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Performance improvement of rectifiers for
WPT exploiting thermal energy harvesting

MARCO VIRILI', APOSTOLOS GEORGIADIS’, ANA COLLADO”, KYRIAKI NIOTAKI’,
PAOLO MEZZANOTTE', LUCA ROSELLI', FEDERICO ALIMENTI' AND NUNO B. CARVALHO’

This paper proposes a combined harvesting system to improve the efficiency and flexibility of autonomous wireless network
nodes, supplied by means of wireless power transfer technique. In particular, a mixed system for electromagnetic (EM) and
thermal energy harvesting (EH), conceived for passive nodes of wireless sensor networks and radio frequency (RF) identifi-
cation tags, is described. The proposed system aims at increasing the effectiveness and the efficiency of the EH system by inte-
grating an antenna and a rectifier with a thermo-electric generator (TEG) able to perform thermal EH. The energy provided
by the thermal harvester is exploited twice: to increase the rectifier efficiency by providing a voltage usable to improve the bias
condition of the rectifying diode, and to provide additional dc energy, harvested for free. Ultimately, a great efficiency
improvement, especially at low incident RF power, has been observed. The design methodology and the EM performance
of a quarter-wavelength patch antenna, integrated with the TEG are resumed. Then, a test campaign to evaluate the
thermal EH performance has been carried out. Afterward, a rectifier with variable bias voltage, operating at the same fre-
quency of the antenna, has been opportunely designed to exploit the harvested thermal energy to bias the diode. A measure-
ment campaign has been then carried out to test the efficiency increment obtained and to validate the proposed solution.
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. INTRODUCTION

The internet of things (IoT), ubiquitous electronics and
related technology developments will require an enormous
growth in wireless devices [1-3]. This is because of the tre-
mendous spread of electronic circuits and components in
the everyday objects for applications like monitoring, labeling,
logistics, and so forth. IoT implies having interconnected
objects able to collect data by interacting with the environ-
ment and to transfer them to internet. In this scenario, the
development and the design of miniaturized, low-cost, high
efficient, autonomous, and highly integrated technologies
and solutions play a fundamental role.

For stand-alone and wirelessly connected devices, like the tags
of radio frequency identification (RFID) systems and the nodes
of wireless sensor networks (WSNs), autonomy is a crucial
aspect [4-6]. In this scenario, we think that wireless power trans-
fer (WPT) [7-12] and energy harvesting (EH) [7, 13-16] are the
most promising technologies to cope with autonomy: WPT
allows electronic devices to be wirelessly supplied by electromag-
netic (EM) energy generated by ad-hoc sources; EH, in turn,
allows energy from the environment to be recovered to power
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supply electronics. Recent studies testify also systems able to
exploit mixed energy sources, like solar-EM [17], and
thermal-EM [18], and their integration for several applications
[17-20] such as space and wearable structures.

According to this evolution, after a brief description of the
WPT and EH techniques, this paper resumes the design of a
quarter-wavelength patch antenna integrated with a thermo-
electric generator (TEG) [18] (see Fig. 1(b)) working as a
transducer able to convert thermal energy to dc. The
antenna operates in the industrial, scientific, and medical
(ISM) 2.4-2.5 GHz frequency band. Then, the design of a rec-
tifier with improved performance and working at the same
frequency of the antenna is described. In particular, the
antenna combined with the rectifier can be used to perform
EM EH, while the TEG is used to perform the thermal EH
and to increase the rectifier performance by biasing it. This
ends up in a single system with improved energy conversion
efficiency, and thus in increasing the autonomy and perform-
ance of wireless systems such as passive RFID nodes, wireless
sensors, and so on. The double positive effect of increasing the
overall amount of energy harvested, thermal, and EM, and of
improving the conversion efficiency in the operating low radio
frequency (RF) power conditions is evaluated.

. WPT AND EH

EH consists of collecting energy from several environmental
sources (EM, thermal, solar, wind, etc.) [14] and converting
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Fig. 1. Top view of the antenna layout and its dimensions (a) (© 2014 IEEE. Reprinted, with permission, from [18]) and section of the antenna-TEG structure

with thermal flux (b).

it to electric energy. This energy can be used to power appli-
ances, making them independent from the power grid and
batteries.

