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Abstract—The microwave power transmission is an approach for
wireless power transmission. As an important component of a
microwave wireless power transmission systems, microwave rectennas
are widely studied. A rectenna based on a microstrip dipole antenna
and a microwave rectifier with high conversion efficiency were designed
at 2.45 GHz. The dipole antenna achieved a gain of 5.2 dBi, a return
loss greater than 10dB, and a bandwidth of 20%. The microwave to
DC (MW-DC) conversion efficiency of the rectifier was measured as
83% with 20 dBm input power and 600 €2 load. There are 72 rectennas
to form an array with an area of 50 cm by 50 cm. The measured results
show that the arrangement of the rectenna connection is an effective
way to improve the total conversion efficiency, when the microwave
power distribution is not uniform on rectenna array. The experimental
results show that the highest microwave power transmission efficiency
reaches 67.6%.

1. INTRODUCTION

Microwave power transmission (MPT) [1] system is to wirelessly
transmit microwave power from one location to another, in which
the transmitted microwave power is received and converted to DC
power. In the system, a rectenna is a key component which determines
the power capability and MW-DC conversion efficiency of the entire
system. It generally consists of an antenna which receives microwave
power and a rectifier which converts the microwave power to DC power.
Actually a single rectenna cannot satisfy MPT system due to its low
power capacitance. Therefore, a rectenna array is a must in application
systems.
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Recently many kinds of rectenna were reported, including linear
and circular polarization with plenty of different configures. A lot of
researches are interested in a single rectenna or a low power rectenna
array at a fixed transmission distance [2-11]. In an MPT system, a
rectenna array at a level of several watts is convenient and useful [9].
At the same time, the transmission distance is an essential factor as
well, which influences the system efficiency and output DC power.

In this paper, we have designed and fabricated a rectenna array
with 8 by 9 rectenna units at S-band. Each rectenna element consists
of a microstrip dipole antenna and a high efficiency microstrip rectifier,
which are bonded together with connectors. Microstrip dipole-
antennas and rectifiers are light, compact, and easy to fabricate. They
are suitable to compose an rectenna array. In the following sections, we
describe the S-band rectenna design and array arrangement in details.

2. RECTENNA ARRAY

The rectennas at ISM (Industry, Science, and Medicine) band,
e.g., 2.45GHz, are developed in microwave power transmission
systems. Compared with the diodes at 5.8 GHz [6, 11] or other higher
frequencies [2], the diodes at 2.45 GHz [12] provide higher breakdown
voltage and power capacitance. A 2.45 GHz rectenna array presents
better DC voltage and power handling for practical applications.

2.1. Microstrip Dipole Antenna

The realized microstrip dipole antenna [13,14] is shown in Figure 1.
The antenna is printed on a 1 mm thick FR-4 (g, = 4.4) substrate. On
the front side, the length of the dipole radiator shown in Figure 1(a)
is A/4. Figure 1(b) shows an open-ended compensation stub and a
printed balun which fed by a microstrip line [15,16]. At the bottom
of the antenna, a reflection plate is added to enhance the radiation

(@ (b)

Figure 1. (a) Front side and (b) reverse side of microstrip dipole
antenna.
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Figure 2. Simulated and measured results for |Si;].
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Figure 3. Measured radiation pattern of the dipole antenna.

directivity and gain. Furthermore, the plate plays the role of matching
the output impedance of the dipole antenna to 50€2. Thus, each
antenna can be connected to a SMA connector.

Figure 2 presents the simulated and measured |S7;| parameters
of the dipole antenna. The measured bandwidth is about 25% which
covers the design frequency from 2.34 GHz to 2.86 GHz. Figure 3 shows
the measured radiation pattern of the microstrip dipole antenna at
2.45GHz and 2.5 GHz. The 3dB beamwidth is 132° for E plane and
81° for H plane at 2.45 GHz. At the same instant, the 3 dB beamwidth
is 125° for F plane and 79° for H plane at 2.5 GHz. In MPT system,
the incident angles at the surface of rectenna array are different from
the edge to the center. A wide 3 dB beamwidth antenna provides better
reception than a narrow one when microwave is in different directions.
The measured gain of the antenna is 5.2dBi at 2.45 GHz.
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Figure 4. (a) Layout and (b) photo of proposed rectifier.

