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ABSTRACT CubeSats have revolutionized Earth Observation and space science, although their small size
severely restricts satellite performance and payload. Antenna deployment from a stowed configuration in
these small-satellites remains a great challenge. This paper presents the design, optimization, and testing of
an L-band helix antenna deployment system for the 3 Cat-4, a 1U CubeSat developed at the NanoSat Lab
(UPC). The 506-mm-long antenna is packed into a 26.8 mm gap together with a tip mass that provides
a gravity gradient for nadir-pointing. The 3 Cat-4 Nadir Antenna Deployment Subsystem (NADS) melts
dyneema strings to release the antenna in successive steps. PTFE coated fiberglass ensures the helix’s
nominal diameter and pitch while a security locking mechanism serves as a redundant system for holding it in
place before deploying. Our novel methodology optimizes the number and length of the NADS deployment
steps. A slow-motion camera and image recognition software track the velocity and acceleration of the
antenna sections by means of tracking dots. Kinematic analysis of the antenna resulted in a final design
of four length steps: 90, 300, 420 and 506 mm. Our methodology for calculating these values can be widely
applied for measuring many deployment system’s kinematic properties. The NADS performance is tested
by characterizing antenna rigidity, analyzing helix behavior after one year in stowed configuration, and by
testing the deployment mechanism in a thermal vacuum chamber at −35◦ C, the most critical temperature
stress scenario. All test results are satisfactory. The final design of the NADS deployment mechanism is light,
stable, reliable, affordable, highly scalable, and can be used in many antenna configurations and geometries.
The 3 Cat-4 mission was selected by the ESA Academy to be launched in Q4 2021.
INDEX TERMS CubeSat, new space, deployable antenna, helical antenna.
I. INTRODUCTION

In recent years, CubeSats have become the spearhead of new
space technologies. This nanosatellite platform was initially
conceived as an affordable means for students to build and fly
a spacecraft, but it recently became an important tool for new
space-based business models. The subsequent great boom in
CubeSats resulted from platform standardization, continued
progress in technology miniaturization, and Commercial OffThe-Shelf (COTS) [1]. However, antenna deployment on
CubeSats remains challenging due to their restricted dimensions, and this has forced designers to develop new deployThe associate editor coordinating the review of this manuscript and
approving it for publication was Zheng H. Zhu
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ment systems for antennas that are stowed inside the small
satellites during launch and deployed from the platform once
in orbit.
This challenge is amplified by the requirements of designing high-gain antennas. While several high-gain antenna concepts have been proposed for CubeSats, none have obtained
optimum performance [2]. Patch antennas are easy to integrate on flat surfaces like the sides of a CubeSat, but these can
provide only medium gain in 1U or 2U configurations, due to
their size restrictions. Reflector antennas achieve higher gain
while delivering faster communications and data downloads,
but they are difficult to integrate and deploy on small satellites [3]. Helix antennas provide considerable gain with natural circular polarization and wide bandwidth [4]. However,
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FIGURE 2. Helix geometry and main parameters.

FIGURE 1. Rendering of the 1U CubeSat 3 Cat-4 orbiting the Earth in its
stowed and deployed configurations. Source: NanoSat Lab website.

