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Abstract: The Internet of Things (IoT) has found application in many components of implantable
medical devices, wearable smart devices, monitoring systems, etc. The IoT devices are conventionally
battery powered, even though, in several low power applications, they can also be powered using
energy harvesting technology. Independently of the power sources (if batteries or environment),
efficient and robust power converters must be designed to provide the small and distributed energy
required by such IoT devices. This review paper will first provide an overview about the power
consumption in IoT devices; second, it will discuss the most recent research and advance in the field
of fully-integrated or embedded DC/DC converters, starting from high-performance integrated
charge pumps or embedded inductive boost converters for specific harvesting sources (temperature,
solar, and so on), to novel DC/DC converters for multiple energy sources.

Keywords: Internet of Things; sensor networks; power supply; energy harvesting; battery life; power
converters; integrated circuits

1. Introduction

The development of technologies within the Internet of Things (IoT) framework is
realizing the connected world. All the component units of IoT devices are connected
for information and data exchange, thereby forming a larger global network. These “things”
could be components of a complex system used for different purposes, such as smart
agriculture, healthcare, vehicles, satellites, science experiments, etc. In Figure 1, a portrait
of the ubiquitous connected electronics is painted to give a visual idea. This pervasive and
widespread potential usage leads the semiconductor industry to perceive IoT as a very
promising growth area. On the other, IoT applications demand stringent requirements
on the form factor of the resulting electronics and their power consumption. The need
of sensor ubiquity is probably the main issue in IoT. Indeed, in several applications,
although the power supply can be delivered by batteries, frequent recharges of batteries
are not desirable. Moreover, in the case of energy harvesting from the environment,
efficient conversion and management of this energy is mandatory. Furthermore, note that
another important characteristic to allow for sensor ubiquity, is the flexibility, versatility
and adaptability of the DC/DC converters: for example, the capability to convert the power
from multiple energy sources is especially appealing in IoT applications.

To get a practical overview of the energy issues in an IoT system, we can consider
Figure 2. The possible energy sources can be, between the other ones, solar, thermal, vibra-
tion, or wind; a common consideration is that the energy extracted from the environment
is a kind of raw energy which must be converted and stored, in order to be useful in an
electrical system. For example, a thermopile exposed to a few degrees of temperature
difference can provide a good level of current but only a few hundreds of mV of volt-
age [1,2]. Therefore, the second block of the overall system, as depicted in the figure, is
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energy storage, which can be represented by batteries, flexible and paper batteries, ca-
pacitors and supercapacitors [3,4]. Finally, it is worth investigating which are the most
energy-starved subsystems. For example, sensors and analog or digital signal conditioning
can be designed to be low power, but it is important to know the energy required by the
transceiver, the communication protocols (bluetooth, zigbee, bluetooth low energy, etc.)
and the required data rate [5]. These are, of course, application-dependent parameters, and
it is important to have a precise overview of them, before and during the design phase.

Figure 1. IoT is connecting the world.
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Figure 2. The energy in IoT systems.

This paper aims to

• get an overview of the energy issues in an IoT system;
• introduce the most recent and relevant embedded topologies which can be used

for power conversion and management;
• get an overview on the power conversion issues; and
• present possible solutions for IoT nodes powered by the energy harvesting technique,

with a particular focus on the converters exploiting multiple power sources.

This paper has been organized as follows. Section 2 provides an overview about the
power consumption in IoT devices. Section 3 presents the main topologies used for the en-
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ergy harvesting, in particular in the case of the Internet of Things. In Section 4, several
converters for specific harvesting sources (temperature, solar, and so on) are depicted. Sec-
tion 5 presents DC/DC converters for multiple energy sources. Finally, Section 6 concludes
the paper.

