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Abstract i— iHuman i beings i live i and i work i in i close i proximity i to i dangerous i gases. i Chemical i accidents i often 

i cause 
considerable idamages ito ihuman ilives ias iwell ias iproperties iand itheir ishort- iand ilong-term iimpact ion ithe ienvironment ican ibe 

ihigh. iHence, idiligent imonitoring iand imanagement iof ithese igases iare iof iprofound iimportance. iIn iindustries iwhere ichemical 

iaccidents ipose ipotential iexplosions iand ihealth ihazards, iwired isensors iare iinstalled iin istrategic ilocations. iIn isome 

iindustries, iemployees iare irequired ito icarry iwith ithem iportable isensing idevices iin iaddition. iStill, iachieving ihigh ispatio-
temporal iresolution iis ichallenging, isince idense ideployments iimpede ithe imobility iof iemployees, irobots, ior iother imobile 

iobjects. iIn ithis ipaper, iwe ipropose ithe iuse iof inanotechnology iand iwireless isensor inetworks ifor imonitoring itoxic igases. 

iNanotechnology ioffers ithe ipossibility iof ideveloping igas isensors ihaving ismall iform-factors iand ihigh isensitivity. iWireless 

isensor inetworks ienable ihigh ispatio-temporal isensing, iin-network iprocessing, iand imulti-hop icommunications. iThe ipaper 

ishares iour iexperience iwith ia iwireless isensor inetwork imonitoring iammonia. iThe inetwork iconsisted iof i21 isensor inodes, ifour iof 

iwhich iintegrated iarrays iof iammonia isensors iwhile ithe irest iserved ias iintermediate inodes. 

Index iTerms— iAmmonia, ihydrogen isulphate, ilatency, imonitoring, imultihop icommunication, inanosensors, inanotechnol- 

iogy, iresponse itime, itoxic igas idetection, iwireless isensor inetworks 
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I. INTRODUCTION 

Human ibeings ioften ilive iand iwork iin iclose iproximity ito 

idangerous igases. iDuring ioil iexploration iand irefinery, itoxic 

igases, isuch ias iammonia iand ihydrogen isulfide, iare iproduced ias 

ibyproducts i[1], i[2]. iThe igases iare iuseful ifor iproducing ifertil- 

iizers, ienvironment ifriendly irefrigerants, iexplosives, imunition 

iplants, iand ipharmaceuticals i[3], ibut ithey iare ialso idangerous. 

iAmmonia iis ia ihighly ireactive, isoluble ialkaline igas iwhich iis 

ilighter ithan iair. iIf iinhaled, iit icauterizes irespiratory itracts iand ican 

ibe ifatal iat iconcentrations iabove i5000 iparts iper imillion i(ppm). 

iSimilarly, ihydrogen isulphide iis ian iextremely itoxic iand 

iflammable igas iwhich iproduces ia irotten iegg iodor idiscernible i at 

iconcentrations ibelow i15 ippm. 

Chemicals iaccidents icause ihuman ilosses iand idamage ito 

iproperties iand itheir ieffect ion ithe ienvironment ican ibe idetrimen- ital 

i[4]. iIn i2021, ia ichemical iaccident iin iLudwigshafen, iGer- imany, 

icaused ian iexplosion iand ithe irelease iof i150 ikg iof imethyl 

idiethanolamine iinto ithe iRhein iriver i[5]. iFour iyears iprior ito ithis 

iaccident i(in i2017) ia ipipeline iexplosion iin ithe isame iindustry ikilled 

ithree iand iseriously iinjured ieight iemployees. iAt ithe itime, ithe 

ipipelines iwere itransporting iethylene iand ipropylene i[6]. iIn i2015, 

ia ichemical iindustry iin ithe iShandong iprovince iof iChina 
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exploded, ireleasing ia ihighly itoxic igas i(adiponitrile) iinto ithe 

ienvironment; i215 ipeople ineeded iimmediate imedical itreatment 

iand i 5 i were i injured i seriously i [7]. i Cheung i et i al. i [8], 

i citing ithe iNational iCensus iof iFatal iOccupational iInjuries isurvey 

iconducted iby ithe iU.S. iBureau iof iLabor iStatistics, iobserved ithat iin 

i2015 ithere iwere i4836 iworkers ikilled ion iconstruction isites idue ito 

iillness iand ifatalities i– i9% iof ithese iwere idue ito iexposure ito 

ihazardous ienvironment iand i3%, idue ito ifire iand iexplosions. 

iPerhaps, ithe imost ifateful ichemical iaccident iin ihis- itory iwas ithe 

i1984 ichemical ifactory iaccident iin iBhopal, iIndia, iwhich ispewed 

i40 itons iof ia itoxic igas iinto ithe ienvironment, icausing ia iprofound 

iand ilong ilasting ihealth ihazard ito ithe icity’s iinhabitants i[9]. iIn i2015 

ithe iEuropean icommission ipublished ia ilist iof iaccidents iin 

ichemical iindustries iacross iEurope ithat iyear ialong iwith itheir 

icauses, iestimated idamage, iand ithe ilessons ilearned i[10]. iIn 

iunderground  imining, iemployees iare ilikewise iexposed ito 

idangerous igases iand iexplosions isparked iby icoal- idust i[11]. 

In iindustries iwhere ichemical iaccidents ipose ipotential iex- 

iplosions iand ihealth ihazards, iwired isensors iare iinstalled iin 

istrategic ilocations. iIn isome iindustries, iemployees iare irequired ito 

i carry i with i them i portable i sensing i devices i in i addition. 

iStill, iachieving ihigh ispatio-temporal iresolutions iis ichallenging, 

isince idense ideployments imay iimpede ithe imobility iof iem- 

iployees, irobots, iequipment, iand iother iobjects. iWireless isensor 

inetworks ihave iseveral iadvantages. iThe inodes ican ibe ideployed 

ieasily iand iunobtrusively iand itheir iplacement ican ibe iopti- imized 

ibased ion iexperience iand ifield iobservations. iSimilarly, inetwork 

imaintenance ican ibe icarried iout iwithout iimpending inormal 

iworking iconditions i(and iin isome isituations iwithout iinvolving 

ihuman ipresence). iMoreover, iwith ithe iemergence iof inanosensors, 

i dense i deployments i can i be i supported i to i cover 

  

http://www.ijmece.com/
https://zenodo.org/records/14631061


             ISSN 2321-2152 

               www.ijmece.com  

            Vol 13, Issue 1, 2025 

 

  

 

https://zenodo.org/records/14631061          

2 

 

extensive iareas. iBut ithere iare isome ichallenges iassociated iwith 

iwireless icommunications. iFirstly, icompared ito iwired ilinks, 

iwireless i links i are i subject i to i interference i and i a i high 

i degree iof ipacket iloss. iSecondly, ithe itransmission irange iof 

iwireless itransceivers iare ilimited iwhich inecessitates imulti-hop 

icommu- inication. iMulti-hop icommunication iexacerbate ipacket 

iloss iand iend-to-end ipacket itransmission ilatency, ithereby 

iaffecting ithe iresponse itime iof ithe isensing isystem. 

This ipaper iproposes ithe iuse iof inanotechnology  iand iwireless 

isensor inetworks ifor imonitoring itoxic igases. iNanotechnology 

ioffers ithe ipossibility iof ideveloping igas isensors ihaving ismall 

iform-factors iand ihigh isensitivity. iThe isensing imechanism irelies 

ion ithe ichemisorption iand iphysisorption iof igas imolecules ion ithe 

isurface iand iinterface iof inano imaterials isuch ias icarbon inanotubes 

i[12]. iThe iwireless isensor inetwork isupports iin- inetwork 

iprocessing i(to ireduce ithe inetwork itraffic idensity) i and imulti-

hop icommunication. iIn iour ifirst iprototype iwe ifocus ion 

imonitoring iammonia. iThe icontributions iof ithis ipapers iare 

isummarized ias ifollows: 

• Gas i nanosensors i with i detection i limits i reaching i 3 i parts 

iper ibillion i(ppb). 