2.2. 2.45 GHz Microstrip Rectifier Design

The 2.45 GHz microwave rectifying circuit is constructed based on
HSMS-282 Schottky diode and printed on a 1 mm thick F4B-2 (g, =
2.65) substrate [12]. The rectifier consists of two tapered microstrip
lines, a DC blocking capacitor, a Schottky diode, a A/8 short-ended
microstrip line, a matching microstrip line, and an output low pass
filter.

The layout and photo of proposed rectifier are shown in
Figures 4(a) and (b), respectively. The tapered microstrip line 1
is applied to matching the input impedance of the circuit to 50 ).
Then its impedance is matched to the dipole antenna. The tapered
microstrip line 2 is used to matching impedance between the DC
blocking capacitor and HSMS-282 Schottky diode. The impedance
of the diode at fy is defined as

TR,
cos b,y ( Oon _ gin 00n> + jwRsC; (”_9"" + sin 8,

cosOon cosOon

Zg =

1 ()
)

where C;, R, and 6,, are the junction capacitance, the series
resistance, and the forward-bias turn-on angle, respectively. A
Ag/8 short-ended microstrip line is equivalent to an inductance at
the fundamental frequency but a \,/4 resonator at the second
harmonic. Therefore, this microstrip line cancels the imaginary part
of diode impedance to enhance the rectifying efficiency at fundamental
frequency. The inductive reactance is defined as

1 X = j2nfol = jZytan (ﬂl) (2)
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where Zy and ( are the characteristic impedance and propagation
constant, respectively. While | = \;/8, L = 25}0. At the second
harmonic, the equivalent resonator rejects the harmonic wave to the
diode during rectifying.

A low pass filter is applied before the DC output port to blocking
the harmonic frequencies produced in rectifying. The harmonic waves
are directly reflected back to the diode due to the diode connecting form
is in series but not in parallels. Then, the harmonics are re-rectified

by the diode.
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Figure 5. Measured DC voltage and power output with respect to
the load at different input power.
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Figure 6. Measured MW-DC conversion efficiency with respect to the
load at different input power.



752 Huang et al.

ADS software is applied to simulating the schematic and layout
of the rectifier, and analyzing the rectifying efficiency at given input
microwave power while the load varies within a certain range. Figure 5
presents the measured DC voltage and output power with respect to
the loads at different input power. The maximum voltage reaches
10.06 V. When the maximum DC power achieves 83.1 mW at 20 dBm
microwave input, the experimental DC output voltage attains 7.06 V
at a 600 Ohm load. Figure 6 shows the measured conversion efficiency
with respect to different input powers. The highest efficiency of 83.1%
is achieved at an input power of 20dBm and DC load with 600 Ohm.
The measured rectifying efficiency is higher than 60% when the input
microwave power is between 10dBm to 20 dBm. When the input MW
power increases, the optimal DC load decreases to achieve the best
MW-DC conversion efficiency.

In most cases, the microwave power distribution on a rectenna
array is not uniform and decreases from center to edge. High rectifying
efficiency at low input power ensures the rectennas at edge of an array
work as well as center.

2.3. Rectenna Array

Figure 7 shows the realized rectenna array (50cm by 50cm). In
each rectenna element, the antenna and rectifying circuit are fitted
together by a SMA connector through the reflection plate. The 72
elements are arranged as rows of \/2 equilateral triangle shown in
Figure 8. Each element is placed on the vertex of the triangles [10].
The triangular arrangement ensures that the overlap of the aperture
between adjacent receiving antennas is minimum and the entire array
is uniformly covered by aperture of receiving antennas [17-22].

