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Flexible Antenna Integrated With an Epitaxial Lift-Off
Solar Cell Array for Flapping-Wing Robots

Jungsuek Oh, Kyusang Lee, Tyler Hughes, Stephen Forrest, and
Kamal Sarabandi

Abstract—We describe the integration of a flexible UHF antenna with an
epitaxial lift-off thin-film III-V solar cell array used for power generation
and wireless communication in a flapping-wing robotic platform. The an-
tenna is configured to utilize the cells and their interconnections as a part
of the radiating element, leading to compact multifunctional antenna/solar
cell array surface. The high junction capacitance of individual solar cells al-
lows RF current conduction through the cells without an associated power
penalty. Metallic interconnects in the solar cell array carry both the DC
power as well as forming part of the UHF antenna. To suppress RF current
leakage into the DC circuit used for conducting the solar cell current, a RF
choke is inserted between the antenna and the solar cells in the DC path.
The performance characteristics of the integrated antenna and solar cell
array verify the predicted performance of the antenna for reliable commu-
nication. Further, mounting the thin film solar cell array on a 25 pm thick
Kapton sheet is shown to be a robust power source when positioned on the
flexible wings of flapping robotic platforms. Details about design procedure
and performance of the proposed integrated antenna are discussed.

Index Terms—Conformal antennas, robots, solar power generation.

I. INTRODUCTION

Rapid developments in thin film optoelectronic devices have acceler-
ated the application of flexible electronics, propelled by the increasing
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demand for lighter and smaller products with low power consumption
[11, [2]. Twistable and foldable devices promise new functionality for
many applications in areas such as communication, displays, and health
care [3], [4]. For example, a user with a flexible mobile phone may only
need to twist the appliance to dismiss a call, change a program, etc. [3].
Foldable devices such as flexible keyboards and displays can provide
portability and save space when not in operation [4]. In this context,
flexible antennas also address a wide range of applications in wireless
communication when they are integrated with conformal electronics
platforms [5]-[7].

Here, we demonstrate that such flexible electronics can be applied
to micro-unmanned autonomous robots that have significant demands
for small size, weight, and power (SWaP). Such systems often require
a power supply that is sufficient to complete a mission, which may
be realized using an array of photovoltaic cells [8]. This can be
accomplished by covering the exposed upper surfaces of robotic flyers
with light-weight, thin and flexible solar cells. The SWaP require-
ments can also be efficiently met by including multi-functionality
among different system components. For example, such robots often
need wireless transceivers operating at ultrahigh frequencies (UHF).
Hence, multi-functionality is achieved by integrating the UHF antenna
with the solar cells on the robot wing. Early studies regarding the
integration of antennas with solar cells concentrated on stacking the
two components in efficient ways, considering the two components as
physically separated parts [9]-[11]. Recently, efforts to utilize solar
cells as radiating elements for size reduction in the integrated structure
have been reported [12], [13]. However, the integrated packages that
consist of brittle and heavy solar cells are too bulky to be practical for
robotic flappers.

Here, we address design/fabrication/integration issues for all-flex-
ible solar antenna on the wings and its topology for bendable and tol-
erant flapping wings and efficient area utilization. A conformal planar
antenna integrated with a flexible, durable and light weight thin film
GaAs solar cells mounted on a wing of a flapping robot is presented.
The solar cells were prepared by an epitaxial lift-off (ELO) process that
enables the separation of thin-film single-crystal layers from the parent
substrate [14]-[17]. The UHF antenna is designed to allow for the
placement of centimeter-size solar cells in series with metallic traces
of the antenna. The antenna operates with both RF and DC signals, and
its performance is unaffected by the rectifying solar cell. Further, the
integrated circuit does not limit the motion of the robot wings. Antenna
impedance and radiation characteristics are found to be comparable to
those of a similarly configured discrete component.

This communication is organized as follows: Section II describes the
configuration of the integrated circuits. Section III presents the fabrica-
tion process used for integration. Finally, in Section IV we discuss the
simulated and measured antenna impedance under different bending
conditions.

