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Abstract—This paper describes the design, modeling and optimiza-
tion of an efficient ISM band dual patch rectenna capable of achieving
more than 80% RF-to-DC conversion efficiency at low/medium power
densities. The circuit is based on a full-wave rectifier, designed and op-
timized at 2.45 GHz with ADS software and the FDTD algorithm. The
performances of the rectenna have been accurately predicted using the
full-wave 3D-FDTD method extended to lumped linear and non-linear
elements. It exhibits 73% (Vpc = 1.1V for Ry, = 1.2kQ) measured ef-
ficiency at a low power density of 14 uW /cm? and 84% (Vpc = 1.94 V)
at 43 uW/cm?. The differences between the experimental and FDTD
simulated efficiencies are less than 3%. The proposed circuit is par-
ticularly suitable for low/medium power recycling and power remote
supply of wireless sensors, sensor nodes and actuators.

1. INTRODUCTION

The growing proliferation of wireless communication devices raises
the issue of their energy autonomy. The remote and contactless
powering of abandoned sensors and actuators is a sample of application.
Conventional solutions like the use of batteries present constraints
of lifetime and recycling operations. The concept of wireless power
transmission (WPT) [1] using far-field RF radiation appears as an
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attractive alternative. In this study, we focused on the microwave
capture and conversion in the ISM (Industrial-Scientific-Medical) band
at 2.45 GHz.

The key component of a WPT system is called rectenna [2, 3]. It
contains a receiving antenna and an RF-to-DC rectifier. The rectifier is
often made up of a combination of Schottky diodes, an input HF filter,
an output bypass capacitor and an output load resistor that models
the input impedance of the device to be powered. The output dc filter
is often constituted by a lumped shunt capacitor [2,4-7], a distributed
microstrip low-pass filter [3] or a radial stub [8,9]. In addition, via-hole
connections are often used for dc path [3-8].

The RF-to-DC rectifier can take several configurations. The single
serial [3,4,8] and shunt [2,5] configurations are the most used. The
voltage doubler [2, 6, 7] topology can also be used so as to enhance the
output dc voltage. To achieve high dc output (power and/or voltage),
antenna arrays [10-12] or rectenna arrays [2,12-14] have to be used
to rectify a large amount of incoming power. In rectenna arrays,
different interconnection topologies of elements can be considered:
series, parallel and cascaded. For a given input RF power level, the
RF-to-DC conversion efficiency is mainly affected by the diode losses,
which are dominant, and the impedance mismatching. In addition, the
receiving antenna efficiency affects greatly the global efficiency of the
rectenna.

In [15], the authors propose an ISM band rectenna operating at
2.45GHz. It consists of a modified circular monopole loaded with
a rectangular ring and a half-wave rectifier. It exhibits a maximum
efficiency of 50% at 155 uW /cm?.

A rectenna for RF energy scavenging at 866 MHz is reported
in [16]. It uses a modified bowtie antenna to collect the electromagnetic
energy coming from UHF RFID systems, and Schottky diodes for the
RF-to-DC conversion. An experimental efficiency of about 65% is
obtained at 60 pW /cm?.

A dual-band rectenna, operating at 1.96 and 2.45GHz, is
described in [17] and dedicated for wireless powering at low power
densities, from 20 to 200 uW/cm?. Measured efficiencies of about 54
and 57% were obtained in the two frequency bands, respectively.

This paper addresses design, optimization and characterization of
a high-efficiency ISM band dual patch rectenna well suitable for driving
smart actuators [13] and wireless sensors or sensor nodes [18]. Then,
the circuit has been optimized to operate at 10 mW RF input power
which corresponds to a power density of about 100 uW/cm? on the
dual patch antenna and an efficiency of 87% but some results will be
also given at low power (around 1mW). Unlike the most published
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results on the RF-to-DC rectifying circuit, the proposed structure
needs neither via-hole connections nor bypass capacitor. This is due
to its symmetrical topology. Further, no input HF filter has been used
resulting in a simpler structure.

This paper is organized as follows: a description of the dual
accesses microwave rectifier is given in Section 2, followed by
an accurate 3D-FDTD modeling of the rectenna in Section 3.
Experimental characterization, results and comments are given in
Section 4.

2. MICROWAVE RECTIFIER: DESIGN AND
OPTIMIZATION

The RF-to-DC rectifier shown in Fig. 1 is based on a symmetrical
bridge with two microstrip accesses. It has been designed and
optimized at 2.45GHz and 10mW RF input power (5mW on
each access). The parameters such as microstrip-line lengths,
characteristic impedances and resistive load have been optimized
using Advanced Design System (ADS) [19]. To take into account
all the electromagnetic couplings between elements, a global analysis
technique [9] that associates Momentum electromagnetic simulator and
Harmonic Balance (HB), has been achieved.

