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Abstract—Due to the fact that nanonetworks’sensors are
globally limited in their range of communication of process-
ing power and their modeling and implementation of energy
capacities , design and implementation of routing algorithms
are considered a nontrivial task. In this paper, we propose an
enhanced energy-efficient algorithm (E3A). E3A is a cognitive
data delivery approach that addresses the challenges of data
delivery in IoNT networks. The proposed approach caters to
the grid-based distribution of the employed nanosensors on the
monitored object/body organ to efficiently and effectively cope
with the dynamicity of nanonetwork topology . The rest of
the paper is organized as follows. Section 2 reviews previous
related studies. Section 3 discusses our system models. Section 4
describes our proposed routing approach for IoNT paradigm.
Section 5 provides performance evaluation for the proposed
approach. Finally, Section 6 provides the conclusions and future
directions.

Index Terms—Internet of Nano-Things (IoNT), Routing,
nanonetworks , communication layer stack.

I. INTRODUCTION

THEl l wirelessl bodyl areal networkl (WBAN)l isl al
networkl thatl providesl continuous monitoringl overl

orl insidel thel humanl bodyl forl al longl periodl andl
canl supportl transmissionl ofl real-timel traffic,l suchl asl
data,l tol observel thel statusl ofl vitall organl functionali-
tiesl [1].l Thisl technologyl hasl foundl greatl interestl inl
healthl andl infrastructure monitoring;l andl investigationsl
inl itl arel stilll ongoing.l Moreover,l WBANl inception hasl
providedl enhancedl andl efficientl solutionsl tol variousl
applicationsl inl biomedicine,l industry,l agriculture,l andl
militaryl applicationsl thatl relyl onl nanotechnology sci-
ence. Thel fieldl ofl Internetl ofl Thingsl (IoT)l hasl beenl
continuouslyl growing,l especially inl thel pastl decade.l
Furthermore,l manyl technologicall advancesl havel beenl
reached inl thel fieldl ofl nanotechnology.l Combiningl bothl
thesel fieldsl (Internetl ofl Things andl nanotechnology),l
al newl fieldl termedl asl thel Internetl ofl Nano-Thingsl
(IoNT) hasl emerged.l Intelligent,l energy-efficient,l andl
trustworthyl wearablel nanodevices canl dramaticallyl en-
hancel andl transforml thel humanl experiencel andl interac-
tion andl perceivel thel worldl aroundl us.l However,l therel
arel certainl difficulties,l both conceptuall andl technical,l
thatl needl tol bel traversedl beforel thisl IoNTl paradigml
can bel realizedl inl ourl dailyl lives. Onel ofl thel mainl
areasl thatl thisl technologyl hasl beenl usedl inl isl thel
areal ofl healthcare.l Wherel systemsl forl monitoringl thel
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internall well-beingl ofl thel humanl body havel beenl de-
veloped,l thesel systemsl usuallyl employl al vastl numberl
ofl nanosensors embeddedl inl thel humanl bodyl whichl
continuouslyl communicatel withl eachl other andl withl thel
outsidel environment,l formingl thel WBAN.l Forl exam-
ple,l nanosensors whichl canl monitorl thel glucosel levell
ofl thel bloodl havel beenl developedl forl thel protectionl
ofl diabetesl patientsl orl possiblel diabetesl patientsl [2].l
Furthermore,l magnetic nanosensorsl forl thel detectionl andl
profilingl ofl erythrocyte-derivedl microvesicles havel alsol
beenl usedl [4].l Thel successfull implementationl ofl suchl
al technologyl will makel thel monitoringl ofl thel individuall
healthl muchl easierl byl offeringl anl all-time low-costl
monitoringl system. Severall IoNTs’l designl aspects,l whichl
steml froml theirl uniquel featuresl inl terms ofl limited-
energyl constraints,l shortl communicationl range,l andl lowl
processing power,l neededl tol bel incorporatedl intol theirl
routingl protocolsl inl orderl tol realize thel IoNTl paradigm.l
Differentl challengesl againstl routingl protocoll designl inl
terms ofl energyl arel stilll beingl investigatedl withl nol
currentlyl fullyl developedl solutions. Nanonetworksl con-
sumel energyl inl almostl alll processes.l Theyl consumel
energyl while makingl datal transmission,l datal sensing,l
andl datal processing.l Therel havel beenl al fewl attemptsl
towardsl achievingl energyl efficiencyl inl suchl networksl
vial wirelessl multihopl networkingl [2–5].l However,l suchl
schemesl eitherl assumel staticl networkl topology,l whichl
rendersl thesel schemesl impracticall forl real-lifel networkl
implementation, becausel nanonetworksl exhibitl randoml
topologyl duel tol thel mobilityl ofl nodes,l or arel restrictedl
tol two-hopl froml sourcel tol thel sinkl routingl schemes.
Duel tol thel factl thatl nanonetworks’sensorsl arel usuallyl
limitedl inl theirl processingl power,l communicationl range,l
andl energyl capabilities,l designl andl implementationl ofl
routingl algorithmsl arel consideredl al nontriviall task.l Inl
thisl paper, wel proposel anl enhancedl energy-efficientl
algorithml (E3 A).l E3 Al isl al cognitivel data deliveryl
approachl thatl addressesl thel challengesl ofl datal deliveryl
inl IoNTl networks. Thel proposedl approachl catersl tol
thel grid-basedl distributionl ofl thel employedl nanosensorsl
onl thel monitoredl object/bodyl organl tol efficientlyl andl
effectivelyl copel with thel dynamicityl ofl nanonetworkl
topologyl [6].
Thel restl ofl thel paperl isl organizedl asl follows.l Sectionl
2l reviewsl previous relatedl studies.l Sectionl 3l discussesl
ourl systeml models.l Sectionl 4l describesl our proposedl
routingl approachl forl IoNTl paradigm.l Sectionl 5l pro-
videsl performance evaluationl forl thel proposedl approach.l
Finally,l Sectionl 6l providesl thel conclusions andl futurel
directions.
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II. RELATED WORK

