Progress In Electromagnetics Research M, Vol. 125, 1-9, 2024

PIERM

(Received 7 January 2024, Accepted 28 February 2024, Scheduled 8 March 2024)

A Gompact Loop-Shaped Dual-Band Omnidirectional Rectenna
for RF Energy Harvesting

Lei Li*, Ruifeng Xu, Jingxu Cao, Xue Li, and Jingchang Nan

School of Electronics and Information Engineering, Liaoning Technical University, Huludao 125105, China

ABSTRACT: This paper presents a compact loop-shaped omnidirectional rectenna for RF energy harvesting at 2.45 GHz and 5.8 GHz.
Firstly, a loop-shaped antenna with iterated circular concave and convex structures is proposed to operate at both frequencies. Then, a
rectifier circuit uses a complex impedance correlation matching technique to achieve high conversion efficiency. By connecting a piece
of microstrip, two uncorrelated input impedances are transformed into a pair of conjugate impedances. In addition, by using a I1-shaped
structure with the same equivalent characteristic impedance and complementary equivalent electrical lengths at both frequencies, the pair
of conjugate impedances are simultaneously matched to 50 2. The rectifier circuit is integrated in the loop-shaped antenna to form a
compact dual-band rectenna. The overall size of the rectenna is 67.5mm x 71.5mm x 1.016 mm. The test results show that the S11
of the antenna is —13.5dB and —18.7dB, and the peak conversion efficiencies of the rectenna are 65.1% and 38.4% at 2.45 GHz and
5.8 GHz, respectively. The simulated and tested results are quite similar.

1. INTRODUCTION

s the Internet of Things and communications technology
Aare developed, compact low-power devices such as wire-
less sensors have been widely used in various aspects [1].
Because batteries powering low-power devices are lifetime-
limited and challenging to replace, a wireless method is re-
quired to power wireless sensors and other devices. Conven-
tional wireless energy, including wind, solar, and mechani-
cal energy, is significantly impacted by environmental factors.
Hence, it is unsuitable for providing consistent power to dis-
tributed sensors [2]. Wireless Power Harvesting (WPH) tech-
nology can solve the problem, which harvests low-density elec-
tromagnetic energy from free space and converts it into DC
power [3]. At the same time, with the proliferation of com-
munications base stations, WLAN and electronic transceivers,
a great deal of electromagnetic energy is filled in the environ-
ment. WPH is therefore a viable solution for providing power
to devices with low power consumption.

Rectenna is the primary component of WPH system, which
consists of an antenna and a rectifier circuit. The antenna cap-
tures RF energy, while the rectifier circuit converts the RF en-
ergy into DC energy. In recent years, many results have been
proposed for rectennas operating in different frequency bands,
such as single-frequency, multi-frequency [4, 5], and wideband.
A harmonic suppression rectenna operating at 2.45 GHz is de-
scribed in [6]. Harmonic suppression is achieved by adding
two microstrip stubs to the antenna feed line. When the input
power is 18 dBm, the peak conversion efficiency of the rectenna
is 65%. In [7], a compact rectenna operating at 2.45 GHz is
proposed, consisting of a patch antenna, a diode, and a sec-
tion of shortend microstrip line connected in series. ing at
2.45 GHz is presented in [8]. The differential fed microstrip
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antenna is connected directly to the rectifier circuit, eliminat-
ing a matching network. The rectenna achieves a peak con-
version efficiency of 73.9% at a power density of 207 /cm?.
Even though the single-frequency rectenna can increase the
conversion efficiency by using differential feed, harmonic sup-
pression and other methods, higher input power is required.
In contrast, RF power density is extremely low in the physi-
cal environment. Therefore, some researches have employed
broadband and multi-frequency rectenna to harvest more en-
ergy. A four-band flexible rectenna operating at 900 MHz,
1800 MHz, 2.45 GHz, and 5.8 GHz is proposed in [9]. The re-
ceiving antenna adopts a novel feeding structure composed of
coplanar waveguide and transition section, and the rectifier cir-
cuit adopts a matching network based on a cross-shaped bend-
ing short line to realize broadband. The size of the rectenna is
105 mm x 82 mm x 0.125 mm, and the conversion efficiencies
at four frequencies are 48%, 50%, 42%, and 34%, respectively.
A seven-band omnidirectional rectenna operating in GSM 1800,
LTE, WLAN, and 5G bands is proposed in [10]. The seven-
band rectifier circuit consists of three optimized single shunt
diode rectifiers circuits in parallel, and each sub-rectifier circuit
operates in two or three frequency bands. In addition, an omni-
directional monopole antenna is designed to match the circuit.
The size of the rectenna is 92 mm x 54 mm x 0.787 mm, and
the conversion efficiency of the rectenna is 28.3%—45.4% under
seven operating frequency bands. An ultra-wideband (UWB)
rectenna operating at 0.9-3 GHz using a broadband comple-
mentary matching stub is presented in [11]. The rectenna size
is 60mm x 200mm x 0.787 mm, and conversion efficiency
is 50% over the entire frequency band. Although the above
rectenna can cover many frequency bands, the rectifier circuit
has lower conversion efficiency, complex structure, and large
size. However, the dual-band rectenna combines the benefits
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TABLE 1. Parameters of dual-band loop-shaped antenna.

