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Abstract— A novel highly-efficient radio-frequency (RF)
energy harvester (rectenna) array with multi-frequency
coverages (1.7-1.8 GHz and 2.1-2.7 GHz) as well as an
omnidirectional 3D radiation pattern is presented. The
harvester array is very compact and of low-profile, which
strategically combines 12 single Vivaldi slot rectenna
elements. More importantly, the proposed rectenna array is
significantly simplified through a co-designed effective
impedance tuning and array combination method to reduce
the overall circuit complexity whilst maintaining high
energy conversion efficiency (up to 67%) over the desired
frequency band under different input powers (-25 to -5
dBm) and circuit loads (0.2 to 8 kQ). Having utilized the
proposed wireless energy harvester array, a complete
system-level demonstration of ambient RF
energy-powered, self-sustainable loT sensor node is
demonstrated for reliably operating in a typical indoor
environment. Such a demonstration has never been
reported before. In addition, the proposed rectenna array
has novel features in terms of simplified Vivaldi rectenna
matching, compact array combination and optimal beam
shaping, which has proven to be an effective energy
harvester in most domestic environments; therefore,
having significant implications in powering small
electronics for real-world Internal of Things (loT) and
Industrial Internal of Things (lloT) applications.

Index Terms— Energy harvesting, Internet of Things
(loT), radio-frequency, rectenna, wireless sensor nodes.
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Fig. 1. Illustrative view of integrating multiband omnidirectional RF energy

harvester array to a compact IoT sensor node. The RF energy harvester is
produced on the outmost edges of the circuit board of the sensor system.
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I. INTRODUCTION

MERGING technologies such as the Internet-of-Things (IoT)

highlight the significance of interconnecting vast numbers
of smart objects (e.g., mobile devices and home appliances)
equipped with wireless sensors to enable automation, real-time
data monitoring and remote-control [1]-[3]. Powering millions
of IoT sensors has been an open challenge since they typically
need batteries that must be maintained, replaced and disposed
(potential environmental pollutions). Therefore, self-powered,
maintenance-free and low-cost devices are in high demand.

In recent years, a variety of energy sources such as solar,
vibration, thermal and radio-frequency (RF) energies have been
identified as potential solutions for powering these IoT sensors
and devices [4]-[10]. Among all options, RF energy sources are
becoming increasingly popular since they are ubiquitously
available (e.g. from ambient Digital TV, mobile and WiFi
signals) in most domestic environments regardless of the time,
weather and environmental conditions [11]. A lot of industrial
and academic research activities have been devoted to this field
[12]-[17]. However, significant challenges have been found in
the energy harvester (rectenna) designs. The main problem is
that the existing technologies are not capable of harvesting
sufficient energy over a wide ambient signal spectrum (e.g.
from 0.8 to 5 GHz) and/or at the relatively low ambient power
densities (i.e. <0.1 uW/cm?) [18], [19].
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Moreover, state-of-the-art broadband rectennas typically
have a very complex structure and large size [20]. Thus, the
energy capturing capability of current devices is relatively poor
since it is costly and complicated to build effective rectenna
arrays. Some efforts have been made to develop rectenna
arrays. But most designs were reported for a single operating
frequency band while the overall dimension of these arrays are
large due to the essential spacing gap between the array
elements. These examples include [21] and [22] for RF energy
harvesting at the Wi-Fi band. More recently, some researchers
have developed omnidirectional and multi-beam rectenna
arrays in order to capture more energy from the randomly
propagated wireless signals in multi-path ambient
environments [23], [24]. However, these designs still have a
limited frequency band coverage, and often of relatively
high-profiles due to the spatial arrangements of the array. Only
one broadband rectenna array using a single planar shape was
reported in almost a decade ago [25]. But the overall energy
conversion efficiency of this work was lower than 20%, which
shows significant challenges in impedance matching for
broadband rectennas. Moreover, some latest simplified
broadband/multiband rectennas have demonstrated a high
impedance conjugate matching system which may reduce the
overall complexity and the total number of circuit components
[26]-[28]. Unfortunately, they have only been investigated and
demonstrated as a single rectenna.

In this paper, we present an omnidirectional multiband
rectenna array design for ambient RF energy harvesting over
frequency bands at 1.7-1.8 and 2.1 — 2.7 GHz. The rectenna
array was strategically formed by using 12 Vivaldi slot
rectennas for realizing a 3D omnidirectional radiation pattern
with multiple beams and a reasonably high gain. The entire
array is very compact and of low-profile, which outperforms
the existing rectenna arrays using much complicated structures.
In addition, the proposed rectenna array can be cooperatively
integrated to any Printed Circuit Board (PCB)-based sensor
devices within a single layer of circuit board (see Fig. 1). More
importantly, the overall circuitry structure of the design is
relatively simple where the antenna impedance is directly tuned
to provide conjugate match with the rectifier input impedance
over the frequency band of interest as well as under different
input powers (-25 to -5 dBm) and load impedances (0.2 to 8
kQ). The theoretical analysis and experiment validations of this
novel impedance tuning method are presented. Finally, the
harvested power from the rectenna array is utilized to power a
commercial IoT sensor node in typical environments (signal
power density between -40 and -60 dBm/cm?). The complete
energy harvester array has advantages in terms of simplicity,
compactness, multi-beam, omnidirectional pattern and
multi-band coverage compared with state-of-the-art designs.

