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a b s t r a c t
More than a decade of research in the ﬁeld of thermal, motion, vibration and electromagnetic radiation
energy harvesting has yielded increasing power output and smaller embodiments. Power management
circuits for rectiﬁcation and DC–DC conversion are becoming able to efﬁciently convert the power from
these energy harvesters. This paper summarizes recent energy harvesting results and their power management circuits.
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1. Introduction
The low power consumption of silicon-based electronics has enabled a broad variety of battery-powered handheld, wearable and
even implantable devices. A range of wireless devices spanning
six orders of magnitude power consumption are shown in Table
1, with their typical autonomy.
All these devices need a compact, low-cost and lightweight energy source, which enables the desired portability and energy
autonomy. Today batteries represent the dominant energy source
for the devices in Table 1 and alike. In spite of the fact that energy
density of batteries has increased by a factor of 3 over the past
15 years, in many cases their presence has a large impact, or even
dominate, size and operational cost. For this reason alternative
solutions to batteries are the subjects of worldwide extended
investigations. One possibility is to replace them with energy storage systems featuring larger energy density, e.g., miniaturized fuel
cells [1]. A second possibility consists in providing the energy necessary to the device in a wireless mode; this solution, already used
for RFID tag, can be extended to more power hungry devices, but it
requires dedicated transmission infrastructures. A third possibility
is harvesting energy from the ambient by using for example, vibration/motion energy, thermal energy, light or RF radiation. Table 2
summarizes the output power that could be obtained from environmental sources when using optimized devices built with the
currently available transducer technology. For each type of sources,
* Corresponding author.
E-mail address: Ruud.Vullers@imec-nl.nl (R.J.M. Vullers).
0038-1101/$ - see front matter Ó 2009 Elsevier Ltd. All rights reserved.
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different ambient situation are considered. They correspond to various level of available power, and hence of generated electrical
power. We notice that outdoor-light outperforms all other energy
sources, but indoor-light is fairly comparable to thermal and vibration energy. We also notice that while industrial environments
seem to have energy to spare, around the body energy is far more
limited.
Table 2 suggests that energy harvesters can be used effectively
in the 10 lW to 1 mW range, which is typical of wireless sensor
nodes. A sensor node is a device made of (i) a sensor which will
capture the required physical or chemical parameters, (ii) of an
ADC and signal processor module which will be used for transforming the measurements into useful (digital) information, and
(iii) of a radio module which will allow communication with external portable devices.
The power consumption of a sensor node has been estimated
by various authors, recent works [2,3] quote values between 1
and 20 lW. Consumption strongly depends on the complexity
of the sensed quantity and on the number of times per second
it has to be transmitted. Practical implementation of a sensor
node show that 90 lW is enough to power a pulse oxymeter
sensor, to process data and to transmit them at intervals of
15 s [4]. The value of 100 lW reported in Table 1 is therefore
representative of relatively complex nodes, for systems operating
at relative high data-rate.
Wireless sensor networks are made of large numbers of small,
low-cost sensor nodes working in collaboration to collect data
and transmit them to a base station via a wireless network. They
are ﬁnding growing application in body area networks and health
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Table 1
Selected battery-operated systems.
Device type

Smartphone
MP3 player
Hearing aid
Wireless sensor node
Cardiac pacemaker
Quartz watch

Power consumption

Energy autonomy

1W
50 mW
1 mW
100 lW
50 lW
5 lW

5h
15 h
5 days
Lifetime
7 years
5 years

Table 2
Characteristics of various energy sources available in the ambient and harvested
power.
Source
Ambient light
Indoor
Outdoor
Vibration/motion
Human
Industrial
Thermal energy
Human
Industrial
RF
Cell phone

Source power

Harvested power

0.1 mW/cm2
100 mW/cm2

10 lW/cm2
10 mW/cm2

0.5 m @ 1 Hz 1 m/s2 @ 50 Hz
1 m @ 5 Hz 10 m/s2 @ 1 kHz

4 lW/cm2
100 lW/cm2

20 mW/cm2
100 mW/cm2

30 lW/cm2
1–10 mW/cm2

0.3 lW/cm2

0.1 lW/cm2

monitoring of machine, industrial and civil structures. These networks are intended in many cases to operate for a period of years.
Because of the large numbers of devices and of their small size,
changing the battery is unpractical or simply not feasible. Increasing the size of the battery to ensure energy autonomy during the
lifetime of the system would increase system size and cost beyond
what is tolerable. The combination of an energy harvester with a
small-sized rechargeable battery (or with another energy storage
system like a thin-ﬁlm rechargeable battery or a super capacitor)
is the best approach to enable energy autonomy of the network
over the entire lifetime.
In Fig. 1a comparison is made for several energy storage systems. A volume of 1 cm3 is assumed. If the power consumption
of the sensor node is approximately 100 lW, the lifetime of a primary battery is only a few months. The combination of a rechargeable battery and an energy harvester with a power generation of
100 lW is shown for comparison. In such case the harvester ensures power for the whole lifetime.