their deployment system poses enormous design challenges,
especially when the antenna length exceeds the CubeSat’s
dimensions.
This is the case for the Nadir Antenna that we have developed at the NanoSat Lab (UPC). The Nadir Antenna is an
L-Band helix antenna incorporated into a 1-Unit (1U) CubeSat [5] named 3 Cat-4. The 3 Cat-4 mission aims to demonstrate the technological capabilities of a 1U CubeSat when
performing dual-band (L1 and L2) GNSS-Reflectometry and
Microwave Radiometry [6], [7]. Notably, this mission was
selected by the European Space Agency (ESA) for the second
edition of its ‘‘Fly your Satellite!’’ program [8]. The Nadir
Antenna is designed to radiate in axial mode and needs to be
stowed in a small fraction of the 1U CubeSat. In addition,
the antenna includes a tip mass (TM) at its far end to provide
a gravity gradient effect that helps deliver nadir-pointing
capability. Fig. 1 provides a rendering of the 3 Cat-4 orbiting
the Earth in both its stowed and deployed configurations.
This work presents the design and optimization strategies of the 3 Cat-4 Nadir Antenna Deployment Subsystem
(NADS). The Nadir Antenna forms a helix that is 68.1 mm
in diameter and 506 mm in length, which greatly exceeds
the 1U CubeSat’s 100 mm x 100 mm x 100 mm dimensions.
Furthermore, the stowed configuration of both the antenna
and TM must be folded together inside the CubeSat frame,
occupying just 26.8 mm in thickness. Therefore, the NADS’s
final design must provide an extreme packaging ratio —as
small as 5%— as well as a stable, reliable, and highly scalable
deployment mechanism for the antenna. This deployment
system is considered by ESA as an enabling technology for
future small satellite missions involving large helix antennas.
Several commercial helix antenna deployment systems for
CubeSats currently exist. For example, in their GOMX-1 mission, GomSpace used a helix antenna in a 2U CubeSat to
receive Automatic Dependent Surveillance-Broadcast (ADSB) signals emitted by aircraft [9]. No details have been made
available on this antenna deployment system design, but it
is clearly less demanding than ours because the antenna is
shorter, and must be stowed in a frame twice as big as ours.
Another example is a product from Helical Communication Technologies, who sell a Quadrifilar Helical Antenna
that can operate from 400 MHz to 3000 MHz. The antenna
66104

is made from shape-memory alloy and, therefore, needs high
levels of electric power. However, its dimensions are not
compatible with our 3 Cat-4’s requirements, since its compressed configuration occupies around 0.5U. Another important drawback to this antenna is its high price: around 12000
USD, as indicated on CubeSatShop website [10].
Some laboratory research work has also been done on helical antennas for CubeSats, such as the UHF quadrifilar helix
antenna, UHF conical log spiral antenna, and Conical Log
Spiral antenna that have been fabricated and tested by various
laboratories [11], [12]. However, in terms of shape, size, and
working frequency none of these options is compatible with
a long helix in a 1U CubeSat. Nor can they accommodate a
TM at the antenna’s far end.
Consequently, it is clear that neither the commercial
options nor those under research meet the NADS’s demanding requirements. Our goal was to design a functional and
highly stowable helix antenna with a low-shock and highly
reliable deployment system. Additional requirements considered during the design phase were lightweight design, low
power demand, affordability, and adaptability to different
antenna configurations.
This paper is structured as follows. Section II of this paper
presents the design of the Nadir Antenna and the results from
our radiation model. Section III details the preliminary design
of the main NADS mechanisms. Section IV presents our
experimental methodology for obtaining two-dimensional
accelerations of the antenna during deployment, and it further
explains how this data was used to optimize the NADS’s
performance. In Section V, we present the results of the different tests conducted on the NADS’s performance. Finally,
our conclusions constitute the last section of this paper.
II. NADIR ANTENNA

The 3 Cat-4 Nadir Antenna is a tempered carbon steel helix
designed to radiate at L-Band for GNSS-R and Radiometer experiments. This material was selected as a trade-off
between RF characteristics and ease of manufacture. The
helix turns fold counterclockwise, allowing for a highly directive antenna with left-hand circular polarization that, most
importantly, can bestowed within a reduced space of 14 mm
thickness. The antenna’s radiofrequency characteristics are
defined mainly by the helix parameters. Table 1 summarizes
the nominal geometry of the helix, as defined in Fig. 2.
When operating, the Nadir Antenna must point toward the
Earth (nadir direction). In order to help the magnetorquers
VOLUME 9, 2021
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TABLE 1. Nominal geometry of the Nadir Antenna helix.

