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Due to the growing implications of energy costs and carbon footprints, the need to adopt inexpensive, green
energy harvesting strategies are of paramount importance for the long-term conservation of the
environment and the global economy. To address this, the feasibility of harvesting low power density
ambient RF energy simultaneously from multiple sources is examined. A high efficiency multi-resonant
rectifier is proposed, which operates at two frequency bands (478-496 and 852-869 MHz) and exhibits
favorable impedance matching over a broad input power range (—40 to —10 dBm). Simulation and
experimental results of input reflection coefficient and rectified output power are in excellent agreement,
demonstrating the usefulness of this innovative low-power rectification technique. Measurement results
indicate an effective efficiency of 54.3%, and an output DC voltage of 772.8 mV is achieved for a multi-tone
input power of —10 dBm. Furthermore, the measured output DC power from harvesting RF energy from
multiple services concurrently exhibits a 3.14 and 7.24 fold increase over single frequency rectification at 490
and 860 MHz respectively. Therefore, the proposed multi-service highly sensitive rectifier is a promising
technique for providing a sustainable energy source for low power applications in urban environments.

energy source for future growth and protection of the environment. Considerable research effort has been

directed toward low-profile, low-power, energy efficient and self-sustainable devices aiming to harvest
energy from inexhaustible sources such as solar energy, thermal, biomass, mechanical sources (e.g. wind, kinetic,
vibration, and ocean waves) wastewater, and microwave energy. A thorough set of reviews is given in the
literature’™. Among these green energy sources, there has been a growing interest for radio frequency (RF)
energy scavenging, as the availability of ambient RF energy has increased due to advancements in broadcasting
and wireless communication systems. Furthermore, the development of wireless power transmission (WPT)
technologies® that allow micro sensors®, mobile electronic devices’, wireless implantable neural interfaces® and
far-field passive RFID (Radio-Frequency Identification) systems’'' to operate without batteries has triggered
impetus for RF energy harvesting.

Efficient RF energy harvesting is a very challenging issue, as it deals with the very low RF power levels available
in the environment. Furthermore, the scavengeable power level can vary unpredictably, depending on several
factors such as the distance from the power source, the transmission media, the telecommunication traffic density
and the antenna orientation. The majority of available literature on RF rectification has been dedicated to
narrowband rectennas, which essentially operate at a single frequency and hence provide low DC output
power'>"*. Various topologies, such as voltage doublers or multipliers have been employed in order to increase
the RF to DC conversion efficiency and the output DC voltage for specific applications'*'®. However, from an
ambient RF scavenging perspective, harvesting energy from various available frequencies could maximize power
collection and hence increase the output DC power. Ultra-wideband and broadband rectenna arrays have been
proposed as a potential solution'”'®. However in some cases, simulation and experimental results were not
provided to demonstrate the findings'’. A broadband rectenna consisting of a dual-circularly polarized spiral
rectenna array operating over a frequency range of 2-18 GHz was demonstrated'®. The rectified DC power was
characterized as a function of DC load, RF frequency and polarization for power densities between 107> and
107" mW/cm?. However, the proposed rectenna was matched at a single input RF power level for a specified load
resistance for the characterization. Also, due to the low Q value of the rectifier circuit, the conversion efficiency
was a fraction of 1% at —15.5 dBm. From a design point of view, while it is relatively easy to achieve a broadband
antenna, it is very challenging to realize a broadband rectenna due to the non-linearity of the rectifier impedance
with input power across the frequency band".

To address this, a promising approach is to use a dual-band or multi-band configuration. This can maximize
the power conversion efficiency (PCE) at the specific frequencies where the maximum ambient signal level is

ﬁ MBIENT energy harvesting is attracting widespread interest as it has the potential to provide a sustainable
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available. Various dual-band RF energy harvesting systems has been
demonstrated****, however a large signal analysis of the rectifier was
commonly not provided over a broad input power range. A dual-
band RF energy harvesting using frequency limited dual-band
impedance matching has been proposed® and the PCE was shown
over a high power range of 0 to 160 mW, however it was only
matched at a single input power level (10 dBm). A CMOS dual-
narrowband energy harvester circuit was modeled at environmental
power levels*'. Again, the rectifier efficiency was demonstrated with
only single input power levels of —19 and —19.3 dBm at 2 GHz and
900 MH?z respectively, and a large signal analysis was not presented.
A compact dual-band rectenna operating at 915 MHz and 2.45 GHz
has been demonstrated”> and the PCE was shown for input power
levels of —15, =9 and —3 dBm. However, the reflection coefficient
was evaluated at a single incident power level. Furthermore, the
efficiency results with dual-tone excitation simultaneously and sin-
gle-tone excitation (at 915 MHz) are very similar, hence the impact
of applying a dual-band technique does not demonstrate a clear
advantage over a single band. A dual-frequency rectenna for WPT
has been proposed* which achieved a conversion efficiency of 84.4%
and 82.7% at 2.45 and 5.8 GHz with a high input power level of 89.84
and 49.09 mW respectively. These power levels far exceed ambient
levels in the environment'. A conformal hybrid solar and electro-
magnetic (EM) energy harvesting rectenna has been presented** and
the PCE was provided with —30 to 5 dBm input power, achieving an
efficiency up to 40% at 1.85 GHz for higher input power levels (above
—5 dBm). However the reflection coefficient was not provided at low
input power range.

