
Received July 15, 2020, accepted July 23, 2020, date of publication July 27, 2020, date of current version August 7, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3012133

Solar-Powered Active Integrated Antennas
Backed by a Transparent Reflectarray
for CubeSat Applications
YEN-SHENG CHEN , (Member, IEEE), YU-HONG WU, AND CHIA-CHI CHUNG
Department of Electronics Engineering, National Taipei University of Technology, Taipei 10608, Taiwan

Corresponding author: Yen-Sheng Chen (yschen@ntut.edu.tw)

This work was supported in part by the National Taipei University of Technology, Taiwan, under Contract NTUT-SZU-109-08, and in part
by the Ministry of Science and Technology, Taiwan, under Contract MOST 109-2636-E-027-004.

ABSTRACT A gain-enhancement scheme that combines an active integrated antenna (AIA) and an
optically transparent reflectarray on solar cells is proposed for CubeSat applications. As CubeSat antennas
require a compact footprint, improving the gain over limited design space is challenging. The proposed
gain-enhancement scheme exploits the distinct environmental feature of the space, namely, unlimited and
sustainable solar energy. This energy is fed into a microwave power amplifier, which is cascaded with a
quasi-Yagi antenna. This AIA approach can increase the gain by 22.7 dB. Furthermore, the AIA is arranged
as the feed of the transparent reflectarray, which provides twofold advantages. First, the gain can be further
improved by 11.0 dB; second, this transparent reflectarray is placed on already existing solar panels, so no
additional clearance area is required. We organize the proposed scheme by three modules, including an AIA
module, a reflectarray module, and a power management module. The proposed scheme is demonstrated
by a prototype designed at 25.0 GHz. By fabricating the transparent reflectarray using Indium Tin Oxide
printed on soda-lime glass, the proposed antenna provides realized gain of 41.3 dB with dimensions of 110
× 80 mm2; meanwhile, onboard electronics can still be activated due to the power management.

INDEX TERMS Directive antennas, microwave amplifiers, satellite antennas, transmitting antennas.

I. INTRODUCTION
The gain enhancement of antennas has gathered great
importance in radiofrequency (RF) satellite communications.
As long-distance transmission is required for this applica-
tion, severe path loss occurs and decreases receiving signal
strengths. This limitation can be mitigated using high-gain
antennas. Conventional, large satellites that weigh greater
than 500 kg have little difficulty in employing a high-gain
antenna. The design space of the antenna is large and suffi-
cient, so electrically-large high-gain antennas, such as reflec-
tor antennas [1], can be directly mounted to provide precise
satellite pointing.

Recently, smallSats that weigh below 500 kg are getting
considerable attentions in space industries [2]. In particu-
lar, pico-satellites (0.1–1.0 kg) or CubeSats (< 1.33 kg)
have increasingly been the object of study due to the
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cost-efficient characteristic. For CubeSats applications, high-
gain antenna development becomes challenging. The gain
enhancement usually requires larger design space, but the
limited volume available onboard CubeSats makes perfor-
mance optimization difficult. Several antenna structures that
address high-gain features have been proposed, including
reflectors [3], [4], lens [5], reflectarrays [6], leaky-wave
antennas [7], slots [8], spirals [9], [10], patches [11]–[18], and
patch arrays [19]–[22]. The gain, design volumes, operating
frequencies of these antennas are provided in Table 1.

In Table 1, the highest gain, namely, 42.0 dBi, is attained
using a mesh reflector antenna designed at 35.75 GHz [4].
The diameter of the reflector is 500mm. In addition, an inflat-
able antenna is proposed to depict peak gain of 32.8 dBi
at X band [3]. The diameter of the inflatable reflector is
713 mm. Most of the antennas depict peak gain of about
10 dBi [8]–[22] below 10 GHz. These antennas are imple-
mented on a planar area, instead of pursuing a deployable
design. However, two limitations are observed. First, these
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TABLE 1. Performance comparison for CubeSat antennas.

gain-enhancement techniques are based on conventional
structures for microwave communications. We lack a design
that aims at the environmental feature of the space, which
is full of unlimited and sustainable solar energy. Second,
although several high-gain antennas have been proposed,
the gain obtained over limited design space still needs to be
improved.

