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Abstract

The high tech industrial revolution in the last fifty years depleted and ruined
the planet natural resources. Energy harvesting is the main challenge in the
research in green technologies. Compact wideband efficient antennas are
crucial for energy harvesting portable sensors and systems. Small antennas
have low efficiency. The efficiency of 5G, IoT communication and energy
harvesting systems may be improved by using wideband efficient passive and
active antennas. The system dynamic range may be improved by connecting
amplifiers to the small antenna feed line. Ultra-wideband portable harvesting
systems are presented in this paper. This paper presents new Ultra-Wideband
energy harvesting system and antennas in frequencies ranging from 0.15 GHz
to 18 GHz. Three wideband antennas cover the frequency range from 0.15
GHz to 18 GHz. A wideband metamaterial antenna with metallic strips covers
the frequency range from 0.15 GHz to 0.42 GHz. The antenna bandwidth is
around 75% for VSWR better than 2.3:1. A wideband slot antenna covers the
frequency range from 0.4 GHz to 6.4 GHz. A wideband fractal notch antenna
covers the frequency range from 6 GHz to 18 GHz. Printed passive and active
notch and slot antennas are compact, low cost and have low volume. The ac-
tive antennas may be employed in energy harvesting portable systems. The
antennas and the harvesting system components may be assembled on the
same, printed board. The printed notch and slot antennas bandwidth are
from 75% to 100% for VSWR better than 3:1. The slot and notch antenna
gain is around 3 dBi with efficiency higher than 90%. The antennas electrical
parameters were computed in free space and near the human body. There is a
good agreement between computed and measured results.
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1. Introduction

In the last fifty years, the universe has suffered rapid changes in climate. It is ob-
vious in 2020 to most of the world population that green energy is crucial to save
the universe from climate changes. The rapid spread of diseases and ma-
cro-parasites, and the extinction of species are the direct result of climate
changes. In the last twenty years, the idea of using free space energy in the forms
of light, heat, vibration, electromagnetic waves, muscle motion and other types
of energy, has become useful and challenging. A number of methods to produce
electricity from these different types of energy sources have been investigated
and developed [1] [2] [3] [4]. Energy harvesting systems provide green energy
and may eliminate the need to replace batteries every day and the usage of power
cords. Batteries and cables waste pollute the environment. To use as much free
space energy as possible it is important to harvest the electromagnetic power
from wideband range of wireless communication systems. In these cases, we
should use ultra-wideband antennas. Moreover, a programmable array with two
to four antennas can harvest energy from 100 MHz to 18 GHz. The energy har-
vesting antenna must satisfy the requirements related to the system application.
Due to considerably low-power electromagnetic energy densities in free space,
highly efficient antennas are significant. The antennas should operate at a spe-
cific frequency range and polarization. The antenna radiation pattern should
have a wide beam width or omnidirectional radiation pattern. Several printed
antennas were employed for harvesting energy applications [4] [5] [6] [7]. Patch
and slot antennas are widely used in communication and medical system
[4]-[24]. Wideband printed compact slot and notch antennas are good choices
to function in wideband harvesting energy systems. Slot and notch antennas are
compact, low cost, flexible, and efficient. Moreover, a compact low-cost energy
harvesting network and matching network may be achieved by integrating the
system RF components with the antennas on the same substrate. Printed com-
pact antennas are widely presented in the literature in the last twenty years as
referred in [7]-[25]. Human body effect on the electrical performance of weara-
ble medical system and antennas at microwave frequencies should be consi-
dered. Electrical properties of human tissues have been presented in several pa-
pers such as [26] [27]. Several wearable antennas were presented in books and
papers in the last years as referred in [27]-[36]. Printed notch and slot antennas
for harvesting energy applications are rarely presented in the literature. New ul-
tra-wideband wearable antennas for 5G, IoT and medical RF systems with ener-

gy harvesting units are presented in this paper.