A multi-resonant rectenna that uses a multi-layer antenna and
rectifier has been evaluated for a —16 dBm to +8 dBm RF received
power level, but the rectifier circuit layout and large signal analysis
were not provided to clarify the findings®. Furthermore, a rectenna
for triple-band biotelemetry communications has been proposed
using a triple-band antenna and single frequency rectifier®.
However, this rectenna is not suitable for RF energy scavenging
due to the low efficiency at lower input power levels. Another triple
band rectenna presented an RF-DC efficiency over the input power
range of —14 to +20 dBm®, however the reflection coefficient
results were only evaluated at a single input power level. This rec-
tenna was shown to harvest 7.06 pW of DC power from three
sources simultaneously at a high input power level of +10 dBm. A
multi-band harvesting system has also been proposed where four
individual harvesters are designed to cover four frequency bands*.
However, a large signal analysis was not provided over a broad input
power range. Furthermore, the proposed harvesting system has a
minimum sensitivity of —25 dBm, whilst in a real environment more
sensitive systems are required as the available RF power levels are
very low".

Tunable impedance matching networks have been demonstrated
in order to collect RF signals from various sources and convert them
to DC power®. However from an application point of view, this is still
single frequency rectification and it is not widely applicable to envir-
onmental RF energy scavenging where the available power is very
low.

In order to increase the amount of RF energy scavenged by a
rectenna, it is crucial to identify and harvest multiple ambient fre-
quency sources over their realistic available energy range. Our pre-
vious research has demonstrated the feasibility of RF energy
harvesting through RF field investigations and maximum available
power analysis in metropolitan areas of Melbourne, Australia®. The
maximum available power for different frequency bands based on
antenna aperture and number of antennas in a given collection area
was analyzed. Measured results and analysis indicated that cellular
systems and broadcast sources are well suited to harvesting, with
scavengeable RF power ranging from —40 to —10 dBm. This iden-
tifies two important considerations in the design of efficient rectenna

for RF energy harvesting: the scavengeable ambient RF power
sources available, and the significant variance of this power.

The RF to DC rectifier solutions proposed in recent literature have
focused on maximizing the system efficiency at a given, and often
quite high, input power level. This neglects the issues related to input
power variation which can lead to unexpected variations in the
matching network due to diode non-linearity. Also, the scavangeable
levels of ambient RF power have been shown to be orders of mag-
nitude lower. Therefore, based on our previous research outcomes
and recommendations', an efficient power harvesting solution
could encompass a multi-band matching circuit at the specific fre-
quencies where maximum signal power is available, enabling greater
power harvesting due to the combination of RF signals. This also
results in a higher power being fed to a single rectifier, utilizing the
diode function more efficiently.

This paper presents an RF energy harvesting method that can
scavenge a wide range of ambient power levels which are orders of
magnitude lower than previous reported techniques in the literature.
An efficient dual resonant rectifier circuit is proposed, matched to a
50 Q input port at 490 and 860 MHz over a broad low input RF
power range from —40 to —10 dBm. The proposed dual resonant
matching network operates efficiently at two identified harvesting
frequency bands over a wide input power range, maximizing DC
power by scavenging two sources simultaneously.

The remainder of this paper is organized as follows. First, the key
results for the reflection coefficient and output DC power are pre-
sented. Subsequently, the Discussion section summarizes the results
and demonstrates their potential implications, the limitations of this
study, open questions and future research. Finally, the Method sec-
tion describes the proposed rectifier design.

Results

A dual resonant rectifier was fabricated on a 1.58 mm FR-4 substrate
with a dielectric constant &, = 4.5 and a loss tangent =~ 0.025. These
substrate parameters were measured using the Nicolson-Ross
method™ so accurate values could be used in the rectifier design. A
photograph of the fabricated dual resonant rectifier is shown in Fig. 1
which depicts input RF port, dual-band matching network lumped
components, Schottky diodes and the output terminal. The perform-
ance of the rectifier was verified by measuring the input reflection
properties, and the output power was calculated from the measured
output DC voltage for the input powers from —40 to —10 dBm.

Reflection Coefficient. The |S;;| of the rectifier was evaluated using
a vector network analyzer (VNA). The VNA was re-calibrated for
each input power level. Figure 2 compares the simulated and
measured |S;;| versus frequency for the dual resonant rectifier
circuit at four different input power levels from —40 to —10 dBm.
The measured results show very good agreement to the simulations.
Slightly higher reflection was observed for the resonant frequencies
at the lower part of the input power range (due to the diode
characteristics). However, the proposed rectifier circuit is well-
matched (|S;;|] < —10 dB) at the desired frequency bands of

Lumped Components Output

(]

A R ?Jf‘fi o

Input RF Port Schottky Diodes

Figure 1 | Fabricated rectifier prototype.
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Figure 2 | Simulated and measured | S;,| as a function of frequency and input RF power for the proposed dual resonant rectifier circuit. (a) —10 dBm.

(b) —20 dBm. (c) —30 dBm. (d) —40 dBm.

478-496 MHz and 852-869 MHz over the broad range of input powers
from —40 to —10 dBm. The small difference between simulation and
measurement is due to the parasitic extraction accuracy.

