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Abstract

Energy is a valuable resource in wireless communication, navigation and
sensor nodes. Maintenance and replacement of batteries in battery-driven
nodes may not be possible, cost-effective or suitable for many applications.
On the other hand, energy harvesting provides sustainable and indepen-
dent operation with very long life-time but usually with unregulated power
flow. The design approaches in present systems based on a regulated flow
of power from an energy storage device are not optimal for energy har-
vesting nodes. This paper briefly reviews the capabilities of the present
energy harvesting technologies and some intelligent design approaches based
on unregulated supply power to energy harvesting nodes. The paper also
presents a brief review of the alternative approaches for in-body commu-
nications with energy harvesting. The use of THz band does not seem
to be feasible because of the excessive signal attenuation in the in-body
channel. However, radio-frequency identification (RFID) with inductive
magnetic coupling looks appropriate due to the fact that the human body
behaves like free space to the magnetic field but strongly attenuates the
electric field.

Keywords: Energy harvesting, wireless sensor networks, wireless communi-
cations, green communications, near-field communications, RFID, nanogen-
erators, THz communications, biological communication channels.

Journal of Communication, Navigation, Sensing and Services, Vol. 1, 47–66.
doi: 10.13052/jconasense2246-2120.113
c© 2014 River Publishers. All rights reserved.



48 Mehmet Şafak

1 Introduction

Energy is a valuable resource in communications, navigation, sensing and
services (CONASENSE)-related applications. Operation of, for example,
wireless communications and sensor networks (WSN) requires a regulated
flow of power from the energy/power source to the electronic equipment.
If electricity is not available on-site, the systems may be operated by bat-
tery or harvesting energy from their close vicinity. However, irrespective of
whether the required electric energy is provided by the mains, the battery or
energy harvesting, minimization of the consumed energy is strongly desired
because of reasons such as cost, equipment life-time and electromagnetic
compatibility. In WSN, sensors are usually battery-operated because of the
difficulty and/or inconveniance of reaching sensor nodes in remote locations,
high cost of maintainence and replacement. Hence, the energy efficiency
of wireless sensor nodes determines the life-time of battery-operated sensor
nodes, which are required to provide independent, sustainable and continuous
operation. The design of new generation systems should take into account
of the limitations of energy harvesting, e.g., scarcity, unregulated flow and
non-availability of power in some time intervals which can not be predicted
beforehand.

As shown in Figure 1, a communication or a sensor node may be
considered to be composed of supply and demand sides. The demand side
consists of energy consuming units such as a sensor, a signal processing unit,
a wireless transceiver and a buffer, either to store the sensed data and/or for the
data to be transmitted/received [1]. A sensor node differs from a communica-
tion node by the presence of a sensor. Transceivers typically use Bluetooth or
Zigbee protocols to communicate within a range of maximum 30 m and require
output power levels in the order of 2–100 mW (see Table 1) [2]. Hence, power
levels needed by a sensor node may be in the order of a few 100 mWs. However,
the energy consumption in transceivers may be decreased by reducing the data
to be transmitted/received, chosing adaptive coding and modulation strategies,
using energy efficient transmission scheduling, routing and medium access
control as well as exploiting power saving modes (sleep/listen) [3], [4].

The supply side of an energy harvesting node consists of energy storage
and energy harvesting systems. Energy harvesting implies the collection of
energy from ambient sources and converting it into electrical energy. On the
other hand, the lifetime of energy harvesting systems is theoretically infinite.
However, battery-operated nodes do not have an energy harvester and their
life-time is mainly limited by the battery capacity.
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Figure 1 Block diagram of a sensor/communication node from energy perspective [3].

Table 1 Required output power and range of Bluetooth and Zigbee [2].
Output

Transceiver Frequency Bit Rate Power Range
IEEE 802.15.1 (Bluetooth) ISM band(2.4 GHz) 1 Mbps 100 mW <30m
IEEE 802.15.4 (Zigbee) ISM band(2.4 GHz) 250 kbps 2 mW <30m