HSMS 2864 | 3
s

W‘if HSMS 2863

Figure 1. Layout of the full-wave rectifier.
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The rectifier was etched on Rogers Duroid 5880 substrate (&, =
2.2, h = 1.575 mm and tan § = 0.0009), it includes four Schottky diodes
(D1 to Dy). Diodes are arranged by pair and mounted on single surface
mount SOT 23 packages, one with common anode (HSMS-2863) and
the second with common cathode (HSMS-2864), and operate from
915 MHz to 5.8 GHz. These diodes are characterized by a forward and
breakdown voltages of 0.3 and 7V, respectively. The zero bias junction
capacitance Cjo is 0.18 pF and the series resistance R, is 5 [20].
Two folded quarter wavelength open stubs, connected at points Py and
Pig, behave like short circuits at the operating frequency and therefore
isolate the resistive load Ry. At the point P; (P), the incident RF
power from access 1 (2) is split in two balanced RF components which
propagate in phase towards diodes D; and Dy (D3 and Dy). Due to
the non-linear characteristic of diodes, the incident RF signal is then
partially converted into dc current. Moreover, high-order harmonics
components are generated.

The output dc voltage (Vpc = Vi — V) is measured across an
output resistive load of 1.2 k{2 without reference to the ground plane,
optimized at 10 mW received power. Thus, there is no need of via-hole
connections. The optimization criterion is based on the RF-to-DC
conversion efficiency (), defined as follows:

(1)

where Pgry is the total RF input power on both accesses (1 and 2), Ppc
the output dc power, and Vpc the output voltage over the resistive load
(Rp).

Table 1 summarizes the optimized dimensions and the charac-
teristic impedances of microstrip-line sections of the rectifier. These
parameters, and the output load value, are accurately adjusted so as to
maximize the RF-to-DC conversion efficiency and considering a simu-
lated serial diode impedance of 78-5256 2 at 10 mW RF input power.

Pnc Vic
=100 x =— =100 x ————=—
77(%) % PRF % PRF X RL

Table 1. Lengths, widths and characteristic impedances of the line
sections.

Microstrip-line section | Length (mm) | Width (mm) | Z¢ (Q)

Ly, Wy 10 4.8 50
Lo, Wy 17.6 1.53 95
L3, W3 17.9 1.53 95

Ly, Wy 11.5 0.95 117
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Figure 2. Input reflection coefficient versus: (a) RF frequency,
(b) input RF power.

The simulated reflection coefficient (S11, S22) of the rectifier
versus frequency is depicted in Fig. 2(a). Simulations are made
considering five RF power levels: 0.1, 0.316, 1, 3.16 and 10mW. The
results clearly show that the rectifier is correctly matched around
2.45 GHz and 10mW RF power level. Fig. 3(b) shows the simulated
reflection coefficient (S11, S22) of the rectifier when the input RF power
varies from 0.1 up to 100mW. Results are depicted at 2.4, 2.45 and
2.5 GHz. Due to the nonlinear characteristic of the Schottky diodes,
the reflection coefficient is closely dependant on the RF input power.
At 2.45 GHz, the reflection coefficient is lower than —20dB around
5mW, which is the incoming power per access that has been considered
in the optimization process.

Figure 3 shows the simulated RF-to-DC conversion efficiency
versus output load, for several input power levels, ranging from 0.1 to
10 mW. Results clearly show that the maximum of efficiency is slightly
dependant on the RF input level and is obtained for an output resistive
load close to 1.2kS2.

Due to the arbitrary angle of incidence of the RF signal incoming
toward the dual patch rectenna, additional ADS simulations were
performed to evaluate the influence of the phase difference between the
two RF signals that feed the accesses of the rectifier. The amplitudes
of both signals are considered to be equal. Fig. 4 illustrates the
conversion efficiency against phase difference (A®) for several total
input power levels, ranging from 0.1 to 10 mW. Results clearly show
that the maximum efficiency is obtained in the balanced case when
A® = 0° and gradually decreases when A® increases.
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Figure 3. Conversion efficiency  Figure 4. Conversion efficiency
versus output load. versus phase difference between
the two accesses of the rectifier.

