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Abstract-The LongRange(LoRa)networkhasbeenwidely
acknowledgedforits efficiency andreliabilityinterrestrial
sensingapplications.However, buildingarobustLoRanetwork
inthesubsoilenvironment,whichpresentschallengesforradio
communication,remainschallenging.Thisstudyevaluatesthe
impactofantennapolarizationandLoRamodulationparame-
ters,suchasbandwidthandspreadingfactor,onsubsoilcom-
municationranges.Basedontheresultsofourexperiments,we
proposepracticalLoRanetworkconfigurationsfortheseamless
transmissionofsubsoilsensorydatatothesurface.

Index Terms-subsoil communication,LoRa,underground
sensingandmonitoring,undergroundsensornetwork

I. INTRODUCTION

Effectivemonitoringandsensingofthesubsoillayerof-
fernumerousbenefitsforvariousapplicationsrelatedtothe
subsoil,includingagriculture,environmentalmonitoring,un-
dergroundinfrastructuremonitoring,sportsfieldmonitoring,
borderpatrolcontrol,andlandslideprotection.Monitoring
andsensinginthesubsoilareactivitiesanddeployments
inthesubsoilinordertocollectnecessarysensorydatain
thesoil,store,andprocesstosupplyhelpfulinformationfor
applicationsrelevant to thesubsoil.

Sensornetworksinthesubsoilaredeployedtomonitor
thetemperature,volumewatercontent(VWC),electricalcon-
ductivity[1],SoilpHand nutrient (nitrogen,phosphorusand
potassium)[2], soil's manures[3],andToxicityinsoil[4].
Generally,sensorsareburiedinthesoiltocollectdataand
sendittothesurface.Buryingsensorswithcablestosend
datatothesurfaceisineffectiveandexpensive.Moreover,
sensorswithcablescanobstructagricultureand transportation
activitiesonthesurface,andtheseactivitiescandamagethese
sensorydevices.

Consequently,applyingwirelesssensorsovercomesthe
inefficiencyofwiringmethods.Moreover,wirelesssensors
improveandensuretheflexibilityandrobustnessofsensornet-
worksinsubsoilapplications.Incurrentsensoryapplications,
thewirelesssensornetworkhasproven to havehugebenefits
insensorapplications.Amongpopularplatformsforwireless
sensornetworks,LoRaisemergingasanefficientwireless
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systemforlow-costsensornetworkapplications.Thereare
vastnumbersofLoRadevicesthatallowdeployingLoRa
easilyandquickly.UsingLoRaisfree.Thefrequenciesof
LoRaareintheISMsub-GHzbands.Dependingontheregion,
LoRaoperatesinthe 433,868and915MHzbands[5].LoRa
isappropriateforlow-powerconsumptionapplications.LoRa
powervariesfrom-4dBmto20dBm,in1dBsteps.Thus,
if lowertransmitpowersareused,the consumptionpowerof
theLoRadeviceisratherlow,andLoRadevicesoftenhavea
lifetimeofyears.

Fig. 1. UndergroundLoRasensorsnetwork.

Inthisresearch,wefocusonundergroundsensingand
monitoringsystemscreatedbyanetworkbasedonLoRa
devices.Atypicalconfigurationofanundergroundwireless
sensornetworkbasedonLoRaisdepictedinFig.1.LoRa
nodeswhichareintegratedwithsensorsareburiedinthe
subsoillayer.Aftercollectingsensorydata,LoRanodessend
signalstothegatewaysonthesurface.LoRanodesalsocan
relaythesignalssothatdeeperLoRanodescantransfersignals
efficientlytoreceiversonthesurface.

AlthoughexploitingLoRadevicestobuildunderground
sensornetworksinheritssome straightforward featuresof
LoRatechnology,wave propagationof LoRadevicesinthe
soilisthebiggestproblem.Highsignallossisalwaysan
unavoidableproblemwhensignals propagatethroughthesoil.
Manystudiespresenttheextremelossofsignalpropagating
throughthesoil [6]-[8]. Soilconsistsofwater,solubleminer-
als,andorganiccompounds.Thesesoilsubstancesgenerally
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havehigh absorptionratesonEMwaves.Moreover,thesoil
has heterogeneousor layered structures. In addition,thesoil
cancontainmanyunexpectedobjectssuchastreeroots,stones,
rocks,and undergroundconstructions. Therefore,thesignal
propagatingthroughthesoilseverelysuffersadverseradio
wave propagationphenomenasuchasreflection,refraction,
diffraction,and scattering [9].These phenomenastronglyre-
ducethe signal's strengthandseverely deterioratethe signal's
quality.