2. Power Consumption in IoT Devices

IoT sensors are “set and forget” devices intended for prolonged performance on
small batteries at low voltages and currents. Therefore, knowing the power consumption
of an IoT device is mandatory for the proper choice of the batteries or of the energy
storage elements, but the characterization of the consumption is complicated because all
the elements (sensors, actuators, microprocessors, and transceiver) must be considered
along with their operating conditions. A typical IoT device contains one or more sensors
and actuators, a microprocessor, and a radio chip that can send and receive signals at
some standard operating voltage, such as +3.0 to +3.5 V dc. However, it can also wait
in a standby mode for an activating signal from a user checking on the IoT device with,
for instance, a cellphone. Furthermore, that device may be functioning at +0.5 V dc or less
in a kind of sleep mode to save power, especially for long-duration, remote monitoring
applications where the battery’s power must be maintained. Some remote monitoring
applications, for example, may require that an IoT device remain powered by its battery
for 20 years or more, and achieving extremely low power consumption is critical for these
devices. The power required to operate a wireless node can be grouped into power
need for data acquisition, power need for processing data, and power need for data
communication. Some sensors can acquire data, which are processed by a controller unit
and then transmitted though a wireless channel. Being that this process is continuously
repeated, it is believed that the duty cycle is fundamental in determining the energy
consumption because the shorter the duty cycle (achievable through reducing the active
time or prolonging the idle periods), the lower the average energy usage. In any case,
among all the IoT components, one of the most consuming is the transceiver, and its
power consumption is also dependent on the communication technology: Wi-Fi, Long
Range (LoRA), Narrow Band IoT (NB-IoT), LTE-M (Long Term Evolution-Machine), Sigfox,
Weightless, Bluetooth, ZigBee, Bluetooth Low Energy (BLE), and so on. Many works
indeed focus on the power optimization of the communication side. For example, in [6] the
power consumed by an IoT sensor node is evaluated from a different point of view and the
consumption is divided into four terms:

PDEV = PNET + PACQ + PPRC + PSYS (1)

for data communication, or networking PNET ; for data sensing or acquisition PACQ; for data
handling or processing, PPRC; and for system management task PSYS. PNET is influenced
by the energy to send a radio message and by the time between consecutive message. PACQ
can be split into two terms: the first one is related to the regular acquisition of data from
the sensor, and the second one comes from the event triggered acquisition. PPRC depends
on the algorithm complexity, while PSYS is intended for the management of the tasks
in the system, such as implementation of a real-time OS or waking the system at periodic
wake-ups. In [7], instead, a detailed comparison between the different communication
technologies for IoT devices is discussed: the comparison is in terms of range, data rate,
battery life, security, and installation cost. For the sake of clarity, the main parameters
of the comparison are listed in Table 1.

Finally, in [8], the impact of the IoT wireless node communicating with the cloud is
evaluated, showing that the cloud energy consumption is much less than the IoT part, as
schematically drawn in Figure 3.
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Table 1. Communication technologies for IoT devices.

Technology Range Data Rate Battery Life Security Installation Cost

LoRA ≤50 km 0.3–38.4 kbps 8–10 years High Low
NB-IoT ≤50 km ≤100 kbps 1–2 years High Low
LTE-M ≤200 km 0.2–1 Mbps 7–8 years High Moderate
Sigfox ≤50 km 100 bps 7–8 years High Moderate

Weightless <5 km 100 kbps Very Long High Low
Bluetooth ≤50 m 1 Mbps Few Months High Low

Zigbee ≤100 m 250 kbps 5–10 years Low Low
Satellite >1500 km 100 kbps Very Low High Costly

IoT

Networking
Clouding

Figure 3. Power consumption of IoT nodes.

As a final consideration, many IoT devices are virtually systems in themselves, capable
of measuring current and power at low voltages with high accuracy.

3. Circuital Architectures of the Main Converters’ Topologies Used in IoT

Modern sensor networks, processors, I/O circuits, and memories are mainly based on
low-voltage/ultra-low-voltage circuit techniques. However, the need for higher internal
voltages in most systems on chip, that are based on these low voltage techniques, demand
the need for an efficient DC/DC conversion system. To generate larger voltages than the
supply voltage that is available, boost DC/DC converter circuits are normally used, espe-
cially during non-volatile memories programming, or in low-voltage switched-capacitor
systems, and so on. The conversion can be made by basically two classical topologies, as
shown in Figure 4: charge pumps and step-up inductive converters.

DC/DC conversion in ICs is mainly achieved using charge pumps, most often based
on the Dickson architecture [9]. The maximum output voltage of these charge pumps is
approximately (N+1).(Vdd-VT), where N represents the number of stages, Vdd represents
the supply voltage, and VT represents the threshold voltage of the diode-connected MOS
transistors. The main limitations of these converters is their inefficiency in transferring
charge; therefore, several studies try to improve the voltage gain in every stage and to
investigate the energy consumption [10–15]. Regarding the classical Dickson charge pump
(shown in Figure 4), the main novelty of the recent architectures lies in the use of pass
transistors (switches) instead of diode-connected MOS, and/or in more complex timing
schemes, as in [10,15,16], or in more expensive technologies like the Silicon On Insulator,
which presents several advantages for low-voltage applications [17]. In Figure 5, the charge
pump presented in [16] is shown, as an example of the effort to improve the switched
capacitor circuits: it is based on the well-known Favrat architecture [18] and it is basically
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a cascade of simple two-phase voltage doubler. The charge transfer devices are composed
of both pmos and nmos transistors: the latter ones are in triple-well to avoid breakdown.
Another feature of the charge pump presented in [18] is that the voltage drop across
each transistors is never higher than Vdd. This allows for using, instead of high-voltage
transistors, the standard ones, which are highly preferable because of the reduced voltage
threshold and parasitic capacitances.