FIGURE 4. (a) CAD model of the NADS’s main elements. Dyneema strings
pull the retainers to the main board and release the corresponding step
when they are melted. The longitudinal coordinates zRi are used in
Section IV to optimize the length of each step. (b) Detail of the fiber
coating sewn over the steel wire helix (gray strip), following the antenna’s
nominal geometry.

FIGURE 3. CAD model rendering of the Nadir Antenna and TM in stowed
(a) and deployed (b) configurations.

that control attitude, a TM is attached to the external end of
the antenna. This TM provides gravity-gradient stabilization
with no energy needs (passive system) [13]. In the final
design, the TM and the antenna weigh 100 gr and 28 gr,
respectively. Fig. 3 shows a CAD model rendering of the
antenna and TM in stowed and deployed configurations. The
TM is designed to act as a retainer for the antenna in its stowed
configuration, as the entire helix fits inside the hollow shape.
III. NADS PRELIMINARY DESIGN
A. DEPLOYMENT MECHANISM

The Nadir Antenna’s helix behaves naturally like a spring.
In its stowed configuration, it stores elastic potential energy
that is transformed into kinetic energy once the helix is
released. This means that the antenna deploys itself. We considered two main options for controlling this deployment:
continuous release by a motor; or discontinuous release in
several steps by melting dyneema strings.
The first option using a miniaturized motor provides fine
control of the deployment velocity, but it requires considerably large space and high energy. It also increases the
complexity of the mechanism without providing high levels
of reliability, since the failure rate of miniaturized motors is
non-negligible and redundancies are complex [14].
In the second option, the antenna is deployed by releasing
the helix in several steps using dyneema strings. One end
of each string is attached to the NADS structure, in conVOLUME 9, 2021

tact with its corresponding melting and feedback circuitry
on the NADS main board. The other end is attached to its
corresponding step retainer, which is a solid piece placed
at the section of the antenna that will be released in each
step. In each step, the dyneema string is melted by the action
of two redundant resistors, thus allowing for part of the
helix to expand outward in its longitudinal direction. This
system implies low power demand and operates by means of
a simple mechanism. Moreover, the use of redundant melting
circuit and a feedback system assures high reliability, which
is crucial because the antenna constitutes a key instrument in
achieving the mission objectives.
Therefore, after comparing the simplicity, cost, volume,
and reliability of both systems, we chose the second option.
Fig. 4 summarizes the NADS design, including the main
board, the tempered carbon steel wire helix, the three retainers, the coated fabric, and the TM.
B. NOMINAL DIMENSIONS OF THE ANTENNA

Once the deployment system has been selected, it is necessary
to find a way to ensure the nominal dimensions of the antenna
in its deployed configuration. The diameter and distance
between turns (pitch) of the helix must keep the exact values
indicated in Table 1 in order to guarantee optimal antenna
performance. However, the 1-mm tempered carbon steel wire
is not rigid enough to maintain this desired helix shape by
itself.
The first iteration of the design contemplated five parallel
strips of fabric sewn over the antenna in the longitudinal
direction while keeping the desired pitch between turns. The
DLR used a similar concept for the AISat antenna design [15].
This solution was easy to implement but unpractical, since
66105
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FIGURE 6. Picture of the Nadir Antenna compressed in the coated fabric
(top) and relaxed (bottom).

FIGURE 5. Picture of the attachment between the helical wire and the
fabric. As it can be seen, the wire is introduced through holes following
the helix geometry.