• Wafer-scale icompatible ifabrication iof ismall ifootprint i(2.4 icm 

i× i2.4 icm) idevices iconsisting iof i64 igas isensors. 

• Low i response itime i compared i to i commercially iavailable 

iammonia isensors. 

• A ifully ifunctional imulti-hop iwireless isensor inetwork iin- 

itegrating iarrays iof inanosensors ifor imonitoring iammonia. 

The i remaining i part i of i this i paper i is i organized i as i follows: 

iIn iSection iII irelated iwork iis ireviewed. iIn iSection iIII, ithe 

idevelopment iand iintegration iof iarrays iof inanosensors iare 

idiscussed. iIn iSection iIV, ia imathematical imodel ifor idata 

iaggregation iis ipresented. iIn iSection iV, ithe iset iup iprocess iand ithe 

iperformance iof ia iwireless isensor inetwork ifor imonitoring 

iammonia iis idiscussed. iIn iSection iVI ithe iperformance iof ithe 

iwireless isensor inetwork iis ievaluated iand icomparison iof iresults 

iwith istate-of-the-art iare idiscussed. iFinally, iin iSection iVII, 

iconcluding iremarks iare igiven iand iopen iissues iare iidentified. 

 

II. RELATED I WORK 

Recent iadvances iin iprocessor, iwireless, iand isensor itech- 

inologies ipromise ihigh iresolution, idistributed, iand iautonomous 

imonitoring iof idangerous igases iin ivarious iplaces. 

Chang iet ial. i[13] iobserve ithat ias ithe ilevel iof ipollution iincreases 

iworldwide, ithe iamount iof ivolatile iorganic icom- ipounds iand itoxic 

iinorganic igases ipopulating ithe iair iincreases, icausing i great 

i harm i to i human i life. i One i of i these i substances iis ianiline. 

iAccordingly, iwhen ithe ibody iis iexposed ito ianiline ivapor, ithe iskin, 

ithe idigestive itract, iand ithe irespiratory  itract iabsorb ithe igas. iThis 

imay iresult iin idifferent ihealth iconditions, iincluding 

imethemoglobinemia, iliver idamage, iand icarcinogen- iesis. iThe 

iauthors ideveloped ia inanosensor ito imonitor ianiline iand iintegrated 

ithe isensor iinto ia iwearable idevice ithat ifires ian ialarm iwhen ithe 

isurrounding ianiline iconcentration ipasses ia iset ithreshold. 

Perez iet ial. i[14] ipropose ia iwireless isensor inetwork ifor 

imonitoring icombustible iand iharmful iconcentrations iof itoxic 

igases i as i well i as i organic i vapors, i odorant, i and i amine i in 

i a 

shipyard. iThe imain ifocus iof ithe iresearchers, ithough, iwas ion 

itesting i the i performance i of i the i sensor i network i in i terms 

i of iits iresponse itime iand ireliability. iThus, ithe iauthors iintegrated 

ioff-the-shelf iportable igas idetectors i(Dräger iX-am i5000) iinto 

iwireless isensor iplatforms iand isampled ithe isensors ievery iminute. 

iTheir ianalysis iconsisted iof iround itrip itime i(RTT), ipacket ierror 

irate i(PER i) iand ilink iquality iindicator i(LQI) iof i the iwireless 

ilinks, itaking iinto iaccount ithe inumber iof ihops ithe ipackets ineeded 

ito ireach itheir idestination. iThe irobustness iof ithe inetwork iand ithe 

iresponse itime iof ithe ioverall isystem iwere ianalyzed ifrom ithe ipoint 

iof iview iof ia icontrol istation ioutside i the ishipyard. iThe ipackets 

ineeded iup ito i5-hop ito ireach ithe icontrol istation. iAccordingly, iRTT 

ivaried ibetween i30 iand i40 ims, iand ino ipackets iwere ilost, iexcept ifor 

ithe icase iof ithe ilongest ihop, iin iwhich icase ithe iPER iwas i3%. iThe 

iauthors icarried iout iin-ship itests, iconsidering ifive idifferent iin-ship 

icommunication iscenarios. iIn ithe ifirst ifour, iRTT, iLQI iand iPER iof 

irepresentative iinternal isingle-hop ilinks iwere imeasured. iIn ithe 

ilast iscenario, ithey iexamined iPER iand iRTT ifor ia iworst-case 

imulti-hop ipath ito imonitor ione iof ithe iship iholds, itransmitting 

idetector igas ireadings ito ia icontrol istation ioutside ithe ivessel. iIn iall 

ithe iin- iship itests, inode itransmission ipower iwas iset ito iits 

imaximum ivalue i(20 idBm). 

Asthana iet ial. i[15] ipropose ia iwireless isensor inetwork ifor 

imonitoring i the i safety i of i sewage i workers i during i cleaning 

iand imaintenance. iThe iauthors iobserve ithat iseptic itank igases imay 

ihave iconcentrations iof imethane, icarbon idioxide, isulfur idioxide, 

iammonia, ihydrogen isulphide, initrogen idioxide, iand icarbon 

imonoxide, ialbeit iwith idifferent iintensities. iOf ithese, ithe 

ipredominant iare imethane iand icarbon imonoxide, iwhich iare ialso ithe 

itarget igases ithe iauthors iaimed ito imonitor. iThe imonitoring isystem 

i is i intended i to i immediately i alert i workers i as i well i as ia 

icentral istation iwhich iclosely iexamines ithe iconcentration i and 

i distribution i of i the i gases i and i their i long-term i impact. i In 

i addition, i the i central i station i remotely i calibrates i all i the igas 

isensors, iadapt itheir isampling irates iand iintervals, iand idetermines 

ithe iappropriate ithreshold ilevels ifor iseptic iplants iand ifacilities. 

iThe iauthors iintegrated ia icommercially iavailable igas isensor i(MQ-

4 igas isensor1), ia iCO isensor, iand ia itemperature isensor iinto ian 

iArduino iUno iplatform i[16] iand idefined ithe ifollowing ithresholds 

ito ifire ian ialarm: i2.3 ippm ifor iCO iand i60 ippm ifor imethane. iThe iCO 

isensor, iin iaddition, imeasures ithe iheat iand imotion iof isurrounding 

iobjects. 

Cheung iet ial. i[8] ipropose ia isystem ifor imonitoring itoxic igases 

i in i construction i sites. i It i consists i of i a i control i station, ia 

isensing isubsystem, iand ian iactuating isubsystem. iThe ilater 

iincludes ia iflash, ian ialarm isystem, iand ia iventilator ito ibe iactivated 

iin icase iof iemergency. iAn iactuating inode icontrols ithese 

i components. i The i sensing i subsystem i consists i of i gas iand 

ienvironmental isensors i(temperature iand ihumidity) ias iwell ias 

irouters. iFurthermore, ithe isystem iwas iintegrated iwith ia ibuilding 

iinformation imodeling i(BIM), ian iadvanced itechnology iin 

iconstruction iindustry idevelopment ito ifuse idifferent ikinds iof 

iconstruction iinformation iinto ia i3D idigital imodel. iThe iBIM ican ibe 

iemployed iin iall istages iof ia iproject ilife-cycle, isuch ias iplan- ining, 

i design, i construction, i operation i and i maintenance. i The 

 
1Hanwei i Electronics i (www.hwsensor.com). 
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integration ienables ito imonitor ithe iconstruction isite ivisually iand 

iremotely ivia ia ispatial, icolored iinterface. iThe isystem iwas 

ideployed iin inorth iTaiwan, iin ia itunnel ihaving ia idiameter iof i5.6 im 

iand ia ilength iof i528 im iat ia itime iwhen ian iactual iunderground 

iconstruction iwas itaking iplace. iThe ideployment iwas iintended ito 

i measure i the i response i time i of i the i system i as i a i whole i and 

ithe ireliability iof ithe iwireless isensor inetwork. iThe iwireless 

isensors iwere iplaced iwith i100 im iseparation idistance ibetween 

ithem. iThe iauthors ireported ian iimpressive iresponse itime iof i1- i 2 is. 

iThis itime iincludes ithe idetection iof ia igas iconcentration iabove ia iset 

ithreshold iand ian iend-to-end ipacket itransmission ilatency. 

iMoreover, ithe isystem iwas iable ito ialert ithe icontrol istation iby 

iindicating ithe iabnormal icondition ion ithe itunnel’s iBIM. iAt ithe 

isame itime, ithe icontrol inode istarted ithe iflash, ithe ialarm, iand ithe 

iventilator. 

