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ABSTRACT This paper presents a novel sensitive triple-band power rectifier for RF energy harvesting

systems. The proposed rectifier can simultaneously harvest RF energy from GSM-900, GSM-1800, and

Wi-Fi-2450 bands at relatively low and medium ambient power densities. Previously, a few multi-band

rectennas have been reached a stable conversion efficiency overall frequency bands of interest because of the

nonlinearity and the distinct input impedance of the rectifying circuit at these frequencies. The originality of

this paper is on the improved impedance matching technique that enhances the efficiency and performance

of the rectifier. The proposed high-efficiency triple-band rectifier consists of three parallel branches. Each

branch comprises an input matching circuit designed to provide maximumRF power transferred to rectifying

diodes, a single voltage doubler using Schottky diode HSMS-2852, and a DC-pass filter to smooth the DC

output voltage. A prototype of the proposed rectifier circuit is fabricated and tested to verify its performance

against the simulation results. With an optimum load resistance of 3.8 k� at -10 dBm input power level,

the measured RF to DC conversion efficiency achieves 33.7%, 21.8%, and 20% at 0.9, 1.8 and 2.45 GHz

respectively. The efficiency is above 46.5 % overall bands of interest under 0 dBm input power.

INDEX TERMS RF energy harvesting, RF to DC conversion efficiency, Schottky diode, triple-bands

rectifier.

I. INTRODUCTION

On one hand, wireless applications (FM, TV, GSM, WIFI,

WIMAX . . . .) used by wireless communication systems such

as portable entertainment systems and health care devices,

are widely presented in the urban environment. Most of these

emissions are omnidirectional and permanent. On the other

hand, the power consumption of electronic devices is reduced

due to the development of micro-technologies systems. These

systems are electronic devices of reduced size often consists

of an ultra-low power microcontroller of very low power

consumption, sensors and antennas. However, there is also

in these devices an embedded power source in the form

of batteries or batteries that require replacement operations

or periodic recharging which can penalize the mobility and

deployment of these systems. The classic sustainable energy

is solar or wind power that unfortunately does not correspond
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to the challenge of conceiving a wireless communication

system with simple structure, compact-size and low-cost.

This situation offered a fertile field of research to use

the radio-frequency (RF) energy. This energy can power

these low-power electronic devices and replace the batteries,

which saves maintenance cost that gives birth to RF energy

harvesting.

Rf energy harvesting consists of converting energy from

the electromagnetic (EM) field into the electrical domain

which is a challenging task for researchers. The main draw-

back of the RF energy harvesting is the very low RF power

density in the ambient environment, which penalize the RF to

DC conversion efficiency. Indeed, and despite the low avail-

able power density, RF energy recovery has certain advan-

tages, among which is the fact that radio waves can propagate

through materials such as plastic, wood, plasterboard and

concrete. So, we can consider this energy as a renewable

source of energy that is available in several frequencies, that

propagates in all directions and present at all times. To maxi-
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mize harvested ambient RF energy, the device used should be

able to receive the RF signals from multiple frequency bands

in the ambient environment. The solution that emerged to

meet these requirements is the rectenna (rectifying antenna).

A multi-band rectenna can be an appropriate solution to

collect energy from several standards with often unbalanced

power levels, therefore the amount of harvested energy is

increased. It has several advantages amongst which, the lack

of replacement due to its unlimited lifetime and environment-

friendly as no deposition pollutes the environment.

In the literature, several rectifier topologies are investi-

gated. Single narrow bands frequencies rectifiers with high

efficiency are reported in [1]–[3]. In [1], authors used a

rectenna operated at 889 MHz with a maximum RF to DC

conversion efficiency of 45.9% is achieved for -10dBm input

power. In [2], a rectifier showed an efficiency of 65% for 0-

dBm input power at 1.8GHz. Finally, the rectenna in [3] with

Differentially-Fed Rectifier showed a maximum efficiency of

73.9% under the input power of 10dBm at 2.45 GHz. Despite

the high efficiency of these rectifiers, the DC output voltage

is still limited and is not able to provide enough energy to

supply microsystems or wireless sensor network (WSN), and

needs a high input power level. To collect more surrounding

energy from several frequency bands simultaneously, many

research teams have carried out numerous designs, such as

broadband [4], [5], and multi-band rectifiers [6]–[11] with

different topologies. In [4], authors have used a broadband

reconfigurable rectenna with a tunable matching network.