Combining (1) and (3) and substituting N = 11 turns,
the total force exerted by the spring when inside the coating
can be found by:
F = kH N 1S = 28.6 (Sw − Sn )

the sewn points between the fabric and the antenna tended
to slip, thus altering the antenna’s dimensions. To overcome
this drawback, we ultimately selected a fabric that could be
wrapped around the entire antenna, acting as a tensioned
membrane structure. This design ensures the antenna’s nominal diameter and pitch, since the tempered carbon steel wire
is completely attached to the fabric and follows the desired
path.
The fabric coating is attached to the helical wire as seen
in Fig. 5. The wire is introduced through holes in the fabric,
located all along the antenna path. Holes in the fabric following the desired helix path are made by laser cutting.
To maintain the tension of the coated fabric, the helix
wire must be longer than the nominal length of the Nadir
Antenna helix. In that way, the wire is slightly compressed
inside the coated fabric and it therefore tightens the fabric by
naturally pushing outward and against this resistance. On the
other hand, the coating ensures that the antenna’s nominal
dimensions are maintained. The force, F, needed to extend or
compress the helix wire by some distance, 1x, can be found
by applying Hooke’s law:
F = k1x

(1)

where k is the stiffness of the spring, defined by its geometry
and the wire’s shear modulus of elasticity, G, which is given
by the equation:
G∅4
(2)
8ND3
The conducive wire material is tempered carbon steel
ASTM A228, which has a G = 210 GPa. This results in a
value of kS = 2.6 N/m.
Taking into account that the real pitch of the wire in its
relaxed state—when no force is applied—is constant, Sw , and
that the fabric cover compresses it to the nominal pitch of
the Nadir Antenna, Sn = 46 mm, each complete helix turn
is compressed by a distance of 1S, equal to the difference in
pitch:
k=

1S = Sw − Sn = 1x/N
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(3)

(4)

The difference in pitch between the wire in its relaxed state
and the compressed final configuration, (Sw – Sn ), must be
large enough to ensure that the antenna tightens the fabric
cover, but not so much as to compromise the structure.
Using (4), Sw = 92 mm has been selected. With this pitch,
the total length of the helix wire is twice the nominal length
of the Nadir Antenna (as can be seen in Fig. 6), and the force
exerted by the spring when sewn to the coated fabric is F =
1.316 N.
The coated fabric must withstand the expected loads and
deformations that the antenna will experience throughout
the deployment phase and during its entire operational life.
It also must be able to maintain its mechanical properties in
the low Earth orbit environment, which is severely adverse
due to ultraviolet radiation (UV), temperature effects, thermal cycling, and reactive atomic oxygen (atox) and O2 ,
in the atmosphere. From the Declared Material List (DML)
approved by ESA [16], the most commonly used material for
these kinds of applications is PTFE coated fiberglass [17].
PTFE coated fiberglass has a nominal thickness of 0.08 mm,
a density of 155 gr/m2, an operational temperature range of
between −73 ◦ C and 288 ◦ C, and a breaking strength in its
fiber direction of 12259 N/m per width unit. This data clearly
shows, the fabric cover is capable of withstanding a force
of 2623 N, which is 9000 times greater than that exerted by
the spring under static loading.
C. ANTENNA SECURITY LOCKING MECHANISM

The CubeSat’s launching security protocols require that all
stowed parts be held in place by a redundant system. That is
why the whole system (Nadir Antenna + coated fabric + TM)
is restrained in its stowed configuration by two redundantly
secured dyneema strings that run from the NADS’s aluminum
case to the outer end of the TM.
When these two strings are melted by the action of two
redundant resistors, the TM holder attached to the outer end
of the TM is released, which then frees up four steel folder
fingers that are locked into place until deployment is initiated.
Upon release, these fingers rotate into their open position
through the force of small axial springs attached to each
VOLUME 9, 2021
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FIGURE 7. Picture of the Nadir Antenna compressed in the coated fabric
(top) and relaxed (bottom).

finger’s rotation axis, thus unlocking the TM. The fingers are
designed in a curved shape so that they do not collide with
the CubeSat structure when unfolded.
Fig. 7 depicts the main parts of the antenna’s locking
mechanism before and after melting the two secured dyneema
strings.
Due to ESA’s security protocols, the TM holder cannot be
released into space. Therefore, a redundant nylon strings are
needed for attaching the holder to the TM, with additional
separation to ensure correct deployment (see Fig. 7 (b)).
IV. NADS OPTIMIZATION
A. EXPERIMENTAL MEASUREMENTS