Output DC Power. In the frequency domain, the Harmonic Balance
method of analysis provides a comprehensive treatment of a
multispectral problem'®. The method intrinsically takes into account
the DC component and a specified number of harmonics, while
allowing the ability to specify the source impedance and harmonic
terminations. A Harmonic Balance simulation was used to numerically
evaluate the output DC voltage of the dual resonant rectifier for both a
single and two tone input. The output DC voltage across the load
resistor was also measured and used to calculate output DC power.
Measurements were performed using a Wiltron 68247B synthesized
signal generator as a RF power source for the rectifier circuit.
Recording of the output DC voltage across the load resistance was
achieved with a Fluke 79III digital voltage meter. The RF source
power was initially set at —10 dBm, and decreased in 2 dB steps. In
the dual-band measurement case, two RF signal generators were fed to
the rectifier circuit simultaneously via a power combiner.

The simulation and measurement results for single and dual input
tones are summarized in Fig. 3(a) and (b). A measured DC voltage of
772.8 mV is achieved with two simultaneous input tones at an input
power of —10 dBm. For single tone measurements, DC voltages of
436 mV and 286 mV at 490 MHz and 860 MHz respectively are
produced. The comparison between the 490 and 860 MHz single
rectifiers highlights the impact of the input frequency on the PCE.

A higher amount of DC voltage can be generated at the lower fre-
quency. This difference comes from decreasing diode performance at
the higher frequency due to the higher junction capacitance of the
diode™.

Importantly, a slightly higher DC voltage can be generated with
the dual resonant rectifier as compared to the sum of output voltage
from the two single bands, particularly at the lower input power
levels as can be seen in Fig. 3(b) which shows the lower power
section of Fig. 3(a) in more detail. By maximizing power collection
from various sources of different frequencies and delivering the
combined power to the rectification circuit, the diode conversion
efficiency is enhanced which results in a higher level of rectified
voltage. Figure 4 compares the simulated and measured output
DC power for the dual resonant rectifier circuit with both single
and dual input tones. A measured DC power of 17.3 pW and
7.5 UW can be generated at 490 MHz and 860 MHz respectively
with a single tone input of —10 dBm (100 pW). This represents
true efficiencies of 17.3% and 7.5% for the individual single band
rectification (see Fig. 5). However, the measured DC output power
with two concurrent input tones of —10 dBm is 54.3 pW which
corresponds to an effective efficiency of 54.3% for the dual-band
rectifier (see Fig. 6). This represents a 3.14 and 7.24 times increase in
output DC power over the single tone excitation at 490 MHz or
860 MHz respectively. This trend is evident down to low input
power levels (around 40 pW). Furthermore, there is a significant
increase in the PCE of the dual resonant rectifier for lower input
power levels (<40 pWw).
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for single band rectification.

Here, the effective efficiency is defined as the ratio of output DC
power to the available input RF power rather than the power deliv-
ered to the diodes (equation (1)). The available power level is assoc-
iated with the signal source. For the single resonator, the available
input power is —10 dBm and the delivered power is also —10 dBm
(assuming no loss). However, by creating a dual resonant matching
network the power delivered to the diodes is —7 dBm (combined
total input power from two signal generators) but the available power

I o ( OL >

Pi Pi

Therefore, combining input RF signals into a single rectification
stage results in high sensitivity rectifier, which is widely applicable to
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Figure 6 | Effective RF to DC conversion efficiency as a function of input
RF power for dual resonant rectification.
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Table 1 | Rectifier performance comparison

(490 and 860 MHz)

Ref. Technology Measured Efficiency (%) RF power variation (in PCE evaluation) Rectification Technique

13 Schottky diode  82@50 mW N/A Single resonator

16 Schottky diode  44@—-10 dBm N/A Single resonator

18 Schottky diode  20@0.07 mW/cm? 10°%5t0107" mW/cm? Broad band
0.1@5x107° mW/cm?

20 Schottky diode  77.13@22 dBm (158.49 mW) Oto 160 mW Dual resonator

21 CMOS 9.1@—-19.3 dBm (900 MHz) N/A Dual resonator
8.9@-19 dBm (2 GHz)

22 Schottky diode 37 (915 MHz)@—9 dBm —401t00 dBm Dual resonator
30 (2.45 MHz)@-9 dBm

23 Schottky diode  84.4@89.84 mW (2.45 GHz) 0to 100 mW Dual resonator
82.7@49.09 mW (5.8 GHz)

27 Schottky diode  80@10 dBm (940 MHz) —14t020 dBm Triple resonator
47@8 dBm (1.95 GHz)
43@16 dBm (2.44 GHz)

29 Schottky diode  50@—5 dBm —251t00 dBm Dual resonator with tunable input response

This work ~ Schottky diode  54.3@—10 dBm —40to =10 dBm Dual resonator
11.25@—-18 dBm

Table 2 | Environmental measurement results

Measured DC
Suburb Available frequencies (MHz) Respective available RF power (dBm) [uW] power (uW)
Bayswater 486, 488, 489, 490, 491, 867, 868, —19[12.5], —20[10], —17[19.95], —15[31.62], —22[6.3], 39.38
869, 870, 871,872,873,874 —37[0.199], —37[0.199], —30[1], —24[3.98], —20[10],
—30[1], —37[0.199], —40[0.1]
Bentleigh 491, 492, 494, 495, 865, 866, 867, —12[63.09], —46[0.02], —42[0.063], —57[0.001], —27[1.99], 30.9
868, 869, 870, 871 —27[1.99], —30[1], —37[0.199], —40[0.1], —40[0.1],
—41[0.07]
RMIT University 487, 488, 489, 490, 491,851,861, —30[1], —22[6.3], —29[1.25], —22[6.3], —20[10], —23[5.01], 14.5
(Melbourne CBD) 862, 866, 867, 868, 869 —21[7.94], —21[7.94], —30[1], —35[0.31], —40[0.1], —40][0.1]

real environmental RF energy scavenging. This multi-band tech-
nique can provide higher DC power than combining two separate
single frequency rectifier circuits operating at the same frequencies.
This is due to the fact that harvesting RF energy from various avail-
able sources simultaneously increases the delivered power to the
rectifier, which improves the diode conversion efficiency and conse-
quently enhances the output DC power. Table 1 summarizes this
work as compared to previous published work.

