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a b s t r a c t

In a future green Internet of Things (IoT) reality, billions of devices of the IoT infrastructure should be
self-powered. Harvesting ambient energy to power IoT devices is an attractive solution that can extend
battery life or can completely replace batteries. Considering the global applications of IoT, ubiquitous
and continuous availability is an important requirement for ambient energy sources. Radio frequency
(RF) energy from mobile phone towers and thermal energy from diurnal cycle temperature fluctuations
are good candidates. In this study, we present a synergistic multi-source energy harvester (MSEH)
comprising an RF energy harvester (RFEH) and a thermal energy harvester (TEH) integrated through
a dual-function component, heatsink antenna. Both harvesters collect ambient energy 24 h a day and
are not location specific. The TEH, which is in the shape of a box, collects energy using heatsinks
on its sidewalls. The same heatsinks are optimized to also serve as receiving antennas of the RFEH,
which collects energy from the GSM900, GSM1800, and 3G bands. Due to the synergistic integration,
radiation efficiency of the antenna doubled from 40% to 80% which resulted in ∼10% increase in power
conversion efficiency of the RFEH. Similarly, the average power of the TEH without heatsinks 120 µW
is doubled to 240 µW for TEH with heatsinks. Field tests have shown that the outputs of the TEH
and RFEH have increased 4 and 3 times compared to the independent TEH and RFEH respectively. A
temperature and humidity sensor based IoT node has been successfully powered through this energy
harvesting system. Overall, the MSEH can collect 3680 µWh of energy per day which is sufficient to
obtain the sensors data with a time interval of 3.5 s.

© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Today, we are going through the fourth industrial revolution
n which the Internet of Things (IoT) is rapidly developing. The
umber of IoT devices worldwide is ∼30 billion and is expected
o reach 75 billion in 2025 (Statista Research Department, 2019).
his large number of IoT devices is distributed across different
patial media to serve the global ubiquitous demand for future
oT applications. Considering the abundance of IoT devices and
heir massive growth in the next few years, power consumption
s a major concern in terms of practical implementation and
nvironmental sustainability of the IoT. Small IoT devices are
onventionally powered using rechargeable Li-ion batteries; how-
ver, the extremely large scale of the IoT infrastructure makes
his solution financially and operationally impractical. Moreover,
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ldg. 3, seaside, fl. 2, 2247-WS07, Thuwal 23955, Saudi Arabia.
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352-4847/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access a

nc-nd/4.0/).
because of growing environmental concerns, the environmental
impact of disposing/recycling Li-ion batteries is undesirable.

Alternatively, ambient energy can be harvested to charge low-
power IoT devices. The harvested energy can be used either to
extend the lifespan of batteries or to completely eliminate batter-
ies (Zhang et al., 2022; Ramson et al., 2021; Shim et al., 2021; Ni
et al., 2018; Evans et al., 2021). Solar energy is a clear candidate
because it is the most powerful source of ambient energy, and
the relevant industry is quite mature (Boisseau et al., 2012).
However, it has certain limitations: (1) its full potential is not
globally available; there are multiple places with a short sunshine
duration, (2) solar panels generate energy for a maximum of
only 12 h a day, (3) the efficiency of solar panels significantly
deteriorates in multiple settings, such as indoor environments,
hidden/buried underground areas, and places where panels are
shaded or covered. Therefore, depending only on solar energy
for powering IoT sensor nodes is risky. Thus, additional versatile
options must be considered along with, or separately from, solar
energy.
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Harvesting ambient energy from a single source in a solar-
eprived area is unreliable because of the unpredictability of
mbient energy sources. Thus, having two or more energy har-
esters in one unit is a strategy that will ensure robust and
ontinuous operation of IoT devices (Bakytbekov et al., 2020).
any proposed ambient energy harvesters are not universal,
biquitous, and versatile and are specific to certain locations and
se cases only. For example, harvesters from the vibrations of
ridges (Li et al., 2021; Liu et al., 2019) and railway trains (He
t al., 2020; Amoroso et al., 2015; Cho et al., 2016), vehicle
ires (Yi et al., 2021; Sadeqi et al., 2015; Bowen and Arafa, 2015;
u et al., 2011; Lee and Choi, 2014; Singh et al., 2012), and waste
eat of car engines (Fathabadi, 2018; Risseh et al., 2018; Orr
t al., 2016; Temizer and İlkılıç, 2016; Cheng et al., 2017). Dif-
erent combinations of multi-source energy harvesters (MSEHs),
uch as photovoltaic–thermoelectric–kinetic (Deng et al., 2019),
hotovoltaic–triboelectric (raindrops) (Zheng et al., 2014; Jeon
t al., 2015; Wang et al., 2017), photovoltaic–kinetic (water flow)
Zhong et al., 2016), pyroelectric–piezoelectric (Zhang et al.,
015), photovoltaic–thermoelectric (Nishijima et al., 2017; Li
t al., 2014; Lee et al., 2018; Tan and Panda, 2011), and electrom-
gnetic–kinetic (Lorenz et al., 2015) harvesters, have been re-
orted. However, none of these studies on MSEHs show smart
ntegration and interdependence between different harvesters
here common components are shared to efficiently use space
nd the collected energy increases because of synergy between
arvesters. Furthermore, few studies show practical real-world
pplications in which MSEHs power wireless sensor nodes, as in
eal IoT scenarios. Certain MSEHs depend on one common source,
hich reduces their flexibility. For example, solar–thermal (pho-
ovoltaic–thermoelectric) energy harvesters (Nishijima et al., 2017
i et al., 2014) simultaneously collect solar light and solar heat.
ence, the absence of sun radiation shuts these harvesters down.
ombined harvesting from radio frequency (RF) and thermal
ources has been presented in Guo et al. (2020) and Virili et al.
2015). In these studies, static-type thermal energy harvesters
TEHs) (waste heat source-dependent), which are simple off-the-
helf single thermoelectric generators (TEGs), were used to bias
he rectifier diodes to enhance the power conversion efficiency
PCE). The RF energy harvesters (RFEHs) in both works are simple,
ingle-band 2.4 GHz rectennas. Thus, they have limited ability to
ollect RF energy.
We address the abovementioned limitations by presenting