Fig. 2. A typical scenario for the power consumption of a sensor node. Since the
consumption does not equally match the harvester output, an energy buffer and
power management IC in between is necessary.

Table 3
Characteristics of batteries and supercapacitors.
Battery

Operating voltage (V)
Energy density (W h/l)
Speciﬁc energy (W h/kg)
Self-discharge rate (%/month) at 20 °C
Cycle life (cycles)
Temperature range (°C)
a

Supercapacitor

Li-ion

Thin ﬁlma

3–3.70
435
211
0.1–1
2000
20/50

3.70
<50
<1
0.1–1
>1000
20/+70

1.25
6
1.5
100
>10,000
40/+65

Data calculated including the packaging.

Abolishing the energy storage system altogether is not an option in most cases. In practice, a wireless sensor node needs a wireless transceiver. The peak currents needed during transmit and
receive operation go beyond what is achievable using the harvester
alone (see Fig. 2). Furthermore, buffering is also needed to ensure
continuous operation during times without power generation.
Depending on the application, the energy storage system can be
a battery or a supercapacitor.
Most promising batteries are based on Li-ion-polymer and were
ﬁrst developed in 1997. Recently thin ﬁlm and microelectronics
integration technology has been utilized to fabricate thin ﬁlm batteries. Unlike conventional batteries, thin ﬁlm batteries can be
integrated directly in Integrated Circuit (IC) packages in any shape
or size, and when fabricated on thin plastics, some are ﬂexible. One
important drawback of this technology is higher impedance values
when compared to Li-ion. As a result, the discharge efﬁciency [5,6]

Fig. 1. Comparison of lifetime versus power consumption for several energy storage systems (1 cm3), including one with an energy harvester.
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of this battery will be lower when compared to that of a Li-ion battery with liquid electrolyte material.
Supercapacitors bridge the gap between batteries and conventional capacitors. This technology is especially suited for
applications where a large amount of power is often needed for
fractions of a second to several minutes.
The main characteristics of the batteries and supercapacitors
are illustrated in Table 3. The characteristics calculated for the batteries and supercapacitors are based on measurements carried out
with in-house equipment and the best-known storage systems. It
follows from Table 3 that battery and supercapacitors differ
strongly on the main parameters. Therefore, the choice between
the two systems for use as a buffer really depends on the requirements of the envisioned sensor node application.
In the following sections we will focus on emerging methods for
power generation through energy harvesting and on power
management.

z represent the motion of the mass, dg the damping due to the transfer of mechanical energy to the electrical load, d the one due to parasitic effects, e.g. presence of air, friction of sliding surfaces and
similar, k the spring constant of the suspension, m the moving mass
and y the amplitude of the frame movement in z direction (see
Fig. 3).
The power dissipated in the damper dg is a pronounced function
of frequency. If the input is sinusoidal the maximum power is obtained when the input frequency is equal to the resonance frequency of the system and is given by [11]

2. Energy harvesting approaches

Pres ¼

2.1. Harvesting energy from motion and vibration

where f = d/2mx and fg = dg/2mx are non-dimensional damping
factors and Y is the amplitude of the input vibration. It can be seen
that the maximum power is obtained when generator and parasitic
damping are equal. Also it is clear that the lowest possible damping
should be used in order to maximize power. This strategy is limited
by the fact that when damping decreases the oscillation amplitude
also increases, but it cannot go beyond the physical dimensions of
the system.
It has been shown [8] that if zmax is the maximum possible displacement, the corresponding power is obtained for a well deﬁned
value of the damping and is given by (2)

