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ABSTRACT In this paper, a high-gain circularly polarized (CP) hexagonal antenna array is proposed for
RF energy-harvesting applications. The hexagonal antenna array is intended to operate at the frequency of
5.8 GHz. It is composed of 6 multilayer substrate CP antennas excited by an X-shaped aperture-coupling
feed structure. A frequency selective surface (FSS) was added to further improve the gain, resulting in a
maximum gain of 12.7 dBi per element. The main advantage of the proposed hexagonal antenna array is
the ability to cover 360 degrees in the azimuth plane with a high gain in all directions without the use of
any additional circuitry, allowing the effective absorption of ambient RF energy. A prototype was fabricated
and measured, and a good agreement with the simulation results is achieved. In addition, a rectifier is used
to convert RF energy absorbed by the antenna into DC energy at the frequency of 5.8 GHz. The measured
RF-to-DC conversion efficiency of 44.5% and a DC output voltage of 423 mV at —10 dBm are observed.
The performance of the rectenna array with one and six rectifiers has been demonstrated. With the use of
a DC combiner, the total RF to DC efficiency of the array is 67.75%, with a DC output voltage of 1.115 V
from —10 dBm has been recorded. Due to the immunity to misalignment of the CP antenna, the proposed

rectenna array is very suitable for wireless power transfer (WPT).

INDEX TERMS RF energy harvesting, high gain, antenna array, full angle coverage.

I. INTRODUCTION

Wireless sensor networks (WSNs) for internet of things (IoT)
applications have grown tremendously in recent years, result-
ing in a need for self-powered devices to avoid the main-
tenance and replacement of batteries. In fact, ambient RF
energy harvesting is a potential technique to fulfill the con-
cern of battery-less devices. The use of wireless communi-
cation systems such as Wi-Fi and mobile communications
never ceases to increase in everyday activities, and as a result,
ambient RF energy is abundant almost everywhere, which
makes it a strong technique to power devices [1]. To convert
ambient RF energy into DC power, a rectenna (rectifying
antenna) is necessary.
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However, there are two main drawbacks of ambient RF
energy harvesting. The first is the low power density of
RF signals available, which causes low RF-DC conversion
efficiency [2], [3], [4] in the environment. To overcome this
issue, several research works have been reported, suggest-
ing different solutions [5], [6], [7], [8]. In [5], a high gain
rectenna of 8.5 dBi for the GSM band has been introduced.
Similarly, a rectenna for the Wi-Fi band has been reported in
[6]. Antenna arrays have also been introduced to absorb more
RF energy given their high gain compared to a single antenna
(71, [8].

Second, the random distribution of the available RF energy
is the most challenging problem for RF energy harvesting.
In fact, the position of the RF transmitter or the orientation of
the rectenna varies with time, which means that the ambient
RF energy arrives at the antenna from random angles [9].
A few works have been proposed lately to solve this issue.
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In [10], a dipole antenna was used given its omnidirectional
radiation pattern to allow absorbing RF signals from all direc-
tions, but this antenna exhibits a poor gain. To absorb RF
energy in a wide incident-angles range, a 4 x 4 Butler matrix
with hybrid couplers was used for the beam-forming matrix in
a hybrid power-combining rectenna array [11]. This approach
allows the antenna to receive RF signals from a wide coverage
angle of 146 degrees. A cylindrical antenna array composed
of 5 vertical antenna arrays is introduced in [9]. Hence a full
spatial coverage was obtained using beam-forming networks
(4 x 4 Butler matrix) with a maximum gain of 4 dBi. How-
ever, the drawbacks are either the poor gain or the complexity
of the design by using additional circuitry such as coupler and
cross overs in the Butler matrix system.

In this contribution, a high gain and low-profile 6-port
CP hexagonal rectenna array is introduced. This array offers
full spatial coverage to absorb RF energy at the frequency
of 5.8 GHz from the full 360 degrees in the azimuth plane.
In addition, a frequency selective surface (FSS) is introduced
on each element of the array to reach a maximum gain of
12.7 dBi per element. The rectifier has been also designed to
convert the RF energy absorbed from the Wi-Fi band to DC
energy. The main advantage of this array is the full spatial
coverage and significantly high gain at the same time with
the ease of fabrication without using any additional circuitry.
Furthermore, the antenna system has 6 ports, which add to
the possibility to further enhance the DC voltage or current
output by using a DC combiner.