A) EM WPT and EH

The EM EH is often combined with WPT and the interest for
them is increasing, thanks to the proliferation of RFIDs and
WSNs [7-16]. In principle, the main difference between the
pure EM EH and the harvesting supported by radiative
WPT is the energy source. Pure EH exploits energy already
present, and usually wasted, in the environment (think, for
instance to the so called “electro-smog” [21]). WPT supported
harvesting, instead, implies that an ad-hoc source (recently
called also “energy shower” [22]) is set up to power supply
wirelessly a device or a group of them. WPT, in turn, can be
developed to exploit near-fields or far-fields [10, 11]; in both
cases, the circuitry used to collect the energy is conceptually
the same and makes use of rectennas [23-25]: a combination
of an antenna and a rectifier optimized to improve the
RF-to-dc conversion efficiency.

The rectifiers, the state-of-the-art of which is documented
in [11, 26], are key elements of EM EH systems. They convert
the RF input power to dc power. It is done by using a non-
linearity. For low RF input power, low-threshold devices,
such as Schottky diodes, are usually a good choice. Several
circuit topologies can be adopted, ranging from the single
diode rectifier to the multi-stage ones (the so called charge

pumps). The latter ones allow for greater output voltage
with the trade-off of reducing the efficiency because of the
presence of more non-linear devices. The use of resistance
compression networks (RCN) [27] has been recently intro-
duced to reduce the rectifier impedance variation, and there-
fore the mismatching, as a function of the RF input power.
Dual-band rectifiers with RCNs have been proposed to
exploit the energy of multiple frequency bands [28].

B) Thermal EH

The thermal energy is available in almost any environment.
The thermo-electric energy conversion is based on the use
of transducers usually called TEGs, able to generate electricity
from a temperature gradient applied to their sides. TEGs can
be integrated into autonomous systems, like in the present
case, to enhance lifetime and capability of self-powering.
The TEGs rely on the Seebeck effect [13, 14] that consists of
the generation of a voltage by applying a temperature differ-
ence across two junctions of two conductive materials with
different working functions [13]. The modern TEGs are fabri-
cated exploiting semiconductors, because the Seebeck coeffi-
cient of doped semiconductors is larger than the metal ones.
Their basic structure, the thermocouples, consists of a
n-type and a p-type semiconductor connected electrically in
series. A TEG is generally made of several basic structures
connected electrically in series but thermally in parallel
between two ceramic plates. These plates, at which the
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temperature gradient is applied, allow the device to be electric-
ally isolated.

1. SYSTEM DESIGN

A) Antenna-TEG

The design of the antenna with the TEG, extensively described
in [18], was carried out to obtain an integrated solution pro-
viding mixed EH (improved RF and thermal) at the same
time. The already proposed solution allows the integration
level of the structure to be improved, while fitting the
thermal and dimensional constraints introduced by TEG, as
reported in [18].

The antenna topology consists of the quarter-wave square
patch antenna. The antenna layout and its dimensions, opti-
mized to match the antenna to 50 () in the IMS frequency
band 2.4-2.5 GHz, are reported in Fig. 1(a) (such as in [18]).

The section of the stacked solution proposed in [18] is
shown in Fig 1(b). The TEG is positioned on top of the
antenna that provides a mechanical support. The heat
source is assumed over the structure and it is directed to the
hot side of the TEG. The cold side of the TEG is buried and
in direct contact with the copper patch antenna. The through-
vias allow the top metal layer of the antenna to be electrically
and thermally connected to the ground plane, and therefore
also the cold side of the TEG results thermally connected to
the ground plane. In this way the ground plane behaves as a
heat-sink. A heat-sink can be mounted (as in the present
case) in contact with the ground plane to improve the
thermal efficiency of the whole structure.

B) Rectifier

In this work a single-diode rectifier topology has been chosen
because it exhibits a better efficiency at low RF input power
than multi-stage solutions. However, its efficiency at low
power levels is still compromised by the threshold voltage of
the diode, even if a low-barrier Schottky diode is chosen as
in this case [29]. When a RF signal is applied to the diode,
it generates a dc component that provides as a self-biasing
voltage, but it is usually not enough to reach the optimum
bias-point. An external voltage should be used to bias the
diode and thus to improve the RF-to-dc conversion efficiency.
Unfortunately this is not available in passive nodes, but in our
combined harvester the TEG is just used to provide it.