Signal propagationfromthesoiltothesurfacepresents
many challenges,makingit necessarytoevaluate propagation
channelsfor undergroundwirelesssensingand monitoring
applications.Typically,a propagationchannel is evaluated
througheither theoretical modelsordirect measurements.
Using theoreticalmodelscanbe cost-effective andsavetime
whenassessingthe impact of the propagationmedium on
the propagatingsignal.However, theoretical modelsrequire
manysoil parametersthatoftenlackaccuracy. Building a
theoreticalmodelwitharealisticsoilstructurecanbecomplex
and impractical, limiting theuseofthesemodelstosimple
soilstructuresandevaluationsofsignallossonly[6].Conse-
quently,the empiricalevaluationoftheEMwave propagation
in thesoilisanefficientandquickmethodwhenbuilding
undergroundsensornetworksinthesubsoillayers.

Numerousempirical studieshave investigatedsignalprop-
agationthroughthesoil.However,mostprior researchhas
focusedsolelyon calculating signalloss[10],[11],despite
thefactthat propagatingsignalsaretypically modulatedto
conveydata.Currently,thereisalack of comprehensive
evaluation of the relationshipsbetweenmodulationschemes
andtheefficiencyand reliability ofwireless communication
links throughinhomogeneoussoil.Moreover,soil properties
and ingredients varyacrossdifferentlocationsandaresus-
ceptible tochangescausedbyweatherconditions. Therefore,
empirical evaluations of signal propagationthroughthesoil
requireobservingdynamicsoil parametersatvarioustimesand
positionstoaccuratelyreflectthe soil's behaviourandeffects
onsignal propagation.

Although thesoilstructuresand ingredientsarethemain
factorsthataffectsignal propagationperformancethrough
thesoil,analyzingthe comprehensivesoilstructuresandsoil
ingredientsis complicatedanddifficult.However,notallthe
soilstructuresand ingredients directlyand instantly affect
the communicationlinks.Amongsoil ingredients suchas
sand,clay,rock,water,andmineral,waterisdirectlyand
frequently relevanttosignal propagationperformance.The
quantity of waterinthesoilis characterizedbythevolume
ofwater content (VWC)metric.Changingthewater content
inthesoilcanchangethe soil's electrical conductivity (EC).
BothVWCandECare simultaneouslyanddirectlyrelatedto
signalattenuation. Therefore,weselectthesetwo parameters
inevaluatingsignal propagationthroughthesoil.Moreover,
the measurementofVWCandECisquickand straightforward
by appropriatesensors.Thesesensorydatacanbeusedto
calculatethe propagationchannelin practicalapplications.

In practical applications,besidesselectingtheproperpa-
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rameterstoevaluatetheeffects of soil conditions onsignal
propagation,thepowersupply problemisan additionalchal-
lenge.Thedifficultyin installing and retrieving underground
devicesrequiresadequatepower managementtoextendun-
dergrounddevices' lifetime.Moreover,power consumptionis
associatedwithsignaltypes.Usinghighly reliablemodulation
schemesisoneofthesolutionsforsendingdatainlow-
data-rateapplications.However,these modulation schemes
cancost higherpower[12].Werealizethatusing appropriate
modulationschemesfora communicationlinkatdifferentsoil
instant conditionscansaveenergyandensurethe integrity of
sensorydata.

Inthisstudy,weaimtoinvestigatethe impactof modulation
featuresonthe dependabilityofwireless communicationlinks
betweentransmittersinsoilandreceiversonthesoilsurface.
Specifically,we conduct empirical research toexaminethe
influenceofsoilvolumewater content andsoil electrical
conductivity valuesonthe reliability ofthese communication
links.Byexploringthesefactors,wecangaininsightsinto
improvingthe performanceofwireless communicationinsoil
environments,whichhas importantpractical implications for
variousfieldssuchas agricultureandenvironmentalmonitor-
ing.

Insummary,our contributionsare:

• thoroughlyinvestigatetheinfluencesofLoRa modulation
featuressuchas bandwidthandspreadingfactoratdiffer-
entsoil conditionsonthereceivedsignal performance;

•proposesa reasonable,quickandefficientmethodto
evaluatetheeffectsof necessarysoil's instantparameters
onthe performanceof modulatedsignals;

•designand customize feasible LoRa transmitter and
receiverthatcanbeappliedin practical sensingand
monitoringapplication;

• implementsanefficient protocol tocontrolandsynchro-
nize betweentheburled transmitterandthereceiveron
thesoilsurface.

