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Wide Power Range RF Energy Harvester for
Powering Ultralow Power Devices

Jesus Argote-Aguilar, Student Member, IEEE, Muh-Dey Wei, Florin-Doru Hutu, Senior Member, IEEE,
Guillaume Villemaud, Senior Member, IEEE, Matthieu Gautier, Olivier Berder, Member, IEEE, and Renato Negra

Abstract—Harvesting Radio Frequency (RF) energy is an
attractive solution for powering ultralow power devices. However,
harvesting efficiently from different RF power levels is still a
challenge. This work presents a wide power range RF harvester
composed of a rectifier circuit and a Power Management In-
tegrated Circuit (PMIC). Such a wide range is achieved by
associating two independent rectifiers in parallel, one specifically
optimized for low RF powers. In the association, the inductive
matching technique is employed in each rectifier. It consists of
an inductive branch comprised of a lumped inductor and a
short-circuited stub whose values are selected to minimize ohmic
losses. The operation range is controlled via the inductive branch
values and by following the optimal load of the rectifier circuit
with the PMIC, based on the input power level. The harvester
is designed at 889 MHz and manufactured by using off-the-
shelf components. Measured efficiencies of 29 % and 63 % are
obtained at —20dBm and O dBm, respectively, demonstrating
the wide power range with high efficiency at low powers. At
—20dBm, the rectifier association keeps the PMIC active and
delivers hundreds of nW at a regulated voltage of 1.8 V, which
is suitable for ultralow power devices.

Index Terms—Radio frequency (RF) energy harvesting, wire-
less power transfer (WPT), schottky rectifier, wide dynamic
range, power management integrated circuit, ultralow power
device.

I. INTRODUCTION

N the context of an increasing deployment of the Internet of

Things (IoT), the long-term operation of connected devices
is limited by their batteries which, in most cases, is the
classical power supply. The use of Wake-up Radio receivers
(WuRx), driving the radio interface of the IoT on-demand,
reduces the required energy since, most of the time, the main
node is in a deep sleep state [1]. Moreover, making the WuRx
independent of the main battery and powering it with harvested
Radio Frequency (RF) energy will extend the battery lifetime
of connected devices [2].
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With the advance of Ultralow Power (ULP) consumption
electronic devices, ULP WuRx are now available. Powering
them with energy harvested from low levels of the RF field is
an interesting solution being investigated. Examples of ULP
WuRx are [3] and [4], which have a power consumption in
the order of nW.

This work proposes both powering ULP devices from low
levels of the RF field and efficiently storing RF energy when
higher RF power levels are available. Moreover, providing
a regulated DC voltage, which is often required, is also
considered. An RF rectifier provides the DC voltage, which
is then managed and regulated by a Power Management
Integrated Circuit (PMIC). The discussion is centered on the
RF rectifier and divided into two main axes: (i) increasing its
efficiency at low RF powers and (ii) extending its dynamic
range.

Regarding harvesting at low power levels, as power de-
creases, the efficiency of the RF rectifier circuit also decreases
due to ohmic losses brought by components. The performance
of RF rectifiers is evaluated by the total efficiency 7. This
efficiency is defined as the ratio between the output DC power
and the power provided by the RF source. It depends on the
rectification efficiency 7,..t, as well as the efficiency of the
Matching Network (MN), nasn, which encompasses both the
capability of matching and the ohmic losses brought by its
components. Different technologies and strategies are adopted
to increase nr. In CMOS standard technology, fully cross-
coupled (FX) topologies reduce forward voltage drop losses
in diode-connected transistors. This approach results in good
Nrect [9]- Rectifiers based on Schottky diodes with low forward
voltage drop losses also achieve high 7,...; at low levels of the
RF field [6]. Schottky diodes offer faster and less expensive
implementation of prototypes. Another strategy to increase
Nrect 18 the use of high Peak-to-Average Power Ratio (PAPR)
signals as described in [7]-[9]. However, it leads to complex
waveform design, reducing power amplifier efficiency on the
transmitter side.

