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Abstract: Energy harvesting is increasingly used for powering wireless sensor network nodes.
Recently, it has been suggested to combine it with the concept of transient computing whereby the
wireless sensor nodes operate without energy storage capabilities. This new combined approach
brings benefits, for instance ultra-low power nodes and reduced maintenance, but also raises new
challenges, foremost dealing with nodes that may be left without power for various time periods.
Although transient computing has been demonstrated on microcontrollers, reports on experiments
with wireless sensor nodes are still scarce in the literature. In this paper, we describe our experiments
with solar, thermal, and RF energy harvesting sources that are used to power sensor nodes (including
wireless ones) without energy storage, but with transient computing capabilities. The results show
that the selected solar and thermal energy sources can operate both the wired and wireless nodes
without energy storage, whereas in our specific implementation, the developed RF energy source can
only be used for the selected nodes without wireless connectivity.
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1. Introduction

Advances in semiconductor technology has given birth to low-power, miniaturized computing
units (microcontrollers, DSPs, (nano)-FPGAs), and radio modules. Such circuits are commonly used
for implementing the nodes in wireless sensor networks (WSN) and, more generally, in the internet of
things (IoT). On the other hand, and although new battery technologies (e.g., hydrogen fuel cells) are
being developed and promise new performance levels, those available today are not always sufficient
when it comes to filling the gap between the physical size, capacity, and energy requirements of the
computing and communication modules of the nodes.

Furthermore, for some applications, it is sometimes not possible to include a battery or
super-capacitor in the nodes due to stringent physical constraints or for maintenance reasons
(for example, it may be impossible to access a node integrated in a physical structure and replace its
energy storage unit if the battery fails or once its maximum number of charge/discharge cycles have
been reached, in the case of e.g., intensive and/or very-long term applications) [1].

Thus, many research efforts strive at designing (A) architectural solutions that effectively reduce
energy consumption in the processing and communication modules, and (B) energy harvesting
(EH) solutions that can complement, or even replace, the energy storage units of the nodes for, e.g.,
autonomous systems, leading to the concept of transient computing (TC) discussed later on.

In the context of WSN nodes, the idea of using EH emerged in the late 1990s [2] and refers to the
various techniques that allow collecting energy from the environment (solar, thermal, radio frequency
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(RF), etc.) and use it to recharge and/or complement energy storage units, such as rechargeable
batteries or super-capacitors, especially in the context of fully-autonomous WSN nodes and/or for
prolonging the lifespan of battery-powered WSN nodes. EH, aided by energy prediction or estimation,
has led to a service-oriented infrastructure supporting a broad range of applications such as IoT
and cyber-physical systems by optimizing the energy consumption and balancing the traffic load to
increase the nodes’ lifetime.

Nevertheless, EH remains challenging in many cases (e.g., for wearable sensors) due to strict form
factor constraints and usability concerns [34].

Examples of EH used in wearable WSNs include the research proposed in [1] where the authors
conducted real-world scenario experiments and achieved 550 uW for an indoor photovoltaic source
and 98-250 uW for a thermal source with 3° and 5° temperature gradients, respectively. Several works
have been proposed to minimize the RF energy requirements of the devices with different techniques,
such as at the physical layer [4,5], MAC, routing algorithms, and duty cycle [6-9]. In [10], the authors
used solar and wind energy harvesters and interfaced them with an ultralow power WSN hardware
infrastructure that is suitable for long-term wireless structural health monitoring (WSHM).

RF-EH is an emerging alternative among the numerous energy harvesting techniques. Indeed,
many RF transmitters (TV towers, mobile base stations, wireless access points, and even dedicated RF
transmitters) have been deployed in the past decades; RF energy can, thus, be considered as easily
available in many places [11], especially in indoor environments [12]. RF-EH has found applications in
wireless charging, wireless body area networks, surveillance, and cognitive radio networks [13,14]
with quality of service (QoS) constraints. Harvesting such energy is typically achieved by means of a
so-called rectenna, connected to the WSN nodes, that converts a share of the available energy of the
RF signal into electrical energy. Such rectennas are typically composed of an antenna and matched
voltage multiplier/rectifying circuitry tuned to the radio frequency of interest; such a setup converts
the RF signal to a DC voltage. In particular, dedicated indoor RF sources possibly provides higher
AC voltages and, thus, DC voltages, because of typically short distances between the energy source
and the nodes, e.g., 1.25 V @ 0.5 m [11]. Furthermore, when it comes to large-scale wireless networks,
simulation results [15] indicate that RF-EH can increase the lifetime of a network by up to 70% while
maintaining adequate quality of service. Simulation results presented in [16] suggest that RF-EH can
increase the lifetime of randomly-deployed dense cooperative WSNs up to 69%.