2. Energy Harvesting Systems for 5G, [oT, Medical and
Computer Industry

In the last decade, there is a significant increase in the amount of electromagnet-
ic energy in the air. Almost every person has a cellular phone tablet and other
communication devices. In electromagnetic energy harvesting systems, the elec-

tromagnetic waves propagating in free space may be received by harvesting an-
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tennas and converted to electric energy that is used to charge batteries and for
other devices. The expected amount of radio wave in the air in 2019 was 33
Exa-bytes, EB, per month. However, the expected amount of radio wave in the
air in 2025 is expected to be 164 Exa-bytes per month, see Table 1. Table 1
presents the expected amount of radio wave in the air for 2G, 3G, 4G, and 5G
networks. 5G is forecast to account for 45% of global mobile data traffic by 2025.
Computations per KWh from 1985 to 2018 are listed in Table 2. Energy sources
used in harvesting systems are listed in Table 3. Communication services such
as television, GSM, wireless local area networks, WLAN, and Wi-Fi covers the
frequency range from 0.2 GHz to 5.4 GHz. Wireless communication systems
operate in the frequencies from 700 MHz to 270 OMHz. Medical systems operate
in the frequencies from 200 MHz to 1200 MHz. WLAN systems operate in the
frequencies from 5400 MHz to 5900 MHz.

RF energy is inversely proportional to distance and therefore drops as the dis-
tance from a source is increased. Harvested power from RF energy sources is
lower than 0.1 mW/cm’. Electromagnetic energy harvesting system is shown in
Figure 1. A programmable array with 3 to 4 antennas can harvest RF energy
from 0.15 GHz up to 18 GHz. The received RF energy may be combined after
transformed to DC power.

Table 1. Expected amount of radio wave in free space from 2015 up to 2025.

Total amount of radio Amount of radio wave in free Amount of radio wave in

Year wave in free space space EB per month free space EB per month
EB per month 2G, 3G, 4G 5G

2015 4.4 4.4 0

2017 11 11 0

2019 33 33 0

2021 60 50 10

2023 100 75 25

2025 164 85 79

Table 2. Computations per KWh from 1985 to 2018.

Year Computations per KWh (1E+09)
1985 50
1987 100
1992 1000
1997 10,000
2003 100,000
2008 1,000,000
2010 15,000,000
2012 20,000,000
2014 30,000,000
2016 40,000,000
2018 50,000,000
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Table 3. Energy sources used in harvesting systems.

Energy Source Type Efficiency Estimated Harvested Power
Light Outdoor/Indoor 10% - 25% 100 mW/cm?
H ~0.1% 60 uW/cm?
Thermal uma? ° uW/cm i
Industrial ~3% ~1-10 mW/cm
L ~Hz-human ~4 pW/cm?®
Vibration K 20% - 50% 5
~kHz-machines ~800 uW/cm
) 900 - 2700 MHz 0.1 pW/cm?
Electromagnetic . ~50% )
Wi-Fi, WLAN 0.001 uW/cm
RF GSM 1 GHz Wireless GSM ~50% 0.1 up to 1 mW/cm?

IOT, Computer, Sensor

_ Antenna Energy harvesting Receiver LNA )
Transmitter Switch
e 4 >
::-I ..'.A
v . . Rectifying circuit §
S 2 Rechargeable Battery
e, Programmable Array ° —/

Y - +5V
12 TN DC and Control
Rectifying circuit Couplers
“~<T_ Rechargeable Battery

Figure 1. Dual mode programmable array energy harvesting system.

The RF energy harvesting system consists of antennas, matching and feed
networks, rectifying circuit, and a rechargeable battery. The harvesting energy
system operates as a dual mode RF harvesting system. The harvesting unit can
be part of a medical, IoT, computer, and smartphone. The LNA DC bias voltages
are supplied by the receiving system The Low Noise Amplifier is part of the. The
energy coupled to the transmitting built in test, —20 dB, may be harvested and
used to charge a battery. We can calculate the energy harvesting link budget by
using Equation (1) if the antennas are matched and there are no losses in the
medium. However, if the antennas are not matched and the RF energy propa-
gates in a lossy media, we can calculate the energy harvesting link budget by us-
ing Equation (2). Wireless smartphone using standard 802.11 can transmit up to
1 Watt. Free Space Loss (Z,) represents propagation loss in free space. Losses due
to attenuation in atmosphere, L, =e ", should be accounted for in the trans-

mission equation.