Thefollowingstructureofourpaperisorganizedasfollows.
SectionIIpresentsthe recent relevant researchtothisarticle.
We describeour experimentconfigurationinSection ill. The
resultsare illustratedinSectionIV.Finally,SectionVprovides
theconclusion.

II. RELATED WORK

Wireless communicationinthesoilcanbe conductedbythe
magnetic induction (MI)methodorthe electromagneticwave
propagation(EM) method[7].Bothmethodsarebasedonthe
electromagneticfield.MIisa communicationtechniquewhose
communicationlinksare establishedbythemagnetic induction
betweentwocoils. In MI communication,coilsareputnear
eachotherinterms of relative wavelengthtoensure enough
magneticcoupling betweencoils.Hence,MImethodsusually
operateatlowfrequenciesfromafew kilohertz todozensof
megahertz,[8],[13],[14].

Thecoupling betweencoilsisrelatedto permeability [15].
Therefore theMI communicationlinkbudgetinthesoilis
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quite independentof the diversity of thesoil. Nearly sub-
stances inthesoilhavethe same permeability. Especially
commonsoil substancessuchaswater,clay,sand,and rock
havethesame permeabilityasfree air. The paperof Akylyn
suggestedequipping small-size coilsin sensing devicesfor
undergroundcommunication[8]. Unfortunately, the applica-
tions of theMI method arequite limited. Highlossisa
striking problemwhenestablishingcommunicationlinksinthe
soil.MIcoil coupling operatesinthenearfield zone where
the attenuationrateper distance is proportionaltothe power
cubicofthe distancebetweentwo well-alignedcoils[8],[13],
[14]. Moreover,thecoilhasa narrowgeneratedmagneticflux
pattern.This disadvantagefeaturemakes aligningcoilsinthe
soiltobe difficult andslow .

The other more popularwireless communicationmethod
isEM. There are abundantEM communicationdevices for
sensingand monitoringapplicationsinthe air. TheEMcom-
municationlink is establishedby electromagneticwavesprop-
agatingfroma transmittingantennatoa receivingantenna.EM
antennascan offer a variety of radiationpatternsaccordingto
the typical requirementsin applications. Generally, Omnidirec-
tional andwide-patternantennasarepopularlyusedin sensing
and monitoring applications.Usingthesetypes of antennas
assistsin installing sensornodes quicker and easier.

In recentyears,the topics relevanttothe propagationof EM
waves throughthesoilinsen sing andmonitoringapplications
have attractedthe attentionofnumerousscientists. Vuranetal.,
in[16] , havementionedin theirpaperthat the phenomenasuch
as multi-path, diffraction, scattering, and reflection cande-
gradetheradiosignalintheirpaper. However, analysingthese
effectsonsignal performanceis sophisticatedand inaccurate.
Most theoretical models are currently builtto calculate the
pathloss causedby somesimple soil structureandattenuation
coefficient Notably,the authors evaluatedthe errorrate under
multi-path impact basedon Rayleigh distribution, presented
the effect of water volume onthepathloss,and considered
the reflection of thesurface.

Concurrently with theoretical research, several empirical
studies were conductedto evaluatethe performanceofsignal
propagatingthrough thesoil.The wireless sensor network
experimentswere performedby transmittingEM signals from
a transmitterata maximumdepthof 45cm[10]toa receiver
ata distance of 100em , Nevertheless, these experiments
were carried outto detect the relationships between signal
lossand communicationdistance. In their experiments, the
authors select the frequency of 433MHzto measure. All
these experimentsare conductedinasmallsoiltank. Hence,
the electromagnetic field distribution under the constraint
boundaryof thesoiltankcandifferfromthe electromagnetic
field distribution causedbythe extendingboundarycondition
in naturalsoil.Moreover, theseexperimentswere conductedto
exploreonlythe impactsof transmitterpoweronthe received
at different communicationdistances.

Similarly, the authors in[17]also conductedexperiments
to evaluate communicationlinks through thesoil.Inthese
experiments,theauthors buried the transmitterinthenatural

soilto transmitdatapacketsbyas ignal modulatedat2.4GHz .
Inthispaper,the packet reception rateisthemetricto
evaluate theeffects of thesoilonthe propagatingsignal.
The authors measuredthe packet reception rateat different
communicationdistances.However, in these experiments,the
buriedtransmitterisnot entirely isolatedfromthesoilsurface.
The authors useda control and power cable to connect the
burieddevice toadeviceonthe surface. Withthis experiment
setup, the leaky signalsthroughthe cablecan createsignificant
errors in experimentresults.