n ambient MSEH that collects RF energy and thermal energy
transient-type, from diurnal temperature fluctuations). Both the
FEH and TEH can work in solar-deprived areas, and unlike solar
nergy harvesters, both are available 24 h a day. These harvesters
o not depend on one common source. In the absence of ei-
her the RFEH or TEH, the remaining harvester can compensate
nd ensure continuous operation of IoT devices. Moreover, both
he RFEH and TEH are not location specific; they can work in
ny environment with mobile phone wireless signal and diurnal
emperature fluctuations, which are reported in most outdoor
nd indoor environments. The TEH operates using carefully se-
ected phase change material (PCM) and TEGs. In this study, the
EH is in the shape of a box, and has evolved from a simple
ne-dimensional (1D) design (TEG on top face only) to a three-
imensional (3D) design (TEGs on top and four side faces of the
ox) to take advantage of the heat leaked through the sidewalls.
ts performance was further enhanced by increasing the heat
ransfer between the PCM and the ambient environment through
ustom-designed heatsinks on the sidewalls of the TEH box. The
eatsinks was designed via computational fluid dynamics (CFD)
imulations in Ansys Fluent. At the same time, the heatsinks were
o-optimized for electromagnetic (EM) performance in the Ansys

FSS simulator to act as the receiving antennas for the RFEH to
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collect energy from the GSM 900 MHz, GMS 1800 MHz, and 3G
2100 MHz bands. The radiation efficiency of the RFEH antenna
doubled from 40% to 80% with the placement of the heatsink fins,
which resulted in 10% increase in PCE of the RFEH. Similarly, sim-
ulations have shown that the average output power of the TEH
with heatsinks is 240 µW, which is twice that of the TEH without
eatsinks 120 µW. The energy collected per day during the field
ests from the TEH and RFEH was improved by 4 and 3 times,
espectively. Overall, the MSEH can collect 3680 µWh energy per
ay. Real-world IoT application was demonstrated by completely
owering an environmental sensor using the MSEH. Temperature
nd humidity data can be acquired through Bluetooth Low Energy
BLE) communication with time interval of 3.5 s by combining the
ower of both harvesters.