 

III. NANOSENSORS  I INTEGRATION 

The iaccuracy iwith iwhich itoxic igases ican ibe idetected idepends 

ion ithe isurface iarea ito ivolume iratio iof ithe isensor. iTypically, igas 

idetection itakes iplace iwhen igas imolecules ichange ithe iresistance 

iof ian iunderlying ielectric imaterial iin iaccordance iwith itheir iatomic 

iproperty iand iin iproportion ito ithe iinteraction iintensity. iBesides 

iaccuracy, isensitivity, iselectivity, iand iresponse itime iare icrucial, 

iconsidering ithe imagnitude iof idamage ia igas ileak ican icause. 

 

A. Technology 

Our igas isensors iare ichemiresistors ibased ion isemiconducting 

isingle-walled icarbon inanotubes i(sc-SWCNTs) i[17]. iThe isens- 

iing imechanism irelies ion ithe ichemisorption iand iphysisorption iof 

i the i gas i molecules i on i the i surface i of i the i nanotubes i and 

ithe inanotube-electrode iinterface iwhich imodify ithe ielectrical 

iproperties iof ithe isystem. iThe isensitivity iprovided iby inano- 

imaterials idue ito ithe ihigh isurface iarea ito ivolume iratio iis ikey, 

itogether iwith ia ifast iresponse itime iand iselectivity, iconsidering ithe 

imagnitude iof idamage ia igas ileak ican icause. isc-SWCNTs i in 

iparticular iare iknown ito irespond imore istrongly ito iammonia ithan 

ito iother igases i[18]. iSuch iresponse ioccurs idue ito ithe ipres- ience iof 

ifree icarboxyl iacid ifunctional igroups ion itheir isurface, iwhich iare 

iprone ito iinteract iwith iamine icompounds i[19]. iIn iaddition, 

inanotechnology ihas iexcellent ifeatures isuch ias ilow ipower 

iconsumption, ihigh ielectron itransport, iand imechanical iproperties 

iallowing ithe ifabrication iof ihigh isensitive isensors i on iflexible 

iand ilightweight isupports. iThe ilater ienables ithe imounting iof ithe 

isensors ion ismall irobots iand iUnmanned iAreal iVehicles i(UAV) 

iwith ilow iloading icapacity. 

In iorder ito iachieve ia ihigh isensitivity iand ia ihigh ispatial 

iresolution, ithe isensing isubsystem iconsists iof ian iarray iof i64 

ichemiresistive isensors. iThe ioutput iof ithese isensors iare imulti- 

iplexed iusing ifour i16-channel, ilow ileakage icurrent imultiplexers 

i(ADG706), i as i shown i in i Fig. i 1.2 i The i selected i current 

i from 

2Containing ia ilarge iamount iof isensors iin ithe iarray ican ibe ihelpful ifor ivarious 

i purposes: i(a) ito iselect ithose iwith ioptimal icharacteristics, i(b) ito ifind ialternative 

i sensors iwhen isome iof ithem ipresent imalfunction, i(c) ito iprovide iself-validation 

i by iobserving ithe isimultaneous iresponse iof imultiple isensors, i(d) ito ienable 

i future iimplementation iof imultiple imaterials iand itheir imodifications itoward i the 

idetection iof imultiple igases, iand i(e) ito iallow ideeper isignal iprocessing iand 

i mathematical istatistics isuch ias icellular inonlinear inetworks i[20]. 

 

 

Fig. i1: iThe iarchitecture iof ia i64-channel inanosensor ifor idetecting 

iammonia iand ihydrogen isulfide. 

 

Fig. i2: iA iwireless isensor inode iintegrating ian iarray iof inanosen- isors 

ifor itoxic igas idetection iand ia iRaspberry iPi iand ithe iZolertia iplatform 

ifor inetwork imanagement. each imultiplexer iis ithen ifed ito ia 

itransimpedance istage i(TIA) ibased ion iIC iLMP91000. iThe ioutput 

ivoltage iof ithe iTIA iis idigitized iusing ia ilow inoise i24-bit iADC 

i(ADS122C04) iwhich iis ithen isupplied ito ia idedicated 

imicrocontroller i(ESP32) ivia ian iI2C i serial i bus. i The i ADC i is 

i programmable i at i 2 iksps. i Having ia idedicated imicrocontroller iis 

iuseful ifor iseparating ithe idata iprocessing i(preprocessing) istage 

ifrom iother itasks i(network imanagement). 

B. System iIntegration 

The isensing isubsystem iis iinterfaced iwith ia iZolertia iplat- iform 

i(RE-Motes3) ivia ia iRaspberry iPi iboard. iThe iZolertia iplatform i is 

i based i on i Texas i Instruments i CC2538 i System- iOn-Chip 

imicrocontroller iand iintegrates itwo iIEEE i802.15.4- icompatible 

iwireless itransceivers iworking iin ithe i863-950 iMHz iand i 2.4 

i GHz i radio i bands i [21]. i On i this i platform i runs i the 

3https://zolertia.io/product/re-mo
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( 

n n 

Contiki ioperating isystem. iThe isensing isubsystem, ithe iZolertia 

iplatform, iand ithe iRaspberry iPi iare ipowered iby ian iexternal ipower 

ibank. iFig. i2 ishows ithe ientire isystem iin ithe ideployment ifield. 

 

IV. DATA IAGGREGATION 

The i nanosensors i generate i a i large i amount i of i data 

i which ican ibe ispatially iand itemporally icorrelated. iThe idata ihave 

ito i be imeaningfully iaggregated ibefore ithey iare itransferred ito ia 

icontrol istation, iso ias inot ito icongest ithe inetwork. iIn ichemical 

iindustries iand iin ienvironments iwhere ichemical iexposure imay 

icause ia ihealth ihazard ito iemployees, idifferent isafety iconditions iare 

ispecified. iThe iAmerican iConference iof iGovernmental iIn- 

idustrial iHygienists4
 i(ACGIH) i[22], i[23] idefines ithe iThreshold 

iLimit iValues i(TLV) ias ian iexposure ilimit i“to iwhich iit iis ibelieved 

i nearly i all i workers i can i be i exposed i day i after i day i for 

trust ithe isensor inode. iThe imax ioperation, ion ithe iother ihand, 

iminimizes ithe ipossibility iof ioverreacting i(false ipositive). 

The iuncertainty iwith iwhich ia igas ileak iis idetected idepends ion 

ithe ivariance iin ithe isampled ivalues. iHence, iit iis ivital ito iex- iamine 

ithe ivariance iarising ifrom ithe imin iand imax ioperations. iSince ithe 

ioutputs iof ithe inanosensors ifluctuate iin itime ias iwell ias iat ian 

iinstance, iwe ican iregard ithem ias irandom ivariables. i The iresults iof 

ithe imin iand imax ioperations ishould ilikewise ibe iregarded ias 

irandom ivariables. iThe ivariances iof ithese irandom ivariables 

iencode iour iuncertainty iin ithe iaggregation itask. 