3. RECTINNA CIRCUIT: 3D-FDTD MODELING

The rectifier previously described has been associated with two linearly
polarized patch antennas (see Fig. 5). The rectenna was etched on the
Rogers Duroid 5880 substrate with €, = 2.2 and 1.575 mm thickness.
The single patch antenna has been designed and optimized under
Ansys HFSS software. Its dimensions are depicted on Fig. 5. The two
patches have then been arranged to form the antenna array (see Fig. 6).
The radiating elements are connected through a planar tee junction
respectively constituted by a 50€) and 252 characteristic impedance
microstrip lines. The 50-() feeding lines are 6.85 mm shifted at the
edge of the antenna to excite the transverse vertical mode (along z
coordinate) of the antenna. This configuration is also called the H-

0 y
HSMS 2864
(SOT 23 package)

4 HSMS 2863
Patch antenna 1 (SOT 23 package) Patch antenna 2

Figure 5. Layout of the proposed rectenna (All dimensions are in
millimeters).
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Elevation angle (°)

Figure 6. Normalized radiation pattern of the antenna array.

plane arrangement [21]. Here, the edge-to-edge separation is 56.9 mm
(A0/2.15), resulting in a mutual coupling between patches less than
—32dB.

The array presents a simulated reflection coefficient (S11) of
—22dB. The simulated gain of the single patch antenna is 7.14dB
at 2.45GHz at its broad51de 0 = 02 This corresponds to an
effective aperture of 61.8 cm? 123 6crn for the corresponding dual
patch array). The normalized radlatlon pattern of the antenna array
in the F- and H-planes is shown in Fig. 6. Two side lobes appear at
0 ~ +60°, in the H-plane.

To accurately analyze and take into account the electromagnetic
couplings between the rectifying circuit and the patch antennas, the
full-wave three-dimensional Finite Difference Time Domain 3D-FDTD
method [22] has been introduced. The algorithm has been extended to
lumped linear and non-linear elements [23-26] to describe and analyze
the rectenna in term of current distributions [27]. Furthermore, the
total-field /scattered-field formulation [28] and the Uniaxial Perfectly
Matched Layers (UPML) [29] have also been used.

The FDTD parameters will be specified and simulation results
presented and discussed. The smallest cells in the z and y directions
are Ax = 0.467mm and Ay = 0.279mm. Two cells have been chosen
to correctly model the substrate thickness (Az = 0.7875mm) along
the z axis. The total mesh dimensions are 227 x 137 x 49 cells in
the z, y and z directions, respectively. The time step is 0.726 ps
and simulations are performed considering 100000 time steps. The
patch antennas are modeled by 41 cells in length (Lg) and 56 cells
in width (Ls). The feed-line width W; and length L; are 15Azx
and 11Ay, respectively. Schottky diodes (D; to Dy) are modeled by
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a 0.84mm x 0.82mm x 0.7875mm cells and the output load Rj is
considered over two cells of 0.5 mm in length and one cell of 0.896 mm in
width. Using the total-field /scattered-field formulation, the rectenna is
illuminated by a linearly polarized incident plane wave of E = 19V /m
(p = 96 uW /cm?) at its broadside.

The rectifying circuit, described in Section 2, and the patch
antenna are correctly matched. They present an input impedance close
to 502 at 2.45 GHz. Due to the absence of the input HF filters, the
influence of the antennas on the rectifier at 4.9 and 7.35 GHz harmonic
frequencies must be evaluated in term of input impedance. Table 2
shows the HFSS-simulated input impedance (real and imaginary parts)
of the patch antenna at the 2.45 GHz fundamental frequency and first
harmonics, computed at the feed-point Py (see Fig. 5).

Table 2. Input impedance of the single patch antenna.

Frequency Fundamental 2nd harmonic 3rd harmonic
(2.45 GHz) (4.9 GHz) (7.35 GHz)
Xin (€2) 5.2 14 309

The matching (or mismatching) stage is obtained by accurately
adjust the length L; of the printed line between the antenna and
the rectifier parts. Then, a parametric study has been conducted to
find the optimal value of L that provides an impedance matching at
2.45 GHz and a mismatching at the second and third order harmonics.

Figure 7 shows the simulated output dc voltage and efficiency
when Lj varies from 6 up to 30 mm. The FDTD results show that the
efficiency decreases from 90.8% to 57.8% and the output dc voltage
varies between 3.6 and 2.87V. For L; = 8 mm, an output dc voltage
of 3.59V and 90.6% efficiency were obtained. When L; decreases
from 8mm to 6 mm, the rectenna output doesn’t change greatly
(Vbc = 3.6V and n = 90.8%). Therefore, this line length was set
to be 8 mm for the experimental realization.