The rest of this paper is organized as follows. The structure,
performance, and design guidelines of the proposed broadband
omnidirectional rectenna array is given in Section II. The
experimental validations are presented in Section III. An
example of integrating the proposed rectenna array to a
commercial sensor node is discussed in Section IV. Finally,
conclusions are drawn in Section V.
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Fig. 2. Block diagram of the proposed omnidirectional broadband rectenna
array and its application in charging a wireless IoT sensor node. There are 12
rectenna elements in total where each element has been configured to cover a

30° angular range over the entire horizontal plane from 0 to 360°.
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Fig. 3. (a) Top view of the proposed omnidirectional rectenna array. (b)
Enlarged view of a single Vivaldi slot rectenna element of the complete array.
The details of the feeding strip (with marked notations) and the DC connection
of the rectifier array are shown as well. The exponential taper profile of the
Vivaldi slot is given.
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TABLEI
GEOMETRIC PARAMETERS OF THE PROPOSED DESIGN
Parameter Gl | G2 G L1 L2 L3

Value (unit: mm) | 145 | 60 | 1.7 | 31.7 | 12.1 | 20.1
Parameter W1 | W2 | W3 | W4 D B
Value (unit: mm) 6 2 2 0.5 4 65°

Il. OMNIDIRECTIONAL INTEGRATED MULTIBAND RECTENNA
ARRAY DESIGN

A.  Structure and Geometry

The block diagram illustration of the proposed
omnidirectional broadband rectenna array is given in Fig. 2. It
consists of 12 wideband rectenna elements that are circularly
connected as a loop. Each element is configured for an end-fire
radiation with 30° beam coverage in the circular plane. The
complete array could consequently realize an omnidirectional
3D radiation pattern that can efficiently harvest energy from
any random incoming RF signals over a wide spectrum. In
addition, the harvested energy is rectified by using RF-DC
rectifiers and further regulated by using a DC-DC boost
converter and power management unit (PMU) for charging a
storage unit (e.g., super capacitor), or continuously powering
the IoT sensors node.
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Fig. 4. (a) Schematic diagram of the rectifier used in this work. (b) Input
impedance of the rectifier vs. frequency at different input power levels from -25
to 5 dBm. (¢) Input impedance of the rectifier vs. frequency using different load
resistances from 0.5 to 14.5 kQ.

In order to develop a simplified energy harvester for
PCB-based sensor devices, here we take the printing area for
the senor devices and wireless modules into account (see Fig. 3
(a)). The complete rectenna array is produced on a single layer
of PCB with a double-sided metallization. The substrate
material is chosen as Rogers RT6002 with a relative dielectric
constant of 2.94 and a thickness of 1.52 mm. The structural
illustration of the detailed design is depicted Fig. 3 (a). The
bottom layer acts as the circuit ground plane which is fully
covered by metal. There are 12 Vivaldi-shaped slots cut on the
outmost edge of the circular ground plane. On the top layer, the
inner metal area has been configured for sensor and device
printing. In addition, the Vivaldi slot is fed by using a U-shaped
bent microstrip which is also printed on the top layer. In
general, this design can be equivalently seen as a Vivaldi
antenna array connected in a circular shape. Since it is known
that Vivaldi antennas could exhibit broadband end-fire
radiations [29], the proposed circularly connected Vivaldi slot
antenna array will have an omnidirectional radiation pattern in
the circular plane.

The enlarged view of the detailed feeding structure is shown
in Fig. 3 (b). The U-shape bent microstrip is loaded with a
radial stub on its open end. Meanwhile, a circular slot is also
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Fig. 5. (a) Illustration of the antenna feeding with and without using the
impedance tuning stub (shorted by using via hole). (b) Equivalent circuit model
of the proposed antenna with tuning stub.
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Fig. 6. (a) Simulated input impedance of a single Vivaldi slot antenna with and
without using the impedance tuning stub. (b) Simulated RF-DC power
conversion efficiency, (¢) S| and (d) Smith chart of a single Vivaldi slot
rectenna with and without using the impedance tuning stub. The circuit load is
fixed at 2 kQ and the input power is fixed at -3 dBm during the simulation.

loaded to the close end of the Vivaldi slot on the ground plane.
Both loadings are aimed for getting the antenna impedance
matched over a wide band. Importantly, an additional shorted
stub is connected to the middle point of the U-shape feeding
strip for broadband impedance tuning. The tuning mechanism
of the proposed Vivaldi antenna will be introduced later. To
design the shape of the slot, we use the exponential taper profile
(see Fig. 3(b)) of the Vivaldi antenna, which is determined by
the opening rate » and two points A(x, y1) and B(xz, y2) [29], as
given in (1).
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Fig. 7. 3D radiation patterns of a single Vivaldi slot antenna in top view and
XOZ-plane view. (a) 1.8 GHz, (b) 2.15 GHz and (c) 2.45 GHz. The
corresponding surface current distributions at these three frequencies are shown
as well. (d) The normalized 2D patterns at three frequencies over XOY and
XOZ plane.
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If the Vivaldi slot works at a low frequency mode, the
end-fire radiation will have a very wide vertical beam-width
which might be suitable for RF energy harvesting. Therefore,
the size of the slot is designed to fulfil a quarter-wavelength
(about 40 mm) radiator at 1.8 GHz. The opening rate 7 is set to
0.09 and the closing slot gap G = 2xS; is set as 1.7 mm in this
design. The optimized design parameters are given in Table I in
which the overall dimension of the PCB is 145 x 145 x 1.53
mm? with a sensor printing area of 60 x 60 mm?. It can be seen
that the size of a single Vivaldi slot (L/ + D) is approximately
0.22 A at 1.8 GHz. In the rectifier part, a voltage doubling
rectifier [19], consisting of two chip capacitors and two
SOT-23 packaged Schottky diodes SMS7630, is connected to
the end of the feeding strip. The DC output of each rectifier is
linked by using a metal strip where all DC storage capacitors
are in a series connection.

