more than 7 years. It is a new technology which aims at
improving telecommunication for CubeSats and SmallSats by providing an inflat-
able antenna which can be stored in a very small space (less than 1 unit CubeSat,
or 10× 10× 10 cm3 volume) and later deployed and inflated in space to provide
high gain.

The basic concept is an inflatable balloon structure made of two different types
of Mylar: a transparent Mylar and a reflective Mylar bonded together as shown in
Figure 6.1. The antenna feed is designed using a simple patch antenna which can be
placed inside or outside the inflatable structure depending on the shape and design
of the reflector. In the final prototype discussed in this chapter, the patch antenna is
placed inside the membrane.

One of the novelties of this antenna is the inflation mechanism which is realized
using sublimating powder (mainly benzoic acid). The powder is stowed at the solid
state inside the membrane of the antenna prior to launch. When the CubeSat reaches
the desired orbit, a burn wire is used to open the canister which contains the antenna.

CubeSat Antenna Design, First Edition. Nacer Chahat.
© 2021 John Wiley & Sons, Inc. Published 2021 by John Wiley & Sons, Inc.
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Figure 6.1 Inflatable antenna prototype tested in anechoic chamber.

The Mylar membrane is then left free to expand in volume and the difference of
pressure with respect to the atmospheric pressure triggers the chemical reaction of
benzoic acid allowing the antenna to inflate.

Another interesting feature of the benzoic acid is the possibility of being used
as a make-up gas to compensate for eventual perforations in the membrane caused
by micro meteoroids. In fact, not all the benzoic acid will instantaneously inflate
when the antenna is deployed, but only the amount necessary to fill the volume.
The remaining powder will remain in its solid state and sublimates only when the
equilibrium changes in pressure or volume as it could happen in the case of micro
meteoroids impacts.

Finally, another unique feature of the inflatable antenna design is the ultra violet
(UV) rigidization that takes place in space. The rigidization is a feature that was
introduced later in the design in an attempt to counteract the inevitable variations
in the membrane shape that could happen as a result of the space environment, in
particular the temperature fluctuations. The UV paste is applied to the inflatable
antenna prior to launch. Once in space, the UV paste is exposed to the UV radia-
tion by pointing the antenna to the Sun for a little less than half an hour. During
this time, the UV radiation acts on the UV paste and rigidize it, which allows the
inflatable antenna to maintain its shape regardless of temperature changes and even
micrometeoroid punctures whenever the sublimating powder is fully exhausted.

The inflatable antenna was designed initially for S-Band and more recently for
X-Band. The prototype described in this chapter refers mainly to the X-Band design,
although some details on the S-Band experiment are described in Section 6.2. The
dimension of the antenna is 1 m in diameter. This size was chosen mostly for ease of
manufacturing, handling and testing, although the authors are considering expand-
ing this design to larger structure.

In terms of applications, this antenna has been designed primarily with CubeSats
in mind. However, it can be applied to all kind of SmallSats and constellations as
described in [1]. Additionally, the inflatable antenna concept could be of interest for
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Figure 6.2 Rendering of the concept of a back-up inflatable antenna on board of a
large spacecraft.

larger spacecraft as a potential back up antenna to keep stored and deployed only as
needed as shown in Figure 6.2.

6.2 Inflatable High Gain Antenna

6.2.1 State of the Art

The concept of inflatable antennas has been actively researched for many years
and only few prototypes have ever been flown in space. This section provides an
overview of the history of inflatable antennas research with a focus on the history
of the development of the CubeSat prototype.

6.2.1.1 History of Inflatable Antennas Research and Experiments

Research in the area of inflatable structures and inflatable space antennas started
in the 1950s. The first experiment in the field can be traced back to the National
Aeronautics and Space Administration (NASA) Echo Balloons Project, developed
in the late 1950s. Echo-I [2] was an inflatable spherical balloon made from a 12 μm
Mylar with vapor-deposited aluminum. Echo-I was 30.5 m in diameter and at launch
weighted approximately 72 kg including 15.12 kg of sublimating powder. The bal-
loon was designed to function as a reflector and not a transceiver and it was used to
reflect intercontinental telephone, radio and television signals. Launched in 1960, it
was designed to survive approximately 4 years, but lasted until May 24, 1968 [3].

Echo-II [4] was a 41.1 m diameter balloon (Figure 6.3) and it was the last
experiment of NASA Echo Balloons Project. Similarly to Echo-I, also Echo-II
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Figure 6.3 NASA Echo-I balloon project tested on the ground. Credits: NASA.

was developed to perform passive communication experiments. However, Echo-II
was also designed to investigate the dynamics of large spacecraft and global
geometric geodesy. Another interesting aspect of the Echo-II [5] design was that
its membrane was rigidizable. Hence, the balloon was capable of maintaining its
shape and survive the effect of micrometeoroids. Echo-II was launched in 1964
and reentered in the atmosphere in 1969.

After the Echo Balloons Project, research in the areas of inflatable structures and
antennas seemed to slow down due to the fact that active satellites became a pre-
ferred choice for telecommunication rather than passive communication reflectors.
However, research in inflatable antennas revived in the 1990s when an inflatable
antenna was designed and tested in space on board the STS-77 mission [6–8]. The
antenna was a 14 m diameter off-set parabolic reflector, which was connected to the
spacecraft by an inflatable torus and a set of 28 m struts. The experiment was man-
aged by the Jet Propulsion Laboratory and the antenna concept flown was based on
the L’Garde structural concept. The experiment was flown in 1996 (Figure 6.4): the
basic antenna support structure was deployed successfully, although in an uncon-
trolled way. An issue in the gas inflation system caused the reflector surface to not
completely inflate and unexpected spacecraft dynamic effects were observed during
deployment as a result of residual air in the inflatable components.
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Figure 6.4 Inflatable antenna experiment on board the STS-77. Credits: NASA [9].

Other recent work in the field of inflatable antennas includes the development
and testing of the Microstrip Reflectarrays for X-Band and Ka-Band by ILC Dover
[10]. The X-Band reflectarray structure includes a 1 m diameter inflatable torus to
support the membrane. This antenna was designed mostly for radar applications.

Finally, another recent study [11] presents the structural design of a 3.2 m inflat-
able structure which has been developed and the radiation pattern experimentally
measured.

It is important to mention that those previous studies and experiments have pro-
vided a great foundation for the development of the inflatable antenna for CubeSats.
For example, the Echo Balloons provided the concept of using the sublimating
powder as the inflation mechanism and the idea of rigidizing the antenna in flight.
However, no one of the previous concepts for inflatable antennas was exactly com-
patible with the CubeSat form factor and for this reason a new design was developed.
The next section describes the history of the project from the initial conception up
to the current design.

6.2.1.2 History of the Inflatable Antenna for CubeSat Concept

Research on the inflatable antenna for CubeSat concept started in 2012. That time is
particularly significant as it coincided with the rise of the concept of “interplanetary
CubeSats.” Around that year, the Jet Propulsion Laboratory started the devel-
opment of the interplanetary nanospacecraft pathfinder in relevant environment
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(INSPIRE) [12] mission, the first interplanetary CubeSat. At about the same time,
many new conferences focusing on interplanetary CubeSats started to appear in
the aerospace community and a new scientific and engineering community started
to develop around the idea of using the CubeSat platform to perform exploration
of the solar system. As this new scientific community started to form, it became
clear that there were some obvious challenges that needed to be overcome in
order to allow CubeSats to become really interplanetary. Together with propulsion,
telecommunication emerged immediately as one of the area that needed more
development. In fact, the telecommunication systems that were carried at that time
on most of the low Earth orbit (LEO) CubeSat were very simple systems at UHF
and S-Band with limited power (1–2 W) and mostly omni-directional or low gain
antennas. Hence, new radios and antenna concepts were needed. As a result of
this shift in the CubeSat community, many antenna developments began, some of
which are also described in other chapters of this book.

The first study on the inflatable antenna for CubeSat [13] focused on develop-
ing an initial design concept to be further investigated. A trade space among two
different designs was performed. The first concept was to use a design similar to
what proposed by Cadogan [10] and to scale it down to fit into a 3U CubeSat. The
result (Figure 6.5) of that analysis showed that a similar design would have unfor-
tunately occupied the entire 3U volume. Hence, this design was not selected. The
second design instead consisted of two parabolic membranes joined together: one

1
354

2

Figure 6.5 Schematic of the concept based on Cadogan [10]. The numbers indicates:
(1) membrane, (2) tubolar inflatable structure, (3) gas tank, (4) feed, (5) storage can-
ister. Source: Modified from Cadogan et al. [10]. © 1999 John Wiley & Sons.
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3

4

5

2

1

Figure 6.6 Schematic of the second design. The numbers indicates: (1) reflective
membrane, (2) transparent membrane, (3) bonding, (4) patch antenna feed, (5)
required storage on board. Source: From Babuscia et al. [14]. © 2013 Elsevier.

of the membrane is coated with conductive material and acts as a dish reflector,
while the other is radio frequency (RF) transparent and it is attached to the CubeSat
bus as shown in Figure 6.6. The estimated mass (0.69 kg) and volume (0.4 L) for
this design were much more compatible with the CubeSat form factor and for this
reason the concept was selected for further study.

The second study on the inflatable antenna for CubeSat [14] focused on refin-
ing the design for the S-Band version. The initial concept shown in Figure 6.6 was
furtherly developed and two shapes were compared in terms of RF performance as
well as structural resistance. The two shapes were a conical shape and a cylindrical
shape as shown in Figure 6.7. Both shapes were simulated using FEKO (a German
software tool for radiation analysis “feeldberechnung für körper mit beliebiger ober-
fläche”) and the cylindrical design was found to have more gain than the conical:
23 vs. 21 dB. It is worth noticing that the differences in gain are significant only at
S-Band and they become negligible at the X-Band. For this reason, when design-
ing at X-Band the initial shape that was selected for further development was the
conical as it occupies less volume in the CubeSat.

Both the S-Band designs were manufactured using 50.8 μm thick metalized Mylar
on the reflective part and 25.4 μm thick transparent Mylar for the rest of the mem-
brane. The manufacturing of the first reflector was performed initially by researchers
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Figure 6.7 Two shapes (conical and cylindrical) were compared in designing the
S-Band prototype for the inflatable antenna. Source: From Babuscia et al.[15]. © 2014
IEEE Aerospace Conference.

Figure 6.8 Inflatable antenna manufacturing and petals bonding on the reflective side
[16]. Reproduced with permission of IEEE.

themselves by cutting petal-shaped pieces out of the Metalized Mylar and combin-
ing them to form the required surface. Kapton tape and epoxy were used to bond the
plastics (Figure 6.8). It is worth mentioning that this initial manufacturing technique
caused many issues of leakage and for this reason it was modified when moving to
the X-Band prototypes which is now manufactured by a professional company with
expertise in bonding Mylar surfaces.

The S-Band antenna was tested in the vacuum chamber [16] at the Massachusetts
Institute of Technology in December 2012. The inflatable antennas with cylindrical
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Figure 6.9 Vacuum chamber test performed on the S-Band prototype. The inflatable
antenna is vacuumed and inserted in the chamber (a). The cylindrical shape is obtained
(b). The conical shape is also obtained (c) [16]. Reproduced with permission from IEEE.

shape and conical shapes were vacuumed and then inserted into the chamber.
Pressure was dropped and both the antennas inflated reaching a cylindrical and
a conical shape as shown in Figure 6.9. However, the issue of residual air in the
membranes caused both the antennas to prematurely inflate before the correct
pressure was reached. To solve this issue a new setup for this test was developed at
Arizona State University were the X-Band prototype has been tested (more on this
is on the following sections of this chapter).

As part of the tests and experiments performed on the S-Band prototypes [15],
both the cylindrical and conical antennas were folded with different techniques
to quantify the total volume occupancy of the antenna. The result was that the
cylindrical antenna occupies a volume of approximately 500 cm3, while the con-
ical occupies 320 cm3. This measurements do not include the patch antenna, the
canister and the added volume caused by the UV curing paste.

Another test that performed on the S-Band was the deployment [15]. The deploy-
ment mechanism was made of two plates: an ejector plate and a base plate. The
inflatable antenna was connected to the ejector plate which was mounted on top
of four rods each placed on the corners of the plate. The base plate was fixed to
the CubeSat structure and the four rods were fastened to the plate. A compression
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Figure 6.10 Inflatable antenna deployment test [15]. Reproduced with permission
from IEEE.

spring was used on each of the rods. The CubeSat door was manufactured in alu-
minum and held closed when the antenna was not inflated. When the antenna was
ready to be deployed, a burn wire was used to swing the door open. At that point the
compression spring pushed the ejector plate up deploying the antenna. The deploy-
ment system was successfully tested at ambient at the Massachusetts Institute of
Technology in August 2013 (Figure 6.10).

Lastly, the S-Band prototype was tested in the anechoic chamber at the Jet Propul-
sion Laboratory in May 2013 [15]. The objectives of the test were to measure the
gain of the antenna in the two configurations (cylindrical and conical). The test setup
in the chamber required the development of a specific stand in which the antenna
was mounted. Inflation was achieved by compressing air through a polycarbonate
adapter plate. The polycarbonate plate strongly affected the radiation, especially for
the cylindrical configuration. Apart from that, the measurement showed a general
agreement with the simulation results.

After this set of tests on the S-Band prototype more work needed to be done
for the antenna to be developed into a real flight prototype. However, the focus
of the research moved from S-Band to X-Band. The main reason for this shift in
frequency was due to the fact that the development in the field of CubeSat radio
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[17] was mostly in X-Band especially at the Jet Propulsion Laboratory with the
IRIS radio. Consequently, the authors wanted to design an inflatable antenna that
could be compatible with IRIS and with the ground capabilities offered by the Deep
Space Network. The next section of this chapter focuses on the development of the
X-Band prototype.

6.2.2 Inflatable Antenna Design at X-Band

The inflatable antenna for CubeSat at X-Band went through multiple design cycles
before reaching the current design maturity. Section 6.2.2.1 describes the initial
design at X-Band and the lessons learned which allowed development of the final
design described in Section 6.2.2.2.

6.2.2.1 Inflatable Antenna at X-Band: Initial Design and Lessons Learned

Initially, the design for the inflatable antenna at X-Band followed the original
S-Band concept of using a conical transparent Mylar structure with a parabolic
reflector bonded at the end (Figure 6.11).

This kind of antenna works as a single reflector (see this chapter) with a feed
(patch antenna) placed at the end of the conical structure as shown in Figure 6.11.
This concept was initially tested at the anechoic chamber (Figure 6.12) but it
failed to achieve the desired gain [18]. The measured gain was approximately only
25 dBi, 7 dB lower than the simulation.

2 4

Direction of
radiation

3

1

Figure 6.11 Inflatable antenna concept. The antenna is composed of a transparent
Mylar section (2), bonded with a metalized Mylar section (1) designed as a parabolic
shape. The patch antenna feed (3) is glued to the end of the membrane and it is
mounted at the end of the 3 unit CubeSat. Number 4 indicates the stowage capac-
ity needed to contain the antenna. Source: From Babuscia et al. [18]. © 2016 IEEE
Aerospace Conference
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Figure 6.12 Inflatable antenna at X-Band tested at the anechoic chamber of the Jet
Propulsion Laboratory. The structure with off-loading mechanism allows the antenna
to be pointed correctly.

This issue was investigated through additional tests and simulations and the root
cause was found in the inflation process and in the shape of the membrane. Specifi-
cally, the antenna was tested at the photogrammetry laboratory at the Jet Propulsion
Laboratory. The antenna was inflated (Figure 6.13) at different values of pressure
ranging from 0.13 to 0.21 psi.

During the photogrammetry experiment, it was discovered that when air is pushed
through the Mylar membrane, the membrane tends to deform into a surface which
resembles more a sphere than a parabola. The surface measurements taken in pho-
togrammetry were also used to simulate the radiation pattern which confirmed the
experimental results showing that the curvature induced by the air was compromis-
ing the reflector shape and hence the quality of the overall antenna gain. This initial
design of the inflatable antenna provided valuable lessons learned that were applied
into the final design.

6.2.2.2 Inflatable Antenna at X-Band Final Design: Reflector and Feed
Placement

The major lessons learned when developing and testing the first prototype of the
inflatable antenna at the X-Band was that no matter how precise is the parabolic
surface design and manufacture, the inflation process will tend to change that shape
into a sphere. As a result, a new design approach (Figure 6.14) was followed which
consisted in designing the inflatable antenna as a sphere instead of a parabola and
into changing the placement of the feed inside the antenna.
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Figure 6.13 Inflatable antenna photogrammetry test. Black and silver targets are
placed on the surface of the antenna in a given pattern and cameras are used to take
a set of images of the antenna for different values of pressure. Following the test, the
images are post-processed to provide the characterization of the surface shape.