Thel communicationl inl nanonetworksl canl utilizel onel
ofl thel followingl technologies; nanomechanical,l acoustic,l
electromagnetic,l andl chemicall orl molecularl communica-
tionl [8].l Mainlyl duel tol theirl tinyl sizes,l nanonetworksl
introducel difficultiesl in bothl hardwarel andl softwarel
design.l Especiallyl forl thel softwarel part,l thel commu-
nicationl layerl stackl needsl finel tuningl asl suchl tinyl
hardwarel imposesl criticall restrictions.l Knowingl thatl thel
physicall wirelessl signalingl isl performedl atl THzl bands,
duel tol thel restrictedl antennal size,l thisl necessitatesl
speciall routing/communication techniquesl [9].
Routingl protocolsl inl nanonetworksl canl bel classifiedl
intol simplel floodingl and randoml point-to-pointl proto-
cols.l Thesel protocolsl canl bel optimizedl andl customized
forl morel efficientl performance.l However,l severall designl
aspectsl shalll bel takenl in tol consideration,l suchl asl
thel nanonetworkl topology,l nodes’l mobility,l deployment
spacel (2Dl vs.l 3D),l andl energy.l Inl fact,l energyl isl
thel mostl significantl andl limiting factorl accordingl tol
currentl nanotechnologyl studiesl [2].l Inl thatl sense,l rout-
ingl protocols,l whichl optimizel thel energyl consumptionl
inl nanonetworksl whilel satisfying differentl constraints,l
arel expectedl tol havel al greatl influencel onl thel IoNTl
paradigm. Existingl routingl approachesl inl nanonetworksl
aiml atl extendingl thel networkl lifetimel byl minimizingl
thel energyl consumptionl whilel consideringl traditionall
metrics whichl mightl notl bel effectivel inl practice.l Inl
[16],l authorsl proposedl al peer-to-peer routingl protocol.l
Inl theirl work,l 2Dl uniforml gridsl andl 2Dl uniforml
randoml topologiesl arel assumed,l inl whichl identicall
nanosensorsl arel deployed.l Packetl collisions andl redun-
dantl retransmissionsl arel thel onlyl twol metricsl thatl
havel beenl considered whilel optimizingl thel proposedl
protocol.l Inl thisl protocol,l nodesl arel classifiedl based onl
thel packetl receptionl statisticsl theyl havel logged.l Thel
routingl schemel exploits thisl classificationl inl optimizingl
energyl consumption.l Inl [17],l coordinate-based addressingl
schemel isl proposedl forl nanosensorsl distributedl uni-
formlyl inl al rectangularl 2Dl topology.l Thel proposedl
routingl protocoll triesl tol minimizel thel hopl count ofl thel
packetl transmissionl byl placingl anchorl nodesl atl thel ver-
ticesl ofl thel grid.l This routingl protocoll isl assessedl byl
consideringl packetl retransmissionl rate,l successful packetl
receptionl rate,l andl packetl lossl rate.l Inl [18],l channel-
awarel routingl protocol isl proposed.l Authorsl consideredl
thel speciall attributesl ofl thel THzl bandl communication.l
Thel forwardingl isl optimizedl byl consideringl twol costl
factors:l namely,l avoidingl long-distancel regionl inl whichl
thel signall mayl sufferl thel pathl lossl andl avoiding short-
distancel regionl inl whichl thel numberl ofl hopsl canl bel
increasedl dramatically. However,l theirl achievedl resultsl
arel basedl onl simplel 1Dl simulations.l Authorsl in [19]l
focusedl onl thel physicall layerl partl forl theirl routingl
protocol.l Theyl proposed al physicall networkl codingl rout-
ingl protocoll byl extendingl al geographicall greedy routingl
algorithml forl nanonetworks.l Thel packetsl arel separatedl
intol twol partsl and transmittedl inl pairsl alongl pipelinedl
multi-hopl route,l whilel avoidingl groupedl weak nodesl
tol achievel energyl effectiveness.l Thel workl presentedl