For converting motion or vibration, the established transduction mechanisms are electrostatic, piezoelectric or electromagnetic. In electrostatic transducers, the distance or overlap of two
electrodes of a polarized capacitor changes due to the movement
or to the vibration of one movable electrode. This motion causes
a voltage change across the capacitor and results in a current ﬂow
in an external circuit. In piezoelectric transducers, vibrations or
movement cause the deformation of a piezoelectric capacitor
thereby generating a voltage. In electromagnetic transducers, the
relative motion of a magnetic mass with respect to a coil causes
a change in the magnetic ﬂux. This generates an AC voltage across
the coil.
If the energy source is a slow, long-stroke movement, it may be
possible to anchor one of the two parts of the transducer to a ﬁxed
reference and the other to the source of movement [7]. In most
cases however, this is not possible and the principle of inertia
has to be used: the transducer is inserted in a frame, one part of
it is ﬁxed to the frame itself, and the other can move. The frame
is attached to the moving or vibrating object and relative motion
of the parts of the transducer is controlled by the law of inertia.
This approach is the most widely used for harvesting energy from
vibrations [8]; in most cases the system is made resonant by means
of suspending the moveable part to a spring. It can also be used for
motion energy harvesters [9,10] in which case no spring is used
and a non-resonant system is the result.
Resonant vibration harvesters are by far the most widely investigated in the literature. Fine-machined versions are the earliest
emerging commercial devices while micromachined versions on
the other hand are far less mature. Their power levels need to be

Fig. 3. Schematic overview of a vibration harvester (from [11]).

raised, reliability needs to be achieved, and cost-effective production has to be established.
In a ﬁrst and rather crude approximation, resonant harvesters
can be treated as a velocity damped mass spring system, described
by the following differential equation:

€
m€z þ ðd þ dg Þz_ þ kz ¼ my

ð1Þ

_ 2
mxres fg jYj
4ðf þ fg Þ2

3

Pres ¼ 4p3 mf res Yzmax

ð2Þ

where fres is the resonance frequency. Harvester performances are
frequently benchmarked against this value of the power [3].
It is also shown that the same maximum power can be obtained
from non-resonant systems having the same physical characteristics [11]. In principle this optimum power can be achieved with
any type of transducer [12]. Depending on the transducer type, it
is delivered at different voltages. With typically available vibrations, the output voltage tends to be too low in the case of electromagnetic transducers and too high for electrostatic transducers.
These conclusions are derived from the approximated analysis given in [11], thus being not universally valid, they indicate the general behavior of the vibration harvester. More accurate analysis can
be found in the literature [13,19]. It is not possible in this short review to mention and describe all the devices reported in literature;
we will limit ourselves to some relevant results.
Let consider micromachined harvesters. From a process perspective, the electrostatic and piezoelectric harvesters are easy
to fabricate and devices with lateral sizes between 1 and 10 mm
have been reported in literature. Most electromagnetic harvesters

Fig. 4. Example electrostatic energy harvesters from [15,16].
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Fig. 5. Example piezoelectric energy harvesters from [18,23].

ever, due to their size and fabrication method, these are expensive
systems, used for niche applications (e.g. army, remote plants).
Application in mass-market systems will only be achieved when
micromachined devices become available.
2.2. Harvesting energy from temperature differences

Fig. 6. Example electromagnetic energy harvesters from [22,10].

on the other hand have been fabricated using a combination of
micromachining and mechanical tooling techniques (macroscopic
fabrication) because the creation of coils with sufﬁcient windings
is not compatible with planar microfabrication. As a consequence
the electromagnetic energy harvesting devices are large and therefore also generate more power. Representative devices are shown
in Figs. 4–6, for electrostatic, piezoelectric and electromagnetic energy harvesters, respectively, and results can be found in [13–23].
Electrostatic harvesters evolved from the initially reported
12 nW for a 2 mm3 device [13], to 2.4 lW for a 3 cm2 device [15]
and more recently 12 lW for a 1 cm2 device [16]. Piezoelectric harvesters achieved 3 lW [17], 40 lW [19] measured on a PZT based
harvester and 2 lW [18], and 60 lW [23] on an AlN based
harvester. A comparison is not obvious as the sizes, resonance frequencies and vibration conditions are different. A completely
micromachined electromagnetic energy harvester has been presented in [14], but it generated only 150 nW when excited by an
acceleration of 0.4 g at 8 kHz. Macroscopic electromagnetic harvesters have achieved 17.8 lW at 60 Hz (size 150 mm3) [24],
37 lW at 322 Hz (0.84 cm3) [25] and 830 lW at 85 Hz
(7.30 cm3), 2.5 mW at 102 Hz [26].
Currently there are large vibration harvesters on the market,
typically 100–200 cm3, delivering tens of mW’s of power at around
50–120 Hz (e.g. Perpetuum [21] and Ferro solutions [27]). How-