Parameters | Value/mm | Parameters | Value/mm | Parameters | Value/mm
b 28.6 e 9.8 a1 19.2
L 71.5 1.6 S 16.7
k 4.75 c1 5.8 c2 4.7
w 67 di 2.5 da 2.3

PS
-

Top metal - Bottom metal

FIGURE 1. Layout of dual-band loop-shaped antenna.

of both with smaller size, wider frequency band, and higher
conversion efficiency. In [12], a differential rectenna operating
at 2.4 GHz and 5.5 GHz is described. The antenna consists of
two concentric square patches, and the rectifier circuit is con-
nected to the antenna radiation patch via a probe. The dimen-
sion of rectenna is 75mm x 75mm x 0.8 mm, and the con-
version efficiencies are 36% and 8%, respectively. In [13], a
rectenna operating at 2.45 GHz and 5.48 GHz is proposed. The
antenna consists of a dual-layer substrate, fed by coax and con-
nected to the rectifier circuit on the back of the bottom substrate
via a probe. The rectenna dimension is 85.6 mm x 64 mm X
9.2 mm, and the conversion efficiencies at the two frequencies
are 56.3% and 37.8%, respectively. A high gain rectenna op-
erating at 3.5 GHz and 5.8 GHz is described in [14]. Utilizing
an aperture-coupling feed, the antenna is constructed upon a
multilayer substrate. The rectifier circuit is connected to the
antenna via an SMA connector. The dimension of the rectenna
is 95 mm x 65 mm x 5 mm, and the conversion efficiencies at
the two frequencies are 44% and 29%, respectively. The recten-
nas mentioned above have high conversion efficiencies, but the
rectifier circuits and antennas are discrete or multilayered, re-
sulting in an enormous dimension and a high profile.

To solve the above problems, a compact dual-band omnidi-
rectional rectenna operating at 2.45 GHz and 5.8 GHz with a
rectifier circuit integrated in the loop-shaped antenna is pro-
posed in this paper. The antenna realizes the dual-band omni-
directional radiation characteristics by adding iterated circular
convex structures on the radiation patch and etching iterated
circular concave structures on the ground plane. The rectifier

circuit employs a II-shaped network in series with a microstrip
line for matching and a dual-radial stub DC pass filter for sup-
pressing the fundamental frequency. To make the overall layout
of the rectenna compact and small in size, the designed rectifier
circuit is printed in the center blank area of the loop-shaped an-
tenna. The size of rectenna is 67 mm x 71.5mm x 1.016 mm.
The tested impedance bandwidths of the proposed antenna are
2 ~ 2.56 GHz, 3.75 ~ 4GHz, and 5.15 ~ 6.28 GHz. The
tested peak conversion efficiencies of the rectenna are 65.1%
and 38.4% at 2.45 GHz and 5.8 GHz, respectively. The tested
results show that the proposed idea can effectively reduce the
overall size without affecting the performance of the rectenna.

2. DESIGN OF DUAL-BAND ANTENNA
2.1. Antenna Model

The layout of a dual-band loop-shaped antenna is depicted in
Fig. 1, which consists of a loop-shaped radiation patch and a
defective ground plane. Radiation patch and defective ground
plane are printed on an F4B substrate (¢, = 4.4 and tand =
0.0033) with dimension of 67.5mm x 71.5mm x 1.016 mm.
The optimized parameters are depicted in Table 1.