In this paper, a gain-enhancement antenna with a com-
pact footprint is proposed for CubeSat applications. The
gain enchantment is obtained using an active integrated
antenna (AIA) biased by harvested solar energy, and the
AIA is further arranged as the feed of a transparent reflec-
tarray on solar panels. Three mechanisms are implemented
to improve the antenna gain over limited design space. First
of all, CubeSats have been equipped with solar panels, but
the harvested solar energy is exploited only for powering
onboard electronics. As such solar energy is inexhaustible in
the space, we cascade the CubeSat antenna with an additional
microwave power amplifier (PA), biasing this PA using the
parallelly extracted solar power. This leads to a PA-type
AIA [23]–[25], and the peak gain soars by 22.7 dB accord-
ingly. Second, the AIA is further arranged as the feed of
the transparent reflectarray, which is fabricated using Indium
Tin Oxide (ITO) printed on soda-lime glass. By tailoring the

TABLE 2. Comparison for optically transparent reflectarrays.

geometry of the reflectarray, the gain can be further increased
by 11.0 dB. Third, as the reflectarray is optically transparent,
it is directly placed on the solar panels. The solar energy
can still be mostly harvested, yet no extra clearance area is
required for implementing thismechanism. The three features
result in an antenna with high gain (41.3 dB) and compact
size (9.2 × 6.7 λ2, where λ is the wavelength of a design
frequency) for CubeSat applications.

In particular, the design of optically transparent reflectar-
rays has been discussed in the literature [26]–[35]. The mate-
rial properties, operating frequencies, dimensions, and gain
of these transparent reflectarray antennas are summarized
in Table 2. Although several earlier studies have investigated
transparent reflectarrays fabricated on solar cells, these stud-
ies have not exploited the solar energy to construct a self-
biased AIA, which is further integrated with the transparent
reflectarray to achieve high gain with compact size.

In what follows, the system setup of the proposed antenna
is elaborated first. Each module, including a self-biased
PA-type AIA module, an optically transparent reflectarray
module, and a dc power management module, is described
in detail. Furthermore, a prototype is tested to prove the
concept. Finally, the optimized performances supplemented
with simulated and measured results are compared with the
state-of-the-art.

II. PROPOSED ANTENNA SUB-SYSTEM
The proposed antenna is a sub-system, which is comprised
of the three modules. Figure 1 illustrates the schematic of
the proposed antenna sub-system. The antenna is cascaded
with the amplifier, constructed into a PA-type AIA. The AIA
is further employed as the feed of the transparent reflectar-
ray. Meanwhile, the transparent reflectarray covers already
existing solar cell panels on the surface of a CubeSat. These
solar cells employ a conventional power conversion scheme,
whereas the output terminals are divided and parallelly con-
nected to two networks, including onboard electronics and
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FIGURE 1. Block diagram of the proposed antenna sub-system.

the input of a regulated microchip. The regulated microchip
is readily interconnected with the PA. Thus, the uninterrupted
solar energy serves the PA as a power supply. Integrating the
three modules establishes a simple, self-biased antenna sub-
system. This concept is validated by a prototype designed and
fabricated at 25.0 GHz.

FIGURE 2. Geometry of the AIA module (unit: mm).

A. PA-TYPE AIA
The first module is the PA-type AIA, the geometry of
which is shown in Figure 2. The AIA comprises an antenna
section and an amplifier section, which are integrated on one
printed circuit board (PCB). The substrate used is Rogers

RO4350B (dielectric constant εr = 3.48 and loss tangent
tanδ = 0.0037). The antenna section is a quasi-Yagi antenna
fed by a coplanar waveguide (CPW) transmission line, and
the amplifier section consists of an amplifier housed in a
leadless ceramic surface mount package and several bypass
capacitors.

FIGURE 3. Geometry of the quasi-Yagi antenna (unit: mm).

