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Abstract — A compact seven band coplanar waveguide
fed planar inverted F antenna (PIFA) is presented. The
proposed antenna is designed to harvest the ambient
radio frequency energy at GSM 900, GSM 1800, LTE
band 11and 7, UMTS 2100, Wi-Fi 2.4, LTE and WIMAX
5.2. The antenna is simulated using 3D electromagnetic
simulators CST and HFSS. Moreover, the antenna is
fabricated and it is used to measure the indoor RF
spectrum in Egypt. A simple AC to DC converter unit is
designed by using HSMS 2850 Schottky diode to convert
the collected RF energy to DC energy. The antenna and
the AC to DC converter are integrated to form the RF
energy harvesting system. The maximum measured
efficiency obtained at 2.4 GHz is about 63.7%.

Index Terms— Ambient RF waves, Energy Harvesting
(EH), Internet of things (10T), Printed F Antenna (PIFA),
rectifier, rectenna, Radio Frequency (RF).

I. INTRODUCTION

Internet of things (l1oT) is a system that connects
anything at any time through the internet to enable
exchanging and collecting data [1]. The 10T system
consists of six main items which are identification,
sensing, communication, computation, services, and
semantics. The identification stage is to mark each object
by a unique identifier. Then sensors are used to collect
data from the objects after that the collected data is sent
to the database or cloud to be analyzed for performing
the required user actions. Gas, light, and motion are
examples of loT system sensors. The computation
services for 10T are processed using microcontrollers.
Microcontrollers are devices that use limited power to
perform a simple and specific function. The semantics is
the final process and it refers to the ability of extracting
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the knowledge in a smart manner. Semantics also include
properly analyzing data collected in order to make sense
of the right decision to provide the required service. So,
semantic is considered the brain of the 10T by sending
the correct request to the right resource [2]. The loT
sensors nodes and controllers need to be powered by an
electrical source. Usually the 10T sensors can be replaced
anywhere also they may be buried or fixed in a specific
location according to the required 10T application. So
that batteries are used to power sensors because it will be
extremely complex to power the IoT sensors by wire
cables. However, the batteries are not the ideal solution
for powering these sensors because after a certain time
the batteries need to be replaced. As a result of that using
energy harvesting for powering 10T sensors is the
solution [3].

Fig. 1. The structure geometry of optimized antenna.

There are different energy harvesting sources. These
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different sources can be classified into three main
categories which are thermal, radiant, and mechanical
energy harvesting. The thermal energy can be collected
from a body heat or from an external source of heat [4,
5, 6]. The mechanical energy has a lot of shapes like the
body motion, vibrations, air flow, and blood flow [7].
The radiant energy can be found in the form of visible
light, infrared waves, or radio waves [8].

Nowadays the electromagnetic energy exists in all
places (faculties, companies, trading centers, streets).
That is because of the spectacular growing of wireless
devices and as a result of that the sources of the radiated
RF energy have been enlarged. The RF energy is located
at the air all the day even at the night but it has distinct
levels of power according to the distance from the
electromagnetic source. RF energy harvesting system
consists of receiving antenna, rectifier, matching circuit
in between the antenna and rectifier. So, the overall
system is called (rectenna) which means the rectifier
integrated to the antenna. There are a lot of antennas
which were designed for the ambient RF energy
harvesting. In [9] microstrip antenna was used to harvest
the ambient power from the downlink GSM-900 system.
A novel of dual linear polarization antenna was
introduced in [10]. Where the antenna has two ports, the
horizontal port was used for the data communication
and the vertical port was used for the energy harvesting
with a good isolation between the two ports. A CPW
broadband fractal antenna was designed for RF energy
harvesting in [11] where a simple rectifier circuit was
designed at frequency of 2.4 GHz.

The rapid progress of wireless communication
makes multiband antennas important. A tri-band
microstrip-fed slot antenna was designed for WLAN/
WIMAX applications in [12]. Multi-band (UWB)
Multiple Input Multiple Output (MIMO) antenna was
designed in [13] to meet the requirement of multi-
band/UWB communication applications. In [14] a small-
size CPW-feed multi-band planar monopole antenna
was introduced. A novel of compact triband coplanar
waveguide fed metamaterial antenna was proposed in
[15].

