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Abstract: The Internet-of-Things (IoT) paradigm is under constant development and is being enabled
by the latest research work from both industrial and academic communities. Among the many
contributions in such diverse areas as sensor manufacturing, network protocols, and wireless
communications, energy harvesting techniques stand out as a key enabling technology for the
realization of batteryless IoT end-node systems. In this paper, we give an overview of the recent
developments in circuit design for ultra-low power management units (PMUs), focusing mainly in
the architectures and techniques required for energy harvesting from multiple heterogeneous sources.
The paper starts by discussing a general structure for IoT end-nodes and the main characteristics
of PMUs for energy harvesting. Then, an overview is given of different published works for
multisource power harvesting, observing their main advantages and disadvantages and comparing
their performance. Finally, some open areas of research in multisource harvesting are observed and
relevant conclusions are given.
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1. Introduction

Since the appearance of the Internet-of-Things (IoT) idea some years ago, a growing number of
objects are continuously being made “smart” and interconnected through the Internet. New applications
in areas such as manufacturing, healthcare and education are being developed both in academia and
industry [1]. At the current rate of progress, it is expected that the number of deployed wireless sensor
nodes in the world will approximately be 50 billion by the year 2025. However, to reach that vision
there are still many practical problems that must be solved. One of them is how to embed everywhere
that massive number of devices in a sustainable manner [2].

Currently, batteries are commonly used to power-up IoT devices. However, the use of batteries
imposes important limitations to the operation of a system, because they require to be recharged or
replaced after a certain period of time. Depending on the intended application, this can be a very
inconvenient process or even not a feasible option. To overcome those limitations, designers are
recurring to energy harvesting (EH) techniques to prolong the battery life and enable autonomous
operation of IoT end-nodes.

Over recent years, many power management units (PMUs) that harvest energy from single
transducers have appeared. The most common selected sources of energy are light [3,4], thermal
gradients [5], mechanical vibrations [6-8] and radio frequency (RF) signals [9]. However, it has been
observed that due to ambient variations, single harvesting sources can exhibit long periods of energy
shortage, which reduces their overall dependability. As the main goal of a PMU is to provide a constant
supply to its load, even when operating from irregular energy sources; the design of an autonomous
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system that relies on a single harvesting source can be quite challenging [10]. Collecting energy from
multiple sources turns to be a more reliable approach for powering IoT end-nodes. This is specially
the case if complementary/heterogeneous transducers are considered as harvesting devices [11,12].
In this paper, a summary of published techniques for multisource energy harvesting is presented.
The works are grouped according to their common architectures and contrasted in terms of complexity
and performance. They also are presented according to the increasing functionality and complexity
of the topology. To that end, Section 2 describes a general IoT end-node architecture and the main
aspects of PMU design for energy harvesting. Then, Section 3 reviews different circuit topologies for
multisource power harvesting that have been published in the recent years. Finally, Section 4 discusses
some open areas of opportunity in multisource energy harvesting, and relevant conclusions are given.

2. IoT End-Node Architecture and Power Management Units

Figure 1 depicts a common IoT sensor node architecture that is powered by energy harvesting.
The node’s interaction with the environment is provided by sensors, and the transduced signals are
processed and digitized by the front end circuits. Intelligence is normally provided by a microcontroller
unit (uCU) or digital signal processor (DSP), and wireless data transmission occurs through
a transmitter/receiver (RX/TX) block. In a typical IoT node, there is also a power management
unit which is the main focus of this paper. The PMU process the voltage delivered by the energy
storage element (which can be a battery or supercapacitor) and delivers a regulated power supply to
the rest of the system. It also provides of an interface circuit between the energy transducer and the
storage element, and ensures that maximum transfer of power is achieved [13].

Ambient Energy Power Management Unit (PMU)
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Figure 1. General block diagram of an Internet-of-things end-node.