Figure 3 shows the dimensions of the quasi-Yagi antenna.
This antenna consists of a driven dipole, two directors, and a
ground plane serving as a reflector. The length of the driven
dipole is about half-wavelength. The use of CPW feeding
can avoid complicated balun design [36]. The reason that we
select the quasi-Yagi antenna is its unidirectional and end-
fire radiation pattern. When the quasi-Yagi antenna serves a
reflectarray as the feed, the blockage effect can be reduced.

FIGURE 4. Configuration of the MMIC amplifier HMC963LC4.

The PA demonstrated in this study is a self-biased GaAs
monolithic microwave integrated circuit (MMIC) low noise
amplifier HMC963LC4 from Analog Devices, Norwood,
MA. This amplifier operates at 6.0–26.5 GHz, providing
small signal gain of 22 dB [37]. Figure 4 provides the func-
tional diagram of this IC. Pins 3 and 16 are the input and
output of the signal, respectively, and they are matched to two
CPW transmission lines. Pins 19, 21, and 23 are connected
to the power management module, and they supply power
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collected from solar energy to bias this IC. Three bypass
capacitors are used in each bias network. The three bias net-
works are further combined in parallel, and an input voltage
of 3.5 V (denoted by vin) is applied. The associated current
is 45 mA, corresponding to a driving power of 157.5 mW.
Additionally, pins 1, 2, 4, 15, 17, and 18 are connected to the
ground. To ensure the equal reference voltage of the ground,
a sufficient number of via holes are mounted to connect the
top and bottom ground planes.

The quasi-Yagi antenna and the amplifier are intercon-
nected by CPWs with a characteristic impedance of 50 �.
As both sections are designed using CPW, the additional loss
due to discontinuity as well as the size of the structure can
be reduced. This AIA illuminates vertically-polarized wave
to the reflectarray surface.

FIGURE 5. Geometry of the transparent reflectarray (unit: mm).

B. OPTICALLY TRANSPARENT REFLECTARRAY
The second module is the optically transparent reflectarray,
the geometry of which is shown in Figure 5. The unit cell con-
sists of two layers, which are separated by a 0.01-mm-thick
air spacer. The substrate used is soda-lime glass (εr = 7.2
and tanδ = 0.02), the thickness of which is 0.7 mm.
The transparent conductive material is ITO (conductivity
σ = 2.4 × 105 S/m) made with a 1.2−µm deposition.
A square unit cell with a periodicity of 4.0 mm is imple-

mented. The topology of the unit cell is a rectangular patch

backed with a conductor. As the incidence of the electro-
magnetic (EM) wave is vertically-polarized, the width of the
patch is fixed at 3.1 mm. The length of the patch, which
controls the phase of the scattered field, is varied from 0.69 to
3.75 mm. By computing the required phase compensation
of each unit cell, the geometry of the full reflectarray can
be determined. The number of elements is originally set to
25× 25 = 625; however, as will be detailed in Section III-B,
varying the length of the patch cannot offer full 360◦ phase
coverage, so some elements are removed to avoid potential
phase errors. This leads to a 423-element transparent reflec-
tarray with dimensions of 110× 80 mm2 and a focal distance
of 80.2 mm.

FIGURE 6. Equivalent circuit of the power management module.

C. POWER MANAGEMENT MODULE
The third module is the power management module, aiming
at a sustainable and self-biased power supply. Figure 6 shows
the equivalent circuit of the power management module
designed and simulated using Altium Designer software.
After the solar power is converted to dc outputs, this output
current is divided up through two parallel networks, namely,
a regulated circuit and the input port of onboard electronics.

The regulated microchip is requested for the dc bias to the
PA. As the maximum allowable voltage for the PA is 3.5 V,
a regulated IC XC6203p352FR-G from Mouser Electronics,
Taiwan, is employed to regulate the voltage to vin = 3.5 V.
In our prototype, the onboard electronic is implemented

as a humidity and temperature sensor DHT11 from Mouser
Electronics, Taiwan. The turn-on voltage of DHT11 is
3.0–5.5 V, which is associated with a current of 0.5–2.5 mA.
Thus, the maximum driving power of DHT11 is 13.75 mW.
This sensor is further integrated to a microprocessor NANO
Atmega328p from Arduino, Taiwan. The selected micropro-
cessor is already equipped with an internal voltage regulator,
so the signal collected by the sensor can be outputted to
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a liquid-crystal display (LCD) without connecting another
regulated IC.