This new configuration [19] as several advantages. First, it eliminates the prob-
lem of trying to inflate the membrane into a parabolic shape: the sublimating powder
now inflates the membrane into a sphere which is what the gas tends to do when-
ever the reaction occurs. Second, the new design allows for improved gain as it is
better illuminated. Third, since in this new design the patch antenna is mounted
inside the membrane and the inflatable is completely spherical, there is no particu-
lar reason for attaching the CubeSat to the transparent side. Hence, as it is shown in
Figure 6.14, the CubeSat is now mounted on the reflector side. This new configura-
tion avoids additional losses of gain due to the presence of the CubeSat body which
was a significant problem in the previous design. Challenges of this new design are
undoubtedly the support of the feed and the manufacturing of the membrane, now
a more complex design. The structural and manufacturing challenges are discussed
in Section 6.2.3.
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Figure 6.14 New inflatable antenna configuration. The antenna is designed as a
sphere in which a portion (1) is fabricated using metalized Mylar, while the rest (2)
is transparent. The patch antenna feed (4) is now placed inside the membrane on a
support (3) and connected to the main CubeSat body through a low loss cable (not
pictured in this graphic). The volume occupied by the membrane is shown in 5.

Although the feed is still an X-Band patch antenna, one of the main changes is
feed placement. Moving from the previous configuration to the spherical one, the
feed was moved inside the membrane to improve the illumination. Simulations were
performed to optimize feed placement.

Two reflector-feed configurations were considered and evaluated with TICRA
GRASP. The first design prioritized gain maximization. Figure 6.15 demonstrates
how gain changes when the reflector diameter is held constant and the feed place-
ment is varied. Gain is maximum when reflector diameter is 71.3 cm and feed place-
ment is 22 cm from the reflector. The second design constrained the feed placement
such that the seam of the feed support was co-located with the reflector seam, as
this design would have been easier to manufacture. In this case, gain was only
a function of reflector diameter and was maximum with a reflector of 81.9 cm.
Figure 6.16 compares the radiation patterns of the two reflector-feed configurations.
The first design with a reflector diameter of 71.3 cm was selected because it yields
a higher gain with lower sidelobes and the increased manufacturing complexity is
non-consequential.

The antenna was manufactured according to specifications (Figure 6.17), and a
testing campaign was conducted at Morehead State University to measure the radi-
ation pattern of the antenna.
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Figure 6.15 Gain and feed displacement for a 71.3 cm reflector. Source: From Babus-
cia et al. [19]. © 2017 IEEE Aerospace Conference.
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than the 81.9 cm reflector). Source: From Babuscia et al. [19]. © 2017 IEEE Aerospace
Conference.
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Figure 6.17 Inflatable antenna prototype inflated at Morehead State University prior
to anechoic chamber tests.

6.2.2.3 Antenna Measurements

A measurement campaign for the inflatable antenna at X-Band was carried out in
January 2017. The measurements were performed at the anechoic chambers of the
Morehead State University in Kenutcky. To properly test the antenna, a pressure
control system (Figure 6.18) was developed to inflate the antenna with compressed
air and to ensure that the antenna was maintained at a constant pressure during the
test. Pressure control is particularly important for this kind of test as even minimal
pressure variations can change the shape and hence affects the measurement of the
radiation pattern. The optimal pressure needed to test the inflatable antenna has been
characterized through different sets of photogrammetry tests and was found to be
0.2 psi.

The setup of the experiment at Morehead is shown in Figure 6.19. The antenna
was placed on a stand to allow to maintain the appropriate pointing. Two cables
were routing outside the balloon: one for the inflation air and the other one for the
electrical connection.

The antenna pattern was measured using a HP 8563E spectrum analyzer and the
COMSAT antenna verification program (CAVP) system in the anechoic antenna
test chamber. The inflatable antenna was inflated on a platform of one inch thickness
with a 20 in. diameter hole cut into it to support the round structure. The antenna was
then placed on top of an antenna positioner. For the receive band, (8.4–8.5 GHz),
and the transmit band, (7.19–7.235 GHz) a carrier signal was generated by a syn-
thesized sweeper and fed to a standard gain horn. The spectrum analyzer was set
to external 10 MHz, 0 Hz frequency span, 100 Hz resolution bandwidth, and 1 Hz
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Figure 6.18 Pressure control system developed to maintain the antenna at the desired
pressure during the test.

Figure 6.19 Setup of the inflatable antenna in the anechoic chamber at Morehead
State University. A nylon string was used to gently anchor it to the foam support. Red
duct tape was used to seal the sphere where the coaxial cable and the filler tube were
inserted.
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Figure 6.20 Block diagram of the anechoic chamber test chamber equipment used
for the testing of the antenna.

video filter bandwidth. The sweep time was set to match the time required to slew
the antenna over the various pattern angles and the reference level was adjusted for
peak signal near the top of the screen on the 10 dB per division setting. With this
setup (Figure 6.20), 70 dB dynamic range was achieved. The gain for the antenna
was determined by two methods. CAVP was created by COMSAT Laboratories
to more accurately calculate the gain by pattern integration. The measured pat-
terns have three correction factors. These corrections are (0.30) dB for less than
360∘ of pattern cut, feed and VSWR (voltage standing wave ratio) losses (0.20 dB),
and cross-polarization energy (0.10 dB). The alternate measurement for measured
antenna gain uses the 3 and 10 dB beamwidths and calculating estimated directive
gain by using the 3/10∘ beamwidth formula.

The inflatable antenna was initially measured at 8.4 GHz and at 0.10, 0.15, 0.19,
0.20 psi values of pressure. The measured gain values are listed in Table 6.1 and
pattern is shown in Figure 6.21. Measurements were also performed at 0.2 psi at
different values of frequency as shown in Table 6.2. The pattern angles for gain
measurements for directive gain were set to ±35∘. These angles used to calculate
directive gain by pattern integration as recommended by the CAVP program.

It can be observed that the peak gain of the measured antenna is slightly below the
peak gain computed through simulation. The difference is approximately 1–2 dB
depending on the values of pressure and on the type of method used to compute
the gain (integrated vs. 3/10). However, it is important to notice that the simulated
gain (discussed in Section 6.2.2.2) does not account for cable losses (estimated at
0.7 dB). Besides cable losses, additional factors that may have affected the gain are
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Table 6.1 Inflatable antenna measurements at different values of pressure at
8.4 GHz.

Freq.
(GHz)

N2 pressure
(psi)

Integrated
gain
(dBi)

3 dB
beamwidth

(∘)

10 dB
beamwidth

(∘)

Estimated
3/10 gain

(dBi)

8.4 0.10 29.86 4.055 10.93 31.33
8.4 0.15 29.80 4.124 11.01 31.09
8.4 0.19 29.70 4.166 11.12 31.01
8.4 0.20 29.71 4.124 11.14 31.07
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Figure 6.21 Inflatable antenna pattern comparison for different pressure values (0.1,
0.15, 0.19, 0.2 psi).

potential wrinkles and seams at the bounding of the Mylar membranes. Despite
cable losses and wrinkles, these measurements show for the first time the feasibility
of developing an antenna concept based on inflatable membranes which has the
potential to be game changing for future CubeSat missions.

6.2.3 Structural Design

The mechanical design of the antenna had to solve two primary issues. The first
is ensuring the antenna could withstand the pressure required to inflate it, and the
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Table 6.2 Inflatable antenna measurements at 0.2 psi for different values of
frequency.

Freq.
(GHz)

N2
pressure

(psi)

Integrated
gain
(dBi)

3 dB
beamwidth

(∘)

10 dB
beamwidth

(∘)

Estimated
3/10 gain

(dBi)

7.145 0.20 28.67 4.922 12.74 29.64
7.19 0.20 28.70 4.926 12.66 29.65

7.235 0.20 28.74 4.789 12.54 29.85
8.4 0.20 29.68 4.212 11.17 30.93

8.45 0.20 29.28 4.081 11.06 31.15
8.5 0.20 28.82 4.214 11.12 30.94

second was to ensure the antenna took on the right shape when inflated. While the
first issue was relatively easy to solve, the second issue was much more challenging.

To build the antenna, it was required to use multiple sheets of Mylar, which cre-
ated the three dimensional shape (as a flat sheet of Mylar could not form the required
geometry). Each of these sheets were bonded together, which was created the weak
link in the system. If over pressurized, these bonded joints would begin to split due to
shear forces, allowing air to leak between the sheets. It was empirically determined
by the balloon manufacturer that leaks began to occur at 0.29 psi, with complete
seal failure at 0.36 psi. Therefore a pressure relief valve was installed in the sys-
tem, set to activate at 0.22 psi. The pressure relief valve consisted of a simple plate,
held in place by a compression spring. The activation pressure could be adjusted
by preload in the spring. Once the pressurized area of the plate exceeded the force
on the spring, the valve would activate by compressing the spring, removing the
plate from covering the hole behind the pressure relief valve, allowing air to follow
around it. This would prevent the balloon from over pressurizing, as it would start
to relieve pressure if the antenna ever over inflated.

Achieving the desired geometry of the antenna was a much more challenging
problem. As the antenna inflates, the pressure pushes the membranes into a different,
more spherical shape. This means the shape the balloon is constructed to will not
match the shape that the balloon inflates to. To most easily illustrate this, imagine
the two flat sheets of a standard Mylar balloon. While originally these two sheets
are parallel with each other, when inflated they become rounded lobes. Figure 6.22
shows some initial simulations of the original (in black) and deformed (in gray)
shape of an inflated object.

Perhaps the biggest challenge is that the deformed shape is extremely pressure
dependent. To try and understand the pressure dependence of the shape two differ-
ent antennas were built and then tested, using both photogrammetry. One antenna
was constructed to the desired parabola (Figure 6.22a), while the other was con-
structed to form a cone (Figure 6.22b). Both were found to deform significantly with
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Figure 6.22 Original and deformed shapes makes geometry challenging.

pressure, as illustrated in the graphs below which shows how the best fit parabolic
focal point changes with pressure (Figure 6.23).

Interestingly, the most impactful portion on antenna surface design was the num-
ber of seams occurring in the reflective surface of the balloon. A reflective surface
with many seams, required to build an “as built” parabolic shape ended up with a
surface distorted by many creases. However, a surface constructed as a flat surface
had a much smoother shape when inflated (Figure 6.24). Therefore, it was deter-
mined that a desirable approach was to construct the surface as a flat shape, and
then allow inflation to deform the flat shape to the required curved surface. This
would result in the as built shape appearing like a cone.

The next step was to explore if simulations could accurately predict the deformed
shape of the balloon. Initially, models were run in solidworks simulation and NAS-
TRAN (National Aeronautics and Space Administration Structure Analysis), but
were found to converge only for extremely low pressures. If pressures exceeded
0.01 psi, the solution would not converge. Solutions nearing these pressures showed
radical deformation. After consulting with the individuals familiar with simulation
software, it was determined the correct approach to use was a software called Sierra.
This produced much more realistic results, as illustrated below (Figure 6.25). It can
be seen that Sierra not only predicts the shapes bulk deformation, but also simulates
wrinkles occurring the balloon.

The next steps in the design process would be to first verify the simulations by
comparing the photogrammetry data to the simulation results. After the accuracy
of the software was verified, the software would then be used to determine what as
built shape would deform into the correct parabola. However, this would have been
a complex and time consuming series of simulations to perform, and would require
compromise to achieve an exact parabolic shape. Further, accuracy of such a design
would be extremely sensitive to pressure fluctuations, as illustrated in Figure 6.23.
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Figure 6.23 Antenna deformation vs. antenna pressure was highly variable.

At this time it was also found that correct design of the antenna feed would allow a
spherical surface to be used. A spherical surface is the shape and inflated object natu-
rally wants to deform to, therefore it was determined it would be much more prudent
to design the antenna to be a spherical surface, instead of try to manufacture an
antenna to one shape, and then inflate it to another shape. Using a spherical surface
is also very robust against pressure changes. Therefore, adapting the antenna feed
to operate on a spherical reflector was much more practical than trying to achieve a
parabolic surface.

It should be noted that the STS antenna experiment was able to achieve a parabolic
surface, created by deformation due to inflation, but this required three different
inflatable structures, each inflated to a different pressure to achieve the desired
shape. One of the key structures included a ring, which applied a specified tension
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Figure 6.24 A flat surface on the antenna achieved a better surface than a curved
surface.
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Figure 6.25 Simulations of the deformed antenna could be created, but were hard
to achieve.
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to the perimeter of the reflector surface to develop a precise shape. However, for a
CubeSat antenna, it is not desirable to have a design with demands such complexity.

6.2.4 Inflation and On-Orbit Rigidization

Inflation and rigidization represent key aspects of the inflatable antenna design as
they are the mechanism through which the antenna is maintained in the desired
shape. Inflation can be performed in many different ways with a wide range of pos-
sible inflation gases. In the case of the inflatable antenna, the choice for inflation
mechanism is the sublimating powder. This mechanism is completely passive and
does not necessitate a tank for gas storage allowing for great volume reduction. The
sublimating powder is kept at the solid state inside the antenna until deployment.
When the antenna is deployed, the powder turns into a gas and inflates the antenna
to an approximate pressure of 10−3 Torr.

The process of sublimation is a function of the powder’s state pressure and tem-
perature. In order for solids to convert into gas, energy equivalent to bond in the solid
must be provided. This energy is characterized by sublimation enthalpy (ΔHsub).
Sublimation enthalpy of a given material in a given state is determined experimen-
tally. However, the equipartition law [20] provides a reasonable approximation of
the sublimation enthalpy:

ΔHsub(P,T) = −ULattice_energy(P,T) − 2RT (6.1)

Here ULattice_Energy is the energy required for molecules to break their crystal lattice
and convert to gas, and R is the universal gas constant. In high vacuum environments,
ΔHsub decreases dramatically and sublimation can be achieved over a very small
temperature range. In effect, sublimation can thus be achieved isothermally. Our
present work takes advantage of this property to achieve inflation in high vacuum.
The mass flow rate of conversion from solid to gas is:

dm
dt

= 𝛼

√
M

2𝜋RT
(peq − p) (6.2)

Here 𝛼 represents a proportionality constant that is material specific, M is the molec-
ular mass, R is the gas constant, T is temperature, p is the ambient pressure, and peq
represents equilibrium vapor pressure. The equilibrium pressure depends on tem-
perature: Equation (6.3) shows that the process tends to stop once ambient pressures
approaches the sublimates natural vapor pressure at that temperature. This is very
significant for the inflatable antenna as it excludes the need for an external pressure
controller making the inflation process simple and reliable.

peq = 𝛽

√
2𝜋R
M

Te−
𝜆

RT (6.3)
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Figure 6.26 Equilibrium pressure for benzoic acid. Source: From Babuscia et al. [18].
© 2016 IEEE Aerospace Conference.

𝛽 and 𝜆 are specific material constants. The equilibrium pressure for benzoic acid
is shown in Figure 6.26:

If the sublimating powder carried onboard the antenna is greater than the amount
needed for the primary inflation, the residual powder will remain at the solid state
and will sublimate whenever leaks in the antenna cause the volume to change. This
condition is shown in Figure 6.27:

Q̇in represents the volume flow rate into the membrane due to sublimation and
Q̇out is the volume flow rate out of the inflatable due to punctured area. Condition

Qout Qin

Figure 6.27 Sublimation process in case of punctured membrane.
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for sublimation is:
Q̇in ≥ ̇Qout (6.4)

The volume flow rate generated by a sublimate of mass flow rate Ṁ, molecular
weight m, having equilibrium vapor pressure of Peq at temperature T is computed
as:

Q̇in = ṀRT
mPeq

(6.5)

Leakage rate out of the inflatable is a function of the area of damage and of the
molecular diffusivity of the sublimate as seen below [14]:

̇Qout =
(∑

AipiMtot

time

)√
kT

2𝜋m
(6.6)

The first term in the parenthesis indicates the total expected damage area, while
the term under the square root is the sublimate mobility. Whenever the condition
for sublimation occurs, sublimation will act to compensate for the puncturing until
powder is exhausted. Approximately 1 g of sublimating powder like benzoic acid
allows the antenna to operate for over a year as shown in [16].

Given the novelty of this inflation mechanism, research and tests were conducted
[18] to select the most appropriate powder and to characterize the overall inflation
process. In particular, a study that we performed and documented in [18], compared
at least 30 different possible sublimating powder compounds to identify the more
promising ones for the antenna. The study was based on the principle that chemical
sublimates exert vapor pressure, the magnitude of which depends on ambient pres-
sure and temperature [20]. The powders were reviewed using criteria considered
critical for usage in space such as: stability in high vacuum conditions, high molec-
ular diffusivity and large gas vapor volume for mass ratio. Results (Figure 6.28)
showed that benzoic acid, salicylic acid and o-methoxy benzoic acid were the more
feasible sublimating powder compounds to use for the project. Among these three
substances, benzoic acid was chosen to be used in the vacuum chamber experiments
due to ease of availability and low cost.

In addition to the survey of the different sublimating powder, tests vacuum cham-
ber were performed to characterize the process of inflation. The test campaign was
conducted at Arizona State University in 2014 and 2015 using a vacuum chamber
built specifically for this purpose. The chamber is design for complete evacuation
of the antenna before dropping pressure. This feature is extremely important as it
allows for elimination of the residual air and guarantees that inflation is effectively
caused by the powder and not by residual air issue that might have remained dur-
ing some of the experiments performed in 2013. The inflation process is shown in
Figure 6.29, while the pressure measurement over time is shown in Figure 6.30.
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Figure 6.28 Results of the sublimating powder study. Source: From Babuscia et al.
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(d) (e) (f)

Figure 6.29 Inflatable antenna inflation process [18]. Reproduced with permission
from IEEE.



