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Design of a Novel Compact and Efficient Rectenna For WiFi
Energy Harvesting
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Abstract—With the increase of low power devices, the design of a compact and efficient rectenna
is essential for supplying energy to the devices. This paper presents a compact rectenna for high
efficient WiFi energy harvesting. A novel fractal geometry is introduced in the design of antenna
for miniaturization, and the ability to harvest WiFi energy is enhanced due to its characteristics of
self-similarity and space filling. Besides, a single stub matching network is designed to achieve high
conversion efficiency with a relatively low input power ranging from —20dBm to 0 dBm. Simulation
and experiments have been carried out. The results show that the proposed antenna features a good
characteristic of reflection coefficient and realized gain at WiFi band. The highest RF to DC conversion
efficiency of the rectenna is up to 52% at 2.45 GHz with the input power of 0dBm. This study
demonstrates that the proposed rectenna can be applied to a range of low power electronic applications.

1. INTRODUCTION

In recent years, wireless communication has undergone dramatic development. An increasing number
of radio transmitters are available in the ambient environment such as mobile base stations, digital TV
towers and WiFi routers. The wide availability of RF signals provides an alternative solution to power
low-power electronic device without the needs of batteries [1,2]. However, the RF power obtained from
the environment is usually at the scale of milli-watts or micro-watts which is a critical problem that
limits the popularity of the RF energy harvest. In order to maximize the harvested energy, the rectenna
which consists of antenna and rectifier is crucial in the process of energy harvesting.

A variety of rectennas have been designed and investigated for RF energy harvesting. Energy
conversion efficiency of RF to DC is a vital parameter to evaluate the performance of rectennas.
High conversion efficiency can be achieved by monopole rectennas [3-5]. However, these retennas
are generally designed at a single frequency band, and high power density is required. To harvest
more ambient RF energy from multiple frequency bands, a reasonable solution is to use a multiband or
broadband antenna array which is able to operate at low power density [6-12]. However, the multiband
or broadband antenna array usually has a large dimension, and the complex structure of the array
may result in coupling between the antenna elements which reduces the efficiency of the elements. To
address this problem, fractal antennas with different geometries such as Koch snowflake, Minkowski-like
and Sierpinski triangle are applied in the design of rectenna to increase effective electrical length [13—
15]. In [16], a compact fractal loop rectenna is presented to capture RF energy at 1.8 GHz, but the
realized gain is relatively low. In [17], an ultra-compact low-power rectenna for RF energy harvesting
in WiFi band is presented. However, the RF-DC conversion efficiency is not very high. In reality, radio
transmitters such as WiFi router usually transmit electromagnetic wave with random polarization.
Correspondingly, omnidirectional antennas are proposed for ambient RF energy harvest. However,
their realized gains normally distribute evenly in all directions which results in a low realized gain
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and reduces the ability of harvesting RF energy at a relatively far distance. A directional antenna is
presented to obtain a higher gain towards a specific direction, and more RF energy can be captured even
at farther distance [18-20]. The rectifier is also essential to the design of the rectenna, which determines
how much input RF energy will be converted into DC power. Greinacher rectifier circuit is a popular
topology for wireless power transmission. To enhance the conversion efficiency of rectifier circuit with
a fixed load resistance at low input power levels, a matching network is of great importance [21-24].

In this paper, a compact fractal rectenna is proposed to harvest the ambient RF energy working in
the range of 2.4 GHz to 2.48 GHz. First, fractal geometry is introduced in the design of antenna patch
for miniaturization, and the performances of fractal antennas with four different numbers of corners
are studied and compared. Further, antenna with better performance is obtained by investigating
the impact of the radius of the circumscribed circle of the fractal patch. A voltage doubler rectifier is
employed to realize the conversion of RF to DC, and an optimal load resistance is obtained. Additionally,
a novel stub matching network is designed to improve the overall efficiency of rectenna at low input
power. Finally, experimental measurements are carried out to evaluate the performance of the proposed
rectenna.