III. ANTENNA DESIGN AND PERFORMANCE
The proposed antenna prototype is analyzed and tested. The
design process and performance evaluation in terms of each
module and the overall system are presented in this section.
The experiment on the prototype is conducted in free space,
instead of a CubeSat phantom. We fabricate testing fixtures
for the feeding antenna and the reflectarray, integrating the
three units as a system. Accordingly, the impedance charac-
teristics are tested from the input port of the AIA. Once the
feeding quasi-Yagi antenna is excited, the transparent reflec-
tarray creates in-phase reflected wave so that the antenna gain
is enhanced. Although the CubeSat phantom is not imple-
mented, testing CubeSat antennas in free space is widely
used in the literature [3], [5], [9]–[11], [13]–[16], [18]–[22].
Besides, as the transparent reflectarray is placed above solar
panels, the loading effect from onboard electronics can be
shielded by the back conductor and the solar cells.

FIGURE 7. Photographs of the AIA module. (a) Quasi-Yagi antenna.
(b) Power amplifier network. (c) Active integrated antenna.

A. PA-TYPE AIA
Figure 7 shows photographs of the test pieces for the
first module—the PA-type AIA. The quasi-Yagi antenna
is designed using CST Microwave Studio, and the circuit
regarding the PA is designed using ADS simulation. After
the performances of the two sections are evaluated separately,
the finalized AIA system is simulated in CST Design Studio,
where the two-port scattering parameters of the PA (defined
by an s2p file) are loaded into the input of the quasi-Yagi
antenna. Thus, this research methodology enables us to test
both microwave circuit and full-wave simulation together.

Before providing the overall radiation performances of the
AIA, we test the quasi-Yagi antenna and the PA respectively.
The impedance matching of the quasi-Yagi antenna is shown

FIGURE 8. Reflection coefficients of the quasi-Yagi antenna.

in Figure 8. At the design frequency (25.0 GHz), the simu-
lated and measured reflection coefficients are −12.1 dB and
−10.9 dB, respectively, which indicate that 93.8% and 91.9%
of the input power can be accepted by the antenna. The reflec-
tion coefficients are evaluated from the antenna looking into
a vector network analyzer (VNA). The impedance bandwidth
in terms of 10-dB return loss is 10.2% (24.2–26.8 GHz),
indicating sufficient impedance matching.

FIGURE 9. Transducer power gain of the power amplifier network.

The design specifications of microwave amplifiers concern
the gain, stability, and noise figure. The transducer power
gain of the amplifier network is depicted in Figure 9. This
transducer gain evaluates the gain of the MMIC amplifier
HMC963LC4, the loss of the CPW transmission lines, and
the mismatch between the transmission lines and SMA con-
nectors. The simulated and measured transducer power gain
at 25.0 GHz are 21.5 dB and 20.6 dB, respectively, which suit
the AIA purpose.

In addition, the stability factor of the amplifier can be
illustrated by Rollet’s K -factor [38]:

K =
1− |S11|2 − |S22|2 + |1|2

2 |S12| |S21|
(1)

where S11, S12, S21, and S22 are the two-port scattering param-
eters of the amplifier network and 1 is the determinant of
the matrix that consists of the scattering parameters. The
condition of stability requires K > 1. A similar stability
measure is µ test [38], where µ is determined by:

µ =
1− |S11|2∣∣S22−1S∗11∣∣+ |S12S21| (2)
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FIGURE 10. Power added efficiency and stability analysis of the power
amplifier network.

The unconditional stability requires the µ stability factor to
be greater than one. A larger magnitude ofµ indicates a more
stable amplifier network. The results of the two stability tests
are shown in Figure 10. The measured K and µ factors at
25.0 GHz are 3.3 and 2.7, respectively, which indicate that the
amplifier network is unconditionally stable. We also evaluate
the power added efficiency (PAE) and the noise figure. The
PAE results are also provided in Figure 10. At 25.0 GHz,
the PAE is 4.0%, and the noise figure is 2.5 dB.