In the proposed configuration shown in Fig. 2, dc blocks
have been added to the basic single-diode rectifier schematic
to properly bias the diode with the voltage harvested by the
TEG. The dc block at the RF input allows the shorting of dc
voltage at the antenna to be avoided: the quarter-wave patch
antenna, in fact, is a short circuit at dc. The other dc block,
between the dc input pin and the ground, allows the diode
anode not to be shorted at dc. The inductors, L, and L,,
play two roles: the first one is to provide a matching
network between the 5o () antenna and the rectifier; the
second one is to provide a dc path from the dc input to the
diode. The complete dc path goes from the TEG (that provides
the Vpas between the dc input and the ground), through L,,
L,, the diode, and R; (see Fig. 2). The values of C; and Ry
have been optimized to obtain the best RF-to-dc conversion

DC block L. D
——

dc current flow

RFin DC out

Fig. 2. Rectifier schematic with external dc bias voltage adopted to coexist with
the TEG.

efficiency. The values of the rectifier components and the
diode model are listed in Table 1.

V. MEASUREMENTS

Two different measurement setups were used to characterize
the electromagnetic and the thermal EH performance. Then,
the performance of the rectifier, opportunely designed to
exploit the harvested energy generated by the TEG, has been
measured.

A) EM performance of antenna and TEG

In this section, the results obtained in [18] are summarized.
The reflection coefficient and the radiation patterns of the
antenna with TEG prototype shown in Fig. 3(a) have been
measured exploiting a Vector Network Analyzer (VNA).
Figure 3(b) shows the comparison between the measured
reflection coefficient and the simulated one: the two curves
are below —10 dB and present a maximum relative error of
about 0.2 in the operating ISM frequency band. The simulated
reflection coefficient exhibits a dip close to 2.7 GHz, intro-
duced by the TEG that is modeled with a lossless high permit-
tivity block as described in [18]. This block introduces a
resonance between the two plates of the TEG that, in the
real case, is attenuated by the conductive elements inside the
TEG, not accounted by the model. For this reason, the meas-
urement exhibits only a slightly hinted dip in correspondence
of the simulated one. The simulated radiation efficiency is
about 70 % and the measured gain in the direction orthogonal
to the antenna plane, is equal to 2.3 dBi. The heat-sink con-
nected to the ground does not significantly affect the
antenna EM performance.

B) Thermal performance of antenna and TEG

The measurements of the thermal performance have required
the use of temperature sensors and a microcontroller with

Table 1. Components values of the rectifier.

Parameter Value/model

L, 1.5 nH

L, 4.6 nH

D SMS7630-040LF [29]
Cr 120 pF

R. 2.2 kQ)

dc block 18 pF
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Fig. 3. Prototype of the antenna with TEG (a) and reflection coefficients (b). Prototype of the antenna with TEG (a) (© 2014 IEEE. Reprinted, with permission,

from [18]) and reflection coefficients (b).

Analog-to-Digital Converters (ADCs) to perform the acquisi-
tion and the data processing. The thermal sensors adopted are
the LM35 [30]. These sensors present an analog output pro-
portional to their package temperature with an accuracy of
+1°C. Highly thermally conductive copper packages,
(thermal conductivity of the copper being (401 W/m/K),
have been realized and mounted on the LM35 sensor to
measure the temperature of the structure by putting them in
direct contact with the surfaces of interest (the hot and the
cold sides of the TEG and the antenna ground). A 100 kQ)
load resistor has been soldered at the TEG terminals just for
the purpose of its characterization as a Thévenin’s source.
An Arduino UNO board [31], mounting the microcontroller
ATmega328, has been used to acquire and process the tem-
perature sensors signals and the voltage generated by the
TEG. The ADCs have a resolution of 10 bits, which corre-
sponds to 1024 values, and to a less significant bit of
1.075 mV, considering an ADCs reference voltage of 1.1 V.

