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Abstract—A compact dual-band rectenna operating at 915 MHz
and 2.45 GHz is presented. The rectenna consists of a slot-loaded
dual-band folded dipole antenna and a dual-band rectifier. The
length of the proposed antenna is only 36.6% of the half-wavedipole antenna at 915 MHz while keeping duallength
band property at 915 MHz and 2.45 GHz. The rectifier circuit
is optimized for low input power densities using harmonic balance (HB) simulation. The efficiencies of the rectifier are evaluated with both single- and dual-frequency input signals. The measured results show an efficiency of 37% and 30% at 915 MHz and
at 2.45 GHz when illuminated by a microwave signal of available
power of 9 dBm for a load resistor of 2.2 k .
Index Terms—Dipole antenna, dual-band rectenna, dual-band
rectifier, energy harvesting, wireless power transmission.

I. INTRODUCTION

W

IRELESS power transmission has received special
attention recently for the implementation of low-cost
and low-power battery-less operated sensors [1]. Since ambient energy is available in many frequency bands, RF energy
harvesters capable of operating in multiple bands are of great
importance. Nowadays, various approaches for designing
rectennas have been considered in the literature including
single-band operation [2], [3], broadband approaches [4], and
multiband designs [5]–[7].
A compact wireless energy harvester (WEH) that is able to
harvest power from a 915-MHz and a 2.45-GHz wireless source
is presented in this letter. In a first step, the antenna and the rectifier are designed separately. Then, the rectenna element is optimized by jointly simulating the antenna and the rectifier using
harmonic balance (HB) simulation.
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Fig. 1. Folded dipole antenna: (a) design of the top and side view and
(b) fabricated rectenna.

The outline of this letter is as follows. In Section II, the dualband folded dipole antenna design is presented. In Section III,
HB simulation is used in a commercial simulator to optimize the
rectifier efficiency at the frequency bands of interest. Measured
results of the fabricated rectenna are presented, and a comparison to the state-of-the-art designs of multiband rectenna circuits
is offered.
II. DUAL-BAND DIPOLE ANTENNA DESIGN
Initially, a dual-band antenna is designed using a full-wave finite element method (FEM) software tool (ANSYS HFSS) aside
from a rectifier. The designed antenna topology is a slot-loaded
dual-band folded dipole antenna fabricated on Arlon 25N substrate that has relative permittivity of 3.38 and loss tangent of
2.5
utilizing a milling machine (LPKF ProtoMat E33, OR,
USA [8]).
A simple half-wavelength
dipole antenna at 915 MHz
is folded to miniaturize the antenna, and a slot is loaded in
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Fig. 2. Simulated and measured reflection coefficients
dual-band folded dipole antenna versus frequency.

of the slot-loaded

Fig. 3. Simulated and measured radiation pattern at 2.45 GHz (
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Fig. 5. Simulated and measured radiation pattern at 915 MHz (

-plane).

Fig. 6. Simulated and measured radiation pattern at 915 MHz (

-plane).

-plane).

Fig. 7. Schematic of the proposed dual-band rectifier. Component values are
nH,
nH,
nH,
pF, and
k .

Fig. 4. Simulated and measured radiation pattern at 2.45 GHz (

-plane).

the middle of the antenna to introduce the second resonant frequency at 2.45 GHz. The geometry of the designed antenna, as
well as the fabricated prototype, is shown in Fig. 1.

The simulated and measured reflection coefficients
of
the linearly polarized antenna are presented in Fig. 2, and the
results demonstrate the 10-dB bandwidths cover the desired operation frequencies of 915 MHz and 2.45 GHz. The final size
of the designed antenna is
cm in a substrate thickness of 0.76 mm (30 mil). The measured antenna gains are 1.87
and 4.18 dBi at 915 MHz and 2.45 GHz, respectively. The measured and simulated radiation patterns for the - and -plane
at 2.45 GHz and 915 MHz are shown in Figs. 3–6. Please note
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of the dual-

Fig. 10. Measured RF-DC conversion efficiency versus input power level for
k .
one-tone and dual-tone excitation

Fig. 9. Measured and simulated RF-DC conversion efficiency for various RF
k .
input power levels

Fig. 11. Comparison of state-of-the-art designs of multiband rectenna circuits [10]–[12] to the proposed work.

that copolarization corresponds to
-plane.

dual-tone signal measurements. The total size of the rectifier
is about 1.9
2.1 cm . Simulated and measured reflection
coefficient are shown in Fig. 8.
A comparison of the simulated and the measured values of
the RF-DC conversion efficiency versus operating frequency for
input power levels of 15, 9, and 3 dBm is shown in Fig. 9.
Measurement results of the rectifier when harvesting simultaneously two equal-power tones from two RF sources at 915 MHz
and 2.45 GHz are depicted in Fig. 10. The RF input signals are
summed up by a power combiner at the input of the rectifier.
The performance of the rectifier for one-tone and two-tone input
signals at the frequencies of interest is compared for different
input power levels in Fig. 10, showing an RF–DC conversion
efficiency of 48% and 39% for an input power level of 0 dBm
at 915 MHz and 2.45 GHz, respectively. Additionally, it can be
seen that the rectifier RF–DC conversion efficiency is less than
1% for input power level lower than 33 dBm, as for this input
power levels the Schottky diode is not operating in its optimum
zone for maximum RF–DC conversion.

Fig. 8. Simulated and measured input reflection coefficient
band rectifier versus frequency.

at

-plane and

at

III. DUAL-BAND RECTENNA DESIGN
As far as the targeted input power levels are low, a topology
with only one rectifying device is selected as this has shown
to lead to better RF-DC conversion efficiency [9] (Fig. 7).
Agilent ADS HB simulation and optimization goals are used to
maximize the RF-to-DC conversion efficiency at 915 MHz and
2.45 GHz. The goals are used to define the minimum RF–DC
efficiency at 915 MHz and 2.45 GHz for a selected input
power level and for an output load of 2.2 k [9]. The optimum
matching network consists of three inductances (
nH,
nH, and
nH) and a radial stub. The input
impedance of the rectifier is matched to a 50- representing
the dipole antenna. The Skyworks SMS7630 Schottky diode is
used for the design of the rectifier circuit. A prototype is built,
and its performance is evaluated using single-tone as well as

NIOTAKI et al.: COMPACT DUAL-BAND RECTENNA USING SLOT-LOADED DUAL-BAND FOLDED DIPOLE ANTENNA

The rectenna is also evaluated for an incident power density of 1 W/cm . Considering the measured antenna gain at
915 MHz and 2.45 GHz, the antenna effective area is calculated as 132 and 31 cm , respectively. For a power density of
1 W/cm , the input power is 9 and 15 dBm at 915 MHz
and at 2.45 GHz, resulting in an RF–DC conversion efficiency
of 37% and 20%, respectively. Fig. 11 depicts a comparison of
the proposed work to a selection of state-of-the-art multiband
rectenna designs showing improved performance for low power
density levels.
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