Energy harvesting source

Converter

Load

C

LBasically 2 main topologies

Figure 4. The main classical converter topologies.

Figure 5. The switched capacitor converter presented in [16].

It is worth adding that the charge pump circuit is a particular type of switched capacitor
converter (SCC) that can boost the input voltage. SCCs indeed can perform a wide range
of conversion: they can indeed operate in step-up or boost, step-down or buck, and buck-
boost way. The charge pumps are a particular type of SCC boost circuit. Several topologies
of SCC can be found in the literature: the Ladder, the Cockcroft–Walton voltage multiplier,
the Fibonacci, and the Series–Parallel converter. Their respective schematics are shown
in Figure 6.
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Figure 6. Different topologies of switched capacitor converters: (a) the Ladder, (b) the Cockcroft–
Walton voltage multiplier, (c) the Fibonacci, and (d) the Series–Parallel converter.

A comprehensive analysis and comparison between these topologies can be found
in the literature [19,20]. Topologies using SCCs have been adopted in low-power electronic
applications, especially in systems with limited physical dimensions and involving high
energy density. Their characteristics allow monolithic integration, minimized levels of elec-
tromagnetic interference (EMI), as well as reduced weight and volume. Unfortunately,
despite the aforementioned advantages, the circuits based on only capacitors as energy
buffer components cannot boost extremely low input voltages. Indeed, the output voltage
can be maximized by increasing the number of steps of the charge pump, but this will
degrade the power conversion efficiency and increase the circuit size. Regarding the expo-
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nential converters (where the ratio of conversion is exponentially related to the number
of capacitors), such as the Fibonacci, they exhibit poor performance. Furthermore, as the
switches and capacitors used in their implementations support different voltage drops and
most of the switches are not ground-referenced, it is difficult or near-impossible to achieve
practical implementation. Moreover, these circuits may present low efficiency. This aspect
is particularly influenced by the intrinsic characteristics of the switches and capacitors used
in the circuit, and the number of components must also be carefully considered. The reg-
ulation of the load voltage is another challenge because, in certain operation conditions,
the duty cycle does not have a linear relationship with the output voltage, which implies
an increase in the complexity of the control systems. Contrarily, DC/DC converters based
on inductive components are widely used in power electronics and recently they were
integrated in CMOS standard process as well. The fully integrated inductive converter
suffer from the limitation of low power efficiency because of the poor quality of the inte-
grated inductor. In this kind of design, indeed, a realistic lumped model of the integrated
inductor [21] is required. The inductor model should to be simple and must be based on
linear passive components whose parameters are not dependent on the frequency; it should
be able to account for current leakage of the substrate over a wide range of frequencies.
The model must also be easily implementable in circuit simulators such as, for example,
SPICE. Note that a reliable integrated inductor is area-limited, and therefore it can be only
of tens of nH, at maximum. Therefore, the fully integrated inductive converters must be
driven by fast clock signals, lossless devices, and large currents to achieve a large output
voltage [22]. In [23], two step-up converters are cascade connected to reach a nominal value
of 1.2 V starting from less than 200 mV, but it is worth noting that the inductors are external
components of a few µH.

Another ultra-low-voltage step-up converter is proposed in [24]. Its design is aimed
to operate with a minimum input voltage as low as 250 mV (this is the voltage range
of most new sources of micro energy). A PCB prototype is realized and measured, showing
a regulated maximum output voltage of 3.3 V. The architecture of the converter is made
up of four major components: a differential oscillator, an intermediate DC-DC boost stage
(IBS), a final boost stage, and a feedback control stage. The overall concept schematic is
shown in Figure 7.

Figure 7. The inductive converter presented in [24].

Other topologies can be found in the literature [25–27]: they can efficiently boost very
low input voltages, thanks to the use of a few external components (inductors, mechanical
switches, or pre-charged capacitors).

The performance of DC/DC converters utilized in low-voltage systems can be im-
proved by focusing on new designs that are based on both capacitive and inductive effects.
Several architectures can be found in recent literature. For example, in [28], a hybrid
converter is presented based on two main blocks: the first one is an inductive step-up
which can boost a very low input voltage, driving the capacitors of the second stage which
is a charge pump. The first stage is partially integrated: the inductors are indeed external



Energies 2021, 14, 5419 8 of 22

components; the second stage is instead fully integrated. For the sake of clarity, a concept
schematic of this architecture is shown in Figure 8.