 

A. Aggregate iProbability iDensity iFunction 

The imin ioperation icompares ithe ivalues iof iall ithe isensors iand 

iselects ithe ione iwhich iis ithe iminimum. iIn icase iof ionly i two 

isensors ireporting, iit iis iexpressed ias: 

a iworking ilifetime iwithout iill ieffect”. iSimilarly, iit idefines ithe 

iThreshold iLimit iValue iCeiling i(TLV-C) ias i“the iconcentration 

ithat i should i not i be i exceeded i during i any i part i of i the i working 

s i= 
s1 if is1 i≤ is2 

s2 if is1 i> is2 
(1) 

exposure.” iThe ifirst irefers ito ia ilong-term iexposure iand irequires ia 

ilong-term isensing. iIn ithis icase, ithe isensing isystem ishould isample 

iall ithe isensors iperiodically iand istore ithe idata ifor ilong- iterm 

ianalysis. iThese idata iare ialso iuseful ifor ithe istudy iof ilong- iterm 

ipollution. iTLV-C, ion ithe iother ihand, irefers ito ishort-term 

iexposure iand irequires ian ialarm ito ibe ifired iimmediately iwhen i a 

iset ithreshold iis icrossed. iFor ithe isecond itype iof isensing, ithe 

isystem’s iresponse itime iis ia icritical iperformance imetric. iIt iis 

iaffected iby ithe isensors’ iresponse itime ias iwell ias ithe iend-to- iend 

ipacket itransmission idelay. iThe inominal itime iis ibetween i20 ito i30 

iseconds, ibut imost ioil irefineries iset ian iupper ilimit iof i60 iseconds 

i[2], i[24]. 

The idata iaggregation istrategy ihas ia idirect ibearing ion ithe 

ireliability iof ithe isystem, ithe inetwork’s itraffic idensity, ithe ipacket 

itransmission ilatency, iand ithe ilifetime iof ithe inetwork. i If iraw 

idata iare istreamed idirectly, ithis iwill iincur ia ihigh icommunication 

icost iand ia iconsiderable ilatency. iAggregating idata ias ithey 

ipropagate itowards ithe icontrol istation, ion ithe iother ihand, ireduces 

iunnecessary iredundancy iand inetwork itraffic ibut iintroduces 

iuncertainty iduring ianalysis. 

In iselecting ithe ibest iaggregation istrategy, iwe iare ifaced iwith 

itwo ichallenges: iFirstly, isince ithe inanosensors iare isensitive, itheir 

ioutputs ifluctuate ieven iin ithe iabsence iof ia igas. iTo iestablish  ithe 

istatistics iof ithis ierror, iat ieach isampling iinterval, iwe ican itake ithe 

ioutput iof ieach ielement iof ithe isensor iarray ias ithe ioutcome iof ia 

irandom iexperiment. iSecondly, iwhen ia igas ileak ioccurs, i the 

i perceived i intensity i varies i due i to i a i change i in i the 

For iour icase i(with isixty-four inanosensors), iwe ihave ithe ifollowing 

irelation: 

s i= imin i(s1, is2, i. i. i. isn) (2) 

Since is iis ia irandom ivariable iby ivirtue iof iall iits iinputs ibeing 

irandom ivariables, iit iis iimportant ito iestablish  iits istatistics. iWe 

ibegin iwith iits iPDF:5 

F i (s) i= iP i {s i≤ is} i= iP i {min i(s1, is2, i. i. i. isn) i≤ is} (3) 

Equation i3 iis isimpler ito ievaluate iif iwe iconsider iits icomple- iment, 

inamely, 

F i(s) i= i1 i− iP i{s i> is} (4) 

in i which i case, i we i have: 

F i(s) i= i1 i− iP i{min i(s1, is2, i. i. i. isn) i> is} (5) 

The iright iterm iin iEquation i5 idescribes ia icondition iwherein iall ithe 

isensors ireport ia ivalue igreater ithan is: 

F i(s) i= i1 i− iP i{s1 i> is, is2 i> is, i. i. i. isn i> is} (6) 

Statistically ispeaking, ithe inanosensors iare iindependent iof ione 

ianother, iso ithat: 

F i(s) i= i1 i− iP i{s1 i> is} iP i{s2 i> is} i. i. i. iP i{sn i> is} (7) 

Or: 

spatio-temporal idistribution iof ithe igas imolecules. iA idistinction 

ibetween ithe i authentic iand i the ispurious i fluctuations iis i critical 
F i(s) i= i1 i− i

Y i

(1 i− iP i{si ≤ is}) i= i1 i− i

Y i

(1 i− iFi i(s)) 

during i data i aggregation. i A i simple i averaging i of i the i sixty- 

ifour i nanosensors i at i a i node i level i introduces i bias 

i towards 

i=1 i=1 

(8) 

extreme ivalues iand iabstracts ithe ivariation iin ithe ifluctuation. iWe 

ichose ito iemploy ithe imin iand imax ioperations iat ieach isampling 

iinterval ito iensure ireliable iand isafe imonitoring. iThe imin 

ioperation iminimizes ithe ipossibility iof ioverlooking ia igas ileak 

i(i.e., ifalse inegative iis iminimized). iIf ithe iminimum iof ithe isamples 

iis iabove ia iset ithreshold, ithen iwe ihave ievery ireason ito 

4https://www.acgih.org/ 

where iFi i(s) iis ia iPDF idescribing  ithe ioutput iof ithe ii-th isensor. 

With iEquation i8 iin iplace, iwe ican iderive ithe iprobability idensity 

ifunction ias ifollows: 

d 
f i(s) i= i  iF i(s) (9) 

ds 

5A i Probability i Distribution i Function i (PDF) i is i defines i as: i F i(s) i = 

P i{s i≤ is}, i where is iis i a i random i variable i and i s iis i a i real i number. 
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When ia inode iapplies ithe imax ioperator, iit ichooses ithe 

imaximum ivalue, iso ithat iits ioutput ias ia irandom ivariable iis 

iexpressed ias: 

s i = i max i(s1, is2,  i. i. i. isn) (10) 

The i distribution i function i of i this i operation i is i expressed i as 

ifollows: 

no ioutput. iSo, ias iwe iaggregate ithe ioutputs iof ithe inanosensors, ithe 

i mean i approaches i zero, i unlike i the i case i of i the i mean i of 

ithe i individual i nanosensors i which i is i 1/2. i The i variance i of i s, 

iσ2, i is i expressed i as: i E i  i (s i− iE i[s])2
 i . i Alternatively, i it i can i be 

expressed ias: iE i s2
 i − i(E i[s])2.  iTaking ithe ilatter iexpression 

iyields: 

F i(s) i= iP i{s i≤ is} i= iP i{max i(s i , is i , i. i. i. is ) i≤ is} (11) σ2 =  1  
 i

 1 
 i 2 

(20) 
1 i  i 2 n min 1 i+ i2/n 1 i+ i1/n 

Following i similar i steps i as i in i Equations i 7 i and i 8, i we i can 

idetermine ithe iPDF iof ithis irandom ivariable ias ifollows: 
n 

F i(s) i= Fi i(s) (12) 

i=1 

B. Mean iand iVariance 

In iorder ito idemonstrate ihow idata iaggregation iaffects ithe imean 

iand ivariance iof ithe ioutput, iwe iconsider ia inormal icondition i in 

i which i a i fluctuation i in i sensed i data i arises i due ito i noise. 

i We i consider i two i theoretical i cases, i namely, i when ithe inoise 

iis i(a) iuniformly idistributed iand i(b) iexponentially idistributed. 

iWhen ithe inoise iis iuniformly idistributed, iit iis ipossible ito 

inormalize ithe ivalues iso ithat iits idomain ilies ibetween 

0 i and i 1. i Hence, i given i the i noise i a i nanosensor 

i experiences ican ibe iconsidered ias ia iuniformly idistributed irandom 

ivariable, iU(0,1), iits iPDF iis igiven ias: 

 

  

As ican ibe iseen, ithe ivariance ias ia iresult iof idata iaggregation 

iapproaches izero, iwhich imeans ithe iconfidence iassociated iwith ithe 

iaggregated istatistics iis ihigh. 