B. Rectifier Analysis
Due to the nonlinearity of diode/transistor-based circuits,

broadband impedance matching for rectifiers is typically very
challenging to design. Therefore, it is important to get a clearer
understanding on the rectifier impedance over a wide frequency
band under different operating conditions in terms of input
power and load impedance. The schematic of the proposed
voltage doubling rectifier is shown in Fig. 4 (a). The rectifier
was modelled and simulated using the ADS software. The
Large Signal S-parameter (LSSP) simulator and Harmonic
Balance (HB) simulator are employed to calculate the Z-matrix
of the circuit. The simulated input impedance of the proposed
rectifier versus a wide frequency band from 1.5 to 4 GHz is
depicted in Fig. 4 (b) and (c) for different input power levels
from -25 to 5 dBm and different load resistances from 0.5 to
14.5 kQ, respectively. It can be seen that the real part of the
impedance (resistance) varies between 150 and 10 Q, while the
imaginary part of the impedance (reactance) varies between
-250 and -50 Q under the aforementioned conditions. The
rectifier exhibits significant capacitive impedance (reactance <
0 Q) in a wide frequency band, which means that broadband
inductive matching networks (or inductive antennas) are
typically required to cancel the reactance of the rectifier.
Therefore, the analysis in this section will be helpful to
determine the optimal antenna impedance for broadband
impedance matching during the antenna design.
C. Simplified Multiband Impedance Matching

Although Vivaldi slot rectennas have been previously
reported [36], [37], their rectifier part still needs to use complex
and multi-stage matching networks for realizing high RF-DC
efficiency and enabling multiple frequency bands operation.
Therefore, such conventional designs will not be suitable for
expanding to rectenna arrays, especially for the tightly
connected compact Vivaldi slot array as proposed here, in
which the spaces for the rectifying circuit printing are very
limited. In order to simplify the matching network and reduce
the number of circuit components used in the design, here we
will directly tune the antenna impedance for directly matching
with the rectifier circuit over the frequency band of interest.
Fig. 5 (a) shows the feeding structure of a conventional Vivaldi
slot antenna as well as that of the proposed antenna by using an
extra shorted impedance tuning stub. To understand the
operation mechanism, we have built the equivalent circuit
model of the proposed antenna by using that of an open-end
shorted slot antenna [31] and Vivaldi antenna [32], as depicted
in Fig. 5 (b). Herein, Z, and Z represent the characteristic
impedance of the microstrip feeding line and radial stub. Zs and
Zm represent the characteristic impedance of the slot-line and
Vivaldi antenna. The N: 1 transformer denotes the tapered
structure and transition area of the Vivaldi slot. In addition, Cg
is the equivalent capacitance of the radial stub over the ground
plane while Ls represents the equivalent inductance of the
close-end of the slot. In traditional Vivaldi antennas, Crand Ls
(radial stub and close-end of the slot) are specifically designed
to cancel the reactance of the antenna for realizing a wideband
impedance-matched travelling wave radiation. The reflection

coefficient of the proposed Vivaldi antenna can be written as:
T . — Br—Zm—Zp+j(XFt+Xr) 4)
Vivaldi = g4 7, +Zp+j(Xp+XT)
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Fig. 8. (a) Illustration of the omnidirectional radiation pattern of the Vivaldi slot
array over the horizontal plane (XOY-plane). (b) Cartesian plot and (c) Polar
plot of Simulated 2D normalized gain pattern of the proposed 12 Vivaldi slot
antennas over the XOY-plane (Theta = 90°, Phi = -180° to +180°).

where Xrrepresents the reactance of the feed line, whilst Ry and
Xr (complex impedance of the Vivaldi slot antenna) can be
further given by (assuming Z,; = Zs)

Z pntX.
Ry = N2 An )
ZanetXs
ZantX,
XT =N 2Ant S (6)
ZanttXs

It can be seen that when Xrand X7 can be mutually cancelled,
the antenna will have a matched impedance to a resistive port
(e.g. 50 Q) for wideband radiation. However, it is already
shown from Section II-B that the proposed rectifier is of
capacitive impedance. Therefore, a shorted tuning stub is added
between the microstrip feed line and the radial stub. Such a stub
can be modelled as a shunt inductor in the equivalent circuit
(see highlighted Lo+ in Fig. 5 (b)), which could subsequently
convert Xr to inductive reactance for cancelling the capacitive
reactance of the proposed rectifier.

