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Abstract—We describe the new European project E-
CROPS which was ranked first in the 2012 CHIST-
ERA competition. This project has begun its work in
February 2013 to develop a system-wide approach to
using energy harvesting and smart energy management
technologies in communication and mobile devices. The
project will examine energy-dependent fundamental limits
of communications, together with the timely harvesting,
storage and delivery of energy to the computing and
communication units of these devices, to achieve an optimal
balance between the quality of service, performance, and
efficient usage of energy. E-CROPS will combine theoret-
ical modelling and performance analysis with experimen-
tal demonstrations bringing together four collaborating
teams from France (EURECOM), Spain (CTTC), Turkey
(METU) and the UK (Imperial College London).

Index Terms—energy harvesting; energy packet net-
works; Markov models and decision processes; queuing
networks; G-networks

I. INTRODUCTION

With the increasing proportion of information and
communication technologies (ICT) within the global
carbon footprint, energy efficiency in acquisition, pro-
cessing and distribution of information over wired and
wireless networks has become a major research problem
[1]-[3]. Generally ICT is predicted to increase its energy
consumption by 4% per year till 2020 [4], also because
it increasingly penetrates all areas of human activity and
uses new technologies such as cloud computing and web
search [5]. Communication systems already take up some
25% of the energy used by ICT, while the exponential
increase in processing power and density of mobile
devices has not yet been matched by improvements in
battery technology. Furthermore, network attacks and
resulting defense are very common [6], and cause even
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Fig. 1. The energy harvesting system structure.

further energy consumption. Hence, both the commu-
nication lifetime and physical size of communication
nodes are limited by battery size. While microelectronics
is becoming more efficient in energy usage versus the
amount of work it does, mobile devices are becoming
more powerful and the energy savings per unit of work
is absorbed by the greater complexity of devices. In this
perspective, two new approaches can make a difference.

The first is related to the manner in which energy is
dispatched within a chip and among modules that are
co-located on a mobile device. Indeed while microelec-
tronics becomes smaller and denser, and more energy
efficient, the proportion of wasted energy due to leakage
currents actually increases. All modules in a microelec-
tronic system, or on a chip, are not simultaneously active
yet they are typically always powered; leakage currents
and energy losses can occur even when they are inactive.
Multi-core systems achieve reduced energy consumption
when certain cores are not utilized, and this could be
generalized to system modules. Thus we will investigate
the provision of energy “on demand’ within components
of a chip and modules, and analyze the resulting energy
savings.

The second one, energy harvesting (EH), is a promis-
ing remedy to increase the lifetime of wireless de-
vices by reducing their dependency on stored energy,
by exploiting alternative energy sources. Devices with
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Fig. 2. A network of communication nodes, storage units and energy
harvesting devices.

EH capability can scavenge ambient energy, such as
vibrations, thermal gradients or solar energy, to power
communication and computing while storing the excess
energy in batteries or capacitors. Figure 1 shows an EH
module that supports a temperature sensor.

Energy efficient communication schemes have been
extensively studied for wireless networks [8]-[10] as
well as wired networks [2], [16]. While most of the exist-
ing literature focuses on minimizing energy expenditure
assuming that the communication devices are connected
to the power infrastructure, or have an initial energy bud-
get stored in batteries, EH techniques have the potential
to provide perpetual energy for mobile network nodes,
so that running out of energy is no longer a problem.
However, in most cases the supply of harvested energy is
not deterministic. Thus the stochastic behavior of energy
supply calls for the design of new communication and
networking techniques [11], [12]. Much effort has been
spent to optimize either the communication protocols
under constant power/energy resources or the energy
utilization in networks of EH devices when the energy
demand of the network nodes is known. However, a
general mathematical framework combining both energy
management and physical layer/networking design in a
communication network context is still lacking. More-
over, essential properties of energy harvesting processes
associated with different technologies (such as thermal
and vibration-based, in addition to solar, which is cur-
rently the most common and well-studied) need to be
better understood and modeled.

E-CROPS is a new CHIST-ERA project that was
ranked first in the peer-reviewed European CHIST-ERA
competition. It has started in February 2013 to study
the design of networks of communication nodes (CN)
with energy storage units (ES) that can be supplied from

EH devices. This challenge is of a cross-layer nature to
jointly optimize the communication/ networking algo-
rithms with the management of energy. Thus the goal of
E-CROPS is to develop realistic models, and use them
to obtain theoretical bounds as well as algorithms for
the optimal operation of EH networks such as the one
sketched in Figure 2.