Figure 2 shows the general architecture of a PMU for EH purposes [14]. The start-up circuit allows
the unit to cold-start from zero stored charge, when a minimum level of input power is available.
This block can be implemented as a passive circuit [10] or with a low-power secondary converter like
a Dickson charge pump [5]. During the start-up process, the undervoltage lockout (UVLO) block
monitors the voltage level at the storage element (Vgr), and when the minimum operating value is
reached, it sends a control signal to the main converter to start its operation. The main converter in the
PMU can have either a switched-capacitor (SC) [3] or switched-inductor [5] implementation. It has
been proved that inductor-based converters can harvest power from very low input voltages [15].
However, in order to show acceptable efficiency at the typical power levels of energy harvesting; they
require to be implemented with a large external discrete component [6]. This increases the final cost
and size of the PMU. On the other hand, SC topologies can be fully integrated [3] and still show similar
performance for the same levels of input/output power.
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Figure 2. Simple architecture of a power management unit for energy harvesting [14].

Table 1 lists a sample of commercial devices that represent the main blocks on the diagram of
Figure 1. The typical quiescent (Ig) and active (IocT) current consumptions are also shown, and their
sum is representative of the energy requirements of an IoT end-node. From Table 1, it is observed that
the minimum instantaneous power consumption of a typical IoT node in standby mode is within the
range of 10’s of microwatts. When actively sensing and transmitting data, the consumption of the
node can then reach up to several 100’s of milliwatts. As a way to reduce the average power (Payrg)
consumed by the IoT system, it is commonly placed under a duty-cycled operation, as depicted in
Figure 3.

Table 1. Quiescent and active current consumption of sample off-the-shelf components for IoT.

Device Type Io IacTV
HDC1080 Digital Humidity Sensor 100 nA 710 nA
LMT70 Analog Temperature Sensor 50 nA 9.2 uA
MSP430F1491  Ultra-low-power mixed-signal nCU 1.6 uA 280 pA (at 1 MHz)
CC3120 Wi-Fi Wireless Network Processor 45 pA 59 mA /229 mA (RX/TX)
XB24-AWI-001 Zigbee RF Module 3uA 31 mA / 45 mA (RX/TX)
ADS1113 2C-compatible 16-bit ADC 500 nA 150 pA
LPV542 Dual CMOS Op Amp 490 nA (per channel) N.A.
LP5907 Low-Ig Linear Regulator 200 nA 250 pA
VST

POT 1L 22 1

Figure 3. Transient waveforms of the voltage at the storage element (Vsr) in the power management
unit (PMU), and the power consumption of an IoT end-node in duty-cycled operation.

In Table 2, the specifications of various commercial transducers for EH are given, showing the
available instantaneous output power that can be generated by those devices under specific conditions.
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It can be observed that the instantaneous power delivered by medium-size harvesters is below 100 mW,
significantly less than what can be consumed by a typical IoT node during active operation. That is why
the operation of the IoT node should be carefully designed such that there is a balance on the energy
required in the active mode, and the energy that is being supplied by the harvesting devices over the
standby period. If designed properly, the storage element at the output of the PMU (see Figure 2)
will not get completely depleted, and its voltage (Vst) can be maintained within the minimum and
maximum values required by the final regulation stage of the PMU.

Table 2. Output power characteristics of typical energy harvesting transducers.

Device Type Size Power Conditions
PPA-1001 Piezo 54mm x 22mm X 046 mm 2.2 mW (RMS) Acceleration—2 g
KXOB22-04X3 Solar 22mm X 7mm X 1.8 mm 20.1 mW Irradiation—100 mW /cm?
TGP-651 Thermal 15 mm x 10 mm x 9.5 mm 2.5mW Hot side temperature—60 °C

Taking Figure 3 as a reference, the minimum value of the storage capacitor (Cst) needed to
constrain the drop in the output voltage (when the system is in active mode) can be calculated using:

Idchrg
VST,max - VST,mirl

CST,min = 'tdchrg (1)
where Ijnyg is the total current consumed by the node in active operation, and f4cnyg is the duration of
this mode. Both Iqchrg and fgcnen are defined by individual specs of the system’s components. Observe
that a constant discharging current is considered in Equation (1), and that this is just an approximation
of actual behavior.

Once the minimum value of storage capacitance is known, the minimum required standby time
(in minutes) to allow Cgt to be charged back again to its maximum voltage can be calculated as:

¢ o CST,min'(VST,max - VST,min) 1 2
chrg,min — Ichrg @ 2)

A simple example illustrates the previous design procedure. Let’s assume a PMU delivers
an output voltage of V, = 3.3 V to an IoT sensor node system. This is a valid supply voltage for all
the components listed in Table 1. If the PMU has an LDO in the regulation block, there is a minimum
voltage that is needed at the storage capacitance. This voltage can be estimated as:

VST,min =Vo+ VDO (3)

where Vg is the dropout voltage in the linear regulator. Assuming the use of a LP5907 regulator (see
Table 1), then Vpo =200 mV for an output current of 250 mA. That gives Vs min = 3.5 V. The maximum
voltage allowed in the storage capacitor would be given by the maximum value that the LP5907
tolerates at its input, that is Vgrmax =5.5 V.

