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Abstract— In this paper, a radio frequency energy harvesting rectenna system operating in the 915 MHz
industrial scientific medical (ISM) band is designed and proposed. The proposed design - which consists of a
flexible loop antenna, rectifier and matching section - has a small overall footprint area of 50x50 mm?2
(0.15M0 x 0.15A0) and achieves a power conversion efficiency of up to 80% for an input power of 5 dBm and load
resistance of 20 kQ. The system also demonstrates efficient performance, obtaining a high-power conversion
efficiency of about 58% for a small input power of -15 dBm which represents an actual case of a small power
captured from ambient resources. This is considered as the highest reported power conversion efficiency for a
flexible energy harvesting system at 915 MHz with such a small size and an input power level of only -15 dBm.
The proposed rectenna system has many appealing features, small size, flexibility, and relatively high-power
conversion efficiency which make it a good candidate for energy harvesting applications.

Keywords— Energy harvesting; Industrial Scientific Medical band; Flexible rectenna; Loop antenna.

1. INTRODUCTION

Radio frequency energy harvesting (RFEH) is a “green or renewable” self-sustaining
process of providing an endless source of energy from the available Electromagnetic (EM) fields
that exist in the environment. The harvested-energy can be utilized for different applications,
such as powering low-power devices in sensor networks and IoT applications [1]. This helps in
reducing the needs for batteries, which not only add to the device's cost, weight, and size but
also makes battery replacement expensive and time-consuming.

A typical RFEH system is shown in Fig. 1. Such a system is composed of: i) an antenna to
capture the radio frequency (RF) energy, ii) an RF-DC converter, which converts the received
high-frequency alternating current (AC) signal into a direct current (DC) power delivered to
theload and iii) a matching circuit which passes the largest of the input power from the antenna
to the rectifier [2-3]. In such a system, the antenna is required to: i) be small in size to fit in
modern devices, ii) have a large gain to increase the effective area of capturing EM waves and
iii) have an omnidirectional radiation pattern to harvest energy from different directions. The
antenna is also preferred to be flexible in order to evacuate larger internal space of the device
and lighten the overall device weight [4-5].

The rectifier is also required to exhibit a high RF-to-DC conversion efficiency. It is also
important to match the antenna to the rectifier to reduce power reflections in between.

Meeting all these requirements simultaneously presents several challenges that earlier
designs sought to address. However, these designs were either large in size [6-9], rigid [10-14],
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or had relatively low power conversion efficiency [15-18]. Different frequency bands have been
exploited in previous work for different applications, scientific, and medical (ISM) band for
powering implantable devices [19], 902-925 MHz for passive radio frequency identification
(RFID) systems [20], 1800 MHz for global system for mobile communication (GSM) energy
harvesting [21], and the 2.4-2.5 GHz ISM band for energy harvesting from wireless fidelity
(WiFi) [8, 16, 21, 22]. Higher frequency bands for energy harvesting offer the potential for
greater energy capture due to the higher energy density available at these frequencies [23].
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Fig. 1. A typical RFEH system.

Energy harvesting from higher frequency bands (above 1 GHz) is associated with larger
RF energy availability from modern wireless communication systems, including Wi-Fi
(2.4GHz and 5 GHz) and 5G (sub-6 GHz and millimeter waves) [16, 24]. These frequencies offer
higher power densities, making them attractive for energy harvesting applications. However,
despite the advantage of smaller antenna sizes at higher frequencies, there are greater
attenuation losses. To avoid such losses, designing RFEH rectennas to harvest RF energy below
1 GHz (like 915 MHz mobile handset RFID applications) becomes more attractive [25],
especially when the issue of large size is addressed by using small footprint antenna structures
like shorted-loop antennas [26].

