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This paper presents a novel dual-band rectenna for RF energy harvesting system. This
rectenna is created from a dual-band antenna and a dual-band rectifier which operates at
GSM bands (900 MHz and 1800 MHz). The printed monopole antenna is miniaturized by
two meander-lines. The received signal from the receiving antenna is rectified by a voltage
double using Schottky diode SMS-7630. The rectifier is optimized for low input power level
of -20dBm using harmonic balance. Prototype is designed and fabricated. The simulation
is validated by measurement with power conversion efficiency of 20% and 40.8% (in
measurement) at the input power level of -20dBm. The proposed rectenna has output
voltage from 183-415 mV. From the measured results, this rectenna provides the possibility
to harvest the ambient electromagnetic energy for powering low-power electronic devices.

1. Introduction

Nowadays, with the development of semiconductor,
microelectronic and wireless technology, the wireless electronic
devices are getting more compact, wireless, low-power and highly
autonomous (i.e.: sensor nodes in Wireless Sensor Networks). In
general, almost all electronic devices are powered by batteries,
resulting in some disadvantages such as larger size and weight of
device, regular maintenance due to limited battery lifetime, which
can be more challenging and expensive if the device operates in
severe or even difficult to access environment. Therefore, the
ambient energy harvesting techniques are proposed as a solution.

The energy existing in the natural environment is of many
different kinds, each has a different power density in ambient
environment and requires a suitable harvesting technique, such as
solar energy (100 mW/cm?), thermal energy (60 uW/cm?), ambient
RF energy (0.0002 — 1 pW/cm?), energy from vibration (200
uW/cm?), etc. Among these energy harvesters, the ambient RF
energy harvester has drawn considerable interests in recent years
because of some advantages such as continuous RF energy source,
low profile, low cost, simple fabrication and compatibility with
MMIC (Monolithic Microwave Integrated Circuit).
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In recent years, various rectenna designs have been published
for RF energy harvesting applications. They can operate at single-
band [2,3] , dual-band [4-7], multi-band [8], or broadband [9-11].
A narrow band rectenna can give a higher power conversion
efficiency (PCE), but the amount of harvested power is low,
whereas a multi-band rectenna can has the lower PCE, but more
harvested power. The promising solution is to design a dual-band
or multi-band rectenna to maximize PCE at the specific
frequencies where maximum ambient signal level is available [12].
However, most of designs use an input power level higher than the
real power level of RF energy in ambient environment. The
spectrum surveys in [13-15] indicate that the RF energy in the
downlink channels of GSM-900, GSM-1800, UMTS-2100 and
TD-LTE bands is dominant in ambient environment with an
expected input power level of -20dBm, that is presented in Fig. 1.

In this work, a dual-band rectenna operating at GSM 900 MHz
and 1800 MHz is proposed. The rectenna consists of a dual-band
monopole antenna miniaturized by two meander-lines, and a
voltage doubling circuit using SMS-7630 Schottky diode to rectify
the received signal from the antenna. The RF —to — DC conversion
efficiency is optimized for low input power level of -20dBm using
Harmonic Balance (HB) simulation in ADS software [17]. Each
part of the rectenna is designed and tested separately, and then
integrated in a circuit to evaluate the overall performance.
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Fig. 1. RF power receive: (a) Outside shopping mall [13]; (b) Distributed
RF power density in ambient [16]

2. Receiving Antenna Design

The fabricated antenna is shown in Fig. 2. The proposed
antenna has dimension of 46 mm of length, 30 mm of width. The
used material for substrate is Rogers RO4003 with dielectric
constant of 3.55 and thickness of 0.8 mm.

This structure is inspired from the antenna design in [17,18] .
Paper [18] presents a low-profile dual-band printed Inverted-L (IL)
shaped monopole antenna with Parasitic Inverted-F (PIF) shaped
element in the ground plane for 2.4/5.2/5.8 GHz WLAN
applications, the overall size of this antenna is 40 mm x 30 mm.
We can apply directly the technique in [18] to obtain an antenna
operating at GSM 900 MHz and 1800 MHz, but the size of antenna
will be increased considerably. Therefore, the miniaturized
technique in [19] is used to reduce the size of our structure. In [19],
a miniaturized antenna using meander-line strips with the overall
size of 32 mm x 32 mm is presented for operating at GSM-850,
GSM- 900, UMTS-2100, WiMAX-2.3 and WiMAX-3.3 bands.
However, the gain of this antenna is quite low almost for all
frequency bands, even negative in GSM bands. Our antenna has
dual-band with gain of 1.46 dB, 1.91 dB at GSM 900 and GSM
1800.