. Design of the multi-source ambient energy harvester

.1. Design evolution of the TEH

The proposed transient-type TEH differs from the conven-
ional static-type TEH, which generates energy from a waste heat
ource. In static-type TEHs, one cold end and one hot end are re-
uired across the TEGs to convert the temperature difference into
lectrical energy. The primary disadvantage of static TEHs is that
hey are location specific; i.e., they depend on certain applications
hat release waste heat, such as machines. This disadvantage of
tatic TEHs significantly limits their future application for power-
ng randomly distributed IoT sensors in the environment. Instead,
roposed transient-type TEH converts temperature fluctuations
n the environment (diurnal temperature variations) into a tem-
erature gradient across TEGs using the high latent heat of a
CM (Cottrill et al., 2019). Latent heat is the energy released
r absorbed during the phase transition process, which occurs
t constant temperature. Because a large amount of energy is
equired for the phase transition of a PCM, it mostly exists at its
hase transition temperature, thus providing constant tempera-
ure to one end of a TEG. The opposite end of the TEG follows
he diurnal temperature fluctuation. Therefore, a PCM with a
hase transition temperature close to the midpoint of the day
nd night temperature extremes must be used. In summary, the
ransient-type TEH is more universal and versatile than static
EHs because it can operate in any environment with natural
emperature fluctuations (almost all outdoor and most indoor
ettings) with an appropriate PCM.
Fig. 1(a–b) shows the basic structure of the transient TEH; a

ontainer (gray) is filled with a PCM (blue). The container is sealed
ith an aluminum (Al) lid (orange), which prevents leakage when
he PCM is in the liquid state. Al is selected because of its good
hermal conductivity (k = 229 W m−1 K−1). As shown by the
ross-sectional view of the TEH in Fig. 1(b), the TEGs are placed
n top of the Al lid. The bottom side of each TEG follows the phase
ransition temperature of the PCM, whereas the top side follows
he ambient environment temperature fluctuations. Another Al
heet is placed on top of the TEGs as a cover; this is not shown
n Fig. 1 (which only shows the inner parts). The analytical model
f the TEH showed that the power output is proportional to the
hermal effusivity e of the incorporated PCM:

=
√
kρCp, (1)

where k, ρ, and Cp are the thermal conductivity, density, and heat
capacity, respectively. Eicosane (E) is selected as the PCM because
of its high heat capacity (Cp = 5000 J kg −1 K−1) and its phase
transition temperature (37 ◦C), which is close to the midpoint
between the day and night extremes in Saudi Arabia (25 ◦C and
50 ◦C, respectively). On the basis of (1), the thermal conductivity
of the PCM can be increased to enhance the power output of the
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Fig. 1. (a) Isometric view of the 1D TEH (b) Cross-sectional view of the 1D TEH (c) Isometric view of the 3D TEH (d) Cross-sectional view of the 3D TEH . (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 1
Thermal properties of materials.

PCM TEG Al ABS

k (W m−1 K−1) 1 1 229 0.258
Cp (J kg −1 K−1) 5000 500 898 1720
ρ (kg m−3) 930 3120 2710 1040

TEH. Therefore, nickel (Ni) foam with a thermal conductivity of
106 W m−1 K−1 is used to increase the total thermal conductivity
of the E–Ni mixture. This design reflects a 1D thinking, where
only the top side of the TEH is used to generate electrical energy,
which leads to severe heat loss through the sidewalls. This layout
can be improved by considering 3D heat transfer, i.e., by con-
verting the heat from the sidewalls into electrical energy. Thus,
a 3D design is developed, where TEGs are placed on multiple
sides of the TEH: the top and the four sidewalls. As shown in
Fig. 1(c–d), for the 3D design, an Al container (orange) is used to
accommodate the PCM (blue). The TEGs are sandwiched between
the Al container and the outer container on all five sides of
the box. In this manner, the inner and outer faces of the TEGs
experience the temperatures of the inner PCM and the outer
environment, respectively. These additional TEGs can use the heat
leaked through the sidewalls of the box, which is wasted in the
1D design. This evolution of the TEH from a 1D design to a 3D
design is expected to increase the output power of the TEH. A
3D transient heat transfer simulation that realistically shows the
physical device is conducted in the CFD simulator Ansys Fluent for
both the 1D and 3D designs to confirm the utility of the latter.

The thermal properties of each component of the TEH are
ssigned based on the materials: PCM (mixture of E and Ni),
luminum box (Al), outer plastic box (ABS–acrylonitrile butadiene
tyrene), and TEGs. All material properties are summarized in
able 1.
All properties are assumed constant with respect to tempera-

ure because the temperature range is relatively small. Boundary
onditions are set for each external surface to account for the
onvective and radiative heat transfers between the TEH and am-
ient environment. The heat transfer coefficient on flat surfaces
s assumed to be 10 W m−2 K−1. The emissivity of the external
surfaces is set to 0.1 because of the light color of the experimental
device. A contact heat conductance of 50 W m−2 K−1 is assigned
to both sides of each TEG to account for the imperfect interfacial
contact.