The Arduino UNO board with the shield board mountable
on it (developed to connect the sensors and the TEG
output), and the assembled prototype connected to the acqui-
sition system are shown in Fig. 4(a). Between the board of the
acquisition system and the one of the antenna there is an air
gap of about 5 mm that ends up in a strong thermal isolation.

The thermal to dc conversion performance of the
stand-alone TEG and the system antenna-TEG has been ana-
lyzed for different temperatures. The measurement setup of
the system antenna-TEG is shown in Fig. 4(b). A heat-gun,
able to generate an air flow with a tunable temperature, was
positioned 25 cm far from the devices under test (DUTs):
the stand-alone TEG and the system antenna-TEG. The mea-
surements have been performed by varying the temperature of
the heat-gun: this means that the nominal temperature in the
plots is referred to the heat-gun one, not to that of the air flow
at the DUT interface. To improve the performance of the TEG
an additional heat-sink was adopted in both cases: it was

(a)

(b)

Fig. 4. Assembled antenna-TEG prototype with acquisitions system (a) and measurement setup (b).
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attached directly to the cold side of the TEG in the case of the
stand-alone TEG; while it was attached to the ground plane of
the antenna in the case of the system antenna-TEG.

The voltages generated by the TEG in the two cases are
plotted in Fig. 5. The measurements have been performed
setting the heat-gun temperature to so and 100 °C. They
show a transient and a steady-state behavior; this happens
because, at the starting instant, the DUT is at ambient tem-
perature. The maximum voltage is obtained during the transi-
ent because the hot side temperature increases faster than the
cold side one, due to the prominent capacitive behavior of the
whole structure from a thermal point of view. After the tran-
sient, up to about 250 s, the structure reaches a thermal equi-
librium and the generated voltage exhibits, in both cases, a
constant behavior. It is worth noticing that the stand alone
system reaches a regime output voltage slightly higher and a
peak voltage lower than the whole TEG-antenna structure,
this is much likely due to the variations of thermal resistance
introduced by the antenna layers. The same measurements
have been performed also without the heat-sink: their com-
parison highlights an improvement of the generated voltage
in the steady-state of about 1.5 times for both 50 and
100 °C in presence of the heat-sink.

C) Rectifier performance

A measurement campaign has been carried out to estimate the
conversion performance of the rectifier as a function of the RF
input power and the dc voltage used to polarize the diode. A
VNA has been used to measure the reflection coefficients. The
measurement setup adopted to measure the RF-to-dc conver-
sion performance (consisting of a signal generator, a power
supply, and a multi-meter) and the DUT are shown in
Fig. 6. To improve the quality of the measurements, the
cable losses have been compensated.

The rectified dc output voltage at the load resistance (see
Fig. 2) has been measured by varying the RF input power,
Prr N> and the dc voltage, Viag used to polarize the diode
at dc input pin (see Fig. 2). The output power, Ppc our
and, therefore, the efficiency, 71, have been computed measur-
ing the dc voltage at the load resistance, R, equal to 2.2 k().
Vpias has been varied in agreement with the voltage generated
by the TEG (see Fig. 5).
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The frequency behavior of the rectifier is shown in Figs 7(a)
and 7(b). Figure 7(a) shows the reflection coefficient measured
with the VNA by varying the RF input power and the polar-
ization voltage, Vpius. The dip of the reflection coefficient,
and thus the optimum matching point, shifts to higher fre-
quencies varying the RF input power. Nevertheless, the use
of a polarization voltage allows the matching to be generally
increased: the reflection coefficients curves obtained for a
polarization voltage of 50 mV reach lower values for an RF
input power of 0o and —10 dBm in comparison with those
ones obtained for a polarization voltage of omV. The
output power versus frequency assuming RF input power
and diode polarization voltage as variable parameters is
shown Fig. 8(b). The maximum output power value slightly
shifts to higher frequency when the RF input power increases,
in particular from 2.45 GHz for Prr jy equal to —40 dBm to
2.55 GHz for Pgr 1y equal to o dBm. This frequency behavior
is related to the variation of the diode impedance, and there-
fore the overall rectifier impedance, as a function of the input
power. Increasing the RF input power, the measured output
power curves, obtained for different values of Vpag, trends
to converge while a difference of more than 30 dB between
the o and 50 mV bias cases is clearly detected, confirming
the potential of the proposed approach at RF low power
regimes.