About extending the RF harvesting range, it is crucial to un-
derstand that RF rectifiers are power-dependent and typically
optimized for specific input power levels. As the power level
deviates from the expected value, there is a performance degra-
dation. Different techniques have been proposed to extend the
dynamic range. In typical diode-based topologies, good 7,¢ct
is achieved by following the rectifier optimal load based on the
RF power level. The track of the optimal load is commonly
achieved with DC/DC converters as proposed in [10] and [11].
Achieving a high np relies both on 7., and on achieving



good matching across the desired dynamic range. In [12]-
[19], combinations of Schottky diode-based rectifiers achieve
a wide dynamic range by employing different techniques to
match specific rectifiers in the combination according to the
input RF power level. However, specific loads are used for
each rectifier; alternatively, the rectifier is connected to a
fixed voltage source, emulating a battery to be charged [20].
Furthermore, due to complex matching techniques introducing
ohmic losses, efficiencies at low powers, such as —20 dBm, are
very low or null.

The challenge addressed in the current study is the design
of an efficient wide power range RF harvester providing a
regulated DC voltage for a single device and starting to operate
at power levels as low as —20dBm.

The present work is an extension of the efficient low input
RF power rectifier presented in [21], where the inductive
technique is employed to reduce the complexity and losses of
the MN by compensating the capacitive behavior of the diode
with an inductive branch. Here, the wide RF rectifier circuit
is achieved by the association in parallel of the efficient low
input power RF rectifier with a rectifier for higher levels of
the RF field. The inductive matching technique is employed in
each rectifier of the association that results in a simple design
using few components. Moreover, an original approach, which
consists of a trade-off between the rectifier optimal load for
Nrect and a load allowing a simpler MN with high 7/, is
discussed.

The RF power range is controlled with the inductive
branches and by following the rectifier 7 optimal load with
a Power Management Integrated Circuit (PMIC), based on the
input power level. In addition to providing a maximum power
point tracking (MPPT) algorithm, the PMIC also offers energy
management and the regulation of the DC output voltage to a
constant level. Interface requirements between our proposed
rectifier circuit and a commercial PMIC are presented for
reducing the quiescent power of the latter.

The main contributions of the present work are:

« Extending the dynamic range while keeping good effi-
ciency at low powers by employing the inductive tech-
nique.

o The trade-off between the optimal load for 7.+ and a
load for an efficient impedance matching.

o Increasing the harvesting efficiency over a wide power
range by optimizing 7,..; conjointly with nsn.

o Providing a regulated DC voltage from low RF field levels
and efficiently storing energy across a wide range of RF
power levels.

The RF harvester is designed at 889 MHz. By varying
the inductive branch values, the operation frequency can be
optimized to 868 MHz, or 915 MHz, which are commonly
employed industrial, scientific, and medical (ISM) frequencies.

The paper is organized as follows: Section II describes in
detail the design considerations of the low input power RF
harvester, Section III discusses the design of the wide range
RF harvester with performance starting at low powers, and
Section IV concludes this paper.

II. Low INPUT POWER RF HARVESTER DESIGN

The RF harvester is composed of an RF rectifier followed
by a PMIC, which regulates the output DC voltage of the
rectifier. From the work initiated in [21] where the inductive
matching technique is employed to design an efficient low
input power rectifier, in this paper, this technique is presented
in more detail and considerations on optimal choices for both
components and rectifier topology are given in Section II-A.
Interface considerations between the rectifier and the PMIC
are given in Section II-B.

A. RF rectifier design

Having as the main target to harvest from low levels
of the RF field and considering that the PMIC requires a
minimum power and voltage delivered by the RF rectifier,
the selection of the diode and rectifier topology is mainly
decided at —20dBm. To determine the suitable diode and
rectifier topology, harmonic balance simulations are carried out
by Keysight ADS software using standard Schottky equations.
Fig. 1 compares 7.+ of three Schottky diodes [22]-[24] and
three typical diode-based topologies, i.e., the series, the shunt,
and the voltage doubler obtained at —20 dBm and 889 MHz.

The considered diodes have a low threshold voltage Vi
leading to low forward voltage drop losses. Among the three
considered diodes, the BAT15 from Infineon Technologies®
achieves the highest efficiencies. This is explained by its low
R, limiting ohmic losses. The BAT17 diode also has a low R,
whereas its higher Cjo along with R, acts as a low-pass filter,
attenuating the received RF signal to be rectified. Regarding
the topology, the series and the shunt one-diode rectifiers
have slightly higher efficiencies than the voltage doubler,
which is a topology using at least two diodes. Effectively,
the losses introduced by the forward voltage drop in diodes
are significant at —20 dBm. As a result, the BAT15 diode in a
single-diode topology is chosen. Moreover, the BAT15 diode
reaches high efficiency at increased voltages due to higher DC
values, which is suitable for the PMIC. It is worth mentioning
that the parasitic inductance and capacitor of the package do
not have an impact on 7,..; under this efficiency definition.
However, they must be considered when designing the MN.

