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Channelcharacteristicsanalysisoftrain-to-train
wirelesscommunication①

GAOYunbo,TIANZhiyu,LIMaoqing,YUELili,YANLixia,CHENGXuan
(SchoolofAutomationandElectricalEngineering,LanzhouJiaotongUniversity,Lanzhou730070,China)

Abstract:Train-to-train (T2T)communicationcan provideprotectionforexistingtrain-to-ground privatenetwork
communication,anditschannelcharacteristicsdirectlyaffecttheapplicationofupper-layercommunicationtechnologies.Inthis
study,basedonthespatialdistributionstructureofrailwayoperationscenariosandFresnelzonetheory,weproposea
frequencyallocationschemefordirectcommunicationbetweentrackingtrainsinflatlandandlongstraighttunnelscenario.Then
weusetheestimationmethodofradiowaveattenuationcausedbyrainfalltoanalyzethelarge-scalepathlossfadingofmulti-
bandwirelesschannels.Furthermore,wederivethecalculationequationofmaxDopplerfrequencyshiftsuitableforT2T
communicationanddescribethemultipathwaveinthetunnelbyraytracingmethodtoanalyzesmall-scalefading.Simulation
analysisshowsthattheDopplershiftvalueofT2Tcommunicationlowfrequencybandissignificantlylowerthanthefrequency
shiftvalueofthetrain-to-groundcommunicationunderthesamespeedconditions.
Keywords:train-to-traincommunication;Fresnelzone;longstraighttunnel;wirelesschannel;Dopplerfrequencyshift

calculation

0 Introduction
 The railway-specific mobile communication
network increases the signal strength and
communicationdistancebycoveringbasestationsona
largescalealongtheline,butthestability of
communicationequipmentwillbeaffectedbyextreme
weather[1].Inordertoensurethereal-timeand
accuracy of the high-speed railway mobile
communicationsystem and meetthedevelopment
needsofthenextgenerationtraincontrolsystem,
train-to-train(T2T)communicationcameintobeing.
Ittakestrainsascore,minimizesthenumberoftrain-
track side equipment, and realizes direct
communicationbetweentrackingtrainswithoutthe
participationofbasestations.TheusageofT2Tisto
assist train-to-ground wireless communication
network-basedtraincontrolsystemstoachievedirect
communicationbetweentrainsintheeventofa
failure,whichcanexpandcollisionhazarddetection
andbroadcastearlywarnings,therebyimprovingthe
safetyoftrainoperation.Therefore,itisnecessaryto
completetheanalysisofthecharacteristicsofthe
dedicatedchanneltolaythefoundationforthedesign