�

� �

�

224 CubeSat Antenna Design

250

Pin–Pout

200

150

100

P
re

ss
u

re
 d

if
fe

re
n

ce
 (

to
rr

)

50

0

Sublimation begins

–50
0

A B C D

500 1000 1500

Time (s)

E – F

2000 2500

Figure 6.30 Pressure profile over time for the different inflation stages. Source: From
Babuscia et al. [18]. © 2016 IEEE Aerospace Conference.

Phase A represents the inflatable evacuation stage. At this phase, the pressure dif-
ference between external pressure and internal is negative as shown in Figure 6.30.
Phase B corresponds to a rise in internal pressure due to redistribution of air pockets
formed during the evacuation (Phase A). Phase C corresponds to the progressively
lowering of the temperature. Phase D constitutes the point where internal pressure
is low enough for the sublimation process to begin, as it can be noticed by the sharp
fall in internal pressure at the end of this phase. Phases E and F represent equilibrium
conditions with constant internal pressures of 0.0026 Torr.

Differently from inflation, rigidization allows maintenance of the shape of the
antenna even in case of puncturing and loss of pressure caused by thermal varia-
tions. UV curable resins can be used as rigidization technique as they harden to form
“glassy” structures upon exposure to ultraviolet radiation. This process is due to
radiation induced polymerization called UV curing. A dynamical equation describ-
ing UV polymerization in terms of reacted concentration as a function of thickness
x from surface and exposure time t is:

𝜕C(x, t)
𝜕t

= kI0e−𝜀AxC(x, t) (6.7)
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I0 is the incident Intensity at polymer surface, 𝜀 is the attenuation constant of the
material, and A is the fraction of reactive molecules [21]. Reference [21] shows
curing efficiency to rapidly slow down beyond depths of 20 μm. UV induced poly-
merization reaction duration is of the order of hours given incident radiation flux of
100–10000 μW/cm2. This is advantageous as the process of inflation is of the order
of minutes. This can be leveraged to attain complete inflation prior to rigidization.
Non-uniform polymerization can be caused due to factors such as atomic oxygen in
the LEO, high energy electron and ion fluxes, X-ray and Υ-irradiations. The most
significant challenge posed to fluid epoxies is their evaporation in high vacuum. The
rate of evaporation is:

W = P
17.14

√
M
T

(6.8)

P is the material’s equilibrium vapor pressure, M is the molecular mass of monomer,
and T is the temperature [22].

An initial survey of rigidization methods was performed and an initial experiment
using a small piece of Mylar was described in [18]. Recently, an experiment to
rigidize the entire antenna surface was carried out at the Arizona State University
vacuum chamber facility. The antenna was covered with UV resins as shown in
Figure 6.31.

UV resin filled envelopes were used to provide the amount of UV paste needed
for the rigidization while minimizing the risk for outgassing in the vacuum chamber.

UV resin filled

envelopes

Sublimate powder

holder

Figure 6.31 UV resins applied to the inflatable antenna membrane [19]. Reproduced
with permission from IEEE.
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Vaccum chamber evacuation Membrane inflation

Rigidized membraneExposure to UV radiation

Figure 6.32 Rigidization sequence. The antenna is vacuumed, membrane is inflated,
and exposure to UV radiation is used to rigidize the antenna [19]. Reproduced with
permission from IEEE.

The rigidization sequence is shown in Figure 6.32. After the antenna is vacuumed,
the pressure is reduced up to the point when it triggers the inflation with the pow-
der. The time required to reach the point of sublimation is approximately 15 minutes.
After that, inflation happens in a couple of minutes. When inflation is completed, an
UV source is turned on inside the chamber for a couple of hours to allow the resin to
cure for the required time. Approximately 2 hours are sufficient for the rigidization
to take place. At the end of the experiment, the pressure is raised back to ambient and
the vacuum chamber is opened to verify the status of the membrane. As observed in
Figure 6.32, the UV curing process allows to partially maintain the inflated shape:
without UV curing the antenna would have all been deflated as the sublimating pow-
der goes back to powder state when pressure is raised. However, the shape is very far
from the full inflated antenna, because the UV curing is not applied uniformly on all
the reflector surface as this would excessively increase mass and volume. Current
research is focused on improving the rigidization process as a way to increase the
life of the inflatable antenna in space, while respecting the current mass and volume
constraints.

6.3 Spacecraft Design Challenges

The inflatable antenna for CubeSat can significantly improve their telecom-
munication capabilities. However, it is a complex design that needs particular
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accommodation on the spacecraft. This section is focused on the main design chal-
lenges associated with the inflatable antenna: Earth atmospheric drag and dynamics.

For Earth atmospheric drag, a study conducted in 2013 [14] showed that at very
low altitudes, drag torque is dominant. This problem does not affect interplanetary
applications as in those cases the antenna will be deployed very far from Earth.
However, this problem affects a technology demonstration mission that could
be launched in LEO to test this prototype. The study demonstrated that very
low orbits (500 km or lower) are not acceptable for the inflatable antenna. A
technology demonstration mission would needed to be flown at a minimum altitude
of 600–700 km. It is worth noticing that this kind of altitude is very well within the
reach of the current CubeSat launch vehicles and hence should not constitute an
insurmountable problem. However, this aspect needs to be considered when the
spacecraft is designed.

Another important challenge is the dynamic control of the spacecraft. The
antenna dimensions, coupled with the flexibility of its material and with the
presence of the sublimating powder add complexity to the design of the attitude
control system. A test campaign has been carried out in the small satellite dynamic
testbed facility at the Jet Propulsion Laboratory [19] with the goal of characterizing
the dynamical behavior of the inflated antenna, and in particular its response to
rotation commands along a direction perpendicular to the boresight. The antenna
was mounted on a three degree of freedom (DOF) spherical air bearing system.
Vicon Motion Capture was selected as the main measurement system and, as a
redundancy, a set of coded targets was placed on the antenna to provide a second
data source for additional post processing. The setup (Figure 6.33) was equipped
with the XACT suite from Blue Canyon Technologies which includes a set of
reaction wheels and gyroscopes, controlled wirelessly from a console. A controller
was used to feed the actuators with real-time commands and to handle the sensors
readings. The inflated antenna was mounted with the boresight direction parallel
to the gravity vector. The test consisted of observing the behavior whenever a
command is applied to the frictionless plate. The reaction wheel controller was
programmed to stabilize the system.

Tests were stopped either because of wheel saturation occurred or because the
system diverged. The cause for this result was the gravity torque, which was char-
acterizing the system as an inverted pendulum. It is worth mentioning that during
this test several contributions were different with respect to the conditions found
in orbit: gravity torque, air in the environment instead of vacuum, air inside of the
antenna instead of sublimating gas, antenna position on the plate, and inertia of
additional components. Regardless, test results showed that the inflated antenna is
controllable with state of the art reaction wheel systems for CubeSats and hence
compatible with foreseen mission profiles and selected hardware configurations.
Stable and unstable behavior are shown in Figures 6.34 and 6.35.
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Figure 6.33 Test setup [19]. Reproduced with permission from IEEE.
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Figure 6.34 Stable behavior. Source: From Babuscia et al. [19]. © 2017 IEEE
Aerospace Conference.
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Figure 6.35 Unstable behavior. Source: From Babuscia et al. [19]. © 2017 IEEE
Aerospace Conference.

6.4 Conclusion

The inflatable antenna for CubeSat project has been developed at the Jet Propulsion
Laboratory over 7 years with the support of multiple partner institutions. During
this period of time, two different prototype concepts were developed and tested
which are the S-Band and the X-Band prototypes described in this chapter. Simu-
lations and tests have shown how the inflatable antenna can be a promising tech-
nology to achieve high antenna gain while maximizing stowing efficiency onboard
the spacecraft. However, the development of such antenna presents inevitably sev-
eral challenges especially in relation to surface accuracy, proper inflation, shape
maintenance, thermal control, micrometeoroid puncturing, and rigidization. Differ-
ent studies and experiments have been carried out to solve some of these issues as
described in this chapter. More research and test are expected to happen in the next
few years as the project proceeds into transitioning from technology development
to flight prototype. The final goal is to develop a technology demonstration mis-
sion in LEO to deploy the antenna and to characterize its performance in relevant
environment. If this test is successful, missions could start carrying an inflatable
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antenna as their primary or secondary antenna to support long range and high data
rate interplanetary links.
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7.1 Introduction

The all-metal patch array discussed in this chapter was originally developed for the
potential Europa Lander mission [1, 2] to enable for the first time, direct link to
earth from a Lander on Jupiter’s icy moon Europa [3]. However, a smaller version
of the antenna would be an ideal candidate for CubeSat missions.

The antenna is primarily composed of metal to ensure survivability in the harsh
environment of Jupiter’s icy moon (i.e. very low temperature and high radiation).
The Europa Lander antenna for direct to earth (DTE) communication is shown in
Figure 7.1 on the Europa Lander. A small portion of this antenna can easily be inte-
grated into 6U- or 12U-class CubeSat exposed to high radiation levels or simply in
need for high aperture efficiency. Indeed, this antenna not only operates at the uplink
(7.145–7.190 GHz) and downlink (8.40–8.45 GHz) Deep Space Network (DSN)
frequency bands, it also demonstrates unprecedented aperture efficiencies (>80%)
[3]. To back up this statement a comparison with the state of the art will be provided.

NASA’s Jet Propulsion Laboratory developed a new type of all-metal
right-handed circularly-polarized (RHCP) patch array with the goal of achiev-
ing more than 80% efficiency at both uplink and downlink frequencies. It
leverages construction methods developed for the Juno MicroWave Radiometer

CubeSat Antenna Design, First Edition. Nacer Chahat.
© 2021 John Wiley & Sons, Inc. Published 2021 by John Wiley & Sons, Inc.
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Figure 7.1 An artist’s concept of a potential Europa Lander with the all-metal
dual-frequency RHCP HGA for Direct to Earth (DTE) communication [3]. This antenna
was highlighted as the enabling technology for this mission [3].

single-frequency linearly polarized patch array antennas [4]. To design such an
array, the heart of the challenge lies with the proper design of the array elements.
The proposed array employs an all-metal single-fed element that supports circular
polarization over the two DSN frequency bands. The element is self-supported,
easy to machine, and structurally strong enough to handle vibrations and loads
during launch.

Going forward, it is likely we will witness more CubeSats fly alongside interplan-
etary missions, hitching rides to try inventive, new, and game changing technologies.
Deep Space CubeSat missions will come with extreme challenges due to high radia-
tion levels and extreme temperatures. High energy electron environment is harmful
for many materials, it can alter their dielectric properties or damage the material; the
material will be vaporized and/or carbonized. Due to the very low conductivity of the
dielectrics, electrons can be accumulated in dielectrics over the time. Once enough
charge has been accumulated within a dielectric, electrostatic discharge (ESD)
events such as arcing or discharge can occur if the resultant electric field strength
exceeds the material’s breakdown limit, dielectric strength. Extremes temperatures
in Deep Space are another major design challenge and knowledge of dielectric
properties over such temperature is sometimes unknown. For these reasons, the
use of dielectrics in an antenna located outside of the CubeSat is challenging.
Another challenge associated with the use of dielectric, is the development of
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Figure 7.2 The prototype 8× 8 patch array designed to survive harsh environment
and to achieve high aperture efficiency at both uplink and downlink DSN frequency
bands.

a reliable bonding process between materials with large CTE mismatch. As the
antenna aperture increases, the bonding process becomes more challenging and
drives the temperature limits. Besides, as the available volume on a CubeSat is very
limited, an antenna with high aperture efficiency would maximize the data-rate
and communication range capabilities. Hence, to withstand the harsh temperature
conditions and radiation levels, the antenna should be made primarily of metal.

Once again, while this antenna is a good candidate for CubeSat platform, it was
originally designed for the potential Europa Lander mission and is currently the
baseline antenna enabling DTE from Europa. More information can be found in [3].
A photography of the prototype antenna is shown in Figure 7.2. For the potential
Europa Lander mission, a 32 × 32 patch array will be used as shown in Figure 7.1.
This antenna was successfully fabricated, tested, and qualified. It reached technol-
ogy readiness level 6 after completing RF testing in a relevant environment, thermal
cycling, and vibration testing.

7.2 State of the Art

Finding a single-layer, single fed element that supports circular polarization over
the two targeted frequency bands is far from being straightforward. Traditional
circularly polarized patch antennas are narrow band. The bandwidth defined as a
reflection coefficient below −10 dB and an axial ratio under 3 dB is usually around
2% [5]. Adding to that the dual-frequency criteria compounds the problem. Over
the years, researchers have investigated different approaches to obtain dual-band
or wideband performance in circularly polarized patch antennas, including stacked
patch antennas [6], slotted patch shapes, slotted ground planes [7], E-shaped [8, 9],
U-slot [10], L-shaped [11], and so on. None of the aforementioned solutions are
compatible with all-metal solutions that can be scaled to large arrays.
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Figure 7.3 The prototype 8×8 patch array designed to survive harsh environment
and to achieve high aperture efficiency at both uplink and downlink DSN frequency
bands. Courtesy of NASA/JPL Caltech.

Figure 7.4 A dual-polarized W-band metal patch antenna element for phased array
applications. Courtesy of NASA/JPL Caltech.

The Juno MicroWave Radiometer single-frequency linearly polarized patch array
antennas, shown in Figure 7.3, was the first all-metal patch array developed for a
NASA mission. Multiple versions of this antenna are flying and operating success-
fully on JUNO on Jupiter Orbit [4].

A 2× 2 patch array of dual-polarized metal patch elements intended for electron-
ically scanned array applications was designed at W-band [12] (Figure 7.4). This
antenna was implemented in Polystrata® technology.

RUAG Space has also developed patch antennas entirely made of metal for space
mobile communication satellites at L- and S-band with high aperture efficiency [13]
(Figure 7.5).
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Figure 7.5 RUAG Space has developed array elements at L- and S-band for Mobile
communication satellite systems. The Patch Excited Cup (PEC) element is designed for
high aperture efficiency, excellent PIM properties, low losses and low mass. Source:
From RUAG Space [13]. © 2016 RUAG Space.

The Mars Science Laboratory high gain antenna (HGA) [14], currently operating
on Mars on the Curiosity Rover, operates at both uplink and downlink frequency
band with roughly 49 and 45% (not accounting for the loss in the rotary joint). This
antenna was designed to survive Mars environment. A picture of the antenna on
Mars is shown in Figure 7.6.

A radial line slot array (Figure 7.7) was proposed [15] to cover both uplink
and downlink frequency bands. These antennas are intrinsically narrow band but
a trade-off was made to get reasonable efficiency at both frequency bands (roughly
40 and 20%, respectively). One advantage of this design is the absence of dielectrics.
It can be entirely made of metal.

A first attempt to provide dual-frequency with circular polarization was done
through a collaboration between NASA’s Jet Propulsion Laboratory and Univer-
sity of California Los Angeles (UCLA). The antenna is shown in Figure 7.8. The
use of a thick dielectric combined with an half E-shaped patch element enables the
bandwidth improvement. The axial ratio performance over the two frequency bands
was successfully achieved but the reflection coefficient needs to be improved [9]. In
general, the use of dielectric is challenging in deep space because of the aging prop-
erties of the material, coefficient of thermal expansion (CTE) mismatch resulting in
delamination issues, varying dielectric properties over temperature, lower aperture
efficiency, etc. For instance, on MarCO, the LGAs were bonded to an aluminum
plate and extensive tests were performed to make sure the bonding will survive
the thermal cycles. On previous NASA missions, we have witnessed failures dur-
ing their qualification campaigns, due to improper bonding or radio frequency (RF)
cables pulling into the SMA connector causing the patch to detach.

Another design entirely made of metal is worth mentioning. A Ka-band modu-
lated metasurface antennas fabricated by metal additive manufacturing was recently
proposed [16] (Figure 7.9). This antenna operates at a single frequency band but
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Figure 7.6 Photography of the high gain antenna on the Curiosity Rover on Mars.
Courtesy of NASA/JPL Caltech.

Figure 7.7 Photography of the radial line slot array. Reproduced with permission of
IEEE.
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Figure 7.8 Circularly polarized patch array antenna using thick dielectric [5].
Courtesy of NASA/JPL Caltech.

Figure 7.9 Ka-band modulated metasurface antennas fabricated by metal additive
manufacturing [16]. Courtesy of NASA/JPL Caltech.
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could be potentially designed to cover two frequency bands as described in [17].
The aperture efficiency is around 40%.

7.3 Dual-Band Circularly Polarized 8× 8 Patch Array

7.3.1 Requirements

The antenna should fit in one size of the CubeSat to avoid any unnecessary
deployment. The CubeSat platform for this antenna is a 6U- (12× 24× 36 cm3) or
12U-class (24× 24× 36 cm3) Cubesat. As a result, the antenna should fit within
1× 24× 36 cm3.