2.2. Antenna Design

The rectenna employs an omnidirectional antenna to capture
more RF energy, as RF energy in the natural environment ra-
diates in all directions. The design procedure of the dual-
band omnidirectional antenna is shown in Fig. 2. Antenna 1 is
formed of a loop-shaped radiation patch and a circular ground
plane, which is fed through a coaxial probe, as indicated in
Fig. 2(a). The loop-shaped radiation patch is connected to the
microstrip line through a circular structure to reduce the re-
turn loss caused by abrupt shape changes. Fig. 3 shows the
impedance bandwidth of the antenna, and it can be seen that
antenna 1 only resonates at 2.45GHz. Fig. 4 demonstrates
the current distribution of the antenna, with antenna 1 hav-
ing stronger currents on the loop-shaped patch at 2.45 GHz.
Fig. 4(b) presents that when antenna 1 is at 5.8 GHz, the cur-
rent is stronger at +45° and its diagonal positions, while it is
weaker at other positions. Therefore, to excite resonance at
5.8 GHz, iterated circular convex structures are added at +45°
and their diagonal position on the loop-shaped patch of an-
tenna 1 to alter the current path. At the same time, because
the defect ground can enhance matching, iterated circular con-
cave structures are into the circular ground plane, as shown in
Fig. 2(b). Antenna 2 produces two desired resonance frequen-
cies at 2.4 GHz and 5.8 GHz and an undesired resonance fre-
quency at 4 GHz. Fig. 4(e) shows that the current of antenna 2
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FIGURE 2. Three different structures of the proposed antenna, (a) antenna 1, (b) antenna 2, (c) antenna 3.
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FIGURE 3. Si; of three different antennas.

is mainly distributed on the inner side of the loop-shaped patch
between the two convex structures at 4 GHz. Then, to suppress
the undesired resonance frequency, the right and left circular
edges of the ground plane are truncated to rectangular edges to
reduce the matching performance of antenna 2 near 4 GHz, as
depicted in Fig. 2(c). As can be seen in Fig. 4(h), the current
between the two concave structures on one side of antenna 3
is obviously reduced, and the matching performance around
4 GHz is weakened. S1; of the three different antennas of Fig. 2
are illustrated in Fig. 3. The Si; of antennas gradually de-
creases at 2.45 GHz and 5.8 GHz, and increases at 4 GHz with
the evolution of the antenna. Antenna 3 resonates at 2.45 GHz
and 5.8 GHz with S1; of —36.3 dB and —45.3 dB, respectively,
while S7; is larger than —10 dB at 4 GHz.

Since the radii ¢; of the convex structures on the loop-shaped
patch and ¢ of the concave structures on the defective ground
significantly affect the resonance of the antenna 3, the values
of ¢q and ¢, are optimized. Fig. 5 shows the S1; of antenna 3
for different radii ¢; and co, respectively. As c; increases, the
two resonance frequencies of antenna 3 move towards lower
frequencies. When c; = 5.8 mm, the resonance frequencies
of antenna 3 are located at 2.45 GHz and 5.8 GHz, as shown in
Fig. 5(a). As cq increases, the S7; of the antenna 3 decreases
and then increases, and S7; is minimized when ¢co = 4.7 mm,
as indicated in Fig. 5(b). The optimized values for antenna 3
are ¢; = 5.8 mm and co = 4.7 mm. Fig. 6 depicts the radiation

pattern of antenna 3, which is omnidirectional at 2.45 GHz and
quasiomnidirectional at 5.8 GHz. The radiation pattern indi-
cates that the design can receive RF energy from all directions.

3. RECTIFIER CIRCUIT ANALYSIS AND DESIGN

3.1. Rectifier Circuit Design

In this paper, a dual-band rectifier circuit working at 2.45 GHz
and 5.8 GHz is designed to integrate in the loop-shaped antenna.
The substrate of the rectifier circuit is identical to the antenna.
Fig. 7(a) depicts the schematic diagram of the rectifier circuit,
which is composed of four components: rectifier network, DC
pass filter, matching network, and a load.