andnetworkplanningoffar-distancecommunication
system.
 In recent years,scholars have studied the
communicationmethodoftheauxiliaryforglobal
mobilecommunicationssystemforrailway(GSMR)
anditschannelcharacteristics.Intermsofshort-
distance communication, Ref.[2] presentsdirect
communicationbetweensubwaytrainsatatravel
speed of 80 km/h based on radio frequency
technology,whosestraightlinecoversadistanceof
1.6km.Lehneretal.utilizedthetrunkmodeofthe
terrestrialtrunkedradio(TETRA)toachieve4km
temporary communication between trains, and
evaluatedthechannelcharacteristicsofeachscenario
throughtheclassiccellularnetworklossmodel[3],
buttheydidnotproposeacorrespondingchannel
modelfortheT2Tapplicationscenario.InRef.[4],
inthecasewheretheradiowavepropagationareais
blocked by an open-air platform and bushes,
automaticcouplingbetweentrainsisachievedbased
onthemillimeterwaveQ-band.Intermsoflong
distancecommunication,Liuetal.tookothertrack-
trains as transmission relays to achieve direct
communicationbetweenthesametracktrains,butits
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applicationscenariosareonlylimitedtolargestations
andmarshallingstations[5].Chenetal.usedultra
shortwavetorealizetrain-mountedadhocnetworks,
andprovidedthestationandintervalcommunication
link loss budget models[6]. Unterhuber et al.
measuredthesmall-scalefadingcharacteristicsof
radio waves caused by Doppler spreading and
multipath delay spreadingin high-speed railway
scenes,andintroducedlarge-scalemodelsofpathloss
inrural,suburban,andtunnelenvironments,but
theydidnotconsiderextremeweatherfactorsand
specific frequency-bands selection scheme[7].
Mohammad et al.proposed that the Doppler
frequencyshiftisakeyfactoraffectinghigh-speed
railwaywirelesscommunicationsystems,andthey
used improved Fitz algorithm to estimate the
instantaneousvalueoftheDopplerfrequencyshift,
butthesingle-mobilecomputingmodeltakingfixed
basestationsandtrainsasmobilebodywasstill
used[8].Heetal.usedaraytracertoverifytheradio
wavepropagationinthetunnel,andanalyzedthe
channel characteristics under the influence of
multipatheffects[9].Theresultsshowthedependence
ofradio wavepropagationcharacteristicsonthe
system operatingfrequency,antennapolarization,
andtunnelsize.
 Inourwork,wesummarizethespecialoperating
scenariosofhigh-speedrailwayssuchasU-shaped
groove,stations,tunnels,andviaductsaccordingto
thespatialstructure.CombiningFresnelzonetheory,
we determine the communication distance and
operatingfrequencybandthataresuitableforthe
abovescenariosandservetothewirelesschannel
characteristicanalysis.Additionally,consideringthe
influenceofweatherontheselectedfrequency-band,
its feasibility is verified through large-scale
electromagnetic wave propagation theory.
Furthermore,wederivethecalculationequationof
Dopplerfrequencyshiftundertherelativemotionof
thetrain (dual mobile end),and verify the
superiorityoftheT2Tfrequencyshiftvalueoverthe
train-groundsystematthesamespeedlevel.Finally,
theraytracingmethodisusedtosimulatemultipath
wavesinthetunnel,andunderdifferentreflection
conditions,thesmall-scalefadingcharacteristicsof
wirelesschannelsaresimulatedandanalyzed.

1 Systemparameters
1.1 Communicationrange
 Selectionofworkingfrequencyshouldmeetthe

followingstandards:
 1)D≥d,whereDistheeffectiveline-of-sight
distanceforelectromagneticwavepropagation,andd
isthe distance between the receiver and the
transmitter,thatis,thecommunicationdistance.
 2)Inordertoestablishareliablecommunication
link,communicationdistanceshouldbegreaterthan
themaximum emergencybrakingdistanceofthe
train.
 Theemergencybrakingdistanceofhigh-speed
railwaytrainsonstraightroadsisinaccordancewith
Article 169 of the latest revised “Technical
RegulationsforRailwayTechnology”,whichtakes
the maximum allowable value[10],as shownin
Table1.

Table1 Trainbrakingdistance

Project Value

Brakefirstspeed(km/h) 350 300 250 200

Brakingdistance(m) 6500 3800 3200 2000

 Inordertomeetthereliabilityofcommunication
linkestablishedatthemaximuminitialbrakingspeed
oftrain,andtoensureconsistencyofcommunication
distanceineachscene,theline-of-sightpropagation
distanceneedstobecalculated.AsshowninEq.(1),
htandhrindicateheightsofthetransmittingand
receivingantennasfromtheground,respectively,
generally 4.2m[6] is taken. Line-of-sight by
calculated with communication distance D is
14.6km.