4nR

ALY : 2\
P.=PG,G, (—) (1=[r, ) (1=, e

P =PGG, [ij 1)

2

e (2)

2
. . 4nR .
The attenuation constant is & . Where, L, :(Tj . The received power

) PG,G - .
may be given as: P. = % Losses due to polarization mismatch,

P
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2
* . . PRy
L, = |a,ar , should also be accounted. Losses associates with receiving anten-

?, should be accounted in computation

na, L, and with the receiver, L =1-

ra L,
of transmission budget. Losses associates with the transmitting antenna as writ-
ten as, L, :1—|Ft|2. Where: I', is the reflection coeficient of the receiving
antenna.
»___ PGG,
" LLL,L,L LL.

pa~ta""ra"" pol

(3)

I, is the reflection coeficient of the transmitting antenna. P, =P, /L, .

P, = Transmitting antenna power. L, = Loss between power source and anten-

na.
EIRP = Effective isotropic radiated power. Where, EIRP= P,G,. Where,

P: EGtGr
" LLLL.L,L

'p~atara"~ pol “other

_ EIRPxG,
LLL,L,L Lol

p~a"ta""ra"" pol ~other —r

P,GG.

out

LLLLL L L

't~ pa"ta""ra"~ pol “other

L

(4)

L

¥

P
G, Gain in dB; and Z, Loss in dB are written as: G=10-log(;—“’] dB,

in

L= lolog[ij dB.

out
The received power P, in dBm may be calculated by using Equation (5). The
received power P, is referred to as the “Carrier Power”. Personal Computer

Memory Cards using standard 802.11 can transmit up to 100 mW.
P =EIRP-L,-L,-L,~-L,, —L,~L,, +G, L, (5)

other

Figure 2 presents a wideband receiving system, 500 MHz - 18 GHz, with
energy harvesting units.
Figure 3 presents a wideband transmitting system, 500 MHz to 18 GHz, with

energy harvesting units.

Rechargeable Battery BITV

150MHz -0.5GHz

D\A ... &+"" Combiner/ ITTTTTTTTA

PRI Switch ! ] \
D/' \ LNA i i

0.5GHz -6GHz V.. \ Coupler Receiver, Computer, IOT
> Lo
\ 6GHz -18GHz I I BIT V
Rectifying Circuit — mm Rechargeable Battery
+5V —

DC and Control

Figure 2. Wideband harvesting receiving programmable array system.
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Figure 3. Optimized harvesting transmitting programmable array system.

Three wideband antennas are employed in the receiving and transmitting sys-
tems presented in Figure 2 and Figure 3. The first antenna covers frequencies
from 150 MHz to 0.5 GHz. The second antenna covers frequencies from 500
MH?z to 6 GHz. The third antenna covers frequencies from 6 GHz to 18 GHz.
The receiving and transmitting systems can harvest energy from 150 MHz to 18
GHz. Almost in every transmitting or receiving channel part of the energy, —10
dB to —20 dB, is coupled to a built in test port. This RF energy can be trans-
formed to DC energy and can be used to charge electrical devices. In the receiv-
ing channel the received RF energy from 150 MHz to 6 GHz is transferred via a
wideband combiner or SPDT to a second SPDT that is connected to the 6 GHz
to 18 GHz antenna. The output of the second SPDT is connected to a third wi-
deband SPDT via a wideband LNA. The LNA is part of the receiving channel.
The output of the third SPDT transfer the receiving RF energy to the receiving
channel or to the harvesting system. A wideband amplifier transfers the received
RF signal to the receiver. The received RF energy is coupled, —10 dB to —20 dB,
is coupled to a Built in Test port. This RF energy is transformed into DC energy
and may be used to charge electrical devices. A wideband switching matrix con-
nects three power amplifiers to three transmitting antennas. The first antenna
covers the frequency range from 150 MHz to 0.5 GHz. The second antenna cov-
ers frequencies from 500 MHz to 6 GHz. The third antenna covers frequencies
from 6 GHz to 18 GHz. A DC unit supplies the bias voltages to the amplifiers
and controls the switching matrix state. The harvesting system may consist one
to three antennas according to the system requirements. The antennas may cov-

er the frequency range from 150 MHz to 6.4 GHz only.

