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his article discusses the design and

dual functionality of two antenna

arrays that operate from 1.8 to
2.4 GHz. Each antenna array is com-
posed of two elements and proposed
for either communication or radio-
frequency (RF) energy harvesting. The
antenna arrays are integrated vertically
on top of a solar panel. Copper-based
and transparent inverted-F antennas
constitute the elements of both arrays.
The transparent array has the same
dimensions and topology as the copper-
based one. Its purpose is to verify that
the integration of the copper-based
inverted-F antenna arrays on top of the
solar panel does not majorly impact the
solar panel’s efficiency. A rectifying cir-
cuit that is positioned at the output of
both arrays is also designed and tested.
The rectifying circuit converts the col-
lected RF energy into dc power that
can supplement the solar panel’s supply
during the absence of solar energy. The
measured performance results of the
fabricated system, which is composed of
the two array antennas in addition to the
rectifying circuit, show good agreement
with the simulated data.
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EDITOR’S NOTE

This issue’s “Wireless Corner” column presents the design of an array with dual

functionality: communication and energy harvesting. The array is integrated in a solar

panel, and its design is optimized to not affect the solar panel performance. To this

aim, a comparison with an identical array made with transparent antennas is also

presented. The solar panel is also used to improve the radiation characteristics of the

communicating array. This article shows that an antenna for communications can

harvest energy, which is added to energy collected by the solar panel. All of the authors’

research goals are supported by their experimental results.

BACKGROUND

The harvesting and rectification of
ambient electromagnetic (EM) waves
into dc voltage is an important and
needed feature for any battery-depen-
dent device. The main objective in any
energy-harvesting system is to increase
its conversion efficiency. The harvesting
antenna’s efficiency is at the core of this
design constraint and must be taken with
extreme care and consideration. A suit-
able antenna structure must exhibit suf-
ficient gain to capture as many ambient
RF signals as possible in a specific direc-
tion and over a wide range of frequencies.
Another constraint that must be satisfied
is the careful design of the appropriate
rectifying circuit. The circuit must be
matched to the antenna’s input imped-
ance. The combination of an antenna and
a rectifying circuit is called a rectenna [1].

Various multiband and broadband
antenna configurations have been inves-
tigated as potential receiving elements in
a rectenna system [2]-[9]. For example, a
dual circularly polarized patch antenna
with a high-order harmonic rejection
property is presented in [2]. The pro-
posed structure is able to collect the RF
signals at 2.45 GHz simultaneously in
all polarization modes. A six-band dual
circular polarized structure is designed
in [3] using an improved matching tech-
nique. This rectenna can harvest ener-
gy from a wideband range that extends
from 470 MHz to 2.5 GHz. These bands
correspond to digital TV, cellular mobile,
and Wi-Fi applications. The authors
in [9] propose a wearable rectenna for
operation in the ultrahigh frequency
band. The antenna structure is realized
using an adhesive conductive fabric on
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a substrate composed of pile and jeans.
The full-wave bridge rectifier is designed
on a layer of jeans and placed on the
back side of the antenna.

Different techniques have been stud-
ied to minimize the change in the input
impedance for varying input powers and
dc loads in a rectenna system [10]-[14].
The authors in [11] investigated the idea
of removing the matching network block
by relying on an off-center-fed dipole
antenna. Such an antenna topology is
able to provide high input impedance
that can be directly tuned to the imped-
ance of the rectenna system. On the
other hand, resistance compression net-
works are implemented in [13] to main-
tain a stable conversion efficiency over a
wide range of dc loads.

Harvesting efficiency is increased
when antennas are integrated on top of
solar panels [15]-[17]. The antennas must
have a minimal effect on the solar panels
to allow for a full solar energy-harvesting
capability during daytime. The antennas
become the sole source of energy har-
vesting during nighttime. Thus, continu-
ous dual-source energy harvesting can
be achieved by such integration. A copla-
nar Vivaldi antenna structure that uses
the solar panel as part of its structure is
discussed in [15]. The antenna is fed with
a microstrip transmission line printed on
top of a FR-4 substrate that acts as a sup-
port to the solar panel. Also, an inverted-
F antenna printed on an FR-4 substrate
integrated on top of a solar cell is studied
in [15]. The authors in [17] integrate a
linearly/circularly polarized slot antenna
and a slot array on top of an amorphous
silicon solar cell. It is possible to adopt
such integration to realize large arrays
with circularly polarized operation and a
beam-steering capability.