To validate the performance of this tuning stub, CST
software was employed to model and optimize the antenna and
tuning stub through a full-wave 3D electromagnetic (EM)
simulation. The simulated input impedance of the single
Vivaldi slot antenna element with/without using the tuning stub
is shown in Fig. 6 (a). The conventional antenna has a flat
impedance over 1.8 and 2.7 GHz, where the real part and
imaginary part of the impedance are around 25 Q and 30 Q
respectively (due to the reactance cancelation). Having added
the tuning stub, the value of impedance is significantly
increased over the frequency band of interest. The equivalent
lumped-element circuit of the proposed tuning stub is a shunt
inductor, hence it may enhance the value of the reactive part of
the impedance via the means of inductive loading. As a result,
the imaginary part of the impedance is increased to around 100
Q over 2 to 2.4 GHz. Meanwhile, the real part of the impedance
is also increased from 25 to 75 Q in the desired frequency band
after using the shorted stub. The antenna impedance is directly
imported to the circuit model in the ADS by using the Data
Access Component (DAC). In this scenario, the overall
impedance matching performance of the complete rectenna can
be obtained. By interconnecting the antenna and the simple
rectifier as shown in Fig. 4 (a), the rectified DC voltage (Vpc)
can be measured at the circuit load (R;). Consequently, the
RF-DC power conversion efficiency can be calculated using

Vi
RoxPrr @

where Pgr is the received RF power by the antenna, or in
other words, the input RF power to the rectifier. Since the
source impedance of the circuit is set to the antenna impedance
as depicted in Fig. 6 (a), the impedance mismatch of the
complete system will be taken into consideration. An example
of the simulated frequency dependence of the RF-DC power
conversion efficiency of the proposed single Vivaldi rectenna
element using the optimized tuning stub is given in Fig. 6 (b).
The input power and load resistance are set to -3 dBm (0.5 mW)
and 2 kQ respectively. It can be seen that the proposed rectenna
has achieved relatively high conversion efficiency (50 — 67%)
over 1.7 — 1.8 and 2.1 — 2.7 GHz. Such a frequency coverage is
desirable for RF energy harvesting as it covers the majority of

NrRr-pCc =
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Fig. 10. Measurement setup and facilities of the proposed rectenna array.
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the 2G/3G/4G cellular bands as well as the WiFi/ISM 2.45 GHz
bands. The reflection coefficient (|S;i|) and Smith Chart of the
rectenna are given in Figs. 6 (¢) and (d). It can be seen that the
tuning stub has helped to cancel the capacitive reactance of the
rectifier over 2.1 — 2.7 GHz and at around 1.8 GHz. As a
comparison, the conventional design without using the tuning
stub has obtained a poor matching performance (|Sii| > -6 dB)
and low RF-DC conversion efficiency over the frequency band
of interest. It is demonstrated that the impedance of the Vivaldi
slot antenna has been well-tuned to directly conjugate match
with the rectifier impedance over a wide band.

It should be noted that the proposed tuning stub is different
from the stubs used in conventional matching network design
for antennas/rectifiers with 50 Q port impedance. This stub has
a major impact on the antenna impedance, i.e. converting the
antenna reactance from non-inductive to inductive over a wide
frequency band. Therefore, it is a novel impedance matching
and antenna tuning method between two complex impedance
ports with significant impedance validations versus frequency.
This method could also be expanded for other non-50 Q RF
devices (e.g. RFID tags, antenna-on-chip) for simplified
impedance matching.
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Fig. 13. Measured RF-DC conversion efficiency for (a) CW input signal at 1.85
GHz and CDMA downlink signals at 1.8 — 1.88 GHz. (b) CW input signal at
2.45 GHz and WLAN 802.11b signal at 2.42 — 2.48 GHz.

D. Omnidirectional Array Performance

To illustrate the omnidirectional array performance, we first
study a single Vivaldi slot antenna where only one feeding port
of the 12-slot array is excited. The simulated 3D radiation
patterns at three different frequencies are depicted in Figs. 7
(a)-(c) along with the normalized 2D patterns in XOY-plane
and XOZ-plane (see Fig. 7 (d)). It can be seen that the proposed
antenna has achieved an end-fire radiation where the main
antenna beam is targeted to the location of the excited Vivaldi
slot. In addition, the antenna covers a wide beam-width over the
XOZ plane at all three frequencies. The maximum gains and
half-power beam-widths (XOZ-Plane) are about 4.33 dBi and
150° at 1.8 GHz, 4.22 dBi and 157° at 2.15 GHz, 3.88 dBi and
163° at 2.45 GHz, respectively. Moreover, the single Vivaldi
antenna has realized a reasonable half-power beam width of
around 60° in the XOY plane.
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Fig. 14. Measured output DC voltage (a) versus frequency and 0 — 360° rotation
angle in the XOY plane, (b) versus frequency and -90° to +90° rotation angle in
the XOZ plane. The input power is fixed at -3 dBm.
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Fig. 15. (a) Measured overall received power pattern of the proposed rectenna
in the XOY plane. (b) Measurement setup of harvesting energy from three RF
sources at different locations. The frequency of RF source is fixed at 1.8 GHz.

Source C

Phi/ Degree vs. dBi

I
3

Linear equivalent-circuit
model of a single rectenna

Linear equivalent-circuit model of
the 12 elements rectenna array

Fig. 16. Linear equivalent-circuit models of a single rectenna element and the
complete rectenna array.