Thermal energy harvesters are based on the Seebeck effect:
when two junctions, made of two dissimilar conductors, are kept
at a different temperature an open circuit voltage develops between them.
Fig. 7, left shows the schematics of a thermocouple, the simplest
voltage generator based on the Seebeck effect. We distinguish two
pillars, or legs, made of two different materials and a metallic
interconnect. When a temperature difference DT is established between the bottom and the top of the pillars a voltage V develops
between the points A and B. This voltage is given by

V ¼ a1 DT  a2 DT
where a1 and a2 are material dependent quantities, known as Seebeck coefﬁcients. Typically semiconductors are used as pillars, as
their Seebeck coefﬁcient is large. Furthermore the sign of the Seebeck coefﬁcient is opposite for p-type and n-type semiconductors,
so that the contribution of the two pillars to the voltage adds up
if semiconductors of opposite doping are used.
The core element of a thermal energy harvester is the thermopile, i.e. a device formed by a large number of thermocouples
placed between a hot and a cold plate and connected thermally
in parallel and electrically in series (see Fig. 7, right). Besides the
thermopile the generator may include (i) a radiator for efﬁcient
dissipation of heat in the ambient and (ii) speciﬁc structures (thermal shunts [28]) aimed to direct the heat passing between the hot
and cold plate into the thermocouple legs.
The thermopile and the additional elements described above
are inserted in a simple thermal circuit, schematically shown in
Fig. 8. As an illustrative example of the components in Fig. 8, we
consider a generator placed on the human body. Then the temper-

Tcold
Metal
interconnect
Material 2

B
Material 1

Thot

A

Load
Fig. 7. Schematics of a thermocouple (left) and of a thermopile (right).

688

R.J.M. Vullers et al. / Solid-State Electronics 53 (2009) 684–693

Rel ¼ n

2qh
a2

The output power on a matched load, calculated as V2/4Rel, will then
be

P¼

1 a2 W 2u Ah
64 qg te g air

where Wu is the heat ﬂow per unit area. The power is proportional
to the factor Z, deﬁned as

a2
qg te

Fig. 8. Thermal circuit of the source, the sink and the TEG. W is the heat ﬂow and R
the thermal resistance.

Z¼

ature of the source would be the core temperature of the body, i.e.
37 °C, the one of the sink the temperature of the air. The thermal
resistance of the source would be the one of the body and the thermal resistance of the sink represents the limiting factors in the heat
exchange between the thermopile and the air. In order to optimize
the thermoelectric generator it is necessary to properly design the
thermopiles and the other constitutive parts described above. As
for the thermopile appropriate dimensions and number of the legs
have to be determined. In the optimization process the resistance
of the thermopiles varies, and action can be taken to modify also
those of the sink and the source. It is anyhow interesting to proceed to the optimization assuming that the heat ﬂow through
the thermopile is constant. This approximation, almost valid if
the thermal resistance of the sink and the source are very large, allows to perform simple calculations and to have some insight in
the problem. A complete treatment of the optimization strategy
can be found in [29].
If a certain amount of heat W ﬂows through the thermopile, a
temperature difference DT = W/G develops. G is the total thermal
conductance (=1/R), i.e. the one of the pillars plus the one of the
air between the plates. It can be shown that the air and pillars thermal conductivities have to be equal in order to maximize power. As
a consequence, at maximum power condition, the temperature difference can be expressed as DT = W/2Gair. Gair is the thermal conductance of the air between the plates and is given by