FIGURE 11. Realized peak gain of the AIA and the quasi-Yagi antenna.

Next, the amplifier network and the quasi-Yagi antenna
are integrated. Figure 11 is the realized peak gain of the
AIA. This realized peak gain evaluates the overall maximum
gain and the impedance matching of the input port. The
simulated and measured realized peak gain at 25.0 GHz are
29.7 dB and 30.3 dB, respectively, which are almost identical.
As a comparison, Figure 11 also provides the realized peak
gain of the quasi-Yagi antenna alone, and the simulated and
measured antenna gain are 8.0 dBi and 7.6 dBi, respectively.
The difference of the gain is about 20 dB, which is attained
by the transducer power gain of the amplifier network. More
explicitly, Figure 12 is the antenna gain patterns of the
AIA and the quasi-Yagi antenna. Good agreement can be
found between the simulated and measured patterns. Both the
E-plane and H-plane patterns depict gain enhancement of
about 20 dB. Accordingly, we arrange the AIA module as the
feeding antenna.

B. OPTICALLY TRANSPARENT REFLECTARRAY
The design goal of the reflectarray module is to opti-
mize the geometry for synthesizing required reflection

FIGURE 12. Gain patterns of the AIA and the quasi-Yagi antenna.
(a) E-plane. (b) H-plane.

phase distributions. First of all, we evaluate the level curves of
the reflection phase in terms of the position of elements. The
required phase of the ith element, denoted by ϕi, is computed
by [39]:

ϕi = k0 ×
(
Ri − r̄i · r̂0

)
(3)

where k0 is the propagation constant in free space, Ri is the
separation from the phase center of the AIA to the ith element,
r̄i is the vector from the center of the reflectarray to the ith

element, and r̂0 is the unit vector in the main beam direction.
In this study, r̂0 is selected as the broadside direction.
Figure 13 is the result of the required phase distributions.

To realize the phase shifts, the unit cell should be able to
provide a phase range of full 360◦. In addition, the unit cell
is required to demonstrate low additional loss and low design
sensitivity. The design sensitivity is defined by the slope of
the phase over a 1−µm variation of geometric parameters.
Moreover, stacking multiple layers reduces transparency as
well as the output power of the solar cells, so our application
is more suitable to single-layer unit cell designs despite the
decreased phase range.

Accordingly, we analyze the phase range, loss, and design
sensitivity of 15 single-layer unit cells, including a rectan-
gular patch, circular patch, patch etched with a slot, square
ring, dual square ring, circular ring, dual circular ring, double-
split ring, cross ring, two types of Jerusalem cross, ring cross,
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FIGURE 13. Phase distributions of the reflectarray.

square ring with a patch, circular ring with a patch, and spiral.
These topologies have been considered as a potential unit cell
in the literature. They are designed and optimized to oper-
ate at 25.0 GHz, implemented using the material properties
described in Section II-B.

Figure 14 is the characteristics of these unit cells. These
results are obtained by conducting full-wave HFSS simula-
tion. Some topologies exhibit a phase range of 360◦, but the
loss is greater than 7 dB (the ring cross, square ring with a
patch, circular ring with a patch, and spiral). The unit cell
with the lowest additional loss is the rectangular patch. The
associated phase range is 295◦, and the design sensitivity is
the third lowest over these topologies. Only the patch etched
with a slot and the square ring show lower sensitivity, whereas
the loss is greater than 3.7 dB. Thus, we design the full
transparent reflectarray using the rectangular patch, removing
the elements whose required phase is beyond 295◦.
Next, the dimensions of the reflectarray and the associated

number of unit cells are determined by the sensitivity of
the overall gain. We arrange the quasi-Yagi antenna as the
feed, optimizing reflectarray designs for different numbers
of unit cells. In particular, reflectarrays with 1 × 1, 3 × 3,
5 × 5, . . . , 25 × 25, and 27 × 27 unit cells are developed.
Figure 15 shows the resultant directivity as the function of the
number of elements. The results are evaluated by conducting
full-wave simulation. In general, the more number of the
elements, the higher the directivity is. However, the increase
of directivity depicts a trend toward convergence, which is
caused by a reduced effective aperture. When the number
of unit cells is greater than 25 × 25, aperture efficiency
decreases significantly, and the outer unit cells provide incre-
mental improvements. Thus, the case of 423 elements is
implemented.