The NADS is designed to deploy the antenna in several
steps by successively melting dyneema strings. This chapter
presents an exhaustive analysis of the effects that the number
and length of these steps have on the deployment performance. Our study is relevant for two reasons: it helps determine the NADS’s optimal configuration; and it also provides
an experimental methodology for precisely measuring the
kinematic characteristics of a deployment system. This second contribution is significant, since the applied methodology
VOLUME 9, 2021

FIGURE 8. (a) Front picture of the bearing test bench used to test the
NADS behavior. (b) Schematic front view of the bearing test bench and
camera used to perform the measurements. (c) Tracking dot movement
from one of the tests.

can be used in many different applications where the kinematic properties of a deployment system need to be found.
We performed the experimental measurements using the
bearing test bench shown in Fig. 8 (a). It is composed of an
aluminum structure, a support for the NADS printed circuit
board (PCB) and a guide for moving the bearing line attached
to the TM. A pulley with a small weight helps overcome the
bearing line’s static frictional force during deployment. The
antenna deployment direction is horizontal, while the disturbances we aim to measure are its small vertical displacements
(bending).
The data acquisition system is illustrated in Fig. 8 (b) and
consists of a slow-motion camera placed on a tripod in front
66107
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TABLE 2. Maximum bending averaged from five tests in eight different
NADS configurations—from four to a single step. This data provides a
total bending average for each number of steps.

FIGURE 9. Acceleration of the TM for different single step lengths.

of the test bench. Tracking dots are painted in red at the
analysis points along the antenna and the side of the TM
(see Fig. 8 (a)). During deployment, the camera recorded the
movement of the tracking dots. Image recognition software
was able to track the vertical position of these dots at any
time, as shown in Fig. 8 (c). The two-dimensional velocity
and acceleration of the different antenna sections were calculated from the change in position of the red points between
successive frames, 1d, and the camera frame rate.
B. NUMBER OF STEPS

The two study variables are: the TM’s acceleration in the axial
direction, a; and the bending of the antenna, this being the
antenna’s off-axis displacement during deployment, due to
asymmetries in mass, geometry, and forces.
As the number of steps increases, the acceleration and of
the antenna decreases during each step of the deployment,
resulting in smoother movement. However, not more than
three retainers can be used, because their thickness would
make it impossible to compress the whole antenna and TM
within the desired space. Therefore, this optimization incorporates a maximum of four steps: one step for each of the
three retainers; and a fourth one for the TM (see Fig. 4).
Fig. 9 shows the accelerations obtained on the bearing test
bench for single step lengths of 50, 70, 140, 170, 190, 310,
320, 330, 450 and 500 mm. The experimental results show
that the TM acceleration increases linearly with step length,
with the ratio between them being equal to 46.0 1/s2 . This
is consistent with Hooke’s law, which predicts, first, that
the TM’s acceleration is lowest for the shortest deployment
length and, second, that the added total accelerations in all
steps remain constant. From these results, it is clear that
equispaced steps assure minimum acceleration in each single step. Therefore, if contemplating only TM acceleration,
the optimal NADS configuration would comprise four steps
measuring 126.6 mm each. In this design, Retainer_4 would
be placed at zR4 = 126.6 mm, Retainer_3 at zR3 = 253.2 mm,
and Retainer_2 at zR2 = 379.8 mm.
However, antenna bending must also be taken into account.
Indeed, non-axial deformations during deployment can affect
66108

the dynamics of the entire satellite and, even more importantly, lead to catastrophic impact of the TM against the solar
panels located on the CubeSat’s sides.
C. STEP SIZE