Il. THE HEXAGONAL ANTENNA ARRAY DESIGN

The layout of the suggested microstrip coupled antenna
(MCA) is shown in Figure 1. It has been chosen for this work
because of its high gain and good radiation efficiency, which
makes it highly suitable for RF energy-harvesting application.
It is designed to operate at the frequency of 5.8 GHz, and it is
composed of three layers. The first layer is a microstrip feed
line etched on the bottom side of RT/Duroid 5880 substrate
(er= 2.2 and 0.787 mm of thickness) and the ground plane
with an X-shaped coupling aperture on the other side. This
is followed by foam of 3 mm thickness, with a low dielec-
tric constant er= 1.07. The patch was etched on RT/Duroid
5880 substrates with a dielectric constant equal to 2.2 and
with 0.127 mm of thickness.

The radiation mechanism is accomplished by allowing
electromagnetic energy provided by the feed microstrip line
to pass through the X-shaped aperture into the patch. It is
possible to achieve equal amplitudes and phase quadrature
for both orthogonal modes TM100 and TMO10 excited in
the same resonator by making an appropriate selection of the
patch and the X-shaped aperture dimensions. The energy of
the produced CP electromagnetic field is emitted into space
in the direction of the antenna’s broadside radiation pattern.

For the gain enhancement, the FSS was introduced to
the antenna system, as illustrated in Figure.l. As shown in
Figure 2, the square shape has been chosen as the unit cell
structure for bandwidth and stability performances. Hence,
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FIGURE 1. Layout of the proposed antenna with the FSS layer.

the FSS design is carried out by optimizing and improving
the FSS unit size via Floquet port simulation on CST software
2019. Figure 3 shows the S-parameters of the FSS unit cell.

FIGURE 2. FSS unit cell.
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FIGURE 3. S-parameters of the proposed FSS unit cell.

The dimensions of the FSS substrate, the number, and
the size of the unit cells were optimized using the CST
microwave studio. The unit cells are printed on the bottom
side of a 1.27 mm-thick RT/Duroid 5870 superstrates with a
dielectric constant of 10.7. The dimensions of the proposed
antenna are illustrated in Figure 4 (unit: millimeter).

Figure 5 illustrates the impact of the distance d between the
FSS and the antenna on the overall return loss of the proposed
structure. This distance is an important factor to achieve good
impedance matching of the antenna system as it will directly
affect the resonance frequency of the antenna; thus, it has
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been carefully optimized. To obtain the desired return loss,
numerous parametric sweeps were carried out. The distance
d was varied to obtain the optimal return loss. It was observed
that a good scattering parameter was obtained at 25 mm; on
the other hand, for all the other distances, the return loss is
not well matched at the frequency 5.8 GHz.

17.45
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FIGURE 4. Dimensions of the proposed structure: (a) antenna; (b) FSS.

A prototype of the presented antenna with the FSS layer
has been fabricated (Figure 6). The comparison between the
measured and simulated reflection coefficients is depicted in
Figure 7a.

In this case, it can be observed that the measured results
are consistent with the simulated outcomes.

Thus, the antenna operates well at the frequency band
of 5.8 GHz with a good impedance matching performance.
From Figure 7b, we can observe that the antenna has an
axial ratio equal to 1.2 at the frequency 5.8 GHz; hence, the
proposed antenna presents CP polarization at this band.

It was necessary to model the surface current distributions
on the patch at different phases to verify the production of
the RHCP (see Figure 8). The simulation was performed
using CST. Figure 7 depicts the simulated surface current
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FIGURE 5. S-parameters of the antenna at various distances d.

FIGURE 6. Fabricated prototype.

distributions at 0°, 90°, 180°, and 270°. At 0°, the vector
sum of the currents points from the upper side to the lower
side. The major currents lie in the middle of the patch at 90°,
resulting in a vector sum pointing from the right to the left of
the patch; this vector sum is orthogonal to that at 0°. It can be
observed that the surface current from the antenna rotates in
a clockwise direction, thereby generating the RHCP.

The measured and simulated radiation patterns of the
antenna with FSS in the H-plane and E-plane at the frequency
5.8 GHz are shown in Figure 9. The results show a direc-
tive radiation pattern in both planes and a good correlation
between the measured and simulated results.

Because of the FSS layer, the proposed structure has
reached a maximum gain of 12.7 dBi, as depicted in
Figure 10. The antenna without FSS has a maximum gain of
8 dBi at the frequency 5.8 GHz by adding the FSS superstrate
to the antenna; a maximum gain of 12.9 dBi is obtained with
a gain enhancement of 4.9 dBi. The maximum measured gain
of the antenna with FSS is 12.7 dBi at the frequency 5.8 GHz.