2. DESIGN OF THE FRACTAL RECTENNA

A block diagram of the rectenna for harvesting ambient RF energy in the WiFi band is shown in
Fig. 1. Ambient WiFi energy is harvested by the rectenna which consists of an antenna for capturing
the ambient WiFi energy and a rectifier for converting the RF power into DC power with a matching
network to deliver the maximum RF energy for rectifier circuit. The captured energy from the rectenna
is then supplied to miniature and low-power electronic devices.
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Figure 1. Block diagram of rectenna for ambient RF energy harvesting at WiFi band.

The maximum transmitting power of a typical WiFi router is 100 mW, and the power is lower than
0dBm at a specific direction due to the omnidirection of the transmitting antennas. Therefore, it is
vital that the rectenna is designed to be more efficient for the harvest of WiFi energy at low power
levels. In addition, the rectenna should be compact for displacement in small-sized devices.

2.1. The Fractal Antenna Design

Due to the requirement of the low-power devices in terms of miniaturization, a microstrip antenna
using coaxial probe feed technique is generally employed which consists of radiating patch, substrate
and ground plane, as shown in Fig. 2.

In this paper, a novel fractal antenna. is proposed which provides an alternative method to minimize
the microstrip antenna. Based on the self-similarity of fractal theory, the proposed fractal geometry is
designed as illustrated in Fig. 3. It consists of multiple bending curves as shown in Fig. 3(a). Then
other multiple bending curves are made to be symmetric about the line y = —v/3z, and a straight line
ds is used for a closed structure. The proportional relationship between the radius and segment length
can be expressed as:

4 4 4
71 = 8ry = 8r3 = 41y = 2r5 = 1 g7 =18 =di = gdy = 5ods (1)
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Figure 3. Fractal geometry of radiating patch. (a) Generation of the multiple bending curve; (b)
Generation of the fractal geometry.

Based on Fig. 3, fractal antennas with the same radius of the circumscribed circle (¢ = 18.2 mm)
are designed as shown in Fig. 4. Considering the accuracy of the manufacture, fractal patch with four
different numbers of corners (N = 4, 6, 8 and 10) are investigated and compared. The relationship
between the side length of polygons ds_ny—4, d3_n—¢, d3_.N=8, d3_N=10 and a can be expressed as:

2a V3 2a 2a
d =4 = ) dd =6 — _a7 dd =8 = ? dd -IV= =
3_N=4 N 3_N=6 3 3_N=8 3_.N=10

\/g—i-tan%r \/§+tan2€w

The microstrip antenna can be equivalent to an RLC circuit as depicted in Fig. 5, where R is the
resonance resistance, L the equivalent inductance, C' the equivalent capacitance between the radiation
patch and substrate, and X, the equivalent inductive reactance caused by the probe.

The relationship between the input impedance Z;, of the equivalent circuit and frequency f can
be calculated by:

(2)

rar (L4
S A A
va(p-g) e (i)

where Q7 is a quality factor of the circuit, and f;, is the resonance frequency.
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Figure 4. Structure of fractal radiating patches with different number of corners.
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Figure 5. Equivalent circuit of microstrip antenna.
The resonance frequency f, can be estimated by [25]
1.841¢
= 4
fret (@)
where c is the speed of light, and ¢, is the relative permittivity of the substrate.
The reflection parameter I' of the antenna can be estimated by:
Lin — 2
—Zin_ 0 (5)
Zzn+ZO

where Zj is the standard impedance of antenna.

From Eq. (3) and Eq. (5), it can be drawn that the input impedance and reflection parameter are
related to the equivalent parameters of the microstrip antenna and the external frequency. For optimal
performance, the antenna should be designed to operate at the resonant state.

The structure of the proposed antenna is shown in Fig. 6. The antenna has two FR_4 substrates
with a relative permittivity of 4.4. The radiating patch of the fractal antenna is printed on the top
substrate. Generally, the coaxial feed will generate a narrow frequency band. In order to increase the
bandwidth of antenna and reduce the mutual coupling between the fractal radiating patch and ground
plane, four helical patches are built on the top layer of the bottom substrate. The proposed antenna
which includes a fractal patch and four helical patches is designed at resonant mode. The overall

dimension of the fractal antenna is 38 x 38 x 3.2mm?. Design parameters of the proposed antennas are
listed in Table 1.
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Figure 6. Geometry of the proposed fractal antenna.