2) min: iExponential iDistribution: iSimilarly, iwhen ithe inoise iis 

iexponentially idistributed, iEquation i8 iyields: 

F i(s) i= i1 i− i 1 i− i 1 i− ie−λs i  i

n i

= i1 i− ie−λns i  i (21) 

iThe icorresponding idensity ifunction iis: 

f i(s) i= iλne−λns (22) 

Computing i for i the i mean i yields iE i[s] i = i 1/λn. i Here, i too, 

isince ithe imean ioperation ialways ifavors ithe iminimum ivalue, i as 

ithe iarray isize iincreases, ithe imean iof ithe iaggregation ioutput 

iapproaches i zero i (as i it i should i be, i since i we i are 

i considering ia inormal icondition). iSimilarly, ithe ivariance iof ithis 

ioutput iis igiven ias: 
 i

 i 1 i

 i  i 2 
 

 
 

0 

Likewise, igiven ian iexponentially idistributed irandom ivariable, iits 

iPDF iis iexpressed ias: 

3) max: i Here i we i consider i the i case i when i the i noise i is 

i uniformly idistributed, iin iwhich icase: 
n (24) 

Fi i(s) i= 
s 

λe−λudu i= i1 i− ie−λs (14) 
0 

 
The i pdf i of i s i is: 

F i(s) i= is 

λ, iwhich iis ithe iinverse iof ithe imean iof ithe irandom ivariable, iis 

icalled ithe irate iof ithe iprocess. iWhen ithe inoise iPDF iis iuniformly 

idistributed, iEquation i8 iyields: 

F i(s) i= i1 i− i(1 i− is)n (15) 

1) imin: iUniform iDistribution: iWith ithe istatistics iof ithe iin- 

idividual inanosensors iin iplace, ithe imin ioperation iyields ian 

iaggregated iPDF iof i(using iEquation i8): 

F i(s) i= i1 i− i(1 i− is)n (16) 

f i(s) i= insn−1 (25) 

The i mean i of i this ioperation i is i given i as: 

1 
E i[s] i= (26) 

1 i+ i1/n 

The imax ioperation ifavors ithe imaximum ivalue. iIf ithe imagni- itude 

i of i this i value i is i less i than i a i set i threshold, i it i means i that ithe 

ipossibility iof iexperiencing ia ifalse ipositive iis ivery ismall. iAs iin ithe 

icase iof ithe imin ioperation, ihere ias iwell ithe ivariance iapproaches 

izero ias ia iresult iof idata iaggregation: 

The icorresponding idensity ifunction iis: 

d 

 

 
n−1 

 
2 
max 

1 = i

(n i+ i1)2(n i+ i2) (27) 

f i(s) i= F i(s) i= in i(1 i− is) 
ds 

(17) 

With if i(s) iin iplace, iwe ican icompute ithe imean iand ithe ivariance iof ithe 

ioutput iof ithe imin ioperation ifor ithe iuniform idistribution: 

V. NETWORK 

To iinvestigate ithe iscope iand iusefulness iof ia iwireless isensor 

inetwork i for i monitoring i toxic i gases, i we i deployed i 21 i sensor 

E i[s] i= 
1 

sf i(s) ids i= in 
0 

1 

s(1 i− is) 
0 

n−1 ds (18) nodes iin ian iopen ifield inext ito ithe iFaculty iof iComputer iScience i(TU 

iDresden). iFour iof ithe inodes iintegrated iarrays iof iammonia 

If iwe ilet iu i= i(1 i− is) i and isubstitute iterms iwe iget: nanosensors, iwhereas ithe irest iwere iused ias iintermediate inodes 
to i forward ipackets. i The i network i had i a i grid i topology i and i the 

E i[s] i= in 
1 

(1 i− iu) iu 
0 

n−1 du i= i1 i− 
 1  

i1 i+ i1/n 
(19) ammonia i sensors i were i placed i at i each i of i the i four i corners i of ithe 

igrid. iFurthermore, ia ibase istation iat ione iside iof ithe inetwork 

Note i that i we i started i by i assuming i a i normal i condition i where 

ithere iwas ino igas ileak. iIn iwhich icase, ithe inode ishould iproduce 

interfaced ithe isensor inetwork iwith ia inearby ilaptop icomputer. iThe 

i Raspberry i Pi i boards i attached i to i each i of i the i nodes i were 

Fi i(s) i= du i = i s (13) 
λn 

σ 

∫ 

σ 

2 
min = (23) 
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Fig. i3: i The i difference i in i the i raw i values i of i nine i arbitrarily 

iselected isensors iof ian iarray iin ithe iabsence iof iammonia. 

Fig. i4: i The i difference i in i the i raw i values i of i nine i arbitrarily 

iselected isensors iof ian iarray iin ithe ipresence iof iammonia i(right). 

 

tasked iwith icollecting iperformance irelated istatistics ifrom ithe 

iZolertia iplatforms. iIn iaddition, ithey iestablished ia ilocal iarea 

inetwork ito icoordinate ithe iexperiments. iThe isensor inodes i were 

iconfigured  ito itransmit ipackets iin ithe i2.4 iGHz iradio i band iusing 

i7 idBm itransmission ipower. iEach inode itransmitted ipackets iat i1 

iHz irate, ithe ipackets icontaining ithe imin, imax, i and iaverage 

ivalues ireflecting ithe iobservations iof ithe i64 ion- iboard 

inanosensors. iIn iall, iwe iconducted i100 iindependent iexperiments 

ito ievaluate ithe iperformance iof ithe inetwork. 
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A. Sensing 
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During iour ifield ideployment ithree iof ithe igas isensors iwere inot 

iexposed ito iammonia, ibut ione iof ithem i(Node i2) iwas iplaced inext ito ia 

ibottle i(ca. i5 icm iaway) icontaining iammonia. iThe ilead iof ithis ibottle 

iwas iremoved ifor ica. i30 is iduring ieach iexperi- iment. iThe 

iexperiment itook iplace iunder inormal iatmospheric icondition 

i(airflow: ica. i6 iL/min, ioutside itemperature: ica. i25◦C, irelative 

ihumidity: ica. i25%). 

The inanosensors iexhibited ian iappreciable idifference iin itheir 

izero-offset ithreshold, ibut iin iterms iof itheir iprecision iand 

iaccuracy, ithey iwere icomparatively isimilar. iFig. i3 ishows ithe 

ioutputs iof inine iarbitrarily iselected inanosensors ifrom ia isingle 

iarray iin ithe iabsence iof iammonia. iIt iis iworth ito imention ithat ieven 

ithough ithe idielectrophoretic ideposition iprocess iwas ithe isame ifor 

iall ithe i64 isensors iof ian iarray, ithe idifference iin itheir iresponse iwas 

ilikely idue ito ithe ipresence iof ismall iunavoidable idefects iat ithe 

imicroelectrodes i[17]. iThis ifeature iremains, iby iand ilarge, istable, 

ithough, iin ithe ipresence iof iammonia, ias ican ibe iseen iin iFig. i4. 

Fig. i5 iillustrates ithe idifference iin ithe iraw ivalues ibetween ithe 

imin iand ithe imax ioperations iof ithe ifour inodes iduring ithe 

imonitoring iof iammonia ifor ia isampling iduration iof i200 is. iIn ieach 

isampling iinterval ia inode iperforms ithe itwo ioperations iby 

icomparing ithe ioutputs iof iall ithe isixty-four inanosensors. iFor 

ireasons iwe ihave inot iyet iestablished, iseveral isensors ireported 

isuspicious ioutputs iwhich iwere inot iincluded iduring idata iag- 

igregation. iExcept iNode i2, iall ithe iothers iwere imonitoring ia 

inormal icondition i(the iabsence iof ia itoxic igas). 

Fig. i5: iComparison iof iraw ivalues iof imin iand imax ioperations. iExcept 

iNode i2, ithe iother inodes iwere inot iexposed ito iammonia. 

