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ABSTRACT The development of reconfigurable antennas compatible with a CubeSat form factor can
aid several space missions. Often, satellite missions require multiple wireless links with the same radio,
but the design of such antennas is challenging due to the mechanical constraints and the limited power
aboard a CubeSat. In this article, we present a unique reconfigurable antenna concept enabled by adhesive
polyimide tapes. The presented antenna can switch from a conventional patch to a monopole-like antenna
with minimal actuation complexity. This reconfiguration provides choices for polarization, pattern, and
gain without use of active components for size, cost and power consumption reductions. The frequency
of operation is S-band (2.4 GHz), and the antenna achieves S;; < —10 dB for both reconfiguration states.
Measurements compare well with simulations in both states.

INDEX TERMS Antennas, omnidirectional antennas, directive antennas, patch antennas, satellite antennas,

antenna radiation patterns.

I. INTRODUCTION

UBESATS represent a class of low weight (<1.33 kg)

satellites that can be as small as 10 x 10 x 10 cm? in
volume (commonly represented as 1U). Their small size and
weight significantly reduces launch costs, thereby enabling
the vision of a satellite constellation in space [1]. Indeed,
several recent CubeSat constellation missions have been
proposed including the RainCube precipitation radar [2], [3],
Internet of Space [4], [5], deep space missions [6]—[8], and
SO on.

For multi-functional radars and communications antennas,
achieving reconfiguration within the CubeSat form factor
is challenging due to space limitations. Existing methods
for physically reconfiguring antennas include origami fold-
ing [9], hinges [8], [10], spring forces [11], [12], soft
robotics [13], and telescopic actuation [14]. However, these
techniques may add significant mechanical complexity, mak-
ing it difficult to scale. With this in mind, herewith we
investigate another antenna design technique. As opposed to
strict Origami methods, the presented method uses adhesive
polyimide tapes and folding to achieve its design goals, for
an added layer of tunability in antenna design. For example,

3 dimensional origami methods are often limited since any
addition in the normal direction of the sheet’s plane inhibits
their reconfiguration. This limitation is not present in our
design, which enables the presented antenna : a polariza-
tion reconfigurable patch/monopole hybrid that shares the
same microstrip ground plane and feed. Such a concept was
presented recently [15], however, it relied on a remote light
source for reconfiguration. The presented antenna reconfig-
uration employs a new approach and uses space qualified
materials [16] with robust actuation. As S-band frequencies
are popular for CubeSat communications [17], we select
2.4 GHz as the operation frequency. The antenna can recon-
figure its pattern from that of a conventional patch to a
dipole (see Fig. 1). This seemingly intuitive reconfigura-
tion can enable the CubeSat to form a nearly isotropic link
since the monopole antenna has maximum radiation along
the direction where the patch’s radiation is weak. One notable
application of this design relates to its use in CubeSat con-
stellations, where it is essential for adjacent satellites to form
a communication link in addition to providing illumination
towards Earth’s surface. Several review articles provide an
excellent description of various patch and dipole antennas
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FIGURE 1. lllustration of the S-band reconfigurable antenna enabled by polyimide
tapes on a 6U CubeSat in (a) ‘patch mode’ operation and (b) ‘monopole mode’
operation. This concept can ly switch b radiation patterns and
polarizations, enabling the same radio to meet the RF specifications for different
applications.

developed for CubeSats [18]-[22]. A detailed survey of patch
antennas for CubeSats and nanosats is provided in [23].
However, merging the capabilities of patch and dipole anten-
nas to facilitate CubeSat missions has not been reported to
the best our knowledge.

Il. HYBRID PATCH/MONOPOLE ANTENNA DESIGN

A. DESIGN CONCEPTUALIZATION

The most challenging aspect of reconfigurable antenna
design is the mechanical realization of the reconfiguration
mechanism. For our proposed design, we use a 3.175 mm
(125 mil) thick Rogers Arlon DiClad 880 substrate hav-
ing €, = 2.2. To form the feed, a microstrip line is
etched on the top of this substrate as the first section
of the feed-line. The patch geometry and second section of
the feed-line is formed using copper tape, and a strip of
0.127 mm (5 mil) thick Polyimide tape as depicted in
Fig. 2. This polyimide/patch layer attaches to the etched
feed line section on the board through adhesives inherent
to the Polyimide tape. A second layer of tape is placed
on the bottom face of the patch to cover the excess adhe-
sives. The geometry of the antenna along with the stackup is
shown in Fig. 2. Notably, The polyimide layer provides the
required mechanical rigidity to our antenna. The next sec-
tion describes the parameter choices to achieve the desired
performance.
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FIGURE 2. Dimensions of the reconfigurable patch/monopole design (a) top view,
(b) profile view and (c) the reconfiguration mechanism by altering «.