Unlike most “green radio” research projects, E-
CROPS does not simply focus on the design of more
spectrally efficient communication systems and rephrase
the benefits from a “green radio” perspective. The goal
of E-CROPS is to introduce a new paradigm for energy
efficient networking, to radically change the design as-
sumptions on the nature of energy supplies (based on
renewable energy sources) and to design novel commu-
nication and energy management protocols from scratch
based on this new framework. As a result, the E-CROPS
project will have three closely knit aspects:

e On the theoretical end, we will formulate a math-
ematical theory of network communications in the
presence of EH and storage devices, which takes
into account the behavior of energy generation,
storage and utilization processes together with the
properties of the communication network. For ex-
ample, in a simple point-to-point setting, we need
to optimize the scheduling of the transmission of
data packets based on the energy arrival profile of
the EH device at the transmitter; or, in the case of
multiple sensor nodes, all supplied by the same EH
device, we need to jointly optimize the utilization of
the energy and the communication and networking
protocols to transmit the sensor observations to the
access point.

e Within a given hardware architecture, we will de-
velop mathematical techniques based on queuing
networks where “energy packets” are flowing, an-
alyze the effects of harvesting and storage (in
batteries and capacitors) together with their corre-
sponding losses due to transport and conversion, and
optimally identify the required harvesting-storage-
conversion-consumption architectures to meet the
communication needs.

o The other, more experimental and practical aspect of
the project, will design vibration-based EH devices
and storage units that support the operation of a
sensor network.

In E-CROPS, the EH and storage unit design on the
one hand, and the theoretical study on the other, will
interact since the realistic EH profiles of the practical
designs will provide parameters to the optimization al-
gorithms, while the analysis and optimization methods



in turn will specify characteristics of the communication
nodes (such as performance and energy needs) that will
be used to design the EH and storage devices. As a
proof-of-concept demonstration for E-CROPS, a novel
vibration-based energy harvesting and storage system
will be designed and implemented for a real wireless
sensor network.

II. ENERGY PACKET NETWORKS

The concept of “energy packets” and the analogy
between the flow of energy in the electric grid, and of
the flow of data in the Internet, has been mentioned as
early as 1997 [13]; recent work discussing the analogy
between the smart grid and the Internet includes [14].
The concept of an Energy Packet Network (EPN) is
different. It is inspired by work on queuing networks
called G-networks [15] that include both the flow of
a commodity, in our case energy represented by dis-
crete energy packets (EP), and the flow control and
storage of this commodity with the help of a controlling
communication network [7], [14]. This approach allows
the representation of choices regarding the distribution
of the flows through the EPN via routing probabilities
for EPs, and the routing probabilities can be modified
to optimize the system’s performance. The EPN model
also incorporates the delays and possible losses of the
controlling data network.

The data flows are coupled to the decisions to transfer
EPs towards the consuming modules, whose energy
consumption is coupled with their computational service
and is also represented by a stochastic service process.
Thus in this model the EPs constitute the “ordinary
customers” of the queuing network, both the energy stor-
age units (ST) and the data packet buffers are modeled
as queues, the external arrivals of EPs are the energy
produced by different sources of energy, and the G-
network’s “triggers” [7], [14] are the data flows regarding
requests made by the hardware whose ST (batteries and
capacitors) are emptied as computation progresses, and
replenished through EH or other external energy sources.
The EPN has a set of energy sources each with an energy
generation rate ¢(i,t) in EP/sec at time ¢ where 14
refers t the source of energy, and g(i,t) < GM(i) is
its maximum generation rate. The energy sources are
either renewable, in which case ¢ is in R, or they are
conventional, ¢ in C. The system has a finite storage
capacity K (j) for the j-th ST. Each storage centre has
an energy conversion efficiency 0 < e(j) < 1 at its input
so that on average the arrival of B’(j) energy packets
to this ST results in the storage of B(j) = e(j)B'(j)
EPs. Furthermore, in addition to its maximum energy
storage capacity, it will also have a maximum rate at