Figure 8. The hybrid converter presented in [28].

Many other hybrid topologies can be found in the literature: for example, a study
presents a Dickson charge pump fully integrated DC/DC converter for use in low-voltage
applications. The performance of this converter is improved in both power efficiency, rise
time, voltage output ripple, and maximum output voltage thanks to the reliance of the sys-
tems to small integrated inductors [29]. Another study in [30] presents an autonomous
self-starting ultra-low-voltage DC-DC converter that begins operations at 9 mV, and its
circuit is based on JFETs used in a zero-voltage switching push–pull Royer oscillator (a re-
laxation oscillator based on a center-tapped transformer), to operate at low voltages. This
topology of oscillator is simple, has a low number of components, an easy transformer
isolation, and at the same time it ensures reduced weight and size of the transformer.
The output of the classic Royer circuit is a square wave, that can be made harmonic
by adding a resonant capacitor. Thanks to the symmetrical use of the transformer and the
soft switching of the transistors, it can reach high voltage gain, high frequency, and high
efficiency. In [31], a partially integrated DC/DC converter for ultra-low-voltage energy
harvesting is presented, based on a hybrid capacitive and inductive system. It is composed
of a transformer, a JFET switch, and an integrated CMOS charge pump. This architecture
theoretically allows for converting extremely low-voltage inputs, which are the case, for ex-
ample, of thermal energy harvesting: it can start at 6 mV without additional voltage supply
nor pre-charged capacitors and at 30 mV of voltage supply it can provide 2.5 V output,
delivering 250 µA to the load. It is worth adding that the transformer and the JFET switch
are external components.

This converter is shown in Figure 9 for the sake of clarity. The charge pump acts
as a rectifier, and it is improved by using the schematic on the right side of the figure.
The study in [32] presents an autonomous system enabling thermal energy harvesting and
power storage in the microwatt range. The architecture of the microsystem is made up
of two sources of power: RF and thermoelectric; it also has a microbattery used as a stor-
age unit and an IC for the transformation and management of the harvested energy and
for interfacing with the microbattery. The thermogenerator in association with the DC/DC
converter is used to charge the microbattery; it can also be charged using the external RF
power that was converted by the RF converter. The output power of the thermal microgen-
erator is 411 W/cm2 per ◦C, with a series resistance of a 90 Ω; it also generates 1V over
a temperature gap of 60 ◦C. As shown in Figure 10, the micropower up-converter is used
for the conversion of the power generated by the thermogenerator into a well-regulated
power supply. The converter is based on a boost inductive converter, supplied by the
1 V thermogenerator and driven by an innovative pulse density modulator bootstrapped
by means of a low-voltage, high-performance charge pump. It is partially integrated in a
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0.35 µm CMOS technology and it can provide an output voltage of 1.75–4.3 V starting from
a minimum 1V input voltage. The regulated voltage is 2.5 V and the maximum efficiency
of the boost converter only is about 55%.

Starter

Rectifier

Improved Rectifier

Figure 9. The hybrid converter presented in [31].

Figure 10. The hybrid converter presented in [32].

Another hybrid converter with lower startup voltage is presented in [33] and shown
in Figure 11. To minimize the startup voltage, a capacitor pass-on scheme for the startup
mechanism is proposed. The COUT is charged during start-up by the on-chip 20-stage
Dickson charge pump that is driven by an on-chip CMOS oscillator. The latter is powered
by a supply voltage of 95 mV, and it generates a 330 kHz clock signal. The output current
during the startup is limited while the output capacitor is available for charging to a high
voltage. When COUT is charged to the preset voltage, it is passed on with its charge inside
to be the boost converter and supplies the control circuit. To turn on the power transistors
MN and MP by using the control circuit, COUT should be charged to higher than their
threshold voltage. The VT of the power transistors in this design is approximately 400 mV.
Therefore, the preset voltage is designed to 460 mV to make sure the clock amplitude
is enough to turn on the power transistors. By using the proposed scheme, the startup
voltage can be reduced to 95 mV. The test chip of this hybrid converter has been fabricated
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using 65 nm standard CMOS technology. An off-chip inductor of 6.8 µH and an off-chip
capacitor of 10 nF are required by the circuit. The startup circuit is completely on-chip
and the startup mechanism requires no extra devices. Measurement results show that the
converter can deliver an output voltage of 0.9 V and an output current of ~1 mA. No data
about the power efficiency are provided in manuscript [33].