In [17] the authors focused on a solar energy harvester and energy management, in combination
with a new energy forecast model for WSNs. In [18], the authors proposed a hybrid energy harvesting
concept based on wind, solar, and chemical energy, which can be used for both simultaneous and
individual harvesting processes.

As illustrated above, a large body of research related to EH for WSNs and the IoT has been
published in the literature; the interested reader can refer to, e.g., [19] for a recent overview.

That being said, there is still room for research in this field. For example, it has recently been
suggested in [3] to combine the concepts of EH and TC. The overall idea stems from the fact that
harvested energy is typically fluctuating and intermittent, possibly leaving the WSN nodes without
power (even if they include a battery or super-capacitor since these can possibly reach a discharged
state). Another argument behind TC is to enable the design and implementation of WSN nodes that
operate without an energy storage unit (for e.g., size or maintenance issues, as mentioned earlier).

Such WSN nodes operating with energy storage, but complemented with TC, are suitable for,
e.g., applications that do not require permanent monitoring, or that are tolerant to delays (e.g., storing
data locally and transmitting it when energy is again available), or that are tolerant to missing data
(such missing data can sometimes be compensated for by means of spatial or temporal correlation
techniques).

A critical issue in TC is stopping (ideally pausing) and restarting (ideally resuming) computations
depending on the available power. For this, several methods, such as checkpointing [20,21] and
dynamic power management [22], have been recently proposed. They all rely on the use of
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microcontrollers that feature non-volatile memory, i.e., flash or more recently ferroelectric RAM
(FRAM), to enable saving and restoring the state and data of the node.

One of the first research effort related to TC is the Mementos approach, proposed by
Ransford et al. [20]. It turns general computing programs into interruptible versions that are “protected’
from frequent power cuts by means of a checkpointing mechanism that saves and restores the context
data and program into flash memory on a periodic basis. Although this mechanism adds an overhead
in terms of execution time, it enables suspending the execution when the voltage reaches a given
threshold and resuming when the voltage rises sufficiently again. In effect, this type of approach
enables spreading computation over time as a function of the available energy.

As a follow-up to the above, DINO (“Death Is Not an Option”) [23] adds support for dealing with
the inconsistency between volatile and non-volatile data that may occur due to frequent interrupts.
Another novelty in DINO is the use of a microcontroller based on FRAM instead of Flash memory.
The reported execution-time overhead for DINO is between 1.8 x and 2.7 x.

Further improvements to TC have been proposed in Hibernus [21]. The key idea here is to replace
the periodic checkpointing by an ad-hoc technique, whereby the microcontroller enters the save mode
only when the power supply voltage falls to a given threshold (detected by means of a comparator).
Hibernus significantly reduces the number of checkpoints and, thus, reduces the execution time and
energy overheads by 76%-100% and 49%—-79%, respectively, as compared to Mementos.

QuickRecall [24] goes one step further by using the FRAM in a unified mode (i.e., containing the
instructions, data, and saves); thus, the RAM is not used, which can reduce execution time and energy
consumption since there are no data transfers between the FRAM and the RAM.

Recently, Balsamo et al. [22] have developed a TC method that adapts the power consumption
of energy-storage-less devices dynamically by means of dynamic frequency scaling (DFS), which
allows handling energy fluctuations in a finer manner. In addition to a threshold for detecting power
cuts, two extra thresholds are used to help decide if the voltage and frequency of the FRAM-based
microcontroller should be decreased or increased. Tests conducted on Fast Fourier Transform (FFT),
Cycling Redundancy check (CRC), and Rivest, Shamir, and Adleman (RSA) algorithms together with
solar and micro-turbine energy harvesters show that it is not only possible to adjust the performance
of the microcontroller but also to effectively reduce the number of save and restore phases since the
microcontroller is allowed to run in a lower performance mode when the available power is reduced.