3. Wideband 150 MHz to 0.4 GHz, Energy Harvesting
Antenna

RF energy in the frequency range from 150 MHz to 500 MHz may be harvested
by a wideband compact metamaterial antenna as presented in Figure 4. The an-

tenna is a dual polarized printed dipole and slot antennas with Split Ring Reso-
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nators and metallic strips. The microstrip loaded dipole antenna with SRR pro-
vides horizontal polarization. The slot antenna provides vertical polarization.
The dipole feed network is printed on the first layer. The radiating dipole with
SRR is printed on the second layer. The thickness of each layer is 0.8 mm. The
length of the antenna with SRR is 19.8 cm. The SRR ring width is 1.4 mm the
spacing between the rings is 1.4 mm. The antennas have been analyzed by using
electromagnetic software. The matching stubs and metallic strips locations and
dimensions have been optimized to get the best VSWR results. The S11 parame-
ter of the metamaterial antenna with metallic strips is presented in Figure 5. The
antenna bandwidth is around 75% for VSWR better than 2.3:1.

The antenna radiation pattern is shown in Figure 6. The 3D computed radia-
tion pattern is shown in Figure 7. Directivity and gain of the antenna with SRR

are around 5 dBi.

/ Rechargeable Battery

NS
\ -//A\\-/

Rectifying circuit

-~
Strips

Figure 4. Wideband antenna with SRR and Metallic strips.
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Figure 5. S11 for antenna with SRR and metallic strips.
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Figure 6. Radiation pattern for antenna with SRR and metallic strips.

DOI: 10.4236/jst.2021.111001

7 Journal of Sensor Technology


https://doi.org/10.4236/jst.2021.111001

A. Sabban

330

180 o Y
150 X

30
60 90 120

Figure 7. 3D Radiation pattern for antenna with SRR.

4. Wideband 400 MHz to 6.4 GHz, Energy Harvesting Slot
Antenna

RF energy in the frequency range from 400 MHz to 6.4 GHz may be harvested
by a wideband compact T shape slot antenna as presented in Figure 8. The slot
antenna is printed on a dielectric substrate with dielectric constant of 2.2 and 1.2
mm thick. The dimensions of the slot antenna shown in Figure 8 are 116 x 70 x
1.2 mm. The antenna electrical parameters were calculated and optimized by
using ADS software [37]. The S11 parameter of the wideband T shape slot an-
tenna is presented in Figure 9. The radiation pattern of the wideband T shape

slot antenna at 1.5 GHz is shown in Figure 10. The antenna gain is 3 dB.

5. New Compact Ultra-Wideband Harvesting Notch Antenna
5.8 GHz to 18 GHz

A wideband notch antenna with fractal structure has been designed. The anten-
na is printed on a dielectric substrate with dielectric constant of 2.2 and 1.2 mm
thick. The notch antenna is shown in Figure 11. The notch antenna dimensions
are 11 x 7.7 mm. The antenna center frequency is 12 GHz. The antenna band-
width is around 100% for S11 lower than -5 dB, as presented in Figure 12. The
notch antenna VSWR is better than 3:1 for more than 90% of the frequency
range from 5.8 GHz to 18 GHz. The antenna beam width is around 84°. The an-
tenna gain is around 3.5 dBi. Figure 13 presents the radiation pattern of the wi-
deband notch antenna with fractal structure at 8GHz. The antenna matching
network was optimized to get better S11 results at 16 GHz to 18 GHz. The length
and width of the stubs were tuned to get better S11 results at 16 GHz to 18 GHz.

6. Wideband Energy Harvesting Systems and Applications

As presented in Figure 1 the programmable array energy harvesting system
consists of wideband programmable antenna network, a rectifying circuit, and a
rechargeable battery. A rectifier is a circuit that converts electromagnetic energy,
alternating current AC, to direct current (DC). Half wave rectifier or full wave
rectifier are used to convert electromagnetic energy to DC electrical energy. A
Half wave rectifier with a capacitor is presented in Figure 14. A half-wave rec-
tifier conducts only during the positive voltage half cycle. It allows only one half
of the electromagnetic waveform to pass through the load. The rectifier output

DC voltage, V0 is given in Equation (5). The rectifier output voltage may be
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improved by connecting a capacitor in shunt to the resistor. The time constant
7 should be lower than 7.

