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Abstract: In this study, a broadband Radio Frequency (RF) energy harvester implementation is
presented. The system uses a broadband discone antenna, which can operate efficiently in a broad
frequency spectrum, including LTE, DCS 1800 and UMTS 2100 cellular frequency bands. The system
is able to harvest energy from various electromagnetic field sources, thus has the potential to efficiently
charge a storage energy element in a short time. The prototype broadband RF energy harvester was
tested in the laboratory and also in a typical urban environment.

Keywords: broadband antennas; discone antenna; rectennas; radio frequency (RF) energy harvesting;
schottky diode; voltage doubler rectifier (VDR)

1. Introduction

Energy harvesting from radio waves is possible through devices that are called Radio Frequency
Harvesters. A basic radio frequency energy harvester consists of an antenna, a matching network, a
high frequency rectifier and an energy storage element. A rectenna is a rectifying antenna, a special
type of receiving antenna that is used for converting electromagnetic energy into direct current (DC),
and is usually found in the bibliography to describe both the antenna and the rectifier sections of a
harvesting system [1]. The total power harvested from a radio frequency harvester, depends on: (a) the
available power spectral density (W/m?/Hz), (b) the effective area of the antenna and (c) the operating
bandwidth of the system [2,3].

The available power spectral density depends only on the electromagnetic environment.
Limitations on the physical size of a RF energy harvester imposes limitations on the physical size of
the antenna and hence on its effective area. The proposed antenna in [4] could be a solution for this
problem. The study introduced a novel multiport rectenna system, allowing the available area for the
rectenna to be fully utilized at all operating frequencies by using different numbers of antenna ports for
RF energy harvesting. Measurements proved that this rectenna type could achieve output DC voltages
of up to 2.2 V and DC power up to —13.6 dBm.

Thus, the most efficient way to increase the total power is by increasing the bandwidth of the
system, in order to collect energy from more sources in a wider frequency range. Multiband and
broadband rectennas could be a solution for increasing the bandwidth of the system, in order to collect
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energy from more ambient wireless sources that are distributed in a wide frequency range. Multiband
rectennas normally have high conversion efficiency contrary to a narrow operating bandwidth, and
can be ideal for energy harvesting from wireless communications systems, such as DCS-1800, LTE,
UMTS [5].

The authors in [6] proposed a complimentary split ring resonator (CSRR) metamaterial multiband
antenna with a hybrid junction ring rectifier as a multiband rectenna that was able to utilize wireless
transmissions from four communication bands such as GSM, UMTS, LTE, WiFi, using separately
rectifier branches. Subrectifiers have been matched by the hybrid ring junction at each operating band.
With this setup, the rectenna has a peak conversion efficiency up to 67% at 1.8 GHz. Additionally,
the proposed multiband rectenna was tested in an urban environment.

Broadband rectennas usually have lower conversion efficiency in contrary to a wide operating
bandwidth. The design of this type of rectenna is a difficult process due to the complex matching
network and the nonlinearity of the rectifiers” diodes [5]. Tapered line matching networks could be a
solution for this problem as proposed by the authors of [7] with impedance transformation from the
source (50 Q) to the load (140 2). The proposed broadband rectenna exhibits an improved conversion
efficiency above 30% across the entire frequency range from 1.2 to 5 GHz, using an Archimedean Spiral
Antenna and a wideband-tapered microstrip balance-unbalanced transmission line (BALUN).

The authors in [8] proposed a broadband rectenna using a double-sided printed monopole antenna
consists of circular patch with a truncated ground plane. This type of rectenna, has an operating
bandwidth range from 0.9 to 5.5 GHz and offers maximum efficiency (62.5%) with a resistive terminal
load of 5 k() at 1.8 GHz, as shown from measurements results.