As highlighted in Section I, at low powers, losses in the
MN are critical. To reduce ohmic loss in complex MN as
much as possible, the inductive matching technique [25] is
used in the shunt topology along with the BAT15 diode. This
technique uses an inductive branch L, in series with the diode,
to compensate for its capacitive behavior as depicted in Fig. 2.

Considering the RF choke as ideal and neglecting R,
the input impedance of the rectifier, Z;,, can be expressed
as a function of the junction resistance R;(v), the junction
capacitance C;(v) and Ly:

R;(v)

R(Zin) = R2(v)w? [(C2(v) +2C;(v)Cyp + C2] + 17

)

$(Zin) = (Ly + Ly)w + By (0)w[C(0) + Cp R(Ziv). (2)
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Fig. 1. Simulated RF-to-DC conversion efficiency, nrect, as a function of the load for different rectifier topologies implemented with three Schottky diodes.
The working frequency is 889 MHz and the input RF power —20 dBm. (a) Diode SMS7630, (b) diode BAT-15 and (c) diode BAT-17.

Fig. 2. Schematic of the low input power rectifier using the inductive matching
technique.

At a specific input RF power and frequency, from (1) and
(2), it can be seen that Z;,, can be controlled with L; and the
load Ry, The latter has a direct impact in R;(v) and C;(v)
since the DC voltage at Ry, is also the reverse bias voltage
of the diode. While the dependency on the load with respect
to Z;, and 1.+ is widely discussed in the literature, finding
a compromise value of the load to both increase 7., and
to achieve efficient impedance matching was not highlighted.
This optimization is performed through the inductive technique
and the impedance matching is performed with respect to a
50 €2 source.

For an input RF power of -20 dBm, Fig. 3 presents the
simulated total efficiency, 17, normalized with respect to the
maximal efficiency obtained with this technique for different
Ry and L; values. A non-normalized maximal efficiency of
57 % is obtained at Ry, = 21k and L, = 135nH when
resistive loss is not considered in L;. For 889 MHz and
—20dBm, the value of R;, = 21k becomes the rectifier
optimal load for 7 which is different to the optimal load for
Nrect-

In practice, the value of L, = 135nH in Fig. 2 can be
achieved with a lumped inductor, L, a shorted transmission
line, T'L1, or a combination of both. At -20 dBm, Fig. 4 shows
the rectifier performance obtained when considering loss in L,
and different values of L; and T'L; lengths. As expected, the
highest efficiency is obtained with an ideal lossless 7'L;.

When considering real substrates, np is reduced. Here a
0.7 mm-thick Rogers RO4350 substrate is considered. When
only using a T'L, the efficiency is considerably decreased due
to the loss of a long transmission line. A high Q-factor coil,
L,, may be used instead of T'L;. However, coils with high
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Fig. 3. Simulated contours of the normalized efficiency 77 of the proposed
rectifier as function of L; and Ry,. The input RF power is —20 dBm.
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Fig. 4. Simulated rectifier efficiency n as a function of 7T'L for different
combinations of L1 and 7'L1. The input RF power is —20 dBm.

inductance values have a reduced @-factor decreasing 7. As
a result, the value of the inductive branch L is achieved with
a combination of T'L; and L;. The value of each component
in L; is selected making a trade-off in terms of losses each
component introduces. Therefore, an optimized combination
is employed in this design. L; is achieved with a high @
2712sp-27N Coilcraft inductor and a 26.4 mm shorted stub,
TL,.

In the manufactured RF rectifier, an RF choke of 400 nH is
used to block the fundamental and harmonic frequencies from
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Fig. 5. Simulation and measured efficiencies, 7, obtained for the low input
power rectifier using the inductive matching technique.

the load, and a 1nF capacitor, C,,;, is used for smoothing the
output DC voltage of the rectifier.