To calculate the minimum storage capacitance required in this example, we must know the
duration of the active period in the sensor node (f4chrg) and the total current that is being drawn
during this time. From Table 1 we observe that the current drawn from the CC3120 Wi-Fi processor is
the dominant value over all other components, so we assume Ijcng ~ 230 mA. If the active time is

10 ms, then:

23 A
CST min = %'0.01 s~ 12 mF 4)

The system requires a minimum time in the standby mode, to allow the storage capacitor to be
charged once again to its maximum value (see Figure 3). For this calculation, we will assume the
energy harvesting system is delivering a constant charging current of 100 pA. This has experimentally
been found to be the approximate value for the charging current delivered by a low power PMU with
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1.75 mW of input power [16], and will be used in our example. According to Equation (2), that makes
tchrg,min A 24 s. This represents a heavily duty-cycled operation with D ~ 0.04%. Also, observe that
the total quiescent current consumption of the IoT node (Ig ~ 7.5 pA per Table 1) was neglected in the
previous calculation, as well as the leakage current in the storage capacitor (estimated below 1 pA [16]).
If we consider these extra current consumptions, the total charging time would have to increase its
value by almost 10%.

Note that the charging time calculation has considered a constant charging current approximation,
and assumes that the necessary ambient conditions for the energy harvesters (see Table 2) are present
during all the charging period. If there is any interruption on those conditions, the required charging
time would have to be extended. This discussion highlights the importance of multisource energy
harvesting for system reliability and performance. Finally, one important design aspect is that the total
power consumption of the PMU circuitry should be negligible when compared to the power delivered
to the load (particularly during standby mode). This imposes design constraints for a PMU to operate
in the regime of a few microwatts or even nanowatts [17-19]. This in itself is also a very challenging
design goal.

3. Overview of Multisource Energy Harvesting Techniques

In this section we provide a review of published works on multiple-input energy harvesting.
The works are categorized according to common features and techniques, and presented in an order of
increasing complexity of the topologies used.

3.1. Simple methods for Multisource Energy Harvesting

3.1.1. Complementary Use of Energy Sources

The simplest method for multisource energy harvesting would be to mainly collect energy from
a primary source, and then use a secondary transducer to only power up auxiliary circuits in the
PMU. For example, the authors in [11] designed a two-input harvesting system for structural health
monitoring of aircrafts. As shown in Figure 4, a thermal generator was used as the main source of
power for the sensor network circuitry, while a piezoelectric transducer was applied to charge a small
capacitor (Cpas), which provided the supply voltage to some bias and reference circuits.

Thermal Generator

| R |
| s |
| AAA— . o+
A . |Active Interface _
| @ ! Circuit Regulation O\/_c,ut
e ! A A
__________ | |
Cp Passive Chias|_ Biasing

Interface Circuit reference

iezoelectric Generator

=

o

Figure 4. Simplified architecture for complementary use of energy harvesting sources [11].

In the approach proposed in [11], the piezoelectric generator allowed for the early biasing of the
active interface circuits at the airplane’s takeoff, when the power generated from the thermoelectric
device is not enough to sustain the operation of the harvesting unit. Cold start-up of the system is then
achieved through a passive interface and the complementary source of energy, eliminating the need of
a battery. Note, however; that the described architecture does not really combine the energy coming
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from both input sources to deliver it to the load. Also, the reported circuit lacked a maximum power
point tracking (MPPT) capability, which is a required feature to ensure maximum harvesting efficiency.