Recently remarkable improvements are observed in power density (W/kg),
efficiency, amount of supplied power and the capacity (Amp.-hour) in the
area of energy storage [5]. Nevertheless, operation by batteries still has its
limitations and may not be suitable for certain applications. Hence, there
is a strong demand for energy harvesting systems which can generate their
own energy from their environment. Since energy to be harvested may not
always be available and predictable, energy harvesting systems usually employ
batteries for storing the harvested energy for present/future use. The har-
vesting efficiency and the availability of energy source are the fundamental
issues to be considered. Since existing node designs are mostly based on
the continuous flow and availability of the electric energy, these nodes-
may not operate optimally with energy harvesting and novel approaches are
required.
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The next section of this paper will briefly review the capabilities offered by
battery operation and energy harvesting. Section 3 will provide a brief discus-
sion of intelligent node designs based on energy harvesting. Electromagnetic
wave propagation in biological tissues in various frequency bands will be
reviewed in Section 4 in order to discover the potential and the limitations
of in-body communications. Section 5 will present near-field communica-
tions, which is based on wave-propagation in the near-field (Fresnel) region,
and its use especially for in-body communications. Section 6 will provide
a discussion of the potential, limitations of nanogenerators and their use in
nano-sized sensor nodes operating in the THz band. Finally, the conclusions
will be presented in Section 7.

2 Energy Supply

Battery-driven systems use stored chemical energy to supply the electrical
energy needed by a node. Hence the batteries and the battery-driven systems
have a finite lifetime. It is noted that regular maintenance and replacement of
batteries may be difficult and costly when nodes are remotely located and/or
densely populated. To increase the life time of battery-driven nodes, one may
use either higher battery capacity, which implies increased cost, or low-duty
cycle operation with lower sensing reliability. Increased transmission range
requires higher transmit power levels, while lower transmission range (low-
ering transmit power) implies more hops and usually higher energy usage at
multiple nodes. If both demand and supply sides of a node as shown in Figure 1
are optimized, the energy need may be decreased by an order of magnitude
compared to present designs; then, the energy need of the demand side may
be reduced to the order of several 10 mW [6].

Table 2 presents the results of a recent survey of the energy levels that can
be supplied by various battery types. One may easily observe from Table 2 that
even if the energy demand of a node is decreased by an order of magnitude with
intelligent designs, battery-operated systems sustain power levels in the order
of several 10 mW only for limited time durations, hence limited life-time.

Energy harvesting requires both an energy source to be harvested
and an energy harvesting sensor, which should be matched to the energy
source for optimizing the harvesting process. The energy sources to be
harvested may be thermal (including solar energy and human body), mechan-
ical (translational/vibrational), chemical, electromagnetic, wind etc. One
may use piezoelectric sensors (vibrational energy), thermocouples (thermal
energy), photovoltaic cells (solar energy), wind turbines (wind energy) and
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Table 2 Present technology for battery power [5].
Weight

Nominal Energy Power Self
Battery Voltage Capacity Density Density Efficiency Discharge
Type (V) Capacity (Wh/kg) (W/kg) (%) (%month)
SLA 6 1300 26 180 70–92 20
NiCd 1.2 1100 42 150 70–90 10
NiMH 1.2 2500 100 250–1000 66 20
Li-ion 3.7 740 165 1800 99.9 <10
Li-
polymer

3.7 930 156 3000 99.8 <10

radio-frequency (RF) systems (electromagnetic energy) to harvest various
energy types.

Limitations in energy harvesting usually come from uncontrollability and
unpredictability of the energy source and the efficiency with which the har-
vested energy is converted into electrical energy. Consequently, the level of
the harvested energy and its management (harvesting architecture) is critical
in the system operation. In that context, storing or no-storing of the harvested
energy and the optimal design of the demand side are serious issues to be con-
sidered. Energy usage should be carefully coordinated and optimized between
supply and demand sides, including signal processing and communication
architectures, sleep scheduling, energy-efficient communication protocols and
adaptive coding and modulation [3].

