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Descriptive data

Project info

Project title (Swedish)*

Smarta sensorer och kommunikation med energiinsamling
Project title (English)*

Smart Sensing and Communications with Energy Harvesting

Abstract (English)*

A wireless sensor network (WSN) is a collection of sensors which sense their environment, collect information and
communicate this information to each other or to a decision center wirelessly. WSNs play important roles in a wide range
of applications including environmental monitoring, surveillance, process monitoring, body area networks and smart
homes. A growing concern in today's sensing systems is the efficient usage of energy resources. In that respect,
solutions that consider energy harvesting (EH) offer a promising perspective. Sensors with EH capabilities use the other
available energy sources, such as solar power or mechanical vibrations, instead of completely relying on a fixed battery or
the power fromthe grid.

EH capabilities bring new engineering challenges for the design of sensing and communication strategies. When the
energy to be harvested comes from renewable sources, (predictable yet still) unreliable characteristics of these sources is
the key issue.

Recently, there has been a significant effort to understand the information transfer capabilities of sensing and
communications systems with EH capabilities. Here the mainstreamapproach is to focus on the difficulties regarding the
reliable communications. These works typically consider an information-theoretic framework with the rate maximization as
the performance criterion. This line of work is important for understanding the fundamental limits regarding
communications with EH systems, yet it cannot adequately exploit the interactions between sensing and communications.
An example of this interaction is the trade-off between how often the measurements should be made and how often they
can be sent. This project will address these issues by considering sensing and communications in a joint framework.

The main aim of the project is to provide guidelines about optimal sensing and communication strategies for systems
relying on EH sensors. We will consider a unified framework that jointly optimizes sensing and communication strategies.
The questions of ““'when and how to make measurements, i.e. sense" and ““when and how to send, i.e. communicate" will
be treated jointly. The underlying performance criteria is accurate reconstruction of the unknown field, i.e. estimating the
unknown values of interest, such as humidity over an entire farmarea, as accurately as possible. For data transmission,
low-complexity signal processing techniques (linear precoding, power allocation) will be emphasized. Delay constraints,
energy costs of sensing, battery size constraints and battery imperfections will be important ingredients of our framework.
We will answer questions such as “for a given energy reliability of EH source, when, where, and with what accuracy the
samples should be taken?", “how reliable should the energy harvesting sources be to achieve a target distortion for field
recovery?".

We will first consider the scenarios where the energy that can be provided by the renewable energy sources can be
predicted accurately. Then we will move onto more challenging scenarios where only statistical knowledge about the
energy sources is available. We will also do measurements to characterize the energy availability from renewable sources
for low power devices. This data will be used to evaluate our assumptions about energy arrival processes and the
performance of our proposed solutions.

With its unified framework that considers sensing and communication aspects jointly, its emphasis on low-complexity
solutions and the complementary measurements for characterizing the energy availability, our project will provide us
comprehensive engineering insights about energy harvesting systems that cannot be provided by the current approaches.
These results will give us guidelines for our decisions about when and how to include renewable energy sources in our
future sensing systems.
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Popular scientific description (Swedish)*

Idag 4r manga bekvamligheter i vart liv beroende av olika sorters autonoma sensorer. Exempel ér t.ex. parkerings sensorer i
bilar eller fuktighetssensorer som 6vervakar den vixande grodans status. Sensorsystemspelar en viktig roll i en stor
mingd tillimpningar inklusive miljsdvervakning, bevakning, medicinska tillimningar och i olika smarta hemscenarier.

Ett attraktivt sitt att driva dessa sensorer dr med hjilp av energiinsamling. Att infinga energi fran fornybara energikillor
bendmns energiinsamling; t.ex kan man anvénda solceller for att driva ett system for 6vervakning av grodor.En stor
utmaning for tillimpningar som integrerar fornyelsebar energi i sensorsystemet ér osikerheten i tillgdnglighet fran
energikéllan. Somett exempel vet vi att solen kommer att ga upp 1 morgon men vi vet inte hur molnigt det kommer att bli. Ett
sensorsystemsomdrivs med en solceller kan ddrmed ibland ha mycket energi tillgdnglig och ibland lite.

Syftet med detta projekt dr att utveckla kommunikation och sensorstrategier somerbjuder en funktion sombade ar
tillforlitlig och effektiv d&ven omenergikéllan r oséker. Vi ér specifikt intresserade i “nér och hur somman ska méta, dvs nér
sensorerna ska vara aktiva” och “nér och hur ska man skicka data, dvs nir och ska man kommunicera”. En av
fragestillningarna vis6ker svar till &r “Hur tillforlitliga maste de formyelsebara killorna vara for att kunna méta det okénda
filtet (t.ex fuktigheten i grodan) for en given niva pa méitfelet?”. Vi kommer att studera avvégningen mellan antalet
sensorer och deras noggrannhet, hastigheten med vilken system kommunicerar med och tillforlitligheten i energikillan.
Dessa resultat kommer att ge riktlinjer for framtida beslut kring nér och hur foryelsebara kéllor kan anvindas i vara
framtida sensorsystem.