Transparent radiating structures
can be seen as alternative radiating ele-
ments on top of solar panels for the
harvesting of EM waves. Such elements
are designed by relying on transpar-
ent conductive oxides (TCOs) such as
indium tin oxide or AgHT. As an exam-
ple, the authors in [18] designed an
AgHT-based transparent ultrawide-
band antenna. The antenna was sand-
wiched between a glass superstrate
and a solar panel.
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The focus of this article is to achieve
a dual-source harvesting system with-
out relying on transparent conductive
materials that are expensive and require
extensive care when used as radiating
elements at RF frequencies. Thus, the
full system relies on the advantages of
copper-based antennas in terms of gain
and efficiency to achieve either com-
munication or RF harvesting in addition
to the full solar energy harvesting of the
solar panel. To that extent, the design of
copper-based antenna array structures
to be integrated on top of a solar cell
is studied. The work discussed here is
a continuation of the work presented
in [19] and [20]. First, two arrays are
designed based on copper-based invert-
ed-F antenna elements. The positioning
of the antenna elements is optimized
to minimize sunlight blockage. The
antenna array structures ensure that the
solar cell’s harvesting efficiency does not
degrade despite the fact that the anten-
na elements are copper based. This is
verified by building similar but transpar-
ent antenna arrays and comparing the
system’s output voltage. The integrated
solar panel also enhances the radiation
characteristics of the proposed designs
by acting as an extended ground plane.
The antenna elements are designed to
cover a wide bandwidth in the range
of 1.8-2.4 GHz, thus covering most of
the commercial RF signals available for
harvesting. An RF-rectifying circuit is
also designed to be able to rectify the
captured RF energy into useful dc power
that can be combined with the output of
the solar panels.

SINGLE-ELEMENT DESIGN

At first, a single-element copper-based
inverted-F antenna 0.5-mm thick is
placed on top of a solar panel section.
Such a structure enables good integra-
tion with a solar panel because it has a
low profile and thus ensures that sun-
light is not blocked. The operating band-
width of interest is from 1.8 to 2.4 GHz.
The frequency choice is based on a two-
week measurement study performed
at our university campus to assess the
most occupied parts of the spectrum.
The measurements are executed using
a spectrum analyzer and a wideband

horn antenna. The experiment is auto-
mated to acquire data every 10 min.
Our experimental results have proven
that this band of frequencies is one of
the densely occupied bands around our
geographical location and thus con-
stitutes a suitable candidate for RF-
harvesting purposes.

Figure 1(a) shows the proposed
inverted-F antenna placed orthogonal to
the upper edge of the silicon solar panel
[Figure 1(b) shows the second invert-
ed antenna]. The panel has a length of
15 cm, a width of 8 cm, and a thick-
ness of 220 pm. The bottom layer of the
panel is coated with an aluminum layer.
This layer is extended by an additional
aluminum sheet of the same length but
with a width of 5 cm. A shorting arm
of length 1.547 cm, width 0.2 ¢cm, and
at an offset distance of 0.475 cm from
the feeding line is added to compen-
sate for the capacitive effect between
the antenna arm and the ground plane.
The width of the extended layer affects
the gain pattern characteristics of the
inverted-F antenna. Figure 2(a) shows
the antenna’s reflection coefficient as a
function of various widths of the exten-
sion. The reflection coefficient is plotted
for various widths from 1 to 9 em. It is
shown that the antenna preserves its
matching condition for different widths.
This can be interpreted by the fact that
the antenna’s input impedance is mainly
affected by the shorting pin, and the
solar cell is already acting as a ground
plane for the antenna structure. As
the ground plane increases in size, the
matching of the antenna improves. This
is expected because the operation of the
inverted-F antenna is highly dependent
on the dimensions of its ground plane.