The proposed 6-port hexagonal array has two main objec-
tives: high gain and full coverage without using any additional
circuitry. The proposed array is composed of six elements
of the previously presented antenna set in a hexagonal con-
figuration. Each antenna was optimized to cover a specific
direction with a 3 dB beam width equal to 60 degrees, which
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FIGURE 7. Measured results of the proposed antenna with the FSS layer:
(a) S-parameters; (b) axial ratio.

FIGURE 8. Surface current density at different phases at the center
frequency 5.8 GHz.

allows covering all the azimuth plane efficiently. The fabri-
cated hexagonal array is presented in Figure 11.

The measured reflection coefficients of the hexagonal
array for ports 1, 2, and 3 are shown in Figure 12. All the
ports have a good impedance matching at the frequency band
of 5.8 GHz. Given the symmetrical geometry of the antenna
array, ports 4, 5, and 6 have almost the same reflection
coefficients as ports 1, 2, and 3, respectively.
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FIGURE 9. Radiation patterns at the frequency 5.8 GHz: (a) H-plane;

(b) E-plane.
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FIGURE 10. Gain of the proposed antenna versus frequency.

The 3D radiation pattern of the antenna array is shown in
Figure 13. When one element of the array is fed, a directional
radiation pattern of 12.7 dBi is noticed in Figure 13a.

Figure 13b and 13c illustrates the 3D and polar radiation
pattern of the antenna array when all the elements are fed. The
array can radiate in all directions in the azimuth plane with a
maximum gain of 12.7 dBi on each antenna element, allowing
covering the entire azimuth plane with no blind spot, which
demonstrates the ability of the proposed array to efficiently
absorb RF energy from any direction.

This radiation characteristic of the proposed antenna makes
it highly suitable for RF energy-harvesting applications.
In addition, a total efficiency of 97.2% of each element in
the array is recorded.
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FIGURE 11. A 6-port hexagonal array: (a) layout of the hexagonal array;
(b) fabricated prototype.
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FIGURE 12. Measured S-parameters of the hexagonal array.

Ill. RECTIFIER DESIGN

The schematic of the designed rectifier is shown in Figure 14.
The impedance matching of the rectifier strongly depends
on three main factors: the frequency of operations, the input
power, and the load Ry, These factors should be carefully
chosen to be well suitable for the environment in which the
rectifier will be used as well as the application.

The rectifier is designed to harvest RF energy at the fre-
quency of 5.8 GHz. The Schottky diode SMS7630 has been
chosen for this design because of its low turn-on voltage; the
SPICE model parameters of this diode are shown in Table 1.

TABLE 1. SPICE model parameters of SMS7630 schottky diode.

Rs(Q) 12 v, (V) 0.1
N 1.05 M 0.51

TT (seg) 101 Eg (eV) 0.35
XTI 2 Fc 0.69
By (V) 3 lav (A) 0.5
By (V) 3 Igy (A) 10-

The rectifier was fabricated using RT/Duroid 5880 sub-
strate (dielectric constant is 2.2) with a dimension of 20 x
15 mm? and a thickness of 0.787 mm. The advanced system
design 2019 (ADS) was used to optimize all the rectifier’s
parameters. To achieve accurate results, the nonlinear SPICE
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FIGURE 13. The 3D and polar radiation pattern of the proposed
energy-harvesting antenna at resonance frequency 5.8 GHz: (a) one
element; (b) six elements;(c) radiation pattern on the azimuth plane.

model of the diode and the S-parameters of the inductors and
the capacitor provided by the manufacturer were considered
in the simulation.

At a —10 dBm input power level, single-stub tuning
(Lstub2) and an SMD inductor were employed to obtain
satisfactory impedance matching. The low pass filter is a
100-pF capacitor that is used to pass only DC power to the
load.

The choice of the output resistance (the load) is also very
important and should be carefully made. For that purpose,
a parametric study was conducted using ADS, illustrated
in Figure 15. The conversion efficiency decreases with the
increase in the value of the load. An efficiency of 44.5% is
achieved for Ry, equals 3.65 K2, and a 40% efficiency is
achieved for a load of 7 K2 for —10dBm.
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SMS-7630 be

line line2

Port

FIGURE 14. Schematic of the rectifier (Lline1 = 5 mm, Lline2 = 3 mm,
Lstub1 = 4.5 mm, Lstub2 = 5.5 mm, L1 = 3.50 nH, and the width of the
transmission lines is W = 2.38 mm, RL = 3.65 KQ).