The work in [9] introduced a compact broadband rectenna using a coplanar waveguide (CPW)
rectangular monopole antenna with an inverted-L open circuit stub as the matching network and a
rectifying circuit based on a voltage doubler with a minimum footprint size (58 X 55 mm?). The proposed
rectenna operates from 1.8 to 3.5 GHz and 5.4 to 6 GHz, and is able to utilize transmissions from
wireless applications such as GSM 1800, UMTS 2100, WLAN 802.11 a, b and g systems and also WiMAX
signals efficiently up to 28% for power conversion.

Although the above systems can effectively operate in several microwave frequency bands
(1 to 6 GHz), none of them is a capacitor-based RF harvester. To the best of the authors” knowledge,
the only proposed capacitor-based RF harvester is the work in [10], which can efficiently operate in the
medium wave frequency band (531-1.611 KHz) using a tunable loop antenna. The system was able
to harvest enough energy to charge a super capacitor to 2.8V, and sustain the voltage while no load
connected to the circuit. This charge is sufficient to power a 1 k() load for approximately 1 h. However,
in the latest system the efficiency estimation as a function of time is not mentioned.

In this work, a broadband capacitor-based RF energy harvester was fabricated consisting of a 3D
discone antenna, a Dickson rectifier and a storage capacitor element for terminal load. For the total
efficiency estimation of the harvesting system, we followed a methodology by enhancing the work
in [11]. Our approach has taken into consideration the average power of a capacitor, which is a function
of charging time and corresponds to the variation rate of its energy. The values of power density,
antenna’s active surface and storage capacitor’s voltage were measured at the place of installation to
determine the efficiency of the system. The prototype was tested on the laboratory and also in the
urban environment. In summary, the main contributions of this study were:

e A broadband discone antenna was designed and fabricated, with efficient operation in a wide
frequency spectrum to acquire ambient RF energy from many electromagnetic field sources, with
excellent broadband characteristics (1.5:1 or less standing wave ratio (SWR) at a frequency range
up to 10:1).

e In our work, we have introduced a novel approach of capacitor-based energy harvester’s
total efficiency estimation, and its maximization at the transient state, as proven from
laboratory measurements.
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The rest of this article is organized as follows: the discone antenna design is presented and
analyzed in Section 2. Section 3 gives a description of the Dickson rectifier basic theory and its
implementation is described in Section 4. Section 5 gives a short report of the rectifier element. Section 6
is devoted to the experimental performance and measurement set-up. In Section 7, we present and
analyze the efficiency estimation approach of the proposed rf harvester and finally, Section 8 gives the
conclusion and a discussion on future work.

2. The Broadband Discone Antenna

The discone antenna is a version of the biconical antenna, in which one of the two cones have been
replaced by a disc. A coaxial cable is usually attached at the point of intersection of the disc with the cone,
to feed the antenna. The discone antenna is omni-directional, linear polarized and has a gain similar to
that of a half wavelength dipole. It has excellent broadband characteristics at a frequency range up to 10:1.
This type of antenna can be ideal for RF energy harvesting, besides its large size and its 3D geometry.
The sensitivity of this antenna is highest in the direction of the horizon because of the narrow radiation
pattern in the vertical plane. The standing wave ratio (SWR), is typically 1.5:1 or less in several octave
frequencies. The behavior of this antenna as a function of frequency, is like a high-pass filter. Below the
active cut-off frequency, significant standing waves appear in the feed line [12,13].

2.1. Structure Description

A discone antenna can be made from solid metal foil. At lower frequencies, a sufficient number of
metal wires or rods are often used, thereby simplifying construction and reducing wind resistance at
the same time. The rays may be made from rigid wire or welding rods. The optimal number of rods
found in the bibliography, including the disc and the cone, is from 8 to 16 [14,15]. The discone antenna
consists of three main components: (a) the disc, (b) the circular cone and (c) the insulator (Figure 1):

e  The disc has a diameter equal to 70% of the cone diameter. The antenna’s feed point is located
in the center of the disc. It is usually powered by a 50 (2 coaxial cable, with the main conductor
connected to the tray and the outer conductor to the cone;

e  The height of the cone must be 30% of the wavelength of the lowest operating frequency of the
antenna. The inner cone angle is generally from 30 up to 100 degrees;

e  The disc and the cone are separated by an insulator. The thickness of the insulator, determines
some of the antenna’s properties, especially near its high frequency limits [12].