A A I
N T A S N | I
¢ 15 | oA AR
: |\
-25 W

0.4 1.4 2.4 3.4 4.4 5.4 6.4

Frequency

Figure 9. S11 of a wideband printed T Shape ener-
gy harvesting slot antenna.

Efficiency [%]

Gain  Directivity

100.000

Mag. [dBi]
_-90°

|THETA=25.000 | - y
\ |10°l0g10(mag(Directivity))=3.045 K/

m1
\/ ~ |THETA=46.00p A
N [10%l0g10(mag(Directivity))=0.078

7 180° a
THETA (-180.000 to 180.000)

Figure 10. Radiation pattern of a wideband wearable
printed T shape slot antenna at 1.5 GHz.
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Rectifying circuit
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Figure 11. A wideband 5.8 GHz to 18 GHz notch antenna with fractal structure.
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I
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Figure 12. A wideband 5.8 GHz to 18 GHz notch antenna

with fractal structure, S11 results.
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Figure 13. Radiation pattern of the wideband notch an-
tenna with fractal structure at 8 GHz.
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\/max

C Vout
o R )
Vin VS = V(] W /min
- ‘ ’«—T4>’ t
«—— T —™

Figure 14. Half wave voltage rectifier with a capacitor.

1 2n )
Vo ne =—IV£4AX sin(wt)d(ot); o=2nf
’ 2n
Vo =Vs =Vooy = Vs V(;WAX =V, (5)
Vobe =V, /ﬂ:
y
V”'pl’le = Vl = Vmar - Vmin = . (6)
’ fCR

where, 7 =RC < T . The half wave rectifier efficiency is 40.6%. Only 40.6% of
the input AC power is converted into DC power. Where r£is the diode resistance
is negligible as compared to R.

A Half wave bridge rectifier is shown in Figure 15. The bridge full wave rec-
tifier circuit is used to convert AC energy to DC energy and for DC power sup-
pliers. The bridge rectifier consists of four diodes D1 through D4, as shown in
Figure 15. During the positive input half cycle, terminal A will be positive and
terminal B will be negative. Diodes D1 and D2 will become forward biased and
D3 and D4 will be reversed biased. The rectifier output DC voltage,

Vope =2V, /n, The rectifier output voltage may be improved by connecting a
capacitor in shunt to the resistor as shown in Figure 15.

The half wave rectifier efficiency is 81.2% as presented in Equation (7). This
means that only 81.2% of the input AC power is converted into DC power. The
harvested voltage from the three antennas is V7, as written in Equation (8).
The total DC energy is Py, as written in Equation (9). The actual harvested

energy is Pas written in Equation (10).

2
21
o Ik
_ (?u put power _ 12'c 0812 )
AC input power I,
> (R+1f)
VTUtal = Vl + VZ + I/S (8)
VZ
ota, 2
PTotal = 7}51 :[mR (9)
V2
P=081F,,, :0.81%:0.8115112 (10)

A Schottky diode may be used in the rectifier circuit. Schottky diodes are
semiconductor diodes which have a low forward voltage drop and a very fast

switching action. There is a small voltage drop across the diode terminals when
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current flows through the diode. The voltage drop of a Schottky diode is usually
between 0.15 and 0.4 volts. This lower voltage drop provides better system effi-
ciency and higher switching speed. A normal diode has a voltage drop between
0.6 to 1.7 volts. RF energy harvesting systems can be used to charge wearable de-
vices. Figure 16 presents a wearable harvesting system with a wearable battery
charger attached to a patient shirt. A wideband energy Harvesting panel with
three antennas is presented in Figure 17.

The panel dimensions are 20 x 12 x 0.02 cm. This panel can harvest energy in
frequencies from 150 MHz to 18 GHz as part of communication, medical, and

IoT systems.

+
D, R C::
D VO Vout -
v, * R ] ymin
- | ’*-—T 4,’ Tt
«— [T —

Figure 15. Full wave bridge voltage rectifier with a capacitor.