The performance of the proposed RF energy harvesting
rectifier is measured in the lab, which is shown in Figure 16.
The rectifier reflection coefficient was measured using The
Rohde and Schwarz VNA. The signal generator was used to
inject RF power to the rectifier, then we use a multi-meter to
measure the output dc voltage to find the output dc power and
RF-to-dc efficiency.

Load R, (KOhm)

FIGURE 15. RF-to-DC conversion efficiency versus load versus different
inputs power.

signal generator

VNA

Spectrum analyzer

FIGURE 16. Rectifier measurement in the Lab.

Figure 17 shows the simulated and measured reflec-
tion coefficient of the rectifier at an input power level of
—10 dBm. The rectifier performs well at 5.8 GHz with good
impedance matching.

Figure 18 depicts the measured reflection coefficient of the
rectifier versus the frequency at various input power levels.
The rectifier works well at an input power level of —10 dBm.
For input powers greater than — 10 dBm, the reflection coeffi-
cient shifts toward high frequencies. For input powers below
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FIGURE 17. Simulated and measured reflection coefficient of the rectifier
at —10 dBm.

—10 dBm, the reflection coefficient of the rectifier shifts
toward low frequencies. For a power of —20 dBm, the reflec-
tion coefficient of the rectifier is equal to —8 dB at the
frequency 5.8 GHz.

The RF-to-DC conversion efficiency of the rectifier various
inputs power is depicted in Figure 19. For an input power
level of —10 dBm, the measured results have led to a PCE
of around 44.2% at the frequency 5.8 GHz with a peak of
48.5% at the 5.89 GHz frequency. It can be noticed that the
peak appeared at the frequency 5.89 instead of 5.8 GHz is due
to the shift introduced by the nonlinearity of the diode when
operating at higher input power. However, for an input power
of —20 dBm, a very low efficiency of 28% is obtained.
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FIGURE 18. Measured reflection coefficient of the rectifier versus
frequency at different input power levels.

The simulated and measured results of the output DC
voltage as a function of the available input power at a fre-
quency of 5.8 GHz are shown Figure 20. It can be seen that
a good agreement is obtained between both results. Hence,
for an input power of —10 dBm, a DC voltage of 0.423 V is
obtained.

This rectifier has demonstrated good performance. As a
result, a significant increase in output voltage can be achieved
by utilizing a DC combiner to add the DC voltages from all
six ports.
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FIGURE 19. Simulated and Measured RF-to-DC conversion efficiency
versus frequency at various input powers with a 3.65 K 2 load.
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FIGURE 20. Measured output DC voltage (a) versus available input power
at the frequency band of 5.8 GHz; (b) rectifier under test at —10 dBm.

IV. RECTENNA EXPERIMENTAL TESTING

The measurement system of a proposed hexagonal rectenna
is shown in Figure. 21. The Keysight RF signal generator is
connected to the amplifier with an integrated attenuator that
can be used to vary its gain from 0 dB to 32 dB. Afterward,
the amplifier is connected to the antenna. The transmitting
element is an omnidirectional antenna used in Distributed
Antenna System (DAS) with a gain of 3 dB in the frequency
range of 2-6 GHz. We chose the distance (D) between the
transmitter and the receiver antenna so that the far-field condi-
tion applies to 5.8 GHz. To get a received power of —10 dBm,
the initial distance was set at 1.5 m, and the PA gain was
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increased to 17 dBm. The power received by the antenna
is measured using Keysight spectrum analyzer. To change
the antenna’s power level, the distance D was changed by
0.5 m. The received power was measured at various distances
as depicted on Figure 22. Table 2 shows also the antenna’s
received power as a function of distance.

Then in the position of a spectrum analyzer, one rectifier is
connected to one port of the antenna array. Every other port
is terminated by a 50 2 load. The output voltage is measured
with a multimeter at the same distances that the received
power was measured. The RF conversion efficiency of the
rectenna can be calculated using the corresponding output
voltage, input power, and load resistance of 4 K. Figure 23
depicts the output DC power. The technique of DC combining
is used in ambient RF energy harvesting, where each antenna
port is connected to the rectifier and the output DC voltages or
currents are added to the same load. In this case we used DC
combining for the proposed hexagonal rectenna array. In fact,
six rectifiers are fabricated and connected to each port of the
array as illustrated in Figure 23.