Figure 11. The hybrid converter presented in [33].

Although several other hybrid architectures can be found in the recent literature
with specific conversion requirements (conversion ratio, efficiency, output current, output
voltage, and so on), a special discussion must be devoted to the switched tank converters
(STC) [34]. STCs aim to overcome the limits of the switched capacitor converters (SCCs).
Among the critical limitations of SCCs, the charge redistribution is a well-known and in-
vestigated loss mechanism: the closing of a low-impedance switch between two capacitors
causes a mismatch in the voltage between the capacitors, leading to charge redistribution
and current inrush. Academics and researchers have proposed different derivative archi-
tectures to solve the problem of charge redistribution loss in the conventional SCCs. Most
of these architectures are based on the introduction of some inductive elements into the
SCCs to ensure that the charging and discharging process of the SCC flying capacitors are
lossless. STCs are developed as a new and high-performing type of converters, based on
capacitive and inductive elements, that can ensure easy control, scalability, and robustness
against component nonidealities; they also ensure soft switching, complete soft charging,
and minimal device voltage stresses in all operating conditions. STCs are composed of pri-
mary cells, or building blocks, having two major different structures, as shown in Figure 12.
Practically, the energy in a STC is transferred between LC tanks or a dc filtering capacitor
during switching instead of being switched and transferred between flying capacitors as
in the conventional SCCs. This characteristic explains the topology name STCs.
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Figure 12. The buiding blocks of the STC presented in [34]: (a) structure with a clamping capacitor
and (b) structure with a LC-resonant tank.

4. Converters’ Topologies for Specific Harvesting Sources in IoT

The possible sources for energizing an IoT node can be, between the other ones, solar,
thermal, vibration, or wind. Several projects of converters designed for these specific
sources can be found in the literature. Indeed, the converters must present particular
characteristics, like minimum starting input voltage level, input impedance, voltage ratio,
and so on, depending on the specific energy harvesting source.

4.1. Converters for Energy from Thermoelectric Generator

As a first example, the energy scavenged from a thermoelectric generator (TEG)
can be considered. In IoT applications, the TEG source is conceived to count on body-to-
surrounding temperature difference (∆T), and therefore a small ∆T is expected. A converter
suitable for boosting TEG output voltage should be able to self-start and continue its
energy harvesting at low TEG output voltage [35]. The study in [35] proposes the addition
of a self-start assist circuit to the traditional self-start structure. The power converter
is also equipped with maximum power point tracking (MPPT) feature for maximum
power extraction from the TEG, and for providing a regulated output voltage. Figure 13
shows the schematic of the power converter that is made up of a self-start blocK, a main
converter, an output stage, and two voltage detectors for VDDSS and VDDO, respectively.
To achieve low start-up voltage without any additional components, a self-start circuit is
used in the proposed system. The outputs of the self-start block, as shown in Figure 14,
are a high-voltage HVSS and a high-voltage swing clock CLKSS. Both CLKSS and HVSS
are used for the triggering of the main converter. The main converter continues power
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extraction from TEG after self-starting and keeps charging the capacitor CO to increase the
VDDO output. The main converter output stage is regulated by the output stage to a stable
output at different loads, and also for clamping the VDDO for self-protection.

Figure 13. The hybrid converter presented in [35].

Figure 14. The self start-up block of the converter presented in [35].
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Another work can be found in the literature [36,37] for converting the energy provided
by a flexible thermoelectric generator (TEG). The system proposed in [36,37] is based on
two integrated charge-pumps, fabricated in CMOS 130 nm technology. Figure 15 shows
a schematic of the entire circuit system, with its two charge pumps: a low-power charge
pump LP-CP operating in open loop, and another standard charge pump CP. Once VDD
goes beyond VDDmin, an oscillator starts working to drive LP-CP for generating V1V of about
1 V, which is regulated by a clamp circuit CLAMP. A bandgap reference BGR and some
detectors are supplied by V1V . The output voltage Vre f of the BGR is compared to the TEG
output VDD: if VDD is enough, a first enabling signal is generated. The other enabling
signals are addressed to the standard charge-pump CP, which generates VPP, and to the
ICs, which can work only when VPP is sufficiently high.

Figure 15. The double charge pump system presented in [36,37].