In this paper a CPW fed PIFA antenna operates at
seven different frequency bands is introduced, Fig. 1.
The proposed antenna is designed to harvest RF energy
at mobile application frequency bands of GSM 900, LTE
band 11 (1.4 GHz), GSM 1800, UMTS 2100, LTE band
7 (2.6 GHz), Wi-Fi 2.4 and WIMAX 5.2 applications.
The fundamental operating frequency of proposed
antenna is at 0.9 GHz. Its size is reduced by about 36.4%
compared to traditional PIFA antenna operating at this
frequency. Moreover, the designed antenna has more
compact size than the CPW fed PIFA antennas which
were designed before at the same frequency 0.9 GHz and
at higher frequency 2.4 GHz. The antenna in [16] was
designed to operate at 2.5 GHz however it has a large
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area. While the antennas in [17-19] have compact areas
but they have large thickness of 8 mm and they are not
compatible with RF energy harvesting.

The paper is organized as the following: Section
Il presents the proposed antenna design procedure in
details. Section Il presents the measured results of
fabricated antenna and ambient RF spectrum in Egypt.
The rectifier design, simulation results, and the
measurement results are presented in Section IV. Section
V introduces the overall RF system integrated and
measured. The conclusion is given in Section VI.

I1. ANTENNA DESIGN PROCDEDURE

The antenna is designed on the low-cost FR-4
substrate with a dielectric constant &=4.5, tan 6 = 0.02
and substrate thickness equal to 1.6 mm. The antenna has
area of WxL. A 50 Q feeding line with width of Ws and
length of L is used to feed the antenna. Particle Swarm
Optimization (PSO) in the CST program package [20] is
used to optimize the antenna reflection coefficient. The
separation gap between the feeding line and the ground
plane is g. The ground plane length is Ly. By comparing
the area between the compact PIFA with dimensions
70x60x1.6 mm?® and the traditional CPW PIFA with
dimensions 110x60x1.6 mm?® which resonates at the
same resonant frequency 900 MHz in Fig. 2 (a), we found
that the reduction between the two antennas size is 36.4%.
This is indicated in Figs. 2 () and 2 (b). In addition to
that, the proposed antenna has seven resonant bands. The
start point is optimization for (Ws, g) and design of a
traditional PIFA fed by CPW in order to operate at 0.9
GHz. The open-ended arm (armi) length is shown in
Fig. 2 (a) of traditional PIFA antenna is calculated using
equation 1 [18]. Where f is the resonant frequency, ees IS
the effective dielectric constant of the substrate:

c

4f [€eff '
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A. Antenna design steps

The proposed antenna design steps are as the
following: first the short-ended arm of the traditional
CPW fed PIFA antenna is sloped by 40°in order to reduce
the antenna size as shown in Fig. 2 (a). Second step
is performed by meandering the open-ended arm.
Meandering of arm; reduces the total length from L,
to Ly, as La= 91 mm and L,=63 mm. Then another arm
(army) is added as shown in Fig. 2 (b). By adding arm;
two frequency bands are achieved. After that other three
arms of (arms, arms, arms) are added to the antenna, each
arm improves the antenna matching and increasing extra
band according to the arm length and position. This can
be seen in Fig. 3 which indicates the reflection coefficient
variation versus frequency for each step in the antenna
design. We can notice that by adding extra arm a new
resonant frequency appears. Table 1 lists each arm length
and the corresponding resonant frequency.
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Fig. 2. (a) to (e) Design steps of the proposed antenna.
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Fig. 3. Reflection coefficient variation versus frequency
for design steps of proposed antenna.

Table 1: Antenna arm with corresponding length and

frequency
Arm Length (mm) Frequency (GHz)
armg 47.6 0.9
army 18.3 1.4and 2.4
arms 15 2.6
arm 4 54.2 1.7and 2.1
arms 6.5 5.2

B. Antenna parametric study and optimization
Figures 4 (a), (b) and (c) present reflection coefficient
results for the performed study on armi, army, and arms
lengths, respectively. After each design step, the PSO
optimization technique in CST is applied for adjusting
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PIFA arm’s length, width, and position in order to get
optimum result at all operating frequency bands. The
final optimized antenna is shown in Fig. 1 and the
dimensions of the antenna are listed in Table 2. The HFSS
is used to verify the final optimized results of CST
[20,21]. Figure 6 shows very good agreement between
the CST and HFSS results.
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Fig. 4. Reflection coefficient variation versus frequency
for different values of: (a) L1, (b) L2, and (c) Ls.

The current density distribution on the antenna at
different frequencies of 0.9, 1.4, 1.71, 2.1, 2.4, 2.6, and
5.2 GHz is indicated in Fig. 5. The current distribution
illustrates that each arm generates a resonant frequency
and each arm has a slight effect on the other resonant



frequencies. The simulation values of the antenna gain

and radiation efficiency are listed in Table 3.