In order to provide a realistic scenario for the proposed dual-band
rectifier, measurement results were taken in three suburbs of
Melbourne, Australia, congruent with our previous research out-
comes”. Table 2 summarizes these environmental measurement
results. It should be noted that the lower band (478-496 MHz) has a
3.67% fractional bandwidth and the higher band (852-869 MHz) has
around 2% fractional bandwidth. Hence, various RF frequencies from
different sources can be harvested within these two bands. The envir-
onmental measurement results demonstrate the feasibility of harvest-
ing ambient EM energy from multiple sources simultaneously.

Discussion

The feasibility of harvesting ambient EM energy from multiple
sources simultaneously is investigated in this paper. The proposed
dual resonant rectifier operates at two frequency bands (478-496 and
852-869 MHz), which are used for broadcasting and cellular systems
respectively. The dual resonant rectifier exhibits favorable imped-
ance matching over a broad input power range (—40to —10 dBm) at
these two bands. The achieved sensitivity and dynamic range dem-
onstrate the usefulness of this innovative low input power rectifica-
tion technique. Simulation and experimental results of input
reflection coefficient and rectified output power are in excellent
agreement. The measurement results demonstrate that a two tone

input to the proposed dual-band RF energy harvesting system can
generate 3.14 and 7.24 times more power than a single tone at 490 or
860 MHz respectively, resulting in a measured effective efficiency of
54.3% for a dual-tone input power of —10 dBm. It is evident that this
dual resonant rectification technique increases the RF to DC effective
conversion efficiency, and hence the recoverable DC power for low
power applications. Furthermore from a design and economic per-
spective, utilizing a large number of components (e.g. antennas, diodes)
to realize individual rectifier circuits for each frequency band creates
additional expense. In order to provide more realistic measurement
results, the proposed dual-band rectifier was tested in three suburbs of
Melbourne, Australia. Therefore, this dual-band technique offers a
simple and cost-effective solution which is of paramount importance
for environmental power harvesting systems. This innovative tech-
nique has the potential to generate a viable perpetual energy source
for low power applications in urban environments.

Limitation of the study, open questions and future work
Utilizing diodes which are more suitable to low power applications
(P; < —20 dBm) could increase the voltage sensitivity, resulting in a
higher RE-DC conversion efficiency®®. Applying a power optimized
waveform excitation to the rectifier circuit in these frequency bands,
a higher amount of DC power can be generated when compared with
a single and dual tone excitations with the same input power***.
However this technique is not applicable to energy harvesting where
the input waveform is arbitrary.

Utilizing our proposed dual resonant rectification technique to
combine resonant circuits for any other arbitrary frequency bands
could lead to PCE improvement, provided that suitable diodes for the
desired frequency bands are selected. Note that by increasing the
operating frequency the rectification performance degrades due to
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Figure 7 | General block diagram of the RF energy harvesting system.

the higher junction capacitance of the diode. Hence, lower output
voltage is expected at higher frequency bands.

It is the object of our future work to design a multi-band rectenna
array for enhanced RF energy harvesting. Furthermore, increasing
the bandwidth, sensitivity and efficiency will also be investigated.

Methods

The major goal in designing an efficient RF harvesting system is to produce high DC
output power. Toward this goal, a high sensitivity rectifier is crucial for optimum RF
scavenging. A significant factor governing the sensitivity of a rectifier is the threshold
voltage of the diode used for rectification. The diode must be able to “switch on” for
very low ambient energy levels.

To address this sensitivity issue, a system that scavenges power from multiple
frequency bands and combines them to activate a rectification circuit is proposed.
The general block diagram of the proposed system is depicted in Fig. 7. Various envir-
onmental RF energy sources of different frequencies are collected by an appropriately
designed antenna, and delivered to the rectification circuit via a multi-band matching
network. The rectification circuit converts the combination of RF signals into DC power
for low-power applications. The embodiment in this paper realizes a dual resonant
matching circuit as a transition between a 50 Q nominal antenna output and the non-
linear rectification device at 490 and 860 MHz. Based on the Australian Radiofrequency
Spectrum Plan®, these bands are allocated to broadcasting services and cellular systems.

Device Selection. Due to the very low ambient power available in a real
environment", a very low threshold voltage rectification device is required in order to
increase sensitivity. For this reason, Schottky diodes (GaAs or Si) are commonly
employed for RF energy harvesting. In this work, a microwave Schottky detector
HSMS2820 (Cjp = 0.7 pF, R, = 6 Q,I, = 2.2¢™* A) is chosen due to its excellent high
frequency performance, low series resistance (R;) and junction capacitance (C;), and
low threshold voltage with high-saturation current®. This low threshold voltage
(0.15-0.3 V) supports rectification at low input power levels.