which depends on the properties of thermoelectric materials. Z is
referred to as the ﬁgure of merit. More often the dimensionless
quantity ZT is reported. We also notice two important points: (i)
the power is directly proportional to the distance between the
plates, which must be maximized in the design of a thermopile
for power generation; (ii) the output voltage depends on the ratio
h/a2. It is desirable to have an output voltage of the order of 1 V
in order to avoid voltage up-conversion, which complicates circuitry and consumes power. Therefore, high and thin pillars should
be preferred in the design. The aspect ratio h/a is in practice limited
by technology. The increase of h to optimize power then has, as a
consequence, the decrease of h/a2, hence of the voltage. So there
is not much space for simultaneous optimization of power and
voltage.
The most widely used material for the fabrication of thermoelectric generators operating at room temperature is Bi2Te3, which
exhibits a ZT of about 0.9. Poly-SiGe (ZT = 0.12) has also been used,
especially for micromachined thermopiles [30,31]. Research on
nanostructured materials and superlattices is ongoing worldwide
in order to optimize thermoelectric properties. Such new materials
might replace Bi2Te3 in the future.
Apart from improving the material properties, a large effort is
ongoing towards thermopile miniaturization through micromachining. In the following we describe the most relevant results reported in the literature.
The ﬁrst applications of thermoelectric power generation for
portable devices are found in the watch industry. In 1978 Bulova
proposed a watch powered by a tiny thermoelectric generator
[32]. About 10 years later Seiko presented a similar watch. In a
thermoelectric generator, ten thermopiles fabricated by EDM of
sintered BiTe [33] were used. An output voltage of about 300 mV
was generated when the watch was worn. This voltage was upconverted to 1.5 V in order to power electronics.
Ni–Cu thermopiles on waved polyimide tape placed in between
two graphite plates are described in [34,35]. A thermopile occupying several square centimeters was tested on human body. An output voltage of less than 1 mV (on the matched load) and an output
power of half nanowatt have been measured.
Stark et al. [36] have also developed thermopiles on ﬂexible
foils. In their design, the ﬁlm of Bi2Te3 was deposited on Kapton.
This planar design has the advantage that the height can be large
(a few mm) and the width can be small (a few tens of micrometers), thus realizing a large aspect ratio. Drawbacks of this design
are the parasitic thermal resistance due to Kapton and the difﬁculty of mechanically connecting the hot and cold junctions to
the respective plates. The device is now commercialized by the
company ThermoLife. A button type generator having a surface
of about 3 cm2 and a height of about 3 mm generates 120 lW at
2.9 V under a temperature difference of 5 K.
Thermopiles based on the deposition by sputtering of Bi2Te3
and subsequent dry-etch have been fabricated at Fraunhofer Institute für Physikalische Messtechnik Freiburg, in cooperation with

Gair ¼ g air

A
h

where gair is the thermal conductivity of the air, A is the plate area
and h is the plate distance. To be precise, the area of the pillars
should be subtracted from that of the plate to compute the thermal
conductance of the air. As a matter of fact the thermal conductivity
of the thermoelectric material is much larger than the one of the air,
and then the pillars area is much smaller than the that of the plate.
Note that as the pillar area has been neglected, DT does not depend
neither on the parameters of thermoelectric materials nor on the
number of thermocouples. For a given lateral dimension a and
height h of the pillars, the number of thermocouples n (each composed of two pillars) necessary for satisfying the maximum power
condition is given by the equality

Gair ¼ 2ng te

a2
h

or n ¼

Gair h
2a2 g te

where gte is the thermal conductivity of thermoelectric materials,
assumed for simplicity equal for the two types of pillars. The output
voltage will then be