Most wireless sensorsbasedon popularwireless techniques
suchasLoRa,WiFi , and Bluetooth operate at frequencies
from hundreds of megahertz toseveral gigahertz. Among
these availablewireless communicationplatforms,we suggest
evaluating LoRa signals when propagatinginthesoil.The
LoRa modulationtechniqueis selectedinour experimentsbe-
causethehigh sensitivity characteristicof LoRa can overcome
thehigh attenuationproblemcausedbysoil . Moreover, the
frequency bandusedby LoRa [18]and Chirp spectrumtech-
niquesarealso advantageousfor propagatingEM signals in
complex soil structures. The LoRa susceptibility to multipath
propagationisalso presentedin[19]. The authors conducted
experimentsto evaluatethe LoRa quality ina closedchamber
whose wallscan bounce thesignal.Thus,the author can
evaluatethe multipathphenomenoninthischamber.The other
study is conductedto investigate the reliability of LoRa in
long-rangeapplications[20]. These experimentswere carried
outto evaluate LoRa performanceinmany configurations,
suchasindoor, outdoor, andpart of underground(inashallow,
openwell nearthesurface).

Inour experiments,the LoRa transceiversarecustomizedto
communicatewith different LoRa modulationschemesatthe
frequency bandof 866MHZ . Also,we develop an algorithm
to control and synchronize the packet sending between the
buriedtransmitterandthereceiversonthesoilsurface. During
experiments,the LoRa packets aresentbythe buried trans-
mitter at different depthstothe receivers laidonthe surfaceat
different distances.Besides deployingLoRa devices,wealso
deploy sensors to measuretheVWCandEC of thesoilnear
thetestsite.Thecycles of measuringVWCandECvaluesare
always synchronizedwiththe cycles of sendingLoRa packets.

The experimentswith LoRa signal propagationthroughthe
soilare additionallyfound inthe paperof [21]. Although the
experimentswere conductedwiththe LoRa signalpropagation,
the authors investigated the attenuationof onlyonetype of
LoRa modulationsignal.The signal modulationfeatures are
not consideredinthisstudy . In the experiments,only antennas
are buried inthesoil.The LoRa transmitterand receiver are
stillonthe surface so that the leaky signal canbe strong
enoughto createerrors. Since LoRa modulationspecification
[22]hasahigh sensitivity, theleaky signalscankeepthehigh
received packet rate.Thus,the communicationlinkof80m
in these experimentsis mainly createdbythe leaky signals.
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III. EXPERIMENT METHOD

A. Experimentsetupinthesoil

Inthisempiricalstudy,wesetupexperimentsinthetest
fieldtoevaluatethesignalsentfromthesoiltothesurface.
TheLoRadevicesareprogrammedtotransmitawiderange
ofLoRasignalschemesbycombiningvaluesofspreading
factors,bandwidthsandfrequencies.Figure2describesthe
wholeexperimentprocess.Atransmitterisburiedintothe
soilatdifferentdepthsfrom0.3mto0.9m.Fivereceivers
arelaidonthesurfacetoreceivethesignal.Wedeploythese
receiversatthesamehorizontaldistanceineveryexperiment
toincreasetheaccuracyofmeasurements.Then,thereceivers
measurethesignalstrengthanddecodethedata.Adatalogger
withanSDcardisconnectedtothesesensorstocollectthe
sensorydataduringtheexperiments.

Nearthepositionofthesensors,acylindricalholeisdug
intothesoiltoinstallthetransmitter.SincetheLoRamodule
hasarelativelyhighsensitivity,wecoverallburieddevices
bythesoilandreleasethenearbysoilsurfacetotheoriginal
statetopreventanyunnecessaryleakysignal.TheLoRasignal
istransmittedtoabove-groundreceiversatevery transmitter's
depth.Fiveidenticalreceiversonthegroundreceivethesignal
simultaneously.Figure2presentsthepositionofthesere-
ceiversonthesoilsurface.Thereceivers'horizontaldistanceis
measuredfromwhereweburythetransmitter.Thesereceivers
areshiftedalongastraightpathwiththedistancesof1m,2m,
5m,10m,15mand20m.

I
I,
I,

't', I
I,
I I.n lTransmitter

Fig.2.Positionofdevicesduringexperiments.