RF energy harvesting is mainly based on magnetic inductive coupling due
to the Faraday’s law, which also provides the basic principles of electric motors
and generators. A loop carrying a (sufficiently-fast) time-varying current,
creates a magnetic field around itself. This induces an open-circuit voltage
around the terminals of a receive loop, when it is brought to the vicinity of
the transmit loop. The open-circuit voltage is proportional to the magnetic
flux through the receive loop. In addition to the frequency and the amplitude
of the transmit loop current, the dimensions, relative directions, the distance
between and the number of turns of transmit and receive loops determine the
flux and hence the open-circuit voltage. The two loops are required to be in the
Fresnel region of each other, where radiative near-field communications takes
place. The voltage induced at the terminals of the receive loop may be used
either for responding the request of the transmitting loop as in RFID systems,
or for charging a battery connected to its terminals. Induced voltage levels in
these systems are reported to be approximately 0.5 V [5].
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Vibrational energy harvesters, made of piezoelectric material, convert
vibrational (mechanical) energy into electrical energy. An electric potential
is induced at the terminals of a piezoelectric material if it undergoes a strain
(e. g., due to body motion, muscle stretching, breathing, sonic waves) due
to the polarization of ions in the crystal. This electric potential may drive a
transient flow of electrons in the external circuit, hence it generates electric
energy; this is the fundamental principle of the nanogenerator. It can as well
cause the flow of charge carriers through a semiconductor material, resulting
in piezopotential-gated field-effect-transistors, diodes and sensors; this is the
so-called principle of piezotronics [7] [8]. Piezoelectric energy harvesters
directly convert a mechanical vibration into a relatively high voltage (∼1–
20 V) and output current (∼1–100 μA) with a duty cycle less than 3 % in
RF transmissions. Piezoelectric energy harvesters are used in railway and
road tunnels to produce electricity by using the vibrations induced by trains
and cars. The applications also include shoe-powered RF tag system, which
converts the vibrational energy created by walking subjects, and self-powered
door bells, which produce electrical energy using the vibrations when a
door bell is pressed [9]. Electrical power may also be generated for applications
in bio-microelectromechanical systems (MEMS) and microelectronic systems
by inserting piezoelectric generators between the coping of a dental crown and
the metal abutment [10].

Thermal energy (TE) generators convert temperature differences into elec-
trical energy based on the so-called Seebeck effect which was first discovered
in 1821 by T. J. Seebeck. A simple thermal energy generator may be made by
heating one face of a TE module and cooling the other face, causing an electric
current flowing through a load connected to its terminals. A TE generator has
usually a long life cycle, no moving parts, simple and high reliability but low-
efficiency (5–10%).Among the thermal energy sources, one may list the waste
heat in industrial applications and solar thermal energy. Thermal energy can
also be harvested from a human body exploiting small temperature gradients.
Seiko thermic watch harvests 22 μW from a human body and uses this power
to drive the wrist watch and charges a 4.5 mAh lithium-ion battery. When it is
worn on the wrist, the watch uses the body heat absorbed from its back case to
generate power with its thermal converter. The power generating capability is
a function of the difference between the air temperature and the body surface
temperature. If the air temperature is equal to, or greater than, the surface
temperature of the body, the watch is unable to generate power [11]. Human
body has potential in harvesting thermal and kinetic energies. The harvested
power depends on whether the subject is walking or running. For example, it
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Table 3 Energy sources and their energy harvesting potential.
Energy Available Conversion Harvested
Source Power Efficiency Power
Solar [4] 100 mW/cm2 15% 15mW/cm2

Wind [4] – – 120mWh/day
Finger motion [4] 19mW 11% 2.1mW
Footfalls [4] 67W 7.5% 5W
Exhalation [4] 1W 40% 0.4W
Breathing [4] 0.83W 50% 0.42W
Blood pressure [4] 0.93W 40% 0.37W
Thermoelectric
generator [14]

– – 3.5mW/cm2

@300C gradient
Human body
(walking
subject) [10]

– – 6μW/cm3(thermal)
1.3μW/cm3(kinetic)

Inductive magnetic
coupling [15]

– 73% @5cm
24%@15cm

–

is reported in [12] that one can harvest approximately 6 μW thermal energy
and a kinetic energy of 1.3 μW/cm3 from the body of a walking subject. The
corresponding numbers are 10 μW and ∼35μW for a running subject.

The human body may be used in various other ways to harvest energy,
e.g., via blood pressure and breath, which are uncontrollable by the user, and
via finger motion, paddling (bycle dynamo) and walking (shoes), which are
user controllable. Wearable bio-sensors such as gloves, wrist-watches, rings,
patches, earlobes, intelligent clothes, eye-glasses, accelerometers, glucose
monitor, electrocardiograph, pulse sensor, oxygen-level monitor, temperature
sensor, respiratory meter can potentially be used for harvesting energy from
human body [13].

Table 3 shows a summary of some energy sources, their characteristics,
required energy harvesting technology and the amount of energy that can
potentially be harvested.