Disc

Insulator

Circular cone
h L ’

Em e e e e =

|Coaxial cable-"
l

Figure 1. The main parts of the discone antenna: (i) the disc, (ii) the circular cone (iii) the insulator (left)
and the antenna prototype from copper foil, with an inner cone angle 90°, height 12 cm and low-cut
frequency 750 MHz (right).

2.2. Radio Amateurs’ Construction Combinations

Different dimensional combinations of the discone antenna previously tested by radio amateurs,
have demonstrated the following [16,17]:
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The construction is not extremely dimensional, if 0.58D < d < 0.75D and s << A (where s is the gap
between the disc and the cone). Angles from 60° to 100° represent the angle 0 values range that there
is a satisfactory matching for coaxial lines of 75 () and 50 (). Smaller angles, reflect better matching
with an 75 Q) line, while larger angles are best adapted to the 50 () line. However, the gain stability and
the mean gain of the antenna in the useful bandwidth seems to be inversely proportional to the inner
cone angle 0.

The useful bandwidth is defined by a peak SWR ratio of 3:1, at a frequency range of 10:1. For higher
frequencies the s/A ratio increases, while the useful bandwidth is constantly decreasing. The lower
operating frequency is determined by the height /. At the lower operating frequency (VSWR 3:1)
h ~0.21A. At this point, the gain of the antenna seems to increase as the length L (up to ~5dBi) is
increased, as opposed to the useful bandwidth, which decreases. The discone antenna can be operated
with a SWR ratio 2:1 at a frequency range of 4.5:1 in HF and 3:1 at the upper UHF band.

The horizontal radiation pattern (H-plane) is omnidirectional and the polarization is vertical.
The gain of the antenna varies between 1.5 and 5 dBi (1.5 dBi at the frequency where L ~ 0.281
and 5 dBi at the frequency where L ~ 0.7A, where L is the side length of the cone). Additionally,
by approaching the upper frequency limit of the useful operating range, maximum radiation occurs at
small angles (3—-10°) below the plane of the disc. At these frequencies, the discone antenna behaves as
a conical monopole.

2.3. Discone Antenna Construction—Design Expressions

With the aid of the design equations connecting the disc dimension to the antenna cone,
the prototype that is described in this study was made from 0.3-mm thick copper foil, with a
cone angle of 90° (Figure 1). The height h for the antenna is 12 cm, which determines the lower cut-off
frequency (in the present design corresponds to the frequency of Fyi, = 750 MHz), such as the response
of a high-pass filter [14]. The mathematical expression that connects the height / (in m) of the cone with
the wavelength A (in m), and consequently the cut-off frequency Fnin (MHz) of the discone antenna is
h/A = 0.3. Considering that the height 1 of the antenna is given by:

300

h = 0.3m (1)

The disc diameter d is correlated to the diameter of the cone D, by:
d = 0.7D 2)

A cylindrical SMA (female) type connector is attached to the top of the cone. The design that is
described in this work has been based on conclusions from measurements on several structures [16],
with common features: & > 0.21A at the lowest operating frequency, 30° < 6 < 100° and 0.58D < d < 0.75D
as shown in Table 1. Measurements have shown that the gain of the antenna is somehow inversely
proportional to its bandwidth, thus the design that is optimized for maximum bandwidth has minimum
gain. In this study, maximizing the bandwidth while keeping the impedance of the antenna as possible
near to 50 () was the main design criterion.

Table 1. The Proposed Discone Antenna’s Dimensions.