 

When i regarded i separately, i the i samples i of i both i the 

i min iand imax ioperations ishow iappreciable ifluctuations ias ido ithe 

iraw idata ifrom ithe isensors, ibut ithe imagnitude iof ifluctuations itend 

i to i disappear i when i the i outputs i of i the i two i operations iare 

i compared, i as i can i be i seen i in i Fig. i 6, i where i we i plotted 

ithe ihistograms iof ithe i aggregated idata. iThis ifeature iaffirms i the 

itheoretical iassertion ithat ithe ivariances iof iboth ioperations 

iapproach izero ias ithe inumber iof isensors iincreases, iregardless iof 

ithe istatistical icharacteristics iof ithe ioutputs iof ithe iindividual 

isensors. 

B. Routing 

Multi-hop iRouting iis isupported iin itwo isteps. iIn ithe ifirst istep, ithe 

i topology i of i the i network i is i established i and i represented iby 

ia ibinary iadjacency imatrix. iHow ithis iis iaccomplished iis iexplained 

iin idetail iin i[25]. iAs ia isummary, iin ithis istep, inodes idiscover iand 

ikeep ia ilist iof itheir ineighbours i(including itheir ihop-distance). iFor 

ithe isize iof iour inetwork, ithis istep itakes ica. 

1.6 i s. 

Avoiding icongestion iand iminimising ipacket iloss iis icritical ifor 

itoxic igas idetection. iTo iachieve ithese igoals, ifirstly, ia inode iuses 

i unicast i communication i to i send i a i packet i to i exactly i one 
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Algorithm i 1: i Processing imin iand i max 
 

 

Input i : iReceived ipackets, ilocal imin, ilocal imax, ipast 

imin, i past i max: i p, i lm,  i lx, i mτ−1, ixτ−1 
Output: iTransmitted ipacket: iptx 
Aggregate imin: 

mτ i ← imin i(lm, ip.m) 
if imτ i < imτ−1 i then 

mτ−1 i
← imτ 

i ptx.m i← imτ 
else 

50 
 
 
 

 
0 

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 

ptx 

end 

iend 

.m i← iNULL 

Resistance i in iohm 10
4 

 

Fig. i 6: i Comparison i of i the i histograms i of i the i min i and i max 

operations. i Only i Node i2 i was iexposed i to i ammonia. 

 

 

neighbour iwhich iis iat ileast ione-hop inearer ito ithe isink. iThis itakes 

iplace ias ilong ias ipackets iare iduly iacknowledged. iIf ia ipacket iis ilost, 

ia inode iattempts ito iretransmit iit itwice; iif iboth iattempts ifail, ithen iit 

ibroadcasts ithe ipacket ito iall iits ineighbours iand iany ireceiving inode, 

iprovided iit iis ieither ithe isame ihop- icount iaway ifrom ithe isink ias ithe 

itransmitter ior iat ileast ione i hop inearer ito ithe isink, iforwards ithis 

ipacket. iSecondly, inodes iperform ilocal icomparison ibefore ithey 

idecide ito iinclude ia ipiece iof i data i in i a i packet i they i transmit. 

i The i comparison i consists iof i(i) ifreshly ireceived ivalues ifrom 

ineighbours, i(ii) ifreshly icomputed ilocal ivalues, iand i(iii) ivalues 

ifrom ithe iprevious iround. iIf ithe inew imin iis inot iless ithan ithe imin ifrom 

ithe iprevious iround, i the i node i does i not i forward i it. i If, i however, 

i a i new i min iis iobserved, ithen ithis iwill ibe itransmitted ialong iwith 

ithe iID iof ithe inode iwhich ireports iit. iIn iaddition, ithe inode ilocally 

istores ithis ivalue, iregardless iof iwhere iit ioriginated. iThe isame iis 

itrue ifor ithe imax iand ithe iaverage ivalues. iAlgorithm i1 isummarises 

ithis i process i for i the i min i and i max i operations. i An i exception 

ito ithis irule iis ian iemergency isituation. iAn iemergency isituation iis 

iflagged iwhen ia inode ilocally idetects ithat ia iconcentration 

ithreshold iis icrossed, iin iwhich icase ithe ipacket iis idirectly 

iforwarded itowards ithe isink. 

Local icomparisons itake iplace iat i1 is iinterval. iThe ishort- irange 

iradio isupported iby ithe iCC2538 iSystem-On-Chip ihas ia inominal 

itransmission irate iof i250 iKbps, ibut iit irarely iachieves ithis irate. iIf 

iwe iassume ia imodest itransmission irate iof i100 ikbps, ithe itransmitter 

ineeds ica. i2.5 ims ito itransmit ia ipacket iof i28 ibytes i(the ilongest ipacket 

icontaining ia imin, imax, iand iaverage ivalues). iIf i neighbours i require 

i on i average i 10 i ms i to i win i the i medium i– iin ithe iTime iSlotted 

iChannel iHopping i(TSCH) iprotocol, ithe itimeslot ifor ithe iZolertia 

iplatform iis iset i10 ims i[26] i–, ithen ian iintermediate inode ican icollect 

iup ito i80 ipackets iduring ithe i1 is iinterval. iIn iother iwords, ithe iinterval 

iis ilong ienough ito icollect ipackets ifrom ineighbours. 

 

C. Link iQuality 

The iquality iof iwireless ilinks ivaries iappreciably. iWe iob- iserved 

ithis iphenomenon iin idifferent iways. iFirstly, iwe imea- isured ithe 

ibackground inoise iat ieach inode iboth ibefore ia ipacket 

Aggregate imax: 

xτ i ← imax i(lx, ip.x) 
if i xτ i > ixτ−1 i then 

xτ−1 i
← ixτ 

i ptx.x i← ixτ 
else 

ptx.x i← iNULL 
end 

iend 
 

 

was itransmitted iand iafter ia ipacket iwas ireceived. iSecondly, i we 

imeasured ithe iRSSI ivalues iof iincoming iACK ipackets. iThirdly, iwe 

ievaluated ithe istatistics iof isuccessively ireceived iand ilost ipackets 

ito iexamine ishort-term ilink iquality ifluctua- itions. iFourthly, iwe 

icompared ithe itotal inumber iof ipackets ia inode isuccessfully 

ireceived iwith ithe itotal inumber iof ipackets itransmitted ito ithe isame 

inode ito idetermine ilong-term ilink iquality ifluctuations. 

The iIEEE i802.15.4 ispecification i[27] idefines ia itotal iof i16 

ichannels iin ithe i2.4 iGHz iband i(numbered  ifrom i11 ito i26). iEach 

ichannel ihas ia ibandwidth iof i2 iMHz iand iis iseparated ifrom 

ineighbouring  ichannels iby ia iguard-band iof i5 iMHz. iSome iof ithese 

ichannels ioverlap iwith iother iISM iband ichannels iand ican ibe 

iaffected iby inearby iISM inetworks i(such ias ithe iLAN iwe 

iestablished ito imonitor iour iexperiments iand iother inearby iWiFi 

inetworks) i[28]. iTherefore, inot iall ichannels iare iequally iaffected iby 

isurrounding inoise iand iinterference i[29]. 

The ibackground inoise iat ithe ifour igas isensors iremained, iby iand 

ilarge, istable iin iall ithe i16 iavailable ichannels ithroughout iour 

iexperiments. iFig. i7 idisplays ithe ihistogram iof ithe ibackground 

inoise ifor iChannel i25, iwhich iwas ithe ibest ifor iour isetting. iMore ithan 

i95% iof ithe itime, iit iwas ibelow i-90 idBm. iExperiment iresults ireveal 

ithat ithe iZolertia iplatform iis icapable iof ireceiving ia ipacket 

isuccessfully iif ithe iRSSI ivalue iis iabove i-90 idBm i [30]. 

iConsequently, ithe ipacket iloss iour inetwork isuffered iwas imainly 

idue ito ipacket icollision ior iinterference icoming ifrom iother 

isources. 