inl [20]l proposesl al geographicl routingl protocol;l nodesl
ofl thel nanonetworksl arel assumedl tol comprisel two
typesl ofl anchors,l whichl havel higherl communicationl
andl processingl capabilities thanl thel edgel nodes.l Edgel
nodesl arel requiredl tol localizel theirl positionsl inl order
tol referencel thesel anchorl nodes.l Thel authorsl assumel
thatl thel networkl topologyl is squarel withl fourl anchorsl
locatedl atl thel corners.l Theirl routingl approachl operatesl
in twol phases:l thel setupl phasel andl thel operationl phase.l
Thel setupl phasel isl designed tol assistl thel networkl edgel
nodesl inl measuringl theirl distancesl froml thel anchors. Inl
thel operationl phase,l al sourcel nodel selectsl anchorl nodesl
andl incorporatesl this informationl inl transmittedl pack-
ets’l headers.l Al receivingl nodel checksl itsl location, thel
destinationl location,l andl thel sourcel locationl tol decidel
onl forwardingl orl droppingl thel packet.l However,l thisl
approachl requiresl addressingl forl alll nodes,l which formsl
al significantl challengel inl thel IoNTl withl nanoscalel
applications.l Thel workl in [22]l presentsl al floodingl
datal disseminationl scheme.l Thel proposedl schemel as-
sumes al squarel gridl networkl architecturel wherel thel
nanosensorsl arel distributedl denselyl at thel verticesl ofl
thel grid.l Utilizingl thel uniforml nodes’l patternsl andl
latticel algebra, thel schemel dismissesl thel requirementl forl
nodel addressingl andl employsl al simple floodingl routingl
schemel forl datal dissemination.l Thel schemel reliesl onl
classifying eachl nodel asl eitherl anl infrastructurel orl
singlel userl node,l dependingl onl itsl receptionl quality.
Basedl onl thel previouslyl discussedl attemptsl inl thel
literature,l wel canl conclude thatl energy-awarel routingl
protocolsl aiml atl identifyingl thel shortestl pathl and/orl
the nearestl neighborl towardsl destinationl inl thel nanonet-
work.l Inl thel nearestl neighbor approachl (NNA),l whenl
al packetl isl transmittedl froml onel nodel tol another,l itl
follows thel shortestl pathl [13].l NNAl assumesl thatl ifl al
packetl alwaysl followsl shorterl path,l it willl usel shortestl
pathl untill itl reachesl destinationl node.l Inl short,l thisl
algorithml uses four-directionl transmissionl (left,l right,l up,l
down)l onlyl inl virtuall gridl setups,l where thel closestl
vertical/horizontall butl notl diagonall relyingl neighborl isl
usedl tol sendl the datal packetl [14].l Asl al result,l thel
hopl countl canl unnecessarilyl increasel andl alsol the en-
ergyl consumptionl isl negativelyl affectedl byl increasedl
hopl count.l Meanwhile,l in thel shortestl pathl approachl
(SPA),l whenl al datal packetl isl transmittedl froml al node,
itl calculatesl thel shortestl pathl froml thel senderl nodel
tol thel destinationl insteadl of thel node-to-nodel fashion.l
Accordingly,l SPAl usesl eight-directionl datal forwarding
(up,l upper-left,l upper-right,l down,l down-left,l down-right,l
rightl andl left),l andl thus, itl considersl thel shortestl pathl
tol destinationl ratherl thanl shortestl neighborl tol relay.
Nevertheless,l nanosensorsl inl thel targetedl IoNTl canl
typicallyl followl al random behavior.l Theyl canl movel
aroundl thel humanl bodyl forl certainl healthl applications,
andl therefore,l mayl needl tol bel associatedl withl varyingl
neighborsl frequently,l and hence,l mayl notl alwaysl havel
al fixedl networkl structure/topology.l Inl thisl research, wel
proposedl al rationall datal deliveryl algorithml (RDDA)l
asl al distinguishedl routingl protocoll forl thel IoNT.l Itl
assumesl al multitierl nanonetworkl andl cluster/tierwidel
synchronization.l Moreover,l it’sl al topology-independentl
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protocoll whichl copes withl thel randomnessl naturel inl
nanonetworks.l Accordingl tol RDDA,l thel system deter-
minesl thel pathl froml thel routingl nodel (RN)l tol thel
destinationl nodel inl view ofl eachl node’sl remainingl
energy.l Thel remainingl energyl ofl recentl RN’sl neighbors
isl controlledl eachl timel beforel al datal packetl isl sentl
froml thel RN.l Ifl onel ofl these neighboringl RNs’l energyl
isl belowl halfl ofl thel initiall energy,l al newl alternativel
path willl bel determinedl andl thel datal packetl willl bel for-
wardedl accordingly.l Although thisl canl increasel thel hopl
countl inl comparisonl tol SPA,l thel energyl efficiencyl willl
be improvedl andl networkl lifetimel willl bel prolonged.