B. INITIAL DESIGN EQUATIONS
The patch antenna width and length were initially set using
standard formulae [24], [25].

c 2
= (D
2\ e+ 1
&+1 e —1
€off = — —+ ’2 [1+ 12k/W]7%3 )
0.3)(W/h + 0.264
AL — 041 6t TOIW/h+0264 3)
(€er — 0.258)(W/h + 0.8)
L=—"" _2AL 4)
2 See

In the above, €5 is the effective dielectric constant of the
medium, AL is the added effective electric length due to the
fringing fields, and f, = 2.4 GHz. Starting with the above
equations, feed line and notch dimensions were optimized
to achieve 5092 input impedance matching at the resonant
frequency. The same patch was then ‘lifted’ off the substrate
using the hinge created by the adhesive at the feed line
junction to achieve the monopole state of operation.

C. TRADE SPACE

The effect of key parameters on performance were stud-
ied in relation to patch and monopole reconfiguration states.
The challenge is to find key parameters to easily tune the
impedance of the patch and monopole. One such parameter
is the size of the feed line notch used to match the microstrip
patch impedance. The influence of the notch on impedance is
depicted in Fig. 3, and shows that the patch is highly depen-
dent on the notch width and length. On the other hand, the
monopole radiator has little dependency on the notch’s width.
That is, even £50% variation in the notch width has little

599



JOHNSON et al.: LOW-COST S-BAND RECONFIGURABLE MONOPOLE/PATCH ANTENNA FOR CubeSats

0 0
- 5 - 5 /
o o n
S ol notehw=3mm PN\e - m e mmmmem ] Y| N S— ¢f [ Notch w=3 mm
T |[~Notchw=5mm - \J!| |-Notch W =5mm
O 45/—Notch W=7mm 9 s \/| [~Notchw =7 mm
Notch W = - - \/ [ NotchW=9mm
[-Notchw = [-Notch W = 11 mm
20 -20
2 22 24 2.6 28 2 22 24 26 28
Freq (GHz) Freq (GHz)
(a) (b)
0 0
5 5
] ]
T o NotehL=5mm |-\l fof fmmmmmmm 2 40 f-=[NotchL.=5 mm
+  |[NotchL=7mm - {—Notch L=7 mm
 _45/—NotchL=9mm @ 45 {~Notch L =9 mm
Notch L =11 mm| e Notch L =11 mm
[-Notch L = 13 mm| {=Notch L = 13 mm|
20 -20,
2 22 24 26 28 2 22 24 26 238
Freq (GHz) Freq (GHz)
(© (@

FIGURE 3. Effect of the feed notch width W and length L on impedance matching of
the antenna patch and monopole states. (a) Notch width variation at the monopole
state and (b) notch width variation at the patch state. (c) Notch length variation at the
monopole state, and (d) notch length variation at the patch state.

influence on the matched band of the monopole. However,
Fig. 3(c) shows that the monopole impedance has stronger
dependency on the notch’s length. The same +£50% varia-
tion on in notch length significantly affects the impedance
behavior.

D. ACTUATION

For the prototype built in this work, the actuation between
states was achieved by knotting a thin fishing line at the
top edge of the monopole radiator, and pulling on either
end to change the antenna’s state. In the future, the fish line
actuation will be replaced with a high fidelity servo motor
for integration with full-framed 6U CubeSats. Along with
the force provided by the actuators, the adhesive polyimide
tapes allow the antenna to rise up and fall down in a con-
trolled manner. Notably, the inclusion of the two thin layers
of polyimide tape gives added structural stability to the cop-
per tape patch/monopole radiator. We also remark that no
memory effects are present in the polyimide tapes.

E. FOLD ANGLE TOLERANCE

Actuation misalignment effects on the antenna are shown in
Fig. 4. Specifically, the tolerance of the folding angle o was
investigated to show the need for accuracy in actuation. It is
evident that the patch configuration is highly sensitive to any
air gap between the patch radiator and the substrate. This is
expected since the impedance of a patch strongly depends
on the cavity modes formed between the ground plane and
the patch. For « as little as 1°, the impedance match is sig-
nificantly impacted. This observation can be used to quickly
stop unwanted signals (i.e., high power bursts) from being
received. On the other hand, the monopole is resilient to
changes in folding angle even upto +10° variation. Fig. 4
shows that the impedance match is hardly affected.

F. SIMULATION RESULTS
The design parameters and the employed coordinate system
are shown in Fig. 2 and Table 1. The corresponding 3D
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FIGURE 4. Simulated return loss and gain for the antenna in patch and monopole
configuration under different folding angles (). (a) S11 and (b) realized gain for values
of « close to 0 (patch state). (c) S11 and (d) realized gain for « close to 90° (monopole
state). The gain is computed at § = 0° for the patch and ¢ = 90° for the monopole.
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FIGURE 5. 3D normalized radiation patterns (in dB) of the antenna in its monopole
and patch states. (a) and (b) illustrate the Ey and E¢ field components at the
monopole state and (c) and (d) illustrate the Ey and E, field components at the patch
antenna state.

TABLE 1. Dimensions (Units: mm) of Antenna in Fig. 2.