As the dimensions of the aperture are determined, the opti-
mal focal distance can be estimated based on the largest
spillover efficiency (denoted by ηs) multiplied by the illu-
mination efficiency (denoted by ηi) [40]. The spillover

FIGURE 14. Characteristics of the unit cell with various topologies.

efficiency, ηs, is computed by:

ηs= 1−cos2q+1θ (4)

where cosqθ is the fitted normalized pattern of the feed and θ
is the observational angle. The spillover efficiency is the func-
tion of the ratio between the focal distance (denoted byF) and
the maximum dimension of the reflectarray (denoted by D).
As shown in Figure 12, the feeding quasi-Yagi antenna has
different E-plane and H-plane patterns, which can be fitted
using q = 5.2 and q = 2.0, respectively.
On the other hand, the illumination efficiency, ηi, is

determined by:

ηi =

(
1−cosq+1θ

q+1 +
1−cosqθ

q

)2
2tan2θ

(
1−cos2q+1θ

2q+1

) (5)
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FIGURE 15. Gain enhancement as the function of the number of
elements.

The illumination efficiency is also affected by F /D. Accord-
ingly, ηs, ηi, and the total efficiency (ηs×ηi) can be computed
for various focal distances. Figure 16 is the results of the
three types of efficiency. The F /D that leads to the largest
total efficiency on the E-plane and H-plane are 0.80 and 0.55,
respectively. To balance the tradeoff, the focal distance is
selected as 0.68 ×D, namely, 80.2 mm.
Finally, the optimal transparent reflectarray is constructed.

Figure 17 exhibits the fabricated prototype of the proposed
reflectarray. By using the feeding quasi-Yagi antenna, the
radiation features are measured in an anechoic chamber.
Figure 18 is the simulated and measured realized peak gain.
The simulated and measured results at 25.0 GHz are 21.5 dBi
and 21.4 dBi, respectively. Figure 18 also provides antenna
efficiency. The simulated and measured antenna efficiency
at 25.0 GHz are 66.6% and 62.9%, respectively. Consider-
ing the loss of ITO and soda-lime glass, the efficiency is
acceptable.

Moreover, Figure 19 presents the simulated and mea-
sured realized gain patterns. The main bam is pointed at

FIGURE 16. Spillover efficiency, illumination efficiency and their product
for the transparent reflectarray. (a) E-plane. (b) H-plane.

FIGURE 17. Photographs of the optically transparent reflectarray.

FIGURE 18. Realized peak gain and antenna efficiency of the transparent
reflectarray fed by the quasi-Yagi antenna.

the broadside direction. The measured half-power beam
widths (HPBWs) in the E-plane and H-plane are 11◦ and
9◦, respectively. The sidelobe levels for the both cuts are
greater than 20 dB. These radiation performances are promis-
ing for the transparent reflectarray fabricated using ITO and
glass.
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FIGURE 19. Gain patterns of the transparent reflectarray fed by the
quasi-Yagi antenna. (a) E-plane. (b) H-plane.

C. POWER MANAGEMENT MODULE
At this stage, the AIA and reflectarray modules have been
examined. The investigation is shifted to the third module.
The goal of the power management module is to supply
sufficient input power to the PA and the sensor. This relies
on examining the transparency of the reflectarray prototype
and validating the operation of the onboard electronic.

FIGURE 20. Test of transparency for the ITO and soda-lime glass.

Figure 20 shows the transmittance of the reflectarray over
the visible EM spectrum (400–800 nm). The measurement
is performed with a UV-visible spectrometer S-3100 from
Scinco, Taiwan. The results are evaluated for light traveling
at normal incidence from the free space through the ITO
and glass layers. For the single-layer structure, the trans-
mittance varies from 67.6% to 80.8% over the visible spec-
trum, and the average transparency is 73.9%. In contrast,
for the double-layer structure, the transmittance is between
41.7% and 67.0%, and the average transparency is 54.6%.
As expected, stacking two layers results in decreased trans-
parency. However, as the manufacture cost of double-sided

coating is significantly higher than that of one-sided coating,
we implement the reflectarray as two stacked layers, instead
of one layer of glass with two-sided coating.