TheLoRatransmittersarestoredinhighlywaterproof
plasticboxestokeepelectroniccircuitssafewhenburiedin
thesoil,asinFigure3.However,theantennasarewaterproof,
sotheyaremountedfromtheoutsideoftheboxestokeepthe
alignmentoftheantennasstraightforwardly.Theseantennas
havelinearpolarization.Whentheboxesareburiedinthesoil
formeasurementswithverticalpolarizationofantennas,the
testingantennasarealignedperpendiculartothesoilsurface.
Withhorizontalpolarizationexperiments,thetestingantennas
areinstalledparalleltothesoilsurfacetogeneratehorizontally
polarizedwaves.Afterdiggingtheholewithacertaindepth
intothesoil,weinstallthemoduleswiththerightantenna
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directions.Thenwecoverthetransmittermodulesandtheir
antennaswiththesamesoilonthetestingside.

Fig.3.Waterproofbox.

Theexperimentsareconductedonapublicgrasslandof
TheOrganicGardeningDrienerloinTheUniversityofTwente
Campus.Accordingto[23],thesoilinthistestsitemainly
comprisessandandclay.Inthelayernearthesurface,the
soilismixedwithhumus.Therealsoexistsomegraveland
ironmineralsinthedeepposition.Weuse METER's sensor
TEROS12devices[24],whicharefrequentlydeployedinsoil
researchandmeasurementbecausethissensorcanmeasurethe
soil'svolumewatercontentandelectricalconductivitywith
highaccuracy [25]-[27].

B.PacketControlandDataRecording

Ineverymeasurement,thetransmitterconsecutivelygener-
atesvariousLoRasignals,alternativelyconfiguredfromseven
spreadingfactorsandthreesizesofbandwidths.Withevery
experimentconfiguration,weneedtosendaboutthirty-six
differentLoRapacketsinthecombinationsofvariousLoRa
settings.Afterasendingcycle,thetransmitterhastostop
andswitchtosleepmodetosaveenergy.Simultaneously,the
transmitterandreceiversareprogrammedtoswitchthedata
transmissionmodetosleepmodefor30minutestosavepower.

Fig.4. LoRa modulewithtwoantennas.

Sincetheburiedtransmitteriselectricallyisolatedfromany
deviceonthesurface,wehavetodesignawirelesspacket
controlprocesstosendandreceiveLoRasignalsandsavethe
powerofLoRatransceivers.EachLoRamoduleisequipped
withtwoantennas.Oneantennaisforcontrollingandthe
otherforevaluatingandtesting,asshowninFig.4.While
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theLoRasignalforevaluation isfixedat863000005Hz,
thecontrolfrequencyisselectedat 433150000Hz. Moreover,
theseantennasareperpendicularlymountedtoeachotherto
reduceinterferencebetweenthecontrolchannelandother
LoRasignals . Thesefrequenciesareuniquetoavoidinter-
ferencewithotherpopularfrequenciesaroundthebandof
433MHzand866 MHz. Moreover,thecontrolfrequencyand
thefrequencyforevaluationareallocatedintwoapart fre-
quencybandstoeliminateanypotentialinterferencebetween
thecontrolfrequencyandtheevaluatedfrequency .

Aftersuccessfullyreceivingthepilot,thereceiverswitches
toreceivingdatapacketstatuswiththenewbandwidthand
newspreadingfactorinformedbythepreviouspilotpacket.
Whenthedatapacketis successfullyreceived,thereceiver
measurestheRSSIanddecodesthedataattachedtothedata
packet's payload.Afterdecodingthedata,thereceiverwrites
thedecodeddataandRSSIvaluetotheattachedSDcard.
Then,thereceiversswitchtothepilotreceivingmodeand
waitforthenextpilot. Ifthereceivercannotdecodethedatain
thepayload, itsavesthestatus , switchestothepilotreceiving
mode,andwaitsforthenextpilot.

ThetimingandsynchronizationofLoRapacketsduringex-
perimentsaredepictedinFigure6 . Afterthereceiverupdates
thereal-timeinformation,themicrocontrollersendscommands
requestingtheLoRachipswitchtopilotreceivingmode . Next,
thereceiversreceiveandreadthepilot'sinformation . Based
ontheinformationreceivedfromthepilotpacket,thereceiver
switchtothepacket -receiving mode.Aftersendingapilot
packet,thetransmitterpreparestosendthefollowingdata
packet.Sendingdatapacketsisalwaysdelayedaboutone
minuteafterthereceivewakesuptoensurethereceiverhas
enoughsafetimetoswitchtoreceivepackets .