A B C D E F G
57.50 | 46.00 9.00 15.00 | 16.00 1.00 | 71.50
H 1 J K L M N
0.50 159.00 | 152.00 | 0.070 | 0.127 | 3.175 | 0.035

far-field patterns are shown in Fig. 5. Also Fig. 6 shows the
¢ = 0° patterns (H-plane for the patch antenna). These pat-
terns clearly demonstrate that both the patch and monopole
configurations perform as expected. Specifically, the patch

VOLUME 1, 2020



IEEE Open Journal of

Antennas and Propagation

0

330

300
270
VAYs

240

210 150 210 150

180 180

() (®)

FIGURE 6. Simulated gain patterns at (a) the patch state and (b) monopole state for
the 6 and ¢ components.
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FIGURE 7. Simulations of the (a) S11 and (b) peak realized gain. The peak realized
gain refers to = 0° for the patch state and 6 = 90° for the monopole state.

has a maximum along # = 0°, and has dominant polarization
along the y-axis, viz. ) polarized along the ¢ = 0° plane,
and 6 polarized along ¢ = 90° plane. The H-plane of the
patch exhibited a typical cross-polarization (X-pol) levels of
—20 dB as expected [26].

Further, as expected, the monopole antenna has a dom-
inant polarization along 6 with a significantly smaller é
component. The monopole has maximum radiation near
6 = 90° and a null depth of approximately —10 dB
at & = (°. Notably, the finite ground plane is only
about 1A to facilitate integration with a 6U CubeSat.
Thus, some deviations from an ideal monopole pattern are
expected.

Fig. 7(a) shows that both the patch and monopole config-
uration of the antenna are resonant at 2.4 GHz as designed.
We note that the antenna bandwidth (S1; < —10 dB) is
2.0% for the patch state, and 4.1% at the monopole state.
Fig. 7(b) provides the peak realized gain of the antenna for
each state. The peak gain refers to 6 = 0° for the patch and
6 = 90° for the monopole. Notably, the patch shows a gain
of 7.7 dBi at & = 0° and the monopole has typical gain of
1.2 dBi at 8 = 90°.
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FIGURE 8. Fabricated antenna while reconfiguring from patch (a) to monopole (c)
states. The fishing line served as a proof of concept, and can be replaced by high
quality servo motors in the future.
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FIGURE 9. Measured Sq4 and peak realized gain at the (a) patch, and (b) monopole
states. The peak realized gain refers to § = 0° for the patch and § = 90° for the
monopole states.

lll. PROTOTYPE FABRICATION AND MEASUREMENTS
The prototype in Fig. 8 was fabricated and measured. The
fabricated model had a tolerance of 0.50 mm (20 mil), which
is well in accordance with standard low-cost printed circuit
board (PCB) processes. The stackup in Fig. 2(b) shows that
the folding vertex of the feed line meets the 0.127 mm (5 mil)
thick Polyimide tape to act as the folding mechanism. The
patch/monopole is constructed from 70 pm (2.75 mil) copper
tape, and attached to the polyimide tape (Fig. 2(a)).

The fabricated antenna in Fig. 8 was measured and char-
acterized. Fig. 9(a) shows that at the patch state, the antenna
had a slight frequency shift due to fabrication tolerance.
Nonetheless, it performs well at 2.4 GHz (the frequency
of interest). Notably, the measured bandwidth of 2.6% was
slightly greater than 2% due to ohmic losses in the copper
features and soldering at the junctions.

Fig. 9(b) shows that the monopole antenna measurements
matched quite well with simulations. Here, the measured Sy
resonates at 2.40 GHz. Also, we observe that the measured
bandwidth is 6.9% vs. the 4.1% in simulations. As noted,
the bandwidth increase is mainly due to ohmic losses.

The measured gain patterns for the patch and monopole are
given in Fig. 10 and compared to simulations. The measured
patterns for the patch state agree with simulations, showing
a directive beam. Even though the peak gain of 8.0 dBi is
at 2.6 GHz, the patch antenna still retains 7.0 dBi gain at
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FIGURE 10. (a)&(b) Measured vs. simulated total gain patterns for patch antenna
state in E-Plane and H-Plane respectively. (c)&(d) Measured vs. simulated total gain
patterns for monopole antenna state in E-Plane and H-Plane respectively.

2.4 GHz. The measured patterns for the monopole also agree
with simulations, showing a dipole-like pattern.

IV. CONCLUSION

This article presented a reconfigurable antenna concept in
terms of polarization, radiation pattern, and gain level for
emerging CubeSats. The presented technique significantly
reduces weight, cost and power associated with conventional
electronic techniques which use active elements or complex
mechanical techniques. The antenna operates in two states:
a conventional patch, or a monopole antenna. While these
antennas are individually well understood, their operation
via a simple reconfiguration is attractive for CubeSat plat-
forms. Studies on key design parameters were included in
the paper, and the antenna was fabricated and measured.
Measurements are shown to be consistent with simula-
tions Notably, the measurements show antenna operations at
2.4 GHz and achieved 6.9% bandwidth with S1; < —10 dB
in its patch state and 2.6% bandwidth with S;; < —10 dB
in its monopole state. Studies related to antenna space qual-
ification will be developed for specific applications in the
future.
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