To satisfy the dual-band communication link with NASA’s DSN at the X-band,
the antenna needs to meet stringent requirements across both uplink and downlink
frequency bands with a sufficient thermal guard band. The antenna should be
right-handed circularly polarized. Its efficiency should be higher than 80% at
both frequency bands to provide at least a gain of 23.9 dBic and 25.0 dBic at
7.1675 and 8.425 GHz, respectively. The antenna axial ratio should be better than
3 dB and antenna return loss should remain higher than 14 dB at both frequency
bands.

The antenna must survive and perform within ±130 ∘C. It should also be immune
to high radiation levels and ESD. In addition, it should handle an input power of
25 W in vacuum.

7.3.2 Unit Cell Optimization

The key innovation to support the needed requirements is the all-metal unit cell
providing RHCP at both uplink and downlink frequency bands. The all-metal patch
element is shown in Figure 7.10. This element is single-fed thereby simplifying the
feeding network and the antenna assembly. This patch element is entirely made of
aluminum and is grounded to the antenna ground through a structural post. This
structural post does not affect antenna performance as it is located where the cur-
rent is null. The unit cell is optimized in an infinite array to obtain the required
radiation pattern, axial ratio and impedance. Once the performance of the unit cell
is achieved, its performance in an array is verified. If necessary, the dimensions are
refined in the array configuration. Once the optimization is completed, a tolerance
analysis is performed to make sure that the optimized shape is not sensitive to small
dimensional or form variations.

The unit cell was optimized to achieve a good reflection coefficient and circular
polarization within both Rx and Tx frequency bands using CST MWS (Finite inte-
gration technique) with a genetic algorithm. The parameter vector being optimized
is defined as:

p = [W1,W2,Wf ,L1,L2,L3, h] (7.1)



�

� �

�

High Aperture Efficiency All-Metal Patch Array 241
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Figure 7.10 All-metal unit cell providing RHCP at Tx and Rx frequency bands with
a single feed point. (a) CAD model of the patch element including the feeding pin
and the structural post. (b) Patch element geometry including the parameters being
optimized to achieve RHCP within the two frequency bands.

where the parameters being optimized are illustrated in Figure 7.10. The height of
the patch h, not shown in the figure, is also being optimized.

The cost function is being minimized during the optimization process as:

C(p) = 𝛾1 ⋅ |ΔRe(p)| + 𝛾2 ⋅ |ΔIm(p)| + γ3 ⋅ |AR(p)| (7.2)

where:

ΔRe (p) =
|Re(Zant(f0, p)) − Z0| + |Re(Zant(f3, p)) − Z0|

2
− 20 (7.3)
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Table 7.1 Dimensions of the optimized
patch element.

Parameters
Optimized

dimensions (mm)

W1 15.6
W2 8.8
Wf 3.7
L1 17.3
L2 1.9
L3 3.5
h 4.1

ΔIm (p) = |Im (Zant (f0, p)) − Im (Zant (f3, p))| − 15 (7.4)

AR(p) = 1
4

3∑
n=0

AR(fn, p) −
√

2 (7.5)

where Re(⋅) and Im(⋅) are real and imaginary operator, respectively. Z0 is the input
impedance of the patch element (i.e. 100Ω), Zant(f , p) is the antenna impedance
function and AR(f , p) is the axial ratio function in magnitude evaluated with
parameter p at frequency f, f0 = 7.145 GHz, f1 = 7.190 GHz, f2 = 8.4 GHz, and
f3 = 8.45 GHz. The cost function is pre-coded to include the weighting control 𝛾1,
𝛾2, 𝛾3 for stressing on the importance of each optimized performance parameters
(impedance and axial ratio). 𝛾1 = 1/10, 𝛾2 = 2/15, 𝛾3 =

√
2, are chosen such that

the real and imaginary parts of the impedance and axial ratio are equally weighted.
The optimized dimensions are summarized in Table 7.1.

The spacing element is set to roughly 0.62 𝜆0. The reflection coefficient of the
optimized unit cell is shown in Figure 7.11. It is below−15 dB within the two bands.
The axial ratio is below 3 dB within the two frequency bands. The calculated gain of
a unit cell is 6.8 and 8.7 dBic at uplink and downlink frequency bands, respectively.
The impedance and axial ratio requirements were also successfully achieved in the
8× 8 patch array.

To understand the behavior of the unit cell and how the circular polarization is
generated, the currents are shown in Figure 7.12 for two points in time 𝜔t = Ω0
and 𝜔t = Ω0 +𝜋/2, where Ω0 is the reference phase which can be chosen arbitrar-
ily. For the first time instance, x-directed mode dominates the currents, while in the
second time instance, the y-directed mode dominates. Equal magnitudes between
the x and y components is also an important feature for circular polarization radia-
tion, and the figure indicates that both x and y directed current modes have similar
magnitudes.
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Figure 7.11 Calculated reflection coefficient of the optimized single patch element
with infinite boundaries.

x

y

Surface current

(A/M)

112

66.6

39.5

23.3

13.7

8.02

4.62

2.6

1.4

0.253

0

0.679

Figure 7.12 Simulated electric surface current vectors on the unit cell for two time
instances to demonstrate circular polarization at 7.145 GHz.



�

� �

�

244 CubeSat Antenna Design

Figure 7.13 Exploded view of the 8× 8 patch array.

7.3.3 8× 8 Patch Array

The fabrication and assembly of the array is innovative but yet, very elegant and
simple. The exploded view of the array is shown in Figure 7.13. The assembly of
the array was carefully designed to minimize its complexity, thus facilitating low
cost assembly of the final structure. It consists of: 64 patch elements, the top ground
plane, the top and bottom walls in which the suspended substrate board is sand-
wiched and maintained in place, the bottom ground plane, the connector, and six
fasteners/washers/bolts.
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Figure 7.14 Air stripline illustration.

Figure 7.15 Bottom view of the 8×8 patch array feed network.

The patches are fed using an air stripline feed network. The air stripline consists
of a 0.305 mm-thick Rogers 4003C substrate (𝜀r = 3.55, tan 𝛿 = 0.0027) suspended
between two ground planes separated by 1.75 mm (Figure 7.14).

The air stripline corporate feed network is shown in Figure 7.15. It was designed
to provide equimagnitude and equiphase excitations to each of the elements. One
can significantly simplify the matching network and design time by using the
same power divider as illustrated in Figure 7.16. In this case, each power divider
impedance input and outputs are 100Ω.

The air stripline is very low loss (i.e. less than 0.2 dB). The distance between the
two ground planes was chosen to have sufficient margin against multipaction (i.e.
more than 20 dB).

A prototype was fabricated and measured. A picture of the array prototype in an
anechoic chamber is shown in Figure 7.2. The calculated and measured reflection
coefficient of the array is shown in Figure 7.17. From 7 to 9 GHz, the reflection
coefficient is below −10 dB and below −15 dB within the two frequency bands for
relative permittivity variation of +/−10%. They are in excellent agreement.
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Figure 7.16 Stripline feed network with impedance of each striplines.

The radiation pattern is measured in a planar near field antenna measurement
facility at NASA’s Jet Propulsion Laboratory, Pasadena, CA. The gain is measured
by substitution method using a standard horn. The calculated and measured radia-
tion pattern is shown in 7.18. Excellent agreement is found between calculation and
measurement for the radiation pattern. The antenna directivity, gain, and axial ratio
are summarized in Table 7.2. The axial ratio is under 2.2 dB across the uplink and
downlink frequency bands.

We investigated the effect of the changes of the dielectric permittivity that could
be caused by thermal variation or radiation levels. For instance, the thermal coef-
ficient of the relative permittivity (𝜀r) of Rogers 4003C is 40 ppm/∘C. Hence, a
variation of 10% is extremely conservative and could not possibly be caused by a
temperature change. The reflection coefficient is shown in Figure 7.19 and it remains
below −10 dB within the uplink and downlink frequency bands. The boresight gain
of the antenna remains within 0.1 and 0.03 dB at uplink and downlink, respectively.

The performance of the array is shown over a wider frequency band of 7–9 GHz
in terms of gain (Figure 7.20) and axial ratio (Figure 7.21). The performance of the
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Figure 7.17 Calculated and measured reflection coefficient of the 8×8 patch array.

antenna are excellent even between the uplink and downlink frequency bands. The
axial ratio could further be improved if required.

7.3.4 Comparison With State-of-the-Art

In this chapter, we define the aperture efficiency as the ratio of the realized gain of
the antenna to its standard directivity. The standard directivity is 4𝜋A/𝜆0

2, where A
is the area of the antenna aperture and 𝜆0 is the free space wavelength. This defines
how efficiently the area of an antenna is used. The antenna aperture efficiency is
significantly higher than any dual-frequency low-profile antennas published in the
literature. The aperture efficiency is a critical figure of merit as the antenna volume
is limited on a CubeSat.

The performance of the proposed antenna is compared to the HGA antenna
operating on Mars on the Mars Exploration Rover [18] and the Curiosity rover [14]
and a dual frequency spiral radial line slot array antenna [15] in Table 7.3. The
metal patch array presented here shows a significantly higher aperture efficiency
than either of the listed antennas. The radial slot array antenna (RLSA) [15] exhibits
low efficiency (i.e. roughly 40 and 20%) and as a result, to achieve the same gain,
the antenna would need to be significantly larger, unfit with a CubeSat form
factor.
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Figure 7.18 Calculated and measured radiation pattern of the 8×8 patch array. (a)
7.1675 GHz. (b) 8.425 GHz.
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Table 7.2 Measured and calculated directivity, gain, and axial ratio.

Directivity (dBi) Gain (dBic) Axial ratio (dB)

Frequency (GHz) Calc. Meas. Calc. Meas. Calc. Meas.

7.1675 24.9 24.9 24.5 24.1± 0.4 0.3 0.3
8.425 26.0 26.0 25.6 25.3± 0.4 2.7 2.2

0

−5

−10

−15

−20

S
1

1
 (

d
B

)

−25

−30

−35

−40
7 7.2 7.4 7.6 7.8

Frequency (GHz)

Reflection coefficient for varrying permittivity

8

0.9*er

1.1*er

er

8.2 8.4 8.6 8.8 9

Figure 7.19 Calculated reflection coefficient of the 8×8 patch array for varying per-
mittivity (±10%).

Due to its gain, size, mass, and power handling capabilities, this array is a strong
candidate for future Mars Rover missions enabling higher data rate when combined
with a high power amplifier (i.e. 100 W traveling wave tube as opposed to the cur-
rently used 15 W solid state power amplifier [14]).

7.3.5 Other Array Configurations

The advantage of patch arrays is that they can easily come in different configuration.
Table 7.4 summarizes the performance of a wide range of array size all compatible
with 3U- to 12U-CubeSats. The antenna gain and half power beamwidth (HPBW)
is provided to facilitate mission formulation.
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Table 7.3 Antenna performance comparison with state-of-the-art.

Aperture
efficiency (%)

Gain
(dBic)

Area
(cm2)

HPBW
(degree)

Mass
(kg)

This work 84/80 24.1/25.3 428.5 10.4∕8.7 0.5
RLSA [15] 37/18 25.3/23.5 1,256.6 6.0∕5.1 1.24
MER [18] 25/49 20.5/24.8 615.8 10.0∕8.4 1.1
MSL [14] 49/44 22.9/23.8 551.2 10.0∕8.4 1.4

Table 7.4 Metal patch arrays for different form factor.

Array Size (cm× cm) Gain (dBi) HPBW (∘)
UL DL UL DL

2× 2 5.2 × 5.2 12.5 14 37.2 33.4
2× 4 5.2 × 10.4 15.4 16.9 20.0 17.2
4× 4 10.4 × 10.4 18.2 19.8 20.0 17.2
8× 4 20.8 × 10.4 21.0 22.2 10.4 8.7
8× 8 20.8 × 20.8 24.1 25.3 10.1 8.7

7.4 Conclusion

The HGA described in this chapter is primarily made of metal to survive the harsh
environment of deep space with high radiation levels and extreme temperatures. The
single-fed and single-bloc radiating element is entirely made of metal which also
simplifies the fabrication and assembly of the array. This antenna could be mounted
on one side of the bus using fasteners removing any CTE mismatch. It could even
be fabricated on the bus itself.

The 8× 8 patch array was fabricated and measured. Calculated and measured
results are in excellent agreement. A gain of 24.1 and 25.4 dBic was demonstrated
at both frequency bands. This translates into an aperture efficiency of 84 and 80%
at uplink and downlink bands respectively. This antenna was fully qualified and
reached TRL 6 after completing RF measurements, thermal cycling, vibration test-
ing, and pyroshock testing.
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8.1 Introduction

Metasurfaces (MTSs) have recently sprung up as a very versatile technology. They
have indeed enabled the design of a myriad of devices in a large fraction of the
electromagnetic spectrum, from microwave to optical frequencies, including the
terahertz gap [1–3]. Among the most popular applications, one finds the control
of beam transmission/reflection and MTS lenses [4, 5], circuits for the manipu-
lation of surface-waves (SWs) [6–10], and antennas [11–16]. Although there are
several topologies of MTS antennas [11–13], here, we will focus on modulated MTS
[14–15, 17] and holographic antennas [16, 18]. In modulated MTS antennas, an
inductive impedance boundary condition (IBC) supports the propagation of a dom-
inantly transverse magnetic (TM) SW. This SW is gradually radiated owing to the
IBC modulation, tailored in such a way that the −1 Floquet mode in the field expan-
sion becomes a leaky-wave (LW). Similarly, in holographic antennas, a holographic

CubeSat Antenna Design, First Edition. Nacer Chahat.
© 2021 John Wiley & Sons, Inc. Published 2021 by John Wiley & Sons, Inc.
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pattern consisting of a set of meta-atoms allows one to radiate the power carried by
a reference wave.

To date, most of the implementations of modulated MTS antennas consist of
planar circular apertures made of sub-wavelength patches (or slots) printed (or
etched) on a grounded dielectric slab and fed at their center by a monopolar source.
However, as we will discuss here, there are alternatives consisting of metal-only
structures. Besides, we will also present the use of quasi-optical systems to excite
holographic MTS antennas at the end of this chapter. Regardless of the implemen-
tation, this class of antenna is inherently flat and low mass, which renders it of great
interest for space, in general, and particularly for CubeSats and SmallSats platforms.

8.2 Modulated Metasurface Antennas

8.2.1 State of the Art: Pros and Cons

One of the most attractive features of MTS antennas is their capability of providing
high- to very-high gains with low-profile structures. Traditional high-gain antennas,
such as parabolic reflectors, require large volumes because of the nature of their
antenna structure. Even for the recently popular 2-D flat antennas, like reflectarrays
and transmitarrays, the overall volume is substantial, as it needs a feed deployed out
in the third dimension. On the contrary, MTS antennas are truly low profile as they
are fed with a probe or waveguide at the center of the antenna aperture without any
protruding parts. This low-profile characteristic makes MTS antennas appealing to
a host of applications, including for space based systems [17], and in particular for
CubeSats or Smallsats. Among their other advantages, it is important to note their
capability of conforming to curved surfaces [18], and providing a simple on-surface
control of the aperture fields for beam shaping, pointing and scanning.

Modulated MTS antennas also come with their own drawbacks. Essentially, the
first realizations suffered from a low aperture efficiency. For instance, the 10 cm
radius spiral LW antenna operating at 17 GHz and tested in [17] yielded a 25%
aperture efficiency. Other two early prototypes of circular antennas at X-band [19]
also provided a measured aperture efficiency relatively low, around 36%. To bet-
ter illustrate this limitation, let us consider circular apertures, ignore the effect of
losses and assume that the feed transforms 100% of the delivered power into SW
power. Under these assumptions, we can calculate the antenna efficiency as the
product of conversion and taper efficiency. The conversion efficiency represents the
fraction of radiated LW power with respect to the SW power, whereas the taper effi-
ciency is related to the directivity loss of a given aperture illumination with respect
to a uniform distribution. It is possible to prove [20] that for a uniform modula-
tion index, the maximum theoretical efficiency is 58% when 𝛼R = 0.9, where 𝛼

is the leakage factor and R is the antenna radius. Nonetheless, one may overcome
this fundamental limitation by using a non-uniform modulation index M(𝜌) [21].
Indeed, an optimum choice of M(𝜌) yields theoretical values for the efficiency as
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high as (R/𝜆0)/(R/𝜆0 + 2), with 𝜆0 being the free-space wavelength at the center
frequency f0 [20]. In [22], one may find two examples of modulated MTS anten-
nas with measured aperture efficiency as high as 70% for a 37 dBi broadside pencil
beam antenna with right-handed circular polarization (RHCP), and 58% for a 33 dBi
squinted beam RHCP antenna.