The rectifier plays a major role in the rectenna design, and different topologies can be
utilized as a rectifier circuit. These include the single diode [7, 8, 12, 15, 16, 27], voltage-doubler
[6, 13, 14, 18, 19, 28-30], voltage multiplier [31] rectifiers, and others [17]. While single diode
rectifiers are simple, they suffer from low efficiency due to the significant forward voltage drop
and less effective utilization of the AC waveform. The efficiency also tends to decrease for the
Greinacher voltage multiplier as more stages are added, due to the increasing voltage drop
across each diode and the cumulative effect of capacitor losses. The voltage doubler uses two
diodes and capacitors to effectively double the output voltage compared to single-diode
rectifiers while keeping the overall design relatively simple [28].

A crucial requirement of rectennas is good matching with the rectifier. Different types of
matching circuits can be used. Both LC matching networks and transmission lines can be used
for impedance matching in RF circuits. However, LC matching networks are often preferred
over transmission lines at the 915 MHz band because they can be more compact and simpler in
design and implementation [29].

To overcome previous shortcomings and satisfy the current needs of an efficient rectenna
design at the 915 MHz band, a small flexible rectenna system in the 915 MHz ISM band is
proposed in this paper. The proposed system has many appealing features, such as small size,
flexibility and relatively large power conversion efficiency (PCE) of up to 80% making it a good
candidate for the applications of energy harvesting.

This paper is organized as follows: In Section 2, the design of each of the antenna,
matching circuit and rectifier is proposed. The performance of the overall rectenna system is
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then evaluated and discussed with a state-of-the-art comparison in Section 3. The paper is
finally concluded in the last section.

2. STRUCTURES AND DESIGN

As stated above, the proposed rectenna system is composed of three main components:
the antenna, rectifier, and matching circuit in between. The design of each component is
presented in this section.

2.1. Antenna Design Using CST Microwave Studio

The antenna of the rectenna system proposed in this paper is aimed to satisfy the
following requirements:

a) Resonance in the 915 MHz ISM band.

b) A size of not larger than 50x50 mm?2. This size is targeted to be smaller than the smallest
flexible rectenna design in the literature which was 92x76 mm? at 915 MHz.

c) Omnidirectional radiation pattern. This is preferred to harvest energy at different angles
and from different directions.

d) Flexibility. This is desired for modern wireless devices that need to be small in size and
lightweight. The flexible antenna is usually very thin, leavening more internal space in
the device. This space can either be saved for a smaller overall size or exploited to use
internal components other than the antenna, such as sensors, enabling the device to
support further functionalities [32-34].

e) Good gain value. The input power received ( P,, (W)) by the antenna at the rectenna front

increases with the antenna gain value (G, ). The antenna tends to have a larger effective
area when its gain increases.

P = (P )(A)

M
(PGt )(i ‘)
@
_ PGS,
(4ar\ 1)? o)

where P, (W/m?) is the power density, A (m?) is the antenna effective area, P, (W) is the

transmitted power, G, is the transmitter antenna gain, G, is the receiver antenna gain, r (m)

is the distance between the transmitting and receiving antennas and A (m) is the free space
wavelength.

When a large AC power is picked up by the antenna, a large DC power will be converted
and transferred to the load.

One of the effective structures to satisfy the above-mentioned requirements with
flexibility is the loop structure which is selected for the proposed design [35]. The antenna is
designed using Computer Simulation Technology (CST) software [36]. The antenna underwent
several optimization steps to achieve resonance in the 915 MHz band while simultaneously
meeting other design objectives. The following summarizes the design steps:

e Step 1: the antenna structure in this step is shown in Fig. 2.
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The antenna consists of two loops: an outer loop and an inner loop. The main outer loop
is fed through inductive coupling, which is caused by an inner rectangular loop that is located
inside the outer loop. The inner loop is fed directly through a 50 Q port. A dielectric substrate
made from polypropylene is used as a loading material with a relative dielectric constant of &=
2.26, and a loss tangent about 0.00043 [37]. It is worth indicating that a flexible copper tape can
be used for realization. Polypropylene was selected for its flexible material. Initially, the
antenna resonated around 1400 MHz at this stage, which is still suboptimal, as shown in Fig. 3.
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Fig. 2. Initial structure of the proposed antenna (dimensions in mm.)
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Fig. 3. Reflection coefficient S11 of the proposed antenna in step 1.