(a) Dipole antennas (b) Microwave rectifiers

Figure 7. (a) Front side and (b) reverse side of rectenna array.
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3. MICROWAVE POWER TRANSMISSION
EXPERIMENTS

Figure 9 shows the rectenna measurement configures. The rectenna
array was experimented at close and short distances respectively on
this configure.

3.1. Close Distance Experiment

In close distance transmission experiment, the range between
transmitting antenna and rectenna array is A, i.e., 12.2cm, where
the power reflected to transmitting antenna equals to zero. The
transmitting antenna is a 16 dBi horn antenna. Therefore, the power
distribution on the array is not uniform at this distance.

At first, the rectifiers are connected parallel as shown in
Figure 10(a) while R; equals 10 Q. Afterward, changing the connection
form presented in Figure 10(b), Re and Rs3 equal 15 and 25,

Apertu;g of the dipole antenna

Figure 8. Schematic of the rectenna array arrangement.
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Figure 9. Rectenna measurement configure.
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respectively.  Figure 11 shows the measured total transmission
efficiency of the rectenna array in different parallel connection forms.
In form (b), the efficiency is nearly 5% improved compared with form
(a). Carrying different loads is an effective way to improve total
transmission efficiency when the power distribution is not uniform on
the array in close distance microwave power transmission.

3.2. Short Distance Experiment

In short distance experiments, the transmission distance is greater than
29X and the transmitting antenna is a 24 dBi parabolic grid antenna.
The rectifiers are parallel connected as shown in Figure 10(a). The
power densities at 3.5m, 4m and 4.5 m are 55.6 W/m?, 35.7 W/m?and

Rectifier

@ (b)

Figure 10. Different parallel connection forms of rectifiers at near
transmission distance.
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Figure 11. Total transmission efficiency in different forms of
paralleled connection after measuring.
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Figure 12. Measured DC voltage and power with respect to the load
at different transmission distance.
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Figure 13. Measured conversion efficiency with respect to the load at
different transmission distance.

25.3 W/m?, respectively, which are measured by a 16 dBi horn receiving
antenna. The conversion efficiency is defined as
n= Ppc x 100% (3)
Sq X ARectenna—army
where Pp¢ is the output DC power, s; the power density at distance
d, and ARectenna-array the area of the rectenna array.

Figure 12 shows the measured DC output voltage and power with
respect to the load at different transmission distance. The maximum
voltage is 10.38 V which almost equals to the maximum voltage of
single rectifier. The output power is basically steady when the load
continually increases. The experimental DC output voltage achieves
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8.5V with a 10 Ohm load while the maximum DC output power attains
7.1W at 3.5m. Figure 13 shows the measured conversion efficiency
with respect to the load at different transmission distance. When the
maximum DC output power is 7.1 W, the efficiency reaches 51.1%. The
highest efficiency is 67.6% at the distance of 4m with 6 Ohm load. A
majority of the lower efficiency is attributed to the ununiformed power
density on the array at 3.5 m. However, the efficiency is better at 4m
and 4.5m in general because that the power distribution is better.

4. CONCLUSION

A novel S-band rectenna array is proposed to increase the conversion
efficiency and power capacitance. The three-dimensional structure
of the rectenna array enhanced the compactness of the array, since
the projected area of the dipole antenna in the reflecting surface is
much less than the patch antenna area. The triangular arrangement
similarly makes it possible to place more elements independently in a
limited space. The more rectenna elements the system has, the greater
the power capacitance is. The measured conversion efficiency of the
rectifier is over 60% with 10dB dynamic range of input power and
highest efficiency reaches 83.1%. The connection of rectennas is an
effective way to improve total transmission efficiency, when the power
distribution is not uniform on the array. The maximum DC output
power and highest conversion efficiency of rectenna array are 7.1 W
and 67.6%, respectively. Moreover, artificial transmission lines may
be applied to make the rectenna more compact [15]. This rectenna
array may be applied to large scale of a microwave power transmission
system in future.
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