3 Intelligent Designs for Energy Harvesting Nodes

Classical design of sensor/communication nodes is based on the availabil-
ity of a continuous flow of a constant power level (infinite energy) to the
demand side. On the other hand, for the self-powered nodes to be practi-
cal, dramatic reductions are strongly desired in the dissipated power levels
since energy harvesting technology is presently far from satisfying present
needs. Energy sources may be (un)controllable and/or (un)predictable for
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energy harvesting; solar energy is predictable but uncontrollable, while RF
energy harvesting in an RFID system may be controllable and predictable
at the same time. Therefore, limited power that can be harvested sets a
constraint on the average power consumed by the demand side for self-
powered operation. This implies that energy harvesting, storing and processing
technologies should be improved so as to help sustainable and continuous
operation.

Even if infinite energy becomes available to the supply side, energy
generation may not be continuous and/or rate of generation may be limited.
Storing the harvested energy may partially alleviate this problem since it may
regulate the power flow. Nevertheless, electronic devices with classical design
can not reliably operate under these conditions. Therefore, energy generation
profile of the supply side should be matched to the energy consumption
profile of the demand side. This requires a system-level approach involving
variation-tolerant architectures, ultra-low voltage levels and highly digital
RF circuits. In addition, one needs DSP architecture and circuits which are
energy-efficient, energy-scalable, and robust to variations in the output
voltage/power levels of the supply side. Energy-scalable hardware may
call for techniques for approximate processing, which implies a trade-off
between power and arithmetic precision [16]. In wireless sensor networks,
the demand side may be designed with sleep/awake periods in synchro-
nism with energy harvesting by the supply side. Energy consumption policy
may be optimized in seeking a tradeoff between the throughput and the
life-time of the sensor node [17]. Such approaches are believed to result
in more than an order of magnitude energy reduction compared to present
systems [6].

In some projects like PicoRadio (Berkeley), μAMPS (MIT), WSSN (ICT
Vienna) and GAP4S (UT Dallas), densely populated low-cost sensor nodes
are foreseen to operate with power levels of approximately 100 μW; such
power level is believed to be within the capabilities of energy harvesting [18].
Even though dramatic improvements are still needed in the energy harvest-
ing technologies for self-operated nodes, rapidly-evolving energy harvesting
technologies are believed to be promising.

4 Electromagnetic Wave Propagation in Biological Tissues

An electric field propagating in a lossy dielectric medium may be written as

E = E0 e−γ r = E0 e−α r e−jβ r (1)
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where γ = α + jβ denotes the complex propagation constant, r is the distance
and E0 is the value of the electric field at r = 0. In a lossy dielectric medium,
the complex propagation constant may be written as [19]

γ = α + jβ = k0
√

εr − jp

α = k0

√√
ε2
r + p2 − εr

2

β = k0

√√
ε2
r + p2 + εr

2

p = σ
wε0

= 18 σ
fGHz

(2)

where w and k0 denote respectively the radial frequency and the free-space
wave-number. The relative dielectric constant (permittivity) εr and the con-
ductivity of the lossy dielectric medium σ are both assumed to be independent
of frequency. Note that, in a non-conducting medium (σ=0), the attenuation
constant α vanishes and β = k0

√
εr, as expected. In a lossy dielectric medium,

σ is related to the dispacement current. The signal attenuation in dB at a
distance r is given by

20 log
(
e−α r

)
= 8.68 α r (dB) (3)

where 8.68α (dB/m) denotes the attenuation coefficient.
In biological tissues, the dielectric constant is a frequency- and

temperature-dependent complex quantity and provides a measure of the
interaction of electromagnetic waves with tissue constituents at cellular and
molecular levels [20], [21]. There is a lag (delay) between changes in polar-
ization in the tissue and time-changes in the applied electric field due to
the relaxation process. Consequently, the permittivity of a dielectric material
becomes a complicated, complex-valued function of the frequency, which
implies frequency-dependent and delayed response of live tissues to wave
propagation. This dispersion effect is analogous to hysteresis in changing
magnetic fields.