The measured rectifier efficiency was varied between 42.7%

and 54.3% when frequency increases from 5.1 to 5.8 GHz,

for 16.5 dBm input power level. Another broadband rectifier

was investigated in [5], the obtained conversion efficiency

was around 50% within the band from 1.6 GHz to 2.8 GHz

at 18 dBm received power. The broadband approach often

suffers from poor impedance matching, which affects the

overall RF to DC conversion efficiency. Therefore, the multi-

band approach comes out as the optimal alternative for rec-

tifier design. A dual-band harvesting system was used in

[6], the obtained rectifier efficiency was 48% and 39% for

an input power level of 0 dBm at 915 MHz and 2.45 GHz,

respectively. Another dual-band rectifier was investigated

in [7], operating at 2.1 GHz and 2.45 GHz, for an input

power of 10 dBm. The achieved maximum efficiency was

24% and 18%, respectively. In [8], a dual-band rectenna was

used, and a peak RF to DC conversion efficiency of 64%

and 52% for an input power of 4 dBm was achieved at

0.89 GHz and 1.88 GHz, respectively. A dual-port triple-band

rectenna operating at GSM-900, GSM-1800, and UMTS-

2100 was presented in [9]. The peak conversion efficiency

at the three bands are 35%, 30%, and 25%, respectively,

when the input power was−10 dBm. Reference [10] reported

a four-band rectifier using a resonant matching network.

When the input power was 10 dBm, the maximum RF-to-

dc conversion efficiency was only 50%, 54%, 24%, and

18% at 1.3 GHz, 1.7 GHz, 2.4 GHz, and 3.6 GHz, respec-

tively. Finally, the rectenna in [11] was designed on a paper

substrate, with the obtained RF-to-dc conversion efficiency

was comprised between 40% and 32% for the available input

power of 0 dBm over the frequency band from 1.71 GHz to

2.69 GHz. Unfortunately, most reported rectifiers are bulky

or reach a high conversion for high input power density.

Nevertheless, they achieve very low conversion efficiency

for low input power, Since the ambient RF energy resources

are usually available only at a low power level. Thus, more

studies are still needed to satisfy the requirements of micro-

devices, such as sensitivity at low input power, total size, and

fabrication cost.

In this Letter, based on the surveys performed in different

countries, which indicate that GSM-900, GSM-1800, and

WiFi-2450 are the most promising bands for RF energy har-

vesting [12]–[14]; we present a novel efficient triple-band

power rectifier which works well at GSM-900, GSM-1800,

and WiFi-2450. The realized rectifier was optimized for low

input power conditions and has the advantage of compact

size, low cost, and provides a higher output voltage. The

designed rectifier is consisting of a typical voltage doubler

optimized for low input power from -20 dBm to 0 dBm.

Besides, a novel three-branches matching network is also

designed to ensure maximum power transfer to the rectifier.

Finally, a DC-pass filter to smooth the DC output voltage is

introduced.

The rest of this paper is organized as follows.

Section 2 introduces the design procedure of the triple-

band rectifier, including details about the novel impedance

matching technique, rectifier topology, and DC-pass filter.

The simulated and measured results of the proposed rectifier

are presented in Section 3. Finally, the conclusion is drawn in

Section 4.

II. TRIPLE-BAND RECTIFIER CIRCUIT DESIGN

The proposed triple-band rectifier circuit can convert RF

signals from GSM-900, GSM-1800, and WiFi-2450, of alter-

nating current (AC) type into a DC power. To reach sufficient

DC output power to supply micro-devices, a rectifying cir-

cuit with high efficiency, low power consumption, and good

power sensitivity is required [15]. A typical rectifying circuit

consists of an impedance matching circuit for maximum

power transfer, a rectifying diode to perform the RF-to-dc

conversion, a DC-pass filter for smoothing the output DC

voltage and a load resistor.