III. SYSTEM MODELS

Inl thisl sectionl wel listl thel assumedl systeml modelsl
forl thel proposedl E3Al approach towardl prolongedl life-
timel inl IoNT.

A. Networkl Architecture
Withl thel networkingl technology,l nanosensorsl havel

morel potential,l sincel theyl can cooperatel andl communi-
catel tol achievel morel challengingl tasks.l Figurel 1l shows

Fig. 1. Networkl architecturel andl mainl componentsl inl thel IoNT.

thel generall networkl architecturel tol bel assumedl inl
thisl paperl forl thel visionl of thel IoNTl paradigm.l Signifi-
cantl elementsl ofl thel nanonetworksl arel thel nanosensors,l
NRs,l andl cognitivel nanoroutersl (CNRs).l Nanosensorsl
arel thel smallestl and simplestl nanodevices.l Thesel devicesl
canl onlyl performl simplel computationl tasks andl canl
transmitl overl veryl shortl distancesl duel tol limitedl energyl
andl memory andl reducedl communicationl capabilities.l
NRsl havel slightlyl largerl computational resourcesl thanl
nanosensors,l andl thusl canl aggregatel information.l CNRs,l
alsol called nano-microl interfaces,l arel usedl tol furtherl ag-
gregatel thel informationl forwardedl by thel NRl andl sendl
theml tol al micro-scalel device.l Andl thus,l CNRsl arel
hybridl devices whichl canl communicatel inl thel nanoscalel
andl canl utilizel classicall communication paradigmsl inl
micro-l and/orl macrocommunicationl networks.l Thoughl
GWsl these typesl ofl networksl canl bel connectedl tol
thel traditionall Internet. Thel communicationl rangel inl
IoNTl isl predictedl tol bel betweenl 1l nml andl 1l cm inl
terahertz-bandl [24].l Andl thus,l multi-hopl routingl isl anl
effectivel datal delivery style.l Moreover,l thel directionl ofl
al communicationl routel isl notl deterministicl and dependsl
onl thel driftl velocityl ofl nanosensors,l whichl mayl resultl
inl servicel disruption andl extendedl delaysl [25].

B. Lifetimel inl IoNT

Lifetimel inl thisl researchl isl defiedl asl thel timel orl
numberl ofl transmissionl rounds inl whichl thel nanonet-
workl canl nol longerl sendl usefull informationl tol thel
endl users. Itl isl reflectedl byl thel network’sl inabilityl tol
findl al pathl tol deliverl datal withl satisfactoryl valuesl forl
al numberl ofl QoIl attributesl suchl asl latency,l fairness,l
andl remaining energyl [21].Therefore,l wel canl evaluatel
thel lifetimel ofl thel nanonetworkl inl thel IoNTl byl eitherl
countingl thel alivel nanosensorsl [26],l checkingl thel ratiol
ofl still-coveredl areasl tol the uncoveredl onesl byl thel
nanonetwork,l orl basedl onl bothl [27].

C. Energyl Conservationl andl Deadl Nodel Issue

Energyl inl nanonetworksl canl bel al criticall factorl
towardsl realizingl thel mainl objective ofl thel emergedl
IoNTl paradigm.l Knowingl thatl majorityl ofl thel nanonet-
workl energy budgetl isl spentl onl routingl data,l wel focusl
thisl studyl onl thel NRl energyl expenditures.l Accordingl
tol [24]l thisl canl bel characterizedl byl thel followingl
equation.

ENlR = C (T l ∗ (ETlX) +Rl ∗ (ERlX)) (1)

wherel ETlX l andl ERlX l arel transmissionl andl recep-
tionl energy,l respectively.l Cl indicates thel costl functionl
ofl thel energyl consumed,l andl T l andl Rl arel thel numberl
ofl transmittedl andl receivedl packets,l respectively.l Asl
discussedl earlier,l thel mainl functionl of CNRl isl datal
aggregationl andl routingl ofl traffl receivedl froml thel
NRs.l Therefore,l it isl expectedl thatl CNRsl consumel
additionall energyl comparedl tol regularl NRs.l This energyl
consumptionl canl bel characterizedl asl follows:

EClNlR = C (T l ∗ (ETlX) +Rl ∗ (ERlX)) + C (Al ∗ (Ealg)) + C (Pl ∗ (Eclg − Eplm)) (2)