The rectifier network utilizes a doubled-voltage rectifier net-
work with HSMS 2852 diodes D; and D5 for high DC volt-
ages. In order to obtain pure DC power, a dual-band DC pass
filter is placed at the output terminal of the rectifier network.
The DC pass filter utilizes three microstrip transmission lines
and two radial stubs. By changing the dimension of the mi-
crostrip transmission lines and radial stubs, the input impedance
can be adjusted to prevent the fundamental frequency energy
from passing through the load. Because the input impedances
of the rectifier circuit are different at the two frequencies rep-
resented with f; and f5, the input impedances can be denoted
as Ry + j X, at f1 and Ry + j X5 at f5. The matching network
is needed to match the two different input impedances to 50 {2
at the same time. Firstly, a section of microstrip line TLy is
inserted in front of the rectifier network to generated two con-
jugated impedances at f; and fo, shown as Fig. 7(a). The in-
put impedance Zin (f1) and Ziqi (f2) of the rectifier network
in series with TL, at two frequencies can be calculated using
Equations (1) and (2).

(R1 +jX1) + jZ;tan 6y

Zin = 7 - - 1
1(f) L Z1+j (R +jX)tan 6, M

(Ro + jX2) + jZ tan 0y
Zin = /i X - - 2
1(/2) Y770+ 7 (Ry + jXo) tan 6 @

where Z; is the characteristic impedance of TL4, and 6, and
0, are the electrical lengths of TL,4 at f; and fs, respectively.
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FIGURE 4. Current diagram of the (I) Antenna 1 (a) 2.45 GHz, (b) 5.8 GHz; (II) Antenna 2 (c) 2.45 GHz, (d) 5.8 GHz, (e) 4 GHz; (III) Antenna 3 (f)

2.45GHz, (g) 5.8 GHz, (h) 4 GHz.

Frequency/GHz

s,,/dB

50 1 1 1 1 1

Frequency/GHz

FIGURE 5. Simulated S11 for different (a) ¢1 and (b) c2.

Because Zin (f1) and Zina(f2) are conjugate, and there is pro-
portional relation between 6; and 6, the Z; and 6; of TL4 can
be calculated from Equations (3) and (4).

X1+ X
Z = \/R1R2 + X1 X5 + ﬁ (R1 X5 — RyX1)(3)
2 — 1
f1 { |:Zl (R1—R2)] }
0 = arctan | ——— | +n7w o,
T Ri Xy — R Xy "
n=0,1,2,... (4)

In general, n can be arbitrary integers. However, when we
choose the value of n, we should make TL, easy to be fabri-

cated. Then, to match two mutually conjugated impedances to
502, a II-shaped matching network is designed, which can be
equivalent to two section microstrip lines with the same charac-
teristic impedance and complementary electrical lengths at f;
and fo, shown in Fig. 7(b). The parameters of the II-shaped
structure and TL,4 are optimized by Advanced Design System,
and the optimized parameters are as follows: L; = 3.2mm,
Ly = 3.6mm, Ly = 0.6 mm, Ly = 7.2mm, W; = 2.7mm,
Wy = 1.0mm, W3 = 2.2mm, W, = 1 mm. Fig. 8 depicts the
layout of the rectifier circuit.

Figure 9 exhibits the simulated DC voltage and conversion
efficiency of the rectifier circuit. The load resistance of the rec-
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FIGURE 6. Radiation pattern of the antenna 3 (a) 2.45 GHz, (b) 5.8 GHz.
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FIGURE 7. Schematic diagram (a) rectifier circuit, (b) II-shaped network.
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FIGURE 8. Layout of rectifier circuit (unit: mm).

tifier circuit is 1.2 k(2. At 2.45 GHz, the maximum conversion
efficiency is 63.6%, and the DC voltage is 2.46 V at an input
power of 9dBm. At 5.8 GHz, the maximum conversion effi-
ciency is 43.8%, and the DC voltage is 2.57 V at an input power
of 11 dBm.