Frequency dependence of the relative dielectric constant may be modeled
by the Cole-Cole equation:

εr = ε∞ +
εs − ε∞

1 + (jwτ)1−α (4)

which reduces to the so-called Debye equation for α=0. Here, εs and ε∞
denote respectively the values of the relative dielectric constant for wτ << 1
(low-frequencies) and wτ >> 1 (high frequencies). The static value εs of the
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relative dielectric constant is proportional to the water content of the tissue. The
value of α is equal to zero for pure water and negligibly small for body fluids
but greater than zero for most tissues. Here, τ denotes the mean relaxation
time, which is longer than that for pure water.

An approximation to the complex dielectric constant given by (4) is given
by [22]

εr
∼= ε∞ +

β0 + jwβ1

α0 − w2 + jwα1
(5)

where α0, β0, α1, β1 are fitting parameters to the measured data. Inserting the
value of the complex relative dielectric constant given by (4) or (5) into (2),
one can easily find the corresponding values of the coefficients, α and β, of
the complex propagation constant.

The relative magnetic permeability of a biological tissue in the RF band
of interest is equal to unity (μr=1). Therefore, biological tissues may be char-
acterized electrically by the relative dielectric constant and the conductivity
only.Acomprehensive experimental study [20] provides in-vivo measurement
values of these two parameters of some animal tissues at frequencies varying
between 50 MHz and 20 GHz. Some results for human tissues are also given.
The provided data may be used for modeling the in-body communication
channel, e.g., for signal transmission between implant-devices and devices
on/outside the body.

Table 4 shows the measurement results for relative dielectric constant and
conductivity of some in-vivo body tissues of ∼50 kg pigs at 50 MHz, 1 GHz
and 20 GHz. The corresponding attenuation coefficients in dB/cm are also
provided. Table 4 clearly shows that, for electromagnetic wave propagation in
biological tissues, the attenuation coefficient expressed in dB/cm is acceptably
low at 50 MHz but increases to relatively high values at 1 GHz and becomes
excessively high at 20 GHz. On the other hand, in view of the typical transmis-
sion ranges in human body, far-field communications is not possible at 50 MHz
(the wavelenth λ=6m) since transmit and receive antennas may not be in the
far-fields of each other. At 1 GHz (λ=0.3m), although the transmitter and
receiver may be located in far-field regions of each other, very high transmit
powers are required for compensating excessively high channel attenuations.
Such high transmit powers are also unacceptable for health reasons.

In addition to the very high attenuation coefficients for in-body
communications, as given by Table 4, one should also consider the free-
space path loss, (4πr/λ)2, which is proportional to r2 and f2. Also note that
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Table 4 Relative permittivity, conductivity and attenuation coefficient of biological tissues
at 50 MHz, 1 GHz and 100 GHz (based on [20]*).

Tissue Parameter 50 MHz 1 GHz 20 GHz
Liver εr 96 50 30

σ(S/m) 0.7 1 20
8.68α (dB/cm) 0.85 2.28 57.41

Lung (deflated) εr 87 40 26
σ(S/m) 0.8 1 17
8.68α (dB/cm) 0.94 2.53 52.49

Long bone εr 43 25 15
σ(S/m) 0.2 0.4 8
8.68α (dB/cm) 0.41 1.3 32.9

Bone marrow (50%
in-vivo)

εr 67 35 22

σ(S/m) 0.6 0.8 14
8.68α (dB/cm) 0.81 2.17 47.1

Fat (infiltrated) εr 16.5 15.5 9.0
σ(S/m) 0.25 0.4 6.0
8.68α (dB/cm) 0.56 1.62 31.44

Skin (in-vivo) εr 90 38 22
σ(S/m) 0.2 0.6 13
8.68α (dB/cm) 0.32 1.58 43.9

Vitreous humour εr 105 69 40
σ(S/m) 1.8 1.9 60
8.68α (dB/cm) 1.5 3.64 134.1

Cerebrospinal fluid
(CSF)

εr 105 70 44

σ(S/m) 1.8 1.9 60
8.68α (dB/cm) 1.51 3.62 130.2

*Tabulated values are obtained by reading the curves provided in [20] and hence may contain
some reading errors.

multi-path propagation, shadowing and scattering effects due to inhomo-
geneities in the electrical parameters of the tissues make the in-body
communications even more challenging.