Fpin (GHz) h (cm) d (cm) D (cm) L (cm) O (deg.) S (cm)
0.75 12 16 23 17 90 0.5
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2.4. Antenna Simulation

The simulation of this antenna type was carried out with Antenna Magus software, to extract the
electrical characteristics and the radiation patterns in polar and cartesian form. The SWR is about 1.5:1,
and the reflection coefficient (511) ranges from —10 dB to —20 dB in a wide band of frequencies, as shown
in Figure 2. Simulation results fully confirmed the theoretical lower cut-off frequency of the proposed
prototype antenna as given by Equation (1). The 3D radiation charts were carried out in cooperation
with CST Microwave Studio Suite software, as shown in Figure 3. Radiation patterns simulations were
done at minimum (Fp,in, = 0.75 GHz), center (Feent = 1.5 GHz) and maximum (Fmax = 3 GHz) operation
frequencies, respectively.
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Figure 2. Reflection Factor in dB (left) and standing wave ratio (SWR) versus frequency (right) of the
discone antenna’s simulation results.

Figure 3. Radiation patterns (vertical plane) of the discone antenna at (a) minimum operation frequency
(left), (b) center operation frequency (center), (c) maximum operation frequency (right).

3. Basic Theory of the Dickson N-Stage Rectifier

A famous RF signal rectifier topology is the Dickson rectifier with two or N-stages, as depicted in
Figure 4a. The output of the circuit as a Voltage Doubler Rectifier (VDR) is given by:

Vout - ZVRFI‘H - Vﬂ’l] - Vﬂ’lZ (3)

where Vi1, Vyp are threshold voltages of the diodes Dy, D, respectively and Vgpj, is the RF input
voltage. It consists of two sections in cascade: a clamp consisting of elements C; and D; and a peak
rectifier, consisting of C, and D,. When the circuit is excited by a sine wave signal with amplitude V),
the clamping section produces a waveform that positive peaks are bounded to 0, while the negative
ones reach —2V),. Taking this waveform, the peak detector segment provides, along C;, a negative DC
voltage of magnitude 2V, [18].
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The individual stages of the VDR circuit can be in sequence (N steps), so as to increase the rectifier
output voltage at a resistive load, which is defined as [19]:

(N — 1) I1oad
foC
where I}, is the load current, C is the capacity of the blocking capacitors and f, is the operating

frequency of the system. Considering the losses of the substrate, the average input power is given by
the following equation:

Vout,Load = 2NVRF, —2NVy, — 4)

Vout VRFin
Pi =2N1D,smBl(—)exp(——)
Vr 2NV7 )

N 2
+ E VgutRSub (a)OCSub)

where V7 is the thermal voltage, B; is the modified first order Bessel function, Rg,, and Cg,;, are the
resistance and the substrate capacity, respectively [20]. By solving (5), it is noteworthy that for a
constant output voltage and power consumption, the larger the number of stages, the smaller the
input voltage required to obtain a given DC output voltage and thus power consumption. However,
the optimal number of stages is the trade-off between high DC output voltage and low power losses
due to diode consumption and substrate losses. Experimental tests have shown that the optimum
number of stages is between 1 and 2. High saturation current (Ip s,), low crossover capacitance (Cj) for
low threshold voltage Vy;,, small resistor in series (Rs), and finally low cross-resistance (Rj), are some
characteristics of a diode for loss reduction. The HSMS series of Avago diodes are a good solution,
commercially available for these applications [21,22].

4. The Rectifier Circuit Design

The rectifier design described in this study was based on a Dickson 2-Stage Rectifier; this topology
is actually a voltage doubler. The specific design was studied and simulated on Agilent ADS software
and was finally manufactured on a FR4 substrate with dielectric constant ¢, = 4.35. For the simulation
of HSMS-2862 Schottky diode [23], the corresponding models from the ADS software library were
used. For the passive components, general purpose models were used. The rectifier’s capacitors
values were selected at 100 pF to satisfy the condition for the time constant 7, to be much greater than
10 RF cycle for the operating frequency of the circuit, which corresponds to 0.58 nsec at 1700 MHz.
The storage element was connected at the rectifier’s output. The storage element is an AVX (TAJ Series)
330 uF surface mount device (SMD) tantalum capacitor, with very low equivalent series resistance
(ESR) value. In series with the tantalum capacitor, a half-turn coil with low thickness (~0.6 mm) was
placed, to act as a “RF choke” having an induction, approximately of 100 nH (Figure 4b).