Using a Rohde & Schwarz (R&S) ZVA 50 vector network
analyser, a measured reflection coefficient of —28dB is ob-
tained at 888.7 MHz. For measuring 77, the rectifier is fed
with an 888.7-MHz continuous wave (CW) signal using an
R&S SMBYV 100 vector signal generator. The DC voltage is
measured at the output of the rectifier using a Keithley 195
DC meter when the rectifier is loaded with a 11k resistor,
which at —20dBm, is the experimental optimal load found as
explained in Section II-B.

Fig. 5 shows the simulation and experimental results. An
efficiency n7 of 32 % and an output voltage Vqq of 186 mV
are obtained for an input power of —20dBm. The peak
efficiency is 52 % at —4 dBm which corresponds to an output
voltage of 1.5 V. At —29dBm the rectifier has an efficiency
of 11 % and an output voltage of 40 mV. Differences between
measurement and simulation are remarked due to uncertainties
introduced by the tolerance values of the lumped inductor
as well as the diode model, e.g. the breakdown voltage, V},
observed in Fig. 5.

At —20 dBm, a relatively high DC output voltage is obtained
while reaching good efficiencies.

B. RF rectifier and PMIC interface considerations

Because of its low quiescent current, the commercial
BQ25570 PMIC from TT is chosen. To study the characteristics
of a rectifier connected with the PMIC, at a specific frequency
and operating power, the rectifier is modeled at its output as a
voltage source with an internal resistor, R;,;, as in [26]. R;,;
models the output impedance of the rectifier, which is also the
rectifier optimal load for nr.

This model is used in [12] to measure the impact of R,
on the minimal input power and voltage required by the PMIC
to output a regulated DC voltage and powers of hundreds of
nW. The authors show that R;,; in the model must be higher
than 10k to limit the quiescent power of the PMIC. Loads
higher than 10k$2 do not substantially reduce the power the
PMIC absorbs. The rectifier in Section II-A was designed with
an optimal load higher than 10k(2, and therefore, it is suitable
for the operation of the PMIC at low powers.

—Simul.

— 207

Irect-out (,uA

200 250
Vrect-out (mV)
(b)
Fig. 6. Simulated and measured results of the designed rectifier. (a) Optimal
load and (b) I-V characteristic.

150

Using a Yokogawa GS610 source measurement unit, the
load of the rectifier designed in Section II-A is varied at
an input power of —20dBm and at 888.7MHz to find the
optimal experimental load at this operating point, as shown in
Fig. 6(a). Fig. 6(b) presents the measured I-V characteristic of
the designed rectifier. Indeed, this characteristic corresponds
to a voltage source in series with its internal resistor, whose
equation is:

Imeas = —0.09 - ‘/meas + 34-27 (3)

where I,cqs and Vi,.qs are the measured output current in
1A and output voltage in mV, respectively.

The inverse of the slope is the experimental optimal load
found in Fig. 6(a) and corresponds approximately to 11 k).

Finally, the rectifier is connected to a BQ25570 PMIC. The
latter uses a fractional MPPT algorithm to load its source
with its optimal load. This algorithm consists of sampling and
presenting to the source a fraction of its open-circuit voltage
Voc. The most appropriate fraction can be settled depending
on the source being used. To determine the most appropriate
V,e fraction for the designed rectifier, from (3), a rectifier V.
of 378 mV is obtained when making I,,..s equal to 0. Half
of this open-circuit voltage is 189 mV, which is the voltage
that the rectifier delivers at its optimal load. Consequently, the
MPPT of the BQ25570 is fixed to 50 %.



TABLE I
COMPARISON OF LOW INPUT POWER RF ENERGY HARVESTERS OPERATING AT SUB-GHZ FREQUENCIES

Ref. Freq. Technology Waveform PMIC Regulation! | Sensitivity? (S) | nr @—20dBm
[7] 450 MHz SMS7630 Chaotic - - - 38%
[29] 868 MHz HSMS285C CW - - - 28%
[27] 858 MHz SMS7630 Ccw - - - 43%
[30] 935 MHz HSMS285C CW BQ25570 Yes —15.1dBm 20%
[31] [32] 868 MHz SMS7630 CW AEM30940 Yes —15dBm 21%
[28] [33] 868 MHz | 130-nm CMOS CwW In-house VCR3 Yes —24.3dBm 46 %
This work/ [21] | 889 MHz BAT15 Cw BQ25570 Yes —20dBm 32%
IRegulation of the output DC voltage.
2Minimal input power to keep the PMIC operating.
3Voltage current reference.
ion board
VStor - TL1
¢ L1
L1
Zin * RFC
RF; z_ 4 v
o |_> {‘“I\ gut
s Z3 1
4 m:“: L bq‘ziifw—m * D4 Cout —— RL
PAR206 REV A InsTRUMENTS
Fig. 7. Photograph of the fabricated low power RF rectifier connected to a L2 A 4
BQ25570 PMIC. Lb2
TL:
The fabricated low input power RF rectifier, along with the v
PMIC, is shown in Fig. 7. The width of the RF rectifier is Fig. 8. Parallel association of rectifiers and use of the inductive matching