The effect of the ground plane is
clearer in the gain patterns that are
shown in Figure 2(b) and (c) for both
® =0° and 90° planes at f =2.29 GHz.
As the ground plane width increases, the
antenna gain increases until it exhibits
a maximum gain of 4.6 dB for a width
of 5 cm. Beyond a width of 5 cm, the
gain ceases to increase; however, the
back lobe is noticeably reduced. Based
on this analysis, the extended ground
plane for the antenna structure shown
in Figure 1(a) is designed with a width



FIGURE 1. The detailed dimensions of the antenna structure operating at (a) the upper band, (b) the lower band, and (c) the

fabricated prototypes for both structures.
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FIGURE 2. The effect of the width of the extended ground plane on the antenna’s
(a) reflection coefficient, (b) gain pattern in the ® = 0° plane, and (c) 90° plane.

of 5 ¢cm. The comparison between the
simulated and measured reflection coef-
ficient for the inverted-F antenna placed
at the upper edge of the solar panel is
summarized in Figure 3. The fabricated

prototype covers the bandwidth from
almost 2.1 to 2.4 GHz.

Since the lowest desired operating
frequency is 1.8 GHz, a second inverted-
F antenna is placed on the opposite side

of the original structure and orthogo-
nal to the lower edge of the solar panel.
The dimensions of the second inverted-F
antenna are summarized in Figure 1(b).
Similar to the first antenna case, the
solar panel also acts as a ground plane
for the second structure, and a 5-cm-
wide extended ground plane is added to
ensure acceptable radiation character-
istics for the new antenna element. To
cover the lower band, the newly added
antenna element has larger dimensions.
A 1.743-cm-long shorting arm with an
offset distance of 0.411 cm is introduced
to achieve an acceptable matching at the
antenna input port.

The comparison between the simu-
lated and measured reflection coefficient
is also included in Figure 3. The new
antenna element covers the bandwidth
from almost 1.8 to 2 GHz. Thus, the
incorporation of both structures, one at
the upper edge of the solar panel and the
second one at the lower edge, covers the
required 600 MHz of operational band-
width. The fabricated prototypes along
with the integrated solar panels for both
structures are shown in Figure 1(c).

ARRAY IMPLEMENTATION

Increasing the antenna effective aper-
ture enhances the antenna’s ability to
harvest RF energy signals. Such a task is
achieved by resorting to array structures.
To that extent, two antenna arrays are
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proposed to cover the required operat-
ing bandwidth. The first array covers
the upper band, and it is located on one
edge of the solar panel, while a second
array is integrated on the opposite edge
to cover the remaining frequency bands.
The proposed array structures are shown
in Figure 4(a). Each array is composed
of two inverted-F antenna elements.
These various antenna elements are the
ones discussed in the “Single-Element
Design” section. Elements 1 and 2 share
the same dimensions as the element
shown in Figure 1(a) and thus they cover
the upper band. The lower band is cov-
ered by elements 3 and 4. These ele-
ments share the same dimensions as the
inverted-F antenna highlighted in Fig-
ure 1(b). The two arrays, along with their
solar panel and extended ground planes,
occupy an area of 18 ¢cm x 15 cm. The
solar panel is incorporated between the
antenna elements and acts as a ground
plane for the two arrays. The solar cell
is attached to the array’s ground plane
by coating its bottom layer with an alu-
minum layer and ensuring a continuous
connection between the bottom layer
and the ground plane. In addition, the
soldering of the shorting arm of each
element is executed while maintaining a
continuous connection with the coated
layer of the solar cell as well as the corre-
sponding extended ground plane. Thus,
the mechanical stability of the proposed
array along with the integrated solar cell
is guaranteed.

The extended ground plane is com-
posed of a 5-cm-wide aluminum layer.
The ground plane is extended from both
sides of the antenna arrays. The separa-
tion between the first two elements is
5 cm, while for the other two elements it
is set to be 4.7 cm. These two distances
guarantee that the antenna elements are
well isolated and add constructively to
the total gain pattern without the intro-
duction of nulls in the main lobe. The
two distances are also greater than a
quarter wavelength at the resonant fre-
quency of the two arrays.