Proposed Rectifier Design. In order to design an efficient RF harvesting system, the
non-linearity of the rectifier impedance with frequency and input power should be
matched to the 50 Q output of the antenna at the desired frequency bands. Therefore,
the diode input impedance as a function of frequency and different power levels were
calculated and analyzed®®. In order to match the input impedance of the rectifier to the
50 Q output of the antenna, the total load impedance for different input power and
frequencies should be determined. A circuit consisting of a pair of Schottky Barrier
Diodes (SBD) terminated with a load resistor (Rzo.q = 11 kQ) and an output bypass
capacitor (C2 = 6.8 pF) was simulated using Agilent ADS software. Figure 8 shows
the proposed geometry of the voltage-doubler topology®"*”. The voltage doubler
rectifier structure is employed for the design of the RE-DC power conversion system
as this topology is well suited to low power rectification. The resistor and capacitor at
the output will filter high frequencies. The high load resistor (11 kQ) was chosen to
observe a reasonable output voltage at very low currents. Using Large Signal S-
Parameters analysis in Agilent ADS software, the load impedance and bypass
capacitor were determined and optimized.

The voltage doubler rectifier in Fig. 8 consists of a peak rectifier formed by D2 and
bypass capacitor C2 (6.8 pF) and a voltage clamp formed by DI and CI (total capa-
citance of the transmission lines and diode’s parasitic capacitance (C,)). In the

C1 Node1 HSMS 2820
of

500 D2

<

D1 c2 $11 kQ

HSMS 2820

L

Vv
s

Figure 8 | Schematic of a voltage-double rectifier without matching
network.

negative phase of the input, current flows through DI while D2 is cutoff. The voltage
across DI stays constant around its threshold voltage and the voltage at node 1 is
charged to —V,;,; (where —Vy,, is the threshold voltage of the DI). At the negative
peak, the voltage across C1 is Vop — Viny (Where Vi, is the amplitude of the input
signal). In the positive phase of the input, current flows through D2 while D1 is cutoff.
The voltage across CI remains the same as the previous phase because it has no way to
discharge. At the positive peak, the voltage across DI is 2V,,,,, — Vip;. Since D2 is
conducting current to charge C2, the voltage at the output is V. = 2V — Ving —
Vina-

The DC equivalent circuit of the SBD is a voltage source in series with the junction
resistor R; which is obtained by differentiating the diode voltage—current character-

istic and is given by equation (2)*"**:
nKT
Rj=——— )
q(L+1p)

Where n is the diode ideality factor, K is the Boltzmann’s constant, T is the
temperature in degrees Kelvin, g is the electronic charge, I is the diode saturation
current and I, is the external bias current. At low power levels, the saturation
current is very small (I, = 2.2 e ® A) and for a zero-biased diode, I, = 0.
Therefore, the resulting value of junction resistance at room temperature is
approximately 1.7 MQ. Since, the saturation current is highly temperature
dependent, R; will be even higher at lower temperatures which tends to decrease
the output voltage. As the input power increases, some circulating rectified current
will cause a drop in the value of R; and this phenomenon will increase the value of
the DC output voltage. Furthermore, it is worth to highlight that the rectified
current produced by the first diode (DI) in Fig. 8 constitutes the external bias
current of the second diode (D2) which will help to reduce the R; and hence the
detection sensitivity is improved. Therefore, depending on the amount of available
bias current, R; is varying (equation (2)), hence the matching network is changing
which impacts the amount of delivered power to the diode and results in different
values of PCE.

A Schottky barrier diode can be modeled by the linear equivalent circuit shown in
Fig. 9, where L, and C, are the diode’s parasitic inductance and capacitance
respectively due to packaging (L, = 2 nH and C, = 0.08 pF) which are generally
unwanted”. This linear model is used for determining the diode impedance at a given
input power.

The diode impedance analyzed using a Harmonic Balance simulator and a non-
linear model of the diodes over the frequency range of 400 to 900 MHz at various
input power levels (Fig. 10). Due to the large junction resistor at low input RF power
levels, the rectification device is turned off in absence of an appropriate matching
network. Large Signal S-parameter analysis was conducted and higher input power
(associated with the signal source) is applied directly to the Schottky diodes config-
uration of Fig. 8 which does not include a matching network in order to turn on the
diodes (reduce the value of R;) and extract approximate input impedance value as our
starting point in design of a matching network. As it can be seen in Fig. 10, with
increasing the source power, the diode impedance is varying and it is beginning to
switch on. Hence, the input impedance needs to be determined when the diode is
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Figure 9 | HSMS 2820 Schottky diode equivalent circuit.
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Figure 10 | Diode input impedance calculated with Large Signal
S-parameter analysis over the frequency range of 400 to 900 MHz with
various unmatched input power levels.

turned on to realize the matching network for a rectifier circuit. Obviously, in the
presence of an appropriate matching network the rectification device can be turned
on at lower power levels, whilst in the absence of a matching network a higher input
power should be applied to switch on the diode. (Note that, with an unmatched
rectifier the total applied input power from the signal source cannot be delivered to
the diode due to the high reflection in the circuit).

The aim is to match the input impedance of the device to 50 Q at 478-496 MHz
and 852-869 MHz bands over a broad range of input RF powers. The procedure
commences by matching the diode input impedance at high unmatched source power
and shifting the diode input impedance at various power levels to within the voltage
standing wave ratio (VSWR) <2 circle on the Smith chart. This procedure assumes
that diode input impedance does not drastically change in this low power range. The
simulation results of Fig. 10 prove that this is the case.