Table 1. Parameters of the proposed antenna.

Parameters | W | L h | a1 | a9
Value (mm) | 38 | 38 | 1.6 | 5 | 3.5

The performances of fractal antennas are studied and compared in Fig. 7 using ANSYS HFSS13.0.
The boundary of the ground plane, fractal patch and the four helical patches is set up to be perfect E,
and the boundary of the air box is radiation. A wave port is selected as an excitation, and excitation
source of mode 1 is used in the port. As shown in Fig. 7(a), with the increment of N, the resonance
frequency gradually decreases as 2.605 GHz, 2.454 GHz, 2.402 GHz and 2.359 GHz, respectively, and the
minimum value of reflection coefficient |S11| tends to be smaller. It should also be noted that these
antennas operate at four different frequency bands when |S1;| < —10dB which are 2.55-2.65 GHz for
N = 4, 242-2.5GHz for N = 6, 2.36-2.44 GHz for N = 8 and 2.32-2.4 GHz for N = 10. From
Fig. 7(b), it can be observed that realized gain varies from —2.5dBi to 3.8 dBi in the range of frequency
bands and gradually increases at the center frequency of WiFi band. The radiation patterns of the
four antennas in two principal planes, E-plane (xoy) and H-plane (yoz) at 2.45 GHz, are presented
in Fig. 7(c). It is found that the radiation characteristics of the four fractal antennas are relatively
symmetrical at E-plane and concentrated mostly along the positive z-axis with a low back-lobe within
—3.8dBi. The peak realized gains of the four fractal antennas are incremental with IV at the angle of
0°. Furthermore, the maximum realized gain at H-plane distributes evenly which enhances the ability
of the proposed antenna for RF energy harvest. From the analysis above, the summarized parameters
along with impedance and VSWR of the proposed antennas are listed in Table 2. It can be easily
observed that the antenna with N = 6 is optimal for ambient WiFi energy harvest.

The radius of the circumscribed circle of the fractal patch has a significant impact on the
performance of the antenna. In order to make the proposed antenna more suitable for WiFi energy
harvest, the impact of the radius of the circumscribed circle is investigated for antenna with N = 6,
which varies from 18.14 mm to 18.30 mm with a step of 0.4 mm, as depicted in Fig. 8. As shown in
Fig. 8(a), with the increase of a, the resonance frequency gradually decreases; the minimum value of

Table 2. Detailed parameters of the proposed antenna.

Antenna N=4| N= N = N =10
Resonance Frequency (GHz) | 2.605 | 2.454 | 2.402 2.359
Reflection Coefficient (dB) —16 —29 -31 —49
Impedance (£2) 58.2 50.1 51.9 50.1
VSWR 1.6 1.01 1.06 1.01
Realized Gain (dBi) 24 2.8 3.1 3.1
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Figure 7. Simulated results of antenna with variation of N: (a) reflection coefficients (]S11|); (b)

realized gain; (c) radiation pattern in H-plane and E-plane.
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Figure 8. Simulated results of antenna when N = 6 with variation of a, (a) reflection coefficients

(|S11]); (b) impedance.

|S11| varies from —53 dB to —40 dB; the bandwidth gradually approaches WiFi band. Besides, the input
impedance of the fractal antenna is investigated using de-embedded method by HFSS simulation. The
real part of the input impedance of the antenna versus the variation of a is depicted in Fig. 8(b). It can
be noted that the maximum real part of the input impedances gradually moves to lower frequency when
a increases. Additionally, the real part of the input impedance decreases at 2.45 GHz with 55€, 522,
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5082, 48 and 47 (2, respectively. The detailed parameters of the proposed antenna with the variation
of a, when N = 6, are summarized in Table 3. A conclusion can be drawn that when a = 18.22 mm, the
antenna is the most appropriate alternative with the resonance frequency of 2.45 GHz and the standard
input impedance of 50 (2.