Next, all 12 feed ports of the proposed Vivaldi slot array are
excited simultaneously. An illustration of the multi-beam
scanning radiation pattern of the Vivaldi slot array over the
horizontal plane (XOY-plane) is depicted in Fig. 8 (a).
Furthermore, the simulated 2D normalized gain patterns of
each individual port are given in Figs. 8 (b) - Cartesian plot and
(c) - polar plot, respectively. It can be seen that the beam shape

is almost maintained for different ports due to the high isolation
between array elements for such tightly-connected Vivaldi slot
array [29]. But the antenna beam direction is steered over the
entire horizontal plane from -180° to +180°. Therefore, the
proposed Vivaldi slot array could have a realized gain of > 3.5
dBi omnidirectionally in the horizontal plane and in a
wide-angle range (150°) in the vertical plane, which makes it a
multi-beam, quasi-3D omnidirectional RF energy harvester.

[ll. PROTOTYPE FABRICATION AND EXPERIMENTAL
VALIDATIONS

The proposed Vivaldi rectenna array has been fabricated and
measured. A picture of the fabricated prototype is given in Fig.
9. The chip capacitors were 100 nF SMD capacitors from
Murata. The rectifying diodes was SMS7630 Schottky diodes
in a SOT-23 package provided by Skyworks Inc. It has been
previously shown that SMS7630 has a very low forward bias
voltage of 0.15 ~ 0.25 V and meanwhile has a relatively high
saturation current of 5 pA. In addition, the junction capacitance
and series resistance of the product is 0.14 pF and 20 Q [19].
Overall, it exhibits the smallest power consumption and lowest
start-up voltage among existing commercial products, which is
very suitable for low power-density RF energy harvesting
applications. The measurement setup is depicted in Fig. 10
where the signals generated by an RF signal generator were
amplified by a 30-dB gain power amplifier (PA) and
transmitted by a calibrated horn antenna R&SHF906. The
proposed rectenna was used to receive the signal at a distance of
1 m from the transmitting horn antenna. The transmitting power
was measured by a power meter, while the received power by
the rectenna was calculated by using the Friis equation

P = P+ Gy + Gy +20l0g;p— (8)
where P, is the input RF power to the rectifier in dBm, P; is the
transmitting power of the horn in dBm, G is the realized gain of
the horn in dBi, Gr is the realized gain of the proposed rectenna
in dBi, A is the wavelength of interest, and D is the distance (D
=1m).

A. Energy Conversion Efficiency at Fixed Incident Angles

First of all, the rectenna array was tested at a fixed incident
angle. In this scenario, only one Vivaldi slot rectenna was
connected to the DC output and measured. It is worth noting
that the antenna orientation over the frequency band of 1.5 — 4
GHz was tuned to match with its maximum beam direction
during the measurement (in order to avoid additional power
loss). By using (5), the required transmitting RF power can be
calculated for realizing a stable received power level over a
wide frequency band. The proposed rectenna array was tested
at three different received power levels which are -25 dBm, -15
dBm and -3 dBm respectively. Such an input power range could
represent the typical ambient RF signals that normally have a
low power density (-40 to -60 dBm/cm?). Also, most Schottky
diode-based rectifier cannot work well for < -30 dBm input
power [19]. From Fig. 11, it can be seen that the measured and
simulated RF-DC conversion efficiency agreed reasonably
well, where the average efficiency over the desired wide band
of 1.7—-1.8 and 2.1 — 2.7 GHz is above 50% (up to 66%) at -3
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Fig. 17. (a) Test locations in real-world ambient urban environments. The
locations are selected using (https://www.opensignal.com/networks). (b)
Measured average harvested DC power from three different types of locations.
The comparison between the proposed omnidirectional multiband rectenna
array and a single broadband rectenna is shown. (c) Examples of measured
typical outdoor and indoor ambient signal strength from 1.2 to 4.8 GHz (please
note the unit of power density in this figure is dBm/m?).

dBm, 30% (up to 40%) at -15 dBm, and 5% (up to 13%) at -25
dBm respectively. In addition, if the input power is varied
between -30 dBm and 5 dBm, the conversion efficiency at three
major resonant frequencies is depicted in Fig. 12 (a). It can be
seen that the overall efficiency of this design is comparable
with that of other wideband low-power rectennas. The peak
efficiency (68% at 1.8 GHz) is achieved at around -3 dBm input
power. Lastly, it can be seen from Fig. 12 (b) that the proposed
rectenna has a relatively stable efficiency over a wide circuit
load range from 200 to 8000 Q. This shows that the proposed
rectenna could be integrated with different load devices.

The rectenna was also tested for receiving modulated
waves to match the realistic signal conditions in the ambient
environment. The Keithley2920 RF signal generator was used
to transmit CDMA downlink (spectrum: 1.8 — 1.88 GHz) and
WLANR8O02.11b (spectrum: 2.42 — 2.48 GHz) signals using the
setup in Fig. 10. The results of conversion efficiency vs. input
power of these modulated waves are given in Fig. 13 and
compared with that of the continuous wave (CW) at 1.8 and
245 GHz. It can be seen that the rectenna has a higher
efficiency for the modulated input signals, which is due to an
enhanced power integration over the modulated signal
spectrum [33]. Therefore, the proposed rectenna may have an
improved efficiency in realistic energy harvesting environment
with various modulated signals.