Transmitting

Antenna

LA

— ) Voltmeter

. mplifier wit

[ K;ﬁg?‘ integrated ]J
o 9 attenuator

Transmittn‘?-n%nerato =

FIGURE 21. Test setup schematic and photograph of the proposed
antenna with one rectifier.

TABLE 2. Received power at the antenna versus distance.

Distance 1 1.5 2 2.5 3 3.5
(m)
Received [ =7 —-10 -13 -15 -16.5 -17.8
power
(dBm)

The second experiment is carried out with a similar proce-
dure as the first one, but in this case, a DC combiner was used
to combine the voltage from all the rectifiers.
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TABLE 3. Comparison of the proposed antenna array with other works reported in the literature.

Ref Frequency Coverage in the Maximum Additional Polarization No of RF Input power Maximum RF TO DC
(GHz) azimuth plane (°) gain circuitry port Level (dBm) Efficiency (%)
(dBi)
[91 2.4 Full coverage 4.62 Butler matrix Linear 4 -20to 0 45
[11] 245 (146°) 5.9 Butler matrix Linear 4 -20to 10 42
[12] 1.8-2.1 (109°) 4.25 No Linear 1 -20t00 55
Broadband
[13] 5.8 Directional 6.4 No Circular 25 -20to 0 66.2
[14] 0.9, 18,24 Full coverage 1.6,24, No Linear 4 -30to 0 40
5.3
[15] 5.8 (90°) 47 No Linear 1 -20to 10 61
[16] 5.8 Directional 15 No Linear 1 0to 10 52.55
[17] 2.45 Full coverage 6 3 x 3 network Linear 3 -20 to 20 50
[18] 0.850, 1.81, Not full 3.95,4.45, no Linear 2 -20 48
2.18,2.40 4.42,4.82
[19] 0.9, 1.8, Not full Not no Linear 8 -10t0 -35 52
212,24 reported
This 5.8 Full coverage 12.9 No Circular 6 -7t0-18 67.75
Work
6 14 T T T T
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—&—DC voltage with one rectifier | - 70
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FIGURE 22. Received power at the antenna versus distance.

The conversion efficiency of the rectenna’s array with
respect to the received power at the antenna is plotted in
Figure 24.

FIGURE 23. Test setup schematic and photograph of the proposed
antenna with DC combiner.

According to Figure 24, The PCE of the rectenna array
reaches 67.75 % at —10 dbm (1.5 m), in the other hand
the PCE of the rectenna with one rectifier equals 41% at
—10 dBm (1.5 m), this value is a bit different from the PCE
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FIGURE 24. DC/PCE of the rectenna array versus the received power.

found before with the rectifier alone (44.5%). This discrep-
ancy can be explained by the fact that in the harmonic balance
simulation, the connector was not modelled very well, which
changed the rectifier’s input impedance and thus caused more
reflection. The PCE gradually decreases with distance until it
reaches a value of 25.36% at -17.8 dBm (3.5 m).

The DC voltage of the rectenna array with one rectifier
and with the DC combiner is also plotted in Figure 24. With
the DC combiner configuration, a DC voltage of 1.115 V is
recorded at 1.5 m (—10 dBm), while a voltage of 0.404 is
obtained in the case of a single rectifier, and this proves
the capability of the antenna array to take advantage of the
multi-path propagation by absorbing both line-of-sight prop-
agation as well as reflected waves from all the angles in the
azimuth plane. In addition, the rectenna array can absorb
RF energy from both vertical and horizontal polarized waves
given its CP characteristic.

A comparison between the proposed antenna array and
other works is reported in Table 3. The hexagonal array
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configuration shows better features in terms of the coverage
and simplicity of fabrication compared to other techniques,
in addition to that the circular polarization characteristic of
the antenna allows more immunity to misalignment.

V. CONCLUSION

This paper describes a novel high-gain CP hexagonal
rectenna array for ambient RF energy harvesting. The pro-
posed hexagonal array is composed of 6 antennas and 6 FSS
layers to enhance the gain. The obtained results show that the
proposed array can fully cover the entire azimuth plane with
a high gain in all directions. The structure of the proposed
array was low profile, easy to fabricate, and with no need
to use any additional circuitry. It was demonstrated that the
rectifier provides a good DC voltage as well as efficiency for
a low-input RF power level of —10 dBm. The performance
of the rectenna with one rectifier and six rectifiers using the
DC combiner has been investigated. According to the results
of the experiment, the output DC power of the DC combiner
rectenna is about three times more than that of the single
rectifier rectenna. The proposed hexagonal rectenna array
design is a good candidate for WSNs.
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