3.1.2. Power ORing

A simple and effective way of harvesting the energy coming from multiple sources is through
a Power ORing architecture, as implemented in [12,20,21]. That is also the internal topology
of the commercial devices LTC3331 from Linear Technology [22], and MB39C811 from Cypress
Semiconductor [23]. As shown in Figure 5, this architecture offers a modular approach, capable
of supporting an arbitrary number of harvesting subsystems connected in parallel through diodes.
Another advantage of this approach is that each subsystem can independently perform MPPT on
its own transducer [12,20], which helps increasing the tracking efficiency for each harvester source.
The use of diodes in the Power ORing topology also ensures a self-synchronized operation, reducing
the complexity of the PMU. If needed, a DC-DC converter can further process and regulate the output
voltage according to the requirements of the load.

Vsc DC-DC Vout

c J conv.
3

Super Load

EH source 1

EH source 2

EH source N ! MPPT Circuit | Cn

Figure 5. Power ORing architecture for multiple input energy harvesting [12,20].

There are several disadvantages associated with the architecture shown on Figure 5. First,
there are some extra power losses caused by the forward voltage drop on the diodes. Also, having
an independent MPPT circuit for each harvester increases significantly the size and cost of the
application, and comes with a significant overhead on its power consumption. This can be solved
by eliminating the individual MPPT blocks, and controlling the DC-DC converter in such a way that
the voltage at the storage capacitor (Vsc) ensures the maximum transfer of power from the parallel
connection of harvesters [21]. However, this comes at the expense of losing tracking efficiency for each
individual transducer, especially for a large number of inputs [14]. Finally, it is important to observe
that, in the system of Figure 5; the energy coming from all the harvesters is not really added-up.
Rather, only the largest input voltage from Vy, V, ... V) is selected and delivered to the output.
This strategy works well for complementary harvesters (like solar and wind transducers), where
usually it is not expected that they will be simultaneously delivering a significant amount of energy.
However, the same scheme would offer a poor performance in scenarios where multiple heterogeneous
harvesters are at the same time delivering different but comparable levels of energy.

3.1.3. Voltage Level Detection

With a more complex control scheme, the diodes in the circuit of Figure 5 can be replaced by
voltage-controlled switches, reducing the power losses associated to these devices. The turning-on
of the switches can be synchronized according to different strategies. For example, in [24] a voltage
level detection strategy is implemented, and the charging of a microbattery is taken from either the
voltage generated from a thermal or a RF harvesting subsystem, depending on which one exhibits
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a higher value. In [25], a better approach is taken: each input is sequentially connected to the output for
a predefined period of time, provided their voltage is higher than a specific threshold. Finally, in [26],
the operation of the control block also follows a voltage level-based criteria, this time associated with
the state-of-charge of the storage battery. When the voltages at the output of the harvesting subsystems
are less than a preset voltage Vmax, they are disconnected from the battery charging circuit till they
charge up their corresponding output capacitors. The precise value of Vnax would depend on the
battery type that is being used. The battery charger is disconnected when the output voltages of the
subsystems decrease below a certain minimum threshold, and then connected back again when any of
the capacitors reach Vax.

The sequential nature of the algorithms proposed in [25,26] implies that there is no simultaneous
harvesting of the energy coming from the multiple inputs, and that there is a potential waste of
available power. Specifically, if a minimum value is being stablished for connecting an input to the
storage element, then this connection may never occur even when such input is delivering a significant
amount of power, but below of the predefined threshold. Given the unpredictable variation of ambient
energy sources, the voltage level detection approach has limited applicability.

3.2. Architectures for Multiple Source Energy Combining

One thing that was generally noted for all the above topologies is that none of them effectively
combines or adds the energy coming from each input. However, in the literature different schemes
have been proposed to perform the combination of energy. These are going to be discussed next.

3.2.1. Energy Combining Through Linear Regulators

As shown in Figure 6, all the energy coming from three different sources (inductive link, piezoelectric
and photovoltaic cells) is added in current form by connecting the output of individual linear
regulators [27]. A single storage device (SSD external capacitor) is used to store the energy and stabilizing
the LDOs. No battery charging mechanism is used in this scheme. The start-up mechanism (not shown in
the Figure) occurs through a Power-on-Reset (POR) circuit: when the output voltage reaches a minimum
value of 0.8-V, all the functional blocks are activated. The proposed architecture also allows to store the
collected charges from each input in more than one output capacitor (MS1 to MS3). This multiple storage
modes (determined by control bits C1, C2 and C3), provides up to three different output voltage rails
with independent regulation.

C1, C2, C3 - Control bits for multiple storage (MS) and
Inductive single storage (SS) modes

link FETSTSTEREGSIS £ & R Sme———
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On-chip circuits .