In order to provide maximum power transfer from the antenna to the rectifier
circuit, a dual resonant rectifier network is designed as a transition between a 50 Q
nominal antenna output and the non-linear rectification device over the power range
of —40 to —10 dBm (see Fig. 11). Hence, a coupled-resonator structure with both
series and shunt resonators is designed to achieve a dual-band network®. The linear
equivalent circuit model of the SBD chip** has been taken into consideration to design
the dual band match at the desired frequency bands. In Fig. 11, Ceguivaten: represents
the total capacitance of the diodes and bypass capacitor and Leguivaien: is the overall
parasitic inductance of the diodes. The series L-C resonator (L4 + Legyivatent a0d
Cequivatent) and the parallel L-C resonator (C3 and L3) define the dual resonant circuit. The
series resonator corresponds closely to the higher band specification of 852-869 MHz,
whilst the parallel resonator approximates the lower 478-496 MHz band. A minimum
number of components were used in order to reduce the ohmic and parasitic losses.

The resonant frequency of each sub-circuit was determined in isolation using the
following equation:

1

f=
2nyv/LC

3)

The 852-869 MHz band resonator circuit components were calculated. Here, C =
Cequivatent = 1.3 PF consists of the combination of the bypass capacitor (6.8 pF) and

L4 I'equivalent
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=c3 311k

L

Figure 11 | Schematic of a dual resonant rectifier (optimized parameters of the chip components are: LI = 3.9 nH, CI = 0.2 pF, L2=12 nH, C2 =
1.8 pF, L3’ = 3.9 nH, C3' = 7.5 pF, L4’ = 11.6 nH, Leguivatent = 1 NH, Cequivatent = 1.3 pF).
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Figure 12 | Dual resonant impedance matching with —40 to —10 dBm input RF power. (a) 478-496 MHz. (b) 852-869 MHz.
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the overall junction (Cj = 0.7 pF) and parasitic capacitance (C, = 0.08 pF) of DI and
D2. Thus, L is calculated to be 26.5 nH in order to achieve an appropriate resonant
frequency. Note that, L consists of L, and the overall parasitic inductance (Leguivatent =
1 nH) of DI and D2. The 478-496 MHz band resonator circuit components were
calculated as C3 = 15 pF and L3 = 7.2 nH. Hence, the initial component values are
determined for the two resonant circuits.

Initially these resonators were combined to achieve a dual-band structure. Then
standard LC matching technique* is utilized to determine CI, C2, L1, and L2 to
achieve minimum reflection at the resonant frequencies. The substitution of realistic
chip component values with their associated parasitics, and addition of 50 Q
microstrip lines and T-junctions introduce delay and shift the imaginary part of the
input impedance. The via-holes also contribute to extra inductance in the circuit.
Hence minor circuit adjustments are made in order to fine tune the resonant fre-
quencies to the desired values. The final optimized values of the standard chip
components are: L3’ = 3.9 nH, C3' = 7.5 pF and L4’ = 11.6 nH. Large Signal S-
parameter analysis is also performed to demonstrate the matching network per-
formance as the input power is varied. Simulation results for the input impedance of
the circuit depicted in Fig. 11 are illustrated in Fig. 12. The proposed dual-resonant
matching circuit achieves a VSWR <2 at 478-496 MHz and 852-869 MHz for input
power ranging from —40 to —10 dBm. It should be noted that the matching circuit
was designed based on the input impedance of two diodes and the output resistor and
capacitor (Fig. 10). Therefore, selecting a different value for the load resistor requires a
new matching circuit to be designed.

1. Paradiso, J. A. & Starner, T. Energy scavenging for mobile and wireless electronics.
IEEE Pervasive Comput. 4, 18-27 (2005).

2. Singh, R,, Gupta, N. & Poole, K. F. Global green energy conversion revolution in
21st century through solid state devices. 26th International Conference on
Microelectronics, Nis, Serbia. IEEE. DOI:10.1109/ICMEL.2008.4559221. 45-54
(11-14 May, 2008).

3. Wang, Y. K, Sheng, G.P., Shi, B.]., Li, W. W. & Yu, H. Q. A Novel electrochemical
membrane bioreactor as a potential net energy producer for sustainable
wastewater treatment. Sci. Rep. 3, DOI:10.1038/srep01864 (2013).

4. Inayat, S. B, Rader, K. R. & Hussain, M. M. Nano-materials enabled
thermoelectricity from window glasses. Sci. Rep. 2, DOI:10.1038/srep00841
(2012).

5. Brown, W. C. The history of power transmission by radiowaves. IEEE Trans.
Microw. Theory Tech. 32, 1230-1242 (1984).

6. Le, T.,, Mayaram, K. & Fiez, T. Efficient far-field radio frequency energy harvesting
for passively powered sensor networks. IEEE J. Solid-State Circuits. 43,1287-1302
(2008).

7. Paolo,]. & Gaspar, P. D. Review and future trend of energy harvesting methods for
portable medical devices. Proceedings of the World Congress on Engineering
(WCE). London, U. K. 909-914 (30 June-2 July, 2010).

8. Matsuki, H., Yamakata, Y., Chubachi, N., Nitta, S. & Hashimoto, H.
Transcutaneous DC-DC converter for totally implantable artificial heart using
synchronous rectifier. IEEE Trans. Magn. 32, 5118-5120 (1996).