To validate the effectiveness of the output power, we attach
a solar panel whose dimensions are the same as the opti-
cally transparent reflectarray (110 × 80 mm2). When the
entire structure is put under exposure to natural daylight,
the output voltage, current, and power are 6.8 V, 150 mA, and
1020 mW, respectively. Such power is significantly higher
than the required power for biasing the PA (157.5 mW), and
the rest of the power is also greater than the driving power of
the sensor DHT11 (13.75 mW). Accordingly, the amount of
harvested energy is not significantly degraded by the presence
of the proposed antenna sub-system even though the double-
layer design is implemented.

FIGURE 21. Photographs of the power management module.

Figure 21 is the fabricated prototype of the power man-
agement module. By connecting the proposed scheme to the
solar panel, the output voltage biasing the AIA is regulated
as 3.5 V, which further activates the amplifier. Meanwhile,
the remaining power successfully drives the sensor.

FIGURE 22. Photograph of the proposed antenna prototype.

D. OVERALL PERFORMANCE
Finally, the three modules are integrated, and they construct
a full antenna sub-system for CubeSats. Figure 22 shows
the integrated prototype of the proposed antenna sub-system.
By employing 3-D printing technology, a special fixture
is fabricated, and it houses the three modules as well as
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the sensor. Although the dc wires that bias the PA are embed-
ded in the 3D-printing fixture, Figure 22 demonstrates the
wires as external wiring for clarifying the connection manner.
When this system is placed under exposure to light sources,
the LCD on the side will exhibit humidity and temperature
information, validating that the harvested energy is sufficient.
Meanwhile, the AIA module is activated, and the antenna
performances can be measured.

FIGURE 23. Reflection coefficients of the proposed antenna sub-system.

Figure 23 exhibits the input reflection coefficients of the
full antenna sub-system. The input port is defined across
the SMA connector mounted to the AIA. Although a fre-
quency shift is observed, the simulated and measured reflec-
tion coefficients at 25.0 GHz are −12.4 dB and −13.4 dB,
respectively, demonstrating that 94.2% and 95.4% of the
input power are collected by the antenna. Additional studies
are performed to analyze the mismatch between simulated
and measured results. When the dielectric constant is set to
εr = 3.68, the resonant frequency shifts to a lower value.
In addition, as the prototype of the overall antenna system
requires a 3D-printing fixture (εr = 3.5), which is modelled
as free space (εr = 1) in the full-wave simulation, this
causes disagreement between simulation and measurement.
These observations indicate that the dielectric constant of
the substrate used is higher than the nominal value, and the
assembly process introduces experimental errors.

FIGURE 24. Realized peak gain of the proposed antenna sub-system.

Figure 24 depicts the realized peak gain. The simu-
lated and measured realized gain at 25.0 GHz are 45.1 dB
and 41.3 dB, respectively. By combining the two gain-
enhancement approaches, namely, the AIA and reflectarray,
the gain soars up even though the design space is limited to

110 × 80 mm2. It is noted that this design space does not
require a clearance area. As solar panels are already setup on
the surface of CubeSats, the optically transparent reflectarray
can be placed on top of these solar panels directly.

FIGURE 25. Gain patterns of the proposed antenna sub-system.
(a) E-plane. (b) H-plane.

Figure 25 is the radiation patterns in terms of realized gain.
The trends of the simulated and measured results agree well.
The main beam of the full antenna sub-system is still directed
to the broadside. These results indicate that the desired direc-
tional property with enhanced gain can be achieved using the
proposed antenna sub-system.

IV. DISCUSSIONS
The comparison ofmeasured realized peak gainwith previous
CubeSat antennas is shown in Table 1. In fact, it is not very
fair to compare the gain straightforwardly, as these anten-
nas are designed with different frequencies and footprints.
However, the gain enhancement of the proposed scheme is
still noticeable; the dimensions of the proposed reflectarray
are 110 × 80 mm2, whereas the gain is comparable with the
reflector with a diameter of 500 mm at 35.75 GHz [4]. The
gain is 10 times higher than the reflector with a diameter
of 713 mm at X band [3]. Our future work is to imple-
ment the proposed scheme in S-band CubeSats. The current
reflectarray will be replaced by a miniaturized transparent
metasurface [41] on solar cells. Along with a solar-powered
AIA, the gain can be greatly enhanced even in S band.