DV ¼ naDT
The electrical resistance Rel of the thermopile is proportional to the
resistivity q of thermoelectric materials (which is again assumed for
simplicity equal for the two types of pillars) and to the number of
thermocouples, hence
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Inﬁneon [37]. Thermopile legs have a typical lateral dimension of
30–40 lm and a height of 10–20 lm. The company Micropelt commercializes thermoelectric generators based on this technology.
Micropelt thermoelectric generators, having dimensions of
2.5  3.5 mm2, generate 1 mW at 0.5 V at a temperature difference
of 10 K (simulated data [38]).
Thermopiles based on advanced materials, superlattices of BiTe/
SbTe, have been fabricated and are commercialized by Nextreme. A
device having a foot print of 1.6 mm  3.2 mm generates 90 mW at
a temperature difference of 70 K[39]. At a temperature difference
of 5 K the same device would generate 450 lW.
Thermopiles based on thin ﬁlm SiGe or Si deposited by LPCVD
have been presented in [31,40]. In both cases the footprint of each
thermocouple is very small and the number of thermocouples is
very large.
In Ref. [31], the thermoelectric generator was fabricated on a
CMOS wafer. At a temperature difference of 5 K a power of 1 lW
was generated at a voltage of 10 V. Quantities are scaled to a
1 cm2 device. Bi and Sb, both deposited by sputtering, are used in
[41] to fabricate a thermoelectric generator delivering 4 lW/cm2
and a voltage of 1 V per 60 K of temperature difference.
Electroplating in a resist mold has also been used [42] to fabricate pillars of (Bi,Sb)2 (Te,Se)3 alloys. Pillars are 60 lm in diameter
and 20 lm in height. A thermoelectric generator based on these
pillars produced 35 lW cm2 at 2 mV when placed under a 75 W
lamp. The temperature difference across the junction, estimated
from the measured Seebeck coefﬁcient, was 1.25 K.
The thermopiles described above are all characterized by applying a ﬁxed temperature difference. As a matter of fact this procedure does not allow determining their suitability for use in
thermoelectric generators. The reason can be understood by analyzing Fig. 8. It is clear that in real applications the temperature
drop on the thermoelectric generator depends not only on the total
available temperature difference, but also on the thermal resistance of the heat source and of the heat sink. Two thermopiles generating the same voltage and power for a given temperature
difference, but having different thermal resistances, will not generate the same power in the condition depicted by Fig. 8. Effective
temperature drop will be larger for the thermopile with larger
thermal resistance, which will then perform better. This example
suggests that in the design of a thermoelectric generator care has
to be taken of matching the thermal resistance of the thermopile
and of the source [28,29].
Literature and information on speciﬁc design of thermoelectric
generator based on micromachined thermopile is scarce. On the
Micropelt website [43] tests on their thermoelectric generators
are reported. One end of the generator is held on a hot plate (with
very low thermal resistance) and the other one is in air. Effective
thermal resistance of air is decreased by using a kind of ﬁn radia-
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tor. Generated power is different if the air moves in natural convection or in forced convection. Forced convection changes the
effective thermal resistance of the cold sink, thus changing the efﬁciency of power generation.
An example of thermopile optimization for energy harvesting
on human body is given in [40,44]. In order to counteract the effect
of the large thermal resistance of the heat source micromachined
thermopiles are grown on a rim, which has the purpose of increasing the thermopile thermal insulation. The design also allows almost independent optimization of output power and voltage. In
Fig. 9a schematic and the realized prototype are shown.
2.3. Photovoltaic harvesting
Photovoltaic cells convert incoming photons into electricity.
Outdoor they are an obvious energy source for self-powered systems. Efﬁciencies range from 5% to 30%, depending on the material used. Indoor the illumination levels are much lower (10–
100 lW/cm2) and photovoltaic cells generate a surface power
density similar or slightly larger than that of the harvesters described above. As photovoltaic technology is well developed and
many reviews have been published (e.g. [45]) it will not be discussed here. Indoor use requires a ﬁne-tuning of the cell design
to the different spectral composition of the light and the lower
level of illumination [46].
2.4. RF energy harvesting
Ambient RF energy is also a possible source for energy harvesting. With ambient RF energy we mean RF energy available through
public telecommunication services (e.g. GSM, WLAN frequencies).
When harvesting energy in the GSM or WLAN band, one has
to deal with very low power density levels. For distances ranging
from 25 to 100 m from a GSM base station, power density levels
ranging from 0.1 to 1.0 mW/m2 may be expected for single frequencies [47]. For the total GSM downlink frequency bands
these levels may be elevated by a factor between one and three,
depending on the trafﬁc density. First measurements in a WLAN
environment indicate power density levels that are at least one
order of magnitude lower [48]. Therefore, neither GSM nor
WLAN are likely to produce enough ambient RF energy for wirelessly powering miniature sensors, unless a large area is used for
harvesting.
Alternatively, the total antenna surface can be minimized if one
uses a dedicated RF source, which can be positioned close (a few
meters) to the sensor node, thereby limiting the transmission
power to levels accepted by international regulations.
A commercial system is on the market, produced by the company Powercast. This system is aimed to replace individual bat-

Fig. 9. Example thermoelectric energy harvesters from [44]. Left, schematic, right prototype.
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tery chargers by a universal chip, which charges the internal battery of a device using the received RF energy. The frequency is
906 MHz and the power is 2–3 W. In ideal conditions (no reﬂections, aligned polarization) 15 mW of power is received at 30 cm
distance.
However, the received power decreases very rapidly with distance. Furthermore, 3 W as transmission power is not allowed in
Europe (maximum is around 100 mW). There is room for improvement, though, in transmission (e.g. beam steering), receiving (improved antenna design) and the conversion efﬁciency. As
example, at a transmission power of 100 mW, values of 1.5 mW
at 20 cm [49] and 200 lW at 2 m [50] have been reported.