1.9cm (0.055)\) and its length is 2.1 cm (0.061)).

With an input power of —20dBm to the rectifier, the PMIC
is capable of operating on its normal mode without disabling
its load, and hence, providing a continuous regulated voltage
of 1.8V and hundreds of nW.

Table I compares RF rectifiers as well as RF harvesters
composed of an RF rectifier and a PMIC operating at low
powers. Although high peak-to-average power ratio (PAPR)
signals increase np, they lead to complex waveform design,
reducing the efficiency of power amplifiers on the transmitter
side. [27] and [28] achieve a high nr by using a custom
antenna matched to the input impedance of the rectifier and
avoid losses in the MN. The custom antenna is designed for
both a specific frequency and operating power of the RF
rectifier. Extending the dynamic range of the RF harvester
adds complexity to the design of an efficient custom antenna
matched to a wide dynamic range of the rectifier. Our proposed
RF harvester is designed for use with commercial 50 €2 anten-
nas, providing flexibility in selecting antennas with different
gains/beamwidths, according to the application.

III. WIDE POWER RANGE RF HARVESTER

Inspired by the technique presented in Section II-A, two
rectifiers are associated in parallel, as depicted in Fig. 8. The
inductive matching technique is employed to compensate the

technique in each rectifier.

capacitive behavior of each rectifier diode with the inductive
branches Ly et Lys. To keep high efficiencies at low input RF
powers, the strategy adopted is to distribute the power only to
one rectifier optimized for —20 dBm and to distribute the input
RF power among the others as input power increases. This
strategy allows losses to be produced only in one diode and
only in one inductive branch at low powers. In Section III-A,
a study of the behavior of rectifiers as a function of the input
RF power level is carried out. Considering the dependency of
rectifier parameters, such as input impedance and optimal load,
on the input power level, the design of the wide power range
RF harvester is detailed in Section III-B. Implementation and
measurement details of an association of two rectifiers opti-
mized at —20dBm and 0 dBm are provided in Section III-C.
A discussion over a generalization of our approach to N-
rectifiers is carried out in Section III-D by studying a 3-rectifier
association.

A. Study of the influence of the input RF power level on
rectifiers

Due to the nonlinear nature of the diodes, the optimal
load and the input impedance, Z;,, of rectifiers are power
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Fig. 9. Dependence of the rectifier parameters on the input RF power obtained in simulation. (a) Optimal load Rop¢, (b) real part of Z;,, and (c) imaginary

part of Z;y,.

dependent. For a single rectifier and a parallel association of
two rectifiers, Fig. 9 shows the dependence of these parameters
on the RF power available, P,,, at the input of the diodes,
i.e., the power going into the diodes after any reflections. To
analyze the variation of these parameters without the influence
of a MN, the inductive branches are not considered. Moreover,
Z;n 1s obtained when the rectifiers are loaded with their
optimal loads Ry at each power level. Simulation results are
obtained using ADS Keysight software.

From Fig. 9(a), it can be seen that the optimal load of a
rectifier decreases as the available RF power increases. This
behavior is justified with the equation of the junction resistance
R;(v) of a Schottky diode:

Vr

Bl = Ty

“)
where Vr is the thermal voltage, I is the reverse current and
14(v) is the diode conduction current. Effectively, higher input
RF powers imply higher ¢4 through the diode reducing R;. The
optimal load of an RF rectifier must be 1.3 to 1.4 times the
diode intrinsic resistor [6].

The behavior change in Fig. 9(a) is observed when the
rectifiers reach their saturation DC voltage which corresponds
to half of Vj,. As the load decreases, the saturation voltage is
reached at higher P,,.