e Step 2: the antenna is miniaturized at this stage by meandering the outer loop.
The meandered loop increased the current path shifting the resonant frequency down to
1250 MHz with a size reduction to 50 x 40 mma?. The antenna structure and reflection coefficient
at this stage are shown in Figs. 4 and Fig. 5, respectively. Each pair of meandered segments
resembles the plates of a parallel plate capacitor of which the capacitance C (F) is mainly
affected by the spacing in between (d (m)) [38].

c-2

d @
where ¢ (F/m) is the effective permittivity of the material between the conducting meandered
parts and A (m?) is the area of the plate resembled by the meandered part.
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The resonant frequency ( f, (Hz)) is controlled by C as [39]:
1

fe Jic ®)
where L (H) is the effective inductance.

The radiation efficiency (n) is also noticed to increase by 20% at the resonant frequencies
from step 1 to step 2. This can be attributed to the increased area of the radiating part of the
outer loop, which results in a reduction of the overall resistance (R (Q)) and consequently
decreases the Ohmic losses dissipated in the loss resistance (Q) accordingly [40].

R oc 1
A (©)
n=—
R, +R, ?)
where R, (Q) is the radiation resistance and R, (Q) is the loss resistance.
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Fig. 4. The proposed antenna in stage 2 (dimensions in mm.)
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Fig. 5. Reflection coefficient Sy of the proposed antenna in step 2.

e Step 3: The antenna performance is optimized with a modified ground structure at this
stage by applying two important techniques:
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a) Reducing the width of the loop’s strip: this increases the inductance of the design,
further shifting the resonant frequency down towards the desired frequency band.

b) Defecting the ground: this technique increases the electrical length of the loop
antennas (L-shaped slots are created near the lower corners of the proposed design),
and tunes the level of matching by the capacitance introduced from the stepped-
ground plane [41]. The proposed design is shown in Fig. 6. These two techniques lead
to a miniaturized design operating with S11< -10 dB over the frequency band
905-925 MHz, as depicted from Fig. 7. This percentage bandwidth is 4.8 % only which
is considered narrow. However, it is wide enough to satisfy the intended applications
over the frequency band of interest (902-925 MHz).
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Fig. 6. The proposed antenna at stage 2 ( dimensions in mm.)
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Fig. 7. Reflection coefficient S11 of the proposed antenna in step 3.

Fig. 8 shows the surface current distribution at 915 MHz. It can be clearly seen from the
figure that the excited mode is the half wavelength loop mode; this mode is characterized by
having a peak current located between two null points in its current distribution. This is also in
good agreement with the physical total electrical length of the optimized design. The total
length is about 160 mm, which is equivalent to (A/2) at 915 MHz.
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Fig.8. Surface current distribution of the proposed antenna in step 3.

The total radiation efficiency reaches up to 90%, as shown in Fig. 9. The maximum total
radiation efficiency is obtained at 915 MHz which is the frequency at which Si; is the smallest.
This achieved total efficiency ensures capturing a maximum amount of RF energy, leading to
the maximization of the overall energy conversion efficiency of the intended integrated
rectenna.
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Fig. 9. Total radiation efficiency of the final optimized antenna.

A maximum realized gain of 3.93 dBi has been obtained. This is a good gain value for a
half-wavelength loop resonating at 915 MHz. The antenna obtains an omnidirectional radiation
pattern in the XZ-plane, which is typical for loop antennas as can be seen in Figs. 10 and 11,
respectively.

The radiation pattern has nulls at phi= 90 and -90 degrees in the YZ and XY-planes. This
type of radiation pattern is preferred for the purposes of energy harvesting in order for the
antenna to pick the signal from different directions.