A. RECTIFIER TOPOLOGY

In the literature, several rectifier topologies are used such as

the single serial [16], [17], shunt diode [18], [19], Villard dou-

bler and full-wave Greinacher rectifier [20]–[22]. According

to the comparison done in [23], the single-stage full-wave

voltage doubler rectifier is selected considering his higher

efficiency and DC output voltage. It is well known that the

single diode rectifiers reject the negative half-wave and pro-

vide high efficiency at a very low input power density, but the

DC output and the breakdown voltage is still limited which

could affect the power handling capability of the circuit.
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FIGURE 1. Topology of the proposed rectifying circuit with a three-branch
impedance matching network (unit: mm).

on the contrary, the multistage rectifiers provide a high output

voltage but the sensitivity and efficiency of the rectifier are

decreased due to the increased lose at each stage. Fig. 1 illus-

trates the equivalent circuit of the used voltage doubler, which

consists of two surface-mounted devices (SMD) capacitors of

100 pF and a rectifying Schottky diode HSMS2852. The cir-

cuit operates as follows:When the input RF signal is negative,

the diode D2 turns-on, the current passes from the ground

through the diode D2 toward the capacitor C1, so C1 charges

with a voltage.When the input RF signal is positive, the diode

D1 turns-on, at this moment, the positive input voltage and the

voltage stored in C1 added together to charges capacitor C2.

Thus, the peak voltage on the output capacitor C2 is approx-

imately two times the peak voltage of the diode [24]. The

dual-series-diodes configuration of HSMS-2852 in a SOT-23

is selected, taking into consideration their high efficiency at

low/medium power input. According to the datasheet [25],

HSMS-2852 has an equivalent series resistance of 25 Ohm,

low threshold voltage of 150 mV, the low junction capaci-

tance of 0.18pF and high breakdown voltage of 3.8V. A non-

linear model for the Schottky diode package imported from

the ADS components library was used in the simulation.

B. IMPEDANCE MATCHING

In order to provide a maximum power to the rectifying cir-

cuit, we must achieve a good impedance matching over a

large bandwidth of frequency. As a consequence, it was very

challenging to reach a high efficiency with a single branch

rectifier, especially when we take into account the nonlin-

earity behavior of diodes and the dependency between the

input impedance of the rectifying circuit and frequency. For

this reason, it was opted to develop three branches rectifying

circuit in parallel. Each branch contains a narrow bandmatch-

ing network connected to voltage doubler. In this manner,

the captured RF signals can be processed only by the cell with

the right frequency and be rejected by the other cells.

The RF matching network is the crucial part of this

design. It is usually designed to provide maximum RF power

FIGURE 2. Fabricated prototype of the proposed triple-band rectifier.

transferred from antenna to rectifier circuit at a dynamic

operating conditions, which are frequency band, input power

level and load impedance. Therefore, a novel three-branch

impedance matching circuit located between the input port

and three rectifying branches is designed. At first, the input

impedance of each rectifying circuit is determined as a func-

tion of the frequency and for fixed input power (−20dB).

After that, each complex impedance is matched with 50 Ohm

representing the input port. Finally, the overall matching

network is optimized using ADS.

The proposed triple-band (0.9Ghz, 1.8Ghz and 2.45Ghz)

input matching circuit consists of three cells. Each cell com-

prises of a radial stub, a short stub, and several transmission

lines optimized in order to get the circuit matched around

0.9,1.8 and 2.45 GHz respectively. As depicted in Fig. 1,

the three cells are distributed in three branches, each cell is

connected to a single voltage doubler circuit to increase the

DC output voltage.

C. DC-PASS FILTER

The DC-pass filter placed in the second and third branch

just after the rectifier circuit is composed of radial stubs and

transmission lines in series. These latter are used to remove

the fundamental frequency signal and harmonics generated

by the nonlinear behavior of the diodes. As a result, the DC

output voltage is smoothed and the power transfer efficiency

is enhanced. To obtain the best performance over the power

range from -20dbm to 0dBm, the simulation and optimization

process of the whole rectifier circuit has been made using

the advanced design system (ADS) software from Agilent

Technologies. To take into account the non-linear charac-

teristic of the rectifier, harmonic balance (HB) and large

signal scattering parameter (LSSP) simulators are employed.

Subsequently, the best performance is obtained for a resistive

load of 3.8Kohm.