Project period

Number of project years*
4

Calculated project time*
2016-01-01 - 2019-12-31

Deductible time

Deductible time

Cause Months

Career age: 30

Career age is a description of the time from your first doctoral degree until the last day of the call. Your career age
change if you have deductible time. Your career age is shown in months. For some calls there are restrictions in the
career age.

Classifications

3/31



Select a minimum of one and a maximum of three SCB-codes in order of priority.

Select the SCB-code in three levels and then click the lower plus-button to save your selection.

SCB-codes* 2. Teknik > 202. Elektroteknik och elektronik > 20205.

Signalbehandling

2. Teknik > 202. Elektroteknik och elektronik > 20203.

Kommunikationssystem

Enter a mininmum of three, and up to five, short keywords that describe your project.

Keyword 1*

signal processing

Keyword 2*

energy harvesting

Keyword 3*

sensing

Keyword 4

communications

Keyword 5

431



Research plan

Ethical considerations

Specify any ethical issues that the project (or equivalent) raises, and describe how they will be addressed in your research.
Also indicate the specific considerations that might be relevant to your application.

Reporting of ethical considerations*

There is no ethical considerations related to the project.
The project includes handling of personal data
No

The project includes animal experiments

No

Account of experiments on humans

No

Research plan
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|. PURPOSE ANDAIMS

A wireless sensor network (WSN) is a collection of sensorghvisense their environment,
collect information and communicate this information tccleather or to a decision center
wirelessly. WSNs play important roles in a wide range of agpions including environmental
monitoring, surveillance, process monitoring, body aredworks and smart homes [1], [2].

A growing concern in today’s sensor networks is the efficieshge of energy resources.
In that respect, solutions that considarergy harvesting (EH) offer a promising perspective.
Sensors with EH capabilities use the other available ensayces, such as solar power or
mechanical vibrations, instead of completely relying onxadi battery or the power from the
grid. In addition to utilizing energy resources that mayeothise be wasted, EH capabilities
offer prolonged battery life-times, eliminates the need dedicated power cables and offers
significant mobility for the nodes in the network [1-3].

Nevertheless, energy harvesting capabilities bring negineering challenges for the design
of sensing and communication strategies. When the ener@yg tearvested comes from natural
sources, (predictable yet still) unreliable charactessbf these sources, i.mtermittent nature
of the energy supply is the key issue.

In a traditional communication scenario, the power that banused for communication
at a given channel usage has a fixed known value. In cont@si&arf EH node utilizing an
unreliable source, power available for transmission igclfy best modeled as a random quantity
and depends on the power usage in previous transmissiomssichn systems, the transmission
strategies have to be re-designed in order to ensure mliesismission in the whole time frame
of interest. For instance, at a given instant, a node relgimgnergy harvested for its operations
may have to choose between increasing the power used in thentiransmission to increase
reliability at that instant or saving the energy for futuggcaming transmissions.

Hence, there has been a significant recent effort to uncdelsi@ information transfer capabil-
ities of sensing and communications systems with such dépedh Currently, the mainstream
approach is to focus on the difficulties regarding the rédiatbommunication. However, this
approach generally ignores that in many scenarios thene imderlying phenomenon observed
by the sensors and the ultimate aim of the communication efftaently transfer information
about this phenomenon. Sensing systems used in enviroam@anitoring, where sensors
are used to reconstruct an unknown multi-dimensional $idfireld), such as a humidity or
temperature field, are typical examples of such scenarips [1

Hence the current communications based approaches catetmpiately exploit the interactions
between sensing and communication. An example of thisaotem is the trade-off between
how often the measurements should be made and how often #melpec sent. As a result, the
mainstream approach cannot answer questions such as whémeiter to make measurements as
often as possible and risk not being able send all of themterradtively to make measurements
less frequently and be able to send most of them. This preydttaddress these issues by
considering sensing and communications in a joint fram&wor

The main aim of this project is to develop sensing and compation strategies for sys-
tems utilizing energy harvesting. The questions of “whed how to make measurements, i.e.
sense” and “when and how to send, i.e. communicate” will eatéd jointly. The underlying
performance criteria is accurate reconstruction of thenomin field, i.e. estimating the unknown
values of interest, such as humidity over an entire farmirega,aas accurately as possible. In
particular, the objectives of the project are the joint gesof the following
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« Sensing strategies (sampling rates, location of sensocsyacy of the measurements) for
EH nodes
« Low-complexity signal processing techniques (linear pd#eg, power allocation) for com-
munication using EH nodes
Our results will reveal the fundamental limitations brotigi using EH sensors. The trade-offs
between the reliability of EH sources, the sampling ratestae accuracy of the measurements
will be presented. These trade-offs will provide resourbecation, signal processing and com-
munication guidelines for future sensing systems with Epataities which cannot be provided
by the current approaches.

[l. SURVEY OF THE FIELD

Feasibility of energy harvestinghave been investigated and promising results are obtained
for various different scenarios, including harvestingrggdrom solar energy, mechanical energy
sources and radio-frequency (RF) energy [1], [2], [4], FFdr instance, operation of a batteryless
wireless sensor utilizing RF energy harvesting is demaitedr [4]. A data rate of 470 kB/s is
predicted to be achievable using a solar EH device carried pgdestrian walking indoors and
outdoors [5]. With the advancements in low power electrenieH technologies became more
relevant [3] and commercial businesses promoting EH dewace in the market [6], [7].