Figure 6. Simplified scheme of a multiharvested circuit architecture using linear regulators [16].
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As observed, the circuit of Figure 6 is capable of concurrently harvesting energy from multiple
sources and requires of a simple control algorithm. However, the architecture requires of an LDO for
each energy source, which compared with the switched-type of regulators, can be considered less
efficient. Also, stabilization concerns limit the value of output capacitance that can be used, prohibiting
the use of devices in the range of mF. Therefore, the number of practical uses for this kind of approach
is rather limited.

3.2.2. Multiple-Input Boost Converter

Figure 7 shows a four input non-isolated boost converter that can be used for multisource energy
harvesting. This converter can also be seen as a modified Dickson charge pump where each stage is
fused with a boost converter [28]. In this topology, energy is extracted from every input source and
used to charge the capacitor of the following stage. Simple duty-cycle control can be used for output
voltage regulation according to the following equation:

Viit+Viz |, Vio+ Vs

Vo=1"p) D

©)

The converter shown in Figure 7 has some important drawbacks. First of all, it requires of multiple
inductors, making it a bulky and expensive solution. Also, Equation (5) shows an opposite effect of
duty cycle on inputs 1 and 3 when compared with inputs 2 and 4, which means that a boosting ratio
cannot be independently setup for each input source. Lastly, authors in [28] do not show if it is possible
to implement any type of MPPT function on the converter.

Figure 7. Non-isolated multiple input boost converter proposed in [27].

3.2.3. Shared-Inductor DC-DC Converters

In the literature, buck-boost converters are commonly used in energy harvesting to create an
impedance matching scheme for MPPT purposes, as the input impedance of the converter can be
easily tuned via switching frequency control to create the required time-average input resistance.
When multiple inputs are being considered, a single shared inductor scheme can be used on the
buck-boost converter to reduce the number of external components that are needed [29]. Figure 8
depicts a simplified schematic of this type of architecture [18], where 5 interface channels are given to
AC (piezoelectric) input types and 4 to DC (solar or thermal) input types. The complex controller in
this topology must allow all the inputs to have access to the single inductor, while at the same time
ensuring that maximum transfer of power is obtained for each one of them.

In [18], a fractional open circuit voltage (FOCV) method is used for MPPT of the DC inputs. Open
circuit conditions (OCC) are created by disconnecting each harvester from the interface, and then
waiting for the voltage to restore to its open circuit value. Small capacitors are then used to sample and
hold the voltage. In order to reduce the time required for the input voltage to reach the OCC, the input
buffer capacitor (Cpyg) is not directly connected to the harvester, but through an extra pin in the circuit
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(Vcap). Thus, 2 external pins per harvester are needed; as shown in Figure 8. This approach reduces
the required sampling time down to 2-us, and the operation is repeated every 8 energy-extraction
cycles of the boost converter (i.e., every 25 ms). This scheme allows following the variations of the
input voltage, and reducing the wasted energy in the FOCV sampling process when the harvester
is disconnected.

[ Ac Multiple inputs
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_074_ I : VDD
! I
Vpzi —D'—bvnﬂrﬁ : ! Cor
| Gate |I T
, I Driver || =
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o o i
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Voase "1 Logic Arbiter
- nA Bias
— . uvLo
—>| MPPT Circuit [ L S
- Vgass [ % Vsr

Depletion

Figure 8. Buck-boost based energy combiner with shared inductor scheme [18].

To regulate the access to the converter, an arbiter logic circuit was implemented, with preset
priorities fixed for each harvester type. Piezoelectric harvesters were set to the highest priorities as
power can only be extracted when their output voltage reaches its maximum [18]. Other type of
harvesters (solar and TEG) were set to a lower priority, as their output power pattern is almost constant
with time.

In the circuit of Figure 8, MPPT also requires the use of a comparator to control the switching speed
in the boost converter, maintaining the harvester voltage close to the ideal OCC for maximum power
extraction. Fast comparators are then needed to maintain good MPPT tracking accuracy, and they
come with higher power consumption. In [19] this problem is solved by using a shared comparator for
all input sources, and then tuning an oscillator to mimic the output of the comparator. The oscillator
(one for each source) continues the MPPT operation, and the comparator is powered down to save
power. With this strategy, power can be harvested even at the nanowatts level [19].