Table 3. Comparison of the proposed antenna with the variation of a.

a Resonance Reflection Impedance Realized

(mm) Frequency Coefficient p( Q) Gain

(GHz) (dB) (dBi)
18.14 2.459 —53 55 2.72
18.18 2.455 —52 52 2.85
18.22 2.450 —51 50 3.00
18.26 2.447 —43 48 3.12
18.30 2.443 —40 47 3.21

Finally, the performance of the proposed fractal antenna with ¢ = 18.2mm and a = 18.22mm
when N = 6 is compared in Fig. 9. It can be seen from Fig. 9(a) that resonance frequency varies from
2.454 GHz to 2.45 GHz, and the minimum |S;| decreases from —29dB to —51dB. The realized gain
increases from 2.6 dBi to 3.0 dBi at 2.45 GHz as shown in Fig. 9(b). Due to the higher realized gain, the
antenna can be placed at a farther distance to receive the same power when the transmitted power and
gain of the transmitting antenna are fixed. As a result, the optimized antenna has better performance
when capturing WiFi energy.
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Figure 9. Results of antenna when N = 6 for ¢ = 18.2mm and 18.22mm: (a) reflection coefficients
(|S11]); (b) realized gain.

2.2. Rectifier Design

The rectifying circuit is also essential in the design of rectenna since it determines the conversion
efficiency of RF to DC, as shown in Fig. 10. It is composed of a pair of diodes to realize the conversion of
RF to DC, a filter capacitor to store energy and smooth the output DC voltage, and a load. Additionally,
the Schottky diode HSMS2852 is chosen due to its low bias input voltage.

The input impedance of the rectifying circuit is affected by the resistance of the load, and there is
also a significant impact of the load on the output voltage and conversion efficiency. Besides, there exist
an optimal resistance of load and an optimal power within the input power range for the rectifier. The
resistance of the load is swept varying from 1k to 50 k{2 with input power ranging from —20dBm to
0dBm by ADS simulation. Co-simulation of harmonic balance and momentum is adopted to investigate
the performance of the rectifier when the layout and schematic are co-simulated with simulation. The
optimal load resistance of the rectifying circuit is found to be 4k where the maximum conversion
efficiency is 22% at the optimal input power of 0 dBm as given in Fig. 11.
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Figure 11. Simulated RF to DC conversion efficiency of the rectifying circuit as a function of load
resistance.

In order to enhance the conversion efficiency of rectifying circuit under low input power, an open
stub matching network is designed to match the impedance of 16.604 — j % 59.6Q2 at 0 dBm, and the
layout of the rectifier is shown in Fig. 12.

The reflection coefficient of the stub matching network is shown in Fig. 13. It can be observed that
the matching network works well over the frequency bands 2.18 GHz—2.7 GHz when |S11| < —10dB,
and the minimum |Sy1| is —38dB at 2.45 GHz. For comparison, the performance of the rectifier before
and after adding matching network is shown in Fig. 14. It is observed that the maximum efficiency is
improved from 22% to 66%, and the efficiency at low input power —10dBm has also been enhanced

Y — . =

— . — : Matching Network, & : Antenna Feed,

---------- : Schottky Diodes Unit: mm

Figure 12. Prototype of the proposed rectifier with an open stub matching network. L; = 4nH,
Cy = 27pF, Cy = 200nF, Diodes: HSMS2852.
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Figure 14. Simulated RF to DC conversion efficiency of the rectifier as a function of input power.

significantly from 10% to 37%. It is demonstrated that the designed matching network greatly enhances
the efficiency at low input power.

The performance of the rectifier is shown in Fig. 15 with the variation of frequency and input
power. The reflection coefficients at three input power levels are depicted in Fig. 15(a). It can be seen
that with the decrease of input power, the matching frequency gradually decreases, and the minimum
value of |S11| varies from —32dB to —16 dB. It can also be found that rectifier has a good impedance
matching at WiFi band when the input level varies from —20dBm to 0 dBm. The RF to DC conversion
efficiencies of rectifier against input power at different frequencies are plotted in Fig. 15(b). It can
be observed that the conversion efficiency increases gradually with the increase of input power. At the
input power of 0 dBm, the conversion efficiency achieves 65%, 66% and 67% at the resonance frequencies
of 2.42 GHz, 2.45 GHz and 2.48 GHz, respectively.