Nonetheless, designs with high aperture efficiency impose a toll on the antenna
bandwidth. This limitation can be quantified by computing the fractional band-
width of antennas with radius R larger than 3𝜆0 and an optimal choice of M(𝜌)
[23]. An approximate expression for the fractional bandwidth is then given by
Δf/f0 = 1.2(R/𝜆0)(vg/c), where c is the speed of light in free space, and vg is
the group velocity of the SW at f0 when it propagates along a uniform average
impedance. Practical values of Δf/f0 may vary between 3 and 9% when the antenna
gain goes from 40 to 28.5 dBi (see figure 5 in [23]). However, recent studies have
proven that it is also possible to obtain a dual-band behavior by combining on the
antenna aperture the modulations needed at each individual frequency [22, 24].
Broadband MTS antennas [22] are also feasible, given that one is willing to
accept a compromise between gain and bandwidth. To increase the bandwidth,
we can exponentially chirp the period of the modulation along the radius of
circular apertures. The obtained relative bandwidths (above 20%) are considerably
wider than the ones obtained by MTS antennas with constant period, while these
antennas can still can provide high gain pencil beams. Typical low profile and
wideband antennas with one feeding point consist of logarithmic spirals backed
with high-impedance surfaces. However, the gains obtained with this solution are
usually moderate. The broadband MTS structure proposed in [25] overcomes the
gain limitation of spiral antennas and extraordinarily extends the bandwidth of
MTS antennas with constant modulation period.

In addition to the efforts devoted to increase the aperture efficiency and the band-
width of MTS antennas, other works have exploited the MTS capability of control-
ling the aperture fields to get shaped beams and multi-beam antennas. For instance,
the design of an isoflux axially-symmetric antenna for low Earth orbit (LEO)
communication at X-band was described in [17, 26] including measurements of a
prototype. In turn, the sector isoflux antenna described in [17] achieved much higher
gain and data rate, relying on azimuthal rotation to maintain the pointing towards
the ground station. The measurements of the corresponding prototype at Ka-band
(26.4 GHz) yielded 2% of relative bandwidth for a 2 dB ripple, as reported in [22].

Finally, a shared-aperture MTS antenna with simultaneous dual beam pattern
and operating at 17 GHz was reported in [27] (see Figure 8.1). The authors of [27]
showed that the dual beam can be obtained with a single point source or that inde-
pendent control of the beams can be obtained by introducing multiple sources on the
antenna aperture [28, 29]. This is an interesting feature offered by MTS antennas,
and it could come very handy for some specific remote sensing science applica-
tions. The antenna shown in Figure 8.1 is a 22 cm diameter antenna providing a
measured aperture efficiency of 47.6% for each beam at 17 GHz. Here, the beam



�

� �

�

258 CubeSat Antenna Design

30

25

20

15

10

D
ir

ec
ti

v
it

y
 (

d
B

i)

5

0

−5

−10
−90 −60 −30 0

Off-Axis Angel (°)

30 60 90

Measured Co

Measured Cx
HFSS Co
HFSS Cx

Figure 8.1 Shared aperture metasurface antenna with dual beam pattern operating
at 17 GHz and comparison between the simulated and measured directivity patterns.
Sources: From Faenzi et al. [22]. © 2019 John Wiley & Sons and Gonzalez-Ovejero,
et al. [27]. © 2017 John Wiley & Sons.

efficiency is defined as NG/[cos(𝜃0)(k0R)2] where G is the beam gain, N is the num-
ber of beams and cos(𝜃0)(k0R)2 is the maximum gain provided in the direction 𝜃0
by a uniformly illuminated circular aperture of radius R. Table 8.1 summarizes the
main characteristics of the modulated MTS antennas reviewed above.

All the MTS antennas in Table 8.1 consist of sub-wavelength patches printed on a
grounded dielectric substrate. Although this technology is valid for a wide range of
terrestrial applications, the use of dielectric entails higher losses at high frequencies
and makes the antennas susceptible to the space environment (thermal, radiation,
and electrostatic discharge). The reader is referred to [14, 15, 22] and the refer-
ences therein for an excellent review on modulated MTS antennas fabricated by
printed patches. In this chapter, we will look into alternative design approaches to
the traditional MTS printed on dielectric substrates and other recent developments at
NASA’s Jet Propulsion Laboratory (JPL) in collaboration with CNRS (IETR, UMR
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Table 8.1 Summary of modulated MTS antennas realized by printed patches.

Ref. Pattern type

Central
frequency
(GHz)

3 dB gain relative
bandwidth

Aperture
efficiency
at f0 (%)

[17] RHCP
broadside
pencil beam

17 5.9% (16.25–17.25 GHz) 24.7

[19] RHCP
broadside
pencil beam

7.165 4% 35.9

[19] RHCP
broadside
pencil beam

8.425 2.4% 33.8

[22] RHCP
broadside
pencil beam

29.75 4.7% (29.1–30.5 GHz) 70

[22] RHCP tilted
pencil beam

20 3.25% (19.65–20.3 GHz) 58

[17, 26] Isoflux 8.6 8.5–8.6 GHz n/a
[22] Sector isoflux 26.4 2% n/a
[27] Dual-beam 17 5.9% 47.6

6164) and Queen’s University. Over the last few years, JPL has introduced several
innovative MTS antennas and performed some environmental tests to advance the
technology readiness level (TRL) with the intention to fly these antennas on instru-
ments for well-defined applications. In-house codes were developed to design and
optimize these antennas and new fabrication methods were investigated as alterna-
tive solutions of dielectric-based antennas, e.g. silicon micromachining [30, 31] and
additive manufacturing [32].

The antenna shown in Figure 8.2 is a spiral modulated MTS operating at 300 GHz
and implemented using metallic cylinders with circular cross-section. The motiva-
tion to use a fully metallic structure was to minimize the losses at submillimeter
wavelengths, compared to antennas that use conventional dielectric substrates at
these frequencies. An innovative feeder was implemented to launch a cylindrical
TM-SW on the metallic structure. Such feeder used an integrated transition to rect-
angular waveguide so that it is compatible with the rectangular waveguide output
of solid-state frequency-multiplied sources. The MTS modulation was obtained by
changing the radius or height of the cylinders in a unit cell with constant dimen-
sions. This approach enabled the synthesis of a broad range of reactance values.
This antenna was micro machined in silicon using deep reactive ion etching (DRIE)
and then metallized by gold sputtering at the Microdevices Laboratory facilities at
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(a) (b)

Figure 8.2 SEM pictures of the circularly-polarized MTS antenna operating at
300 GHz and fabricated using silicon micromachining: (a) detail of the pins [30]; (b)
central region of the antenna [31].

JPL. Section 8.2.3 will provide more details regarding the design, fabrication, and
testing of this antenna.

Along similar lines, a Ka-band MTS antenna entirely made of metal was
designed, fabricated, and tested for telecommunication with NASA’s Deep Space
Network (DSN). As opposed to the previous design, which used cylinders with
circular cross-section and isotropic response, this design employed elliptical
cylinders to obtain an anisotropic response. Anisotropic surface reactances enhance
the cross-polarization discrimination, which is critical for telecommunication
antennas where circular polarization is required. The antenna used the orientation
of the ellipses and the height of the elliptical metallic pins to get the MTS
modulation [32]. The antenna, shown in Figure 8.3, was fabricated using additive
manufacturing. It operates at the Ka-band downlink frequency band of the DSN
(31.8–32.3 GHz). We will discuss this antenna with more detail in Section 8.2.4.

The rest of the sections on modulated MTS antennas in this chapter are organized
as follows. First, we will briefly recall the design process, focusing on the metal-only
realizations. Then, we will present in detail the two designs of metal-only MTS,
briefly introduced in the two paragraphs above.

8.2.2 Design of Modulated Metasurface Antennas

To get a better understanding of radiation by modulated MTS, first, we will briefly
recall the content of [33], one of the papers at the origin of modulated MTS technol-
ogy. In absence of modulation, an average inductance X0 supports the propagation
of a TM-SW with wavenumber 𝛽SW given by:

𝛽SW = k

√
1 +

(
X0

𝜁

)2

(8.1)
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Figure 8.3 Ka-band modulated metasurface antenna fabricated by metal additive
manufacturing [32].

with k and 𝜁 being the free space wavenumber and impedance, respectively. The
authors of [33] studied the canonical problem of an infinite inductance plane with a
one-dimensional sinusoidal modulation along the x-direction:

Xs(x) = X0

(
1 + M sin

(
2πx
p

))
(8.2)

where x is the direction of propagation, M the modulation factor, and p the period
of the modulation. In presence of the modulation, the structure can gradually radi-
ate the power carried by the SW. Indeed, the n-indexed mode in the Floquet mode
expansion of this periodic problem presents a transverse-to-z wavenumber equal to:

kt,n = 𝛽SW + 𝛽Δ − j𝛼 + 2πn
p

(8.3)

where 𝛽Δ and 𝛼 are the perturbations in the phase and attenuation constants, respec-
tively, due to the modulation. 𝛽SW stands for the unperturbed value of kt (M = 0)
given by (8.1). Figure 8.4 shows the values of 𝛽Δ and 𝛼 computed for different aver-
age impedances X0 and modulation indexes M. One can deduct from Figure 8.4 that
the higher the modulation index and the average impedance, the higher the leakage
factor 𝛼. This type of design curves is, hence, crucial to control the aperture effi-
ciency of MTS antennas. On the other hand, 𝛽Δ is a small factor with respect to 𝛽SW
and it can be neglected in the design of medium-gain antennas. However, in designs
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(a)

(b)

Figure 8.4 Curves for: (a) 𝛽SW; (b) 𝛼 normalized to k as a function of the modulation
index (M) and for different average impedance values (Xs).

with strict specifications, one has to account for the deviation in the pointing direc-
tion induced by 𝛽Δ. The same type of curves can be obtained for inductance tensor,
as described in [34].

When |ℜ{kt,n}|< k, the corresponding mode enters in the visible region of the
spectrum, becoming a leaky-mode. The n = −1 mode is the dominant leaky-mode
and it radiates in a direction given by:

𝛽SW + 𝛽Δ − 2π
p

= k sin 𝜃0 (8.4)
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where 𝜃0 is the angle with respect to the z axis. Hence, the value of X0 and p required
to obtain a single forward beam at an angle 𝜃0 can be related using (8.1) and (8.4).
Given a free space wavelength 𝜆 and neglecting the effect of 𝛽Δ, the period to obtain
a single forward beam is:

p = 𝜆√
1 + (X0∕𝜁 )2 − sin 𝜃0

(8.5)

when X/𝜁 >
√

4 sin 𝜃0(1 + sin 𝜃0).
Although it is possible to use Oliner and Hessel’s theory [33] directly to design

one-dimensional MTS antennas as in [35], the more general case of planar apertures
requires some additional effort. In the following, we will consider the design of
circular antennas of radius R, which present a planar interface with free-space at
the z = 0 plane of a Cartesian reference system with coordinates (x,y,z) and unit
vectors (x̂, ŷ, ẑ). We will denote vectors by bold characters, unit vectors by bold
characters with a caret, and tensors by bold characters underlined by double bars.
A exp(j𝜔t) time dependence, where 𝜔 is the angular frequency, is assumed and
suppressed. For convenience, we define the observation point on the aperture as
𝛒 = 𝜌 cos𝜙x̂ + 𝜌 sin𝜙ŷ in a cylindrical coordinate (𝜌, 𝜙) system with unit vectors
(𝛒, �̂�).

Figure 8.5 shows the design flow of the circular modulated MTS antennas
described in this chapter. The goal of the design process is to find a structure able
to generate an objective aperture field EA, which one can either obtain in analytical
form or retrieve numerically through the solution of an inverse problem [36]. We
usually resort to the latter strategy in the synthesis of complex patterns, like isoflux
or shaped beams. The calculation of EA constitutes the first step in the design
process, outlined in Figure 8.5.

In the second step, we compute the ideal IBC that, in presence of a TM-SW,
reproduces the desired EA on the antenna aperture. In our design approach, the
desired aperture field is obtained by a periodically modulated IBC. This boundary

condition is represented by the tensor X(𝛒) and relates the total tangential electric

and tangential magnetic fields on the MTS aperture as [17, 32]:

Et|z=0+ = j X(𝛒) • ẑ × Ht|z=0+ (8.6)

where we assume X(𝛒) = X(𝛒 + p𝛒), with p being the period of the modulation. It
is important to note that the fields in (8.6) are evaluated at the upper interface and
ẑ is the normal to the MTS plane. Equation (8.6) describes an impenetrable IBC
[37]. In most reported papers on MTS antennas, penetrable boundary conditions are
usually employed, since those MTS consists of printed patch elements on dielectric
material.

In the calculation of X(𝛒), we assume that the MTS antenna is fed by a source
launching a cylindrical SW with a wavenumber 𝛽SW. The total aperture field Et on
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Step 1: Compute the aperture

   field (EA) analytically or

   solving inverse problem

Step 2: Synthesis of X(𝜌)

from EA using (8.8)

Step 3: Full-wave analysis

of X(𝜌) using fast solver for

continuous IBC

Step 4: Pixel

   synthesis

Step 5: Full-wave

   analysis of the

   actual structure

Computed pattern

= Objective pattern?

Computed pattern

= Objective pattern?

End
Objective far-field

No

No

Yes

Figure 8.5 Flow diagram for the design of modulated MTS antennas.

the impenetrable boundary condition is then given by:

Et = ITMjX(𝛒) • 𝛒H(2)
1 ((𝛽sw − j𝛼)𝜌) (8.7)

where ITM is the complex excitation coefficient of the SW, and H(2)
1 (.) is the Hankel

function of the second kind and first order.
In order to find X(𝛒), we identify EA with the −1 mode contribution of Et in

(8.7) which gives:

X(𝛒) •

{
𝛒
�̂�

}
=

[
X0

{
𝛒
�̂�

}
± 2Im

(
EA

ITMH(2)
1 (𝛽sw𝜌)

)]
UA (8.8)

where the upper and lower signs correspond to the 𝛒 and �̂� components,
respectively. The period p of the modulation is related to the SW wavenumber as
𝛽SW = 2π/p. The reader is referred to [17] for more details on the derivation of (8.8).

To better illustrate the calculation of X(𝛒), let us assume that the objective aper-
ture field (EA) is the one required to obtain a linearly polarized (LP) broadside pencil
beam. Then, EA is given by:

EA = E0 x̂

√
2

π𝛽sw𝜌
e−𝛼𝜌UA (8.9)
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where E0 is the field magnitude and UA is a step function that equals one inside the
aperture and 0 elsewhere.

Using (8.9) in (8.8) and projecting X(𝛒) • 𝛒 along 𝛒 and �̂�, gives the impenetrable

reactance tensor which upon interaction with a cylindrical SW will generate the
objective far-field. For instance, we can get the expression of the X

𝜌𝜌
component of

the tensor X(𝛒) as:

X • 𝛒 • 𝛒 =

⎡⎢⎢⎢⎢⎣
X0 + 2Im

⎛⎜⎜⎜⎜⎝
E0[x̂ • 𝛒]

√
2

π𝛽sw𝜌
e−𝛼𝜌

|ITM|ej𝜓H(2)
1 (ksw𝜌)

⎞⎟⎟⎟⎟⎠

⎤⎥⎥⎥⎥⎦
UA

=
[

X0 + 2Im

(
E0 cos𝜑|ITM|ej𝜓e−j𝛽sw𝜌

)]
UA

= X0

[
1 +

2E0

ITMX0
cos𝜑 sin(𝛽sw𝜌 − 𝜓)

]
UA (8.10)

where we can arbitrarily fix 𝜓 = 0 and the term 2E0/(ITMX0) corresponds to the
modulation index. One can obtain the other components of the tensor carrying out
similar operations, which leads to:

X
𝜌𝜌
(𝛒) = X0

[
1 + M cos(𝜙) sin

(
2π𝜌

p

)]

X
𝜌𝜙
(𝛒) = X

𝜙𝜌
(𝛒) = −X0M sin(𝜙) sin

(
2π𝜌

p

)

X
𝜙𝜙
(𝛒) = X0

[
1 − M cos(𝜙) sin

(
2π𝜌

p

)]
(8.11)

As anticipated in (8.5), the relation between X0 and p is p = 2π∕(k
√

1 + (X0∕𝜁 )2).
Please note that (8.11) includes a modulation parameter M, which we assume con-
stant. Although in the above expressions and in this chapter’s examples we analyze
cases with constant modulation index M, it can be used as a design parameter. A
constant M implies that 𝛼 is independent of 𝛒 [17]. The use of a variable M leads
to a control of 𝛼 along 𝛒, and can be used to taper the field amplitude to get a
desired profile [17, 21]. Thus, by using a variable 𝛼 one could increase the aperture
efficiency as done in [20] and [21] with printed sub-wavelength patches.

In the third step, we employ the value of X(𝛒) on the antenna aperture, obtained in
the second step, to compute the far field. In many cases, especially when the aperture
field corresponds to a pencil beam, the analytical form of X(𝛒) in (8.8) already
provides a simulation result that matches the objective far field within a very good
agreement. If that is not the case, one can define some global variables to optimize
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the profile of X(𝛒), as illustrated in the first loop in Figure 8.5. Expressions for X(𝛒)
like the one in (8.11), allows one to optimize the impedance profile rewriting those
simple equations as low-order polynomial functions of M and 𝛽SW that depend on
𝛒 smoothly.

Regarding the choice of solver, since the evolution of X(𝛒) is typically smooth,
it is reasonable to expect that the currents on the impedance plane be also smooth.
Therefore, these currents can be represented with a number of basis functions
drastically lower than the ones needed for the actual patches printed on the
substrate. Moreover, in the framework of this homogenized problem, one may also
use ad-hoc basis functions [38, 39] to reduce further the computational cost at each
iteration. For instance, [38] shows that Gaussian-ring basis with a closed-form
spectrum enable the derivation of closed-form expressions for the method of
moments (MoM) matrix entries. The analytical computation of the MoM matrix
greatly reduces the computational burden. Owing to the use of closed-form entries
and the small number of entire-domain basis functions, the formulation in [38] is
particularly convenient to optimize X(𝛒) at a very low computational cost.