In [30], a structure similar to the one in Figure 8 is also used for multiple input harvesting.
However, the MPPT algorithm is rather implemented with a time-multiplexing approach, and not
priority-based as in the case of [18]. Rather, a microcontroller is used to monitor the MPPT process;
seeking to maximize the V].i/iNi product, according to the following equation:

Vai | Teik )
P = RI:I; = 8LNg * ViniNi (6)

In Equation (6), Rem is the emulated resistance of the boost converter, T¢y x is the switching period
and L is the inductor’s value. Also, Nj is the number of clock cycles given to the ith-input and N is
the total number of clock cycles. The previous approach is similar to a hill-climbing algorithm [3], but
with a simplified sensing scheme that does not require the measurement of current, as it is replaced by
N;j as a parameter that reflects the average current extracted from the harvester.

The main disadvantage of the shared-inductor architecture is that, as the numbers of input
sources are increased; the operation deviates from a truly concurrent energy harvesting, as all but
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one transducer is left disconnected. This effect can be reduced with a larger input buffer capacitor,
as they store the energy while the harvester is disconnected but, as mentioned before, it impacts the
OC voltage settling time for the MPPT method. This in turn establishes a tradeoff between tracking
accuracy and harvesting efficiency.

3.2.4. Fully Integrated Switched-Capacitor Converter for Concurrent Energy Harvesting

It is well known that switched-capacitor (SC) circuits can be used to add voltages. The basic
concept of a SC-based DC combiner is shown in Figure 9 [31]. The technique consists of converting
a DC input into an AC form, then superimposing it on another DC input. By rectifying the resulting
waveform, a DC output voltage can then be obtained. As shown in Figure 9, this process can be
cascaded in a modular fashion to combine an arbitrary number of inputs.

Switched Capacitor Unit

.....................................

e B
In ................... TCL

Figure 9. Basic concept of a switched capacitor based (i.e., fully integrated) DC power combiner for
energy harvesting.

One implementation of the switched-capacitor unit for the DC combiner is shown in Figure 10 [31].
This circuit is capable of combining two DC sources. In this topology, input In; is converted into AC
form using a differential low-power oscillator (Ip) composed of thyristor-based delay cells. Then, with
the help of drivers I; and I, the pulsed-shaped waveform is coupled to the intermediate nodes (v
and vg) through capacitors C; and Cy. The peak-to-peak voltage of nodes v4 and vg would equal to
Vi1 + Vi which is further rectified by the transistor pair M3-M,. If a large capacitor is connected at the
output node of the circuit, Vou will consist of a DC voltage equivalent to the sum of both inputs.

V,
“Io
Vis + Vi
‘31 Vigt Vi
v&? J— fﬂ:O— QO Vour
In,
I @
: el T
M2 M4
n,
V,+V,
U_| i i2
Vig

V.
o L™ I, c,

Figure 10. Two-input DC switched-capacitor combiner, which is used as a module for the architecture

shown in Figure 9.

In [31], it is shown that an accumulation process of the voltages occurs at the output node of the
circuit in Figure 10. This addition of the input voltages occurs through an accumulation of electric
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charges in the coupling capacitors C; and C The capacitors are first charged to the voltage Vj;
implying the storage of a certain amount of energy. When the voltage at those capacitors is increased
to Vi1 + Vi, the extra charge that has been stored represents an increase in the available energy on the
capacitors, resulting in the addition of energies coming from the two individual sources.

The SC-based energy combiner of Figure 10 has several advantages over their inductor-based
counterparts described in the previous subsection. First, it can be fully integrated, reducing the size and
cost of the implementation. Also, the energy harvesting from multiple sources occurs in a concurrent
way. There is not a multiplexing of inputs, imposed by the necessity of sharing a common resource
as the single-inductor topology. As mentioned before, this multiplexing involves a trade-off between
tracking accuracy and harvesting efficiency that is intensified by a larger number of inputs.