3.2. Co-Simulation of the Rectenna

The rectifier circuit is integrated in antenna 3 to form a rectenna,
as shown in Fig. 10. To research the change of performance of
the antenna after it is integrated in a rectifier circuit, the cur-
rent distributions of rectenna and antenna are simulated by us-
ing EM Circuit Excitation function in Advanced Design Sys-
tem. The current distribution is depicted in Figs. 11. Compar-

70
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60 —@— Efficiency 2.45 GHz
—A—Vout 5.8 GHz
—— Vout 2.45 GHz 3.0
50
° 2.5
§ 4
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B z
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-20 15 10 -5 0 5 10 15

Pin/dBm

FIGURE 9. Simulated conversion efficiencies and output voltages at dif-
ferent input powers.

ing Fig. 11(a) with Fig. 11(b) and Fig. 11(c) with Fig. 11(d), it
can be seen that the current distribution of the antenna barely
changes, indicating that the performance of the antenna is
hardly changed after connecting the rectifier circuit.

4. TEST AND ANALYSIS

4.1. Test and Analysis of the Antenna

As shown in Fig. 12, antenna 3 was fabricated, and the SMA
connector was soldered to antenna 3. Fig. 13 shows Sp; of
the antenna: the simulated impedance bandwidths are 2.06 ~
2.66 GHz and 5.57 ~ 6.03 GHz, and the S7; at 2.45 GHz and
5.8 GHz are —36.3 dB and —45.3 dB, respectively. The mea-
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FIGURE 10. Rectenna structure diagram.

FIGURE 12. Photographs of antenna. (a) Front. (b) Back.

sured impedance bandwidths are 2 ~ 2.56 GHz, 3.75 ~ 4 GHz,
and 5.15 ~ 6.28 GHz, and S; are —13.5dB and —18.7dB at
2.45 GHz and 5.8 GHz, respectively. The simulated and mea-
sured radiation patterns of the antenna 3 are shown in Fig. 14.
The radiation pattern is omnidirectional at 2.45 GHz and quasi-
omnidirectional at 5.8 GHz. The measured and simulated data
are similar. Nonetheless, the resonant frequencies are shifted to
lower frequencies with a new frequency emerging between the
two frequencies. The main reason for the difference between
the simulated and measured results is that there is an air gap
between the probe and the substrate. The radius of the probe
used in the simulation is 0.5 mm, while the radius of the probe
used in the test is 0.375 mm, so there is an air gap between the
probe and the substrate. To verify my assumption, the model
with the air gap is simulated, and the result is shown in Fig. 13.
The S1; of the antenna drops to —9.8 dBm around 4 GHz. The
secondary reasons are the influence of antenna processing ac-
curacy, test environment, and welding accuracy. The results of
the test and simulation are similar, and deviations are within
acceptable limits.

(b)

FIGURE 11. Visual current diagram. (a) 2.45GHz rectenna, (b)
2.45 GHz antenna, (c) 5.8 GHz rectenna, (d) 5.8 GHz antenna.
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FIGURE 13. Simulated and measured S1; of antenna.

4.2. Test of Rectifier Circuit

A photograph of the rectifier circuit is shown in Fig. 15, and
the dimension of the rectifier circuit is 34.7mm x 26 mm x
1.016 mm. Signals of different powers and frequencies gen-
erated by the signal generator are fed into the rectifier circuit
through the SMA connector. The DC voltage of the load is
measured with a voltmeter. Fig. 16 displays the rectifier cir-
cuit’s DC voltage and conversion efficiencies at various input
powers. With a load of 1.2k2, a peak conversion efficiency
of 55.7% and a DC output voltage of 2.9V are measured at
2.45 GHz when the input power is 11 dBm, and a peak conver-
sion efficiency of 37.1% and a DC output voltage of 2.98 V are
measured at 5.8 GHz when the input power is 13 dBm. The
tested conversion efficiency at both frequencies has dropped
compared to the simulated results, and the following factors are
to blame for the inaccuracies: (1) The simulated diode model
differs from the actual model; (2) Both chip components and
diodes exhibit parasitic effects; (3) Both the tested procedure
and machining precision contain inaccuracies.
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FIGURE 14. Simulated and measured radiation pattern. (a) 2.45 GHz, (b) 5.8 GHz.

FIGURE 15. Photograph of rectifier circuit.
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FIGURE 16. Rectifier circuit curves at different input powers. (a) Output voltage curves. (b) Conversion efficiency curves.