Figure 5 shows the effect of imple-
menting an array structure on the
total realized gain patterns. The com-
parison of the two-dimension gain pat-
tern between the one-element antenna
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structure and two-element array at
f=229GHz is highlighted in Fig-
ure 5(a) and (b) for both ® =0° and
® =90° cut planes. The realization
of the array structure forces the gain
pattern to be more directive. The new
maximum achieved gain for the array
increases to 8.5 dB. This increase is
obtained because the total gain level is
a function of the array factor. The dis-
tance of separation between the ele-
ments is carefully designed to obtain
the required maximum gain level while,
at the same time, ensuring a minimum
overall dimension for the whole struc-
ture. A similar behavior is obtained for
the second array structure located at
the lower edge of the solar panel. Such
an effect can be further highlighted by
comparing the three-dimensional (3-D)
gain patterns at f =1.87 GHz in Fig-
ure 5(c) and (d). The maximum realized
gain increases from 4.9 to 6.3 dB. The
second array features a lower maximum
gain than the array located at the upper
edge of the solar panel. This is due to
two factors: the distance of separation
between the elements and the ground
plane effect. The distance of separation

between the two elements of the second
array is smaller than the first array. This
factor impacts the maximum gain of the
array factor, which, in turn, affects the
total gain pattern of the whole array. In
addition, the extended ground plane of
both arrays has the same width (5 cm).
This width is kept the same from both
sides of the solar panel to not disturb
the symmetry of the structure. The pro-
posed antenna structure is built along
with the integrated solar cell as shown
in Figure 4(b).

The initial testing of the proposed
structure is executed by feeding one ele-
ment and terminating the three remain-
ing elements with a matched load. This
analysis is performed at first to under-
stand the effects of feeding only one
element while the other elements are
not actively radiating. The comparison
between the simulated and measured
reflection coefficients for elements 1
and 4 is plotted in Figure 6(a). The same
results are obtained if the other elements
are fed respectively. As expected, ele-
ments 1 and 2 nearly cover the band
2.1-2.4 GHz while the other two ele-
ments cover the lower band 1.8-2 GHz.
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FIGURE 3. The simulated and measured reflection coefficient for the inverted-F
antenna placed at the upper and lower edges of the solar panel.
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FIGURE 4. (a) The physical array structure over a solar cell and (b) the fabricated

array structure with the solar panel.
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FIGURE 5. The change in the gain pattern at f = 2.29 GHz for (a) ® = 0°, (b) ® =90°, (c) the 3-D gain pattern at f = 1.87 GHz
for the one-element antenna, and (d) the change in the 3-D gain pattern for the two-elements array (elements 3 and 4).

The slight difference between the
simulated and measured data is related
to the modeling of the solar cell in the
simulation environment by a dielec-
tric layer on top of an aluminum sheet.
However, in the measurement setup, a
commercially available solar cell is used
where its dielectric properties may be
slightly different than the theoretically
modeled one. The measured isolation
between the various elements is includ-
ed in Figure 6(b). Within the operating
bandwidth of the first array, a minimum
measured isolation of around -17 dB
is obtained between elements 1 and 2.
As for the isolation between element
2 of the first array and element 4 of
the second array, the maximum value
is almost —15 dB. These high isolation
levels prove that the different elements
do not contribute destructively to the

total radiation characteristics of each
array. Such performance in the isola-
tion between the elements is mainly set
by the distance of separation between
the elements as well as the position of
the various elements with respect to
each other. All of these parameters have
been optimized for best performance
through simulations.

The reflection coefficient of the
array is further investigated under four
scenarios. The first scenario is related
to the case when elements 1 and 2 of
the first array are connected to a power
splitter while the remaining two ele-
ments are terminated by 50 Q. The
second scenario is similar to the first
one, but now the first two elements are
loaded by 50 Q and elements 3 and 4
are connected to the same power split-
ter. The reflection coefficients for both

scenarios exhibit a similar response to
the ones shown in Figure 6(a). This is
because of the good isolation between
the various elements.