Once we have calculated the expression of the space-dependent tensor X(𝛒) on
the antenna aperture, we must find a geometrical feature able to implement the
entries of X(𝛒). Finding appropriate MTS elements is a fundamental step, since
it will enable the realization of the actual antenna. This phase corresponds to the
fourth step in the flow diagram, and is referred to as pixel synthesis in Figure 8.5.
As a rule of thumb, the dimensions of MTS elements, or pixels, ranges from 𝜆/5 to
𝜆/10. The variation of impedance that is required to accomplish a specific design
is achieved by changing their geometrical parameters. The element can either be
isotropic (see Figure 8.6a) or anisotropic (see Figure 8.6b). To produce anisotropic
impedances, the pixel geometry requires additional features in order to change the
electromagnetic properties for propagation along different axis. Such features can
be, for instance, the orientation and eccentricity of a printed elliptical shape like the
one presented and analyzed by a quasi-analytical method in [40]. Printed elements
are very well documented in the literature [14–29]. Therefore, in the following
sections, we will focus on the metal-only elements also depicted in the bottom row
of Figure 8.6.

After choosing the appropriate geometry for the MTS pixel, we must define a
strategy to populate the antenna aperture with these elements. To that end, one can
divide the circular area according to a regular lattice with unit-cells of dimension
equal to the chosen pixel. Although triangular or hexagonal lattices may bring some
benefits, Cartesian ones typically provide good results and have a simpler imple-
mentation. Thus, in this chapter, we will limit our analysis to square unit cells.
Another important aspect is the local periodicity in MTS planes. As already men-
tioned above, the variation of X(𝛒) is quite smooth, i.e. the geometry of a given pixel
and its neighbors will be similar. This feature legitimates the use a local periodicity
condition (see Figure 8.7a). Under this assumption, we can use a full-wave periodic
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Et(kt , 𝜔) = Z+(kt ,𝜌,𝜔).[z^ × Ht(kt ,𝜔)]

Z+(kt ,𝜌,𝜔) = jX+(kt ,𝜌,𝜔)
Et(kt ,𝜔) = Z+ (kt ,𝜌,𝜔).[z^ × Ht(kt ,𝜔)]

h
h

d x

Xxx Xxy
Xxy Xyy

y2r

d<<𝜆
d<<𝜆

Z+  = j[ ]

(a) (b)

Isotropic Anisotropic

Figure 8.6 Examples of (a) isotropic printed MTS elements and their
three-dimensional metallic pin equivalent and (b) anisotropic printed MTS pixels and
their three-dimensional elliptical cylinder equivalent.

solver to map the pixel geometry to the relevant impedance tensor. Second, we will
construct maps (or databases) that link an elliptical geometry to impedance tensor
values for a given SW incidence direction (see Figure 8.7b). Then, the ideal ten-
sor X(𝛒) is sampled on the regular Cartesian lattice, with unit-cell size equal to the
pixels used to build our database (see Figure 8.7c). Finally, each impedance sam-
ple is implemented using a MTS pixel inside the corresponding cell in the sampled
aperture (see Figure 8.7d).

In the fifth and final step, we must simulate the actual antenna geometry (obtained
as output of the fourth step) using a full-wave solver. This step is time consuming
and requires non-negligible computational resources. However, the far-field patterns
computed in the third and fifth steps are usually very similar, and this simulation
constitutes just a final check. This good agreement will typically hold, provided that
in the third step (pixel synthesis) we have chosen elements geometries and unit-cells
sizes that respect the homogenization of X(𝛒) within a sufficiently good approxi-
mation. Of course, the development of ad-hoc simulation techniques to overcome
the computational burden in this step are of great interest, since they could enable
alternative optimization strategies. In this regard, fast iterative techniques (like fast
multipole methods) and basis functions especially tailored for the pixel geometry
represent a promising approach [14, 15, 22]. When the designer is limited to use
commercial software, deviations in the objective far-field pattern may be corrected
by accounting for aperiodicity effects in the pixel synthesis or by tuning the global
variation of the pixel geometries.

Finally, although not treated in the design flow, one must bear in mind that an
efficient coupling of the cylindrical TM-SW to the MTS aperture is crucial to get
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Figure 8.7 Pixel synthesis: (a) MTS element and local periodicity assumption; (b)
example of impedance map that relates the geometry of the MTS element with the Xxx
entry of X(𝛒); (c) division of the antenna aperture in a Cartesian lattice and sampling

of the values of X(𝛒) in the square unit-cells; (d) final antenna layout.
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the proper response from our antenna. In patch-based MTS antennas, we typically
obtain this coupling by a coaxial pin connected to a ring-loaded central patch. In the
two following sections, we will describe an alternative way of launching a cylindri-
cal TM-SW using just waveguide circuits.

8.2.3 300 GHz Silicon Micro-Machined MTS Antenna

8.2.3.1 Objective

The objective of this work was to design a low-profile MTS based antenna
operating at 300 GHz. It was imperative that the antenna is compatible with silicon
micromachining based fabrication so that it can be effectively integrated with
submillimeter wave front-end receivers also fabricated with the same method. The
intent is to develop new generation of low-power, low-mass, and highly compact
submillimeter wave instruments that could potentially be used on CubeSats or
SmallSat platforms. While the JPL has extensive experience in submillimeter
wave instruments, all of them employ traditional antennas such as arrays of
horns or lenses, or parabolic reflector to achieve high directivity. Figure 8.8
shows an example of a Silicon micro-machined heterodyne receiver. To over-
come the losses associated with conventional dielectric substrate based antennas
at submillimeter waves, a fully metallic MTS based antenna is designed and
developed.

Balanced
mixer

Frequency
tripler

Figure 8.8 Fully integrated Silicon micromachined receiver [41].
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8.2.3.2 Design Methodology: Modulation

This spiral modulated MTS antenna is designed at 300 GHz to provide RHCP
medium gain. As explained in Section 8.2.2, the first steps consist in obtaining an
aperture field that provides a RHCP broadside pencil beam with an isotropic IBC.
Such field is given by:

EA = E0ej𝜑 𝛒
√

2
π𝛽sw𝜌

e−𝛼𝜌UA (8.12)

Upon applying (8.12) in (8.8) one gets

Xs = X0

(
1 + M sin

(
2π
p
𝜌 − 𝜑

))
(8.13)

where 𝜌 and 𝜑 represent the position on the MTS plane in the polar coordinates. The
derivation of (8.13) follows the reasoning in Section IV-A of [17]. A thorough dis-
cussion on the circularly-polarized radiation by the reactance distribution in (8.13)
can be also found in [42].

8.2.3.3 MTS Element

The proposed MTS antenna consists of an array of metallic cylinders on a ground
plane and arranged in a periodic lattice, like the one in the bottom side of Figure 8.6a.
This unit-cell, often referred to as Fakir’s bed of nails, has been used in the past for
the synthesis of inductive artificial surfaces [1, 43]. Although we will only consider
here the case of cylinders with circular cross-sections [31], elliptical sections can
be used to obtain an anisotropic response as in [30, 32]. As we will discuss later,
an anisotropic surface reactance is useful to enhance the cross-polar discrimination
and, thus, the antenna efficiency.

The MTS modulation can be achieved by changing only the radius or height of the
cylinders in a unit cell keeping the other dimensions the same. The later approach
is preferred, since changing the height of the cylinder provides a broader range of
reactances. To retrieve the inductance value associated with a cylinder’s height, a
local periodicity is assumed. We retrieve the frequency-𝛽SW pair of interest from
the dispersion curves obtained with an eigenmode solver for a periodic problem
made of cylinders with a constant height. Then, imposing the transverse resonance

between jX and the free space TM impedance (−j𝜁
√

𝛽
2
SW − k2∕k, 𝛽SW > k for SWs),

we obtain X = ζ
√

𝛽
2
SW − k2∕k. Figure 8.9 shows the reactance values for a cylinder

with varying height, a radius of 17.5 μm, and a 138.5 μm side square unit cell. The
side of the unit cell was selected as d = p/N, where N = 6 cells per period and p has
been obtained using (8.5) for X/𝜁 = 0.7 and a pointing angle 𝜃0 = 1∘.

To make sure the antenna can be reliably manufactured using DRIE, the ratio of
height to radius (h/r) should always be smaller than 10. This constraint is imposed
to the design.
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Figure 8.9 Equivalent surface reactance of an infinite array of cylinders on a ground
plane and arranged in a square lattice at 300 GHz as a function of the height h of the
cylinders. The radius is fixed to r = 17.5𝜇m and the side of the unit cell is d = 138.5𝜇m.

8.2.3.4 Antenna Design, Fabrication, and Test

The expression of the synthesized surface reactance is given by (8.13). The period-
icity of the modulation along each radius is equal to 𝜆SW = 2π/𝛽SW ≈ 2𝜋/𝛽0 = 𝜆0.
Therefore, two SW rays 90∘ out of phase give rise to circular polarization. For this
design, we have chosen X0 = 0.7𝜁 , N = 6, M =0.65, and d = 138.5 μm.

The overall antenna aperture is discretized in square unit cells with side a and the
heights of the cylinders are obtained using (8.13) and the data in Figure 8.9. The
discretization is illustrated in Figure 8.10. Each color

Figure 8.10 Metasurface discretization on the aperture of the antenna.
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Cylindrical waveguide (CW)
TM01 mode

Rectangular waveguide (RW) TE10 mode

Chebyshev-like
matching network

CW-RW T-junction

H- plane
power divider

E-plane bend

Figure 8.11 Feed for the metasurface antenna with a rectangular waveguide input.

represents a different height of the cylinders. In addition, it is important to note
that the height of the cylinder is varied by changing the height of the ground plane.
This was necessary due to fabrication challenges as it is easier to keep the top surface
at the same height.

The antenna is designed assuming a center fed configuration and a rectangu-
lar waveguide input from the submillimeter instrument. The antenna is fed with
an overmoded circular waveguide with only the TM01 mode propagating which
offers optimum coupling to the TM-SW on the MTS plane. The feed shown in
Figure 8.11 is located under the MTS. It transforms the TE10 mode of the input
rectangular waveguide to the first higher-order TM01 mode in the circular waveg-
uide. To get a good coupling to the SW mode and a low reflection coefficient,
the feed must be designed in the presence of the MTS. The reflection coefficient
was calculated using two different full-wave commercially available software: CST
Microwave Studio and Ansys-HFSS. The agreement between both commercial sim-
ulation tools is excellent, and the return loss is above 20 dB at 300 GHz as illustrated
in Figure 8.12. Figure 8.13 shows the radiation pattern calculated with Ansys-HFSS
in the two principal planes.

The antenna was micro-fabricated at the Microdevices Lab of the JPL using
DRIE. Figure 8.14 shows the scanning electron microscope (SEM) images of the
fabricated MTS plane, including a table that summarizes the nominal and realized
dimensions of the MTS pin elements (see Figure 8.14d). In turn, Figure 8.15 shows
SEM pictures of the waveguide circuits used to feed the MTS, and the compari-
son between nominal and realized dimensions (see Figure 8.15d) of the steps used
to match the MTS to a standard WR-2.8 rectangular waveguide. In both cases,
the dimensions measured upon visual inspection of the fabricated samples were in
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Figure 8.12 Calculated reflection coefficient of the antenna using two full-wave com-
mercially available software: Ansys-HFSS (solid black line) and CST MWS (dashed grey
line).
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(a)

(c)

(b)

Design value Measured

174 μm 177 μm

159 μm 154 μm

110 μm 113 μm

72 μm 74 μm

(d)

Figure 8.14 SEM images of the 300 GHz MTS antenna realized with isotropic ele-
ments: (a) top; (b) perspective views of the MTS central region, including the circular
waveguide; (c) perspective view of pins with variable height; (d) nominal and mea-
sured dimensions of the pins’ heights.

excellent agreement with the nominal ones. The antenna radiation pattern was also
measured in a far-field measurement set-up at 295 GHz. Measured and calculated
results are in good agreement, as one can see in Figure 8.16.

8.2.3.5 Improvement Using Anisotropic Surface

It was shown in [17] that, although the aperture efficiency of the isotropic
antenna may be improved using amplitude synthesis, the cross-polarized fields are
still quite high. Anisotropic antennas provide superior performance with lower
cross-polarization and higher efficiency. To illustrate this point, we designed
an antenna with identical radius as the one reported above using an anisotropic
element, like the one shown in Figure 8.6b. Figure 8.17 shows the layout of this
design, while the radiation pattern of the isotropic and anisotropic designs are
shown in Figure 8.18a and b, respectively, for comparison. The improvement of the
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(a)

(c)
(d)

(b)

Design value Measured

355 μm 349 μm

192 μm 190 μm

126 μm 125 μm

61 μm 64 μm

50 μm 55 μm

Figure 8.15 SEM images of the 300 GHz feeder: (a) E-plane bend and H-plane power
divider; (b) one of branches outputs of the Y-junction; (c) Chebyshev-like matching
network; (d) nominal and measured dimensions of the steps in the matching network.

cross-polar discrimination in the anisotropic design is evident, being significantly
higher than in the isotropic one; the gain is also improved.

8.2.3.6 Conclusion

The proposed 300 GHz MTS antenna is a good alternative to current solutions for
submillimeter wave planetary science instruments. The proposed structure avoids
the losses in typical dielectric substrates above 100 GHz by using a metal-only MTS.
The excitation of a TM-SW on the MTS plane is enabled by an innovative feed pro-
viding a cylindrical SW from a rectangular waveguide input. We have also shown
that the use of anisotropic surfaces may lead to a more efficient control of the aper-
ture fields improving the cross polarization and increasing the gain of the antenna.
The next section will discuss with more detail the use of anisotropic elements in
the design of metal-only modulated MTS antennas. Indeed, this design opens up
to new possibilities at microwave frequencies and for any design where there is a
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Figure 8.16 (a) Calculated; (b) measured radiation patterns (linear components) at
295 GHz.

clear need for all-metal design for deep space exploration [44]. The next sections
provides more detail on anisotropic metal-only MTS design.

8.2.4 Ka-band Metal-Only Telecommunication Antenna

8.2.4.1 Objective

A novel low-profile antenna is introduced using metal-only sub-wavelength ele-
ments, well suited for fabrication using additive manufacturing. The MTS element
consists in a metallic cylinder with elliptical cross-section, grown on a ground plane
and arranged in a subwavelength square lattice. The proposed antenna is designed
to operate at Ka-band at the DSN downlink frequency band (i.e. 31.8–32.3 GHz)
with RHCP. A gain of 26 dBi is targeted, although antennas with higher gains are
currently under development.
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Figure 8.17 Anisotropic MTS surface for the 300 GHz antenna with broadside RHCP
beam.

8.2.4.2 Synthesis of the Modulated Metasurface Antenna

The aperture field EA required to obtain a RHCP broadside pencil beam with an
anisotropic IBC is given by:

EA = E0[x̂ + jŷ]

√
2

π𝛽sw𝜌
e−𝛼𝜌UA (8.14)

where E0 is the field magnitude and UA is a step function that equals one inside the
aperture and 0 elsewhere. Using (8.14) in (8.8) and projecting X • 𝛒 along 𝛒 and �̂�,
gives the impenetrable reactance tensor, which upon interaction with a cylindrical
SW will generate the objective far field:

X
𝜌𝜌
(𝛒) = X0

[
1 + M sin

(
2π𝜌

p
− 𝜙

)]

X
𝜌𝜙
(𝛒) = X

𝜙𝜌
(𝛒) = X0M cos

(
2π𝜌

p
− 𝜙

)
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Figure 8.18 Comparison between the radiation patterns of (a) isotropic and (b)
anisotropic metasurface antenna.

X
𝜙𝜙
(𝛒) = X0

[
1 − M sin

(
2π𝜌

p
− 𝜙

)]
(8.15)

where the relation between X0 and p is p = 2π∕(k
√

1 + (X0∕𝜁 )2). The modulation
parameter M in (8.15) is a design parameter assumed constant in this particular
design.

8.2.4.3 Metallic Metasurface Elements

Once the expression of the space-dependent tensor X has been computed on the
aperture, we have to choose carefully a MTS element capable of implementing the
entries of X. The selected MTS element consists in a metallic cylinder with ellip-
tical cross-section placed on a ground plane (see right-hand side of Figure 8.19).
The left-hand side of Figure 8.19 shows the iso-frequency dispersion ellipses for
the unit cell at hand. These ellipses are obtained by using an eigenmode solver,
which provides the propagation frequency of the fundamental mode for each pair
of phase shifts (𝜓x = 𝛽

x
sw d, 𝜓y = 𝛽

y
sw d). For a given design frequency, f0, the

equation of the iso-frequency ellipse can be written as f0 = f (𝛽x
sw, 𝛽

y
sw). Then, the

corresponding reactance tensor can be computed by fitting, in the least square
sense, the simulated iso-frequency ellipse with (19) in [45]. The reader is referred
to Section III in [32] for further details. The elliptical cylinders exhibit different
heights and elliptical cross-sections across the antenna aperture. By changing these
geometrical features, one can synthesize the different values of the local inductance
tensor on the antenna aperture. The parameters that define the geometry of these
cylinders are: their height h, orientation angle 𝜓 , and their elliptical cross section
with a major axis A and minor axis a. The interface between the end point of the
cylinder and free space remains planar, whereas the base the cylinder varies in
height to manipulate the reactance profile.