Whereas transient computing has been demonstrated on microcontrollers (mostly without wireless
connectivity features), the literature still lacks reports on experiments with wireless-enabled sensor
nodes. The purpose of this paper is to share findings and experimental results obtained when three
EH sources (solar, thermal, and RF) are used to power both wired and wireless sensor nodes without
energy storage, and evaluate the practical feasibility of TC for WSNs.

The main contributions presented in this paper are:

(A) The practical implementation of three EH sources combined with a TC method on FRAM wireless
sensor nodes, and
(B) The assessment of the practical feasibility of such combinations.

In particular, it is shown that for the selected EH sources and nodes, the solar and thermal energy
sources can power both non-wireless and wireless sensor nodes without energy storage, whereas in
our specific implementation, the developed RF energy source can only be used for the selected nodes
without wireless connectivity.

2. Materials and Methods

2.1. Energy Modeling

Before evaluating the practical feasibility of EH combined with TC, we briefly review the
fundamentals of the three selected EH sources and related analytical models. These models are
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used to obtain baseline references against which the actual EH sources can be compared (including
both indoor and outdoor environments for the solar energy source).

2.1.1. Solar Energy

Visible light can be converted into electrical energy via solar panels that are typically constructed
from crystalline silicon cells (i.e., multicrystalline and monocrystalline silicon). Outdoor solar
harvesting is a highly explored area and provides a higher value of energy [1]. However, ambient
(mostly indoor) solar energy is not exploited as much since it generally provides less energy [25].
In [26], a formulation of the output power of a solar panel, Ppy (Vpy), is expressed as per Equation (1):

Ppy (Vpy) = Vpy Ipy = Vpy IL — Vpy o [exp (Vpy/ns Vi) —1] = Vpy Isc — Vpy o [exp (Vpy-q/ns-k-Te)] (1)

where Vpy is the output voltage, Ipy is the output current, Iy, is the light-generated current, o is the
dark/reverse saturation current of the p-n diodes, ns is the number of series solar cells, V; is the
junction terminal thermal voltage, q is the charge of the electron, k is Boltzmann constant, and Tc is the
ambient temperature.

2.1.2. Thermal Energy

Thermoelectric generators (TEGs) exploit the Seebeck effect to produce electrical energy. TEGs
are typically constructed from n-type and p-type semiconductors that are connected in series, which
are combined with thermal ceramics in parallel. By connecting a load of resistance Ry, to the TEG,
an electric current Itgg flows in accordance to the temperature difference. In [26], a model is proposed
for a TEG energy harvester. The corresponding model equation is showed in Equation (2):

Proc (Via) = V . (VTEG xnxox (Ty—Tc)— VTEGZ) o
= X =
reG (VrEG TEG X ITEG R. TEG

where n is the number of thermocouples, « is the Seebeck’s coefficient, Rs, TEG is the internal resistance,
and AT is the temperature difference (I'y—1'c, where Ty is the temperature of the hot side and T¢ is
temperature of cold side).

2.1.3. Radio-Frequency Energy

RF-EH devices are typically composed of an antenna matched to either a single or multiple
frequency bands, combined with an impedance-matching circuit tuned to the targeted frequencies,
followed by a voltage amplitude multiplier, e.g., as in the diode based, multi-stage voltage multiplier
proposed in [11]. In addition to the quality of the matching circuit, an important limiting factor in
RF-EH is the distance between the emitting radio source and the RF-EH circuit. In [11], an analytical
model of an RF to DC voltage converter is proposed and expressed by Equations (3) and (4):

V =2 [Gant M4t d (2Re [Zrec] Pyg (1+Qy2) Vo — V] @)

where V is the output voltage of the RF-EH circuit which performs the RF to DC conversion, Gant is
the antenna gain, d is the distance, Re (Zrec) is the reactance, Py is the maximum available power, Q¢ is
the quality factor, and Vr the low forward voltage.