The time evolution of temperature distribution is solved at
an experimentally measured periodic ambient temperature as
the boundary condition (Fig. 2(a)), and a uniform temperature of
28.5 ◦C across the whole device is set as the initial condition. The
heat transfer follows:
∂T
∂t

= α[
∂2T
∂x2

+
∂2T
∂y2

+
∂2T
∂z2

], (2)

where α = k/ρC is thermal diffusivity.
p
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After the solution is obtained, the output power of the har-
vester is calculated as the product of the heat flux and efficiency,
which are both derived from the temperature difference between
the two sides of each TEG.

P = A
TH − TC

RTE
η, (3)

η =

(
1 −

TC
TH

) √
1 + ZT − 1

√
1 + ZT +

TC
TH

. (4)

where P is the output power of a TEG; A is the area of the TEG; TH
and TC are the average temperatures of the hot and cold sides of
the TEG, respectively; RTE is the thermal resistance of the TEG;
and η is the thermal-to-electrical energy conversion efficiency,
which is a function of temperature gradient, as calculated in
(4). ZT is the thermoelectric figure of merit, which is assumed
to be 1 for the standard commercial Bi2Te3 TEG used in this
work. We simplify the simulation of TEGs by ignoring the change
in heat flux due to the Seebeck effect because the thermal-to-
electric energy conversion efficiency is considerably smaller than
1% under the simulated conditions. Fig. 2(b–c) shows a snapshot
of the simulated temperature distribution of 1D and 3D devices
when the ambient temperature reaches a peak value of 53 ◦C. The
basic design, with only one TEG on top of the TEH, has a smaller
temperature difference across the device, as shown in Fig. 2(b).
This is possible because of its inferior heat exchange with the
environment and severe heat leakage from the sidewalls. With
the four TEGs on the sides in the improved design, heat via the
sidewalls is utilized to generate power. Each additional TEG has a
temperature drop of a similar magnitude as the top TEG, as shown
in Fig. 2(d–e). Therefore, the 3D design can produce five times as
much power as the basic 1D design. As shown in Fig. 2(f–g), the
average harvested power values of the 1D TEH and 3D TEH are 23
and 120 µW, respectively. This enhancement of 5.2 times shows
the effectiveness of the TEH evolution from the 1D design to the
3D design.

2.2. Design of the RFEH

RF energy can be considered as an ambient source of energy
in any human living environment. With the rapid development
of wireless technologies in recent years, many standards now
occupy the RF spectrum. Thus, more EM energy is available in
the ambient environment, which makes RF sources good candi-
dates for energy harvesting. However, the available ambient RF
energy level is relatively low because the power of each wireless
standard is restricted by exposure safety regulations. Therefore,
simultaneous energy collection from several bands can increase
the output power of the RFEH (Bakytbekov et al., 2018). RF power
measurement in a university campus area demonstrated that the
most powerful bands are GSM 900 MHz, GSM 1800 MHz, and 3G
2100 MHz (Bakytbekov and Shamim, 2019). Thus, the RFEH in
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Fig. 2. (a) Measured ambient temperature fluctuations (b) Temperature distribution on the 1D design (c) Temperature distribution on the 3D design (d) Temperature
difference across the TEG of the 1D design (e) Temperature difference across the TEGs of the 3D design (f) Collected power of the 1D design (g) Collected power of
the 3D design.
this work is designed to simultaneously collect energy from these
three bands.

The RFEH is a combination of a receiving antenna and a recti-
fier circuit (converts AC to DC) connected through an impedance
matching network, as shown in Fig. 3(a). The output power and
the PCE of the RFEH system can be calculated by (5) and (6):

Pout = PDC = (VDC )2/RL (5)

η (PCE) =
Pout
Pin

(6)

where VDC is output DC voltage measured across the load resistor
RL and Pin is the input power captured by the receiving antenna.
Also, the PCE of the RFEH system can be characterized as a chain
of efficiencies of individual components as given in (7):

η (PCE) = ηA · ηMN · η0 · ηL (7)

where ηA and ηMN are the efficiencies of the receiving antenna
and the impedance matching network respectively. Diode’s non-
linear conversion efficiency is denoted as η0, and ηL represents
he efficiency of the power transfer to the load. Therefore, during
he design process it is important to maximize the efficiency of
ach component to achieve the best possible PCE of the whole
ystem.
The straightforward approach of combining the RFEH and TEH

s to install the receiving antenna of the RFEH on the sidewalls
f the outer container of the TEH. To proceed with this approach,
he RF characterization of the TEH body in terms of the dielectric
onstant and loss tangent must be conducted. The identified
lectrical properties of the TEH body must be used in Ansys HFSS
uring the antenna design process. This step is important because
he antenna operates in close proximity to the body of the TEH,
hereby affecting the performance of the antenna.