To accurately evaluate the influence of the line-length L; on the
rectifier behavior at both second and third order harmonics, FDTD
current distributions on transmission lines have been calculated for
three different values of L; (14, 20 and 26 mm), after Fast Fourier
Transform (FFT) computation. The current distributions (J5) are
computed using tangential components of magnetic field (H, and H,).
Results are depicted in Figs. 8 and 9.

When L, varies, the amount of power generated by the diodes at
4.9 and 7.35 GHz could be transmitted to antennas where superficial
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Figure 7. Rectenna dc output (voltage and efficiency) versus feed-line
length (L1).

Figure 8. Current distributions at 4.9 GHz for several values of L.
(a) L1 = 14mm, (b) L; = 20mm, (¢) L; = 26 mm.

0.3
lOZE

0.2

(b)

Figure 9. Current distributions at 7.35 GHz for several values of L.
(a) L1 = 14mm, (b) L; = 20mm, (¢) L; = 26 mm.
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current appears on the patches (L1 = 26 mm) and then radiated. There
is no input lowpass filter and then, the patch antenna acts as a load for
the rectifier at high order harmonics. This may modify the behavior
of the rectifier and can decrease its performances.

Figure 10 shows the current distributions on transmission lines
computed in the frequency domain when L; is optimal and set to be
8 mm. This study will be limited to the 7.35 GHz third order harmonic.
Results show that all diodes (D; to Dy4) have the same dc current and
that flowing through the output load Ry, is twice.

Figure 10. Current distributions Js (A/m). (a) DC, (b) 2.45 GHz,
(c) 4.9GHz, (d) 7.35 GHz.

At 2.45 GHz, two folded quarter wavelength open stubs, connected
to points Py and Pjg, behave like short circuits (a peak of current
appears on the main lines). These stubs block the unwanted 2.45 GHz
fundamental frequency and isolate the resistive load Ryp.

At the 4.9 GHz second harmonic, the Schottky diodes have been
accurately localized on a null of the current to minimize the power
losses. In addition, the distance between D; (Ds3) and Dy (Dy) is
three times half-wavelength at 4.9 GHz. Consequently, the second
order harmonic is then distributed by a standing wave inside the main
closed loop Pj-P,-P; with a peak of current (~ short circuit) at points
P, and P,. The unwanted second harmonic has been confined and
there are no propagation effects towards microstrip patch antennas,
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where no current exists.

The results clearly show that the 7.35 GHz third-order harmonic
has a very low level and is reduced. It is mainly confined and
distributed by a standing wave inside the rectifier part between points
P; and Pg. By finely adjust the feed-line length (L; = 8mm), the
antenna and the rectifier have been mismatched at this harmonic. The
current distribution also shows that there are no propagation effects
towards antennas, where no current appears.

4. EXPERIMENTAL CHARACTERIZATION

The rectenna shown in Fig. 5 has been realized and experimentally
characterized inside an anechoic chamber using the dedicated
measurement setup shown in Fig. 11. It contains an RF generator
(Agilent E8251A) and a transmitting horn antenna (G; = 12dB). In
addition, a power amplifier with 37 dB gain has been connected to the
RF source to increase the transmitted power. The rectenna is localized
in the far field zone ((2.D?/)\g) > 53 cm) at a distance of d = 1 m from
the transmitter. The output dc voltage across Ry, has been measured
by a voltmeter.

Anechoic chamber

Power d=1m Rectenna
' 1 = . .
Amplifier [ circuit
RF Horn
generator antenna

Voltmeter

Figure 11. Dedicated measurement setup.

Two dedicated measurements have been performed. The first one
consists to measure the dc voltage and efficiency as a function of power
density and the second one consists to measure the output voltage as
a function of elevation angle () in both E- and H-planes (® = 0° and
90°).

The overall efficiency () of the rectenna is defined as the ratio
between the output dc power and the effective RF power. The Friis
transmission equation including effective aperture of antennas and
cable losses gives this effective incident RF power (Prp) toward the
rectifier [13].
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The single patch antenna has been realized and experimentally
characterized. It has a maximum gain of 6.2dB and an effective
aperture of 49.8cm?. Thus, the total effective aperture of the dual
patch array is set to be twice (99.6cm?). The differences with
the simulated results are mainly due to the tolerances during the
fabrication process but also to the errors during the measurements.