CN71 DN
o T T —‘ [ L1 .
|
} Dy_4
|
| c3 D4 | Rowas F
joa
f { I Df__" - Cioad T Vout
D3 o
Ct D2 } |
C4—— | |
| |
| |
RF D1 c2 | |
| |
| |
— - K
(@) (b)

Figure 4. (a) Basic topology of the Dickson N-Stage Rectifier [2], (b) The proposed rectifier circuit
implementation from FR4 PCB board with dielectric constant ¢, = 4.35.
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5. The RF Rectifier Diode HSMS—2862

The basic rectifying element of the device was the AVAGO Schottky HSMS-2862 diode [23],
ideal for radio frequency applications due to its features, such as low switching time, low voltage
drop, short recovery time and low contact capacity. According to the manufacturer’s datasheet,
this component is capable of rectifying broadband signals with operating frequencies ranging from
915 MHz to 5.8 GHz used by modern wireless communications systems, such as DCS-1800, LTE, UMTS
and Wi-Fi. Indicatively, according to the datasheet, the sensitivity of the component reaches 35 mV/uW
at 2.45 GHz.

6. Broadband RF Energy Harvesting at the Electromagnetic Field

The proposed RF harvester was placed for testing at the laboratory and nearby a base station
in the urban environment, with transmissions from wireless communications systems, such as
DCS-1800, LTE, UMTS in the town of Heraklion, Crete, Greece. At the place of harvester installation,
the broadband electric field average value (about 3 V/m) and the equivalent power density average
value (about 0.023 W/m?) measured from a Narda AMS-8061/G frequency selective EMF area monitor
of the EMF project [24]. The storage capacitor’s voltage at a given time ¢, was measured with an
Axiomet AX-176 True RMS Multimeter / Datalogger. At the laboratory, the harvester was irradiated
from a 3115 ETS LINDGREN Horn antenna driven by Agilent E4438C generator, for the performance
evaluation of the system in several frequencies. The electric field value E and the equivalent power
density average value S, were measured from a Rohde & Schwarz—FSHS8 Spectrum Analyzer, at the
place of harvester installation. Finally, the discone antenna’s active surface (Ag) value was simulated
and also measured approximately according to ANSI C63.5 2006 EMC standard [25,26] at the laboratory
in several operating frequencies. The experiment setup is showed in Figure 5 and the measurement
results (storage capacitor charging response) are presented in Figure 6, respectively.

ETS LINDGREN 3115
v

. DES, UMTS

iaon

LiEs

Figure 5. (a) The broadband Discone rectenna experiment setup nearby a base station in the urban
environment, at Heraklion, Crete, Greece and (b) testing at the N.I.R.L laboratory of the Hellenic
Mediterranean University (HMU).



Technologies 2020, 8, 21 8of 13

1

RF Harvester Storage Capacitor Voltage (V)
RF Harvester Storage Capacitor Voltage (V)

O T O NV OT ONLOO TN T ONDDS T
838328380 REISTNRE3IESTE]N
QOO OCOCOCLOCOLLCLOLCOLOOC ™ ™ o ™ o o
O 00 000000000000 00 00 OO0 OC
Time (Min.) 1400 MHz 1900 MHz 1700 MHz  w==2100 MHz
@ (b)

Figure 6. The RF-EH’s storage capacitor (330 uF) charging response (a) from ambient broadband RF
energy harvesting with equivalent power density average value 0.023 W/m?, 200 m away from base
station in the urban environment, (b) testing in several frequencies at the N.LR.L laboratory.