The good performance of the antenna in terms of -10 dB bandwidth and strong radiation
characteristics (radiation efficiency and gain) makes it a good candidate for energy harvesting.
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Fig. 10. The 2D (polar plot) radiation patterns of the energy harvesting antenna at the 915 MHz resonance
frequency in: a) YZ; b) XZ; c) XY planes.
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Fig. 11. 3D radiation pattern of the optimized proposed antenna.
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2.2. Numerical Validation of the Antenna Design

To validate the performance of the proposed antenna, its design was rigorously modeled
using reliable full-wave simulators employing different numerical techniques, specifically the
Finite Element Method (FEM) in ANSYS HFSS [42]. Fig. 12(a) and Fig. 12(b) illustrate a strong
agreement between the CST Microwave Studio results and the ANSYS HFSS results for the
reflection coefficient and total radiation efficiency, respectively. This consistency underscores
the reliability of the obtained results using the Finite-Difference Time-Domain (FDTD) method
in CST, confirming the robustness of the proposed antenna design. In both figures, the only
differences between the results are in the level of matching and the maximum total radiation
efficiency. However, the overall antenna bandwidth remains unchanged so that the frequency
band under interest is covered.
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Fig. 12. Antenna’s simulation from CST Microwave Studio and ANSYS HFSS: a) reflection coefficient;
b) total radiation efficiency.

2.3. Rectifier Design

The rectifier circuit is an important part of the RF energy harvesting system. It is used to
convert the received radio frequency electric current from the antenna to DC current suitable
for a specific load. As the proposed antenna is a loop structure, which does not have a common
ground. It is worth mentioning that the rectifier circuit can be designed after the feeding coaxial
connector, on a separate small PCB board as explained in [43].
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A one-stage voltage doubler rectifier topology is utilized, as shown in Fig. 13. This
configuration consists of two capacitors and two diodes, arranged as depicted in the figure. The
rectifier circuit is based on zero bias Schottky detector diode HSMS 2852 and it is designed
using the numerical model in Key Sight Advanced Design System (ADS) [44].

The rectifier receives the RF signals captured by the antenna at 915 MHz at its input and
is connected to a load resistance at its output. The load resistance is variable with values ranging

between 10 to 100 kQ.as shown in Fig. 14.
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Fig. 13. Schematic diagram of the designed single stage voltage doubler circuit.
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Fig. 14. Schematic diagram of the circuit represented in ADS without matching network.

As mentioned above, zero biased Schottky barrier diode HSMS 285x is used. The
modelling parameters of the diode obtained by Software Process Improvement and Capability
Determination (SPICE parameters) circuit simulation program [44, 45] are summarized in

Table.1.

Table 1. SPICE parameters of the HSMS285X rectifier.

Parameter Description Unit HSMS285X
BV Reverse breakdown voltage \% 3.8
Gjo Zero-bias junction capacitance pF 0.18
EG Band-gap energy eV 0.69
IBV Current at breakdown voltage A 3x10-4

IS Saturation current A 3x10-6
N Emission coefficient - 1.06
RS Ohmic resistance Q 25
PB(V]) Junction potential \% 0.35
PT(XTI) Saturation-current temp.exp - 2
M Grading coefficient - 0.5
If Forward current A N/A
PIV Peak inverse voltage \Y 2
TSTG Storage temperature °C -65-150
PD Device dissipation mW 75

Frequency range - below 1.5 GHz
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The reflection coefficient between the rectifier and antenna is evaluated by simulating the
rectifier circuit with an input resistance of 50 Q approximately. Large reflection losses were
introduced for the circuit at this stage as shown in Fig. 15.
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Fig. 15. The reflection coefficient between the antenna and matching circuit before matching.

The reflection coefficient results indicate that ~95% (~ -2.38 dB) of the input power is
almost reflected. However, no more than 10% of power reflection should be maintained. The
reflection coefficient (S11) should be < -10 dB [46].

I:)ref
S11 =10|0910( )

in (8)
where P (W) is the reflected power and P,, (W) is the input power. Based on the results
above, a matching circuit is needed between the antenna and rectifier, which is designed and
presented in the following section.