5 Near-Field Communications

Near-field communications refers to communications in the Fresnel region,

defined by the range 0.62
√

D3
/
λ < r < 2D2

/
λ, where D denotes the

largest antenna dimension. In this region, the relation between electric and
magnetic fields radiated by an antenna is not as simple as in the far-field
(Fraunhofer) region, which is defined by r> 2D2/λ. In the Fresnel region,
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electric and magnetic fields do not have plane wavefronts and the ratio of
electric to magnetic field intensities is not equal to the free-space intrinsic
impedance, 120π Ohm, as in the far-field region. Nevertheless, the radiative
field components still dominate the reactive field components and are used
for near-field communications. Note that near- and far-field distances defined
above are meaningful for antenna sizes exceeding the wavelength (D>λ). For
electrically small antennas with D<λ/2, the Fresnel region is usually assumed
to be bounded by the range λ/(2π) <r< λ [23].

The efficiency of near-field communications is critically dependent on
coupling between transmit and receive antennas which are located in each
other’s Fresnel regions. Depending on the frequency of operation, the propa-
gation medium and the types of antennas used, it might be more appropriate to
use electric or magnetic coupling between antennas. The electrical character-
istics (permittivity, magnetic permeability and conductivity) of the medium
between transmit and receive antennas also plays a critical role in choos-
ing the type of coupling. For example, a near-field communication system
between, for example, implant devices inside a human body and an antenna
over the skin should prefer magnetic coupling since the propagation medium
(human body) is characterized by high conductivity and high relative dielectric
constants (see Table 4). Since electric field suffers much higher attenuations
in the in-body channel, magnetic coupling between transmit and receive
antennas is more appropriate than electrical coupling. Since μr=1 in the
human body, magnetic fields do not suffer losses in addition to the free-space
loss.

RFID systems constitute one of the most notable examples of inductive
magnetic coupling which is commonly used in near-field communications
[24]. The magnetic field radiated by time-varying currents in the RFID reader
loop antenna induces a voltage around the terminals of the loop antenna of
the RFID tag. The induced voltage is used for transmitting the information
requested by the RFID reader. The efficiency of coupling between transmitter
and receiver, hence the induced voltage, is determined by the fraction of the
magnetic flux created by the transmit loop antenna coupled into the receive
(RFID tag) loop antenna. Near-field coupling between antennas is highly
dependent on the types, electrical sizes, radiation patterns, relative orientations
and impedance matching of the antennas employed and the distance between
them [25].

The same principle also applies for distant charging of a battery connected
at the terminals of the receive loop antenna. For example, batteries of implant
devices may be charged by inductive magnetic coupling. This also provides an
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example of RF energy harvesting, since received RF energy is converted into
chemical energy in an in-body battery. However, it is reported that inductive
charging efficiency is lower (hence slower charging) and resistive heating is
higher [15]. RF wireless charging of multiple sensors is also considered for
smart grid applications by using mobile chargers [26].

A recent study on wireless power transfer, based on strongly coupled
magnetic resonance in the near-field, reports coupling coefficients as high
as 0.7–0.9 between primary and secondary loops, as compared to coupling
coefficients on the order of 0.1 for inductive magnetic coupling. The distance
between the two resonators may be larger than the characteristic sizes of each
resonator and, unlike for conventional inductive coupling, energy dissipations
are reported to be small [15].

6 Nanogenerators and Communications in THz Band

Recently there has been considerable interest in nano-sized sensing and com-
municating devices that can detect and measure events at nanoscale where
energy consumption is believed to be low. Energy harvesting at nanoscale is
believed to provide independent, sustainable, maintenance-free, continuous
operation. Nanogenerators are foreseen to be used for a variety of applications
including intra-body drug delivery, health monitoring, medical imaging, envi-
ronmental research (air pollution control), military applications (surveillance
networks against nuclear, biological, and chemical attacks at nanoscale, and
home security), and very high data rate communications [27].

For example, in contrast with today’s cancer drugs which kill healthy
cells as well as the cancerous ones, drugs may be delivered locally to dis-
eased cells and tumors by miniature bio-MEMS systems that navigate the
circulatory system of the human body. However, these machines, which are
difficult to recharge within the body, may potentially harvest mechanical
energy from the blood cells [10]. Today’s technology may not be mature
enough to build a motor and power source small enough to squeeze inside
the capilleries that feed the tumor. However, magnetic drug carriers as small
as 50 μm can be steered by external magnetic resonance imaging (MRI)
machines [28]. In 2011 it is demonstrated that a gentle straining can yield
1–3 V with an instantaneous power of ∼2μW from an integrated nanogenera-
tor sheet of 1 cm2 using a self-powered nanosensor. Potential applications
for MEMS may require power levels in the range μW to mW. Future of
nanotechnology research is likely to focus on technologies that provide higher
harvested power levels and integration of nanosensors into nanosystems acting
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like living species with sensing, communicating, controlling, navigating and
reacting [29].