Inl Eq.l (2),l Al andl P ,l representsl thel totall num-
berl ofl packetsl thatl arel aggregatedl and processedl byl
thel cognitivel nanorouters,l respectively.l C (Al ∗ (Eez ))l
showsl thel energy costl duringl datal aggregation,l andl
C
(
Pl ∗

(
Eαg − Eplrlo

))
l revealsl thel energyl costl duel

to protocoll andl processingl overheadl whilel performingl
cognitivel (rational)l processes. Byl formingl Eq.l (2)l inl
termsl ofl thel energyl costl ofl NRsl wel obtain:

EClVRl ≥ lENlR + C
(
Al ∗ (Eg) + C

(
Eαg

− Eplv
)

(3)

Ifl thel NRl andl CNRsl usel thel samel transmitl power,l thel
equalityl signl becomesl positivel inl Eq.l (3).l Inl thisl study,l
wel assumel multi-tierl NRs’l distribution.l Oncel alll thel
fistl tierl NRsl arel dead,l nol otherl nodel willl bel ablel tol
sendl datal tol thel GW,l and thel lifetimel ofl thel networkl
willl bel over.l

IV. ENHANCEDL ENERGY-EFFICIENTL APPROACH

Inl thisl sectionl wel proposel al novell energyl awarel
datal deliveryl approachl forl the energy-constrainedl IoNT,l
namelyl thel E3A.l Datal deliveryl decisionsl inl thel E3Al
are basedl onl observingl thel dynamicallyl changingl topol-
ogyl ofl thel network.l Sincel the learningl processl mightl
bel tool slowl tol respond/convergel beforel furtherl changes
takel placel inl thel network,l wel choosel al heuristicl searchl
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strategy,l calledl AHP,l tol aid inl makingl quickerl decisionsl
thatl suitl thel randomlyl deployedl nanosensors.l With thel
helpl ofl al modell ofl thel originall networkl topologyl
combinedl withl thel currently observedl changes,l wel makel
usel ofl thel AHPl heuristicl algorithml [11]l tol identifyl
the nodesl thatl canl bel usedl forl datal deliveryl tol thel
sinkl (GCN).l Thisl approachl isl useful whenl al probleml
isl tol bel solvedl repeatedlyl withl thel samel goall atl
GCN,l butl with differentl initiall statesl atl CRNs.l Inl thel
AHPl algorithm,l RNsl andl CRNsl arel initially assignedl
heuristicl valuesl atl thel timel ofl deploymentl basedl onl
theirl proximityl tol the sink.l Nodesl thatl liel atl one-hopl
distancel tol thel sinkl havel thel highestl probability ofl
successfull datal deliveryl tol thel sink.l Hence,l theyl arel
givenl thel highestl heuristic weightl (0.1l inl ourl study).l
Nodesl lyingl furtherl awayl froml thel sinkl arel givenl
lower weightsl (0.05),l sol thatl theyl havel lesserl influencel
onl thel heuristicl decision-making. However,l theyl arel notl
assignedl al zerol weight,l becausel thesel nodesl willl stilll
bel able tol participatel inl multi-hopl routingl inl casel thel
nodesl withl directl accessl tol thel sink becomel unavailablel
duel tol poorl linkl conditions,l networkl congestion,l orl
node deaths.l Thel higherl thel weightl ofl thel heuristic,l
thel higherl willl bel thel chancel thatl the nodel willl bel
chosenl forl datal transmissionl tol thel sink.l Thesel valuesl
remainl fieldl atl eachl RNl andl CRNl untill thel nodesl die,l
atl whichl timel thel heuristicl valuesl arel made “0”l asl theyl
dol notl influencel thel heuristicl decisionl anymore.

A. Learning

Learning is used in our E3 A approach in order to deter-
minel thel mostl appropriate pathsl towardsl thel GCNl thatl
satisfyl thel nanonetworkl requirements.l Thisl cognitionl
elementl usesl al direction-basedl heuristicl tol determinel
thel datal deliveryl path throughl RNsl thatl liesl inl thel
directionl ofl thel GCN.l Hence,l eachl timel al CRN hasl
tol choosel thel nextl hop,l thel direction-basedl heuristicl
eliminatesl RNsl that increasel thel distancel betweenl thel
currentl RNl andl GCN.l Knowledgel ofl thel positionsl
ofl thel CRNl andl itsl one-hopl RNsl isl usedl byl thel
heuristicl tol determinel the setl ofl suchl RNs,l whichl wel
calll forward-hopl RNs.l Thus,l thel forward-hopl RNs ofl al
CRNl identifiedl byl thel directionl heuristicl isl constitutedl
byl thosel RNsl that reducel thel distancel betweenl thel
CRNl andl thel GCN.l Thisl informationl isl stored inl thel
CRNl forl usel inl thel nextl transmissionl rounds.l Thus,l
thel direction-based heuristic,l alongl withl feedbackl froml
thel networkl aboutl thel chosenl paths,l helpsl the CRNsl tol
learnl datal deliveryl pathsl tol thel sinkl asl thel networkl
topologyl changes.