2.4. Matching Circuit Section Design

There are two main types of matching networks that can be used for high frequency
circuits: i) lumped-element network which comes in different topologies (L, 1 or T-sections) or
ii) distributed circuit elements like transmission line stubs, in which different sections (quarter
wavelength, single series or parallel or double series or parallel stubs) of the transmission lines
are used as the matching section. The lumped element network is preferred for sub-GHz
applications as its insertion loss is very low. The L-section has been selected specifically because
it is simpler than the other - or T- sections. A simple LC-matching section is used. The values
of optimum L and C are derived from the ADS simulator. They are 61.25 nH and 4.64 pF for
inductance (L) and capacitance (C), respectively. The overall structure, including the matching
section, is illustrated in Fig. 16.
ci
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Fig. 16. The matching L-section with the rectifier in ADS.
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The total input impedance is now purely resistive, with a value close to 50 Q
(approximately 48.996 Q). The reflection coefficient after adding the matching section is
depicted in Fig. 17. As shown in the figure, the reflection coefficient is well below -10 dB for the
intended band, meeting the required specifications.
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Fig. 17. The reflection coefficient for the antenna without filter and for the antenna with a matched and
unmatched filters.

2.5. Numerical Validation of the Rectifier Design

To validate the rectifier results (Rectenna), which are obtained using ADS, we have used
CST Design Studio in modeling the linear model of the zero barrier Schottky barrier diode
HSMS 2852, which is the same diode that used in ADS, Fig. 18(a) shows the diode model that
was used in CST design studio.

FEYY /Vv
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(a)
Rj
o1
Rs C2 L1
i: - 1 -
Ri D ‘ j R,'D C’:—_ L, Antenna
=i G
| Rs
: & I +
L
(b)

Fig. 18. CST Design Studio results: a) HSMS 2852 Diode Model; b) rectifier circuit with L-section matching circuit.

The used spice model was extracted from the data sheet of diode supplied by diode
manufacturer [47], then it is added into components library of CST design studio. Then the
optimized antenna in CST Microwave Studio was used as an RF input generator/source in CST
Design Studio; this is done by importing the equivalent circuit model of the optimized antenna
from the CST Microwave Studio to CST Design Studio.
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The complete CST Design Studio circuit model with the designed matching circuit is
shown in Fig. 18. It is worth mentioning that R; represent a series resistance, R; and Cjare the
junction resistance and capacitance, respectively. The results of the reflection coefficient from
both the CST Design Studio and the ADS are attached in Fig. 19. It can be seen they have a good
agreement over the entire operational bandwidth.
_—~

\

Reflection Parameter [dB]
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Fig. 19. Reflection coefficient for the rectenna without filter and for the antenna with a match and filter.

3. THE OVERALL RECTENNA PERFORMANCE

One of the main evaluation parameters of the rectenna performance is the conversion
efficiency:

©)
where Py. (W) is the DC power delivered to the load, P,. (W) is the AC power input to the
rectenna. An effective rectenna system should be able to convert the largest of the AC power
received by the antenna to DC power delivered to the load.

The RF to DC conversion efficiency of the RF energy harvesting system is determined by
simulating various input RF power levels to the rectifying circuit while varying the resistive
load value. This is to select the optimum load resistance value which obtains the highest

conversion efficiency with a suitable input power. The power conversion efficiency can be seen
in Fig. 20.

100
— Load 20 KQ eeeee Load 70 KQ
X
= 80 4
> 0% e
o e°®
S &~ 1
9 60 o .
(8] . <
e - 1
] .. 9
w40 £
c ° B}
S \
2 & b
o 20 £ !
> ¢ P
= ¢
o (~"-~- eceae
QO 0 .

-40 -20 0 20 40

Rectifier Input Power [dB]

Fig. 20. PCE of the proposed rectenna for different input power levels and variable load resistance in ADS.
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The figure indicates that up to 80% was observed at 915 MHz observed with an input
power of 5 dBm and load of 20 KQ. This is a high value of the conversion efficiency. However,
an input power of -15 dBm is usually specified for energy harvesting applications [11].