B.  Omnidirectional Energy Harvesting Performance
Secondly, a 3D rotation platform is introduced for the
measurement system (as shown in Fig. 10). During the
measurement, all DC output capacitors of the Vivaldi rectenna
array were connected serially. The proposed rectenna array was
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Fig. 18. (a) Top view and board description of Cypress IoT sensor node. The
details of the PMIC are provided by [30]. (b) Example of powering the wireless
sensor node by using the proposed RF energy harvester. The data was received
by using an USB gateway.

firstly rotated horizontally from 0° to 360° (over XOY plane as
shown in Fig. 14 (a)). The rectified DC voltage was recorded in
the frequency band of 1.5 to 4 GHz (0.1 GHz step width) for a
constant -3 dBm received RF power. It can be seen that the
measured DC voltage is relatively stable across the desired
band of 1.7 - 1.8 GHz and 2.1 — 2.7 GHz. More importantly, the
voltage is almost constant with no ripples during the physical
rotation over the horizontal plane (see Fig. 14(a)). In addition, if
the rectenna array was rotated over the vertical plane (XOZ
plane in Fig. 14(b)), the output voltage is maintained stably for
a wide angle range from -60° to 60°. At the peak voltage output
(1.1 V), the corresponding overall energy conversion efficiency
is about 65% (3500 Q load). The overall normalized received
power pattern of the complete array is given in Fig. 15 (a) along
with the patterns of 12 single rectenna elements in the XOY
plane. It can be seen that the overall pattern of the array is
almost a perfect circle. This has confirmed that the proposed
rectenna array can efficiently harvest wideband RF signals in
an omnidirectional 3D angle range.
C. DC Combination of the Rectenna Array

The output DC power of the proposed rectenna array is
serially combined (voltage combination), as shown in Fig. 3
(layout) and Fig. 9 (prototype). Therefore, it is worth to

0278-0046 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Heriot-Watt University. Downloaded on October 10,2020 at 02:12:30 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2020.3009586, IEEE

Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

investigate the effect of the DC combination network and
multiple dynamic DC output powers from different rectenna
elements. Although the rectenna is a nonlinear device, for
simplicity and easy analysis, we have built the linear equivalent
circuit models of a single rectenna and the proposed rectenna
array, as depicted in Fig. 16, where Rpo.pi> represents the
rectenna element impedance while Rio and Ry are the load
resistance of single element and the complete array
respectively. According to [35], the output power can be
written as

V[%ORLO
(Zn=1VDn)*RL
T Ron L) (10

If we assume all rectenna elements are identical, for the
maximum power output condition, the load impedance of the
array should be R. = n x Ry, where Ry is the load impedance
of a single element and # is the number of elements [35]. Due to
the limited number of RF sources and TX antennas in our lab,
here we show an example of using the proposed rectenna array
to harvest incoming signals from three RF power sources (1.8
GHz) at different incident angles (see Fig. 15(b)). The
measurement procedure is given as below:

1) We disconnected the array by removing unused diodes
and tested the DC power separately at the outputs of
three single rectenna elements with three RF input
signals from different directions (A, B and C). The load
impedance of each element was 2000 Q. The received
RF power of each element was configured at 100 pW
(-10 dBm) by using (8).

2) The three rectenna elements were serially connected and
tested with simultaneous RF inputs from sources A, B
and C. Based on the analysis in (9)-(10), the total load
resistance used for the array was tripled in this case
(6000 Q).

3) Repeat steps (1) and (2) by using dynamic input RF
power, the received power from sources A, B, and C was
configured at 32 uW (-15 dBm), 100 pW (-10 dBm) and
320 uW (-5 dBm) respectively.

The measured output DC power from single rectenna
elements and the rectenna array is given in Table II (texts in red
color represent the results for dynamic output DC powers from
the rectenna elements). The DC power combining efficiency is
calculated using the total output DC power divided by the sum
of the DC powers from three single elements. It can be seen that
the DC power combining efficiency for three identical input
powers at -10 dBm of each is about 94% (6% loss). While the
efficiency is reduced to 86% [235 uW/(208+52+13.2) uW]
when the received RF power from the RF sources is
dynamically changed from -15 to -5 dBm. This is due to the
nonlinear effect of the rectenna elements in which the RF-DC
conversion efficiency and impedance matching efficiency
typically vary as a function of load impedance and input power
levels. To further improve the DC combining efficiency,
multiple input and multiple output (MIMO) DC-DC switching
converters can be used to replace the conventional resistors and
match all the rectifiers to their optimal load [18], [19].
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Rectenna array: Py =
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Fig. 19. Continuous monitoring of ambient temperature and humidity by using
the proposed energy-harvesting wireless sensor node. The real-time data is
visualized using Cayenne mobile app.