When considering only the junction resistive and capacitive
effects of a diode, the input impedance of a rectifier can be
expressed as:

_ R;(v) o BiPCe
1+ [R;(v)Cj(v)w]”  ~ 1+ [R;(v)Cj(v)w]®

Considering the classical equation of the diode junction capac-
itive effect, C;(v) is a decreasing function of the voltage v (i.e.
of the P,,). The variation of R;(v) and C;(v) explains the
behavior of Z;,, in the simulation results depicted by Fig. 9(b)
and Fig. 9(c) for a BAT15 diode. Regarding X;,, for P,
higher than 0 dBm and a fixed frequency of 889 MHz, R;(v)
is low and as P,, increases, Cj(v) decreases, which leads
to a decrease of |X;,|. For a single rectifier, obtained X,
calculations are —422) and —48) at 5dBm and 10dBm,
respectively. It has been considered that R;(v) has values
around 1k and 3002 at these power levels, respectively,
and that for powers higher than 0 dBm, the DC voltage across

mn

®)

the diode is close to V4 /2. The calculated values are close
to the simulated ones which are —4302 and —56 €2, respec-
tively. Calculated values serve as a good initial approximation;
however, simulation results offer a greater accuracy.

The variation of the optimal load and Z;,, as a function of
the input RF power level, are considered in the design of the
wide RF harvester, as described in the following section.

B. Wide power range RF harvester design

As input power varies, loading the rectifiers with their
optimal load is achieved with the MPPT algorithm of the
PMIC as described in Section II-B. Power distribution is
achieved with the values of the inductive branches by matching
the input impedance of each rectifier to a 50 €2 RF source based
on the input RF power level. The matching is mainly achieved
by eliminating the imaginary part of Z; with L;; as depicted in
Fig. 8. For an association of two rectifiers, Fig. 10 shows the
total efficiencies, 77, normalized with respect to the maximum
efficiencies obtained at —20dBm and 0 dBm respectively. nr
varies based on L;; and Lye. Ohmic losses in the inductive
branches are included in the results to consider losses at low
powers. At —20 dBm, the maximal efficiency is reached when
one branch is 130nH while the other branch must have a
value different from 130 nH. This indicates that one branch is
well-matched, whereas the other is mismatched. Effectively,
130 nH is near the value found in Section II-A, meaning only
one rectifier is operating. Moreover, to achieve an acceptable
impedance matching while limiting the losses in the complex
MN, the input impedance of this branch is optimized making
a trade-off between L;; and R;, as described in Section II-A.

At 0dBm, the maximal efficiency is achieved when Ly
and Lo are equal and have a value of 133 nH. Furthermore,
from Fig. 9(a), it can be seen that R;, of the association
at this power of operation is already close to 50 (2, meaning
that a trade-off between the inductive branches and R, is not
required after compensating the imaginary part of the diodes.
The close value of the optimal inductive branch at —20 dBm
with the values of the inductive branches at 0 dBm is explained
by the negligible variation of X;,, from —20dBm to 0dBm
as depicted in Fig. 9(c). Although a maximal efficiency at
—20dBm means a different value of one of the inductive
branches, a trade-off between L;; and Ly allowing high
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Fig. 11. Simulated efficiency comparison of a rectifier optimized at —20 dBm,
0dBm and the rectifier association

optimized at —20dBm and 0 dBm.

efficiencies at both power levels can be found as showed in
Fig. 10.

In simulation, Fig. 11 shows np comparison of a rectifier
optimized at —20dBm, 0dBm and the rectifier association
optimized at —20 dBm and 0 dBm. For the latter, nr of 33 %
and 64 % are achieved at —20dBm and 0dBm for optimal
loads of 17k(2 and 4k(2, respectively. The loss in terms of
nr at each power level is small and justified by the efficient
increase of the RF harvesting range. Fig. 12 shows the power
distribution in each rectifier of the association designed for an
efficient operation between —20 dBm and 0 dBm. As it can be
observed, at —20 dBm the power is mainly distributed to the
rectifier intended for this power level, limiting losses only to
one branch. At 0 dBm, the input power is distributed between
both rectifiers.