In parallel to these promising developments, there has besgnificant effort to understand
the information transfer capabilities of communicatiosteyns with EH capabilities. Here the
key issue is thentermittent nature of the energy supply. Hence the main aim is to provide
reliable and efficient operation in these systems even wherenergy supply in unreliable.

s |
Energy Arrival
H Battery ;
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—
> T[] nt

Data Queue

(a) Device with energy harvesting capabilities. (b) Sensing of the unknown field.

Fig. 1: An energy harvesting device and a sensing system.

Communication Aspects in EH systemsStudies for understanding the limitations of EH
systems typically focus on the reliable communicationdfmm. The main EH node model for
this problem is shown in Fig. 1a. Here under intermittentilaisée energy constraints, optimal
data transmission strategies are developed. An imporistiiction is the one between thafline
optimization scheme and theonline optimization scheme[8]. In the offline (or deterministic)
scheme, the profile of the harvested energy is assumed todwvenkmon-causally. On the other
hand, in the online (or random) scheme, only statisticaMkadge about the energy arrivals is
assumed to be available at the time of design. Most of theentiworks adopt an information-
theoretic framework and focus on rate maximization as thiopeance criteria, see for instance
[8—-11] and [8], [12] for offline and online schemes, respeii.
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(a) Devicei with energy harvesting capabilities. In (b) Sensor system at time D;: Sensor devicéd
contrast to Fig. 1a both sensing and communication (Model shown in Fig. 2a)E! : Energy Arrival to
energy costs are accounted for. Di at timet. Y!': Measurement done by; at timet.

Fig. 2: System model for the proposed project.

Sensing Problem:The above mainstream approach that focuses on commumsatgpects
has mostly ignored the ultimate aim of these transmissiggtseval of information about the
underlying phenomena; in particular trezovery of the unknown fieldmeasured by the sensors.
Hence, although these works successfully address isslagsaréo reliable communications, they
can only provide limited insights about the fundamentaitsnof theinverse problem at hand.

An illustration of the problem of sensing an unknown fieldlwsensors is provided in Fig. 1b.
Here each sensor makes an observation of an unknown fieldeadd gs observation to a fusion
(decision) center. An estimate of the whole field is done atftision center. The issue is to
determine the optimal sensor strategies, i.e. sensor ylepiat policies and sensing (sampling
and source compression) and communication policies atthgoss, so that the field is estimated
as accurately as possible at the fusion center. Such sestngrios are referred to as “distributed
estimation” problems [13].

Previously, works on distributed estimation have succdlgsprovided guidelines for sens-
ing strategies when the sensors have reliable power so(ireesvithout EH constraints), see
for instance [13-16]. Here optimal sensing strategies &sely related to the fundamental
bounds associated witlhverse problemsandsignal recovery. The answer to the question of
“when/where to do the measurements” is inherently condetrdethe conditions expressed by
the Shannon-Nyquist sampling theorem and its generalizstiand to the recent findings in the
area of compressive sampling [17].

Sensing Aspects in EH System&lthough the works on EH systems mostly focus on reliable
communications, a number of recent works have consideresirggrelated aspects. The problem
of parameter estimation, where the unknown field is reptesewith a scalar number at a given
time instant, is considered in [18], [19]. Models where thenown field is represented as
Markov sources are investigated [20], [21]. A number of veodn EH systems have focused
on the energy costs related to sensing [22], [23]. Sensisges have also been studied from
network utility perspectives [23], [24].

[Il. PROJECTDESCRIPTION
A. Theory and Methodology

The main aim of this project is to develop sensing and comoatian strategies for systems
utilizing energy harvesting. The main setting of the projscgiven in Fig. 2.
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We will answer questions such as “for a given energy religbof EH source, when and
where the samples should be taken?”, “how reliable shouwddetiergy harvesting sources be to
achieve a target distortion for field recovery?”, “what i® thest strategy to trade the energy
availability and the number of sensors: is it better to usigh humber of sensors with low energy
conversion rates (i.e. cheaper devices) or low number asasernwith high energy conversion
rates (i.e. more expensive devices)?”. We arrange our wafiolbows:

Work Package 1 (WP1) Offline (deterministic) scheme:We consider the offline scheme
where the energy arrivals are assumed to be known non-taugalhe sensor [8-11]. This
scheme is suited for scenarios where the energy output cardakcted with high accuracy,
such as the energy output of a solar panel depending on thersg¢ame and device characteristics
[5]. It also serves as a benchmark showing what levels ofopmidnce can be achieved under
the optimistic assumption of known energy arrivals. Thdofeing specific problems will be
addressed jointly:

« Sensing: Development of sampling strategies for field reppwvith sensors with EH
capabilities. Spatial sampling locations (Task 1), temmp@ampling rates (Task 2) and
accuracy of the sensor measurements, i.e. quantizatiocigsl(Task 3) will be designed.

« Communication: Design of low complexity power allocatidragk 4) and linear precoding
strategies (Task 5) for data transmission with EH sensous.iestigations will include
linear precoding over time, for instance averaging of seméservations, (Task 5A) and
linear precoding over virtual multiple-input multiple4put (MIMO) links through sensor
collaboration (Task 5B) [25].