III. MEASURED RESULTS OF THE RECTIFIER

To verify our design a prototype with size of 54 mm× 42 mm

is printed on a low-cost FR-4 substrate with relative permit-

tivity of 4.4, loss tangent of 0.02 and thickness of 1.6 mm as

shown in Fig. 2.
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FIGURE 3. The measured and simulated S11 of the proposed rectifier at
three input power levels for the load resistance of 3.8 k�.

FIGURE 4. The measured and simulated RF-to-DC conversion efficiency of
the proposed rectifier versus input power level at three frequencies for
the load resistance of 3.8 k�.

Fig. 3 depicts themeasured and simulated reflection coeffi-

cients of the triple-band rectifier versus frequency at different

input power levels from −20 to 0 dBm. Better performance

can be achieved at low input power, and the optimal value

of reflection coefficient is reached to be -17dB, -22dB and -

31dB at 0.9, 1.8 and 2.45 GHz respectively for an input power

of −20 dBm. The slight difference between simulated and

measured results wasmainly due to fabrication tolerances and

the mismatch due to the measurement connectors. We can

conclude that a good impedance matching across all frequen-

cies of interest at different power level from −20 to 0 dBm is

achieved.

Fig. 4 reports the simulated andmeasured RF-to-dc conver-

sion efficiency of the rectifier as a function of the RF input

power, which has been calculated from the measured output

FIGURE 5. The simulated RF-to-DC conversion efficiency of the proposed
rectifier at three input power levels for the load resistance of 3.8 k�.

FIGURE 6. The measured DC output voltage of the proposed rectifier
versus input power level at three frequencies for the load resistance of
3.8 k�.

voltage, according to:

ηRF−DC =

PDC

PRF
=

VDC
2

PRFRL
(1)

where VDC is the DC output voltage measured by a mul-

timeter, PRF is the RF input power provided by the signal

generator, and RL is the load resistance.

When we set the load value at 3.8 K�, we can observe

that the peak measured efficiency at 0.9, 1.8 and 2.45 GHz

are 13.6%, 7 %, and 3.8 % for −20dBm, 33.7 %, 21.8 %, and

20% for−10dBm, and 51.7%, 49.7%, and 46.5% for 0dBm,

respectively. The maximum measured conversion efficiency

was achieved when the input power level is 4 dBm, with

the respective values of 54%, 51%, and 48 %. On the other

hand, the simulated efficiency versus frequency is shown

in fig. 5. We can see that the efficiency at the three center

frequencies is higher than 53% under 0 dBm input power.
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TABLE 1. Comparison of the experimental results for the proposed
rectifier and related work.

This demonstrates that the proposed triple-band rectifier has

a good power sensitivity at relatively low input power.

The DC output voltage of the rectifier can be measured by

using a multimeter connected to the load resistor. As depicted

in figure 6, the DC output voltage at the three frequencies is

greater than 1.3 V for an input power level of 0 dBm.

Table 1 illustrates a performance comparison of the pro-

posed work with other reported rectifier designs. It can

be seen that the proposed triple-band rectifier works effi-

ciently over a wide input power range and reaches a good

conversion efficiency at three frequencies in comparison to

other designs. In addition, our design has the advantage

of low fabrication cost and small size. Therefore, we can

consider that our design is suitable for energy harvesting

applications.

IV. CONCLUSION

In this paper, an efficient power rectifier operating at

GSM-900, GSM-1800, andWiFi-2450 bands is able to gather

the ambient RF energy available with low and medium power

densities simultaneously. A novel three-branches impedance

matching network was designed to ensure a maximum trans-

fer to the rectifying circuit. As a result, good performance

was achieved under different conditions, such as multiple-

frequency bands and a wide input power range. The simulated

conversion efficiencies under 0 dBm are 57.8%, 55.8%, and

56.5% at three frequencies of 0.9, 1.8, and 2.45 GHz, respec-

tively. The measured results have shown that the efficiency

is above 46% in every band when the input power is 0 dBm.

Final results confirm that the improved impedance matching

can effectively improve the rectenna conversion efficiency.

Moreover, the output voltage level is also increased by simul-

taneously accumulating energy from multiple RF sources at

three well-conceived matching frequencies. Regarding the

prominent performance of the rectifier, its compact size, and

multi-operating frequencies, the proposed design is very suit-

able to be used in RF energy harvesting applications.
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