Table 2: Optimized antenna dimensions (units: mm)

L W h
70 60 1.6
Lg Lf Wf
18 18 3.5
g L1 L2

0.35 100 18.5
L3 L4 Ls
15 54.2 6.656
Ls L7

26.4 19

Fig. 5. (a) to (g) Current density distribution of antenna
at all antenna frequency resonances at 0.9, 1.4, 1.7, 2.1,
2.4, 2.6, and 5.2GHz, respectively.

Table 3: The simulated radiation characteristics for the

proposed antenna

Freq. (GHz) Gain (dBi) Rad. Efficiency %
0.9 15 90.9
14 3 90
1.7 34 90.1
2.1 11 84.6
2.4 2.12 76.1
2.6 11 73
5.2 2.2 60
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111. ANTENNA FABRICATION AND RF
SPECTRUM MEASUREMENT

The proposed antenna is fabricated. Figure 6 shows
the photo of the fabricated antenna and a comparison
between the measured and simulated reflection coefficient.
There is a good agreement between the simulated and the
experimental measured results. The antenna radiation
pattern is measured in anechoic chamber with near field
system Inc. (NSI) 7005-30 spherical near field system.
Comparison between the simulation and the measured
radiation patterns of the antenna in E-plane (XZ), and
H-plane (XY) at different frequencies are shown in Table
4. Generally, the radiation pattern of the antenna at 0.9,
1.4, 2.6 GHz is omnidirectional in the XZ and XY planes,
where at 1.7, 2.4, 5.2 GHz the radiation pattern is directive
only in XY plane.

The most difficult thing in the ambient RF energy
harvesting system is that ambient power is very low.
Unfortunately, the low value of the received power effects
on the overall system efficiency. The Friis transmission
equation gives the relation between the received power
P, and the transmitted power P;through a distance R as
[9]:

A N2
br = pthGr(ﬁ) ’ (2)
where G is the transmitting antenna gain, Gy is the
receiving antenna gain, and A is the wavelength of the
transmitted signal. The ambient power is measured using
the proposed antenna to see the levels of the power at
different frequencies. The spectrum measurement was
performed using the Agilent Technology N9918A which
works as a spectrum analyzer. It can be seen in Fig. 7
the received ambient power variation versus frequency
which indicates that there are seven peaks of power. That
is because the proposed antenna is a multiband antenna.
The maximum values of these peaks and each peak
frequency are listed in Table 5.
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Fig. 6. Photo of the fabricated antenna and comparison
between simulated and measured reflection coefficient.
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Table 4: The simulated and measured radiation pattern
of the CPIFA antenna in the XZ, XY planes at the

-15

different operating frequencies. 0.9 GHz, 1.4 GHz, 1.7
GHz, 2.1 GHz, 2.4 GHz, 2.6 GHz, and 5.2 GHz. 20
Simulation Measurement == = = 251
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v o g .35
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14 Fig. 7. The received ambient power variation versus
GHz frequency using the CPIFA antenna, indoor measurement
at 12 pm with photo taken during the spectrum
measurement.
Table 5: Values of peaks for recived ambient power
17 using CPIFA antenna
GHZ Peak | Frequency | Power (dBm) Power (uw)
Py 0.89 GHz -27.6 dBm 1.7378
P2 0.92 GHz -36.8 dBm 0.2089
Ps3 1.71 GHz -40.6 dBm 0.0870
P4 1.83 GHz -43.2 dBm 0.0478
Ps 1.94 GHz -40.3 dBm 0.0933
2.1 Ps 2.1GHz -45.5 dBm 0.0281
GHz P, | 24GHz | -18.38dBm 145211
IV. RECTIFIER AND MATCHING CIRCUIT
The voltage doubler circuit is designed for converting
the received RF power into DC volt and doubling the
2.4 received voltage. The circuit is designed using HSMS
GHz 2850 Schottky diode which has high sensitivity reaches
to 150 mV [22] and the output DC volt is taken through
output resistance R.. The equivalent circuit of the diodes
is given in Fig. 8 (2). The turn-on voltage of the diode is
150 mV, the breakdown voltage is 3.8V. The resistance
R; is variable with the operating conditions. Using the
2.6 ADS (Advanced Design System) program, the input
GHz impedance of the voltage doubler circuit is found to be
7.9-j105.4, the reflection coefficient is -0.5 dB at 0 dBm
input power and 700 Ohm load resistance at 2.4 GHz
operating frequency. The impedance of the input source
is 50 Ohm. These parameters are used to design the
matching circuit with short ended stub between the
5.2 antenna. Figure 8 (b) shows the rectifier schematic
GHz circuit integrated with matching circuit. Different
matching circuits are designed at different frequencies.
The reflection coefficient variation versus frequency for
the three different AC to DC converter unit, where each
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one is designed to operate at a specific frequency which Comparison between simulated, measured output volt
are F1=1.71 GHz, F,=1.94 GHz, and F3=2.4 GHz is  and conversion efficiency variation versus RF input power
shown in Fig. 9 (a), Fig. 9 (b) shows comparison between  for rectifier at different frequencies of F1=1.71 GHz,
the ADS simulated and measured results of the reflection F»=1.94 GHz, F3=2.4 GHz and R;=700 Q is shown in
coefficient when the rectifier attached to the short-ended Fig. 11 (a) and Fig. 11 (b), respectively.