To understand the effect of step size on the bending of the
antenna, we performed tests for deployments of four, three,
two and one single steps. For each of these configurations,
different step lengths were compared. In space, bending
can appear during deployment in any off-axis direction (3D
movement), and it can be caused either by mass/geometry
asymmetries in the compressed positioning of the antenna or
by rotational velocity during deployment. In order to experimentally simulate these disturbances in the laboratory (2D
movement), the effect of Earth’s gravity on the deployment
dynamics can be used to force bending to occur in the vertical
direction (downward). In that way, maximum bending, yB ,
is measured as the maximum vertical deviation of the antenna
as seen from the slow-motion camera.
Table 2 summarizes the different combinations tested on
the bearing test bench, as well as the maximum bending measured for every possible configuration. The table refers to the
tip mass, second, third and fourth steps as, respectively: TMS,
2S, 3S and 4S. Each value in the table is the obtained average
of five different tests. As expected, the bending average is
reduced when the number of steps increases to four. The
worst-case scenario is the single step deployment, where a
maximum bending of 124 mm was measured. In contrast,
the four-step configuration leads to a maximum bending
of 63 mm. Looking at the three- and two-step configurations,
it is clear that bending values grow smaller as the retainers
are located closer to the CubeSat frame.
Based on these general results, the optimal length of the
four steps can be calculated by finding the overall configuration that minimizes acceleration and bending during the entire
deployment maneuver. To that end, we have conducted tests
with different retainer positions.
VOLUME 9, 2021
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50 mm. Using a quadratic interpolation, a minimum bending of 3.2 mm is obtained when Retainer_4 is located at
zR4 = 90 mm.
To find the optimal position of Retainer_3, additional
deployments are analyzed for zR3 equal to 250, 300 and
350 mm. In this case, we measure the bending distances of
the second and third steps because Retainer_3 affects both.
Fig. 10 (b) shows the maximum bending distance of the second and third steps (blue and orange lines, respectively) as
a function of the Retainer_3 position. Linear and quadratic
interpolations are used in both stages, and the optimum
position of the retainer is determined by the intersection of
both interpolations. Logically, as the retainer moves away
from the CubeSat frame, third-stage bending increases and
second-stage bending is reduced. The two interpolations give
us an optimum interval for zR4 that is located between 290 mm
and 310 mm. Therefore, Retainer_3 is ultimately placed at
300 mm.
Finally, the optimal position of Retainer_2 is calculated
using the data obtained from a new set of tests. As shown
in Table 2, bending is reduced by moving the retainers closer
to the CubeSat frame. However, in this case it is desirable
to ensure a short TM step in order to prevent the TM from
causing any damage to the CubeSat frame during deployment. Thus, the tested zR2 values are 380, 430, and 450 mm.
Fig. 10 (c) shows that the maximum bending is obtained when
zR2 is 420 mm. In this case the minimum values occur at both
ends of the selected range. Keeping in mind that a short TM
step is mandatory, Retainer_2 is placed at 420 mm.
In summary, the deployment of the antenna is composed
of four steps, divided by three retainers. Our experimental
methodology has allowed us to find the optimal position
of these retainers: zR4 = 90 mm, zR3 = 300 mm and
zR2 = 420 mm.
V. NADS VERIFICATION AND VALIDATION
A. VALIDATION

To validate the mechanical behavior of the Nadir Antenna and
NADS performance, a series of tests must be performed. First,
antenna rigidity must be characterized. Then, a long-term test
is needed to guarantee that the helix shape is not altered after
several months in its stowed configuration. Finally, thermal
vacuum tests will prove proper performance of the NADS
mechanism.
FIGURE 10. Maximum bending distances as a function of the positions of
Retainer_3 (a), Retainer_2 (b) and Retainer_1 (c). Each point in the graphs
is an average of five measurements.