II. CONFIGURATION OF FLEXIBLE ANTENNA AND SOLAR CELL
ARRAY ON A FLAPPING-WING ROBOT

Flapping wings that propel the miniature robotic flyer have a large
area surface that can be exposed to solar radiation. Hence, they provide
a platform for mounting photovoltaic cells that can supply energy as
long as the embedded electronics present an acceptably small load on
the flapper itself. Whole integrated circuit consists of a flexible antenna
incorporating solar cell array and a spiral RF choke. Fig. 1(a) and (b)
show RF and DC current paths indicating what solar cells are related to
the two current paths. It should be noted that the RF current path is de-
signed to exhibit the geometry of meander dipole antenna loaded by RF
choke (inductor). In order to minimize effects of metallic robot body on
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Fig. 1. (a) RF current path exhibiting antenna geometry loaded by RF choke
(inductor) at the end of the antenna and (b) DC current path.

the performance of antenna integrated in the wings, balanced architec-
ture of dipole antenna that can form a zero potential plane where robot
body is positioned is chosen. In addition, using RF choke, RF current
is confined only into the antenna geometry and does not couple to the
DC path returning to robot body (please note that Fig. 1(a) shows there
is no RF current in ‘3, ‘4°, ‘5’ and ‘6’ areas of blue trace in Fig. 1(b)).
Without the RF choke, some current distributions induced on antenna
trace and all solar cells can be out-of-phase hampering the realization
of intended current distribution for A/2 dipole antenna. This can cause
the decrease in antenna performance.

Fig. 2 depicts each step in antenna design procedure starting from
the conventional A/2 dipole antenna. Finally, similar to the conven-
tional dipole antenna, two antenna traces coming from the wings are
connected to two differential outputs of RF transceiver in robot body,
respectively. As discussed in Section IV, the thin-film solar cell capac-
itance conducts the RF current and introduces a small phase shift sim-
ilar to that incurred in a similar circuit configuration. Fig. 3(a) shows
the top and side views of the RF choke with vertical pins connecting
the conductor in the center of the spiral to one on the reverse side of
the thin substrate web. The top and lower metallic conductors are then
connected to DC output pads. Fig. 3(b) shows a cross-sectional view
of an epitaxial lift-off solar cell bonded to the Kapton sheet. In robot
body, the antenna feed where both RF and DC current exist is split to
two current paths. One is connected to RF module through DC block
and the other is connected to battery through RF chock.

III. FABRICATION

To maximize power generation from a limited area, a single crys-
talline I1I-V compound semiconductor solar cell is employed. The fab-
rication of single GaAs thin film solar cells has been discussed pre-
viously [14]; however, to develop a solar cell array, the wire bonding
technology was developed to be compatible with the thin film devices.
Therefore, previous thin film GaAs solar cell fabrication techniques
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Fig. 2. (a) A/2 dipole antenna (b) meander dipole antenna due to limited area
on the wing, (¢) meander dipole antenna including solar cells where solar cells
are a radiating part of antenna geometry and (d) final meander solar dipole an-
tenna loaded by RF choke (inductor).
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Fig. 3. (a) RF choke design and (b) cross-sectional schematic of the solar cell
structure connected to antenna metallic trace. Dopant species (in parentheses),
concentrations and thicknesses are shown for each layer.

were modified to include an interconnection that enables the integra-
tion of all components on a thin, flexible plastic substrate.

The solar cell structure is grown using gas source molecular beam
epitaxy followed by transfer to a flexible plastic substrate via pressure
cold welding to the Kapton substrate [14]. The heavy and brittle sub-
strate is then removed by epitaxial lift off (ELO) [11], leaving behind
only the thin and lightweight GaAs solar cell active region. The trans-
ferred thin film is next fabricated into solar cells and connected in se-
ries to supply power to the robot. Finally, the antenna and RF choke are
patterned using vacuum thermal evaporation of Au through a shadow
mask.

A 0.2 pm thick, Be-doped GaAs buffer layer is grown on a Zn-doped
(100) GaAs wafer, followed by a 40 nm thick undoped AlAs sacrifi-
cial layer. The layer thicknesses and doping of each layer of the full
epitaxial layer structure is shown in Fig. 3(b). A 5 nm thick Iridium
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(Ir) adhesion layer is sputtered at 8.5 mTorr base pressure on a 50 pm
thick Kapton sheet. Then a 1 pm thick Au layer is deposited on both
the Kapton and the epitaxial layer surface using electron beam deposi-
tion. These two surfaces are then bonded by cold-welding by applying
pressure to the structure with the two Au layers are in contact. The epi-
taxial layers are then lifted off by etching the sacrificial layer in a 10%
HF solution.