The body of the TEH consists of four layers of the materials
resented in Section 2.1 and Fig. 1(d). Al and ABS have universally
nown electrical properties, but TEGs and PCM (E–Ni mixture)
ave never been characterized in the required GHz range. Because
he PCM is placed inside the Al container, the PCM model in
nsys HFSS is simplified as that of bulk Ni. This assumption
s proven true through simulations and then through measure-
ents. Because TEGs have a complex multi-material structure,

heir electrical properties are extracted through microwave mea-
urements by assuming each TEG as a homogeneous black box.
1878
The measurement results presented in Fig. 3(b–c) indicate that
the electrical properties of TEGs are frequency dependent. More-
over, TEGs are quite lossy in the required GHz range, as shown in
Fig. 3(c).

The receiving antenna of the RFEH must be designed without
a ground plane to limit the addition of extra components and to
avoid complicated feeding issues. Therefore, a differential wire
antenna with two arms is placed on two adjacent side faces of the
TEH box. Because triple-band RF energy harvesting is required,
this antenna must be a triple-band antenna operating at the 900,
1800, and 2100 MHz frequency bands. The concept of fractals
is adopted for each arm to design the triple-band differential
antenna. Fractals are self-repetitive structures across different
scales, and they enable convenience in designing wideband or
multiband antennas (Balanis, 2005). Cantor fractals (shown in
Fig. 3(d)) are used in the antenna design since it has relatively
simple structure and can serve as a baseplate for heatsink fins
later in the design process. As shown in Fig. 3(d) the rectangular
shapes are divided in three, and the middle one is deleted per
iteration. A triple-band Cantor fractal antenna is smartly designed
so that each iteration of the fractal structure is responsible for one
frequency band. This allows to independently tune the antenna
for one of the frequency bands without disturbing much the
performance of the others. Thus, three iterations are required
to obtain triple-band antenna performance and the evolution of
the Cantor fractal antenna is displayed in Fig. 3(e–g). The length
of the rectangle of the first iteration (Fig. 3(e)) is calculated to
be 82 mm which represents the wavelength at 1 GHz on the
ABS substrate. The longer current paths equivalent to 1.8 GHz
and 0.9 GHz wavelengths are attained with the 2nd and 3rd
iterations of the Cantor fractal, as shown in Fig. 3(f, g). Since the
ultimate goal of the design is to achieve a heatsink antenna that
improves the heat transfer (thus the output power of the TEH)
the baseplates of the heatsink, that are represented as the Cantor
fractal rectangles, must cover as much area as possible on the
surface of 80 mm × 80 mm TEGs on the sidewalls of the TEH
(shown in Fig. 1(c, d)). With more parametric optimization on
Ansys HFSS, the dimensions of the Cantor fractal rectangles as
well as the small separations between the rectangles have been
designed in a way that maximum area coverage is achieved on the
side faces of the TEH. In general, fractal antennas show efficient
space-filling properties that can be positively used in our case to
concentrate the antenna elements on the required area. The rect-
angular shapes of the Cantor fractal effectively fill the available
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Fig. 3. (a) Block diagram of the RFEH (b) Measured dielectric constant of the TEGs as a function of frequency (c) Measured loss tangent of the TEGs as a function of
requency (d) Cantor fractal structure (e) Cantor fractal antenna with 1st iteration (f) Cantor fractal antenna with 2nd iteration (g) Cantor fractal antenna with 3rd
teration (h) VSWR of the 2D flat Cantor fractal antenna (i) Radiation efficiency of the 2D flat antenna.
pace on the surface the TEH for further fin placement, compared
o the straight-line shaped classic wire antennas (Balanis, 2005).

Fig. 3(h) shows the voltage standing wave ratio (VSWR) of the
esigned 2D Cantor fractal antenna where values below 2 shows
good impedance matching of the antenna (equivalent to S11

below −10 dB). For an omnidirectional radiation pattern of the
RFEH antenna, which is important for all-around harvesting, one
more antenna is placed on the two remaining adjacent side faces
of the TEH. Thus, a total of two RFEHs are integrated in the design.

This thin metallic antenna directly placed on the sidewalls
of the TEH has a low radiation efficiency, as shown in Fig. 3(i).
Its radiation efficiency of ∼40% is significantly lower than the
xpected efficiency value of a metallic antenna. This large drop
n antenna radiation efficiency is caused by the body of the TEH,
hich has extremely lossy components, such as the TEGs, as
hown in Fig. 3(c). This problem will be tackled in the next section
hrough a design of a 3D heatsink antenna and synergistic MSEH.