The return loss and far-field characteristics of the developed
antenna are shown in Fig. 3 and Fig. 4. As Fig. 3, the return loss of
antenna between simulation and measurement are not similar.

The measurement result is not well matched at GSM 900MHz and
shifted a little toward the right at GSM 1800 MHz. This can be
explained that as the coupling between two meander-lines in
practice weaken or lost, the meander-line for GSM 900MHz was
not appropriately excited. Therefore, antenna efficiency is not as
high as we expected. This aspect must be improved in the next
work.
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Fig. 2. Antenna prototype
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3. Rectifying Circuit Design

The structure of a classical rectenna is shown in Fig. 5. A
rectifier consists of a harmonic filter, an impedance matching
network to maximize the power transfer from the receiving
antenna to AC — to — DC conversion circuit, a conversion circuit
converting the received signal by antenna to DC signal, a DC filter
to smooth DC signal and to bring the harmonic signal back to
rectify and a resistive load. However, this proposed rectifier does
not use the Harmonic filter.

Pine Rectifying circuit
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Fig. 5. Structure of rectenna

The RF signal is rectified by a voltage doubling circuit using
Schottky diode. The topology of voltage double and the model of
diode are shown in Fig. 6. The voltage double consists of two
stages, the first one includes capacitor C; and diode D; clamping
the negative part of input signal and the second one includes
capacitor C and diode D, for peak rectification. C; is used in order
to block the harmonics generated by the diode (due to its nonlinear
behavior) and return to the receiving antenna to avoid the
unwanted radiation. C; plays a role as a DC filter, and also storages
energy, which would be then replaced by a dual radial stub DC
filter. The output voltage is defined as:

Vout = 2*(1/1;1 - Vd) (1)
613
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Where V,. is output dc voltage, Vi, is input voltage, Vyis
forward voltage of diode.
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Fig. 6. (a) Voltage double circuit; (b) Diode SMS-7630 model

The diode is the most important component in the design of a
rectifying circuit. As shown in paper [20], diode SMS-7630 is
chosen. SPICE model parameters of diode SMS-7630 are taken
from [21]. The parasitic phenomenon due to package of diode is
considered by a parasitic inductor L, = 0.7 nH and a parasitic C, =
0.045 pF. First, the impedance matching network can be (made
from?) implemented by lumped elements or distributed elements.
In our project, we use a dual-stub matching network to match the
receiving antenna and the rectifier at two frequencies. Fig. 7
illustrates the impedance matching network after the total size
reduction by meander-line. Fig. 8 shows simulated result of
matching network. The good impedance matching is achieved at
GSM 900 MHz and GSM 1800 MHz, proving the capability of the
dual-frequency matching circuit.
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Fig. 8. Simulated result of matching network

Second, a DC filter helps smoothing the DC signal as well as
bringing the harmonics back to rectify and its filtering
characteristics. The DC filter with dual radial stub has the function
of attenuating the fundamental frequency of GSM 900 MHz and
1800 MHz. Besides, the second and the third harmonics are well
filtered with less than -3dB transmission coefficient S21 (cf. Fig.
9).

The rectifying circuit is simulated by Harmonic Balance (HB)
and Large Signal S-Parameter (LSSP) simulation of ADS in . It is
optimized for low input power level of -20 dBm at 925 MHz and
1805 MHz (two frequencies begin the downlink channels of GSM
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900 MHz and 1800 MHz, respectively). An optimized load of
8.2kQ is selected for maximum conversion efficiency. The Fig. 10
shows the photograph of the fabricated rectifier with the total sizes
of 10 cm x 6.5 cm. The substrate Roger 4003C is used.
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Fig. 9. DC filter and its characteristic

The measured and simulated results indicate that at the low
input power level of -20 dBm, the rectifier operates at two
frequencies of 925 MHz and 1805 MHz with conversion efficiency
of 30.4% and 20%, and output voltage of 158 mV and 128 mV,
respectively.

Fig. 10. Photograph of the fabricated rectifier
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Fig. 11. Return loss of rectifier with difirent incident power level

Fig. 11 plots the measured and simulated return losses (S11) of
rectifier at different input power levels. The measurement results
are shifted a little toward the left and not well matched. It can be
explained by two reasons. Firstly, the dielectric constant of Rogers
RO4003 can vary from 3.38 to 3.55. When the dielectric constant
increases, the resonant peak shifts to lower frequency. Secondly, it
can be due to diode model, especially the junction capacitance Cj
[20]. By increasing Cj, we find that the resonant frequency shifts
to lower frequency and the power conversion efficiency degrades
drastically.