Yes

Fig.6. Tuning ofpilotpacketsanddatapackets.

Sende r

T im~

(m inu te)
6030

I
I
I
I
I

1m" 1

StartdaU End dat~ Start End pilot
receiving ' M ~ i vt n & pilot receiving
mod. mode rl:'CeMng mode

I , mod. I

SIHP T od@ - --'I , I I
ii I I I

I

o • I
Slee p mode

pilot__1 _
Y es

Fig.5.Flowchartofpacketcontrol in thereceiver.

Theflowchartofpowermanagementandpacketcontrolis
illustratedinFigure5.Whenstartingtheexperiments,the
LoRareceiversandmodulesofVWCsensorsupdatethereal -
timeclockgeneratedfromawirelessclockgeneratorthat
connectstotheGPSreal-timemodule.Thereal -time clock
generatorsendsreal-timeclocksbythefixedLoRasignalat
afrequencyof434700000Hz,a bandwidthof125kHz,and
aspreadingfactorof12.Afterupdatingthereal -time clock,
thereceiversswitchtothepilotreceivingmodetowaitfor
theincomingcontrolpacketatthefixedLoRasettingwitha
frequencyof433150000Hz, abandwidthof125 kHz, anda
spreadingfactorof12.

Whenthepilotpacketcomes,everyreceiverreadstheLoRa
pilotinformation. Ifthepilotfails , thereceiversavesthestatus
andswitchestothepilotreceivingmodeagaintowaitfor
thenextpilot.Otherwise,thereceiverreadstheinformation
inthepilotpacketaboutthenextincomingdatapacket.

Whenthepilotorthedatapacketcannotreachthereceiver,
thepilotreceivingmodeandpacketreceivingmodealways
havespecifictimeoutsbeforethereceiversareforcedtothe
pilotreceivingmode.Figure7explainshowthereceiverkeeps
receivingthedatawhentherearesomeerrors . If thepilotor
datapacketfails,thereceiverisalwaysscheduledtoswitch
topilotreceivingmodeagainandwaituntilthenextpilotis
successfullyreceived.

Thetransmitterhasamicrocontroller , aLoRAcircuit
RN2483andamicroSDcard.Themicrocontrollercontrols
transmittingandtimingsessionsduringthemeasurementsand
storesrecordeddataontheSDcards.Themodulesareburied
forseveraldaysduringexperiments. Then,wedigthemodules
out,retrievethedatafromtheSDcardandrechargethebattery
forthenextexperiments . Thus,withthisalgorithmforpacket
timingandcontrolling,wecanburyatransmitterpowered
byalithium-ionbatteryof3 .7 Vand12000 rnA totransmit
36LoRapacketsper30minutes.Thetransmittercanoperate
foratleastamonthbeforebeingretrievedtorechargethe
batteries.
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Fig.8.Linkmarginresultsatthedepthof0,7m,verticalpolarization

IV. EXPERIMENT RESULTS

TABLE I
SENSITIVITY ACCORDINGTOTHE LORA SETTINGS (DBM) OF SX1276

LoRA CHIP [28]

SF789 10 1112
BW
125 [kHz] 123126129132133136
250 [kHz] -120-123 -125 -128-130 -133
500 [kHz] -116-119 -122-125-128 -130

AfterreceivingthevalueofRSSIofadatapacket,we
calculatethelinkmarginbasedonthetypicalsensitivityin
Table I. Finally,wereceivethelinkmarginsofeveryLoRa
settingatdifferentdistances,depths,antennadirections,and
soilconditions.Thelinkmarginsvaryaccordingtodistance,
depthandpolarization.Wepresentthe experimentresultswith
thewetsoilconditioninthefollowingsubsections:A,B
andC.Thelinkmarginsindryandwetsoilare compared
insubsectionD.Theexperimentsareconductedforseveral
monthstomeetthewetanddrysoilconditions.Thedrysoil
experimentsareconductedduringJulywhenthereislessrain.

A. Effects ofDifferentDistances
Witheveryposition of theburiedtransmitter,wemovethe

receiversatdifferentdistancesonthesurface..The experiment
resultsinwetsoilare illustrated inFigure8.Thegraphs
inFigure8explainstheexperimentalsetupwithatypical
transmitterdepthof0.7m.ThereceiversmeasureRSSIsto
evaluatethelinkmargin of the modulationschemesofsignals.
Ingeneral,thesignalattenuationincreaseswiththedistance.
However,theproperselectionofLoRasettingscanproduce
ahigherlinkmargin.Figure8presentsthelinkmarginsat
thedistances of 5m,10m,and20matatypicaldepthof
0.7meter.Thewetsoil'sparametersarelistedinTableII.The
increaseofthelosswiththedistanceisnonlinear.Besidesthe
free-spacepathloss,thelossisalso includedintheothernon-
predictedlosses. In general,thelossvarieswhenthereceivers'
distancechanges.Typically,thelossincreasesfrom5dBwhen
the communicationrangechangesfrom5mto10 m, Whenwe
movereceiversfrom10mto20m,thelossincreases10dB.