The ipacket isuccess irate idepends ion ithe inetwork itraffic iden- 

isity iand ithe isurrounding icross itechnology iinterference i(CTI). iIn 

ithis iregard, iwe iobserved ithat ithe i16 iavailable ichannels 

iexperienced idifferent ipacket ilosses. iTo idemonstrate ithis iaspect, iwe 

iflew ian iUnmanned iAerial iVehicle i(UAV) iduring ithree iof iour 

iexperiments iwhile ithe iground inodes itransferred ipackets i to i the 

i base i station. i Fig. i 8 i displays i the i performance i of i three 

Node i1 

Node i2 

Node i3 

Node i4 

 
Node i1 

Node i2 

Node i3 

Node i4 

F
re

q
u

e
n
c
y
 

F
re

q
u

e
n
c
y
 

http://www.ijmece.com/
https://zenodo.org/records/14631061


             ISSN 2321-2152 

               www.ijmece.com  

            Vol 13, Issue 1, 2025 

 

 

         
https://zenodo.org/records/14631061  

8 

 

Node i1 

Node i3 

F
re

q
u
e
n
c
y 

 

 

 

 
400 600 

 
300 

400 

200 

200 
100 

 
0 

-100 i  i -90 i  i -80 i  i -70 

i  i -60 

Background inoise i(dBm) 

 
0 
-100 i  i -90 i  i -80 i  i -70 i  i -60 

Background inoise i(dBm) 

 
400 400 

 
300 300 

 
200 200 

 
100 

 
0 

-100 i  i -90 i  i -80 i  i -70 

i  i -60 

Background inoise i(dBm) 

 
100 

 
0 

-100 -80 -60 -40 

Background inoise i(dBm) 

 

Fig. i9: iAveraged isensing iresponse i(∆R/R0) iof  ithe igas isensor  

iarray iupon iexposure ito iammonia igas. 

Fig. i7: i The i statistics i of i the i background i noise i as i perceived 

iby ithe ifour isensor inodes iintegrating ithe iarrays iof igas isensors 

i(Channel i25). 
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Fig. i10: iThe iaverage iend-to-end ipacket itransmission ilatency iof 

i the i four i sensor i nodes i integrating i the i gas i sensor i arrays. 

iThe istatistics iwere igenerated ibased ion ithe ireception iof i2000 

ipackets. iThe itwo ileft ibars icorrespond ito ithe inodes iwhich iwere i4-

hop iaway ifrom ithe ibase istation, iwhereas ithe itwo iright ibars 

Fig. i8: iComparison iof ithe itotal inumber iof ipackets itransmitted iand 

ithe itotal inumber iof ipackets ireceived iby ithe ibase istation. iThe 

itransmitters iwere ithe ifour inodes iintegrating ithe iammonia isensor 

iarrays. iThe itwo inodes ifarthest iaway ifrom ithe ibase istation i were 

i each i four-hop i away i and i the i two i nodes i nearest ito ithe ibase 

istation iwere ieach itwo-hop iaway. iTop: iChannel i25. iMiddle: 

iChannel i26. iBottom: iChannel i24. 

adjacent ichannels i(Channels i24, i25, iand i26). iThe istatistics iwe 

iused i to i generate i the i histograms i were i based i on i the 

i transfer iof i2000 ipackets. iAs ican ibe iseen, iChannel i25 iperformed 

ibest iwith imore ithan i95% iof ithe ipackets itransferred isuccessfully 

iover ithe imultihop ilinks.  iThe  iother ichannels, ihowever, isuffered ia 

iconsiderable ipacket iloss ion iaccount iof ithe iCTI igenerated iby ithe 

iremote icontroller iof ithe iUAV. 

D. End-to-End iLatency 

In iorder ito imeasure ithe iresponse itime iof ithe isystem,  iwe iset iup ia 

ithreshold iof i40% irelative iresistance ichange i(correspond- iing ito 

ica. i5 ippm iof iammonia) ito itrigger ian ialarm. iEach inode ifirst 

iaggregated ithe idata ifrom ithe isensors iand ithen itransmitted ithe 

iresult iat i1 iHz irate. iThe isystem’s iresponse itime iconsists iof 

(1) the ipacket itransmission iend-to-end ilatency i(which idepends ion 

ithe irelative idistance iof ithe inodes ifrom ithe ibase istation) iand 

(2) the i time i at i which i the i nodes i detect i an i interesting 

i event. 

correspond ito ithe inodes iwhich iwere i2-hop iaway ifrom ithe ibase 

istation. 

Since iwe iexposed ionly ione iof ithe inodes i(Node i2, iwhich iwas i2-

hop iaway) ito ia iconcentration iof iammonia idue ito isafety iconcerns, 

iwe ihave ito ievaluate ithese itwo iaspects iseparately. iFig. i9 ishows ithe 

iresponse iof iNode i2 ito ithe iconcentration iof iammonia ito iwhich iit 

iwas iexposed. i(In iplotting ithe iresponse itime iof ithe inanosensor, iwe 

iincluded ia iportion iof iraw idata ipublished ielsewhere i[31]. iIn ithe 

iprevious ipublication ithe i focus iwas ion ithe ioverall iresponse itime 

iof ia isystem iinvolving i a iUAV, ia imobile irobot, ia iwireless isensor 

inetwork, iand ia imiddleware. iThe isize iof ithe inetwork iwas 

isignificantly ismaller icompared ito ithe ipresent icase i(5 ivs i21) iand 

ithe iperformance i of ithe inetwork iwas inot ianalysed iin idetail. 

iHowever, isince ithe isensors’ iresponse itime iis iindependent iof ithe 

inetwork isize ior istructure, iincluding ithe iresponse itime iof imultiple 

iexperiments iincreases ithe istatistical isignificance iof ithe iwhole 

idata.). iThe inode ineeded ica. i100 is ito icross ithe iset ithreshold i(based 

ion ithe iexpected ivalue iof ithe imin ioperation, ias idiscussed iin iSec. 

iIV- 

B)6. iCompared ito icommercially iavailable iammonia isensors 

ibased i on i electrical i readouts i (a i response i time i of i ca. i 2 i to 

i 3 imin i for i 25-30 i ppm i concentration i [32]), i the i response 

i time 
6We i suspect i that i the i actual i response i time i of i the i sensor i is i smaller, i but 

i imperfect iexperimental iconditions imight ihave iled ito ithis iobservation. 
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is isignificantly ismall. iRecently, iMaity iet ial. i[33] ireported ia ipaper 

ielectronics ibased isolid istate iammonia isensor iwith ia iresponse 

itime iof ica. i100 is ifor ia isensitivity ithreshold iof i10 ippm, iwhich 

isuggests ithat ia isingle inode iresponds iwith ia ihigh ilevel iof 

iperformance icompared ito ithe istate iof ithe iart. 

The iaverage iend-to-end icommunication idelay ifor iNode i2 iwas 

ica. i530 ims. iNode i1, iwhich iwas ithe isame ihop-away ifrom ithe ibase 

istation, iexperienced iapproximately ithe isame iaverage iend-to-end 

i latency. i The i other i farther i away i nodes, i Node i 3 iand i Node 

i 4, i experienced i an i end-to-end i latency i of i ca. i 650 ims ion 

iaverage. iFig. i10 ishows ithe ibox iplot iof ithe iend-to-end 

icommunication i latency ifor i the i 4 inodes. i The i green idash i lines 
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in ithe imiddle irepresent ithe imean ivalue iand ithe iorange ilines, ithe 

imedian. 

VI. EVALUATION 

In iSection iII iwe idemonstrated ia iwide irange iof iapplications ithat 

ican ibe isupported iby iwireless isensor inetworks imonitoring 

idangerous ior itoxic igases. iTo ievaluate ithe iperformance iof iour 

inetwork iwe iadopted ithe iapproaches iused iby iPerez iet ial. i[14] iand 

iCheung iet ial. i[8], iin ithat iwe itested ithe ireliability iof ithe inetwork iin 

iterms iof i(1) ipacket iloss iand iend-to-end ilatency i and i(2) ithe 

iresponse itime iof ithe ientire isystem iin ithe ipresence iof ia iperceived 

idanger. iPacket iloss iand iend-to-end ilatency iare inot iaspects iof ithe 

igas isensors iand ican ibe itested iwithout ithe ineed ito iexpose ithem ito ia 

iconcentration iof ia igas. iThe isystem’s iresponse, ihowever, irequires 

iexposing ithe isystem ito ian iactual iconcentration iof ia igas. 