The effect of the load resistance on the power conversion efficiency at this input power
level at 915 MHz is shown in Fig. 21. Based on the ADS simulation result, the figure indicates
that a maximum efficiency of 53% is obtained at the load resistance of 20 KQ. Additionally, the
figure shows the conversion efficiency result from the CST Design Studio, which has the same
pattern. However, it is less that the results obtained from the ADS by 1% to 2%.
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Fig. 21. Power conversion efficiency at 915 MHz and -15 dBm power input.

Additionally, the conversion efficiency as function of the frequency for a consistent power
of -15 dBm is computed and presented in Fig. 22.
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Fig. 22. Power Conversion Efficiency over frequencies at 20 kQ load.

It can be seen from the figure that the maximum conversion efficiency is obtained at
915 MHz. This is expected as the rectenna obtained the best matching level at this frequency. It
can be concluded from the results above that the proposed antenna can be used with a
maximum input power of -15 dBm at 915 MHz, obtaining a maximum conversion efficiency of
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58%. The main characteristics of the proposed rectenna system are summarized and compared
with other relevant works in Table. 2.

Table. 2. Comparison between the proposed and - reported in literature - rectenna systems
PCE

Frequency Max plgnar Typeof [%]; Pin Rectifier Ma}tchl'ng _—
Ref. Dimensions : circuit Flexibility
[MHZz] diode [dBm] Topology
[mm] topology
472, Voltage . No
[6] 433,915 100x100 BAT 15 33.3; 10 doubler Inductive
[7] 2450 80x60 SMS7630 70,0 Single diode L-section yes
[8] 2450 N/A SMS7630  55.7;8 Single diode N/A yes
. 76.3;
[9] 165 15707X2XT6 f(lﬁllfi) HSMS28 175 Voltage L-shaped
o 2C 88.5; doubler LC network yes
field)
22.2
Four stage Lc
ag 9001900, 90,0 HSMS 80; 10 s voltage
2400 285C 46,8 multi t(lgier boosting No
40;16 p network
g 9001800, . SMS763 227(')3;;0 Voltage Triple
2100 0-079 ! doubler stub No
14, -20
[12] 915 10.5%6 HSMS2850  42;>.15 ~ ongle  Singlestub, No
diode inductive
[13] 2450 5050 HSMS 2852 52,0 Voltage 1 ction No
doubler
Four
1950 63; 14 Voltage .
[14] 2450 50x50 HSMS2850 69: 15.5 doubler se'ctlon No
lines
) Single A dual
[15] 2450 50x11.5 SMS7630 16; -15 diode trans. line yes
[16] 2450 42.92x42.92 SMS7630 6.2; -15 ilirc‘)%ls N/A yes
HSMS2850, ) Adaptive .
[17] 915 92x76 HSMS2860 30; -15 with FET L-section yes
28, 20; - Voltage
[18] 00,1800 20%20 HSMS285x 20 doubler N/A No
402, 433, 86; 11 Voltage
[19] 2450 10x10%2.45 HSMS-286¢ <10; -15 doubler N/A No
Multi- Lumped
pop 2001800 e HSMS285B 323,355, o8¢ Elements No
2100 voltage and Trans.
18.6; -5 .9 .
multiplier Line
Multi-
[21] 90% 415%)00' 80x 80x0.8 HSMS-2822, 90, 80, 42; stage LC
2100 HSMS-2852 -275 voltage matching
48;-35  multiplier yes
. Voltage LC
[22] 1.7-2.8 55x55x] HSMS2860 40; -3 doubler matching No
900, 1800, 5,20, 23, Single Double
[27] 2100 78x50 HSMS 285B 15 diode stub No
HSMS 270B, . Voltage .
[28] 2450 45x41 5456a 70.58 ;0 doubler L-section No
[29] 915 7.9 %77 HSMS 2852 45;5 Voltage o tion No
doubler
[30] 2450 249 x 8.6 HSMS-2852 20; -20 Voltage . tion No
doubler
[31] 2450 40%40 HSMS 2850 80; -20 Voltage Lc No
multiplier = matching
[This 915 50x50 HSMS2852 58; -15 Voltage 1 . tion yes
work] doubler
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The comparison indicates that most of previous designs proposed in literature were rigid
[10-13, 20, 22, 27]. The proposed flexible designs were either large in size [9], or worked in the
2.45 GHz ISM band which made them easier to miniaturize [7, 8, 15, 16, 19, 28, 30, 31]. This
means that the antenna will have a smaller size. However, this is attributed to the high
frequency and not to the antenna structure itself for this case. Although the flexible antenna in
[17] operated in the 915 MHz ISM bands, it was 64 % larger in size than our proposed antenna.
It also had a PCE that was around 48.3 % smaller than that of the antenna proposed in this paper.
While other designs at 915 MHz such as in [12, 18, 29] had a smaller size, they had a smaller
conversion efficiency than that for the design proposed in this paper. Other flexible designs
were also proposed in [9] at 465 MHz. However, it obtained a large size. Moreover, it was
evaluated for large input power levels of 17.5 and 22.2 dBm and hence it obtained a relatively
high PCE of 76.3 and 88.5%, respectively. It is worth noting that the proposed antenna in this
paper has achieved a PCE of 80% for an input power of 5 dBm.