These experiment resultsallowexplainingtheeffectsof
LoRamodulationfeaturesonthereliability of communication

links.Theexperimentresultsare illustrated inFigure8. In
thisfigure,theLoRasignalswithnarrowbandwidthsand
highspreadingfactorsofferhighlinkmargins.AmongLoRa
settings,theLoRasignalwithawider bandwidthof 125kHz
andaspreadingfactorof7usuallyproducesthehighestlink
margin.Thesensitivityvalue in TableI,whichishigherfor
lowerbandwidthsandsmallerspreadingfactors,explainsthe
increaseofthelinkmargin.Atthedistanceof20m,the
attenuationishigh.The wide-bandwidthandlow-spread-factor
LoRasignalscancausethelinkmargintodropbelow0dB.
ThedecodingerrorratefrequentlyoccurswithLoRasettings
thatproducenegativelinkmargins.Typically,atthereceiver
distanceof20mandtransmitterdepth of 0.7m,theLoRa
settingwitha bandwidthof 500kHzandspreadingfactorof
7producesalinkmarginof -2.5dB.Meanwhile,thesignal
withanarrow bandwidthof125kHzandspreadingfactor12
produces12.95dBoflinkmargin.

TABLE II
VOLUME WATER CONTENT (VWC) ANDELECTRICALCONDUCTIVITY

(EC) WITHRESOLUTION 0.001m3/m3 OF TEROS 12SENSOR

SensorsDepth WetSoilConditions
VWC EC

0.5m 0.223m6/m6 0.031dS/m
0.7m 0.288m6/m6 0.088dS/m
0.9m 0.307m6/m6 0.151dS/m

B.Effects ofDifferentDepths

Theprevioussubsectionpresentstheresultsofexperiments
atafixeddepthanddifferentreceiverdistances. In thefol-
lowingexperiments,weevaluatetheeffectsofLoRasettings
onthelinkmarginatdifferentdepthswhilethereceiveris
laidatafixeddistanceonthesoilsurface.The experiment
setupwiththereceivers'distance of 10m.The transmitteris
buriedatdepthsfrom0.3mto1.5m.Figure9presentstypical
resultsoflinkmargins of thedepthsof 0.5m, 0.7m, and
0.9m.Theexperimentsareconductedatthesoilconditions
listedinTableII.

The experiment resultsshowthatdepthstronglycauses
signalloss.Atthereceiverdistanceof10monthesoilsurface,
whenthetransmitterdepthincreases0.2mfrom0.5mto
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Fig.9.Linkmarginwithdifferentdepthsatdistnaceof10 m, vertical
polarization

electricfieldisrelevanttotheformoftheantenna.Mostsimple
antennasgenerateonlythelinear polarizationelectricfield.
Thelinear polarizationhasthe generatedEfieldvectors,which
arealwaysparallelduring transmission. Generally,dipole
or monopole antennasare preferred insensor applications
becausetheseantennasarecheap.Theelectricfieldofthese
antennasusuallyisparalleltotheseantennas.Thus,according
tothe antenna'sdirection tothesoilsurface,theseantennas
cangenerateverticalor horizontal polarization.Theresults
inFigure10showthat horizontalpolarizationusuallysuffers
higherlossthanvertical polarization.

Horzontn l Antenna
30 . Vcnical Antcl!!!;!

Wet soil
• Dry soil I30

D. Effects ofSoilConditions

Sincesoil conditions changeaccordingtotheweather,
conducting experiments atdifferentmonthsis necessary to
comparethevariousinfluencesofdryandwetsoil.Figure 11
depictsthe multiple effectsof LoRa settingsindryandwet
soil.The typical experimentssetupwiththe transmitter'sdepth
of0.9mandthe receivers' distanceof10m.Theseresultsare
fromthe experimentsofthedriestandwettestsoilconditions.
TheVWCsandECsinthedryandwet conditionsarelisted
inTable m.
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Fig.10.Linkmarginofantennapolarization,depthof0.7manddistanceof
10m,verticalpolarization.