which it can store energy, and an energy loss rate so
that if storage is not replenished, the B(j) EPs that it
contains will be depleted after some time. In addition,
an ST will deliver energy at some rate d(j,t) < D(j),
less than the maximum rate D(j) at which it can deliver
energy. The computing or communication modules (CM)
are the main energy consumers. Some CMs may also
store energy locally. The CMs are connected to an energy
distribution network (EDN) so that link (u, v) models the
power line with capacity C'(u, v) which is the maximum
amount of energy transferred instantaneously from node
u to node v; its efficiency 0 < c(u,v) < 1 is the
fraction of energy entering the link that reaches the
destination. The nodes of the EDN may be production
nodes, CMs, or STs. Each CM requests energy from
the Smart Dispatching Centre (SDC) which tracks the
requests in an area and assigns flows from the STs and
EGs to the CMs. The SDC also directs the EGs and EHs
to fill the STs. We represent by the probability q(u,v),
the fraction of energy leaving node u which is directed
towards node v, while p(u,v) = q(u,v)c(u,v) is the
probability than an EP leaving u actually arrives at node
v. Furthermore, (v, u) will be the probability that when
node v consumes or dispatches energy to some other
node, then it also requests energy from some other node
u. EH will be represented by random flows while the
time dependent energy consumption rate of CMs will be
represented by random variables. A G-Network model
[14] with stochastic representations of energy produc-
tion, storage and consumption will represent the behavior
of the EPN to jointly optimize effective computation and
communication as a function of workload and energy
availability of different types including EHs. Techniques
based on various learning algorithms [17], [18] will also
be used to study self-adaptive schemes that address this
overall optimization.

III. SCHEDULING WITH STOCHASTIC ENERGY
SUPPLY

In E-CROPS energy is the key resource that needs to
be optimally utilized, while satisfying the communica-
tion requirements. This can be achieved by i) properly
selecting the source of energy to be used (stored or
instantaneously harvested), ii) moving energy around
the network to prevent energy starvation and network
outages, and iii) optimizing the communication protocols
by making judicious choices for power assignment, rate
allocation, scheduling, routing, etc. As mentioned in
the Introduction, with microelectronic systems becom-
ing smaller and less energy demanding, transmission
energy becomes dominant in the energy usage of small



transceivers; hence, we focus first on the optimization of
the transmission power over time.

Consider an additive white Gaussian noise channel
Y = X + Z, where Z is the independent Gaussian
noise component with zero mean and variance o2. In
the classical information theoretic approach, we assume
a source with constant power limited to P, and derive the
highest information rate (bits/second) from the Shannon
bound in bits/sec: §log (1+ &).

The channel capacity is achieved by sending infinitely
many bits over infinitely many channel uses. However,
the intrinsic assumption behind this formulation is that
power P is available throughout the transmission, which
leads to unbounded energy consumption. Hence, the
classical information theoretic approach identifies the
trade-off between the power and the rate for a system
connected to a constant power energy source. However,
if we are given a finite energy budget F, rather than a
power constraint, which would be the case for a trans-
mitter running on a finite battery, the problem changes
significantly. The goal now is to transmit the highest
number of bits before running out of energy. Assum-
ing that transmission lasts 7" seconds, the optimization
problem becomes:

T 1 P T
max/o 5 log (1 + §> dt s.t. /0 p(t) < E,

where p(t) is the transmission power at time ¢. Using
Jensen’s inequality, we can see that the number of
transmitted bits is maximized by transmission at constant
power, i.e., p(t) = E/T for all ¢t € [0,T], resulting in
the transmission of a total of

T E .

7 log (1 + ﬁ) bits
in T' seconds. This is maximized by letting 7" tend to
infinity; hence, by transmitting with diminishing power
over time. The maximum number of bits that can be

transmitted is
E

e20°”

Note that this formulation focuses on the trade-off be-
tween the energy and the total number of bits that can
be transmitted, while in practice data is encoded in finite
length blocks, as amortizing an infinite number of bits
over an infinite number of channel uses is not practical
from a delay perspective. With a finite delay constraint,
the energy per bit will be higher than the ideal zero-
rate limit we have evaluated above, even for finite error
probabilities. Therefore, the dimensions of the trade-off
include energy, delay and number of bits.

