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Abstract—A high efficiency, low-complexity, low-cost rectifier
for low-power density and low-power input is analyzed, fab-
ricated and measured. The design consists of a double diode
rectifier with operation in the two frequency bands of 900 MHz
ISM and FM, simultaneously. Although the design uses a low-
cost, lossy FR-4 substrate and a low-complexity rectifier circuit,
the RF-to-DC rectification efficiency achieves 14.49% and 27.44%
at 868 MHz and 97.5 MHz, respectively, for input power of —20
dBm. Measurement results agree with simulations. The rectifier
was connected to a commercial boost converter in order to
manage and improve the output power of the rectifier. The end-
to-end efficiency of the system was calculated to 21% for input
power of —15 dBm and frequency of 97.5 MHz, despite the use
of a low-cost, lossy substrate.

Index Terms—Energy harvesting, rectifiers, boost converters.

I. INTRODUCTION

All over the world, the number of radio frequency (RF)
emitters has been continuously increasing, due to widespread
deployment of wireless technologies, such as cellular net-
works, Wi-Fi, digital TV and wireless sensor networks (WSN).
Collection of ambient RF energy and its use of powering
electrical devices is an engineering challenge [1]. Over the
last years, wireless power transfer (WPT) based on far-field
electromagnetic radiation is recommended for large amount
of sensors due to their necessity to be autonomous and self-
sustained in power [2], while battery replacement is a lengthy
and costly procedure in large sensor networks. This WPT con-
cept is suitable for Internet of Things (IoT) applications such
as environmental WSNs and sensor networks for smart cities.
The collection of unused ambient RF energy with rectifiers and
supply of backscatter radio WSNs [3], [4] for example, is a
great engineering challenge. In this work, FM and VHF-UHF
carrier emitters (e.g., in bistatic scatter radio sensor networks
[5], [6]) will be considered as potential RF power sources.
On the other hand, ambient RF energy harvesting offers a
relatively low energy density of some uWW/em?, compared to
other power sources (e.g. solar energy or energy from soil
[7]), however it can operate in hybrid mode, in conjunction
with multiple other sources [8]. Efficiency is an important
parameter in a rectifier topology, i.e. the ratio of DC output
power to RF input power. Nowadays, significant research
effort has been directed towards high-efficiency rectifiers.
Many attempts emphasize on the required impedance matching
circuit inductances, while minimizing reflection coefficient.
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Fig. 1.

The double diode rectifier design.

Fig. 2. The fabricated top layer of the rectifier.

For example, RF-to-DC rectification efficiency of 20.5% and
35.3% was attained in [9] for —20 dBm and —10 dBm input
power, respectively. This work is summarized as follows: in
Section II, a rectifier circuit is presented. In Section III, a dual
band printed antenna is described. In Section IV, the use of
a commercial DC-DC converter is described and the overall
end-to-end efficiency is derived. Work is concluded in Section
V.

II. RECTIFIER

A. Rectifier Design and Analysis

In this work, an efficient low-cost and low-complexity rec-
tifier is developed for low-power input. The rectifier is based
on double rectification circuit with single diodes as depicted
in Fig. 1. The RF input power is converted to DC power
through the low-cost Schottky diodes (SMS7630-040LF). The
matching circuit (inductors combined with capacitors) reduces
the reflection losses of the incoming wave, while the rectifier
was designed to operate at 868 MHz (UHF ISM frequency in
Europe) and at 97.5 MHz (center of FM band), simultaneously.
Harmonic-balance and Momentum solver was employed for
simulations. The FR-4 substrate was modelled with ¢, = 4.4,
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Reflection coefficient at the input of rectifier.
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Fig. 4. Rectifier efficiency versus total power input at 868 MHz.

tand = 0.025, copper thickness 35 um and substrate height
1.6 mm. The first goal of modelling and simulation was the
maximization of the RF to DC efficiency:
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with P, Py the input and output power and V4, the voltage
across the load Ry. The second goal was the minimization of
reflection coefficient,
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for input power P;,, —20 dBm at 868 MHz and 97.5 MHz.
The input impedance Z;,, is defined as (Fig. 1):
Vi
Lin’

After optimization, the dual-band prototype was imple-
mented with discrete components and fixed trace dimensions,
as shown in Fig. 2. The load at the output (Ry) was fixed at
9.2 kOhm. Measurements were employed after that, using a
signal generator and a voltmeter. The simulated and measured
reflection coefficient S7; is depicted in Fig. 3. Reasonable
agreement between predicted and measured results is observed
at both frequency bands. Figs. 4 and 5 depict efficiency n
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Fig. 5. Rectifier efficiency versus total power input at 97.5 MHz.
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Fig. 6. Rectifier efficiency versus frequency for different power inputs.

versus P, for measurement and simulated results for the two
separate bands. According to measured results, the efficiency is
14.49% and 27.44% at 868 MHz and 97.5 MHz, respectively
for P, = —20 dBm. For P,, = —10 dBm the results are
29.64% and 46.58.% for 868 MHz and 97.5 MHz, respec-
tively.