B. Reasoning

Inl thel E3Al approach,l wel assumel al modifiedl versionl
ofl thel analyticl hierarchyl processl (AHP)l [26]l forl im-
plementingl thel reasoningl elementl ofl cognitionl inl thel
IoNT. AHPl supportsl multiple-criterial decisionl makingl
whilel choosingl thel datal path.l For example,l ifl wel havel
delay-sensitivel data,l thel nodel whichl providesl thel lowestl
latency willl bel chosenl evenl thoughl itl mightl degradel
otherl metricsl suchl asl thel network energyl orl throughput.l

Ifl twol next-hopsl guaranteel thel samel latency,l thenl thel
next attributel tol comparel willl bel energy,l andl thenl
throughput,l assumingl thatl energyl is thel nextl desiredl
attributel inl thel nanonetwork.l AHPl providesl al methodl
forl pairwisel comparisonl ofl eachl ofl thel attributesl andl
helpsl tol choosel thel nodel thatl can providel thel bestl
networkl performancel inl thel longl run.l Thel followingl
subsequent examplel hasl morel detailsl onl thel utilizedl
AHP.l Whilel AHPl calculationsl helpl in decidingl thel
next-hop,l itl alsol helpsl inl planningl forl futurel actions.l
Thel CRNsl are ablel tol storel thel calculatedl valuesl
ofl thel nanonetworkl attributes,l whichl canl bel used inl
futurel transmissionl rounds.l Hence,l thesel valuesl arel notl
necessarilyl calculatedl at everyl transmissionl round.

V. PERFORMANCEL EVALUATION

Inl thisl section,l wel evaluatel thel performancel ofl thel
proposedl E3A.l Wel usel SPAl and NNAl algorithmsl asl
baselinel evaluationl algorithms.l Basedl onl thel aforemen-
tioned systeml models,l wel summarizel thesel twol base-
lines’l categoriesl asl follows

A. Shortestl Pathl Algorithml (SPA)

Thel firstl baselinel categoryl inl thisl researchl isl thel
SPA.l Asl wel mentionedl before,l itl is onel ofl thel mostl
well-knownl worksl inl routing.l Itl isl usedl inl twol cases:

• l Casel 1,l polling,l whenl GCNl requestingl al packetl
froml sensorl nodes.l Inl this case,l thel GCNl randomlyl
choosesl onel RNl andl addsl thel indexl ofl RNl tol the
requestl package.l Ifl thel rangel ofl GCNl coversl thel
selectedl RN,l itl sendsl the requestl packetl directlyl tol
thisl RN.l Ifl not,l itl sendsl thel requestl packetl tol thel
RN thatl isl nearestl tol thel targetl RN.l Thenl froml
thatl RN,l thel packetl isl transmitted tol thel RNl thatl
wasl selectedl originally. Thel firstl baselinel categoryl
inl thisl researchl isl thel SPA.l Asl wel mentionedl
before,l itl is onel ofl thel mostl well-knownl worksl
inl routing.l Itl isl usedl inl twol cases:

• l Casel 2,l pushing,l occursl whenl thel datal packetl
isl transferredl froml nanosensorsl tol thel GCN.l Thel
aiml isl tol transmitl thel datal packetl tol thel nearestl
RN thatl isl inl thel rangel ofl thel GCN.l Withl thisl
routingl approach,l thel shortest pathl isl calculatedl andl
afterl that,l datal packetl isl hoppedl froml thel currentl
RN tol thel nextl one.l Whenl thel packetl reachesl tol
thel RNsl nearl GCNl thesel RNs transmitl thel packetl
backl tol thel GCN.

B. Nearestl Neighborl Algorithml (NNA)

Thel NNAl approachl isl onel ofl thel previousl worksl
whichl hasl beenl designedl mainlyl for wirelessl sensorl
networksl andl alsol isl anl efficientl versionl ofl thel shortestl
pathl algorithm. Thisl approachl calculatesl thel shortestl
pathl butl thel transmissionl hasl tol bel occurredl only
towardsl up,l down,l leftl orl rightl directions.l Inl short,l
therel isl nol diagonall moving,l sol this surelyl increasesl
thel hopl counts,l andl thisl justifiesl thel incrementl inl en-
ergyl consumption. Inl thel aforementionedl twol baselines,l
SPAl representsl al straightforwardl approach inl cuttingl