TlV() - VO
R 1
nRy+ Ry, Rig + 5

Vout = (4)

where V) (i.e., V in Equation (3)) is the input of the voltage multiplier, Ry is the internal resistance, Ry
is the load resistance, n is the number of stages, and Vo is the output voltage.
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The above sections briefly reviewed the three EH sources used in this work. As mentioned earlier,
various approaches combining TC and EH have been proposed in the literature. However, such
approaches have not been widely experimented in practice, especially when actual radio modules are
included; what follows describes our experimental setup for conducting such experiments; our results
are then presented in Section 3.

2.2. Experimental Setup
The experimental setup consists of the hardware listed below.

e  One MSP-EXP430G2 Launchpad kit (used as a temperature sensor node without wireless
connectivity);

e  Two EZ430-RF2500 kits (used as temperature sensor nodes with wireless connectivity);

e  Two MSP-EXP430FR5739 kits with CC2500 evaluation module kit (used as sensor nodes with
wireless connectivity and non-volatile FRAM memory);

e  One Linear Technology DC2080A energy harvesting multi source demo board including solar
(Panasonic AM-5412) and TEG (CUI INC CP85438) energy sources, as well as an input for our
self-developed RF-EH source;

e  One self-developed RF-EH board (900 MHz matching network and five-stage voltage multiplier
architecture);

e  Two Kent Electronics log periodic printed circuit board antennas (850 MHz to 6500 MHz);

e  One SMA 100 A Signal Generator—9 KHz to 6 GHz (used as an RF transmitter);

e  One Jameco PS 613 DC Power Supply;

e  One PRT-13781 solar panel (13.5 cm x 11.2 cm) and 3.3 V voltage regulator;

e  One Hewlett Packard 34401A Multimeter for measuring the current;

e  One Fluke 123 industrial scope meter for observing and measuring the voltages;

e  One TES 1335 light meter for measuring the illuminances.

The schematic of the self-developed RF-EH board is shown in Figure 1; the corresponding
photograph is shown in Figure 2.
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Notes: X1,X2,X3 are not resistors, but elements of the matching network. By default X2 is a 0 ohm resistor.

PCB with a marking HP uses diodes HSMS-2852 and PCB with a marking SKY uses diodes SMS7621-005LF

Figure 1. Schematic diagram of the self-developed RF-EH (five-stage voltage multiplier).

Figure 2. Photograph of the two variants of the self-developed RF-EH circuit based on HP and
SKYWORK manufactured diodes.
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The code running on the MSP-EXP430FR5739 kits is the device-to-device example provided
in the SimpliciTI RF protocol package from Texas Instrument. This package was ported to the
MSP-EXP430RF5739 board by following the guidelines provided in [27]. The code has then been
modified to implement a TC method. For this, “Compute through Power Loss Utility (CTPL)” from
Texas Instrument was used [28]. It contains a set of functions for implementing the strategy, shown

in Figure 3.

Press Reset

Voltage drops Ctpl_enterShutdown ( )

below threshold?

Different Modes

Figure 3. Selected parts of Texas Instrument’s Compute through Power Loss Utility strategy used for
implementing TC. The Ctpl_enterShutdown () function is triggered when the power supply voltage
drops below the threshold. Adapted from [28].

In a first set of experiments, the DC2080A board (with onboard solar panel, onboard TEG, and
external RF energy harvester) was used. Each energy path (corresponding to the various sources)
on the DC2080A board includes a voltage step-up converter and power manager. The three energy
sources were first evaluated individually by configuring jumpers on the DC2080A board and then in a
simple hybrid mode by means of OR-ring diodes. Several experiments were run with and without
the small onboard capacitors (12 x 100 uF, configured via a jumper). These small onboard capacitors
are not considered as ‘real” energy storage (which would be implemented by e.g., supercapacitors
or batteries). In a second set of experiments, the PRT-13781 solar panel and 3.3 V voltage regulator
were used.