The simulated efficiency versus frequency for three power
input levels is depicted in Fig. 6. As expected, the rectifier
operates optimally at 868 MHz and 97.5 MHz. Figs. 7 and
8 show the relationship between rectifier efficiency and load.
Frequency is now fixed at 868 MHz for Fig. 7 and at 97.5
MHz for Fig. 8. It is observed that the 9.2 kOhm load is
appropriate for 868 MHz but not for 97.5 MHz. Finally, Fig. 9
offers the measured open circuit voltage (without load) versus
input power, for the two frequency bands. As expected, the
relationship is not linear due to the non linearity of the discrete
components.

III. ANTENNA DESIGN

In order to supply the rectifier with wirelessly harvested
power, a microstrip multi-band antenna was designed and
fabricated. Specifically, a hybrid microstrip monopole antenna
was designed to operate at ISM band (around 868 MHz) and
at FM band (around 100 MHz). The design is a variation of
a monopole antenna (of wide-band operation) with a loop for
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inputs.

FM band resonance (and low fabrication complexity) on FR4
substrate. The fabricated antenna is depicted in Fig. 10 and its
measured reflection coefficient is depicted in Fig. 11.

IV. BoOST CONVERTER

Texas Instrument BQ25504 [10] was chosen as low-power
DC-DC converter. The boost converter was combined with two
external MOSFET switches (Fig. 12). One PMOS between
load (LED) and V471 and one NMOS for the inverted
Vear ok signal. The converter is an integrated-circuit with
maximum power point tracking (MPPT), minimum cold start
voltage and typical input power of 330 mV and 10 uW,
respectively. It has also ultra low-power input power levels
with low quiescent current (330 nA). It is programmed by
resistors and continuously charges a 100 uF storage capacitor
(Cs). A LED with maximum current consumption at 20 mA
(emulating the energy consuming circuit such as a sensor)
was automatically connected through the PMOS switch to the
capacitor, when the capacitor increasing voltage reached an up-
per limit Vj,;4, = 2.82 V and was automatically disconnected,
when the capacitor decreasing voltage reached a lower limit
View = 1.63 V. When the minimum voltage V},,, is reached,
the boost converter and MPPT start to operate and a charge-
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Fig. 9. Measured rectifier output open circuit voltage for 97.5 MHz and
868 MHz.

Fig. 10. The fabricated multi-band antenna.

discharge cycle at the load begins, causing the LED to flash.
The charge-discharge operation of the LED can be observed
in Fig. 14 from the boosted signal Vg 47. Using the converter
topology of Fig. 13 and a DAQ for capturing the signals, we
exported the rectifier output voltage Vi pc and the boost
converter output Vg 47 voltage for 800 seconds. The rectifier
P;,, was —15 dBm at 97.5 MHz. Finally, it is noted that the
boost converter was self-started and no external energy was
used.

A. End-to-End Efficiency

The duty cycle of the LED can be used to calculate the
efficiency of the system and according to [11], the total end-
to-end efficiency of the whole system is:

V& o=V
Epc C, mth low
Ttotal = I = (4)
m
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FEpc is the output DC energy and F;, the rectifier output
energy. F;, can be calculated by integrating the time averaged
P, over a cycle time t.yce. The cycle time is the charge-
discharge time of the storage capacitor between Vj;q4, and
Viow. From measurements of Fig. 14, Epc was calculated at
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Fig. 11. Reflection coefficient of the multi-band antenna.
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Fig. 12. Boost converter schematic with the low-power BQ25504.

265.17 uJ and t.y.. was measured at 38.9 sec. The obtained
end-to-end efficiency is 21%.

V. CONCLUSION

This work presents the design and implementation of a dual
band rectifier system with a commodity DC-DC converter.
Its high efficiency and tested operation at low-power input
could perhaps enable a variety of WSN and Internet-of-Things
applications, powered by ambient RF. The circuit was designed
with two single diodes, on a low-cost, lossy FR-4 substrate.
Also a multi-band antenna was designed and constructed.
Experimental results with a commodity DC-DC converter from
cold-start were also presented and discussed.
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