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TABLE 3. Network requirements/specifications of some commercial wireless services [3], [32]–[34].

reactions and future saving behaviors. As Table 3 suggests,551

the very same approach sounds also promising for the552

energization of widespread elements deployed in out-553

door. This result accordingly encourages the establish-554

ment of low-power field, near and wide area networks555

(FANs/NANs/WANs), which reveals the possible coverage556

of all networking schemes taking part in the Smart Grid557

architecture [33].558

Although Smart Grid vision proposes a reliable connection559

between a large number of diverse elements that are geo-560

graphically spread [2], this connection is still a challenging561

issue due to the limited capabilities of existing communi-562

cation protocols. At that point, insertion of newly-emerging563

IoT paradigm into the SG domain poses a huge potential to564

bring a rich set of advantages such as enhanced management565

and seamless interoperability, besides broad connectivity.566

With IoT, it becomes possible to connect evenly-distributed567

plethora of elements in a convenient and efficient way. The568

crucial data related to any system part can be transferred,569

when and/or where it is necessary, over the shortest link pos-570

sible with a minimum expense of power and delay. The con-571

siderably enhanced communication parameters, and better572

coordinated and interconnected network structure facilitate573

the intelligent monitoring, control and maintenance of grid574

assets with the adaption of self-configuring versatile devices575

that EFEH offers.576

Although the employed testbed sounds like targeting577

indoor applications, it can be easily adapted into outdoor578

systems since lighting is an essential part of daily human579

life. In this context, the major Smart City services, i.e.,580

smart lighting; smart parking; traffic congestion tracking;581

noise, air quality and structural health monitoring [34], can582

be performed by EFEH-powered IoT. For example, EFEH-583

capable vibration, deformation, humidity and temperature584

sensors can sense the parameters of interest, and real-timely585

notify city authorities about the stress and the environmental586

conditions that the structures are exposed. This better forecast 587

will eventually contribute to reduce periodic maintenance and 588

control costs. 589

Instead of using bulky and sunlight-depended solar panels, 590

EFEH-powered sensor nodes situated on field emitting street- 591

lights can reliably measure air quality in public places. The 592

measurements can be uploaded to a cloud-based database 593

for public awareness. Battery-operated noise sensors can be 594

also substituted by EFEH devices to reduce noise levels in 595

cities at specific hours [34]. Similarly, highway lightings can 596

be utilized to employ EFEH procedures that energize traffic 597

congestion control mechanisms. Furthermore, the proposed 598

method of EFEH can be also beneficial for smart lighting 599

applications in cities. Regarding to measurements taken by 600

light, weather, and proximity sensors, light intensities can 601

be optimized for increased energy consumption efficiency. 602

All these alterations are intended to make a better utilization 603

of city resources and increasing the quality of city services, 604

whileminimizing costs and causalities, andmaximizing oper- 605

ational efficiencies [34]. As it is revealed by the experiments, 606

the proposed method of EFEH is able to run a majority of 607

Smart Home/Building, Smart City and Smart Grid services. 608

It refers that any E-field emitting light source will therefore 609

become an integral part of these pervasive heterogeneous 610

networks by allowing sensors to be attached conveniently. 611

By taking into account all of these results, it can be said 612

that this promising candidate will considerably change the 613

operation of existing IoT-enabled Smart Home/Building, City 614

and Grid networks in the very near future. 615

VII. PROTOCOL STACK REQUIREMENTS OF THE 616

IoT-ENABLED EFEH COMMUNICATIONS 617

Due to the inherent limitations of EH paradigms, con- 618

ventional communication architectures need to be exact- 619

ingly modified as being extremely efficient. Although the 620

EFEHmethods are developed to alleviate insufficient storage 621
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capabilities of generic batteries and/or limiting intermittency622