 

A. Packet iLoss 

Our iexperience iwith ipacket iloss iis isimilar ito ithat iof iPerez i et 

ial. iand iCheung iet ial. iThe idifference iis ithat ithey idid inot ievaluate 

ithe iperformance iof iall ithe iavailable ichannels, iwhereas iwe 

ievaluated iall ithe iavailable ichannels. iAs iwe idemonstrated iin iFig. i 8, 

ithe ilink iquality iwas inot ithe isame ifor iall ithe ichannels. iSince ithe 

iIEEE i802.15.4 icommunication iband ioverlaps iwith iother iISM 

ibands, isuch ias ithe iones iused iby iwireless ilocal iarea inetworks, ithe 

ipossibility iof iexperiencing iinterference iin ithe ilower-end iof ithe 

ispectrum iis ihigh. iAs ia iresult, iin ithe iliterature iChannel i26 iis ioften 

ifavored ifor iwireless isensor inetworks i[34]– i[36]. iOur iexperience, 

ihowever, isuggests ithat ithis ichannel, itoo, ican ibe iaffected iby ia 

istrong icross itechnology iinterference. iIn iall iour iexperiments 

iChannel i25 iwas ithe ibest. iThis isuggests ithat idynamic ichannel 

iselection iis irequired ito iachieve ithe ibest iperformance. 

 

B. Latency 

Perez i et i al. i achieved i an i end-to-end i latency i of i 30 i to 

i 40 ims. i Compared i to i what i we i achieved i (ca. i 530 i to i 650 

i ms), itheir i performance i appears i to i be i impressive. i But i we 

i need ito icarefully iexamine ithe ideployment isettings. iTheir 

inetwork iconsisted ionly iof i7 inodes, iwhereas iours iconsisted iof i21 

inodes. iSecondly, ithey isampled ithe inetwork iat i1 im iinterval, 

iwhereas iwe i sampled i ours i at i 1 i s i interval. i Therefore, i the 

i data i traffic iin ithe inetwork ifor iour icase iwas iconsiderably ihigher 

ithan itheirs. iThis iexplains ithe irelatively ilarge iamount iof idelay iwe 

iexperienced. 

Fig. i11: iThe iaverage inumber iof ipackets iintermediate inodes 

itransmit i in i 1000 i s. i Red: i Nodes i transmit i packets i regularly i at 

i1 iHz irate. iBlue: iPacket iforwarding iis ievent-based. 

 

 

Similarly, i Cheung i et i al.  i reported i a i system  i response i time 

iof i1-2 is, iwhile ithe isystem iresponse itime ifor iour icase i(the 

isummation iof ithe iend-to-end ilatency iand ithe itime ithe inode 

ineeded ito idetect ithe ipresence iof iammonia) iis ica. i101 is. iThe 

idifference iis iconsiderable. iOne iof ithe ireasons ifor ithis iis ithe 

idifference iin ithe inetwork isize. iThe inetwork iof iCheung iet ial. 

iconsisted iof ionly i5 inodes iand ionly ione inode icommunicated i at ia 

itime. iMoreover, iour idata iaggregation istrategy iis imore ireliable, 

ibecause iCheung iet ial. irelied ion ia isnapshot iquery i(a isingle isample 

isufficed ito ifire ian ialarm), iwhich iis iunreliable iand iliable ito ifalse 

ipositives ian ifalse inegatives. 

Having i said i this, i the i overall i latency i we i experienced i is 

iwell iabove ithe i60 is iupper ilimit imany ichemical iindustries 

irecommend ito ifire ian ialarm. iCompared ito ithe iresponse itime i of 

ithe inanosensors, ithe icontributions iof ithe icommunication ilatency 

iand ithe idata iaggregation iare inegligible i(100 is ivs. i< i1s 

). iThis imeans ithat ithe iresponse itime iof ithe inanosensors ineeds 

iimprovement iand iwe iare icurrently iworking ion ithis iaspect. iThis 

isaid, irecently, iwe itailored ithe iCNT isurface itowards iselective 

isensing iof ihydrogen isulphide, iachieving ia iresponse itime ibelow ithe 

irequired ithreshold iof i60 is i[17]. 

 

C. Packet iForwarding 

Another iaspect iwe iinvestigate iis ithe ipacket iforwarding itask iof 

iintermediate inodes. iAssuming ia ichild inode icommunicates 

iexactly i with i one i parent i node, i in i a i regular i routing i protocol, 

ia inode id-hops iaway  ifrom ithe isink  ireceives ica. i(dmax i− id)p  

ipackets iand  iforwards  i(dmax i− id i+ i1)p  ipackets iin ia isingle iround 

i(where idmax iis ithe ifarthest ihop iin ithe igrid iand ip iis ithe isize iof ian 

iordinary idata ipacket). iThese ifigures isuggest ithat i the ipacket 

itransmission icost iof ithe iintermediate inodes inear i the i sink 

i increases i linearly. i For i our i case, i packet i forwarding iis ievent-

based. iFurthermore, ithe ievaluation iof ievents ioccurs i at itwo 

istages: ilocally iand iat ian iintermediate  inode, iwhich 

isignificantly ireduces ithe inumber iof ipackets ian iintermediate inode 

iforwards ito ithe isink. iFig. i11 icompares ithe inumber iof ipackets 

iintermediate inodes iforward ion iaverage iin ithe itwo iscenarios. 

iThe iresult iwas iobtained ianalytically; ithe iprobability iof ievents iis 

itaken ito ibe iexponentially idistributed. 
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VII. CONCLUSION 

In ithis ipaper iwe iproposed ia iwireless isensor inetwork ifor 

imonitoring itoxic igases. iWe ideveloped iarrays iof inanosensors ifor 

imonitoring iammonia iand iintegrated ithem iinto iwireless isensor 

inodes ihaving icommunication, iprocessing, iand ipower 

isubsystems. 

We icarried iout ia ifield ideployment iwith ia inetwork iof i21 isensor 

inodes. iThe inetwork iwas iforming ia igrid itopology. iThe inetwork 

iwas itasked iwith  imonitoring iammonia iand ithe inodes iwere 

isampled iat i1 iHz irate. iThe ioutputs iof ithe iarrays iof isensors iwere 

ilocally iaggregated iusing imin iand imax ioperations iand i the 

ipackets iwere itransferred ito ia icentral ibase istation iusing imultihop 

icommunications. iFour iof ithe i21 inodes iintegrated iarrays iof 

inanosensors, iwhereas ithe irest iwere iemployed ias iintermediate 

inodes. iThe ifour inodes iwith ithe iammonia isensors iwere iplaced iat 

ithe ifour icorners iof ithe igrid. iWe iplaced ia ibottle icontaining 

iammonia inext ito ione iof ithe inodes iand iremoved i the ilid ifor ica. i30 

is iin ieach iexperiment. iWe iset ia i40% ichange i in ithe itotal iresistance 

iof ithe inanosensors ias ithe ithreshold ito idetect ia iconcentration iof 

iammonia iwhich iis ilarge ienough ito itrigger ian ialarm. iThe inode 

irequired iapproximately i100 is ito ireach iat ia idecision iand itrigger ian 

ialarm. iWe ineeded iadditional i700 ims ito itransfer ia ipacket ito ithe 

icentral istation. iOverall, iwith ithe iselection iof ithe ibest ichannel, ithe 

ipacket ierror irate iof ithe inetwork iwas ibelow i5%. 

Our ifuture iaim iis ito iminimize ithe isystem’s iresponse itime 

iwhich, iat ipresence, iis ihigher ithan ithe ilimit iprescribed iby imany 

ichemical iindustries i(which iis i60 is). 
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