matching stub of 2.4 GHz.
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V.SYSTEM INTEGRATION AND RESULTS
The antenna is integrated with the matching circuit  Fig 9. (a) Reflection coefficient variation versus
and the voltage doubler circuit. Figure10 (a) shows photo frequency for three different AC to DC converter unit,

of proposed antenna connected to rectifier circuit. The  anq () ADS simulated and measured results for rectifier.
measurement setup shown in Fig. 10 (b) is used for

testing the rectenna system. The Anritsu MG3697C RF
is used as a signal generator to feed a wide band horn
antenna. Two antennas are used because one of them is
connected to spectrum analyzer for recording received
value of RF power and the other antenna is integrated
with matching circuit and voltage doubler in order to
get harvested DC voltage through a parallel connected
Tektronix MD04104C oscilloscope for checking DC
output wave form versus time variation. Different levels (a)
of power are used to feed the horn antenna. Each time
the received RF power by proposed antenna is recorded
and each corresponding output DC volt is recorded in
order to calculate the measurement overall rectenna
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The rectenna efficiency 7 is calculated using Aiton —
equations (3) and (4) [10]. The DC output power is MG3697C .

signal analyzer

Pout(pc), the RF input power is py,rry, Vonc) is the DC

. ) generator
output volt, and the R, is the load resistance: NIIEA
_ Pout(D0) 3 (b)
= Pouted), (3)
in(RF)
_ Voo @) Fig. 10. (a) Photo of rectenna system, and (b) experimental

Din(RF)XRL’ setup for measuring rectenna.
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Fig. 11. Comparison between simulation, measured at

R=700Q: (a) DC output volt, and (b) rectenna conversion
efficiency versus pin.

Photos for the measured output volt of proposed
rectenna using digital multimeter are shown in Figs.
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12 (a) and (b), where the output DC volt is 61.4 mV,
129.6 mV at RF received power of -15 dBm, -10 dBm,
respectively at 1.94 GHz, and R;=700Q. Table 6 lists the
values of measured V, (mV) and n% at different RF input
power. The comparison between other rectennas reported
previously and our proposed rectenna is listed in Table 7.
It can be seen that our design has advantage of high
conversion efficiency in low input power level.

(a) Py =-15 dBm (b) Piy =-10 dBm

Fig. 12. The measured output volt of the proposed
rectenna using digital multimeter at F,=1.94 GHz and
R=700 Q.

Table 6: Values of measured V, (mV) and n%

pin=-15dBm | Pin=-10dBm | Pin=-5dBm

Freq | Vo n% Vo n% Vo n%
F1 53 126 | 116 | 19.2 | 235 | 24.9
F2 61 168 | 130 | 241 | 284 | 364
Fs 80 | 289 | 190 | 515 | 353.5 | 56.3

Table 7: Comparison between rectennas reported previsouly and the proposed rectenna

Ref. Frequency Antenna Size Maximum Gain Input Power Conversion
(GHz) (mm?3) (dBi) Level (dBm) Efficiency %
[11] 0.88-8.45 100%100x1.6 8.7 0 51.8
[23] 0.9 62x62x0.254 9 3 48
[24] 0.915 and 2.45 60x60x60 1.87 and 4.18 -9 37 and 30
Proposed rectenna 2.4 79x60%1.6 3.4 -5 56.3
VI. CONCLUSION ACKNOWLEDGMENT

Compact CPW fed PIFA antenna with seven
different resonant bands namely GSM 900, LTE 11
(1.4 GHz), GSM 1800, UMTS 2100, WIFI 2.4, LTE 7
(2.6 GHz), and WIMAX 5.2 with 36.4% size reduction
was designed and measured. The proposed antenna was
used to harvest RF energy for 10T system. The antenna
dimensions were optimized. The antenna was fabricated
and measured with a good agreement between the
simulation results and measurement results. A simple
AC to DC converter was designed to convert the RF
received power into DC power.
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