Solar cell fabrication consists of deposition of a
Ni(5 nm)/Ge(50 nm)/Au(0.8 pm) grid onto the n-type
surface by e-beam evaporation, and then patterned using photolithog-
raphy and lift-off. The (1 em)? solar cell mesas are defined using
photolithography and wet-etching of the GaAs active layer. Then,
Au is wet-etched (TFA etchant, Transene CO) [12], followed by an
Ir inductive coupled plasma etch using 9 sccm of Cls gas at 4 mTorr
for 9 sec to pattern the back-side metal array interconnects. The
contacts are annealed for 1 hr at 180°C. The top GaAs layer that
lies outside the metal contact area is removed by wet etching. The
conventional wire bonding technology, which uses heat, pressure and
ultrasonic energy, is incompatible with plastic substrate mounting due
to the substrate softness and low tolerance to elevated temperatures.
To alleviate this problem, we employed metal sputtering to deposit
interconnections, enabling conformal coating through passivated
sidewalls combined with patterned rear side metal connection, which
is described above. To allow for series connection of the solar cells,
the sides of each solar cell are passivated using a 400 nm SiNx
layer deposited by plasma enhanced chemical vapor deposition
and patterned by photolithography and plasma etching. After a
ZnS(43 nm)/MgF,(102 um) antireflective coating is deposited by
e-beam evaporation, solar cells are connected in series using a 0.5 prm
thick Au layer sputtered through a shadow-mask. This technique
provides a robust thin film interconnection for the integration of
multiple components on a flexible plastic substrate.

After solar cell fabrication, a 15 pm thick Al layer is deposited using
a shadow mask and e-beam evaporation to form the antenna and RF
choke. Then, the DC output metal connection is evaporated onto the
reverse side of the Kapton sheet and connected to both the center of the
RF choke and the contact pad on front side. Fig. 4 shows the antenna
integrated with the solar cells and the RF choke. Considering the fact
that the skin depth of Al at 350 MHz is about 4 um, the thickness og Al
layer is chosen to be 15 um ( > 3 skin depth) to ensure high antenna
efficiency.

IV. MEASUREMENT

A. Characteristics of Thin-Film Solar Cells

To demonstrate the effectiveness of power generation and the
multi-functionality of device, the current density-voltage (J — 1)
characteristics of the GaAs photovoltaic cell and a series array of two
cells measured under simulated AM1.5G spectrum, 1 sun intensity
(100 1nW /em?) illumination are shown in Fig. 5. The optical power
intensity is calibrated using a National Renewable Energy Labora-
tory certified Si reference photovoltaic cell. The cell short circuit
current density is 19.5 £ 0.6 mA /cin? and the open circuit voltage
is 0.90 + 0.01 V with a fill factor of 35 + 4 % resulting in a power
conversion efficiency of 10 = 1 % . The short circuit current density
for the array is 19.4 mA /cin? and the open circuit voltage is 1.64 V
with a fill factor of 64%.

B. Impedance Characteristics of Thin-Film Solar Cells

To employ the thin-film solar cell as a part of an efficient antenna,
the effect of the solar cell on the RF antenna characteristics must be
quantified. The input impedance of the 1 em? solar cell is measured
with a vector network analyzer, where the contacts (see Fig. 3(b)) are
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Fig. 4. Flexible antenna and solar cell array on a Kapton sheet.
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Fig. 5. Current density-voltage characteristic of a discrete solar cell and two
solar cells in series.

connected by wire bonds to signal and ground. Using the measured
S\i1, the real and imaginary parts of the input impedance (Z;, ) of the
solar cell are calculated under illumination and in the dark. Fig. 6(a)
and (b) indicate that the AC impedance is unaffected by illumination.
As frequency increases, imaginary part of Z,,, approaches zero. An
additional measurement in broader frequency range of 0 to 10 MHz in-
dicates that real part of Z;,, also approaches zero very gradually (This
measurement result is not shown here due to limited pages). This sug-
gests that the solar cell acts as an AC short due to its high junction
capacitance.