4.2. Converters for Energy from Solar Generator

The photovoltaic (PV) cell is mainly used recently due to its better efficiency and
availability. PV cells have output voltage in the region from 0.45 to 0.7 V based on the envi-
ronmental factors. Solar cells can serve as the input source, but, because they provide low
voltage, they require boosting by a DC-DC converter. The study in [38] presents the design
of an energy harvesting system (EHS) for boosting and regulating solar input voltage.
It is simulated using the technology library of a CMOS 90 nm process. The components
of the EHS include a non-overlapping clock generator with level shifter, a digital supply
control oscillator, a DC-DC converter, an auxiliary charge pump, a current sensor, and
a finite state machine (FSM) controller with maximum power point tracker (MPPT) module.
For the sake of clarity, a schematic is shown in Figure 16.
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Figure 16. The concept schematic of the EHS presented in [38].

The charge pump boosts the voltage while the frequency tuning and capacitor value
modulation ensure impedance matching between the converter and the solar cell. MPP is
achieved using a hill-climbing technique; the EHS design is self-sustainable, with an out-
put range of 3–3.55 V, and an input of 1–1.5 V. Another interesting work can be found
in the recent literature dealing with the harvesting of indoor light [39]. Microwatts of power
is generated by compact size PV cells under indoor lighting conditions, and this is not
enough to power the mW RF power amplifier in IoT applications. On the other hand,
in some applications (health and environment sensing, for example) the devices work
in power-hungry active mode only for short periods (<1%) while staying in sleep mode
for prolonged periods (>99%). Therefore, the microwatts of power, harvested from the
indoor light, can be successfully used to energize the power-hungry RF amplifiers for a
short period. In this case, an ad hoc converter must be designed. The work presented
in [39] is focused on this kind of application: it employs a redistributable two-stage charge
pump along with a storage capacitor. The role of the first stage is to track the MPP of the PV
cell and to store the extracted energy in the storage capacitor, while the second stage
regulates the voltage and boosts it to 1.5 V output. The size of the on-chip flying capac-
itors (CFLY) and the output voltage ripple are significantly reduced by partitioning the
2-stage CP into 16 sub-modules and by employing a multiphase interleaving technique.
Fourteen submodules operate during the sleep mode to store the PV energy in the storage
capacitor with MPPT, while the remaining submodules participate in state recycling to
ensure a regulated output voltage of 1.5 V for the loading circuit. In active mode, all 16
submodules operate in the recycling state to convert VSTO to VOUT through the pulse-skip
modulation technique (PSM). The concept schematic of the capacitive power converter,
fabricated in 180 nm CMOS process, is shown in Figure 17.
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Figure 17. The concept schematic of the converter for indoor light presented in [39].

In [40], an optically-powered wireless tag, integrating a charge pump (CP) and a low-
power RF transmitter for batteryless Internet-of-Things (IoT) applications, is presented. It
is based on a CMOS charge pump with hysteresis regulation mechanism (HRM) which can
power the transmitter circuit using indoor light energy.

An interesting comparison of the converter topologies (LDO, capacitive-based, and
inductive converters) used for solar energy harvesting is discussed in [41]. Here, the com-
parison parameters are listed in Table 2, for the sake of completeness: the comparison
highlights, between the others, terms like integrability and cost, which are very important
in IoT applications.

Table 2. Comparison of DC/DC converter for solar energy harvesting.

Characteristics LDO Inductor-Based Capacitor-Based

Type of converter Vin ≥ Vout Vin ≥ or ≤ Vout Vin ≥ or ≤ Vout
Efficiency middle very high high

Load capacity middle high middle
Ripple very small small middle-large

EMI emission very low high low
Integrability very easy difficult easy
Complexity low middle-high middle-high

Cost low middle low-middle

4.3. Converters for Energy from RF Generator

Numerous RF signals abound in space due to the increasing use of wireless devices
in various applications, such as TV or radio broadcasting, mobile phones, etc. Therefore,
the available RF energy can be harvested and used to power IoT devices.

Wireless power transfer (WPT) can be achieved in two major ways as seen in Figure 18:
near-field (non-radiative) technique and far-field (radiative) technique. Power transfer
in the near-field technique is achieved using inductive coupling coils via magnetic fields.
In this technique, the level of power transmission is in the range of µW to kW, and could
be used for applications like smart watches, charging of mobile phones, medical implants,
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and electric vehicles. However, the transmission distance of this technique is small, as the
efficiency of power transfer diminishes with distance between the coils. Far-field WPT,
on the other hand, is achieved through the EMW radiated by the antenna over a longer
distance. Therefore, far-field WPT is the only technique that is suitable for IoT applications.

Far-field

Near-field

Figure 18. Wireless Power Transfer (WPT).