3. Micropower management
3.1. General concepts
The output of an energy harvester is not directly suited as
power supply for circuits because of variations in its power and
voltage over time, and a power management circuit is required.
This power management unit should be able to handle very low
feeding power and be able to adapt its input to the energy harvester and its output to the load. It should also be self-starting,
which is not trivial. If the power generated is of the order of milliWatts, an efﬁcient power management system is easy to construct,
however, the task becomes non-trivial in the 100 lW range. Harvesters can be categorized in two groups. Thermoelectric generators and PV cells generate a variable DC-output voltage. They
require a DC–DC-converter with a variable conversion factor and
a controller to provide the battery or the electronics with the correct bias. Vibration and RF energy harvesters on the other hand
produce an AC-output voltage. These harvesters require ﬁrst a rectifying AC–DC-converter stage.
Furthermore, each energy harvester has an operation point
where the extracted electrical energy has a maximum. This maximum power point depends on the individual properties of the energy harvester. Maximum power is achieved by adapting the input
impedance to the maximum power point of the harvester. A controller is required to achieve this. When the harvester generates
less energy than the energy used by the controller and the converters, the power management system has to shut down and ensure
that it does not discharge the output. When there is again sufﬁcient
power available, the power management system has to start up
again autonomously. Finally, a battery management circuit can
be needed to ensure safe operating conditions when a battery is
charged at the output.
The ﬁgure of merit of a DC–DC-converter is its efﬁciency, which
is the fraction of the input power that is available at the output.
DC–DC-converters can be boost converters or charge pumps. Boost
converters have a high efﬁciency and a ﬂexible conversion factor.
Most DC–DC-converters use an external inductor for a high efﬁciency. Boost converters with integrated inductors have a lower
efﬁciency because large value inductors cannot be realized monolithically. An alternative solution is the use of charge pumps [51]
with switched capacitors. This allows obtaining efﬁcient DC–DCconversion for very low power in a small volume.
Different conﬁgurations for DC–DC-conversion with switching
capacitors exist, for example the voltage doubler, the Dickson
charge pump [52], the ring converter and the Fibonacci type converter. The conversion factor of a charge pump is less ﬂexible than
the one of a boost converter with inductors. Furthermore, charging
and discharging of the switching capacitors results in a circuit that
cannot be totally lossless, even when using ideal components. A
Dickson charge pump with n stages where the clock amplitude
equals Vin is studied in [53].

Fig. 10. Picture of the Fraunhofer thermoelectric generator featuring a low voltage
start-up circuit for [55].

Fig. 11. Schematic power management circuit capable of handling RF energy and
thermal energy [41].

3.2. Power managements methods
3.2.1. Thermal power management circuits
This section summarizes selected discrete and integrated power
management circuits reported in literature.
The earliest autonomous systems fabricated at IMEC were powered by thermoelectric generators and featured discrete components. The system consisted of two stages. The ﬁrst stage, the
charging circuit, is an ideal diode that has no voltage drop and consists of a MOS-switch with a comparator across it. This ‘diode’ is
followed by a boost converter with a high efﬁciency. The control
circuit consumes 16 lW, and the circuit is designed to work with
a 100 lW at the input [4].
As some thermal harvesters generate very low voltages, associated power management focused on low-voltage startup. The circuit reported in [54], can start working from an input voltage of
0.13 V and is designed to transfer approximately 2 mW. The control power is as high as 0.4 mW, but in view of the milliWatts generated by the harvester, this is acceptable. Fig. 10 shows a picture
of this system.
A power management circuit for two sources of power was presented by [41] and is shown schematically in Fig. 11 It is able to
convert thermally harvested power and RF power. For thermal
power management, an integrated boost converter with an external inductor was used. The circuit consumes 70 lW and can transfer approximately 1 mW.
In 2008, a power management circuit for very low power
application was demonstrated [56]. It is shown in Fig. 12 and it
is self-starting above 0.76 V and a charge pump is used as DC–DC
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Fig. 12. Block diagram of the capacitive charge pump based power management
circuit for converting thermoelectric power [56].

Fig. 13. Circuit powered by PV cells in series through a diode [57].

Fig. 14. Strategy to increase the output power of a piezoelectric cantilever [61].

converter. As no external passives are needed, this circuit can be
monolithic. The controller consumes only 2.1 lW which makes
this circuit suitable for ultra-low power energy systems.
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3.2.2. Photovoltaic power management circuits
A common characteristic of power management circuits implemented in photovoltaic generators is the use of a DC–DC-converter
with a ﬁxed conversion factor to save the power consumed by a
maximum power point tracking circuit. This is possible due to
the fact that the output voltage of a solar cell depends only logarithmically on the light intensity. We now brieﬂy describe the most
important examples of power management circuits used for photovoltaic generators.
The simplest control system charges a battery and powers a circuit by using only one diode, for a few solar cells in series. If the
appropriate number of solar cells is put in series, no DC–DC-conversion is required. Such a circuit is presented in [57] (see
Fig. 13). This leads to ultra-low power consumption in the control
circuit (<7 lA). When the battery voltage approaches the reference
voltage, indicating a full charge, the comparator in the control circuit turns off the charging of the battery. This is done by shunting
the solar cell current away from the battery while still allowing
some energy to pass as standby current.
The company True Solar Autonomy [58] makes circuits that
have a constant conversion factor. The circuit can charge a battery
from one solar cell. The use of only one solar cell increases reliability, and reduces the volume, but a DC–DC-converter is required to
adjust the voltage level.
The most compact circuit presented until now directly uses the
power from one integrated photodiode, which serves as a solar cell
[59]. It powers an on-chip ring oscillator. The prototype consists of
a light source, integrated energy harvesting photodiodes, storage
capacitance, a ring oscillator, and buffers to drive the signal off
chip.
An example of a power management system which performs
optimization of the operation point of the solar cell is given in
[60]. It is shown that this approach allows extracting more power.
The operation point of the solar cells is set by changing the conversion factor of the DC–DC-converter. Experiments show that it is
possible to ﬁnd this operation point by maximizing output parameters of the power management system such as the voltage, current and power, so without using the speciﬁc characteristics of
the solar cell. The best results were achieved while maximizing
the output current of the system. This example refers to a situation
where high power is available (170 W).
3.2.3. Vibrational power management
When harvesting vibration energy, an AC voltage is generated.
Therefore, the input voltage of the power management system