In Fig. 9(c), from 0dBm to higher powers, the capacitive
behavior of a diode decreases, leading to lower inductive
branch values. Effectively, to increase the range of the RF
harvester for powers higher than 0 dBm while keeping high
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Fig. 12. Simulated power distribution between the branches of the rectifier
association optimised for an efficient operation between —20 dBm and 0 dBm.
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Fig. 13. Simulated RF power range increment as Ly is varied in a two-diode
rectifier association using the BAT15 diode

efficiencies at low powers, the value of one inductive branch
is reduced while the other is kept at the optimal inductive
branch value found at —20 dBm. Fig. 13 shows how the RF
power range is increased as the value of one of the inductive
branches is varied. As power increases, the trade-off done
between Lj; and Lpo is no longer necessary. The values of
Lo corresponding to the optimizations at 0 dBm, 5dBm and
10dBm are 161 nH, 91 nH and 44 nH respectively. For powers
higher than 0 dBm, the efficiency is mainly a contribution of
the rectifier optimized for high power levels contrary to 0 dBm
where both rectifiers contribute to the output power.

Here, an association of two rectifiers is fabricated at
—20dBm and 0dBm as described in the following section.

C. Implementation and measurements

Considering the above theoretical and simulation results,
an association of two rectifiers optimized at —20dBm and
0dBm is designed and manufactured. A photograph of the
wide power range RF rectifier is given in Fig. 14. The width
of the rectifier association is 2.19cm (0.063)) and its length
is 4.64cm (0.13)).

Measurements are made when the rectifier association is
loaded with 12k€) and 4k}, which are the experimental
optimal loads found at —20dBm and 0 dBm, respectively. In
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Fig. 15. Simulation and measured results of the association.

the real application, the PMIC with MPPT will present the
optimal load of the rectifier at each power level. Fig. 15 shows
the simulation and experimental efficiencies. 7 of 29 % and
63 % are obtained at —20 dBm and 0 dBm, respectively.

With an input power of —20dBm at the association, the
PMIC is capable of operating in its normal mode without
disabling its load, and hence, providing a continuous regulated
DC voltage of 1.8V and hundreds of nW. TThe design
efficiently extends the power harvesting range capabilities
while keeping high efficiencies at low powers.

Table II compares the obtained results with similar works
found in the literature. At —20 dBm, the present work has the
higher np. Furthermore, our proposed solution is capable of
harvesting for a single device and supplying a regulated volt-
age through the PMIC for powers as low as —20 dBm, which is
not addressed in the other works. The proposed wide range RF
harvester is optimized for maximal efficiency at 0 dBm, and
it has lower dynamic ranges than other solutions. However,
as demonstrated in simulations, peak efficiencies at higher
power levels and higher dynamic ranges can be obtained by
varying the inductive branch values of one of the rectifiers.
Additionally, thanks to the use of the inductive technique, the
association is compact, while other proposed designs in similar
technologies have larger dimensions. CMOS rectifiers are also
presented in Table II for purposes of comparison with rectifiers
implemented on other technologies. Although high 7,..; are
reported at low powers, the MN decreases considerably 7 or
nr is not reported. In [12], high n7 is obtained in simulation.
However, only losses in diodes were considered to prove the

Output DC
voltage meas.

_RF harvester

Battery
voltage meas.

Vector Signal
Generator

Fig. 16. Setup in an anechoic chamber for wireless power transfer measure-
ments.

circulator concept. Losses in the latter, as well as in the MN,
will decrease nr under the performance obtained in the present
work.

Measurements for Wireless Power Transfer (WPT) are car-
ried out in an anechoic chamber as depicted in Fig. 16. The
distance between the transmitting and receiving antennas is
fixed to 1 meter. The power of the transmitter, Py.qns, i varied
from 13 dBm to 35 dBm. Two commercial antennas are used at
the transmitter and receiver side with a gain of approximately
1 dBi at the operation frequency. The real power received
by the RF harvester is measured with the Rigol’s DSA1030A
Spectrum Analyzer. The RF harvester provides a power of
324nW at a regulated DC voltage of 1.8V for a transmitted
power starting at 13 dBm, which corresponds to a measured
received power P, of —20.3dBm. When P,.,,s is higher
than 13dBm, the PMIC stores the excess of received energy
in a ceramic capacitor. Fig. 17 shows the time required to
charge a ceramic capacitor of 100 uF from 2.5V to 4.2V as a
function of P,. At P, of —18dBm and 2 dBm, the capacitor
is charged in 390s and 1s, respectively. Estimated charging
times are also provided considering simulated 1y of the RF
rectifier association and efficiencies of the PMIC provided by
the manufacturer at different power levels. The performance
of the RF part is not degraded while considering the whole
system.