4.3. Test of Rectenna

Figure 17 illustrates photographs of the rectenna, which has a
dimension of 67.5mm x 71.5 mm x 1.016 mm. The tested sys-
tem shown in Fig. 18 is designed to evaluate the RF energy har-
vesting performance of the rectenna. To reduce the impact of
the tested environment on the results, electronic devices such as
computers and mobile phones are removed from the tested area.
The conversion efficiency of the rectenna can be calculated by

Equation (5)
Pdc 0 ‘/0%1'[ 0
n= x 100% = _RL—P x 100% (5)

where P, is the output RF power of the antenna as measured
by a spectrum analyzer, Py, the DC power output from the rec-
tifier circuit, Vg the voltage of the load measured with a volt-
meter, and Ry, the load resistance. The RF signal output from
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FIGURE 17. Photographs of rectenna. (a) Front. (b) Back.
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FIGURE 18. Photographs of rectenna test system.
TABLE 2. Comparison of this paper with other research results.

Ref. | fi(GHz) | fiEff | fo(GHz) | foEff | Dimension (mm?®) | load (Q)

[12] 2.4 36% 5.8 8% 75 x 75 %x 0.8 12k

[13] 2.4 56.3% 5.48 37.8% 85.6 X 64 x 9.2 1k

[14] 3.5 44% 5.8 29% > 65 %95 x5 0.5kQ2

[15] 2.45 48% 5.8 45% 200 x 150 x 2.8 5.6kQ

[16] 24 79.3% 5.8 60% 133 x 75 x 1.524 1.8kQ2

[17] 2.4 63% 5.8 54.8% 80 x 48 x 1.6 0.6 k2

[18] 2.45 47.25% 5.8 42% 103 x 40 x 0.787 3.9k

This 2.45 65.1% 5.8 38.4% | 67.5 x 71.5 x 1.016 1.2k
the signal generator is amplified by the power amplifier and 70 pog G 40
radiated into the fr.ee space by the log periodic ante@a. The wl :Effizi:g ; 45 géz s
spectrum analyzer is connected to antenna 3, located in the far —a-Vout 5.8 GHz
field area to measure the RF power gathered by antenna 3. The 50 |- —— Vout 2.45 GHz >0
log-periodic antenna and antenna 3 keep in good polarization N 25
alignment. Concurrently, the rectenna is placed at the same o) 0 20 %
location as antenna 3, and a voltmeter is used to measure the é 20 S
voltage across the load. The far field is the area at a distance s L5
greater than % from the transmitting antenna, where Dy is 20 Lo
the maximum dimension of the transmitting and receiving an- "
tennas, and ) is the operating wavelength in free space. There- 03
fore, the distance between the transmitting antenna and receiv- 0 L L 0.0

ing antenna is set to 70 cm.

Figure 19 depicts the output voltages and conversion effi-
ciencies of the rectenna at various input powers. When input
power is 10.5 dBm, the peak conversion efficiency and volt-

-20 -15 -10 -5 0 5 10 15
Pin/dBm

FIGURE 19. Conversion efficiency and output voltage of rectenna at
various input powers.
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age at 2.45 GHz are 65.1% and 2.96 V, respectively; when in-
put power is 11 dBm, the same values at 5.8 GHz are 38.4% and
2.41V, respectively.

A comparison of the relevant published results with the re-
sults of this paper is presented in Table 2. The size of the
rectenna proposed in this paper is smaller than most of the re-
search results (67.5 mmx 71.5 mmx 1.016 mm); the conversion
efficiencies at 2.45 GHz and 5.8 GHz are 65.1% and 38.4%, re-
spectively, which are higher than most of the research results.
The proposed rectenna has small size, low profile, and high
conversion efficiencies due to the consideration of antenna and
rectifier layout.

5. CONCLUSION

This paper proposes a dual-band omnidirectional rectenna with
a rectifier circuit integrated in the center of a loop-shaped an-
tenna. The designed rectenna achieves 65.1% and 38.4% con-
version efficiencies at 2.45 GHz and 5.8 GHz, respectively,
with a rectenna size of 67.5mm x 71.5mm x 1.016 mm. The
overall size of the rectenna can be reduced by placing the rec-
tifier circuit in the center of the loop-shaped antenna.
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