The component of a typical system for RF energy harvesting is made up of an antenna
for the reception of ambient waves, an impedance matching network, power management
units for the storage of the rectified energy, and an RF-to-DC converter. The ambient RF
waves are converted by the antenna into electrical current. The mismatch between the
impedance of the rectifier and the antenna, as well as the need for efficient power transfer
to the rectifier, makes having a proper impedance matching network at the interface of both
stages mandatory. The incoming RF power is then converted into dc power to supply
the subsequent electronic circuitry. During the design of a RF energy harvesting systems,
an important step is the selection of the suitable frequency band as this stage is reliant
on the level of available power on the ambient for the potential application. The selected
frequency band will have effect on the antenna size and on the impedance matching net-
work. Therefore, the rectifier circuit must be optimized to the desired frequency band that
the harvester system will operate upon. Thus, the rectifier circuit remains a major obstacle
in determining the general performance of new RF harvester systems. Most rectifier cir-
cuits are based on Dickson charge pump model but there are reports of numerous on-chip
rectifier circuits built in CMOS process [10,11,42,43]. For instance, the study in [43] presents
a reconfigurable 2.45 GHz RF-DC converter that is fabricated in a 180 nm CMOS technology;
the circuit system has been developed for efficient harvesting of electromagnetic energy.
The components of the circuit include a low-power path rectifier, an adaptive path control
(APC) circuit, and a high-power path rectifier. The components of the APC circuit include
a comparator, an inverter, and two switches: it senses the output voltages of the high-power
path and low-power path rectifiers for the generation of a control signal for auto-switching
of the circuit between low and high power path operation based on the RF input power
level. The circuit achieves more than 20% measured power conversion efficiency (PCE)
from −6 dBm to 11 dBm input power range with maximum efficiencies of 41 and 45%,
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respectively, at 1 and 6 dBm input powers, for 5 kΩ load resistance. The overall schematic
is shown in Figure 19 for the sake of clarity.

Figure 19. The RF-DC converter proposed in [43].

A power management circuit is presented in [44] for RF energy harvesters; the system
is designed for possible integration in wireless sensor nodes. Efficient power transfer from
a generic RF rectifier into a charge reservoir is achieved using a DC-DC boost converter,
while a linear regulator is used to scale the voltage supply to the appropriate level for a
sensing and conversion circuit. The power management system is implemented in a 65 nm
CMOS technology, and it is found to achieve an overall efficiency of 20%, with the DC-DC
converter having an input available power of 4.5 µW. The study in [45] discusses numerous
designs and their trade-offs; it also analyzes the available RF energy harvesters. This work
could guide future researchers on the trending areas in the field of RF energy harvesting.

4.4. Converters for Energy from Vibration and Wind Generators

Mechanical energy conversion from ambient vibrations into electrical energy is mostly
efficient due to the ever-presence of vibrations and their higher power density. Vibrations
with up to 1–50 Hz frequency range are mostly available in the environment, thereby mak-
ing a low-frequency vibration energy harvester (VEH) attractive in the contest of wireless
sensor nodes (WSNs). As shown in Figure 20, VEH is usually converted into an electri-
cal energy using either electrostatic, electromagnetic (EM) transduction, or piezoelectric
mechanisms. Many studies have been focused on the enhancement of the vibration energy
harvesting process using these mentioned techniques [46].

Figure 20. Different principles to convert mechanical energy into electricity [46].
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VEH based on the piezoelectric effect is widely attractive due to the availability of well-
performing piezoelectric materials and their potential higher power densities. EM VEHs
have received much attention due to their high output voltage and large current [47].
Optimization of the harvesting mechanism also plays a significant role in improving the
efficiency of the entire system. Due to the low voltage obtained from vibration, a power
booster must be used, and numerous boost schemes have been suggested for VEH, but
the major issue is the need for discrete capacitors, diodes, and inductors due to the low-
frequency operation of VEH. Despite the attractiveness of these systems for IoT applications,
their full integration for low-voltage output VEH is not an easy task. Therefore, in this
paper, the work presented in [48] is mentioned: the power generated by VEH is rectified
by a full-bridge rectifier (FBR), composed of a cross-coupled CMOS bridge circuit; the
generated clock frequency ( fCLK) is increased by a ring oscillator (ROSC) and drives
a charge pump (CP). Figure 21 shows the overall circuit fabricated in a 65 nm 1.0 V CMOS
technology without requiring any external components.

Figure 21. The fully integrated AC-DC converter presented in [48].

It is worth adding now that another kind of mechanical energy which can be converted
into electricity is wind energy; it is also suitable and available, but not yet fully exploited
at small scale, for powering low-power electronic systems such as Internet of Things
(IoT) systems. The study in [49] interestingly introduces a three-phase mini wind energy
harvester that incorporates a single stage AC/DC converter for improved efficiency and
energy transfer.