In the third scenario, the four ele-
ments of the array are fed simultaneous-
ly, where elements 1 and 2 are connected
to one power splitter and elements
3 and 4 are connected to a second power
splitter. This scenario is studied to under-
stand the structure’s behavior when each
array is fed separately. Figure 7 presents
the measured S-parameters between
the two input ports of the splitters. Note
that the measured isolation between the
two arrays is kept below -15 dB. The
two arrays maintain the same operating
bandwidth when they are both actively
fed. A shift in the resonant frequency is
noticed in comparison to the first two
scenarios. The slight difference in the
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response between the simulated and
measured data is mainly attributed to
the modeling in the simulation environ-
ment of both power splitters as well as
the coaxial cables used in the experi-
mental setup. Such modeling is obtained
by relying on the S-parameter files sup-
plied by the splitter manufacturer. Each
power splitter is modeled as a three-port
network, while the two arrays are repre-
sented as a four-port system.

The last scenario consists of investi-
gating the effect of simultaneously feed-
ing the two arrays. More specifically,
only a one-to-four power splitter is used
to feed the four elements of the array.
The simulated and measured reflection
coefficients for this case are highlighted
in Figure 8. In this scenario, the operat-
ing bandwidth becomes narrower than
the case when each array is fed separate-
ly. The narrowing of the bandwidth can
be attributed to the fact that the same
power splitter is now feeding two differ-
ent arrays that do not operate over the
same span of frequencies. Although both
the simulated and measured responses
produce almost the same bandwidth,
there is a slight difference in the results
below —10 dB. This is because of the
small inequalities in the insertion loss
between the input and the four outputs
of the power splitter. In addition, the
four cables that feed the four elements
have a slight variation in their phase
difference because of manufactur-
ing imperfections.

In the first three scenarios, ZN2PD-9
G-S+ and ZAPD-2-272-S+ power split-
ters from Mini-Circuits [21], [22] are
used, while for the fourth scenario, the
ZN4PD-642 W-S+ [23] is employed.
The various power splitters exhibit low
insertion loss (~ 0.5-1 dB) and a phase
imbalance of lower than 4°.

The radiation patterns of each array
are tested by loading the elements of the
other array by 50 Q. Figure 9(a) shows the
comparison between the simulated and
measured normalized radiation patterns
at f=2.29 GHz for both ® =0° and
® =90° cut planes. The results of the
second array at f = 1.87 GHz for both
cut planes is highlighted in Figure 9(b).
It is important to note that the antenna
elements are not perfectly parallel to the
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FIGURE 6. (a) The simulated and measured reflection coefficient for elements 1 and
4 of the two arrays and (b) the measured isolation between elements 1 and 2 as

well as elements 2 and 4.
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FIGURE 7. Both arrays fed simultaneously: The comparison between the simulated
and measured reflection coefficient when each array is fed simultaneously by a

power splitter is illustrated.

ground plane. Some misalignment of the
elements over the ground plane exists. In
addition, the slight variations in the mag-
nitude and phase of the currents that feed
the different elements contribute to the
minor differences between the simulated
and measured reported radiation pattern
shown in Figure 9.

EFFECT OF ANTENNA ARRAYS

ON THE SOLAR PANEL

The copper-based array structures
presented previously are positioned
orthogonal to two edges of the inte-
grated solar panel. The purpose of
the vertical positioning of the array

elements is to reduce the possibility
of sunlight blockage. To validate the
positioning of the antenna arrays and
guarantee that the minimum block-
age is occurring, two transparent
antenna arrays are designed as well and
positioned in the same manner as the
copper-based arrays.

Because of our objective to achieve
an efficient dual-source (EM/solar)
energy-harvesting system, evaluating the
effect of the antennas on the solar panel’s
ability to harvest sunlight is essential to
our work. It is also important to guaran-
tee that both systems are compatible and
do not affect each other negatively.
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FIGURE 8. The reflection coefficient for the case when the four elements are fed by

a four-way power splitter (scenario 4).
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FIGURE 9. The normalized array radiation pattern for (a) ® = 0° and (b) ® =90°
cut planes for the first array at f = 2.29 GHz and (c) and (d) for the second array

at f=1.87 GHz.