TABLEII
MEASURED DC POWER COMBINATION PERFORMANCE
Input RF | Output DC RF-DC DC
power power efficiency Combining
efficiency*
Single element | 100 pW 54 uW 54% 100%
for source A 32 uW 13.2 pW 41.5% 100%
Single element | 100 pW 52 uW 52% 100%
for source B 100 pW 52 uW 52% 100%
Single element | 100 uW | 53.7 uW 53.7% 100%
for source C 320 uW 208 uW 65% 100%
Three
elements array | 300 uW 150 pW 50% 94%
forsource | 455 yW | 235 uW 52% 86%
A+B+C

D. Test in Real Ambient Environments

We have also conducted some measurements in real ambient
environments. Fig. 17 (a) illustrates the 30 measurement
locations in the city area of Liverpool in the United Kingdom.
There are three different categories including: 1) 50 meter
line-of-sight (LOS) to the mobile base-stations (power
sources); 2) non line-of-sight (NLOS) to power sources in
typical outdoor urban environments and 3) NLOS to power
sources in typical office environments. Please note the
locations are selected in accordance with the latest UK mobile
coverage heat map (https://www.opensignal.com/networks) to
ensure good RF signal strengths and avoid dead spots. These
three aforementioned cases may represent the high, medium
and low power density cases for ambient RF signals in most
urban and domestic areas. By recording the output voltage
from the rectenna array, the harvested DC power can be
obtained. The average harvested power of the three cases is
given in Fig. 17 (b) with error bars. As a comparison, the
harvested power from the proposed omnidirectional multiband
Vivaldi rectenna array as well as that from the conventional
single broadband Vivaldi rectenna element (by disconnecting
other array elements) is depicted in the figure. It can be seen
that the proposed array can harvest around 55 pW (which is 30
UW higher than the power from a single element) when the
location is about 50 m to mobile base stations. Secondly, if the
test location is changed to typical outdoor urban environments
(NLOS to power sources), the ambient power density could be
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TABLEIII
COMPARISON OF THE PROPOSED RECTENNA ARRAY AND RELATED DESIGNS

Ref Impedance Number Overall Overall dimension of | Maximum Input power level Measured harvested
) bandwidth FBW* of array complexity the complete conversion /load resistance DC power vs. typical
(year)
Y (GHz) elements rectenna array efficiency range of interest ambient power densit
[20] 0.93 -0.95, 3.2%, 16 Complex 240 mm x 240 mm 58% at -5 -30to 0 dBm 22 uW
(2019) 1.8-1.86 3.3% %22 mm dBm /14 and 28 kQ @ -13 dBm/cm?
(outdoor)
[21] 2.38-2.5 4.9% 9 Complex 90 mm x 90 mm 67% at -5 -30to 0 dBm 5uW
(2012) %94 mm dBm /10 kQ @ -40 dBm/cm?
) (indoor)
[24] 24-243 1.2% 16 Complex 260 mm x 260 mm 45% at -5 -30to 0 dBm 4 uW
(2019) % 290 mm dBm /5.1 kQ @ -40 dBm/cm?
(indoor)
[34] 1.84,2.14,2.45 3% 16 Complex 200 mm x 200 mm 60% at -5 -30 to -5 dBm 63 uW
(2019) % 101.4 mm dBm /5 kQ @ -13 dBm/cm?
) (outdoor)
65 uW
This 67% at -3 -30 to 0 dBm @ -13 dBm/cm?
work 1.7-1.8, 5.8%, 12 Simplest LS LB dBm /from 1 to 6 kQ (outdoor)
(2019) 2.1-2.7 25% x 1.53 mm 20 uW
@ -40 dBm/cm?*
(outdoor)

*FBW: Factional Bandwidth

smaller which results a reduced harvested DC power of 35 uW
for the array (17 pW for a single element). Lastly, the power
density of ambient RF signals could be even lower in indoor
environments due to a strong multi-path fading effect.
Consequently, the harvested power by the array is reduced to 20
uW, but as a comparison, a single wideband rectenna element
can only obtain less than 10 pW power in this scenario. An
example of the measured typical indoor and outdoor ambient
signal spectrum and strength are depicted in Fig. 17 (c). The
spectrum power density levels are about -5 to -10 dBm/m? (-45
to -50 dBm/cm?) and -25 to -30 dBm/m? (-65 to -70 dBm/cm?)
in outdoor and indoor environments, respectively. The total
harvested RF power by the proposed rectenna array can be
written as

9’ !
Per—rotar = Zi21 fy [] Pudbdf (1)
P,=20xs (12)

where P, is the power received by a single antenna element (the
n-th element), A is the wavelength, G is the realized gain and S
is the power density. In addition, the integral functions over
0 —0' and f — f'represent the power integration over the
frequency bands and incident angles. Therefore, the proposed
rectenna can harvest integrated/combined wideband RF power
omnidirectionally. Thanks to the wide-area coverage and
multi-path propagation of RF signals in urban environments,
the proposed omnidirectional array could capture more power
than other conventional unidirectional rectenna arrays and/or
single rectenna element.

V.

In this section, a design example will be given to
demonstrate the feasibility of integrating the proposed rectenna
array to commercial IoT sensor nodes. Ideally, the circuit
schematics for the sensors and wireless modules can be directly
produced on the inner device printing area of the proposed
rectenna array. In this case, the functions of the IoT sensor node