The output power, Ppc_ours in small-signal conditions can
be approximated as the sum of two contributions as follows:

Ppc_our = Ppc_our_sias + Ppc_our_raps (1)
where Ppc_our sras is the power related to the polarization
voltage applied to the diode measured in absence of RF input
power; and Ppc_our_r.p is the power obtained from the
RF-to-dc (R2D) conversion. In this way, the RF-to-dc conver-
sion power contribution can be computed knowing Ppc_our
and Ppc_our_pias as a function of the polarization voltage
as follows:
Ppc_our_r:p = Ppc_our — Ppc_our_Bias- (2)

Figure 8 shows the overall output power Ppc our
(Fig. 8(a)), the RF-to-dc conversion contribution
Ppc our_r.p (Fig. 8(b)), and the output voltage (Fig. 8(c)).
The overall output power Ppc our for RF input power

Voltage (mV)
w B

20
10F
0 i i i i
0 200 400 600 800 1000
Time (s)

(b)

Fig. 5. Voltage generated by the TEG versus time at two different heat-gun temperatures: (a) stand-alone TEG; (b) antenna-TEG system.
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Fig. 6. Measurement setup with zoom on the DUT.

lower than about —20 dBm, increases with the V4, and it is
close to the power provided by the polarization voltage for
very low values of Prr 1y (see Table 2); the curves converge
asymptotically by increasing the RF input power Pgrg 1, as
expected. Also RF-to-dc converted power, Ppc our rep»
curves converge increasing the RF input power Pgp n. It

was expected and it is due to the increasing capacity of the
RF signal to self-bias the diode, the efficiency of which is
not influenced by the biasing signal any longer. Anyway,
from Fig. 8(b) it can be noticed that the RF-to-dc power con-
tribution, Ppc our r.p» increases by increasing the polariza-
tion voltage level for low RF input power. This means that,

Reflection coefficient (dB)

—e—RF, =0dBm-V, . =0mV
—%—RF, =-10dBm- V. = 0mV
—e—RF, =-20dBm -V, = 0mV
—e—RF, =0dBm-V,, . =50mV
- %= RF,, =-10dBm- V.o = 50mV
—+=RF, =-20dBm-V,, . = 50mV

-4%.2 23 24 25 26

27 2.8
Frequency (GHz)
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10} 4
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+
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Fig. 7. Measured reflection coefficient (a) and output power (b) versus frequency and assuming the input RF power and the polarization voltage as variable

parameters.
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Fig. 8. Rectifier measurements: (a) overall dc output power, Ppc_our (see equation (1)); (b) output power related to the RF-to-dc conversion only, Ppc_our_rap
(see equation (2)); (c) dc output voltage; (d) efficiency (see equation (3)). The measurements are functions of the RF input power at 2.45 GHz.

polarizing the diode, a better conversion efficiency is obtained.
It must be noticed, moreover, that the RF-to-dc contribution
is dominant for high RF input power.

The efficiency of the whole system can be defined as:

Ppc_our

_ (3)
(Pre_iN + Ppc_in)

TIRF+DC =

where Pgpp_jy is the RF input power, Ppc_py is the biasing
input power, and Ppc_our is the whole output power due to
polarization voltage and to the RF-to-dc converted power.
This efficiency is shown in Fig. 8(d) and takes into account
all the power contributions involved. For a polarization
voltage equal to zero, the efficiency is about 22% for a
Prr_in of —20 dBm and 41% for a Prp_jy of —10 dBm, in
agreement with the state-of-art in [11]. The efficiency is

Table 2. Dc output power without RF input power and with RF input
power equal to —40 dBm at 2.45 GHz.