Communication between sensor nodes is considered to be achievable in the
terahertz (THz) band, 0.3–3 THz (1 mm ≥ λ ≥ 0.1 mm). The radiation in the
THz band is non-ionizing and covers part of the infrared (IR) band of the solar
spectrum. THz band is currently used and/or considered for use in applications
including radioastronomy, space-remote sensing, through-the-wall imaging,
and medical surface imaging (for skin cancer).

As for communications in the THz band, the following issues need to
be taken into account. Atmospheric absorption exceeds 100 dB/km and rain
attenuation exceeds 3 dB/km and 10 dB/km for rain rates of 5 mm/hr and
25 mm/hr, respectively, at 1 THz. On the other hand, free-space propaga-
tion loss is equal to 152.4 dB at a distance of 1 km at 1 THz. This limits
the applicability of communications in the THz band only to short ranges.
Since far-field distance is on the order of a fraction of a millimeter, near-field
communications is not possible in the THz band. It is noted that, in view of
Table 4, for communications between nano-sensors inside a human body and
a receiver on-body, the communications budget is not better-off because of the
excessively large attenuation. For example, electrical parameters of a deflated
lung at 20 GHz are measured to be εr=26, σ=17 S/m (see Table 4); the corre-
sponding attenuation constant is 52.49 dB/cm. Assuming that these values of
the electrical parameters at 20 GHz are also valid at 100 GHz, which looks to
be a reasonable assumption [19], the attenuation coefficient is found using (3)
to be 8.68 α=54.45 dB/cm at 100 GHz. Hence, the total attenuation at a typical
distance of 15 cm becomes 828.9 dB including the free-space propagation loss
of 55.96 dB. In contrast with this, the attenuation through 15 cm thickness of
biological tissue is measured to be 47 dB and 39 dB at 13.5 MHz and 35 MHz,
respectively, in an inductive coupling near-field communication system [30].
Multipath propagation, shadowing and scattering due to inhomogeneities in
the human body may render in-body communication seven more difficult.
Transmit power levels required to compensate for such large losses are unlikely
to be obtained by energy harvesting. On the other hand, the use of electrically
large antennas will lead to problems due to pointing errors.

In summary, due to the unavailability of THz sources and of compact,
solid-state, room-temperature transceivers, we do not foresee THz commmu-
nications as a good option in near-to mid-terms [31]. However, nanogenerators
and nanopiezotronics, which refers to the technology based on coupling
piezoelectric and electronics properties, are listed among the top 10 emerging
technologies for the future [32]-[34].
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7 Conclusions

With ever-increasing needs for mobility and higher data rates, energy becomes
a limiting factor for the performance, the sustainability and the life-time of
wireless communication, navigation and sensor nodes. On the other hand,
maintenance and replacement of batteries in battery-driven nodes may not
be possible, cost-effective or appropriate in many applications. Energy har-
vesting may provide sustainable and independent operation with very long
life-times and is well-suited for some applications such as sensing. However,
this technology, presently in its infancy, can not yet meet the requirements
for regulated power/energy levels. Present design approaches for nodes in
CONASENSE applications, which are mostly based on the supply of regulated
power levels from energy storing devices, are therefore not optimal for energy
harvesting purposes. In view of limited and noncontinuous availability of the
energy to be harvested at varying generation rates, the design of the demand
(energy consuming) side of a node should be matched to the supply side, which
consists of energy harvesting and storing units. Efficient node designs should
therefore be based on low-power consumption and energy-scalability. For
in-body communications with energy harvesting, near-field communications
with inductive magnetic coupling seem to be appropriate because the human
body behaves like free space to the magnetic field but strongly attenuates the
electric field. Micro- and nano-systems may be promising for energy harvest-
ing applications in mid- to far-terms. However, in-body communications in
the THz band using micro- and nano-systems seems to be unlikely, mainly
because of the excessive signal attenuation in the in-body channel.
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