C. Antenna Characteristics

As shown in Fig. 1, the antenna allows conduction of the RF current
through the thin-film solar cells. Due to the series configuration of the
cells, the antenna geometry on two wings resembles a meander dipole
loaded by RF chokes at the end. The RF chokes stop the flow of RF
current while allowing the conduction of the DC current to be used for
powering other functions of the robot. Input impedance of the whole
meander solar dipole antenna can be predicted by testing monopole
version of the antenna on large ground plane based on well-known fact
that input impedance of monopole antenna on a large enough ground
plane (> A/2 where A is the free-space wavelength) is half of that of
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Fig. 6. Measured (a) real and (b) imaginary parts of the input impedance ( Z;,, )
of the thin-film solar cell in the presence/absence of illumination.

dipole antenna. Here, 100 €2 and 50 2 are used as source impedances
of the dipole and monopole antennas, respectively. In addition, the use
of a large ground plane (600 mm x 600 mm) for the monopole is
equivalent to a potential null surface existing between two arms of the
actual dipole version. A balanced feed for dipole antennas produces a
null surface in the plane bisecting the dipole structure. In this plane,
any metallic structure like the antenna feed can be inserted without af-
fecting the antenna characteristics. Therefore, in flapping robotic plat-
forms, positioning components in the middle of two arms of the me-
ander dipole antenna does not affect the performance of the antenna
[18]-[21].

Since each thin-film solar cell is the AC equivalent to a metallic pad
with the same dimension as the solar cell, the length of one arm of the
dipole is adjusted so that the total current path length is ~ Ay /4, where
Ao is the free-space wavelength at the antenna operating frequency. We
assume that the effect of the thin (50 um) Kapton sheet can be ignored
at the operating frequency (350 MHz). To determine the junction ca-
pacitance of the thin-film solar cell, the areas occupied by the solar cells
are replaced with gold pads. The simulated S11 using Ansoft HFSS
13.0 is compared to the measured value of the antenna with solar cells
under illumination, with results in Fig. 7. Agreement between measure-
ment result with the solar cells and simulation result without solar cells
but with the aforementioned gold pads indicates that the solar cells do
not influence the RF antenna performance. Fig. 8 shows the measured
S11 of the integrated solar cells and UHF antenna under illumination
and in the dark. Apparently, the RF performance of the antenna is also
unaffected by illumination. 10 dB return loss bandwidth of about 7%
is observed from measured S11 in Figs. 7 and 8.

To test the RF choke operation, one of the DC outputs is grounded.
Fig. 9 shows that while this causes a small change in impedance
matching, the antenna operating (resonant) frequency remains unaf-
fected. The change in input impedance is due to the limited inductance
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Fig. 9. Measured Sy; for floating or connected DC output.

of the spiral inductor, and this change can be reduced by increasing
the number of turns in the inductor. Fig. 10 shows current distribution
in the antenna when one of the DC outputs is grounded. The RF
current is confined over the antenna and RF choke, and does not
couple to the DC path. Also, changes in S11 are measured under two
bending conditions (see Fig. 11). The fabricated antenna is placed
over Styrofoam cylinders with two different radii of curvature (8§ cm
and 11 cm). While the impedance is slightly changed due to varying
parasitic coupling between the antenna and other metallic pathways on
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Fig. 12. (a) Simulated and (b) measured co- and cross-polarization (Gaine and
Galng) radiation patterns in the E (yz)—plane.

the solar cell array, changes in S;; are sufficiently small to allow for
reliable communications. Finally, Fig. 12 indicates that the measured
radiation pattern of the antenna agrees with the simulated radiation
patterns, suggesting the operation of a monopole antenna with high
efficiency of ~ 90%. Measured and simulated gain are about 3 dBi,
which is lower than typical gain of A/4 monopole antenna on infinite
ground plane due to miniaturized antenna size and finite ground plane.
In addition, as expected, the ratio of co- to cross-polarized radiation in
the azimuthal plane (6 = 90°), is relatively high (more than 10 dB).

V. CONCLUSION

A thin film antenna integrated with a flexible solar cell array suit-
able for communication and for supplying power to a flapping wing
robot has been demonstrated. The thin-film solar cells with lateral di-

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 62, NO. 8, AUGUST 2014

mensions of 1 cm are modeled as a capacitor that efficiently conducts
the RF signal. The RF circuit properties are unaffected by illumination.
The meander planar antenna incorporating the solar cells is integrated
with a RF choke to allow for conduction of DC power while limiting
the conduction of the RF signal. The performance of the antenna is
tested under various bending conditions with minimal degradation to
the antenna resonant frequency, return loss and solar cell power gener-
ation characteristics.
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Parameterization of a Polarimetric Diffuse
Scattering Model in Indoor Environments

Francesco Mani, Enrico M. Vitucci, Frangois Quitin,
Vittorio Degli-Esposti, and Claude Oestges

Abstract—Diffuse or dense multipath components play an important role
in determining the polarization behavior of wireless transmission channels.
In this communication, we parametrize a polarimetric diffuse scattering
model in two indoor environments. Our method relies on the empirical ex-
traction of dense multipaths by means of a high resolution algorithm and
on the investigation of the properties of this diffuse component. The anal-
ysis reveals that diffuse scattering significantly depolarizes the impinging
wave in indoor scenarios, yielding cross-polar discrimination values close
to 0 dB.