5. DC/DC Converters for Multiple Energy Sources

In this section, an overview of the recent architectures and techniques focusing in en-
ergy harvesting from multiple heterogeneous sources is provided [50–55]. Energy har-
vesting from multiple sources is a more robust method for powering Internet of Things
(IoT) nodes and similar wireless systems compared to harvesting from a single source.
Renewable energy sources are, indeed, intermittent and fluctuating, but still inexhaustible
and clean; if more than one energy source is combined, then intermittent supply from
the renewable sources can be converted to continuous supply. Therefore, the multi-input
(MI) DC–DC converter is a solution to overcome this problem. DC sources can be con-
nected in series to implement an MI DC/DC converter; however, if one of the sources
is discharged, it is difficult to obtain a regulated output voltage. DC sources can also be
connected in parallel by means of a coupled transformer; the limitation of these topologies
is that only one power source can transfer energy to the load at a time to prevent power
coupling effects and the transformer must be suitably large to accommodate all windings.
To overcome these difficulties, in [50], a simple MI non-isolated boost converter is proposed.
It exploits a hybrid boost and switched-capacitor technique to provide a high-voltage gain
and reduced switch stress. The topology and the behavior of the converter are similar to the
traditional single input boost converter: this allows for an easy control strategy. A relevant
feature of the circuit is that the output voltage is the same of twin/multiple boost converters
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with the output circuits connected in series [51], but the switches are connected in parallel
to the ground and no transformer is required. It significantly simplifies the gate voltage
biasing and eventually digital control. In Figure 22, the dual-input schematic of the MI
converter is shown, for the sake of clarity.

Figure 22. The MI DC-DC converter presented in [50], in the case of dual-input.

Another interesting work is discussed in [52]. It aims to design a two-stage MI energy
harvesting DC adder combiner. The converter utilizes the DC outputs from PV, TEG, and
rectified RF sources. Bypass transmission gates are added to each stage to simplify the
management of the different availabilities of the three inputs. The core of the circuit is
based on cross-coupled DC combiner stages which are based on a modified and improved
version of the cross-coupled charge pump [16,18], with the adding of a first level gate
control ensuring a proper off state at dead time periods, during the transitions of the clock
from low to high or high to low. The paper provides the results of the design simulation
and chip layout; SYNOPSYS Custom Designer simulation and layout tool implemented
in TSMC 65 nm CMOS Process Technology are used. In Figure 23, the concept schematic
of the MI DC adder combiner is shown.

Figure 23. The concept adder combiner presented in [52].

A dual-input dual-output DC–DC converter (DIDC) topology is introduced in [54];
the proposed system can operate in single- and dual-input modes, as well as in dual-
output mode using two energy sources. The system is developed using a single inductor,
and fewer switches and other passive components, and it achieves low power losses
and high level of reliability as an energy harvester. The DIDC converter operates in two
phases. The operation in the first phase is with two inputs as the load is supplied by both
photovoltaic (VPV) and battery (Vb). In this mode, the battery is discharging. The second
phase involves the converter operation with two outputs and VPV supplies the load and
charges the battery. The schematic of the DIDC converter is shown in Figure 24.
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Figure 24. The DIDC topology presented in [54].

Last, the study in [55] describes the process of computer aided design (CAD) tool
optimization for reconfigurable capacitive DC-DC converters with numerous inputs of dif-
ferent power levels. For each converter configuration, the theoretical maximum efficiency
and the associated input power condition are estimated by this tool.

6. Conclusions

The emergence of IoT has driven the connection of numerous objects to the Internet,
paving the way for the development of numerous smart and interconnected objects. How-
ever, numerous practical problems are yet to be addressed and a major one among them is
the power supply. Therefore, several topologies of power converters and power manage-
ment techniques have been considered and discussed in this paper, summarizing the main
characteristics. The first topic to be discussed was the power consumption of the particular
IoT node, and the second topic included the presentation of several general, classical,
and recent DC/DC architectures. The designer has a wide range of possible converter
topologies (SCCs, Inductive, Hybrid, or STCs). They can select the best one by consid-
ering the area, the efficiency, and so on. For example, SCCs are preferable for area and
integrability, but switched inductors are better for the easy control of the output voltage.
Finally, a section has been dedicated to the converters devised for special cases of energy
harvesting. Indeed, the energy extracted from the environment is a kind of raw energy,
which must be converted and stored to be useful in an electrical system, and therefore
the choice of the converter will be oriented toward topologies operating with the smallest
input voltage level, or toward modular and multiple input sources converters, which are
preferable to better exploit energy from the environment.
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