0.7mandfrom 0.7mto 0.9m,the communicationdistance
between transmitterandreceiverisnearlyunchanged.How-
ever,thelossincreasessignificantlywiththisdepthincrement.
Theresults of thelossvarywith different depths.Whenthe
transmitter's depthchangesfrom 0.5m to 0.7m, theloss
increases approximately 6dB. Whereas theloss increases
approximately 10dBwhenthe transmitter ismovedfrom
0.7mto 0.9mbelowthesurface.

Therefore,theselossdifferencesare almost relevanttothe
waterinthesoilandthe electricalconductivity ofthesoil.Ac-
cordingtoTableII,the electrical conductivity increasesmore
dramatically thanthevolumeofwater content does.Since
thesoil ingredientsarenotuniform,thesoilnearthesurface
hasan electrical conductivity of0.031dS/mat0.5m.This
electrical conductivity increasesto0.088dS/mat0.7mand
to0.151dS/mat0.9m. Meanwhile,theVWCsatthesedepths
aresimilar.Atthedepthsof 0.5m,0.7m,and 0.9m,VWCs
are respectively 0.223m31m3,0.288m31m3, 0.3078m31m3.

Whenthe transmitterisburiedatadepth of 0.9mandthe
receiversareplacedatadistanceof10m,thesignalsuffers
relativelyhighattenuation.Thishighlossismainly caused
bythehigh electrical conductivity ofthesoilandthe soil's
heterogeneity.Witha LoRa signalata bandwidthof500kHz
andaspreadingfactorof7,thelinkmarginis -2.19dB.In
comparison,thelinkmargininthis experimentsetup increases
to15.23dBwitha bandwidthof125kHzandaspreading
factorof12.

Similartotheresultsoftheprevious experiments,the proper
LoRasettingcanimprovethelinkmargin. According to
TableI, half thesizeofthe bandwidthoran incrementstep
ofthe spreadingfactorcan contributeapproximatelytoa link
marginof3dB.Bytheory calculating,the differencebetween
thehighestandlowest link marginis21dB.Inreality,the
differences between thehighestandlowestlinkmarginare
18.14dB,13.414,and10.96dbatthedepthsof0.9m,0.7m,
and0.5m.

C. Effects ofAntennaPolarization

Dependingonthevectorelectricfield's polarization, the
effectsonsignal propagationthroughthesoilaredifferent
becausethesoilstructuresarenotuniform,andthe propagation
pathgoesthroughthesoilsurface.The polarizationof the

Fig. II. Linkmarginunderinfluencesofhwuidity,distanceof20 m, depth
of0.9m.

Figure 11 presentsthedifferencesin link marginresults
betweensoil conditions.Usually,thesignalsuffers higherloss
inwet conditions thanindrysoil.Thelinkmarginvalues
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measuredinthedrysoilarealwayshigherthanthelink
marginvaluesmeasuredinthewetsoil.Thedifferencesin
linkmarginsbetweentwosoilconditionsvaryfrom6dBto
12dBamongLoRasettings.

TABLE ill
VOLUME WATER CONTENT AND ELECTRICAL CONDUCTIVITY OF WET

ANDDRY SOIL

Soil Conditions
Sensor's Depth Drysoil Wetsoil

VWC EC VWC Ee
(m3/m3) (dS/m) (m3/m3) (dS/m)

0.5m 0.059641 0.000 0.223094 0.031
0.7m 0.205901 0.064 0.287854 0.088
0.9m 0.261572 0.031 0.307187 0.151

In thedrysoilconditions,all link marginsofallLoRa
settingsintheseexperimentsarehigherthan5dB.According
toFig.11,theLoRawitha bandwidthof500kHzanda
spreadingfactorof 7hasanegativelinkmarginof -2.19dB.
Atthisnegativelinkmargin.Meanwhile,withthesameLoRa
setting,inthedrycondition,thelinkmarginis4.75dB.

V. CONCLUSION

Theexperimentresultsshowthatthedepthandelectrical
conductivityaffecttheLoRa signal's linkmargin.Withthe
reasonablepacketcycleandpowermanagement,deploying
awirelesssensingnetworkwiththeLoRa modulationinthe
subsoilispromisingandapplicable.WithhighlyreliableLoRa
devices,theLoRa modulationtechniqueisalsoacheapand
quicksolutionforwirelesssensingapplicationsinthesubsoil.
Verticalantennascanofferhigherreliabilityandeliminatethe
complexityofaligningantennas.
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