Each transparent antenna structure
is fabricated using TCO polymer film
that is AgHT-4 with a conductivity
of 25 x 10* (S/m) [24]-[29]. The most
commonly used technique when deal-
ing with transparent material is to place
the radiating structure parallel to the
solar panel where the panel acts as the
substrate for the antenna structure.
However, in this article, the transparent

inverted-F antenna elements must be
positioned along the same topology (ver-
tical) as the copper-based ones to ensure
the fidelity of our comparison analysis.
In addition, to assess the effect of the
copper-based inverted-F antenna arrays
on the performance of the solar panels,
the same conditions must be reproduced
for accurate and meaningful evaluation.
The different transparent antenna arrays

share the same dimensions as the cop-
per antenna arrays. Figure 10(a) and (b)
highlights the fabricated copper and
transparent arrays.

The fabrication and testing processes
of the transparent antenna arrays are
more delicate than the copper-based
ones. The appropriate soldering of each
shorting arm of the various antenna ele-
ments to the ground plane as well as
the soldering of each feeding arm to
the subminiature version A connector is
critical to the operation of the proposed
structure. The polymer film comes with
a protective layer that must be carefully
etched and removed to reach the con-
ductive top layer of each antenna arm
for soldering. Also, cold soldering tech-
niques using conductive silver epoxy
must be adopted. Such a soldering tech-
nique requires resting the antennas for
hours before completing the testing pro-
cess to ensure that good electrical con-
tact is maintained.

Figure 11 shows the simulated and
measured reflection coefficient when
both arrays are fed with separate power
splitters. This corresponds to scenario 3,
discussed previously. The transparent
antenna arrays exhibit the same radia-
tion pattern characteristics as the copper
ones. However, the copper-based array
system produces a higher efficiency than
the transparent one. The almost 15%
difference in efficiency is attributed to
the lower conductivity level of the poly-
mer used inside the transparent mate-
rial in comparison to the copper-based
elements. In addition, the transparent
material requires a protective layer and
a dielectric support, which significantly
lower the efficiency.

The effect of the transparent array
on the solar panel is compared to the
copper structure. Both arrays are placed
simultaneously under sunlight, and the
measured voltage drawn by the solar
cell is monitored. The experiment is run
from 11 a.m. until 3 p.m., and the volt-
age is measured every 15 min. The aver-
age voltage for the transparent array is
0.578 V, while for the copper array, the
average voltage is found to be 0.562 V.
The experiment is repeated for a week.
Based on this experiment, it is con-
firmed that the placement of the copper
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elements in an orthogonal fashion at
both edges of the panel has a minimal
effect on the solar energy efficiency. Fur-
thermore, copper elements are preferred
because of their higher conductivity lev-
els and also because a transparent mate-
rial, such as AgHT-4, is very expensive
and requires a lot of effort to appropri-
ately route the RF signal through the
conductive layer.

RECTIFIER CIRCUIT DESIGN

The final stage of this work involves
designing a rectifying circuit that is
connected to the copper-based radiat-
ing structure discussed previously. The
copper-based array structure is used
because it achieves a similar effect on
the solar panel as the transparent one
but with better radiation efficiencies for
communication purposes. In addition,
the integration of copper elements is pre-
ferred in case the array is scaled to be
incorporated into bigger solar panels.
This will reduce the cost as well as the
ease of integration.

The next step is to decide whether it
is sufficient to simultaneously connect
a single rectifier to the two arrays or
if a separate rectifying circuit must be
used for each array. Having one rectify-
ing circuit to feed the input port of the
one-to-four power splitter (scenario 4) is
not recommended because, in this case,
the array produces a narrower band-
width, as detailed in Figure 8. Thus, the
decision is made to design a wideband
rectifying circuit that operates over the
entire bandwidth from 1.8 to 2.4 GHz.
The wideband feature is essential to
enable the same rectifying circuit to
feed each array separately by connect-
ing it to the one-to-two power splitter
(scenario 3).

The dc outputs from both rectifiers
and the solar panel can be either com-
bined or used separately to supply three
different sources of power. The dc power
combination can be achieved using a dc
power management circuit, such as the
one implemented in [30]. Figure 12(a)
presents the structure of the proposed
rectifier circuit. The wideband behavior
is achieved by designing a 77-type match-
ing network with a quality factor of two.
The matching network is composed of
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two shunt capacitors (0.7 pF and 0.1 pF).
A 5.7-nH inductor is incorporated
between these two capacitors to provide
the required quality factor. A voltage
doubler topology is adopted by relying
on the HSMS-286 Schottky diode con-
figuration. Such a configuration provides
two diodes connected in a series-parallel
manner in one component [31]. A 12-pF
capacitor is included in series between
the 7-type matching network and the
adopted Schottky diode, while a 5-pF
capacitor is added in shunt with the load.
The load resistance is optimized to be

1 KQ to ensure good efficiency values for

different input power levels. The rectify-
ing circuits that feed the two arrays don’t
affect the performance of the solar panel
or the antenna array because they are
placed underneath the ground plane of
the whole system.