We will first consider the decentralized solutions wheregbasors decide using only their own
energy arrival knowledgeWP1.1), and then move onto the centralized solutio#éP.2) In
contrast to mainstream information-theoretic approa¢&es2], we will focus on multi-sensor,
hence multi-user scenarios. For field recovery, we will ®am mean-square error or signal-
to-noise ratio (SNR) based metrics. We will consider desi§istrategies over both finite and
infinite time horizons. Battery size constraints, battenperfections and delay constraints will
be important ingredients of our work.

The energy cost of sensing (including sampling and commeswvary according to the
application and may be at a level comparable with that oforér@dinsmission [22], [26]. Hence we
will consider the sensor device model given in Fig. 2a whigorporates the energy expenditures
related to the sensing. Using a similar model, Ref. [22] Hesvé that under queue stability and
distortion constraints, the sensing and communicationatijpms can be separately optimized.
Whether this observation extends to the scenarios corsiderthis project will be an important
issue we will address.

The correlation between the values of the field will be modiéheough the covariance function
of the unknown field. Various characteristics of physicdbecan be captured using covariance
functions; see, for instance, [16], [27] for examples wiftical fields.

The answers to the questions we have stated in the beginmitigsosection will heavily
depend on the correlation between the values of the fieldinstaince, it is inefficient to sample
the field values too often in time if the field is highly-coat#d temporally and the energy source
is unreliable to the extend that only a few of the measuredestan be sent reliably over the
data link: once these measurement values are put into tlequ@iie, the communication unit
will try to send them all of these observations using the ahle energy sources although this
data that does not significantly contribute to the estinmatibthe unknown field.
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Although one can utilize the source-channel separatioaréme to decouple these problems
[28], and make sure that the data in the data queue is indepnand identically distributed,
this approach has its drawbacks. It assumes the sensor bablgdhigh-complexity circuitry
for source and channel encoding; which may not be possiblsifiople EH sensors. Moreover,
it ignores the energy used for sensing and the encoding tipesaand the delays incurred by
encoding. Motivated by these observations, here we focusveitomplexity analog transmission
strategies based on linear precoding [13].

Work Package 2 (WP2) Online (random) scheme: The sensing and communications
problems described in WP1 will be studied under the onlinengpation scheme, where the
energy arrival process is modeled as a random process [&], Y¥e will first consider the
decentralized solutions (where the sensors only know thenpeters of their own energy arrival
process) \VP2.1), and then move onto the centralized solutiond@.2). To model the energy
arrival process, we will consider both the case with indejeetly and identically distributed
source model and the Markov source model. We note that theefois a special case of the
latter. In addition to the questions in WP1, the followinguses are important in the online
scheme:

A significant concern is the optimality of threshold pol®if20]. In Ref. [20], it is shown
that the optimal strategy for a sensor node observing a +duttensional Gaussian Markov
source is an energy-dependent threshold-based strateggtheé, such threshold-based strate-
gies are still optimum in multi-sensor environments whdre observations of the sensors are
spatially/temporally correlated, is not clear. This issuik be addressed in this project.

For additive white Gaussian noise (AWGN) channel, the céypaader online scheme without
battery constraints is the same as the capacity of a clag®&N channel with an average
power constraint equal to the average energy harvestieg1a{. Hence the EH system and the
traditional system that is powered from the grid can prouite same data rate as long as the
average power values are the same. It is not clear whetheptbmising observation extends
to multi-user scenarios under field recovery constraints. @oject will address this issue.

Battery size constraints significantly affect the struetaf the optimal solutions and the
analytical tractability. An example is the capacity of theergy harvesting AWGN channel
for the case where the battery size goes to infinity [12] amdfithite battery size case [29]. In
that regard, investigating finite battery size constramits be particularly important.

Work Package 3 (WP3) Measurements for Characterizing Energy Availability from
Renewable Sources for Low-Power Devicesvieasurements to obtain data for characterizing
the energy availability from renewable sources will be ddrere the key issue is to assess the
reliability of these sources fdow-power devices. Although analysis for large scale applications
(such as power generation for grid) are done throughly, timalrer of the works that focus on
the energy availability for low-power devices is limited.[5

Our target energy sources include light and radio frequ¢R€&y energy. Using photo-detectors
and RF harvesters (for instance P2110B Powerharvesteiv@e¢®0]), measurements of these
sources in use-case scenarios will be done.

Let us consider a scenario that focuses on light energy. Bgimy photo-detectors in various
office environments, we will obtain data to characterizedbailability of indoor light energy at
Gothenburg. This will give us the fluctuations in the energgilability during an hour, a day
or a month. These measurements will complement the existorg, for instance the work in
[5] where similar measurements are done in New York. The @ispn of this data, for these
two cities and also for different times of year, will guide alsout how adaptive our optimal
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energy expenditure strategies should be. This data witmalls to make informed decisions
about whether there are global algorithm parameters tlmtldlbe tuned when the same sensor
system is to be deployed in buildings in different cities.