3.2.5. Performance Comparison of Multisource Energy Harvesting Architectures

In many cases it is difficult to compare the performance of different works found in the literature,
especially when diverse technologies were used for each implementation. Most of the works also
use different transducer models, so the value of total output power that is measured and reported
will logically differ. However, in Table 3 a comparison is made on the performance of the various
multisource energy harvesting topologies that were reviewed in this paper. We have rather focused on
topological traits and capabilities, like being able to perform MPPT and battery charging operations.
Peak efficiency can also be compared because it is a normalized quantity that is related to the
architecture’s complexity and serves as a standard figure of merit for PMUs. The input power (when
available) at which the peak efficiency is measured is included as a reference. Another important
figure-of-merit is the quiescent current consumption of each implementation, and it is also included
on the comparison table.

4. Conclusions and Open Areas of Research

The Internet-of-Things “revolution” has been the driving force for many research efforts in
different areas of electronic circuits and computer systems. Energy harvesting techniques has been
extensively investigated as they promise to be a key enabling technology for autonomous IoT
end-nodes. In particular, multisource energy harvesting has demonstrated to be a better option
for system reliability.

Different architectures have been proposed for harvesting energy from multiple inputs, each of
them suitable for a particular application. The simpler schemes such as the complementary use of
harvesters or Power ORing topologies offer reduced system complexity and modularity, making them
acceptable solutions when it is not expected that all the input sources will be delivering a significant
amount of power at the same time. Energy combining has been demonstrated with multiple input
switched-inductor or switched-capacitor converter architectures. As observed, the time-multiplexing
nature of the shared-inductor scheme imposes a tradeoff between tracking accuracy and efficiency.
In contrast, the SC approach described in this paper offers concurrent energy addition with a fully
integrated approach, but its functionality and performance can still be improved. The reported
architecture in [31] lacks an automatic MPPT control and battery charging functionality. The design of
a complete integrated solution based on the SC unit block of Figure 10 (or other similar) is still to be
investigated. A potential limitation inherent to the energy combiner scheme of Figure 9 would be the
limited number of inputs that the system can accommodate, given a maximum Silicon area allocated
to the converter. To increase the total number of inputs without increasing the area consumed by the
integrated capacitors, some type of sharing scheme would have to be proposed. Also, algorithms could
also be implemented for smart energy harvesting, where input sources can be selected depending on
their available power. Intelligent battery-charging functionality, according to the levels of harvested
power, is also an open area of research that has not been well explored. To date, none of these features
have been found in state-of-the-art multisource harvesting architectures.
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Table 3. Comparison of multisource energy harvesting architectures.

12 of 14

No. of Inputs Battery Quiescent
Ref. Topology Inputs Type Technology MPPT Charging Peak 1 Input Power Current
[11] Complemen-tary use 2 1];};(; HV 0.35 pum CMOS No No 82% NA 300 nA
Power PV . 80% (PV
[12] ORing 2 Wind Discrete Yes Yes 85% (wind) NA NA
Power 14 . 85% (PV) 60 mW (PV)
20] ORing 2 PZT Discrete Yes Yes 68% (PZT) 3 mW (PZT) NA
Power PV . o
[21] ORing 2 TEG Discrete Yes No 91% 392 uW 50 uA
Power DC . o -
[22] ORing 2 AC Commercial IC No Yes ~90% ~4 mW 950 nA
Power DC . o
[23] ORing 2 AC Commercial IC No No ~90% NA 1.5 pA
[24] Level detection 2 TIEIJG 0.35 um CMOS No Yes 50% NA 70 A
[25] Level detection 3 DC 0.13 um CMOS No Yes 95% 85 uW 1.3 A
[27] LDO 3 RF%{JIZT 0.13 um CMOS No No 85% 7.3 mW 65 LA
[28] Boost (multiple L) 2 DC Discrete No No NA NA NA
Shared ;[’I;(”l;" 10T uW (TEG)
[18] 9 0.32 um BCD Yes No 89.6% 59 uW (PZT) 431 nA
Inductor RF 55 LW (PV)
PV H
Shared PZT
[19] 3 RF 0.18 um CMOS Yes No 87% 20 uW 18 nA
Inductor
PV
Shared TEG 83% (PV)
[29] Inductor 3 PZT 0.35 um CMOS Yes No 58% (TEG) NA 2.7 uA
PV 79% (PZT)
Shared TEG . 2.5 mW (TEG)
[30] inductor 2 PV Discrete Yes No NA 250 LW (PV) NA
[31] SC 3 DC 0.13 um CMOS Yes (manual) No 58.4% 600 uW NA
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