The fabricated rectifying circuit is
shown in Figure 12(b). The rectifying
circuit is able to maintain good per-
formance for the span of frequencies
14-2.4 GHz. Figure 13(a) presents the
measured rectification efficiency for
three different frequencies. The data in
this plot correspond to the case where
the rectifier is tested without being

FIGURE 10 The (a) fabrlcated copper and (b) transparent array structure Wlth the

solar panel.
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FIGURE 11. The reflection coefficient for the transparent array when both arrays are
fed simultaneously through two different power splitters (scenario 3).

Array 1 or 2

FIGURE 12. (a) The structure of the voltage doubler rectifying circuit and (b) the

corresponding fabricated prototype.
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FIGURE 13. (a) The measured efficiency of the wideband rectifier circuit. (b) The
rectification efficiency at the resonant frequency of the two arrays.

connected to the antenna array. The next
step is to connect the rectifier to the an-
tenna array. Figure 13(b) shows the cor-
responding rectenna efficiency at the
resonant operating frequency of the two
arrays (1.87 and 2.29 GHz). The incor-
poration of the 7-type matching network
enables the same rectifier to be used for
both arrays.

CONCLUSIONS

In this article, the design of a copper-
based antenna array structure integrated
with a commercial solar panel is investi-
gated for dual functionality. The panel is
used to enhance the radiation character-
istics of the proposed array. The orthogo-
nal placement of the various elements
of the array at the upper and lower edge
of the panel is proven to have a minimal
effect on the solar panel efficiency. An
assessment is executed by designing a
transparent array with the same physical
dimensions as the proposed copper one
and comparing the output of the solar
panel in both cases. A wideband rectify-
ing circuit is also presented to be con-
nected to the two arrays. The wideband
rectifier allows the rectification of the
wideband RF energy into a dc output.
The dc output of the rectenna systems
and solar panel can be combined to result

in a diverse dual-source energy-harvest-
ing solution. Finally, it is shown that a
communicating antenna array is also able
to harvest energy simultaneously and
supplement a solar panel’s voltage supply.
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are, again, rare in the open literature,
offering a critical benchmark for engi-
neers and algorithm designers. Toward
the end of Chapter 7, the author men-
tions how experienced engineers and sci-
entists are essential in the fields of both
numerical weather prediction and radar
polarimetry for advancing weather now-
casting and forecasting. These comments
emphasize that there is still much work
to be done here, a motivation for readers
who may consider pursuing a career in
this area.

In the eighth and final chapter, the
writer opens up a recently explored
field in weather radar: phased arrays. A
phased-array approach, although inevita-
bly costing more than traditional rotating
radars, will have two main advantages:
a reduced weather information update
time and multifunctionality. Another
plus might be phased arrays” maintain-
ability and their well-known graceful
degradation feature.

Prof. Zhang introduces the
reader to dealing with the

random particle distribution

that creates the variation
and statistical distribution
in radar echoes.

Prof. Zhang details and compares
the temporal requirements of a stan-
dard volumetric coverage in various
scenarios. This is, again, one of the wel-
come inputs the author provides for
readers who cannot find similar quan-
titative information in the literature.
The main drawback of phased arrays in
weather radar applications is their limi-
tation in polarimetric measurements,
an area that Prof. Zhang explores,
along with methods to make correc-
tions in these measurements. Another

topic that he delves into for
experienced radar engineers
is the cylindrical phased-
array radar system, which
has been built by the Univer-
sity of Oklahoma Advanced
Radar Research Center and
the National Severe Storms
Laboratory, Norman, Okla-
homa. It is interesting to
learn some details about this
system, since it is quite popular even on
social media today for its employment
in SpaceX’s vertical landing studies.
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