The measured and FDTD simulated output dc voltages when
received power density varies from 0 to 158 uW/cm? (E = 24.4V/m,
Prr = 15.7mW), are shown in Fig. 12(a). Experimental and FDTD
curves are similar and are very close. The dc voltage increases when
power density increases. For a low power density of 4.5puW /cm?
(F = 41V/m, Pgr = 0.45mW), an output voltage of 0.5V was
measured across an optimal load of 1.2k{). A maximum voltage of
4V was measured when the power density is 158 uW/cm?. Fig. 12(b)
compares the measured and FDTD simulated rectenna efficiencies as
a function of power density (0-158 uW /cm?).

4.5 o FDTD method ° 100
4 - - Measured . o § 920 Gmo'°'°'°'2'9"0"2"0'“0"?"‘0
< 35 o T 80[ o
~ Pid o
g 3 5wl
S 25 e 5 %O
o Lo = 50}
> 2 X [} ©
5 . © 40
8151 s £ 30
> n [0] P
o W/ S 20
05} & 10
; 0
0 0.020.040.06 0.080.1 0.120.140.16 0.18 0 0.020.040.06 0.080.1 0.120.140.16 0.18
Power density (mW/cm?) Power density (mW/cm?)
(a) (b)
Figure 12.  Simulated and measured (a) dc output voltage,

(b) efficiency versus power density.

The experimental efficiency has a minimum value of 51.1% and
is obtained at 4.5 uW/cm?. It exceeds 72% from 14 uW/cm? (E =
7.3V/m, Prr = 1.4mW) and is above 80% from 43 uW/cm? (E =
12.8 V/m, Prr = 4.3mW). Measurements are in good agreement with
simulations. The differences between experiments and FDTD results
are less than 3% in the power density range of 0-158 pW /cm?.

Figure 13 shows a comparison between measured and FDTD
simulated output voltage as a function of elevation angle () in both
E- and H-planes. To compare experimental and FDTD results, the
rectenna was illuminated so that it receives the same RF power in both
cases. In FDTD simulations, an incident plane wave of 96 uW /cm?
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(E = 19V/m, Prr = 11.9mW) illuminates the rectenna. The
maximum voltage was obtained at the broadside direction (6 = 0°)
when patch antennas have a maximum gain and the RF signals
toward the rectifier accesses are in phase. Outside this value, the
output voltage decreases because the gain of the array decreases.
Experimental results are in good agreement with FDTD method, both
in F- and H-planes. The output voltage exhibits, in the F-plane, a
main lobe at § = 0°. However, in the H-plane, it presents a main lobe
at 8 = 0° and two side lobes at # = £54°. The shape of the voltage
curves are closely similar to those of radiation pattern of the patch
array presented in Fig. 6, where two side lobes appear at 6 ~ +60°.

4.5 —E plane (FDTD)
4 == H plane (FDTD)
o E plane (measured)
A H plane (measured)|
<35
o 3
(o))
g25
S 2
5
215
=]
o1
0.5 a N
o] :
100 50 0 50 100

Elevation angle (°)

Figure 13. Simulated and measured output voltage against elevation
angle in F- and H-planes.

5. CONCLUSION

We have proposed in this paper the design and modeling of an efficient
dual patch rectenna based on a full-wave rectifier at 2.45 GHz. Due
to the symmetry of the rectifier and the optimized microstrip line
sections, no input low-pass filter is needed. This greatly reduces
the insertion losses, the dimensions of the circuit and improves the
conversion efficiency. In addition, the differential measurement of the
output dc voltage avoids the use of via-hole connections. In a first
step, the rectifying circuit has been designed and optimized under
ADS software for an input RF power of 10mW (5mW per access).
In a second step, the proposed rectenna was simulated and analyzed
using the full-wave 3D-FDTD method extended to lumped linear and
non-linear elements. To accurately analyze the rectenna behavior,
current distributions in the frequency domain have been computed and
discussed. The proposed rectenna has been realized and experimentally



106 Takhedmit et al.

characterized. It exhibits a measured efficiency of 73% at a power
density of 14uW/cm? (E = 7.3V/m, Prr = 1.4mW) and 84% at
43uW/cm? (E = 12.8V/m, Prp = 4.3mW). An output dc voltage
of 4V has been measured through an optimal load of 1.2k(2 when the
power density is 158 uW /cm?. Measured results are very close to those
obtained by the full-wave 3D-FDTD simulations. The differences on
the efficiency are less than 3% over the power density range from 0
to 158 wW /cm?. The reported circuit can be useful for wireless power
transmission applications. It should also find applications in ambient
electromagnetic energy recycling, where power densities are relatively
low. This new rectenna is particularly suitable to power remote supply
of wireless and low consumption sensors, sensor nodes and actuators.
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