The comparison of the proposed scheme with the litera-
ture concerning optically transparent reflectarrays is shown
in Table 2. Thanks to the feedingAIA, the proposed technique
exhibits the highest measured peak gain. Even though the
feeding AIA is replaced by the quasi-Yagi antenna alone,
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the measured realized peak gain is still as high as 21.4 dBi.
This result is comparable to the performance in the literature
using similar dimensions, as some studies select a 12-dBi
horn antenna as the feed. This further suggests the effective-
ness of the proposed transparent reflectarray design.

FIGURE 26. Comparison of the gain enhancement. (a) Simulated.
(b) Measured.

These performance comparisons validate the significant
improvement of gain over compact design space. Such
a distinctive feature is obtained by double mechanisms.
Figure 26 is the gain comparison for the three designs, includ-
ing the quasi-Yagi antenna, theAIA, and the finalized antenna
sub-system. When the PA is integrated to the quasi-Yagi
antenna, the simulated and measured gain improvements at
25.0 GHz are 21.7 dB and 22.7 dB, respectively. Furthermore,
when the AIA is implemented as the feed illuminating the
transparent reflectarray, the simulated and measured gain
improvements at the same frequency are 15.4 dB and 11.0 dB,
respectively. Such double mechanisms enable the proposed
antenna to demonstrate significant gain enhancement.

The antenna subsystem demonstrated in this paper is a
proof-of-concept prototype. The three modules can be imple-
mented by other designs. For example, the PA-type AIA
can be constructed using a deployable helical antenna con-
nected with a PA chipset, and the reflectarray module can
be fabricated using crystalline n-Si microwires. By integrat-
ing the three modules, gain enhancements are noticeable as
compared to the earlier designs [3]–[22].

On the other hand, although the proposed design provides
promising results, this prototype is not without limitations.
In particular, the blockage introduced by the AIA reduces the
amount of harvested solar energy. To mitigate the effect of

the blockage, this study employs a feeding antenna with an
end-fire radiation pattern, instead of a broadside pattern. Our
future work is to implement a reflectarray excited with an
offset feed, which can mitigate the adverse effect of feed-
ing blockage more significantly. Another limitation is the
lack of feed deployment mechanism. Earlier studies have
shown how to pop out the feed of a reflectarray or reflector
[2], [6], so this work puts the emphasis on the novel double
mechanisms for the gain enhancement. In addition, the trans-
parent reflectarray covers the solar cells directly, without the
integration using special materials such as amorphous silicon
cells [42] and multilayer structures [31]. If these techniques
are employed, the harvested solar energy can be further
increased due to maximum optical transmittance.

V. CONCLUSION
In this paper, a new antenna sub-system with enhanced gain
and compact size is proposed for CubeSat applications. The
implementation and performance have been discussed in
detail. By integrating the AIA module, transparent reflectar-
ray module, and power management module, the measured
realized peak gain is as high as 41.3 dB at 25.0 GHz, whereas
the reflectarray dimensions are only 110× 80 mm2. The dis-
tinctive characteristics of the proposed antenna are threefold.
First of all, the gain improvements are achieved by double
mechanisms; the cascaded PA provides gain enhancement
of 22.7 dB, and the transparent reflectarray further raises
the gain by 11.0 dB. Second, the AIA module exploits the
environmental feature of the space, achieving a sustainable
high-gain characteristic by biasing the PA through inex-
haustible solar energy. Third, as the transparent reflectarray
module is integrated to already existing solar panels, this
gain-enhancement scheme does not require an extra clearance
area, leading to a very compact footprint. To the best of our
knowledge, the three features have not yet been presented and
integrated for CubeSat applications. The proposed scheme
is expected to provide performance improvements for future
satellite antenna development.
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