of current EH techniques, they have not been entirely utilized623

in the IoT domain. As our intention is battery-less execution624

of IoT services, existing communication technologies should625

be revisited to enable self-operable and self-configuring626

IoT networks, which requires the highly optimized versions627

of Internet protocols [2]. Hence, this issue necessitates recon-628

struction of all network layers, i.e., protocol stack of the IoT,629

in an energy-aware and power-efficient fashion.630

A. PHYSICAL LAYER631

Utilization of lighting elements for power extraction neces-632

sitates the physical layer of existing IoT networks to be633

rehandled as a new design problem. As this newly-emerging634

method is totally different from traditional battery and/or635

energy harvesting powered communications, new mod-636

els and optimal transmission policies are highly required637

to maximize the throughput, reliability and quality of638

service (QoS).639

The proposed model of EFEH is tailored to overcome the640

restrictions posed by the limited energy storage capabilities641

of wireless devices in IoT applications. Due to its diverging642

nature, the existing well-applied communication architec-643

turesmust be restructured tomake self-operable IoT networks644

implementable in practice. In addition, the amount of data645

that can be transmitted with the minimum energy harvested646

should bemaximized to further increase the lifetime of sensor647

nodes.648

To determine the capacity, communication channel should649

be modeled and accordingly analyzed by regarding the650

amount of energy scavenged. In addition to energy-aware651

coding schemes, more simpler and harvesting adaptive mod-652

ulation techniques should be also investigated to provide653

an energy-efficient communication architecture. Less com-654

plex; more compact; and less power consumptive ultra-low655

power (ULP) transceivers need to be developed to boost the656

longevity.657

B. DATA LINK LAYER658

The continuous and reliable profile of the energy captured by659

exploiting lighting elements paves the way for perpetual data660

transmission, i.e., real-time monitoring, control and manage-661

ment activities. As the proposed method is able to offer much662

more energy than the existing power provision schemes by663

nearly acting like a continuous current source, it becomes664

possible to increase the transmit power (Pt ) without any effect665

on sensor’s lifetime. An increased Pt means more power to be666

received Pr , and an increased signal-to-noise (SNR) ratio on667

the receiver side. More SNR point out an increment in the668

channel capacity, i.e., an enhanced throughput. In addition,669

it can also be featured for decreasing the number of faulty670

transmissions, which reveals a need for the reassessment671

of current error control mechanisms. As a myriad of error672

correcting methods may become implementable depending673

on the accumulated energy, a detailed inspection of possible674

trade-offs between power consumption and reliability need to675

be maintained.676

Since the ever-growing number of wireless devices is 677

expected to reach to a new level with the emergence of IoT 678

concept, unacceptable queues and delays in data transmission 679

will be inevitable. This issue will incapacitate the spectrum, 680

which is densely populated even now, in the very near future. 681

To resolve this problem, previously proposed spectrum-aware 682

solutions [35], [36] must be revisited in an energy-efficient 683

manner. 684

Although the duty cycle for data transmission should be 685

kept as low as possible due to relatively high power con- 686

sumption in wake-up, listen and receive/transmit stages, the 687

node must be responsive enough to help better anticipate a 688

likelihood of a sudden request to ensure lossless reception/ 689

transmission of a packet. This issue necessitates tight- 690

engineering for power-saving data link layer technologies to 691

efficiently interconnect different IoT components. 692

In addition to aforementioned aspects, medium access 693

control (MAC) stands as an another challenging issue in 694

the realization of Internet-enabled self-sustaining wireless 695

autonomous devices. More optimal and energy-efficient 696

MAC protocols must be developed by regarding the capabil- 697

ities of this newly-emerging energy harvesting procedure. 698

C. NETWORK LAYER 699

As addressed in Section V, a prototype is designed,fabricated 700

and tested on a conventional ceiling type fluorescent 701

troffer to validate the feasibility of the proposed idea. 702

However, the nature and the corresponding illumination 703

requirements of the residential and commercial buildings, 704

public places, parks, and/or stadiums are envisioned, it can be 705

mentioned about numerous types of utilizable light fixtures, 706

i.e, a plethora of ambient E-field sources. Employment of 707

these assets for power provision will result in a variance 708

in the amount of harvested energy due to the variety of 709

exploited sources’ characteristics. This issue causes a very 710

dynamic environment for routing solutions in IoT-enabled 711

EFEH networks. Thus, network layer should be structured 712

by considering the competence of this proposed scavenging 713

mechanism. Energy-aware routing and delay-tolerant for- 714

warding algorithms need to be procured. 715

More specifically, for data centric and flat architecture 716

protocols, the nodes with more energy harvested should 717

participate in the routing process. With a precise knowl- 718

edge of instant energy-levels, the protocols will be able 719

to route the data through large multi-hop topologies with- 720

out any packet drops. For hierarchical routing algorithms, 721

cluster-heads should be selected among the nodes that have 722

the highest energy levels in their neighborhood, due to 723

the high power demanding two-sided communications that 724

cluster-heads are obliged to perform. This issue necessi- 725

tates the consideration of energy-aware clustering mecha- 726

nisms. Location-based routing algorithms in particular seems 727

promising for EH-powered IoT applications as being energy 728

efficient; however, delivering periodic location information 729

might be difficult for densely-populated networks. In addi- 730

tion, QoS-driven routing algorithms might be also beneficial 731
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to meet the network layer requirements of major IoT services732

by keeping in mind the capabilities of our proposal.733

D. TRANSPORT LAYER734

As the network to be structured is foreseen as a compose of735

heterogeneously powered devices, it is probable for a node736

to have inadequate energy when it is supposed to relay an737

upcoming datum to the next recipient. This mismatch might738

also occur due to the executed operation stage, deep sleep or739

lack of proper acknowledgment. Therefore, synchronization740

points out a crucial issue related to transport layer what needs741

to be developed as adaptive to the energy levels of network742

components. In addition, less power consuming transport743

control protocols (TCP) and energy-aware congestion detec-744

tion algorithms needs to be studied.745

The reliable delivery of data packets to gateways in IoT746

domain depends on a variety of parameters, in which the747

energy levels of relay nodes come to the forefront due to748

the diverse specs of lighting elements to be utilized. For the749

best performance achievable, efficient interaction between750

energy-aware network layers, hence cross-layer communi-751

cation solutions must be investigated. They should con-752

sider the heterogeneity in the capabilities of IoT devices753

to propose novel algorithms that decreases energy con-754

sumption, provide seamless Internet connectivity and satisfy755

desired QoS requirements. Furthermore, both EH techniques756

and harvesting-adaptive communication protocols need to757

be standardized to assure the compatibility of EH devices758

in commercial domain, conveniently manage the network,759

reduce the overall heterogeneity, and mitigate the inefficien-760

cies occurred by existing cross layer protocols.761

VIII. CONCLUSION762

This paper proposes a novel power provision architecture that763

is based on exploiting E-fields emitted by lighting elements.764

Fundamental requirements of IoT-enabled self-sustainable765

devices are addressed in both hardware and networking terms.766

Design aspects that maximize the harvesting efficiency are767

theoretically and experimentally evaluated. A low voltage768

prototype is outlined, structured and tested on a conventional769

overhead fluorescent fixture. Empirical findings disclose the770

potential of this proposed scavenging alternative for the771

applications in which greater longevity; higher robustness;772

and larger throughput are essential. It is believed that this773

effort will mitigate the energy constraints of wireless net-774

works in the very near future by substituting the batteries775

without any effect on system performance. It is also envi-776

sioned that this approach will broaden the scope of energy777

harvesting procedures, and ease the building of self-operable778

IoT services.779
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