3. MEASURED RESULTS AND DISCUSSIONS

In order to validate the performance of the proposed rectenna, experiments have been carried out. Fig.
16 shows the top and bottom views of the fabricated rectenna.

The measured and simulated reflection coefficients and realized gains of the proposed antenna are
plotted and compared in Fig. 17. It can be seen from Fig. 17(a) that the measured reflection coefficient
reaches the minimum value of —38 dB at 2.48 GHz, and the operating bandwidth of antenna is 2.4 GHz
to 2.51 GHz. There exists a small deviation between the simulated and measured reflection coefficients,
which is mainly caused by the fabrication tolerance of antenna patch and the error in the relative
permittivity of substrate. Besides, it may also be caused by the soldering impact of SMA connector
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Figure 16. The photograph of rectenna: (a) top view, (b) bottom view.

[S11] (dB)

Realized gain (dBi)
T I e R T R U ON

—— Simulated -2 9 Simulated
b Measured i —e— Measured
220 230 240 250 260 270 2.80 20 230 240 250 260 270 2.80
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 17. Measured and simulated results of the optimal antenna with a = 18.22 when N = 6: (a)
|S11], (b) the realized gain.

and the influence of the coaxial cable in the measurement. In the measurement of the realized gain of
the antenna, two identical antennas are used, of which one antenna is used as the transmitting antenna
and the other as the receiving antenna. The distance between the two antennas is at far-field of 60 cm.
Considering the power loss L at coaxial cable and SMA connector, the realized antenna gain can be

expressed as:
1 47D P,
G= 3 [201g (T) —101g <Fr> + L] (6)

where P; is the power input to the transmitting antenna from the spectrum analyzer, P, the received
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Figure 18. Measured and simulated results of rectifier: (a) |S11/, (b) RF to DC conversion efficiency.
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power, A the wavelength, and D the distance between the receiving and transmitting antennas.

Figure 17(b) illustrates the comparison of the simulated and measured realized antenna gains. It
can be seen that the measured antenna gain is 2.2dBi at 2.45 GHz, and the measured realized gain
decreases with 0.9 dBi compared with the simulated result at 2.45 GHz. The difference may be caused
by the impedance mismatch and polarization mismatch between the two antennas.

Figure 18 shows the performance of the proposed rectifier. The measured and simulated reflection
coefficients of the rectifier versus frequency at different input power levels are shown in Fig. 18(a). It can
be seen that the measured results agree well with that at the frequency of WiFi band. And the operating
frequency of the rectifier for [S11| < —10dB is able to cover the desired WiFi band at three different
input power levels —20dBm, —10 dBm and 0 dBm. It can be concluded that the rectifier performs well
at operating frequency under the desired input power levels. In order to evaluate the performance of the
proposed rectifier, comparison between the simulated and measured RF to DC conversion efficiency of
rectifier with load resistance of 4k{2 at different input power levels is illustrated in Fig. 18(b). It can be
observed that the maximum efficiency varies from 55% to 62% at different frequencies from 2.42 GHz to
2.48 GHz when input power is 0 dBm. The discrepancy between simulated and measured results can be
attributed to the nonlinearity of diode and the deviation caused by the unknown parasitic parameters
of the SMD components.

In order to evaluate the overall performance of the proposed rectenna, an experimental prototype
is set up as shown in Fig. 19. The proposed rectenna and an independent fractal antenna are fabricated
and placed at the same distance of 60 cm from transmitting antenna. The rectenna is linked with a
multimeter for measuring the output voltage. And the independent antenna is connected with the
input port of the spectrum analyzer to evaluate the ability to harvest energy of the proposed antenna.
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Besides, a log-periodic broadband antenna with the realized gain of 4 dBi is selected as the transmitting
antenna which is connected to the output port of the spectrum analyzer. However, the maximum output
power of the spectrum analyzer is only 0 dBm. Therefore, a power amplifier with the gain of 15dB at
2.4-2.48 GHz is employed to amplified the generated RF signal which is powered by a DC power.