Captured RF energy by the antenna must be converted into DC
ower and thus a rectifier circuit is required. Series single diode
ectifier topology is designed for this work since it is the best can-
idate for the ambient RF energy harvesting application due to its
igh sensitivity and minimum diode loss. A Schottky diode SMS
630–079 from Skyworks, is used since it has low turn-on voltage
s well as the minimum power consumption. Nonlinear SPICE
iode parameters from the datasheet was used in Keysight ADS
o model the diode in circuit simulations. The input impedance
f the diode has been obtained from the simulations for all three
requencies of interest. To provide maximum power transmission
rom the antenna to the rectifier circuit, an impedance matching
etwork, that matches the complex input impedance of the diode
o the 50 � antenna impedance, must be designed. However, it
is a challenging task since the input impedance of the diode is
1879
a function of frequency, input power and load condition. Thus,
the load resistor of 10 k� is selected to achieve maximum PCE.
Also, input power level was fixed to −20 dBm which is a rea-
sonable average value for ambient environment. To minimize the
insertion loss of the matching network as well as the number
of components, one triple-band matching network that covers
all three frequency bands simultaneously has been designed on
Rogers RT/duroid 5880 substrate (tan δ = 0.0009). As shown
in Fig. 4(a), the network consists on an inductor, one short stub
and two radial stubs whose dimensions are optimized on ADS to
work at all three frequencies in parallel. The reflection coefficient
of the rectifier circuit with the triple-band matching network is
presented in Fig. 4(b), where decent match at all three frequencies
has been achieved.

2.3. Synergistic multi-source ambient energy harvester

The use of a dual-function component, such as a heatsink
antenna, is proposed to enhance the performance of the RFEH
and the TEH simultaneously and to make the design of the MSEH
more monolithically integrated and synergistic.

Originally, a heatsink is a component that enhances the heat
transfer between two media by increasing the convection-active
surface area, as shown in Fig. 5 (Incropera, 2007). The optimiza-
tion of the finned surface dimensions, namely, the fin length (L),
fin thickness (t), fin spacing (S), and fin orientation, is studied
in Ansys Fluent simulations for our specific climate conditions
to achieve the best heat transfer performance (Bakytbekov et al.,
2022).

At the same time, these metallic structures can be tuned
and optimized to work as receiving antennas of the RFEH to
achieve smart integration between the two harvesters. These fins,
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Fig. 4. (a) Schematic diagram of the triple-band matching network and the rectifier circuit (b) Reflection coefficient of the rectifier with the triple-band matching
network.
Fig. 5. (a) Isometric view of a vertically-oriented heatsink (b) Top view of a heatsink (c) Side view of a heatsink.
hose dimensions are extracted from the optimal heat transfer
imulations, are integrated into a 2D flat Cantor fractal antenna to
orm a 3D heatsink antenna. The rectangular parts of the Cantor
ractal are used as a baseplate for the heatsink. The fractal and
in dimensions are co-optimized and co-adjusted in Ansys HFSS
nd Ansys Fluent in parallel to achieve a balanced performance,
.e., optimal heat transfer performance and optimal antenna ra-
iation performance (Bakytbekov et al., 2022). Fig. 6(a) shows
he transformation of the 2D flat antenna into a dual-function
D heatsink antenna. The 3D heatsink antenna enhances the
erformance of the RFEH by improving the antenna radiation
fficiency of the 2D flat antenna from the previous design, which
s severely affected by the lossy body of the TEH, as shown in
ig. 3(i). When the fins are integrated into the 2D flat antenna,
he electric fields are less confined in the lossy body of the TEH,
ather dominated by the surrounding medium with a lower loss

angent. As shown in Fig. 6(b), the antenna radiation efficiency
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Table 2
Gain of the heatsink antenna.
Frequency (MHz) Gain (dB)

900 3.8
1800 4
2100 5.3

doubles from 40% to 80% at all three frequency bands when the
2D flat antenna is transformed into the 3D heatsink antenna,
despite the presence of the same lossy TEH body. Thus, the gain
of the antenna for all three frequencies are enhanced and shown
in Table 2.