Index Terms—Indoor radio communications, polarization, propagation,
ray tracing, scattering.

I. INTRODUCTION

Diffuse scattering is a phenomenon which originates from the pres-
ence of random, distributed surface or volume irregularities in building
walls or other kinds of obstacles. With respect to specular reflection,
diffuse scattering produces a further spreading of the scattered power
in non-specular directions and might represent a relevant part of the
total received power in typical indoor environments, especially when
a dominant, direct path is not present. It is taken into account in most
recent ray-tracing (RT) tools through physics-based heuristic models
such as the effective roughness (ER) model [1]. Thanks to this ex-
tension, RT models are capable of modeling the non-coherent, dense
multipath component of wireless channels. As diffuse multipaths are
non-coherent, their impact on MIMO systems must be accounted for,
since they tend to lower multi-antenna correlations and increase MIMO
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channel ranks, and thus boost diversity and multiplexing gains. Fur-
thermore, with the advent of polarized MIMO systems, diffuse scat-
tering must also be characterized in the polarization domain, as initi-
ated in [2]-[4]. The ER model has been shown in [1] to considerably
improve the performance of RT tools, since it allows to model, in a
statistical way, the surface and volume irregularities of building walls
which cannot be included in the input databases. Moreover, such ir-
regularities can have a strong impact on the depolarization of diffuse
multipaths, as demonstrated in [5], [6].

For these reasons, a polarimetric version of the ER diffuse scattering
model was derived and parameterized in [7] for outdoor environments.
This was achieved by identifying diffuse scattered power reflected by
homogeneous isolated buildings in wideband measured channel im-
pulse responses. The derived model was further validated in more com-
plex outdoor scenarios such as street canyons [8].

The parameterization of this polarimetric model is still missing for
the indoor environments, and it is the objective of the present work.
However, the approach used for single-building outdoor scenarios
cannot be adopted for indoor environments, as it would be rather
difficult to define and isolate representative surfaces and to identify
diffuse paths. Hence, we resort to parameterize the diffuse scattering
model by extracting the dense multipath component (DMC) from
double-directional measurements using super-resolution estimation
techniques. This method builds upon the empirical evidence that DMC
can be interpreted as diffuse scattering and vice-versa [9].

The outline of the communication is as follows. In Section II, we
recall the diffuse scattering model which needs to be parameterized.
Section III details the measurement campaign and the DMC extraction
procedure, whose outputs are then used in Section IV to derive the new
model parameters. Section V presents the effects of diffused paths on
global channel characteristics such as branch power ratios in multi-
polarized settings. Finally, conclusions are drawn in Section VI.

II. POLARIMETRIC DIFFUSE SCATTERING MODEL

The polarimetric properties of the DMC are investigated here
adopting a diffuse scattering model based on the effective rough-
ness (ER) approach [1]. For each wall-surface element, it is assumed
that part of the impinging power is reflected specularly and part is
scattered according to a given diffuse scattering coefficient .5, which
determines the amount of power scattered in all the directions at
expenses of the specular reflection. Several shapes of the scattering
patterns are possible, but in the present work, a directive lobe cen-
tered around the direction of specular reflection has been chosen, as
this option gave the best results in terms of accuracy with respect
to measurements [1]. This simple one-lobe scattering diagram is ex-
pressed by the following:

- E;
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Ti Vs

where E;q is the amplitude of the incident field at unit distance from
the Tx, r;, v, are the distances between the scattering point and Tx/Rx,
respectively, S € [0, 1] is a parameter which sets the amount of scat-
tered power at the expenses of specular reflection, d5 is the area of
the wall element, 9, is the incidence angle, ¢, is the angle between
the specular reflection direction and the scattering direction (¢, ¢.),
the exponent «,- sets the width of the scattering lobe, and F', . is a pa-
rameter depending on «,. properly defined in order to satisfy the power
balance [1].
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