While the antenna in [14] has obtained the same size of ours, it is rigid (not flexible) and
did not work for the 915 MHz. Moreover, it was evaluated for high input power levels much
larger than -15 dBm.

Most of the proposed designs had obtained a much smaller power conversion efficiency
not exceeding 33% when compared to the proposed design at an input power of -15 dBm
[15-17, 27]. The maximum PCE was also smaller for the surveyed designs in [6, 11, 20, 27] in
around the 915 MHz band in comparison with the design proposed in this work. In addition,
although the design in [16] was evaluated at the same input power of -15 dBm, it obtained a
very small PCE of 6.2% only. This is 89.3% smaller than the PCE obtained for our proposed
rectenna. While the design in [21] achieved a radiation efficiency of 90% at around 915 MHz,
its size was 60.9% larger than that of the proposed design. Moreover, its rectifier and overall
structure were more complicated. On the other hand, the design in [22] achieved a PCE of 40%,
which is 31% lower than that of our proposed design.

To sum up, the system proposed in this paper is probably the smallest flexible energy
harvesting system at 915 MHz that obtains a conversion efficiency of 58%.

4. CONCLUSIONS AND FUTURE WORK

In this paper, a small, flexible rectenna has been proposed for energy harvesting in the
915 MHz ISM band. It has a small size of 50x50 mm? which is about 17% smaller than the
smallest flexible rectenna system proposed in literature for this frequency band. In addition to
the small size, the proposed energy harvesting system has many appealing features for modern
communication systems, such as good radiation characteristics (radiation efficiency, gain, and
omnidirectional radiation pattern) and simplicity. Moreover, it is flexible, making it more
suitable for different structures as it can be easily attached to them. The overall system has been
carefully optimized utilizing a meandered loop structure to obtain miniaturization with high
efficiency of 90% and omnidirectional radiation pattern. A single stage voltage doubler rectifier
has been selected for the design to boost the input voltage in addition to rectification. To
maintain simplicity while reducing power losses between the antenna and rectifier, a matching
network based on a simple LC-section was used.

The proposed system obtained a high PCE of up to 80% for loads ranging between 10 and
100 kQ at a frequency of 915 MHz. The system has obtained a PCE of 58% for an input power
of -15 dB, outperforming other energy harvesting system operating at the same frequency.
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Additional work can be done in the future, including;:

a) Evaluating the bending effect: as the antenna is flexible, it can be bent around different
structures, and hence the effect of bending on its performance should be examined. The
maximum radius of curvature for which the performance can be maintained might be
then determined.

b) Reducing the antenna size: although the proposed antenna is small in size, its size can be
further reduced through various techniques and structures, such as split rings. Split rings
offer numerous benefits including miniaturizing the antenna and optimizing its
matching. Hence, they can be used to match the antenna in the proposed design directly
with the filter which results in reducing the design complexity.

c) Enhancing dual-band functionality: the performance can be improved to cover additional
bands such as the 2.45 GHz ISM band, by incorporating more than one split ring into the
design.
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