Fig. 15. Power management circuit for a resonant piezoelectric converter [62].
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Fig. 16. NMOS-type rectiﬁer with diode-connected transistors [65].

diodes cannot be avoided by using switches. Due to the high frequency, the comparators have to switch very fast, thus increasing
switching losses.
An alternative technique to improve the efﬁciency of the DC–
DC-converter at the frequency of 950 MHz was presented in [65].
The rectiﬁer consists of diode-connected MOS-transistors, as
shown in Fig. 16. To reduce the threshold voltage of the transistors,
however, a capacitor between the gate and source of the switching
transistor is added (see Fig. 16). This capacitor is charged up to the
threshold voltage of the transistor. Now the transistors in the rectiﬁer can conduct as soon as the input voltage starts to increase.
Thanks to this more efﬁcient circuit the maximum operation distance of the harvester from the source increases from 3 to 10 m
(Fig. 17).
4. Conclusions

Fig. 17. Proposed NMOS-type rectiﬁer in [65].

can also be negative. As most types of load cannot handle negative
voltages, the circuit has to perform rectiﬁcation and also an adjustment of the DC-level of the voltage. In the seminal work by Shenck
and Paradiso [7] a complete power management system was presented. Rectiﬁcation is performed by a regular diode bridge which
was suitable given the high voltages generated. A linear regulator
was used for voltage regulation which leads to a low efﬁciency
for the DC–DC-converter. The control circuit consumes only 15 lA.
The power output can be further optimized by doing a joint
mechanical and electrical system optimization. In [61] a piezoelectric power management system reverses the potential across the
piezoelectric cantilever when it is at its maximum. This way more
mechanical power needs to be delivered during the next cycle
which leads to a higher output power and a higher output voltage.
This system increases the harvested power by 150%. This demonstrates that joint electro-mechanical optimization is needed to
optimize the power output from energy harvesters (Fig. 14).
Resonant piezoelectric power management circuits that achieve
a peak efﬁciency of 70% are presented in [62] (Fig. 15). Control
power is only 0.6 lW.
As most AC–DC-converters use diodes, the voltage drop across
them introduces losses. To achieve a higher efﬁciency, rectiﬁcation
based on switches has been proposed. The switches have a lower
voltage drop because transistors substitute diodes. A discrete
embodiment was reported by [4] and an integrated circuit power
management system by [63]. Overall, this circuit shows an efﬁciency that can be higher than 90%. For a speciﬁc multi-phase piezoelectric energy harvester [64], an integrated full-wave rectiﬁer is
reported to have a peak efﬁciency as high as 98%.
3.2.4. RF power management
The overall design of power management circuits for RF [41]
and vibration harvester are similar. The main difference is that
reduction of the power losses due to the voltage drop across the

This paper summarized energy harvesting components and
associated power management circuits. A decade of research has
increased power levels and ﬁrst industrially viable systems are
emerging for energy harvesting from solar, RF, vibration and thermal energy. The majority of these systems has relatively large size
and is fabricated by standard or ﬁne machining. Progress in
micromachined embodiments is clearly visible but these systems
still need to demonstrate reliability and cost-effective production.
Power management circuits for large size, and hence large
power, devices are also well developed. To the contrary power
management systems for micropower sources have received comparatively little attention and progresses are required in order to
decrease the percentage of the generated power used for power
management. Micropower generation mainly aims to solve the
problem of node autonomy in sensor networks, it has then clear
that an energy buffer is necessary for this type of application and
that research must also target size and cost reduction of batteries.
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