Together with the energy conversion efficiencies, thesesareanents will give us the fluctua-
tions of the energy that can be provided by renewable souftes data will be used to evaluate
our assumptions about energy arrival processes and therperfice of our proposed solutions.

An overview of the methodology for the project: The trade-offs between the system param-
eters will be studied through optimization problems. Hrstnalytical and secondly numerical
approaches will be adopted. Our first aim is to gain high levellytical insight to the optimal
strategies and the trade-offs between energy reliabégyimation error and delay. Our second
aim is to provide low complexity practical strategies.

Lower and upper bounds, and high/low SNR approximationsheilused to gain engineering
insight to the optimal solutions. Karush-Kuhn-Tucker (KKifecessary and sufficient conditions,
Taylor series expansion of the objective and the constfaimitions are among the analytical
approaches to be considered whenever applicable. Mdjorzand Schur-convexity concepts,
which has been used in various works with EH constraintd, belimportant tools [31]. In the
case of online schemes, stochastic optimization toolshelutilized [32].

Based on the problem structure, we will consider convexigtition methods or more general
nonlinear optimization methods, such as dynamic programgmyradient descent and Newton
methods, interior point methods, sequential quadratiggamming methods and Gauss-Seidel
method based approaches [33]. Developing practical a@kgos with reduced complexity that
can be implemented in a decentralized manner will be an itapbconcern.

B. Timetable and Implementation

A schedule of the overall work plan is given in Table 1. Theuhsswill be communicated
through publications on international journals such asHEEansactions on Signal Processing
or IEEE Transactions on Wireless Communications, and cenées such as IEEE International
Conference on Acoustics, Speech and Signal Processingeditl International Symposium on
Information Theory. These results will also be made pupladcessible through the university’s
web-site. Seminars on the subject to different audiencehuiéitrial and academic) with varying
expertise (signal processing, communications, circusigig will be offered to disseminate the
intermediate results and inquire about collaboration onities.

The PhD student will first work on simplified illustrative s@ios and numerical evaluations,
and then move onto more comprehensive scenarios. Masteurateigraduate theses will also
be offered. These theses will focus on numerical evaluatiamd the measurement tasks in
WP3. The schedule of WP3 tasks in Table 1 is chosen to be tensisith the timing of the
announcement the thesis work within the academic calendar.

In order to fully evaluate the possible societal impact af work, the services offered by the
research utilization office, Innovation Office West will bgedl. We will collaborate with Ericsson
in terms of implications of our results for machine-to-miaehcommunications. Intellectual
Property Rights (IPR) will be a particularly important issa the light of this collaboration. The
strategies we should adopt on IPR related issues will berdéted with the help of Innovation
Office West. For dissemination to non-technical audienoes,will implement the following
actions: i) development of a web-page for the project withilgaaccessible synopses of the
project ii) interview with the local newspapers, such ageborgs-Posten and NyTeknik, iii)
participation in International Science Festival in Gotiery.
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TABLE I: Time Table for the Project. proach

V. SIGNIFICANCE

With the increasing number of mobile devices and wirelesssisag applications, and the
ever increasing demand on energy resources, efficient aad sisage of our resources in our
sensing and communication systems is an urgent prioritthilrespect, energy harvesting is a
promising approach whose market share is expected to regchxamately 1.9 billion dollars by
2017 [3]. Demonstrations that illustrate the potential wfls systems are also highly regarded by
communities focusing on green technologies; see, formastahe prizes Swedish start-BpVibe
Energy focusing on energy harvesting from vibrations have eargdrj addition to mobility and
prolonged network life-times, EH capabilities also offerspibilities for “energy autonomous”
sensing systems [1-3]. The project we propose here wiltute to the development of sensing
systems with such EH features.

The timing of the project provides us an important oppotiurit the moment, the information-
theoretic studies continue to provide us knowledge on tiheldmental limits of EH communi-
cation networks. On the other hand, practical systems tletenusage of simplistic EH ideas
have started to emerge. It is important that the gap betweesettwo realms are bridged and
efficient sensing and communication strategies are degdlapd standardized into our systems.

This project is particularly timely from the upcoming 5G rstiard perspective. Systems with
EH capabilities are expected to be parts of this standard [8ing EH capabilities is considered
a promising candidate for powering machine-type commuiaicg, which is an important use
case for 5G [35]. It is imperative that this standard is depet with the awareness of the
limitations posed by EH capabilities for our sensing systemnd the relevant solutions.

In particular, this project will provide novel and signifidacontributions for sensing systems
with EH capabilities as follows: We will address the sensamgl the relevant inverse problem
aspects together with communication aspects. This widvallis to optimize our sensing and
communication strategies more efficiently, for instancekpgloiting the spatial correlation of the
field that is measured. We will emphasize low-complexity ommication solutions and multi-
sensor scenarios. Without considering such aspects, ibtigossible to fully understand the
practical limitations posed on sensing operations by u&higdevices. Through these studies,
our project will reveal the basic limitations posed by aiilig unreliable energy resources in our
sensing systems and provide guidelines for future sengisigi®s which cannot be provided by
the current approaches.