9. Scorcioni, S. et al. RF to DC CMOS rectifier with high efficiency over a wide input
power range for RFID applications. Microwave Symposium Digest (IMS), IEEE
MTT-S. Montreal, QC, Cabada. DOI:10.1109/MWSYM.2012.6259760. 1-3 (17—
22 June, 2012).

. Shameli, A., Safarian, A., Rofougaran, A., Rofougaran, M. & De Flaviis, F. Power
harvester design for passive UHF RFID tag using a voltage boosting technique.
IEEE Trans. Microw. Theory Tech. 55, 1089-1097 (2007).

. Mandal, S. & Sarpeshkar, R. Low-power CMOS rectifier design for RFID
applications. IEEE Trans. Circuits Syst. I, Reg. Papers. 54, 1177-1188 (2007).

12. Sun, H,, Guo, Y. X, He, M. & Zhong, Z. Design of a high-efficiency 2.45-GHz
rectenna for low-input-power energy harvesting. IEEE Antennas Wireless Propag.
Lett. 11, 929-932 (2012).

. McSpadden, J. O., Fan, L. & Chang, K. Design and experiments of a high-
conversion-efficiency 5.8-GHz rectenna. IEEE Trans. Microw. Theory Tech. 46,
2053-2060 (1998).

14. Din, N. M., Chakrabarty, C. K., Bin Ismail, A., Devi, K. K. A. & Chen, W. Y. Design
of RF energy harvesting system for energizing low power devices. PIER. 132,
49-69 (2012).

. Barnett, R. E,, Liu, J. & Lazar, S. A RF to DC voltage conversion model for multi-
stage rectifiers in UHF RFID transponders. IEEE J. Solid-State Circuits. 44,
354-370 (2009).

. Kanaya, H. et al. Energy harvesting circuit on a one-sided directional flexible
antenna. IEEE Microw. Wireless Compon. Lett. 23, 164-166 (2013).

. Buonanno, A., D’Urso, M. & Pavone, D. An ultra wide-band system for RF energy
harvesting. 5" European Conference on Antennas and Propagation (EUCAP).
Rome, Italy. IEEE. 388-389 (11-15 April, 2011).

. Hagerty, J. A., Helmbrecht, F. B., McCalpin, W. H., Zane, R. & Popovic, Z. B.
Recycling ambient microwave energy with broad-band rectenna arrays. IEEE
Trans. Microw. Theory Tech. 52, 1014-1024 (2004).

. Shariati, N., Rowe, W. S. T. & Ghorbani, K. RF field investigation and maximum
available power analysis for enhanced RF energy scavenging. 42" European
Microwave Conference (EuMC). Amsterdam RAI, The Netherlands. IEEE.
329-332 (29 October-1 November, 2012).

1

f=1

1

—

1

w

1

wu

1

(=)}

1

I}

1

el

1

o

20. Kim, P., Chaudhary, G. & Jeong, Y. A dual-band energy harvesting using
frequency limited dual-band impedance matching. PIER. 141, 443-461 (2013).

21. Li, B. et al. An antenna co-design dual band RF energy harvester. IEEE Trans.
Circuits Syst. I, Reg. Papers. 60, 32563266 (2013).

22. Niotaki, K. ef al. A compact dual-band rectenna using slot-loaded dual band
folded dipole antenna. IEEE Antennas Wireless Propag. Lett. 12, 1634-1637
(2013).

23. Suh, Y. H. & Chang, K. A high-efficiency dual-frequency rectenna for 2.45- and

5.8-GHz wireless power transmission. IEEE Trans. Microw. Theory Tech. 50,

1784-1789 (2002).

Collado, A. & Georgiadis, A. Conformal hybrid solar and electromagnetic (EM)

energy harvesting rectenna. IEEE Trans. Circuits Syst. I, Reg. Papers. 60,

2225-2234 (20013).

25. Rizzoli, V., Bichicchi, G., Costanzo, A., Donzelli, F. & Masotti, D. CAD of multi-
resonator rectenna for micro-power generation. European Microwave Integrated
Circuits Conference (EuMIC). Rome, Italy. IEEE. 331-334 (228-29 September,
2009).

26. Huang, F. J. et al. Rectenna application of miniaturized implantable antenna
design for triple-band biotelemetry communication. IEEE Trans. Antennas
Propag. 59, 2646-2653 (2011).

27. Pham, B. L. & Pham, A. V. Triple bands antenna and high efficiency rectifier
design for RF energy harvesting at 900, 1900 and 2400 MHz. Microwave
Symposium Digest (IMS), IEEE MTT-S. Seattle, WA. DOI:10.1109/
MWSYM.2013.6697364. 1-3 (2013).

28. Pinuela, M., Mitcheson, P. D. & Lucyszyn, S. Ambient RF energy harvesting in
urban and semi-urban environments. IEEE Trans. Microw. Theory Tech. 61,
2715-2726 (2013).

29. Mikeka, C. & Arai, H. Microwave Tooth for sensor power supply in battery-free
applications. Proceedings of the Asia-Pacific Microwave Conference (APMC).
Melbourne, VIC. IEEE. 1802-1805 (5-8 December, 2011).

30. Baum, T., Thompson, L. & Ghorbani, K. Complex dielectric measurements of
forest fire ash at X-band frequencies. IEEE Geosci. Remote Sens. lett. 8, 859-863
(2011).