The entries of X are retrieved using the eigen mode full-wave solver in CST
Microwave Studio. The solution is obtained assuming local periodicity and by
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Figure 8.19 Iso-frequency dispersion contours for the unit cell depicted in the inset
where d = 1.235 mm, h = 1.525 mm, a = 240𝜇m, and A = 1.2 mm.

imposing periodic boundary conditions. Using the methodology described in
[32], one can build a data base which relates the surface reactance tensor with the
geometry of the unit cell. Figure 8.20 shows the values of Xxx, Xxy, and Xyy as a
function of the orientation angle 𝜓 , the ratio A/a, and the height h of the cylinder.

8.2.4.4 Antenna Design

To implement (8.15), we used X0 = 0.8𝜁 , M = 0.4, d = 1.235 mm, and p = 6d. The
antenna diameter is 10 cm or approximately 10𝜆0 at 32 GHz. When synthesizing the
tensor in (8.15), the impedance surface is sampled on a regular Cartesian lattice with
the same unit cell size d as the data base. Then, each impedance sample is imple-
mented using a metallic pillar inside the corresponding lattice cell by retrieving its
geometry from the data base.

Although (8.15) provides the entries of X in cylindrical coordinates, they can
easily be transformed to a Cartesian reference system by a rotation matrix. Then,
one can establish a direct link with the values in the database as seen in Figure 8.20.

The calculated radiation pattern at 32 GHz is shown in Figure 8.21. The peak gain
of all-metal MTS antenna is 26.1 dBi, which implies an aperture efficiency of 40%.
It is worthwhile to note that one may obtain larger aperture efficiencies by tapering
the modulation index and, hence, the corresponding local attenuation constant 𝛼.

The antenna is fed by a circular waveguide excited in the TM01 first higher-order
mode. The TM01 mode provides an efficient excitation on the MTS plane of
a circularly symmetric TM-SW mode which matches (8.7) within satisfactory
approximation. The structure is identical to the one introduced in Section 8.2.3 but
its dimensions at Ka-band are shown in Figure 8.22c.
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Figure 8.20 Maps of (a) Xxx − X0; (b) Xxy − X0; (c) Xyy − X0 as a function of the
orientation angle 𝜓 , the ratio A/a, and the height h of the cylinder. The simulation
frequency is f0 = 32 GHz, the unit cell side is d = 1.235 mm, and X0 =0.8𝜁 .

8.2.4.5 Fabrication

The antenna is composed of two blocks as shown in Figure 8.23. The antenna is fab-
ricated by combining (1) metal additive manufacturing and (2) computer numerical
control (CNC) milling in an aluminum base plate. The MTS elements are manu-
factured using laser beam melting (LBM) with LaserForm AlSi10Mg material on a
ProX DMP320 metal printer. This additive manufacturing technique can guarantee
a surface roughness of 10 μm. Once the 3D printing is completed, the waveguide
in the back side are fabricated using CNC milling. The first fabricated prototype is
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Figure 8.21 Simulated radiation pattern for the Ka-band RHCP metal-only MTS
antenna at 32 GHz in the principal and diagonal planes: solid lines show the co-polar
components, while dashed ones represent the cross-polarized ones.

shown in Figure 8.24. The 3D printed MTS elements can be seen in Figure 8.24a
and c. The alignment tolerance is critical at Ka-band and that is why two alignment
pins are used.

8.2.4.6 Measurements

The antenna performance has been assessed on the first fabricated prototype in terms
of reflection coefficient and radiation pattern. The reflection coefficient is calculated
using CST Microwave Studio. Good agreement is obtained between calculation and
measurement. A small shift in frequency is observed which can be explained by the
fabrication tolerance in the additive manufacturing process (Figure 8.25).

The radiation pattern of the antenna prototype has been measured and compared
to calculation. Figure 8.26 shows the measured and calculated directivity. We can
observe a 3% frequency shift toward lower frequencies in the measured peak direc-
tivity (solid gray line) with respect to the simulated one (dashed gray line). To under-
stand better the origin of this frequency shift, we did run again the computer-aided
design (CAD) model adding the effect of a 10 μm surface roughness in the 3D
printed metallic elements. The solid black line with circular markers shows the new
directivity versus frequency response. It is interesting to note that the simulator was
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Figure 8.22 (a) Feeding network for the metal-only MTS antenna at 32 GHz; (b)
detail with the geometry of the Chebyshev-like matching network; (c) dimensions of
the optimized feeder.

able to predict the frequency shift after accounting for the surface roughness. The
measured and calculated directivity patterns in the 𝜙 = 0 plane at 31 and 31.5 GHz
are compared in Figure 8.27a and b, respectively. Satisfactory agreement is obtained
but the antenna performance could be improved by refining the fabrication process.
The gain is 1 dB lower than expected due to additional loss in the MTS aperture
caused by the element surface roughness.

Significant effort is on-going at the JPL to improve the fabrication of these anten-
nas as they could address specific mission needs for all-metal and flat antennas
capable of surviving harsh environment.
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Block 2 - back

Block 1 - back

Block 1 - front

Block 2 - front

Figure 8.23 Antenna mechanical description, with the 3D printed elements in the
front of block 1. The back of block 1 and block 2 has been fabricated by CNC milling.
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Figure 8.24 Picture of the fabricated Ka-band all-metal metasurface antenna.
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8.2.4.7 Toward a 20 cm Diameter Antenna

Following this effort, a 20 cm diameter antenna was designed and fabricated. The
design methodology is the same as previously reported. An emphasis was made in
improving the fabrication process to remove the frequency shift that was observed
(see Figure 8.26). The 20 cm metal-only MTS was fabricated using the same
additive manufacturing technique. The MTS elements were purposely fabricated
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Figure 8.27 Calculated and measured radiation pattern of the Ka-band metal-only
metasurface antenna in the 𝜙 = 0 plane at: (a) 31GHz; (b) 31.5GHz.
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Figure 8.28 Measurement of the metasurface elements of the 20 cm Ka-band
metal-only antenna using a microscope at 100× magnification.

with a larger height (i.e. 3.27 mm). Electrical discharge machining (EDM) was then
employed to cut the MTS elements to the designed height (i.e. 1.43 mm). The MTS
elements height was verified using a digital microscope (see Figure 8.28). The
fabricated antenna is shown in Figure 8.29. The radiation pattern was measured in
a planar near field chamber at the JPL. The radiation pattern at 31.6 GHz is shown
in Figure 8.30. The agreement between calculation and measurement is very good
confirming the improvement of the fabrication process. The measured gain and
efficiency are shown in Figure 8.31. A peak efficiency of 48% was measured.
Please note the efficiency is defined as the ratio of the realized gain of the antenna
to its standard directivity. The standard directivity is 4𝜋A/𝜆0

2, where A the area of
the antenna aperture and 𝜆0 is the free space wavelength.

The demonstration of a 20 cm diameter metal-only MTS antenna with a reliable
fabrication process is a big step forward toward seeing these antennas used in space.
Our team is currently working toward implementing amplitude tapering to increase
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Figure 8.29 Fabricated 20 cm diameter Ka-band metal-only antenna.
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Figure 8.30 Calculated (in black) and measured (in gray) radiation pattern measure-
ment at 31.6 GHz: (a) 𝜑 = 0∘; (b) 𝜑 = 90∘.

the efficiency of this antenna to 70%. Our team is also looking at building larger
antenna using deployable panels.

8.3 Beam Synthesis Using Holographic Metasurface Antennas

8.3.1 Introduction

A MTS can be considered as an artificial aperture synthesized using an array of
subwavelength-sized meta-elements (or meta-atoms) distributed across a planar
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Figure 8.31 (a) Measured and calculated realized gain; (b) measured efficiency of
the 20 cm metal-only metasurface antenna.

surface [1–3, 46]. Holography is an extremely powerful concept and has been
well-reported in the literature, especially within the field of optics [47–51]. Com-
bining the holography concept with MTS antennas has recently gained traction as
a means of controlling the antenna radiated wavefronts with applications ranging
from beam-synthesis [52–59] to compressive sensing and millimeter-wave imaging
[60–63]. To understand the application of holography to beam synthesis and MTS
aperture design, let us consider a one-dimensional (1D) microstrip transmission
line loaded with an array of subwavelength, slot-shaped meta-elements as depicted
in Figure 8.32. The microstrip transmission line shown in Figure 8.32 is essentially
a 1D MTS aperture.

For the 1D MTS aperture illustrated in Figure 8.32, two important definitions
can be given: (1) reference wave exciting the MTS aperture and acting as the
reference-wave of a hologram, and (2) desired aperture field distribution, which is

Projection of plane wave
propagation on antenna aperture

Meta-atom

Reference-wave

y
x

z

Metasurface aperture

Discretized pixel

Figure 8.32 1D holographic metasurface aperture synthesized from a microstrip
transmission line loaded with an array of subwavelength, slot-shaped meta-atoms.
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the projection of a plane-wave in the radiation direction onto the aperture of the
antenna.

From antenna theory, it is known that a slot shaped radiator can be considered
as a complementary version of a metallic radiator, such as an electrical dipole, and
hence its radiation can be modeled as a magnetic dipole. Therefore, in Figure 8.32,
the holographic guided-mode reference exciting the meta-elements across the MTS
is the magnetic field launched by the quasi-transverse electromagnetic mode (TEM)
feeding port. Using the coordinate definition of Figure 8.32 and discretizing the
aperture at a subwavelength limit, this holographic guided-mode reference can be
expressed as follows:

−→
H ref = H0e−𝛾x

∧
y (8.16)

where 𝛾 is the propagation constant given by 𝛾 = 𝛼 + j𝛽, where 𝛼 denotes the atten-
uation due to transmission line losses (conductive loss, dielectric loss, and radiation
loss), 𝛽 is the wavenumber within the dielectric, and H0 is an amplitude term. At
this point, we note that the beam fidelity is mostly governed by the phase informa-
tion [53], and therefore, we consider the phase distribution of (8.16) for the MTS
aperture synthesis process.

For the 1D MTS aperture shown in Figure 8.32, beam-steering can be achieved
only along the x-direction and the array factor (AF) can be defined as follows:

AF(𝜃) =
N∑

i=1

𝛼ie
−j𝛽xi e−jk0xi sin 𝜃 (8.17)

In (8.17), uniform amplitude is assumed, and amplitude dependency is dropped
while only the phase information is considered. 𝜃 is the radiation angle with respect
to the broadside direction (z-axis), k0 is the wavenumber in free-space, xi is the
element position with the index i denoting the meta-atom element number across
the synthesized aperture, and N is the number of discretized sub-wavelength pixels
across the MTS aperture. Considering (8.16) and (8.17), the total phase advance
across the MTS antenna steering in 𝜃 direction can be expressed as follows:

Ψ(i) = ∠e−j𝛽xi e−jk0xi sin 𝜃 (8.18)

In order to steer the beam in a given 𝜃 direction, it becomes necessary to maximize
the exponential function in (8.17), which can be achieved by defining a MTS with
the meta-atom weights defined as follows:

𝛼i = e j𝛽xi e jk0xi sin 𝜃 (8.19)

Interacting (8.19) with (8.17) maximizes the AF of the antenna in the 𝜃 direction,
suggesting that the beam is steered in the 𝜃 direction. The interaction of (8.19) and
(8.17) to calculate a phase grating to be applied to the holographic guided-mode
reference is essentially a modulation problem. The modulation of the holographic
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guided-mode reference into the desired aperture wavefront can be achieved using
several modulation schemes, including amplitude modulation and phase modulation
[52]. In this work, we leverage the amplitude modulation technique, suggesting that
only the points where the phase of (8.19) is below a certain threshold contribute
to radiation whereas the meta-elements at other points across the aperture do not
contribute to radiation.

It should be mentioned at this point that, whereas, for a regular array antenna,
the antenna aperture is synthesized at the Nyquist limit in free space, 𝜆0/2, for the
MTS antenna shown in Figure 8.32, the aperture is synthesized at a much smaller,
subwavelength scale, typically d <𝜆g/10, where 𝜆g is the guided wavelength. This
enables the MTS aperture to sample the guided-mode reference as a continuous
hologram. Although, as opposed to a conventional array antenna, a holographic
MTS antenna requires a finer sampling of the aperture, it should be emphasized
that beam-synthesis using this technique does not require any phase shifting circuits,
significantly simplifying the physical hardware architecture and reducing the power
consumption requirements.

While the example provided in Figure 8.32 is useful to visualize the design
process of a holographic MTS antenna, beam-synthesis is generally needed for a
three-dimensional (3D) space, which requires synthesizing a 2D aperture. Similar
to the 1D MTS shown in Figure 8.32, the design process of a 2D MTS antenna
begins with the choice of a holographic reference-wave to excite the MTS. In
Figure 8.33, a 2D MTS antenna excited by a coaxial probe in the center of the
aperture is illustrated.

Referene-wave
(in substrate)

Projection of plane wave
progagating in a θ ≠ 0° direction
on the antenna apertureMetasurface

Coaxial
feed

Figure 8.33 Design of a 2D holographic metasurface antenna. For the presented
example, the metasurface antenna is excited using a coaxial feed at its center and
beam-steering is performed at 𝜃 ≠0∘ (off-axis).
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Discretizing the MTS aperture at a subwavelength limit, the magnetic field
launched by the center feed in Figure 8.33 can be modeled using Hankel functions
as follows:

Href =

{
H1

0(kgr) cos 𝜍, x-polarization

H1
0(kgr) sin 𝜍, y-polarization

(8.20)

where bold font is used for vector-matrix notation, H1
0 is the Hankel function of

the zeroth order and first kind, and r and 𝜍 denote the distance vector and angle
between the discretized pixels across the MTS aperture and the central feed point.
For the MTS aperture depicted in Figure 8.33, the slot-shaped complementary
meta-elements are oriented along the y-axis, suggesting that the y-polarization
component of the magnetic field is considered as the holographic guided-mode
reference exciting the meta-elements. Due to the 2D structure of the MTS in
Figure 8.33, it is possible to achieve beam-synthesis in both 𝜃 and 𝜑 dimensions,
with the AF definition of the antenna given as follows:

AF(𝜃, 𝜙) =
N∑

a=1

N∑
b=1

𝛼a,bH1
0(kgra,b) sin 𝜍e−jk0xa sin 𝜃 cos𝜙e−jk0yb sin 𝜃 sin𝜙 (8.21)

where a and b denote the element numbers of the meta-atoms in the x- and y-axes,
respectively, while the xa and yb are the positions of the meta-atoms across the MTS.
The total phase advance on the MTS aperture steering in (𝜃, 𝜑) can then be given
as follows:

Ψ(a, b) = ∠H1
0(kgra,b) sin 𝜍e−jk0xa sin 𝜃 cos𝜙e−jk0yb sin 𝜃 sin𝜙 (8.22)

Similar to the 1D MTS aperture described earlier, to steer the beam in a given (𝜃,
𝜑) direction, it is necessary to define a set of meta-atom weights that compensate
for the total phase advance in (8.22) as follows:

𝛼a,b = H1
0(kgra,b)∗ sin 𝜍e jk0xa sin 𝜃 cos𝜙e jk0yb sin 𝜃 sin𝜙 (8.23)

where symbol * represents the complex conjugate operator. Substituting (8.23) in
(8.21) indeed maximizes the AF definition in the direction of (𝜃, 𝜑), suggesting that
beam-steering at (𝜃, 𝜑) is achieved.

8.3.2 Examples Holographic Metasurface Antennas

Leveraging the holographic beam-forming concept, various MTS antenna designs
can be realized. As an example, in Figure 8.34, two different types of holographic
MTS antenna designs are shown. A 3D printed MTS antenna radiating a focused
electric-field (or E-field) pattern in near-field is illustrated in Figure 8.34a. The MTS
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on the left achieves beam-focusing in broadside direction while the MTS on the
right-hand side of Figure 8.34a performs off-axis focusing. The measured E-field
patterns shown in Figure 8.34b confirm the focusing operation. In Figure 8.34c,
a dual-polarized printed-circuit-board (PCB) MTS antenna radiating a multi-beam
far-field pattern is illustrated together with the radiation pattern of this antenna,
which is shown in Figure 8.34d.
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Figure 8.34 2D holographic metasurface antenna examples: (a) 3D printed near-field
focusing holographic metasurface antenna, left: on-axis focusing, right: off-axis focus-
ing; (b) measured E-field patterns at the focal plane, left: on-axis focusing, right: off-axis
focusing; (c) polarimetric holographic metasurface antenna to generate a multibeam
far-field radiation pattern; (d) simulated and measured radiation pattern of the multi-
beam metasurface antenna. Source: Modified from Yurduseven and Smith [58]. © 2017
John Wiley & Sons.