Harvesting Il y

Antennas

Patient

Stomach

Patient

Batt
attety Shirt

Charger

Figure 16. Medical wearable harvesting system.
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\ echargeable Battery
— —> s\
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Figure 17. Wideband RF energy harvesting panel.
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Figure 18 presents a photo of a wideband metamaterial antenna with metallic
strips, 150 MHz - 0.5 GHz. Figure 18(a) presents the antenna feed network and
the metallic strips. Figure 18(b) presents the dual polarized metamaterial an-
tenna with four SRRs. Figure 19 presents a photo of a wideband T shape slot
antenna, 420 MHz - 6.4 GHz. These antennas can be used to harvest RF energy
to charge wearable devices and sensors. The UHF dual polarized antenna can be
attached to the patient stomach or back. The wideband T shape slot can be at-
tached to the patient stomach or back. The wideband compact notch antenna
can be also attached to the patient stomach or back. These antennas provide a
wideband wearable communication system with a wideband RF harvesting sys-
tem. Wearable Body Area Network with energy harvesting system for medical
applications is presented in Figure 20.

A comparison of computed and measured results of compact wearable anten-
nas for medical, 5G and IoT systems is listed in Table 4. Printed dipoles with
and without SRR were presented in [9] [10].

Table 4. Comparison of electrical characteristics of energy harvesting antennas [9] [10].

Computed Measured

Antenna Frequency (GHz) Bandwidth % VSWR Gain dBi  Gain dBi
Printed dipole [9] 0.43 5-10 2:1 2-3 2-3
Dipole with SRR 0.4 8-12 2:1 5-7 5-7
Dipole (SRR and strips) [10] 0.14 to 0.42 UWB 2.5:1 5-7.5 5-75
Slot [10] 1to4 UWB 2:1 3 3
T shape slot [10] 0.4 to 6.4 UWB 3:1 3 3
Notch [10] 6to 18 UWB 3:1 3 2-3

Figure 18. Wideband Energy harvesting metamaterial UHF antenna.
(a) The antenna feed network and metallic strips. (b) Dual polarized
UHF energy harvesting metamaterial antenna with four SRRs.
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16mm

T SHAPE SLOT

Figure 19. A photo of wideband energy harvesting slot an-
tenna, 400 MHz - 6 GHz.
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Doctor C
Energy Harvesting
Medical Center

Wearable Devices With Wearable Devices with

energy harvesting system energy harvesting system

Figure 20. Wearable Body Area Network with energy harvesting system for medical
applications.

7. Conclusion

This paper presents a new Ultra-Wideband energy harvesting system and an-
tennas in frequencies ranging from 0.15 GHz to 18 GHz. Three wideband an-
tennas cover the frequency range from 0.15 GHz to 18 GHz. A wideband meta-
material antenna with metallic strips covers the frequency range from 0.15 GHz
to 0.42 GHz. A wideband slot antenna covers the frequency range from 0.4 GHz
to 6.4 GHz. A wideband fractal notch antenna covers the frequency range from 6

GHz to 18 GHz. The electromagnetic energy is converted to DC energy that may
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be employed to charge batteries, wearable medical devices, IoT, laptop batteries
and commercial Body Area Networks, BANs. The harvesting energy system op-
erates as a dual mode RF harvesting system. The harvesting unit can be part of a
medical, IoT, computer, and smartphone. The notch and slot antennas were
analyzed by using 3D full-wave software. Harvested power from RF transmitting
links is usually lower than 0.1 pW/cm?. All antennas presented in this paper can
operate also as active antennas. Active antennas may improve the energy har-
vesting system efficiency. The wideband RF energy harvesting system consists of
wideband antenna, DC and control unit, a rectifying circuit, and a rechargeable
battery. The harvesting energy system operates as a Dual Mode Energy harvest-
ing system. The active devices DC bias voltages are supplied by the communica-
tion system. The wideband programmable energy harvesting panel can harvest
energy in frequencies from 150 MHz to 18 GHz as part of communication,
medical, and IoT systems. The antennas presented in this paper provide a wide-
band wearable communication system with a wideband RF harvesting system.

There is a good agreement between computed and measured results.
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