B. RIGIDITY CHARACTERIZATION

Fig. 10 (a) shows the maximum bending distance as a
function of Retainer_4 distance to the NADS main board,
zR4 . Retainer_4 is the attachment point of the last melted
string, which means that these tests were performed with
the rest of the antenna already deployed. That is the reason
why the maximum bending distance increases from 5.1 mm
to 10.9 mm when the retainer is moved from 70 mm to

The 3 Cat-4 attitude control subsystem uses 3 axis magnetorquers to generate torques and orient the satellite so that
the antenna is nadir-pointing. These torques are produced
near the structure’s geometric center, and they could impose
non-desirable accelerations while causing deformations at the
antenna’s far end as well as to the TM. Using the bearing test
bench, a small force can be applied perpendicularly to the
antenna while increasing this force in increments of 0.002 N,
thus allowing us to measure the TM’s linear and angular

VOLUME 9, 2021
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FIGURE 11. Nadir Antenna’s angular deformation caused by the action of
a normal force.

deformations. Fig. 11 presents the linear relationship between
the antenna’s angular deformation and the perpendicular
force applied to the TM.
The CubeSat’s expected maximum angular acceleration
once in orbit is set to α = 3.84·10−3 rad/s. The force exerted
on the TM by this angular acceleration can be calculated
using:
F = Mdα

(5)

where M = 0.120 kg is the TM mass (masses of the antenna
and coated fabric assumed to be negligible) and d = 0.53 m is
the distance between the CubeSat’s geometric center and the
TM. Using these values, a maximum force of 2.44·10−4 N
is obtained. By substituting this with the experimental result
in Fig. 11, the maximum expected angular deformation of
the TM is smaller than 1◦ and, therefore, negligible for the
mission goals.
To analyse the dynamic response of the antenna due to the
excitations applied by the magnetorquer, we experimentally
measured the spring constant for lateral vibrations. From
this, the natural frequencies of the lateral oscillations are
calculated, with the highest one being equal to 0.55 Hz. This
value is almost four times smaller than the attitude actuators’
minimum refresh rate of 2 Hz, meaning that there will be no
coupling between the actuators and the antenna.
C. LONG-TERM TEST

This test is crucial for verifying that the helix antenna does not
lose its elastic properties, even after having been fully compressed in its stowed configuration for the maximum design
time of 12 months (test campaign + waiting period before
launch + security margin). To verify the elastic properties,
the length, L, and the stiffness, k, of the helix are measured
before and after the stowed period.
The test was performed by keeping the tempered carbon
steel wire —without the coated fabric and TM— fully compressed for one day, one week, one month, and every month
consecutively up to a whole year. We then analyzed the differences between the initial helix length and that which was
measured after compression. Fig. 12 presents the permanent
66110

FIGURE 12. Permanent deformation of the helix steel wire as a function
of the full compression time.

deviation measured during the long-term test, as a function of
the time during which the helix wire was fully compressed.
Deformations were notable during the first few days. After
one week of compression, the helix length was reduced by 39
mm, 3.8% of the initial value. However, this trend changed
as compression time increased, leading to permanent deformations of 86.1 mm and 106 mm after 92 days and 341 days,
respectively. This last value means that, after almost a year of
full compression, the helix size was reduced only 10%.
The evolution of the helix stiffness can be calculated using
experimental data measured by a dynamometer. During the
deformation tests explained directly above, we measured the
helix elongations when different forces were applied. The
stiffness is the ratio between the applied force and the elongation, and a constant value of k = 0.3 N/m is obtained
Considering the 10% permanent plastic deformation of
the spring length, we can redo the calculations carried out
in section II.B. Using Equation 4, the new force exerted by
the spring when sewn to the coated fabric is 1.052 N. From
this result, it is clear that, even after a long period of full
compression, the helix wire maintains its elastic properties
and can be deployed normally.
D. THERMAL VACUUM TESTS