. Avago Technologies, Surface Mount RF Schottky Barrier Diodes HSMS-282X
Series. Data sheet. (2005). Available at: http://www.avagotech.com/docs/AV02-
1320EN. (Accessed: 22/11/2014).

32. Avago Technologies, Surface Mount Zero Bias Schottky Detector Diodes HSMS-
285X Series. Data sheet. (2005). Available at: http://www.avagotech.com/docs/
AV02-1377EN. (Accessed: 22/11/2014).

33. Valenta, C. R. & Durgin, G. D. Rectenna performance under power-optimized
waveform excitation. IEEE International Conference on RFID. Penang.
DOI:10.1109/RFID.2013.6548160. 237-244 (30 April-2 May, 2013).

. Trotter, M. S. & Durgin, G. D. Survey of range improvement of commercial RFID
tags with power optimized waveforms. IEEE International Conference on RFID.
Orlando. DOI:10.1109/RFID.2010.5467265. 195-202 (14-16 April, 2010).

. Australian Government, Australia Radio Frequency Spectrum Plan (ACMA).
(January 2013). Available at: http://acma.gov.au/~/media/Spectrum%
20Transformation%20and%20Government/Information/pdf/ Australian%
20Radiofrequency%20Spectrum%20Plan%202013.pdf. (Accessed: 22/09/2014).

36. Keyrouz, S., Visser, H. J. & Tijhuis, A. G. Rectifier analysis for radio frequency
energy harvesting and power transport. 42" European Microwave Conference
(EuMC). Amsterdam RAI, The Netherlands. IEEE. 428-431 (29 October-1
November, 2012).

37. Avago Technologies, Schottky Diode Voltage Doubler. Application Note 956-4.

(2005). Available at: http://c1233384.r84.cf3.rackcdn.com/UK_HPA_HSCH-

5331_7AN.pdf. (Accessed: 22/11/2014).

Eriksson, H. & Waugh, R. W. A temperature compensated linear diode detector.

Design Tip. Agilent Technologies. (2000). Available at: http://electronix.ru/forum/

index.php?act=Attach&type=post&id=13726. (Accessed: 22/11/2014).

39. Avago Technologies, The Zero Bias Schottky Diode Detector at Temperature
Extremes-Problems and Solutions. Application Note AN 1090. (2005). Available at:
http://www.efo.ru/download/Zero_bias_shottky_over_temperature.pdf.
(Accessed: 22/11/2014).

40. Mattaei, G., Young, L. & Jones, E. M. T. Microwave Filters, Impedance-Matching
Networks and Coupling Structures. Artech house books, Dedham, MA. (1980).

2

»

3

—

3

=

3

o

3

®

Acknowledgments

The authors would like to acknowledge Dr. Khashayar Khoshmanesh for valuable advice.
The authors also acknowledge Mr. David Welch for assistance in fabrication of the rectifier
circuit.

Author contributions

N.S. designed and simulated the rectifier, carried out the measurements, interpreted results
and wrote the paper. K.G. directed the research, contributed to perform the simulation and
measurement and validation of design and results. W.S.T.R. supervized the research,
analyzed the data and contributed to the general concept, validation of design and results.
J.R.S. analyzed the data and contributed to the general concept, validation of design and
results. All authors reviewed the manuscript.

| 5:9655 | DOI: 10.1038/srep09655


http://www.avagotech.com/docs/AV02-1320EN
http://www.avagotech.com/docs/AV02-1320EN
http://www.avagotech.com/docs/AV02-1377EN
http://www.avagotech.com/docs/AV02-1377EN
http://acma.gov.au/~/media/Spectrum%20Transformation%20and%20Government/Information/pdf/Australian%20Radiofrequency%20Spectrum%20Plan%202013.pdf
http://acma.gov.au/~/media/Spectrum%20Transformation%20and%20Government/Information/pdf/Australian%20Radiofrequency%20Spectrum%20Plan%202013.pdf
http://acma.gov.au/~/media/Spectrum%20Transformation%20and%20Government/Information/pdf/Australian%20Radiofrequency%20Spectrum%20Plan%202013.pdf
http://c1233384.r84.cf3.rackcdn.com/UK_HPA_HSCH-5331_7AN.pdf
http://c1233384.r84.cf3.rackcdn.com/UK_HPA_HSCH-5331_7AN.pdf
http://electronix.ru/forum/index.php?act=Attach&type=post&id=13726
http://electronix.ru/forum/index.php?act=Attach&type=post&id=13726
http://www.efo.ru/download/Zero_bias_shottky_over_temperature.pdf

Additionql information This work is licensed under a Creative Commons Attribution 4.0 International
Competing financial interests: The authors declare no competing financial interests. BY License. The images or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

How to cite this article: Shariati, N., Rowe, W.S.T., Scott, ].R. & Ghorbani, K. Multi-Service
Highly Sensitive Rectifier for Enhanced RF Energy Scavenging. Sci. Rep. 5, 9655;
DOI:10.1038/srep09655 (2015).

| 5:9655 | DOI: 10.1038/srep09655 9


http://creativecommons.org/licenses/by/4.0/

	Multi-Service Highly Sensitive Rectifier for Enhanced RF Energy Scavenging
	Introduction
	Results
	Reflection Coefficient
	Output DC Power

	Discussion
	Limitation of the study, open questions and future work
	Methods
	Device Selection
	Proposed Rectifier Design

	Acknowledgements
	References