For the experiments with the MSP-EXP430FR5739 kits, a reference voltage (coming from the EH
source through a voltage divider) is fed to the microcontroller pin 1.5, as can been seen in Figure 4.
The proper operation of the CTPL utility has been verified by defining CTPL_BENCHMARK in
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the compiler and assembler predefined symbols, which enables toggling a pin to indicate that the
CTPL function has been triggered (pin 4.0 in our case); this toggling pattern is shown in Figure 5.
A photograph of the experimental setup is shown in Figure 6.

Oscilloscope
(Voltage)
Channel A, B

Multimeter

(Current)

PS 613 DC \ Voltage
Power Divider Radio Link
Supply - C2500EM 3.0

MSP430FR5739

DC2080A

(EH kit)
33V

PRT-13781 Voltage Vee

Regulator
Solar Panel 33V

Figure 4. Block diagram of the experimental setup used to test TC with the FRAM-based microcontroller
and radio link. It is possible to switch between a regulated DC power supply, energy harvesting kit
(with onboard solar and TEG sources and external RF source), and the external solar panel. When the
reference voltage on P1.5 lowers down to the value set in software, the ctpl_enterShutdown () software
function is triggered; this can be verified on P4.0.

Figure 5. Illustration of the toggling pattern. The threshold value is set in software to 2.5 V; thus,
when the voltage drops below (here captured at 2.388 V), the state and data of the microcontroller
is saved. This is followed by the toggling pattern that indicates the end of the CTPL function (the
ctpl_enterShutdown () function continues to toggle the pin while waiting for the device to enter a BOR).
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Figure 6. Photograph of the experimental setup. Here, the external solar panel is used to power the
FRAM-based microcontroller. The regulated DC power supply and multi-source EH kit can be seen in
the background.

3. Experimental Results

3.1. Powering the Nodes with RF-EH

We have first characterized the DC output voltage of the self-developed RF-EH (by means of
the Kent Electronics log periodic printed circuit board antennas and SMA 100 A Signal Generator)
and compared the measurements with the analytical models (described in Section 2.1.3). As shown in
Figure 7, both simulated and measured output DC voltages peak at 900 MHz (the matching frequency)
and, to a lesser degree, at 1.8 GHz. As can also be observed, although their orders of magnitude are
similar, the simulated and measured curves do not fit perfectly. This can be explained by the fact that
the selected analytical model is not sufficiently realistic since it does not take the conversion efficiency
into account; in future work a model, such as the one proposed in [16], could be used instead.

4
35| Analytical Model at 14dBm i
Analytical Model at 16.8dBm
Analytical Model at 18dBm
2T Measured at 14dBm i
Measured at 16.8dBm
s 25F Measured at 18dBm 1
8
T
>° 15}
1 L
051
U 1 1
0.8 1 12 14 16 18 2 22 24 26
Frequency (Hz) x10°

Figure 7. Analytical model and measured output voltages for the RF-EH (five-stage voltage multiplier)
at 5 cm, without a load.
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We have then used the RF-EH circuit to power the MSP-EXP430G2 kit (configured as a wired
temperature sensor). Figures 8 and 9 show the output DC voltage for frequencies ranging from
900 MHz up to 2.6 GHz for five different RF levels (10, 12, 14, 16.8, and 18 dBm) with 2 cm and 5 cm
distances between the transmitting (TX) and receiving (RX) antennas, respectively. As expected, the
maximum output voltage is achieved at the matching frequency (900 MHz). It can also be seen that
there is another smaller peak at 1.85 MHz for all input levels. The experimental results (first row in
Table 1) show that the energy provided by the self-developed RF-EH board is sufficient to power the
MSP-EXP430G2 kit configured as a wired temperature sensor with a distance of 5 cm and 18 dBm.

S 10dbm i
—— 12dbm
4t 14dbm .
——— 16.8dbm
351 18dbm 1

[ =5 ]
T
1

Dc Waltage (V)
%]
o
1

21 a1

15F -
1l 4

051 A
%.8 ‘II i 1.I4 _1?—_?___-}___ 2.I2 2.I4 26

Frequency (Hz) x10°

Figure 8. DC voltage at the fifth stage of the self-developed RF-EH board when powering the
MSP-EXP430G2 kit. The distance between the TX and RX antennas is 2 cm.