The NADS was tested in a thermal vacuum chamber (TVAC)
at ESEC Galaxia Cleanroom (ESA facilities) [18]. The test
was performed in cold conditions, since these represent
the most critical scenario in terms of temperature stress.
The deployment occurs when the burning resistor burns the
dyneema melting string, thus releasing part of the antenna.
Having the resistor and the melting string in extreme cold
conditions can be critical, since the resistor must be able to
provide a high enough temperature to melt the string. Moreover, there exists the possibility that the antenna sheath could
be stiff at cold temperatures, preventing it from a successful
deployment.
The test was performed at qualification level, meaning
that only 5 ◦ C of margin was taken from the operational
temperature of the subsystem. Thus, we tested the subsystem
VOLUME 9, 2021
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FIGURE 13. Pictures of the NADS TVAC test set-up. (a) Before the test and
(b) after the antenna deployment. Test conditions are −35 ◦ C and
0.2•10−5 Pa.

at −35 ◦ C with a dwell time of 1 hour to stabilize the
temperature. Chamber pressure was lowered to 0.2·10−5 Pa.
After an additional 15 minutes (plateau phase), the Nadir
Antenna deployed successfully, which we determined by
performing a visual inspection while the antenna was inside
the TVAC and by measuring the length of the antenna once
the TVAC was pressurized and opened. Figure 13 shows
the interior of the TVAC at the ESEC Galaxia Cleanroom,
where we can see the NADS in both its stowed and deployed
configurations after the successful deployment.
A thermal analysis was performed to study the hot case,
where dyneema strings may melt due to extreme heat. A maximum temperature of +45 ◦ C was determined, thus validating
the thermal behavior of the subsystem.

FIGURE 14. Fabric temperature test set-up. Test conditions are 10−4 Pa
and temperatures of −73 ◦ C and −100 ◦ C.

E. FABRIC TEMPERATURE TEST

ESA Academy supervisors expressed some concern about
the coated fabric’s mechanical behavior under the mission’s
extreme temperatures. Thus, we carried out a test to verify
the resistance of the NADS coated fabric. A force of 3 N
(four times the maximum expected force) was applied to the
piece of fabric under a pressure of 10−4 Pa and temperatures
of −73 ◦ C and −100 ◦ C. The objective was to reach the
lowest possible temperature using the TVAC in order to reach
the limits indicated on the fabric datasheet and check its
mechanical behaviour. The fabric withstood the applied force
during the test and was able to successfully pass a traction test
once extracted from the TVAC. These results were considered
satisfactory by ESA Academy supervisors. Fig 14 shows the
fabric temperature test set-up.
VI. RADIATION PERFORMANCE

We measured a prototype of the Nadir Antenna in an anechoic chamber and obtained metrics for directivity and the
front-to-back lobe ratio (FBR). Figure 15 shows the radiation
patterns obtained in the anechoic chamber. The diagrams are
normalized and linear, not in dBs.
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FIGURE 15. Nadir Antenna’s radiation patterns for (a) 1227 MHz,
(b) 1400 MHz, (c) 1427 MHz, (d) 1575 MHz. Diagrams are normalized and
linear, not in dBs.

Table 3 includes the resultant directivity, FBR, and return
loss (S11) as a function of frequency.
The matching for the NADS antenna is complex, since it
covers a wide range of frequencies, from 1227 MHz up to
1575 MHz. According to the mission requirements, the return
loss should be less than -15 dB at 1400 up to 1427 MHz and
less than -10 dB at 1227 MHz and 1575 MHz. However, in the
qualification model the results obtained were higher in some
bands, as seen in Table 3 and Fig 16. The flight model (FM)
will address this discrepancy by means of a manual matching
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TABLE 3. Nadir Antenna’s directivity, FBR, and return loss (S11) as a
function of frequency.

electromagnetic points of view. Therefore, the deployment
system has proved to be completely functional while also
being an affordable and reliable design that can be used
in many different mechanisms. This article also contributes
a methodology for optimizing the different step lengths by
measuring the kinematic characteristics of each deployment
step.
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