�

� �

�

292 CubeSat Antenna Design

SubstrateGround
plane

Top plate

(metasurface)

(c)

Simulation

–60°

–45°

–30°
–15° 0° 15°

30°

45°

60°

0

–5

–10

–15

–20

Measurement

Coaxial
probe

(d)

Figure 8.34 (Continued)

The examples shown in Figure 8.34 are a testament to the capability of the
holographic beam-forming concept to engineer any waveform of interest producing
the desired radiation response in the near-field and in the far-field of the aperture.

For the 1D and 2D MTS antennas illustrated in Figures 8.32–8.34,
beam-synthesis is achieved in a static manner. This suggests that each time a
different steering angle is needed, a new aperture design is required. For most
practical applications, however, dynamic reconfigurability is desired. The coupling
response of the metamaterial elements across a MTS aperture can be controlled
dynamically using various mechanisms, including liquid crystal substrates [64]
and semiconductor elements, such as varactors [65] and PIN diodes [53, 60].

In Figure 8.35, a dynamically reconfigurable 1D MTS antenna is demonstrated
for electronic beam-steering applications. Leveraging the developed dynamic recon-
figurability technique, three beam-steering cases are studied, 𝜃 =−30∘, 𝜃 = 0∘,



�

� �

�

Metasurface Antennas: Flat Antennas for Small Satellites 293

(a)

Feed PIN diodes

Slot
meta-elements

1.524 mm

a

dbc

PIN (+) Port

DC (+)

Ground

PIN ground port

50 Ω

50 Ω

A

A
Substrate

Substrate

Substrate

Substrate
DC bias

Vias

Vias

Vias

PIN
Slot

DC bias

Ground plane

Metasurface

Aʹ

Aʹ

A

A

Radial
stubs

Vias

0.2 mm

Aʹ

Aʹ

A

L

Radial stub

A

Aʹ

Aʹ

PCB1 (microstrip metasurface/bottom)

Overall design (PCB1 and PCB2 bonded)

PCB2 (DC bias/top)

y

x
z

Feed

Substrate
Substrate

Ground plane

Metasurface
y

x
z

y

x

W

z
(b)

(c)

Figure 8.35 1D dynamically reconfigurable holographic metasurface antenna for
electronic beam steering: (a) bottom layer; (b) top layer; (c) combined architecture.
Source: From Yurduseven et al. [60]. © 2018 The Optical Society.
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Figure 8.36 Electronically steered radiation patterns of the reconfigurable metasur-
face antenna. Corresponding ON (light grey) /OFF (black) mask states are also
depicted.

and 𝜃 =+30∘. For each configuration, the AF of (8.17) and its interaction with
the guided-mode reference of (8.16) are calculated. As depicted in Figure 8.35,
the meta-atoms across the MTS aperture have PIN diodes, controlling the cou-
pling characteristics of the meta-atoms to the holographic guided-mode reference.
When the PIN diode is forward-biased, it can be considered that the meta-atom is
short-circuited, effectively shifting its resonance to a higher frequency band that is
out of interest. As a result, the slot-shaped meta-atoms with forward biased PIN
diodes do not couple to the holographic guided-mode reference and, therefore, do
not radiate. On the other hand, when the PIN diode is reverse-biased, it exhibits high
impedance (ideally an open circuit), ensuring that the corresponding meta-atoms
are not short-circuited and preserve their intended electrical length, coupling to the
guided-mode reference and radiating into free-space. The dynamically reconfig-
ured radiation patterns of the 1D MTS antenna depicted in Figure 8.35 are shown
in Figure 8.36. In Figure 8.36, the ON/OFF mask states of the meta-atoms across
the MTS aperture are also demonstrated.

8.3.3 W-Band Pillbox Beam Steering Metasurface Antenna

It is worthwhile to note that implementing the architecture shown in Figure 8.31
onto a 2D version would be very challenging and would require too many bias lines.
Hence, to achieve a dynamic beam forming in a 3D space, metal strips would be
preferable in the configuration shown in Figure 8.37.

For the 2D MTS aperture, a further simplification in the system architecture
can be achieved using a more advanced feeding mechanism, known as the
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Figure 8.37 2D dynamically reconfigurable holographic metasurface antenna for
electronic beam steering.

“pillbox” quasi-optical beamformer [66]. The pillbox feeding structure operates in
a quasi-optical manner and steers the beam in the elevation direction by switching
among multiple feeding ports while it is possible to achieve beam-steering in
the azimuth direction by tuning the ON/OFF states of the meta-atoms. Such an
architecture has the advantage of using a single biasing line for all the meta-atoms
in the same column. This pillbox design would replace the phase shifter in the
implementation shown in Figure 8.37.

A W-band beam steering antenna is currently under development at the JPL. The
feeding structure of the MTS antenna is a quasi-optical pillbox design as shown
in Figure 8.38. The pillbox feeding structure in this MTS antenna design enables
the radiating elements of the antenna to be excited by a planar phase-front [66].
This feature makes the analytical modeling of the holographic guided-mode refer-
ence extremely simple. The pillbox design employs three feed horns to achieve a
beam-steering.

As shown in Figure 8.38, the pillbox feeding network consists of two layers;
a silicon (Si) layer (𝜀r = 11.9) with a thickness of 350 μm and a gallium arsenide
(GaAs) layer (𝜀r = 12.8) with a thickness of 175 μm. Both the Si and GaAs layers are
highly resistive, and hence exhibit low loss tangent. The pillbox design has a reflec-
tor rim that is etched all the way in between the top conductive plane (above GaAs)
and the bottom ground plane (below Si). In between the Si and GaAs semiconduc-
tor layers, a middle conductive plane lies, into which a coupling slot is etched. As
shown in Figure 8.38, the pillbox structure is fed using multiple grounded co-planar
waveguide (CPW) ports, each exciting a substrate-integrated-waveguide (SIW) horn
antenna embedded within the Si layer. The aperture width of the SIW horn antennas
is optimized to have an E-field tapering of −12 dB at the reflector edges.

The proposed MTS antenna consists of a 2D MTS layer as shown in Figure 8.39.
Because the phase-front of the guided-mode reference-wave within the GaAs layer
is planar and the meta-atom element distribution in each row is identical, the derived
polarizability distribution in (8.19) holds and it can be extended for all the rows of
the 2D MTS layer.
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Figure 8.38 Pillbox feeding structure of the Si/GaAs metasurface antenna: (a) actual
Pillbox structure; (b) layers of the pillbox separated for visualization. Dimensions:
W1 = L1 = 50 mm.

In order to optimize the aperture efficiency and ensure that the guided-mode ref-
erence is attenuated by the time it reaches the end of the propagation direction
across the MTS layer, the length of the slot-shaped meta-atoms is tapered along
the x-axis, increasing from 0.38 to 0.4 mm, corresponding to an electrical length
𝜆g/2.45− 𝜆g/2.3. In turn, the width of the meta-atoms is 0.085 mm, corresponding
to an electrical size 𝜆g/11, where 𝜆g is the guided-mode wavelength.

The first building block of the pillbox feeding architecture of the MTS antenna is
the design of the CPW-SIW conversion structure to feed the antenna. The proposed
CPW-SIW conversion technique is shown in Figure 8.40. The CPW input is fed
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Figure 8.39 Developed Si/GaAs quasi-optical holographic metasurface antenna: (a)
depiction of the metasurface antenna structure; (b) propagation of the guided-mode
reference wave inside the pillbox structure (x-z plane shown). L2 = 44.5 mm,
W2 =49 mm, a = 0.085 mm, b = tapered from 0.38 to 0.4 mm, c = 0.17 mm,
h1 = 350𝜇m, h2 =175𝜇m.

through a 1.00 mm end-launch connector, launching a quasi-TEM mode into the
Si substrate, which then excites the SIW horn antennas embedded within the Si
substrate. Upon excitation, the re-radiated wavefront from the SIW horn antennas
has a cylindrical wavefront as shown in Figure 8.41.

The aperture width of the SIW horn antenna is optimized to be 2 mm, resulting in
an E-field tapering of −12 dB at the reflector edges. The reflection coefficient of the
CPW-SIW transformation is shown in Figure 8.42. The S11 remains below −40 dB
at 94 GHz.
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Figure 8.40 CPW-SIW conversion at the feeding port (all ports are identical and only
port 3 is shown). For visibility, top metal and Si layers are shown transparent. The
impedance matching via is 50𝜇m wide and 85𝜇m long. Feeding ports are embedded
within the Si layer, therefore, only the Si layer with top and bottom metals are shown
in the close-up view.

Following the optimization of the CPW-SIW feeding ports, the entire pillbox
feeding structure with the MTS is analyzed. Figure 8.43 demonstrates the conver-
sion from the cylindrical wavefront launched by the SIW horn within the Si substrate
to the planar wavefront within the GaAs substrate, which excites the meta-atoms
within the MTS aperture.

In Figure 8.43, the pillbox structure is excited through the first port (central feed).
The cylindrical wavefront launched by the SIW horn antenna in the Si layer is
reflected by the reflector rim and, upon reflection, couples to the top GaAs layer,
where the phase-front of the guided-wave is planar. It is this planar phase-front
excitation of the meta-atoms across the MTS layer that enables the weights of the
meta-atoms in each column to be identical, which can be calculated using the (8.16),
ensuring that each column can be biased using a using a single biasing line. This
advantage significantly simplifies the required biasing circuit to achieve dynamic
reconfiguration. The W-band MTS antenna shown in Figure 8.40 consists of 16,536
slot-shaped meta-atoms etched across the MTS layer. While biasing each individual
meta-element would require the same number of biasing lines, which is not feasible,



�

� �

�

Metasurface Antennas: Flat Antennas for Small Satellites 299

Degrees

360

–30

–20

–10

dB

180

0

(a)

(b)

Figure 8.41 SIW horn launched wavefront within the Si substrate: (a) amplitude pat-
tern; (b) phase pattern. Phase pattern clearly shows a cylindrical phase front launched
by the SIW feed horn. Magnetic field as the guided-mode reference is shown.

the quasi-optical pillbox feeding structure reduces the number of required biasing
lines down to 159.

A fabricated prototype of the W-band Si/GaAs beam-steering holographic MTS
antenna is shown in Figure 8.44.

The calculated S-parameters of the MTS antenna are shown in Figure 8.45.
The reflection coefficient of the MTS antenna at port 1 is around −15 dB while
at port 2 and port 3, it is below −20 dB. The antenna impedance is well matched
at all the three input ports. The cross-coupling levels between the input ports
remain below −20 dB for S21 and S31 (and hence S12 and S13 due to reciprocity) as
shown in Figure 8.45b. Although remaining below −10 dB at 94 GHz, the coupling
between the second and third ports (S23 and S32) is relatively higher than the
other cross-coupling combinations, due to the specular reflection at the rim of the
reflector. However, it should be mentioned that, for the developed MTS antenna,
the input ports are not to be activated simultaneously, ensuring that the isolation
between the input ports is not a challenge.

The radiation pattern is shown for each of the three ports in Figure 8.46. When fed
through port 1, the MTS antenna forms a beam at (𝜃 = 15∘, 𝜑 = 0∘) with an antenna
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Figure 8.43 Conversion from (a) the SIW horn launched cylindrical wavefront within
the Si substrate to (b) the planar wavefront within the GaAs substrate. Phase of the
magnetic field as exciting mechanism for the slot-shaped meta-elements is shown.

directive gain of 31.9 dBi, resulting in an aperture efficiency of 59%. Switching to
port 2 and port 3 enables the MTS antenna to steer the beam in the elevation direction
to (𝜃 = 45∘, 𝜑 = 90∘) and (𝜃 = 45∘, 𝜑 = −90∘), respectively, with the directive gain
of the antenna being equal to 28.7 dBi. The beam steering is clearly demonstrated
as can be seen in Figure 8.46. It should be mentioned that for the design of the MTS,
the choice of the beam angles is arbitrary and any other pointing direction can be
chosen.
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The prototype shown in Figure 8.44c was measured in a planar near field cham-
ber. As a misalignment was noticed after fabrication, the calculated results were
updated to account for this misalignment. The fabrication process will be improved
to insure an alignment of 2 μm in x- and y-directions. The agreement between calcu-
lated and measured results is good (Figure 8.47). This design demonstrates passive
beam steering capabilities by switching from one port to another.

Please note, this design can easily be scaled to frequencies up to 600 GHz. A
similar concept was published in [67] for an antenna operating from 220 to 300 GHz
with a single feed (i.e. no passive steering).

(a)

Via-hole

Embedded hron

4 inch silicon wafer
Silicon wafer in the middle

of through-etch

4 inch GaAs wafer

Coupling slot

(b)

Figure 8.44 Photography of: (a) the Si layer; (b) the GaAs layer of the fabri-
cated Si/GaAs metasurface antenna before bonding; (c) metasurface antenna fully
integrated.
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(c)

Figure 8.44 (Continued)

8.3.4 Toward an Active Beam Steering Antenna

The design introduced in Section 8.3.3 can hardly be implemented with diodes.
Therefore, we have also designed an antenna that is fully compatible with the
implementation of diodes. The antenna consists of three main parts sketched in
Figure 8.48.

1. The pillbox quasi-optical beamformer constitutes the first element in the design;
it includes three H-plane horns (one per beam) in the focal plane of a reflector in a
parallel plate waveguide (PPW). The horns and reflector have been implemented
by SIW technology, micromachining the via in a 350 μm thick high resistiv-
ity silicon (Si) wafer (𝜀r = 11.7, tan𝛿 = 0.00016). The beam launched by the
horn is collimated by the reflector and transmitted to the upper PPW GaAs layer
(𝜀r = 12.9) by the coupling slots etched in the top metallization (M2) of the Si
wafer. In the previous design we used a single slot. Using multiple matching slots
improves the isolation between the three ports and improve the matching of all
ports. The S-parameters are shown in Figure 8.49.

2. The transition that transforms the TEM mode in the GaAS PPW to a TM-SW
that excites the MTS antenna, matching slots are used as shown in Figure 8.48.

3. The MTS antenna, which gradually radiates the power coupled to the TM SW
by sinusoidally modulating an equivalent IBC. In this case, the impedance mod-
ulation is achieved by changing the width of metallic strips spaced 290 μm. In
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Figure 8.45 Simulated S-parameter results for the W-band metasurface antenna: (a)
reflection coefficient at the input ports; (b) cross-coupling patterns between the input
ports.

this particular case, we have also introduced amplitude tapering to increase the
antenna aperture efficiency. The directivity and gain are summarized in Table 8.2.

The beam pointing in𝜑 and 𝜃 direction is given for different horn position ranging
from 0 to 10 mm in Figure 8.50.

Using metallic strips makes this antenna easily compatible with an active design
where biasing Schottky diodes is required. Our team is currently working on the
active steering antenna. The impedance modulation will be achieved by changing
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the states of diodes rather than changing the width of metallic strips. The width and
spacing will remain identical.

8.4 Conclusion

MTS antennas are extremely attractive for space applications. They present clear
advantages over reflectarray antennas or parabolic reflector antennas for platforms
with limited stowage volume such as CubeSats, Smallsats, Rovers, or Landers.
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Figure 8.47 Calculated and measured radiation patterns for feed 1: (a) E-plane; (b)
H-plane; and for feed 2: (c) E-plane; (d) H-plane.

Table 8.2 Performance of improved passive metasurface
antenna using metal strips as metasurface elements.

Port 1 Ports 2 and 3

Directivity (dBi) 33.6 33.0
Gain (dBi) 31.0 30.3

They are low-profile with their feed being located at the center of the antenna as
opposed to at the focal point for a reflectarray antenna or a parabolic reflector. This
is a significant advantage when it comes to deployable antennas as the complexity
of the deployment is drastically reduced by removing the feed deployment.

In addition, we proposed solutions in this chapter for metal-only antennas
fabricated using additive manufacturing. These antennas are of interest for space
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exploration in harsh environment with high radiation levels and extreme tem-
peratures. Moreover, these antennas could be fabricated at lower cost by using
micro-fabrication techniques or additive manufacturing.

A 300 GHz MTS was fabricated using Silicon micro-machining. This antenna
is designed as a fully metallic structure to overcome the losses of conventional
dielectric substrates and can be fabricated at high frequencies (i.e. W-band to
submillimeter-wave frequencies).

A circularly-polarized Ka-band MTS was fabricated using additive manufactur-
ing and successfully tested at 32 GHz for deep space communication. We are cur-
rently developing larger version of this antennas (20 cm-diameter) with the objective
of increasing their TRL (i.e. TRL = 6) for future missions.

We also introduced in this chapter a W-band beam steering antenna, cur-
rently under development at the JPL. The pillbox feeding structure operates in a
quasi-optical manner and steers the beam in the elevation direction by switching
among multiple feeding ports. It is possible to achieve beam-steering in the azimuth
direction by tuning the ON/OFF states of the meta-atoms. Such an architecture
has the advantage of using a single biasing line for all the meta-atoms in the same
column. This concept can be extended to submillimeter-wave frequencies due to
fabrication methodology.

While the TRL of these MTS antennas is still low (i.e. TRL 4), the JPL is actively
maturing this technology to fly the first prototypes in the next few years.
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