The project will also make significant contributions for harmresources development: The
PhD student will not only have a solid background in the isgetion of signal processing and
communications, but will also have extensive knowledgehia tapidly growing field of EH
communication systems. The undergraduate and Masterstlugfared within the project will
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not only expose the students to research methodology, Butlsd allow them to work close
to the cutting edge EH technology with many possible insgirapplications, which can be
instrumental for convincing them to pursue research orepnéneurship-oriented careers.

V. PRELIMINARY RESULTS

My work on distributed estimation (without EH constraintgill serve as preliminary work
for this project [16], [27], [36]. These works provide us sey guidelines, i.e. guidelines about
“how many measurements to make and with what accuracy” utiteerassumption there is
always enough power to collect and send the informations phoposal can be considered as
an extension of these results to the scenarios where thgyeseurce is intermittent.

My work in [37] corresponds to the study of a limiting case the intermittent energy
scenarios in this project. In [37] we have considered mimmmean-square error (MMSE)
estimation under Gaussian erasure channel. This settimdeanterpreted as an EH scenario
where sensors do not have any batteries and hence they sendata if energy can be harvested
(i.e. no erasure occurs) or no energy can be harvested aadsdditopped (i.e. erasure occurs).
In that work, we have showed that it is possible to recoveruhknown signal with a low
MMSE from a small number of measurements provided that tpeasifamily has low degrees
of freedom. This observation has facilitated connectionih wompressive sensing [17]. We
expect similar connections will be drawn in the proposedgmtowhich relates the reliability of
the EH sources and the degrees of freedom of the signal family

My recent work on energy harvesting focuses on linear priegodolutions for RF energy
transfer [38], [39]. In these works, the key concern is toigledransmission strategies for
simultaneous information and energy transfer. Although fbrmulations in these works are
different from this proposed project, the tools we have t®ped, in particular methods for
finding rank-constrained solutions, will be utilized heoe finding linear precoding strategies.

We provide a comparison of the performance of optimizedalim@ecoding solutions (WP1-
Task 5) with the greedy approach for mean-square error (M@B)mization in Fig. 3. We adopt
a model which is an extension of the offline, time slotted Eixigput single-output scenario in [8]
to MIMO linear precoding case. In the greedy approach, nanopation over the transmission
time frame is done, an energy packet is used as soon as it becavailable. The plots show
the average error performance ver&igmax When the energy packet sizes are generated as i.i.d.
uniformly in [0, Ein max] (MJs) [11]. It is observed that the optimized approach ples/substantial
performance improvements over the greedy approaclEifysx increases, the performance gap
between the two schemes does not diminish. This illustritas when high performance is
desired, optimization over the a time frame can be advantegeven in cases where the EH
source has a very good peak performance. In the project, Wéuwther extend these results to
multi-sensor scenarios and the online optimization scheme

VI. INDEPENDENTLINE OF RESEARCH

The project proposed here utilizes my previous experiensensing, information theory and
signal processing (mostly Ph.D. work) and communicatiansstly post-doctoral work) and
combines them to address energy harvesting problems bedcabove. Although the project
benefits from both of these sets of expertise, it creates guarline of research by considering
energy harvesting systems and focusing on aspects thabevilifficult to address if one were
to focus on only one of these aspects.
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This VR grant will offer me the opportunity to fully develom andependent line of research.
With the financial stability the grant provides, it will bester to look into fundamental and
challenging research problems with high chances of sutistampact (such as online optimiza-
tion with random energy arrival in a multi-sensor enviromt)én contrast being restricted to
the problems that will have immediate output but limited aop(such as offline optimization
with full information on energy arrival in a single sensoesario).

In this regard, | will have an opportunity to exhibit a greatapact on the energy and sensing
related societal challenges and establish myself in thid &8 a significant contributor. Here,
the timeliness of the project in the light of the connectitwetween the proposed project and
scientific priorities set by Swedish Research Council andopean Commission Framework
Horizon 2020, in particular, energy efficiency, and smarhkand smart cities applications will
play an important role.

VIlI. FORM OF EMPLOYMENT

Currently | am employed at Chalmers University of Technglag a post-doctoral researcher.
Chalmers guarantees a fixed term research position thrdwgburation of the VR project.

VIII. I NTERNATIONAL AND NATIONAL COLLABORATION

In addition to my current collaboration with Tomas McKelvepnd Mats Viberg, Signals
and Systems Department at Chalmers, initial steps for lmoi&ion with Mikael Coldrey and
Giuseppe Durisi from the same department have also been.t@alaboration with Ericsson
Research has been initiated. | gave two talks on energy $tamgeat Ericsson up to now. We
are currently working on a schedule that will allow me to hawere regular visits. Here we
will focus on 5G use cases with machine-type communicatiBgsconsidering sensing aspects
together with communications, we will be developing insggthat would be difficult to produce
if one of the parties were working alone.