7. Evaluation of Measurements and Applicability

From the obtained measurements, the storage capacitor’s (330 pF) maximum voltage value (Vmax)
was approximately 1 V. Thus, the stored energy can be calculated according to Equation (10), and
corresponds to 165 pJ. The storage element could have higher capacitance for higher energy storage in
contrast to a slower charging time. To sum up, the storage capacitor’s harvested energy derived from
the electromagnetic field, which was sufficient to power a load of 10 k() for 15 s, if we consider that:

7 = RC (6)

Thus, for a 10 kQ) load and a 330 uF storage capacitor, the constant time is 7 = 3.3 s. Knowing that
a capacitor is completely discharged at a time of 57, with these component’s setup, it can be assumed
that for 15 s the capacitor’s voltage will exponentially reduce to zero. For a constant time (t = 3.3 s),
the voltage will exponentially reduce due to 0.368V,, value as described by the solution of the 1st
order differential equation:

J

where V. (t) is the capacitor’s voltage at time ¢, Vs is the initial maximum voltage value from charging
at time f = 0, C is the capacitance value and R, the terminal resistive load value, respectively.

In general, small electronic devices with minimum power consumption requirements (e.g., WSN’s
node), can be powered from ambient RF Energy. The applicability of the proposed improved version
of storage-based RF energy harvesting system could be the power supply of a WSN’s node for Internet
of Things (IoT) applications [27]. A WSN’ node can be self-powered from ambient RF energy by the
storage-based harvester when the “wake-up” mode is active (e.g., for wireless data transmission).
On the contrary, at “sleep” mode of WSN’s node, the harvester’s storage capacitor will be charged
from the beginning etc.

Ve(t) = Vinax exp(—i @

8. RF Energy Harvesting Total Efficiency Estimation Approach

The performance of a RF Energy Harvester is defined as the ratio of the power delivered to its
output to the total available power in the harvester antenna. The average power of a capacitor, is a
function of charging time and corresponds to the variation rate of its energy as described by (8). In this
case, where the power is not constant, it is meant to refer to the energy at a given time.

dEcap.
Pover. = T (8)



Technologies 2020, 8, 21 90of 13

8.1. Total Efficiency of Narrow Band RF Energy Harvesting Systems

Assuming that, the total efficiency of a harvesting system (a), at a given time (t), can be described

by the following equation:

ECﬂ
alt) = ER;-]((;) ©)

where Eq (), the harvesting energy at the storage capacitor at time (f), and Egp (t), the energy of the
RF field at time (t). Knowing that, the harvesting energy at the storage capacitor at the same time (¢),
is given by:

Ep(t) = %CVc(t)2 (10)

where C, the capacitance value and V(t), the voltage at the storage capacitor at time (¢). The RF field
power is given by the following Equation:

Pre(f) = S(f)Aer(f) (11)

where S is the power density (W/m?2) and Aep, is the antenna’s active surface [3]. We can claim that the
energy of RF field at time (¢), is given by:

Exe(t) = f S(F)Auss(f) dt 12)
0

The time () can be considered a stable quantity and extracted out of the integral. Therefore, (12),
takes the form:

Ere(t) = S(f)Aers(f) (13)

Thus from (9), (10) and (13) we can assume that the total efficiency («) of a single carrier (narrow
band) harvesting system, at a given time (t), can be described by:

3CVe(t)’

U‘Nurrowbund(t) = W (14)

It is worth mentioning that all quantities in the above equations are measurable, and important to
determine for the efficiency of the harvesting systems.

8.2. Total Efficiency of Broadband RF Energy Harvesting Systems

We can assume that the RF energy of the operating bandwidth at time ¢ is given by:

t f
Ew) = [ [ S()As() d 15
0 A
where f1, f, the lower and the upper RF frequency of the operating bandwidth respectively, S the
power density (W/m?), A the antenna’s active surface, and (f), a given time can be considered a stable
quantity and extracted out of the integral. Therefore (15), takes the form:
f2
Ene(t) = ¢ [ S(As(f) f 0
f
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From (9), (10) and (16) we can claim that the total efficiency (@) of a broadband RF-EH system at a
given time ¢, can be described by:

lev,(t)? )

ABroadband (t) =

f
fff S(f)Acfr(f) df

The narrowband total efficiency estimation of the system was computed according to (14) as
shown in Figure 7, and the broadband total efficiency estimation of the system was computed according
to (17) as shown in Figure 8, respectively.