Fig. 6(c) shows an efficiency comparison of the RFEH with the
2D flat antenna and the 3D heatsink antenna for different input
power levels when the RFEH harvests from all three frequencies
simultaneously. The total PCE of the RFEH for all three frequencies
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Fig. 6. (a) MSEH with the 3D heatsink antenna (b) Radiation efficiency of the 2D flat antenna and 3D heatsink antenna on the body of the TEH (c) Efficiency of the
RFEH with the 2D flat antenna and the 3D heatsink antenna (d) Heat flux on the sidewalls of the TEH w/ and w/o the heatsink antennas (e) Temperature difference
across the TEG of the TEH with the heatsink antennas (f) Collected power of the TEH with the heatsink antennas (g) Thermal to electrical conversion efficiency of
the TEGs on the sidewalls for the TEH w/ and w/o the heatsink antennas.
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is enhanced by ∼10% when the heatsink fins are integrated, high-
lighting the effect of the 3D heatsink antenna on the performance
of the RFEH.

From the heat transfer perspective, the heatsinks increase the
convection-active surface area and thus improve the heat trans-
fer. Heatsinks are attached to the four sidewalls of the TEH based
on the 3D heatsink antenna design shown in Fig. 6(a). Vertically
oriented heatsink fins are preferred because of their alignment
with the flow of natural convection because of gravity. The pres-
ence of the heatsinks on top of the TEH has a negligible effect on
the performance of the TEH, as confirmed by the simulation. Thus,
only the heatsinks on the sidewalls are examined. The addition
of the heatsink fins to the sidewalls improves the heat exchange
between the TEH and the environment. The heat flux through the
side TEGs is nearly doubled for the TEH with heatsinks compared
with the design without heatsinks (Fig. 6(d)). Consequently, the
temperature drop across the side TEGs is significantly enhanced,
as shown in Fig. 6(e). Fig. 6(f) shows the comparison of the output
power of the TEHs with and without heatsinks, where the TEH
with heatsinks demonstrate considerable increase relative to that
of the TEH without heatsinks. The average output power over four
days of the TEH with heatsinks is 240 µW, which is twice that of
he TEH without heatsinks (120 µW). The thermal-to-electrical
nergy conversion efficiency is proportionally enhanced when the
eatsink antennas are added, as shown in Fig. 6(g).

. Fabrication of the multi-source ambient energy harvester

The inner container, made of Al with dimensions of 100 mm
100 mm × 100 mm and a wall thickness of 5 mm, is man-

factured using a computer numerical control (CNC) machine.
his Al container is filled with a porous Ni mesh, as shown in
ig. 7(a). Then, 99% melted E is poured inside the container.
n Al lid is placed on top of the container, which is properly
ealed to avoid E leakage. The outer container, composed of ABS
lastic with dimensions of 120 mm × 120 mm × 105 mm and

a wall thickness of 5 mm, is 3D-printed using a Raise3D printer
(Fig. 7(b)). The inner container is placed inside the outer container
as shown in Fig. 7(c), with a 5 mm gap between them. These

gaps are filled with four TEGs connected in series; therefore, a i
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total of 20 TEGs are distributed across the five sides. Thermal
paste is applied to both sides of the TEGs to ensure high thermal
conductivity between the TEGs’ and containers’ walls. Finally, the
Al lid is placed on top of the TEH as a cover (Fig. 7(d)).

The heatsink antennas, which are components of both the
TEH and the RFEH, are fabricated from Al using the CNC ma-
chine (Fig. 7(e)). Al is selected because of its decent thermal
and electrical conductivity, low cost, and easy manufacturability.
Four heatsinks are fabricated for the four sidewalls of the TEH to
improve heat transfer and to operate as two receiving antennas
of the RFEH. The heatsink antennas are attached to the TEH box,
as shown in Fig. 7(f).

The rectifier circuit and triple-band matching network are
fabricated on a Rogers RT/duroid 5880 substrate, which has a
dielectric constant of 2.2 and loss tangent of 0.0009. The circuit
board is manufactured on an LPKF prototyping machine. The
circuit components, namely, diode (SMS 7630–079), inductor (18
nH), capacitor (1000 pF) and load resistor (10 k�), are soldered
according to the layout design. The rectifier circuit with the
matching network is shown in Fig. 7(g).

4. Field testing

Two versions of the TEH, one with heatsinks and another
without heatsinks, are tested to isolate the effect of the heatsinks
on the performance of the TEH, as shown in Fig. 8(a). The outputs
of both versions are measured across a 100 � load resistor,
hich is a close value to the internal resistance of the device.
he output is measured through DrDAQ data loggers (from Pico
echnology) connected to a laptop with a preinstalled application.
he measurement is conducted for 24 h in the university campus
tarting at 12 pm. The output of the RFEH with heatsink antennas
s recorded through the same measurement setup. The field test
esults are depicted in Fig. 8(b–c).