IAENG International Journal of Computer Science, 49:2, IJCS_49_2_01

Volume 49, Issue 2: June 2022

 
______________________________________________________________________________________ 



downl unnecessaryl energyl consumptionl whilel choosingl
thel shortest path.l Onl thel otherl hand,l NNAl choosesl
onel ofl thel RNsl thatl hasl al non-diagonal connection.l Us-
ingl NNAl increasesl hopl count,l sol energyl consumptionl
isl increased andl networkl lifel timel isl decreased.l Thel
neighborl RNs’l energyl levell andl distance froml GCNl arel
comparedl inl E3A.l Itl choosesl RN,l whichl meetsl thel
requirements forl transmissionl andl maintainsl thel mostl
energy-effientl topologyl byl applyingl the AHPl algorithml
forl thel prolongedl networkl lifetime.l Itl isl typicall tol havel
al deterministicl placementl forl thel RNsl inl bio-inspiredl
applicationsl wherel al specificl areal ofl the skinl isl tar-
geted,l forl example,l andl thesel nanodevicesl arel plantedl
[29].l However,l the selectionl ofl whichl RNl tol routel thel
sensedl datal throughl variesl basedl onl thel utilized routingl
algorithm.l Thus,l wel comparel ourl proposedl E3Al routingl
algorithml with bothl NNAl andl SPAl inl thisl research.l Al
detailedl descriptionl ofl ourl experimental setupl isl givenl
inl thel followingl section.

C. Simulationl Results

Inl orderl tol limitl ourl searchl space,l wel assumel al
virtuall grid,l wherel SNsl arel placed onl thel gridl vertices.l
Wel assumel upl tol 1500l totall SNsl communicatel withl
onel GCNl vial 36l RNs.l Wel usedl NS3l asl al simulationl
tooll forl thisl purpose.l Thel simulationl is processedl inl
threel platforms,l whichl arel Windows,l Linux,l andl OSXl
forl validation purposes.l Wel executedl ourl simulationl
100l timesl forl eachl experimentl andl plottedl thel averagel
results.l Morel detailsl aboutl ourl assumedl simulationl
parametersl are summarizedl inl Tablel I.l

TABLE I
SIMULATIONL PARAMETERSL ANDL VALUESL [25,L 29]

llParameterl llV aluel
lllTargetlareall l10lmml × l10lmml
lllNumberloflnodesll lllSNs : ll100, lRNs : l16, lGCN : l1l
lllCommunicationlrangell lSN : l142lnm, lRN : l300lnm, lGCN : l500lnml
lllInitiallenergyll lSN : l31lplJ, lRN : l110lpJ, lGCN : lllUnlimitedl

lllEnergylconsumptionll l
SNlllandlRNl(Receiving) : ll31.2lpl/lbitl
SNlllandllRNlll(Transmitting) : ll53.8lpl/lbit

l

Inl thisl study,l wel arel interestedl inl examiningl thel
nanonetworkl performancel when thel sizel ofl thel nanofunc-
tionall devicesl goesl downl tol milli/nanoscale.l Accord-
ingly, al tissuel cubel isl assumedl forl thel consideredl bio-
applications,l sincel thel tissuel size (10l mml ×l 10l mml
×l 10l mm)l isl comparablel tol THzl wavelengthl [26].l Asl
we mentionedl before,l wel assumel 36l RNsl (0.1l mm3l
each)l andl 1l GCNl inl thel area ofl 10l mml ×l 10l mm.l
GCNl hasl bidirectionall connectionl withl thel closestl RNsl
to GCN,l whichl arel RN14,l RN15,l RN20,l andl RN21.l
Also,l GCNl hasl unidirectional connectionl withl restl ofl
thel RNsl whichl arel inl rangel ofl GCN.
Analysisl basedl onl thel depictedl deploymentl inl thisl
studyl showsl thatl duringl the networkl lifetime,l pathsl
froml al sourcel RNl tol thel GCNl changesl accordingl tol
RNs’ remainingl energyl basedl onl thel E3A.l Asl al resultl
ofl this,l thel networkl topologyl and hopl countl randomlyl
changel andl therel isl nol conclusivel hopl countl forl E3A.l
Thus makesl ourl proposedl approachl morel adaptivel tol
dynamicl topologiesl inl thel IoNT.

Fig. 2. Comparisonl ofl latency.

Fig. 3. Comparisonl ofl averagel remainingl energyl levell atl RNsl vs.l
totall transmissionl rounds.