Fig. 12 presents the results of efficiency and output voltage of
the dual-band rectifier when varying incident power level from
—20 dBm to 5 dBm. The maximum output DC voltage is 3.3 V
with an input power incident of 0 dBm. However, the incident
power of GSM900 and GSM1800 can never be 0 dBm. Table I
compares the simulated and measured results at the input power
level of -20 dBm.
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As the results are shown in Table I, the measured efficiency is
haft of simulation result. The inaccurate diode model can be the
reason as described above. However, this circuit gives the
acceptable output voltage with the low input power level. The
exact diode is expected to give higher power conversion efficiency.
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Fig. 12. Efficiency and ouput voltage of rectifier
TABLE I. COMPARISON OF SIMULATION AND
MEASUREMENT OF RECTIFIER WITH Pin = -20dBm
Frequency(GHz) Efficiency (%) | Out voltage (mV)
Sim 0.925 30.4 158
! 1.805 20 128
Mea 0.890 15.8 114
eas 1.760 112 96

4. Rectenna performance

The receiving antenna and rectifier are designed and evaluated
separately. Then they are integrated into the rectenna prototype
that is fabricated and evaluated, as presented in Fig. 13:

bl il T R A e B

(a) (b)
Fig. 13. Photograph of the fabricated rectenna
(a) Top view; (b) back view

The rectenna measurement is performed in an anechoic
chamber as in Fig. 14. The receiving antenna is fixed in front of
the transmitting antenna, the received RF power of antenna, Prr,
will be measured by spectrum analyzer. After that, the receiving
antenna will be replaced by rectenna at the same position, the
output voltage of rectenna (V,.) will be measured by a voltmeter.
The conversion efficiency of rectenna ngrpc is defined as the ratio
of the DC power Ppc and the RF power Pgr:

PDC Vozut 1 2
Nrr-pc = 5— X 100% = —= X — X 100% @

Prr R Pgp
The results of rectenna are presented in Fig. 15 and Fig. 16.

Our rectenna recovers the voltage from 183 mV to 415 mV when
it is placing near the mobile and in ambient environment (cf. Fig.
16). The efficiency of rectenna is 40.8% and 20% at 1834 MHz
and 890 MHz, respectively, with incident power of — 20 dBm.

Table II shows the comparison of various rectifiers published
in several literatures. This work provides a dual-band design with
higher conversion efficiency. As observed from the table, this
work provides a dual-band design with higher conversion
efficiency compared to others at the input power level of -20 dBm.
However, the total size is bigger than [16,22-24] and smaller than
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[7] because of the large dimension of DC filter and dual-band
coplanar receiving antenna.

Receiving Antenna
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Fig. 14. Rectenna measurement setup in the anechoic chamber at IMEP-
LAHC laboratory
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Fig. 15. Measured output voltage versus input power of only-rectifier and
rectenna

S

Fig. 16. Rectenna experimen in ambient environement

Table II. COMPARISON OF THE PROPOSED RECTENNA AND

THE RELATED WORKS
Ref Freq Diode Input n Total sizes”
(GHz) power (%)
(dBm)
[7] 1.8 HSMS285C -20 33.5 0.72x0.57
2.5
[22] 0.915 HSMS2860 -17 40 0.14x0.13
[16] 0.915 HSMS 2850 -15to >30 0.17x 0.1
1.8 20
[23] 2.45 SMS 7630 -20 27.7 0.37x0.33
[24] 1.8 SMS 7630 -20 13 0.5x0.5
2.45
This 0.925 SMS 7630 -20 20 to 0.67 x 0.27
work | 1.805 40.8
N/a is not available
n is conversion efficiency of rectenna
"is the distance calculated by the wavelength
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The rectenna efficiency is quite high compared to rectifier
efficiency at section 3. This can be explained by the effect of
ground layer of rectifier to monopole antenna performance when
the antenna is integrated into rectifier. This aspect is being
discussed and reviewed in our current research. Nonetheless, these
results demonstrate the potential application of this rectenna in
autonomous sensor or self-powered electronic device where
additional storage of energy circuit is required.

5. Conclusion

A dual-band rectenna was designed and tested in ambient
environment. Simulation results show that the presented rectenna
can achieve good voltage. Measurement results on a prototype
rectenna show that the operating frequency was well-matched; the
rectenna harvests the maximum of 415mV in ambient
environment, which implies that the proposed rectenna is suitable
for autonomous sensor application. However, as we mentioned in
Section 2, the receiving antenna of this rectenna can be optimized
in the future researches to give higher efficiency. A super capacitor
can be inserted into the circuit to store energy that is harvested by
our rectenna.
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