INTEGRATION ON COMPACT IOT SENSOR NODES

and RF energy harvesting can be cooperatively integrated.
More importantly, the complete product can be printed on a
single layer of PCB which might be advantageous for industrial
volume productions. For simplicity, here we select an
off-the-shelf wireless IoT sensor node which is developed by
Cypress [30]. The top view of the circuit and the board
description of the proposed sensor node is given in Fig. 18 (a).
It is worth noting that this sensor node product has been already
installed with a built-in energy harvesting power management
integrated circuit (PMIC). This PMIC has a minimum startup
power of only 1.2 uW and a very low consumption current of
250 nA during the operation. On the other hand, it can boost a
low input voltage from 0.1 V to an adjustable output voltage
level between 1.1 and 5.2 V. The efficiency of the DC-DC
boost converter of the PMIC starts from 30% (at 0.1 V input
voltage) to the saturated level of 90% (for 2 V input voltage and
above). Therefore, such PMICs are particularly suitable for low
power energy harvesting applications. The details of the PMIC
including the block diagram of functional parts and the
recommended input parameters are given in Fig. 18 (a) as well.
In addition, the selected IoT sensor node has been installed with
on-board temperature and humidity sensors. The radio module
of the product is a long-distance Bluetooth Low-Energy (BLE)
wireless module (CYBLE-022001-00: EZ-BLE™ Creator
Module). Overall, the power consumption of this sensor node is
about 5 uW for standalone operation and 0.4 mW during radio
transmissions. The data can be received by using an USB
gateway with a sensitivity down to -110 dBm. Generally, the
recommended wireless communication distance should be
within 30 meters for this application. Fig. 18 (b) shows that the
proposed IoT sensor node has been integrated to the proposed
omnidirectional multiband RF energy harvester. In a typical
indoor environment (with lower power densities), the output
voltage from the rectenna array is normally around 0.1 — 0.2 V
while the harvested power is between 15 and 25 uW, which is
sufficient for the standalone operation of sensors. The DC-DC
boost efficiency was about 30% (at 0.13 V input) for the indoor
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wireless energy harvesting while the efficiency will go up to
80% for outdoor cases where the input voltage from the
harvester was about 0.9 V. The overall energy demand of the
proposed BLE sensors was estimated as 233.4 pJ, therefore the
minimal capacity of the storage unit (super capacitor) was
calculated as 67.8 uF to support the reliable operation of the
BLE sensor system whilst maintaining reasonable charging
time. According to the recommended operating condition of the
PMIC used in this work, the on-board storage capacitor was
chosen to be 100 puF. However, for applications with a larger
energy consumption, the capacitor size will need to be
increased substantially to meet the operation requirement. In
this work, we have programmed the sensor device to set a data
transmission interval of 30 minutes. Meanwhile, the sensor
node will work in a deep-sleep mode with very low power
consumptions during the non-transmission period. The
harvested energy will be stored in an internal storage unit which
is also managed by the PMIC. Most of the saved energy will be
consumed for sending the data in every 30 minutes.

We have embedded the received data to an online Cloud
platform named Cayenne, which also supports mobile App data
visualizations. Fig. 19 depicts an example of continuous
monitoring of the room temperature and humidity over a
calendar month from July 14" to August 14" 2019. The sensor
node works alone during daytime and night time without the
need for external batteries. The harvested RF energy is
sufficient to support such low-power IoT applications, which
could be further exploited for smart home monitoring and
control etc. Please note that the presented design using BLE
technology is just an example to show the feasibility of the
proposed RF energy harvester in such IoT applications. Other
long-range and low power sensor nodes using alternative
communication technologies such as LoRaWAN and NB-IoT
could also be considered and employed for developing similar
energy-harvesting loT products.

The performance comparison between the proposed rectenna
array and other related rectenna arrays and multiport designs is
depicted in Table III. It can be seen that our work covers the
widest frequency bandwidth among the existing work. In
addition, the overall energy conversion efficiency at low power
levels from -30 to 0 dBm is comparable with the state-of-the-art
results. More importantly, the proposed design has achieved a
very simple structure (no complex matching networks and
antenna structures) and very low profile (single PCB layer and
compact array combination), compared with state-of-the-art
multiband and multidirectional energy harvester arrays [34]. In
addition, we have compared the output DC power from the
proposed wireless energy harvester with the published work at
the similar ambient power densities. To make a fair
comparison, we chose -13 dBm/cm? and -40 dBm/cm? as the
threshold for representing the typical outdoor and indoor RF
power densities. From Table III, it can be seen that the proposed
rectenna array has realized almost the highest output power
using a smaller overall antenna size and circuitry dimension.
Evidently, we have produced a much-simplified energy
harvester design which is suitable for powering real-world
small electronic devices and for volume production of

real-world IoT sensor nodes with an embedded RF energy
harvesting system at a low cost.

V. CONCLUSION

An omnidirectional multiband RF energy harvester array has
been presented both theoretically and experimentally, which
realized relatively high energy conversion efficiency (up to
67%) over the frequency bands of 1.7 — 1.8 GHz and 2.1 — 2.7
GHz, as well as a very compact size (tightly connected Vivaldi
array) and low profile (1.53 mm thickness). The overall design
has been simplified through a novel impedance tuning and
rectenna array co-design technique. In addition, the proposed
rectenna has an omnidirectional pattern with multi-beam and
average gain > 3.5 dBi. It can capture significantly enhanced
power from the ambient RF signals compared with the
state-of-the-art ambient wireless energy harvesters; therefore,
has proven to be an effective energy harvester in most domestic
environments. As a potential real-world product demonstration,
we have also presented a compact low-power IoT sensor
example using the proposed highly-integrated RF energy
harvester array, which showed standalone, long-term and
self-powered operation in 24 hours without the need of battery
replacements over calendar months. The proposed multiband,
multibeam scanning, and omnidirectional energy harvester has
outstanding performance in term of simplicity and
compactness; therefore, it can be effectively applied to various
IoT and IIoT applications.
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