In the case of an EH transmitter, depending on the
type of energy source, energy arrival can be almost
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Fig. 3. Optimal scheduling with energy packet arrivals.

deterministic (e.g. vibrations on a railway), highly time-
varying and somewhat random but predictable (e.g. so-
lar energy) or, highly random and unpredictable (e.g.
wind energy). Thus the optimal transmission scheme
depends on the energy arrival process itself, and the
knowledge available about the process. Assume that the
energy arrival times and amounts are known a priori.
We want to maximize the total number of bits that can
be transmitted by the system until a deadline 7' for
a given energy arrival profile. Let the initial available
energy in the battery be F, while another energy packet
of size 2F arrives at time 7'/2. We illustrate the available
cumulative energy in Figure 3 with the solid black line.
The rate relates to the transmission power through a
concave function (for example, for the Shannon capac-
ity). It follows from the concavity of the rate-power
relation that the optimal transmission scheme keeps the
transmit power as constant as possible, while using up
all the energy by the deadline [19]. However, keeping
the power constant throughout the whole transmission,
illustrated as the green line in the figure, requires a
total energy of 3E/2 by time 7/2. This contradicts
the “energy causality principle”, which dictates that no
energy can be used before it arrives at the battery. The
optimal cumulative transmission energy is illustrated as
the red curve in Figure 3: the optimal policy never idles,
i.e., never stops transmitting until the deadline, and the
optimal transmission power only increases. This problem
gets more involved when data arrives over time rather
than being available initially [19], battery capacity is
limited and leaks [20], [21], the number of nodes in the
system increases [22]-[26] or the processing energy is
taken into account [27]; all of which will be investigated
within the E-CROPS project. Moreover, in addition to
optimal solutions, E-CROPS will also aim to obtain per-
formance bounds that apply to networks of any size and



Fig. 4. Wireless sensor network application that will be integrated
with the developed energy harvesting technology.

complexity. In addition to optimizing the transmission
power policy for an improved rate peformance from EH-
constrained transmitters, we also consider the impact of
the EH framework on feedback-aided wireless networks.
Feedback of channel state information from a receiver
to its serving transmitter can substantially improve the
capacity performance of certain radio links, notably in
multi-antenna-aided systems. Nevertheless, the alloca-
tion of resources towards feedback transmission can be
costly and should be scheduled wisely. We argue that
this is even more so when the terminal is subject to
random energy packet arrivals. In [33] we show how
an EH-constrained terminal should allocate its finite
battery resources towards maximizing the ergodic rate
by feeding back channel state information only when
worth it. See [28] for a more detailed overview of the
ongoing research efforts and potential future directions
on EH communication networks.

IV. SYSTEM DEMONSTRATOR

For the demonstration part, we will use a wireless
sensor network (WSN) of MicaZ motes equipped with
MTS10CB sensor boards, that has been implemented
primarily for ferromagnetic object localization and iden-
tification, at the METU Communication Networks re-
search group [31] (see Figure 4). Leveraging the work
of the METU MEMS group on the design of vibration-
based energy harvesters [32], we will custom design
and manufacture energy harvesters to use in place of
or concurrently with batteries on the sensor nodes, such
that some of the nodes will be supplied by the energy
scavenged through vibrations. The scenario in mind for
implementing this prototype is the detection of vehicles
entering an area, where sensors will be located in the tar-

mac to maximize the harvested energy from the passing
cars. The combination of the network prototype with har-
vesters will require optimizing network operations and
node duty cycles carefully, as the power available from
typical vibration frequencies is lower compared with
the power use of the devices in their active state. The
network will use the energy-efficient clustering based
Heed protocol, in addition to the standard Collection
Tree Protocol, running beneath the custom designed
scheduling schemes to be developed within the project.
We will compare the lifetimes of harvester- equipped
and fixed-battery nodes running side by side. Challenges
regarding the choice of appropriate storage units, the
specifications of the harvesting unit to generate sufficient
energy to drive the sensor nodes, making the harvesting,
storage and sensing units compatible, determining the
energy cost of the sensing and communication processes
of the sensor node, will all be dealt with in the implemen-
tation part of the project. As vibration energy harvesting
is relatively new in communication applications, we
believe that the experimental results will be invaluable
for the modeling aspects of the project.

V. CONCLUSIONS

Design of energy saving wireless networks is an
important research area that can give a competitive edge
to the once-dominant European telecommunications in-
dustry against its counterparts in the rest of the world.
As the ICT sector increases its presence in our lives, it
also becomes an important factor in the global energy
consumption. With this trend, energy efficiency and
sustainability becomes especially important for future
generations of communication systems. E-CROPS will
strive in this direction, and disseminate its results in the
form of guidelines to help to pave the way for European
industry to design the best possible Green ICT solutions.
Research on EH systems is heavily funded in the US
and Japan, and we believe that E-CROPS is a timely
step forward so that Europe will not fall behind in this
crucial area of research and development.
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