Steady State

RF-EH Total Efficiency
RF-EH Storage Capacitor Voltage (Volts)

RF-EH Total Efficiency

Transient State

RF-EH Storage Capacitor Voltage (Volts)

Time {Min.)
1500 MHz 1700 MHz
a1400 0

— 7100

(a) (b)

Figure 7. (a) The RF-EH’s total efficiency response (a) at 1700 MHz and (b) the RF-EH’s total efficiency
in several operating frequencies, tested at the laboratory. The RF-EH’s storage capacitor charging
response is showen by the dashed lines, respectively.

Ref. -10,0 dBm «RBW: 100 kHz «SWT: 200ms Trace: Clear/Write
«Aw: 0dB «VBW: 1 MHz Trig: Free Run »Detect: RMS
1690238095 GHz -30.7 dBm

r

1

RF-EH Total Efficiency
RF-EH Storage Capacitor Voltage (Volts)

1 i i et i s it i e s s
16902360952 GHz

Start 1.63 GHz ) ) ) ) Stop: 1.78 GHz

ST
Peak Next Peak  Minimum Marker Level=Mkr

(a) (b)

Figure 8. (a) The broadband received RF signal (1650 MHz-1750 MHz) at Rohde & Schwarz—FSHS8
Spectrum Analyzer and (b) the RF-EH’s broadband total efficiency response (a).

The capacitor’s charging is a transitional process. Knowing that, from the obtained measurements
it can be concluded that the storage element save energy only at the Transient state and ceases to save
at Steady state.



Technologies 2020, 8, 21 11 of 13

8.3. RF-EH Storage Efficiency Maximization

Knowing that the capacitor’s voltage is a function of the charging time, that exponentially reduces
to Viuax, as described by the solution of the 1st order differential equation:

Ve(t) = Vmax[l —exp(—R f C)] (18)
equ

where V.(t), is the capacitor’s voltage at time f, Vinax is the maximum voltage value, C is the
storage capacitor value and Ry, is the Thevenin equivalent resistance of the Dickson rectifier in the
proposed topology.

Considering (10), the storage capacitor saves maximum value of RF energy, when the variation rate
of its voltage is maximized, and thus the total efficiency (a) of the system is maximized. The variation
rate of storage capacitor’s voltage dV(t)/dt, corresponds to the 1st derivative of the charging curve.
Thus, the 1st derivative of V(t) from (18) is given by:

av(t
dt ReqoC ReqoC
From (19), we can claim that the variation rate of storage capacitor’s voltage dV(t)/dt is maximized,
at the beginning of the charging (Transient state), and thus the total efficiency (o) of the system, as

shown in Figure 8. When the storage capacitor’s voltage reaches its maximum value, the element
ceases to save more energy (Steady state), and the average power Py is minimized [28].

9. Conclusions and Future Aspects

This study demonstrates a broadband energy harvesting system implementation to utilize base
station signals from LTE, DCS-1800 and UMTS-2100 mobile systems in the downlink frequency band,
in order to charge a storage energy element (330 uF) efficiently at the urban environment in a short
time (about 1 min) at 1 V. Measurements proved that a 10 k() load can be powered for 15 s from
ambient RF harvested energy with broadband E-field average strength value of 3 V/m (0.023 W/m?
power density average value). The total efficiency a of the proposed harvester system is maximized
at the beginning of the storage capacitor’s charge, as proven from measurements. Thus, a future
aspect can be the construction of a pulse harvester system by switching of storage elements to utilize
the efficiency maximization at the transient state, taking full advantage of inactive charging time.
A prototype rectifier implementation with higher harvesting sensitivity characteristics, will be a new
challenge as another future aspect. The available total harvested power can be increased by increasing
the bandwidth of the system, in order to collect energy from more sources in a wider frequency range,
using an ultra-wideband (UWB) antenna, such as the proposed discone antenna.
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