2.5 T T T T T T T T
— 10dbm
— 12dbm
2+ — 14dbm 7
— 16.8dbm
— 18dbm
= b .
<
5 it 1
051 \ 8
L\\
0 . — L L
0.8 1 1.2 1.4 1.6 1.8 2 2.2 24 26
Frequency (Hz) x 10

Figure 9. DC voltage at the fifth stage of the self-developed RF-EH board when powering the
MSP-EXP430G2 kit. The distance between the TX and RX antennas is 5 cm.
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Table 1. Measured voltage and current values with different nodes powered by the RF, solar, and TEG
energy harvesters.

Node’s Voltage [V]; Node’s Voltage [V]; Node’s Voltage [V];
EH Technology Current [mA] Current [mA] Current [mA]
MSP-EXP430G2 EZ430-RF2500 MSP-EXP430FR5739+CC2500
RF (900MHz@5 cm, 18 dBm) 1.83; 0.029 0.89;2.21 0.001; 0.0
Solar (Panasonic AM-5412) 3.2,0.24 3.23;0.19 See Table 2 for values
TEG (CUIINC P85438) 3.0;0.25 2.8;0.182 2.35; 0.66

We have then used the RF-EH board to power the nodes that feature wireless connectivity
(EZ430-RF2500 and MSP-EXP430FR5739 kits with CC2500 evaluation module kit). The experimental
results show that the RF-EH board does not provide sufficient energy to operate the nodes featuring
wireless connectivity, even whilst the small onboard capacitors are enabled. This is essentially due to
the peak current that is required when the nodes boot and try to form or join the wireless network,
which makes the voltage drop below the minimum operating voltage of the microcontrollers. However,
the self-developed RF-EH is used for illustration purposes only and could be replaced by a more
efficient one.

3.2. Powering the Nodes with the Onboard Solar Source

This experiment makes use of the onboard solar panel (3 cm X 5 cm) in a well-lighted office
environment; it powers the three different types of nodes, one at a time. The experimental results
(second row in Table 1) show that the solar energy source is able to boot and operate the three types of
nodes (including with wireless connectivity), even whilst the small onboard capacitors are disabled.

Moreover, specific experiments have been conducted with the MSP-EXP430FR5739+CC2500 kits
which were powered by alternative sources instead of those reported in Table 1. The two kits are
programmed as a transmitter and a receiver. The results are presented in Table 2. The sources are
(i) a fixed power supply and (ii) the onboard solar panel. Tests have been conducted both with and
without wireless activity. Due to the low ambient illuminance, extra lamps had to be used to boot the
nodes (measured at 9.98K LUX). As can be seen for the transmitter case, the current increases quite a
lot when the radio in on, leading to a voltage drop. The same does not happen for the receiver.

Table 2. First to fourth rows: measured voltage and current for the MSP-EXP430FR5739+CC2500
used as a transmitter. Fifth to eighth rows: measured voltage and current for the
MSP-EXP430FR5739+CC2500 used as a receiver, both with the fixed power supply and the onboard
solar panel (3 cm x 5 cm).

Source [V] Node Input [V] Node Output [V] Node Input [mA]
Main 3.3 3.33 2.5 2, No Radio
Main 3.3 3.33 2.5 37, With Radio
Solar EH 3.327 3.325 2, No Radio
Solar EH 2.185 2.167 29, With Radio
Main 3.3 33 3.106 2, No Radio
Main 3.3 3.3 3.106 20, With Radio
Solar EH 3.326 3.211 2.11, No Radio
Solar EH 3.324 3.112 20, With Radio

3.3. Powering the Nodes with the PRT-13781 Solar Panel

As seen above, it is difficult to boot the MSP-EXP430FR5739+CC2500 kits with the onboard solar
panel, mostly due to the peak current when booting. Thus, further experiments were also conducted
with the larger PRT-13781 solar panel (13.5 x 11.2 cm); the results for the transmitter and receiver are
presented in Table 3.
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Table 3. First and second rows: measured voltage and current for the MSP-EXP430FR5739+CC2500
used as a transmitter.  Third and fourth rows: measured voltage and current for the
MSP-EXP430FR5739+CC2500 used as a receiver, with the larger solar panel (13.5 cm x 11.2 cm).