The RFEH with heatsink antennas harvests ∼250 mV across 10
� and outperforms the previous version of the RFEH by 3 times
n terms of collected energy for a 24 h period. The output of the
FEH is consistent throughout the whole day, with some spikes
aused by nearby active users. As expected, this enhancement

s attributed to the improvement in the radiation efficiency of
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Fig. 7. (a) Outer ABS container (b) Al container filled with Ni foam (c) Intermediate step of placing the inner container inside the outer container (d) Fabricated TEH
without heatsinks (e) Fabricated Al heatsink antenna (f) Fabricated TEH with heatsink antennas (g) Fabricated rectifier circuit with triple-band matching network.
Fig. 8. (a) Field testing setup of the multi-source ambient energy harvester (b) Collected output voltage comparison for RFEH w/ and w/o heatsink antennas (c)
Collected output voltage comparison for TEH w/ and w/o heatsink antennas.
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the antenna when heatsink fins are integrated. Unlike the output
of the RFEH, the output of the TEH is not constant; it follows
the trend of the ambient environment temperature, as shown
in Fig. 8(c). The figure shows that the output voltage (measured
across 100 �) of the TEH with heatsinks is higher than that of the
TEH without heatsinks because of the increased heat transfer. The
energy collected by the TEH with heatsinks is 4 times that of the
TEH without heatsinks. Energy is extracted by calculating the area
under the curve of the power graph. Overall, the MSEH can collect
3680 µWh energy during 24 h field testing where 3530 µWh is
enerated by the TEH and the remaining 150 µWh is collected by
he RFEH.

. IoT application

The measurement setup for the demonstration of the syner-
istic MSEH in an IoT application is shown in Fig. 9(a). The envi-
onmental sensor CYALKIT-E02, which measures temperature and
 d
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umidity, is used. The sensor node has a built-in BLE transceiver
hat is paired with a phone with a preinstalled Cypress applica-
ion to visualize the received data. Because the output voltage
f the ambient energy harvester is quite low (100–300 mV), the
tep-up converter TI BQ25504 is used to boost the output voltage
o the required value of 2–3.3 V with 40% efficiency. A capacitor
1000 µF) is used to accumulate energy from the harvesters and
ower the environmental sensor. A parameter ‘‘time interval’’ is
ntroduced to evaluate the average time required for a particular
arvester to charge the sensor node with energy sufficient for
ne data transmission. To demonstrate the benefit of the multi-
ource RFEH and TEH with heatsink antennas, two scenarios are
onsidered: the TEH or RFEH alone harvests energy and powers
he environmental sensor. The recorded temperature and humid-
ty data are presented in Fig. 9(b–c), which accurately represent
he environmental conditions of the outdoor environment. As the
EH alone powers the sensor node, temperature and humidity
ata are acquired every 4.6 s; for the RFEH, the time interval is
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Fig. 9. (a) Measurement setup for IoT application (b) Environmental sensor readings of temperature (c) Environmental sensor readings of humidity.
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8.5 s. These two values are within the reasonable range of the
ime interval for monitoring environmental variables. The time
nterval can be calculated if both the RFEH and the TEH are har-
esting simultaneously. Energy collected in 24 h from the MSEH
s 3680 µWh as mentioned in the previous section. Therefore,
he time-averaged power collected from the MSEH is equal to
55 µW. Assuming power from two harvesters are combined
ith around ∼90% efficiency, the output power drops to 140
W. The step-up converter used in the measurement has 40%
fficiency which further decreases the output power to 56 µW.
he datasheet of the BLE transceiver states that it requires 200
J of energy per one transmission. Thus, by dividing the energy
onsumption of the BLE to the output power of the MSEH, the
ime interval must reduce to each 3.5 s when both harvesters are
ctive. These measurement results demonstrate the practicality
f the ambient RFEH and TEH in future IoT applications and
ighlight the usefulness of the synergistic MSEH.

. Conclusion

We presented a synergistic MSEH comprising an RFEH and a
EH. The TEH was in the shape of a box and utilized the heat
eaked through the sidewalls via heatsinks. These heatsinks were
o-optimized to operate as receiving antennas of the RFEH. With
he use of this dual-function component, the performance of the
EH and the RFEH was enhanced by 4 and 3 times, respectively.
uring a 24 h field test, 3680 µWh energy was collected by the
SEH. IoT application was demonstrated by powering an envi-

onmental sensor measuring temperature and humidity using the
SEH.
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