In WP1-WP3, | will collaborate with Deniz Gunduz, Dept. &lectrical and Electronic
Engineering, Imperial College London, UK who is a leadingeacher in the area of energy
harvesting communication networks. We are currently wagkon a plan that will enable a
series of research visits. | will also collaborate with Sert¥uksel, Dept. of Mathematics and
Statistics, Queen’s University, Canada on WP2. His exgpein Markov sources and stochastic
optimization will be particularly important. Our previousork in [37], which can be considered
as a study of a limiting case of this proposed project, witveeas a good starting point.
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Interdisciplinarity

My application is interdisciplinary

-

An interdisciplinary research project is defined in this call for proposals as a project that can not be completed

without knowledge, methods, terminology, data and researchers frommore than one of the Swedish Research Councils
subject areas; Medicine and health, Natural and engineering sciences, Humanities and social sciences and Educational
sciences. If your research project is interdisciplinary according to this definition, you indicate and explain this here.

Click here for more information

Scientific report

Scientific report/Account for scientific activities of previous project
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Budget and research resources

Project staff

Describe the staff that will be working in the project and the salary that is applied for in the project budget. Enter the full

amount, not in thousands SEK.

Participating researchers that accept an invitation to participate in the application will be displayed automatically under
Dedicated time for this project. Note that it will take a few minutes before the information is updated, and that it might be
necessary for the project leader to close and reopen the form.

Dedicated time for this project*

Role in the project Name

Percent of full time

1 Applicant Ayca Ozcelikkale

Salaries including social fees

Role in the project Name
1 Applicant gz};:c;ikkale
2 Applicant gzcceiikkale
3 Applicant gz};:c;ikkale

Other personnel without doctoral
degree

Percentof salary 2016 2017 2018 2019 Total

20 160,000 160,000
66 545,000 545,000
75 640,000 660,000 1,300,000

80 435,000 450,000 535,000 555,000 1,975,000

Total

595,000 995,000 1,175,000 1,215,000 3,980,000
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Describe the other project costs for which you apply fromthe Swedish Research Council. Enter the full amount, not in
thousands SEK.

Premises
Type of premises 2017 2018 2019 Total

1 Office 43,000 72,000 85,000 88,000 288,000
Total 43,000 72,000 85,000 88,000 288,000

Running Costs

Running Cost Description
1 Conference/Travel Costs 90,000 90,000 90,000 90,000 360,000
2 Computer Computer for PhD Student 19,000 19,000
3 Laptop Laptop for WP3 19,000 19,000
4 Consumables Consumables for WP3 35,000 35,000 35,000 35,000 140,000
5 IT Costs 13,000 22,000 26,000 27,000 88,000
Total 176,000 147,000 151,000 152,000 626,000

Depreciation costs

Depreciation cost Description 2016 2017 2018 2019

Total project cost
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Below you can see a summary of the costs in your budget, which are the costs that you apply for fromthe Swedish
Research Council. Indirect costs are entered separately into the table.

Under Other costs you can enter which costs, aside fromthe ones you apply for fromthe Swedish Research Council, that
the project includes. Add the full amounts, not in thousands of SEK.

The subtotal plus indirect costs are the total per year that you apply for.

Total budget

Specified costs Total, applied Other costs Total cost
Salaries including social fees 595,000 995,000 1,175,000 1,215,000 3,980,000 3,980,000
Running costs 176,000 147,000 151,000 152,000 626,000 626,000
Depreciation costs 0 0
Premises 43,000 72,000 85,000 88,000 288,000 288,000
Subtotal 814,000 1,214,000 1,411,000 1,455,000 4,894,000 0 4,894,000
Indirect costs 220,000 365,000 430,000 445,000 1,460,000 1,460,000
Total project cost 1,034,000 1,579,000 1,841,000 1,900,000 6,354,000 0 6,354,000

Explanation of the proposed budget
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Briefly justify each proposed cost in the stated budget.

Explanation of the proposed budget*
Project Leader

The engagement for the project leader is %58.95 (average over four years).

The project leader has an ongoing Marie Sklodowska-Curie Fellowship from European Union with the project title **Green
and Smart Communications with Energy Harvesting: A Signal Processing Approach". The period for this grant is March
2015- February 2017. That grant does not cover all the costs related to her employment. The VR grant together with Marie
Sklodowska-Curie Fellowship will be used to cover her employment costs until February 2017.

For 2016, %20 engagement for the VR project is provided.

For January-February 2017, %20 engagement for the VR project is provided. For March-December 2017, %75 engagement
for the VR project is provided. This corresponds to %65.83 engagement on average on 2017.

For 2017-2019, %75 engagement for the VR project is provided.
Doctoral Student

The engagement for the PhD student is %80. The remaining costs of the PhD student will be covered by teaching and
department duties.

Conferences/Travel

The travel cost per person (for attending conferences, workshops, and holding research visits) is calculated as 45tkr per
year. One travel across the continent and one travel within Europe is assumed with the corresponding costs, 30tkr and 15
tkr, respectively.

Computer

A personal computer for the PhD student.

Laptop

Laptop to use in the experiments in *"WP3: Measurements for Characterizing Energy Availability from Renewable Sources
for Low-Power Devices".

Consumables

Consumables for “"WP3: Measurements for Characterizing Energy Availability from Renewable Sources for Low-Power
Devices" and for the new/updated deployments over the years.