D. Discussion over a 3-rectifier association

Depending on the application, the dynamic range can be
extended to higher input RF power levels. For the rectifier
operating at high power levels, diodes with higher V}, may
be considered to increase the maximal allowed voltage and,
therefore, increase the efficiency at high powers. Furthermore,
more rectifiers can be associated in parallel to achieve high
efficiencies at several specific input power levels. Fig. 18
presents the simulation results for an extension of the dynamic
range when using a BAT15 diode with low V;, for low and
medium powers and a BAT17 diode with a high V}, for higher
RF power levels in an association of two and three rectifiers.
For example, based on the same approach, simulations results



TABLE II
COMPARISON OF WIDE POWER RANGE RF HARVESTERS
1 This
Ref. [12] [13] [17] [20] [34] [35]
work
Freq. 868 MHz 2.45 GHz 915 MHz 900 MHz 900 MHz 433 MHz 889 MHz
4x Schottky 2x Schottky 4x Schottky 3x Schottky 65-nm 65-nm 2x Schottky
Technology
diodes diodes diodes diodes CMOS CMOS diodes
Method Use of a Use of a Automatic Adaptive power Dual Path DM feedback Inductive
etho
circulator circulator Zin transf. distribution FX Topo. circuit technique
Number of
2 2 2 3 2 4 2
Rectifiers
Matching Lump. Comp. | Lump. Comp. T-junction . Off-chip Inductive
Dist. Tech None
Network L-Topo. Dist. Tech. Dist. Tech. inductors branch
A load per A load per Constant . .
Load Type PMIC Single Load Single Load PMIC
rectifier rectifier voltage load
t 32% 86
e 43% 27% 18% 0% ’ % 29%
—20dBm (—16.5dBm) (Mrect)
t
e 76 % 20% 8% 52% - - 63%
0dBm
76 % at 70 % at 67 % at 57.3% at 35% at 86 % 63 % at
nr (Peak)
0dBm 12dBm 29dBm 15dBm —10dBm (Mrect) 0dBm
Dynamic 26 dB 30dB 28dB 26 dB 11dB 10.1dB 20dB
range (nr >40%) | (nr >40%) | (nr > 50 %) (nT > 50 %) (nT > 20 %) (rect > 80%) | (nT > 40%)
. 5 80x78 > 1002 0.25x0.16 9 21.9x46.4
Size (mm*<) - - 6480 pm
(0.65x0.64)\ (0.3x0.3)A (7.5x4.8)10~4 )\ (0.065x0.14)A
I Measurement results are not reported, only simulations.
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Fig. 17. Estimated and measured required time to charge a 100 uF ceramic
capacitor with energy harvested from a distant RF power source.

revealed that the association of three rectifiers presents np of
32%, 62% and 69 % at power levels of —20dBm, 5dBm
and 10dBm for optimal loads of 15k, 800€2 and 200 (2,
respectively.

As the input RF power increases, the output DC voltage also
increases. Since for low input powers, the chosen diodes have
low V;, and Cjo, leading to low Vj, particularly attention must
be paid when increasing power with other diodes and branches.
High output DC voltages may result in leakage currents or
damage to low power V;, diodes.

Fig. 18. Simulated RF power range increment in associations of two and
three rectifiers using different diodes.

IV. CONCLUSION

A wide range RF energy harvester is demonstrated in this
paper while keeping good efficiencies at low powers. Firstly,
an efficient low input power RF rectifier is designed with the
inductive technique. Measured efficiency of 32% and a DC
voltage of 186 mV are achieved at an input power of —20dBm
and a frequency of 888.7 MHz.

Afterwards, the efficient low input power RF rectifier is
associated with a second rectifier that extends the RF har-
vesting range. Measured efficiencies of 29% and 63 % are



obtained at —20dBm and 0 dBm, respectively, demonstrating
the wide RF harvesting range while keeping high efficiencies
at low power levels. At —20 dBm, the association is capable of
maintaining the operation of a commercial PMIC that regulates
the DC output voltage of the rectifier and delivers hundreds of
nW aiming to power ultralow power devices. The harvester is
fabricated with off-the-shelf components and high efficiencies
are obtained using a CW signal.
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