. . Case III (Sharp Lamp
Parameters Case I (Outdoor Light) Case II (Indoor Light) Indoor Light)

Light Intensity [LUX] 5.36 K 146 K 9.98 K
Voltage [V] and Current 3.06 3.10 35
[mA] without radio 2.46 2.00 2.16
Voltage [V] and Current 3.0 3.09 35

[mA] with radio 20.0 22.0 22.16
Voltage [V] and Current 3.0 3.10 3.5
[mA] without radio 2.16 2.00 2.16
Voltage [V] and Current 291 3.09 3.5

[mA] with radio 19.98 22.0 22.16

3.4. Powering the Nodes with the TEG Source

In this experiment, the analytical model (described in Section 2.1.2) and the measured output
voltage of the onboard TEG EH are compared. The results shown in Figure 10 indicate that the orders
of magnitude and overall trends are similar but not matching perfectly. This can be explained by the
fact that some of the required parameters are not provided in the datasheet of the TEG module and
had to be estimated.

Power (uVv)

ot Power Analytical Model at 50e3 ohm Load
Power Analytical Model at 83e3 ohm Load
Power Analytical Model at 100e3 ohm Load
05}k Measured Power at 50e3 ohm Load
Measured Power at 82e3 ohm Load
Measured Power at 100e3 ohm Load

_1 1 1 1 1 1 1 1

2 25 3 35 4 45 5 55 6
Valtage (V)

Figure 10. Analytical model and measured power for the TEG-EH source with different loads.

Furthermore, the TEG EH source was used to power the three different nodes, one at a
time. Keeping the palm of the hand on the TEG module gradually increased the temperature and,
consequently, the output voltage, as shown in Figure 11 for the EZ430-RF2500 kit (used as a temperature
sensor node with wireless connectivity). Due to this gradual start, it was necessary to use the small
onboard capacitors to boot the nodes. The experimental results (third row in Table 1) show that whilst
the TEG-EH does not provide as much energy as the onboard solar panel, it is also able to operate all
three types of nodes (one at a time).
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251 R

Moltage DC (W)
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1

0.5F R

1 |
0 20 40 &0 80 100 120
Time (Secs)

Figure 11. Output voltage of the TEG module over time, when heated with the palm of the hand.

4. Concluding Remarks

Our practical experimental results show that EH combined with TC in WSN nodes is feasible.
However, a number of conditions have to be met to makes this possible.

One of them is to implement a mechanism that allows pausing and resuming computations on
the nodes depending on the available power. The results show that for simple applications, such as
the one used in our experiments, a lightweight method like CTPL combined with a FRAM-based
microcontroller is sufficient.

Another condition is to have energy sources that are powerful enough to power the nodes.
The experimental results show that it is possible to boot and operate WSN nodes solely on certain
harvested energy sources (in our case: solar, thermal, or hybrid), but not on others (in our case: RF and
an onboard solar panel in ambient conditions). The experimental results also confirmed that the peak
currents can be problematic, not only for booting the nodes but also for resuming computations after a
power cut. Although adding extra capacitors might alleviate the problem, this would somehow defeat
the whole purpose of operating WSN nodes without energy storage units.

Generally speaking, the experimental results are positive, but also highlight the need for careful
dimensioning of the EH sources and the save/restore method. For those applications that are more
complex or more demanding, it would most likely be needed to use more sophisticated methods, such
as the ones discussed in the introduction; this is a possible topic for future work.

Another topic that needs to be further investigated is the impact that TC has on the application
that runs on the WSN nodes in terms of quality of services (QoS) and quality of experience (QoE),
especially for a large number of nodes. For this, it would be best to begin with simulations to evaluate
metrics, such as delay, latency, throughput, and jitter in a system where the nodes are on and off at
different times. Despite the fact that, in general, such patterns are expected to degrade the QoS and
QoE, it might be possible to apply some of the methods and techniques developed for delay-tolerant
networking and disruption-tolerant networking (although the memory and bandwidth overheads
would have to be minimized significantly).
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