35tkris calculated as follows:

(2) Energy Harvesting Development Kit for Wireless Sensors (Estimated price based on Powercast kits) (15tkr)

(b) Calibrated Photodetector (Estimated price based on 818-UV/DB) (7tkr)

(c) Optical Ambient light sensors (Estimated price based on TSL230RD-TRCT-ND): 100 sensor set (3tkr)
(d) Multifunction DAQ with USB (Estimated price based on U3-LV/U3-HV) (1tkr x 10 =10tkr)

Other items (IT costs, cost for premises) are calculated according to the Chalmers University of Technology guidelines.

Other funding
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Describe your other project funding for the project period (applied for or granted) aside fromthat which you apply for from
the Swedish Research Council. Write the whole sum, not thousands of SEK.

Other funding for this project
Funder  Applicant/projectleader Type of grant Reg no or equiv. 2016 2017 2018 2019
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Ayca Ozcelikkale
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2006

2012

May 2014 —
present

Sep. 2012 —
Apr. 2014

May 2014 —
present

Chalmers University
ept.of Signals and Systems
Dept.of Signal 1 Syst
Gothenburg, Sweden
S0
ayca.ozcelikkale@chalmers.se

1. Higher Education Qualifications

B.Sc., Middle East Technical University (METU), Dept. of Electrical Eng., Ankara,
Turkey.

B.Sc., Middle FEast Technical University, Dept. of Philosophy — Double Mayjor,
Ankara, Turkey.

M.Sc., Bilkent University, Dept. of Electrical Eng., Ankara, Turkey.
Supervisor: Haldun M. Ozaktas

Structural and Metrical Information in Linear Systems

2. Doctoral Degree

Ph.D., Bilkent University, Dept. of Electrical Eng., Ankara, Turkey.
Supervisor: Haldun M. Ozaktas

Signal Representation and Recovery under Measurement Constraints

3. Post-Doctoral Positions

Post-Doctoral Researcher, Chalmers University, Dept. of Signals and Systems,
Gothenburg, Sweden.

o Signal processing and communications for energy harvesting systems

Post-Doctoral Researcher, Bilkent University, Dept. of Electrical Engineering,
Ankara, Turkey.

o Multi-user communications

4. Qualification required for appointments as a docent

o Completed the course “Supervision of Research: Principles and Practice”. This is
one of the teaching qualifications for being accepted as a docent at Chalmers.

5. Current Position

Post-Doctoral Researcher, Chalmers University, Dept. of Signals and Systems,
Gothenburg, Sweden.
%100 Research-based Appointment.
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March 2015 Marie Sklodowska-Curie Fellow, Chalmers University, Dept. of Signals and Sys-
— present tems, Gothenburg, Sweden.

%100 Research-based Appointment.

6. Previous positions and periods of appointment

o Listed in Section 3. Otherwise not applicable.

7. Interruption in research
o Not Applicable.
8. Supervision
o Not Applicable.

9. Other merits of relevance to the application

Awards
2015 European Union Marie Sklodowska-Curie Fellowship.

Project title: “Green and Smart Communications with Energy Harvesting: A Signal
Processing Approach”.

2010 Fellowship for Research Abroad during PhD Studies.
Awarded by The Scientific and Technological Research Council of Turkey.
2007 Best Student Paper Award, 2nd place.
IEEE Signal Process. and Commun. App. Conf., Eskigehir, Turkey.
2005 -2011 Graduate Scholarship.
Awarded by The Scientific and Technological Research Council of Turkey, includes
stipend for the duration of graduate studies.
2004 -2012 Graduate Scholarship.
Awarded by Bilkent University, includes tuition and stipend for the duration of grad-
uate studies.
2001 Biilent Kerim Altay Award.
Awarded by Dept. of Electrical Engineering, METU for Fall Term GPA of 4.00/4.00.
2000 Ranked 55th in the national university entrance exam.

1993 Ranked 3rd in the national high school entrance exam.

Long Term Research Visits
Aug. 2010 — Visiting Research Student, Queen’s University, Department of Mathematics and
Jun. 2011 Statistics, Ontario, Canada.

Supervision of Master Theses
January Kooros Moabber, Chalmers University, Dept. of Signals and Systems, Gothenburg,
2015 — Sweden.

present Thesis Title: Energy Harvesting in Relay Channels — Simultaneous Information and Power
Transfer
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dency of MMSE Performance for Gaussian Erasure Channels”, IEEE Trans. Informa-
tion Theory , vol. 60, no. 11, pp. 7186-7203, Nov. 2014.
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* A. Ozcelikkale, H. M. Ozaktas, and E. Arikan, “Optimal measurement under cost
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yontemleri),” in Proc. 2007 IEEE Signal Process. and Commun. App. Conf., (Best
Student Paper Award, 2nd place).

3. Monographs

A. Ozcelikkale, “Structural and metrical information in linear systems,” Master’s thesis,
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Ozcelikkale, Ayca has not added any publications to the application.
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organisation. The representative is normally the department head of the institution where the research is to be
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® the information in the application is correct and according to the instructions form the Swedish Research
Council
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organisation, and that no conflicts have arisen that would conflict with good research practice
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review.
The signature from the administrating organisation confirms that:

® the research, employment and equipment indicated will be accommodated in the institution during the
time, and to the extent, described in the application

® the institution approves the cost-estimate in the application

® the research is conducted according to Swedish legislation.
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