The RF input power level can be varied by changing the transmitting power of the transmitting
antenna at a far-field distance D = 60 cm, which can be calculated by:

P,
P = D2—t)\2 X Aet X Aer (7)
where a2 a2
Aet: ! and Aer: . ’
47 47

P, is the receiving power; P; is the transmission power; A¢; and A, are the effective area of transmitting
antenna and receiving antenna; G; and G, are the antenna gains of the transmitting and receiving
antenna, respectively.
The output power of the rectenna can be calculated by:
V02ut (8)
RLoad
where P,,; is the output power of rectenna, Vi, the output dc voltage of the load, and Ryg.q the
resistance of load.
The conversion efficiency of rectenna can be estimated by:

Pout:

Pout V2 t
= x 100% = —2%— x 100% 9
K Pr ’ RLoadPT ’ ( )

The measured conversion efficiency of rectenna versus input power at different frequency is given
in Fig. 20. It can be observed that the conversion efficiency of rectenna increases gradually with the
input power increasing from —20dBm to 0 dBm and the highest efficiency of the rectenna at the three
frequencies are 40% at 2.42 GHz, 52% at 2.45 GHz and 50% at 2.48 GHz, respectively.

The comparison of the performance among the proposed rectenna and some previous reported
designs is summarized in Table 4. It can be easily observed that the proposed rectenna features a
smaller dimension than the published designs. It can also be found that this work provides a high
efficiency of RF to DC, and the measured conversion efficiency at low input power is relatively higher
than the majority of rectennnas. Evidently, the proposed rectenna is a good candidate for ambient
energy harvest at WiFi band for many electronic applications.

Table 4. Comparison with previous reported rectennas.

. . Conversion Maximum
Frequency Dimension . .
Ref. (GHz) Substrate (mm®) efficiency conversion
z mm
at —10dBm efficiency
Multi-
5 ulti-band TLP-5-Taconic 155 x 155 x 7.2 16% 60%
0.9;1.75-2.15;2.45
Broadband
8 roachatl R04003C 100 x 160 x 0.803 NA 32% /28%
5.1-5.8/5.8 6.0
Dual-band
12 tarban RT/Duroid5880 60 x 60 x 60 35% 50%
0.915:2.45
Dual-band
22 0.9-1.1; Rogers RT6002 120 x 120 x 1.52  20% at 2.4GHz 45% at 2.4 GHz
1.8-2.5
This work 2.45 FR 4 38 X 38 X 3.2 24% 52%

NA: Not available
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Figure 20. Measured conversion efficiency of rectenna versus input power level at three frequencies.

4. CONCLUSION

A novel compact fractal rectenna has been designed for ambient RF energy harvesting at WiFi
band. Antennas with four different numbers of corners are proposed based on fractal geometry. By
investigation of reflection coefficient, realized gain and radiation characteristic, when N =6 the antenna
is found to be most suitable for WiFi energy harvest. Besides, the optimal radius of the circumscribed
circle a of the proposed fractal patch is found to be 18.22 mm at the resonance frequency of 2.45 GHz.
A high-efficient rectifier with a stub matching network is designed to maximize the conversion efficiency
of RF to DC. The measured results show that the fractal antenna has a minimum reflection coefficient
of —38dB at 2.48 GHz with bandwidth 2.4 to 2.51 GHz, and the realized gain is 2.2dBi at 2.45 GHz.
The maximum conversion efficiency of rectifier is around 62% (at 0dBm input) at 2.48 GHz. The
maximum efficiency of the rectenna is 52% at input power level of 0 dBm with frequency ranging from
2.42 GHz to 2.48 GHz. Compared with other recent designs, the proposed fractal rectenna has a smaller
size. In addition, higher efficiency can be obtained at low power level conditions. Owing to the high
performance, the proposed rectenna can provide energy to a range of low power electronic devices and
wireless sensors by harvesting the ambient low RF power.
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