Viias [(mV] Ppc_our [dBm] w/o Ppc_our [dBm] with
Prr_n Ppr_in = —40 dBm
o] - —65.36
10 —54.80 —52.06
20 —47.72 —45.92
30 —43.42 —42.06
40 —40.26 —39.23
50 —37.71 —36.86

improved by the polarization voltage at low Prp_py and the
curves converge to almost a same value for higher Prg_jn, as
expected. The efficiency value increases, in the best case,
from 0.3% up to 38% for a Prp_pv of —40 dBm and a Vipag
of 50 mV, resulting in the best measured efficiency increment.
Reducing the Pgp_jy while keeping constant Vg4 (and thus
Ppc_in) the efficiency trends to be constant; this constant
value is actually the ratio Ppc_our/Ppc_iv that can be seen
as the “dc” efficiency of the rectifier, i.e. its capacity to transfer
the electric power, harvested by the TEG and used to bias the
diode, to the load.

Three main operating regions, depending on the power
contributions as a function of the input power, can be identi-
fied: below —30 dBm the main contribution to the output
power is due to the TEG presence (such as demonstrated
from the wvalues in Table 2); roughly between —30
and—20 dBm there is a transition region in which the contri-
bution of the RF-to-dc conversion increases significantly due
to the better conversion efficiency of the biased diode; and
above —20 dBm where the main contribution is due to the
RF-to-dc conversion provided by the rectifier that, being
also self-biased by the RF is not too sensitive to the dc pro-
vided by the TEG.

To underline the advantage of the proposed solution
incorporating thermal harvesting, we dare define a new
parameter:

Y= - (4)



PERFORMANCE IMPROVEMENT OF RECTIFIERS FOR WPT EXPLOITING THERMAL ENERGY HARVESTING

— Veus=omV | |

s = ORI
Vg =20mV
e Vg =30mV ||
eV, S40mV
V, uc=50mV

Mia 230 20 10 0

RF input power (dBm)

Fig. 9. yri = Ppc_our/Prr_in in logarithmic scale as a way to emphasize the
economic advantage of exploiting the free thermal energy and to provide a
FoM to compare the performance of mixed (EM plus any other form of
energy environmentally available for free) energy harvesters.

This parameter can be seen as a sort of economical quality
factor of the system that accounts only for those power contri-
butions that have an economical relevance: a value in output
and a cost in input. So, because all the output dc power is valu-
able, while only the RF input power is costly in a WPT system
(thermal energy is assumed for free); yry can be seen as a
figure of merit (FoM) for this kind of mixed harvesting
systems. Note that this FoM is 1 (or o dB) when all the cost
paid at the input is recovered as value at the output.

In case of conventional rectifier of course, due to the con-
version efficiency, clearly not ideal, this FOM vy is always <1
and, multiplied by 100, corresponds to the efficiency of the
rectifier. In our case, due to the thermal energy harvested
and its dual fold exploitation as an additional free energy
source and as a means to increase the efficiency of the rectifier,
yry can go even far beyond 1 (see Fig. 9) at low RF input
power. Note that ypy greater than unit means that the
actual output dc power is greater than what it would be if it
were obtained by harvesting only EM energy and converted
to dc by using an ideal rectifier with 100% of efficiency.

V. CONCLUSIONS

The design of an integrated, dual energy harvester for wireless
autonomous nodes is presented in this paper. It consists of the
integration of a TEG module with an antenna and a rectifier.
Several measurement setups have been built to investigate the
EM, the thermal, and the RF-to-dc conversion behavior of the
system. The antenna and the rectifier operate in the ISM 2.4-
2.5 GHz; the former is used to collect EM energy and the latter
is necessary to convert the harvested EM energy into dc one.
The antenna measurements show that the reflection coeffi-
cient is below —10dB in the overall operating frequency
band and its gain, measured in the E- and H-plane is
2.3 dBi in the direction orthogonal to the antenna plane.
The TEG, in turn, is used to harvest thermal energy and it
is able to generate about 20 and 50 mV for a heat air flux at
50 and 100 °C, respectively. The rectifier measurements
show an improvement of the RF-to-dc power conversion for

low RF input power, obtained by polarizing the diode with
voltages in agreement with those ones generated by the
TEG. In conclusion, the overall system allows WPT system
performance to be improved because of two reasons: the add-
itional thermal energy harvested by the TEG and the enhance-
ment of the RF-to-dc conversion efficiency of the EM energy
harvester. The latter is obtained by the introduction of the
degree of freedom of the bias voltage independent on the RF
input power, unavailable when the only source of electrical
energy is the rectifier.
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