Wel remarkl alsol thatl hopl countsl arel relatedl mainlyl
withl thel packetl delayl rate,l so morel hopl countl valuesl
meanl morel delay.l Andl hence,l wel canl filedl latencyl time
forl thesel threel approachesl inl Figurel 2.l Itl isl clearl
thatl E3Al hasl higherl latencyl inl comparisonl tol thel otherl
baselines.l Thel reasonl forl thatl isl becausel itl determinesl
the routel thel packetl shouldl followl accordingl tol thel
energyl ratiosl ofl thel nearestl RNs. Thel routingl approachl
whichl hasl thel leastl latencyl timel isl SPA. Onl thel otherl
hand,l wel plotl thel averagel energyl levelsl perl roundl inl
Figurel 3. Itl isl clearl thatl E3Al isl morel efficientl thanl
bothl SPAl andl NNAl inl termsl ofl lifetime. E3Al savesl
morel energyl thanl SPAl andl NNAl algorithms.l Inl Figurel
4,l thel barl chart showsl thel networkl lifetimel accordingl
tol thel threel statedl algorithms.l Thel X-axis showsl algo-
rithml typel whilel thel Y-axisl showsl networkl lifetimel inl
secondsl forl the aforementionedl networkl topologyl andl
values.l Whilel NNAl andl SPAl havel thel same lifetime,l
E3Al hasl morel lifetimel thanl thesel twol algorithms. Inl
addition,l networkl lifetimel alsol dependsl onl thel GCN’sl
requestl time.l Thel line chartl inl Figurel 5l showsl dif-
ferentl requestl timesl inl seconds,l andl theirl effectl on
thel networkl lifetimel accordingl tol thel differentl routingl
techniques:l E3A,l SPA,l and NNA.l Thel Y-axisl indicatesl
networkl lifetimel andl thel X-axisl indicatesl requestl time.
Asl thel packetl requestl intervalsl ofl GCNl increase,l thel
networkl lifetimel normally alsol increases.l Thel reasonl
forl thel differencel inl graphl isl thel algorithms’l durability
againstl energyl spending.l Althoughl NNAl andl SPAl havel
samel lifetime,l E3Al has extendedl lifetimel inl comparisonl
tol thesel twol algorithms.l Inl Figurel 6,l thel Y-axisl
representsl thel energyl levell ofl specificl RNsl andl thel
X-axisl representsl thel specified RNsl andl thel algorithml
types.l Whenl wel comparel thel one-hopl RNsl energyl
level withl respectl tol thesel algorithms.l E3Al increasesl

IAENG International Journal of Computer Science, 49:2, IJCS_49_2_01

Volume 49, Issue 2: June 2022

 
______________________________________________________________________________________ 



Fig. 4. Comparisonl ofl networkl lifetimel (msec).

Fig. 5. Comparisonl ofl networkl lifetimel vs.l thel requestl timel (msec).

thel networkl lifetimel andl itl isl better inl energyl saving.
Whenl wel comparel thesel algorithmsl inl termsl ofl thel
numberl ofl transmission rounds,l itl canl bel clearlyl ob-
servedl froml thel simulationl resultsl inl Figurel 7(a)l that
E3Al outperformsl NNAl andl SPA.l Thatl isl becausel ofl
thel lowerl failurel ratel experiencedl whilel applyingl E3A,l
asl shownl inl Figurel 7(b),l wherel thel numberl ofl failed
transmissionsl froml E3Al isl lowerl thanl thel othersl byl atl
leastl 10%.l Consequently,l by lookingl atl Figurel 7(c),l wel
canl seel thatl ifl conditionsl arel samel (e.g.l samel number
ofl processedl requests),l ourl approachl outperformsl thel
otherl approachesl withl the samel percentage.l Sincel Figurel
7(c)l demonstratesl thel quantityl ofl effectivel successfull

Fig. 6. Comparisonl ofl one-hopl RNs’l energyl level.

Fig. 7. (a)l Comparisonl ofl thel datal deliveryl techniquesl basedl onl
totall numberl ofl transmissionl rounds.l (b)l Comparisonl ofl thel failurel
rates.l (c)l Comparisonl of thel numberl ofl successfull transmissionl rate.

transmissionl ratesl forl eachl routingl technique,l wel canl
concludel thatl ourl E3A approachl outperformsl thel otherl
twol approaches,l andl thisl makesl itl al goodl candidatel
forl nanonetworksl inl bio-inspiredl applications.

VI. CONCLUSIONS

Inl thisl paper,l wel investigatedl routingl techniquesl forl
thel IoNTl paradigml in termsl ofl energyl consumptionl
andl hopl counts.l Wel proposedl al novell approachl for
nanonetworksl inl IoNT,l calledl E3A.l Wel foundl thatl
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SPAl andl E3Al savel considerable amountl ofl energy.l
Wel concludel thatl thel nanonetworkl lifetimel hasl inversel
proportionl withl thel numberl ofl hopl counts.l Moreover,l
wel showedl howl thel hopl countsl can bel usedl tol illus-
tratel instantaneousl delaysl andl averagel delaysl ofl thel
nanorouters. Furthermore,l wel showedl howl thel E3Al algo-
rithml providesl thel longestl networkl lifetime.l Bothl SPAl
andl E3Al arel efficientl inl termsl ofl transmissionl andl
energyl consumption,l butl thel overalll resultsl showl thatl
E3Al outperformedl thel otherl twol baseline algorithms.
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