D=3.57(ht+ hr). (1)

1.2 Workingfrequency
 Radio wavescan be dividedinto bandsfor
communication occasions according to the wave
length.Theworkingfrequencybandofthecurrent
railwaydigitalmobilecommunicationsystemisabout
900MHz,whileT2Tmainlytransmitstraincontrol
keyinformationsuchaslocationandspeed,whose
shortmessageisabout150bit[11],therefore,thelow
bandwidthcouldmeetthetransmissionrequirements.
However,thehigh-speedrailwayoperationsceneis
changeable,andlow-speed propagation ofradio
wavesinthetunnelwillcauseserious multipath
effects. Therefore, T2T exclusive frequency
allocationschememustbeestablishedaccordingto
thespatialdistribution structure oftherailway
operationscenarios.
 ReferringtoFresneltheory,theellipticalarea
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takingtransmitterandreceiverasthefocusisthe
Fresnelzone,theextenttowhichareaisblockedby
obstaclesdeterminesthequalityofcommunication.
TheradiusofconcentriccirclesoftheFresnelzoneis
calculatedby

Rn = nλd1d2
d1+d2

, (2)

whered1 andd2 arethedistancesbetweenthe
transmitterandreceivertothecenterofthecross-
sectionoftheFresnelzone,respectively;nisthe
numberofFresnelzones;andλisthewavelength.
Whend1=d2=d/2,thefirstFresnelzoneradius
takesthemaximumvalue.
 When80% ofthefirstFresnelregionSisnot
blockedbyobstacles,communicationqualitycanbe
guaranteed,andthewirelesslinkpropagationspaceis
consideredasfreespace.Simultaneously,theideal
workingfrequencybandineachscenarioisobtained
bycalculatingtheocclusionareaS'accorodingto

S'
S ≤20%. (3)

 Tunnelisaninnerclosedarea.Comparedwith
otherscenes,thereflection,scatteringoftheradio
wavesonthetop,bottom,andsidewallswillcause
severemultipathdelayexpansion.Theheightofthe
antennamountedonthecompartmentroofwillaffect
thespatialdistributionoftheFresnelzone,asshown
inFig.1.

Fig.1 SpatialdistributionofthefirstFresnelzoneinadouble
tracktunnel

 Theidealradiuscanbeapproximatedbycalculating
the minimum cross-section blocking areainthe
Fresnelzone,thecalculationprocessis

S'=2
(θ1+θ2)
360 πR2-W

2 R2- W
2  2-

(L1-L4) R2-(L1-L4)2. (4)

 Whenblockingislessthan20%,Rmaxis3.8m.
Eq.(3)isusedtocalculateλ,andthelowerlimitof
theselected frequency bandis 34GHz, which
theoretically meets the maximum Fresnel zone
coverageandreducesmultipatheffectsintunnel.The

atmosphericwindowvalueof35GHzispreferred.
 Exceptforshrubs,U-shapedgrooveandshallow
cuts,andviaductarmsintheplainarea,thereareno
obviousobstructions.Thespatialdistribution of
FresnelisshowninFig.2.

Fig.2 SpatialdistributionofthefirstFresnelzoneintheplain

 DeepU-shapedgroovewillcauseshadowfading,
andatthesametime,theywilltemporarilyblockthe
directpath.Alargenumberofanti-scatteredwaves
generatedbysteepwallswillcausegreatfadingtothe
signal.RouteclassificationisshowninTable2.The
longertheselectedfrequency wavelengthinthis
scenario,thelargerthecross-sectionalareaofthe
Fresnelzone,andthesmallertherelativeocclusion
area,thatis,thelowerthefrequency,thestronger
thediffractionability,andthelargertheFresnel
radius.

Table2 Routeclassification
Width DeepU-shapedgroove ShallowU-groove

Wup/(m) 58.30 55.26 49.77 48.38 50.24

Wdown/(m) 15.16 18.57 17.97 17.14 16.96

 AfterselectingthevalueoftheU-shapedgroove,
combiningwiththeheightoftheCHR380Bbody,the
actualocclusionareaiscalculatedby

S'=2θ3360πR
2-L5 R2-(L5)2-

1
2
(Wup+Wdown)(L4-L5), (5)

whereθ3=arccos(L5/R).Whenthecommunication
distancedis6.5km,thebrakingdistanceofthe
trainwiththeinitialbrakingspeedof350km/his
satisfied,andRmaxis13.2m.Substitutingtheminto
Eq.(2)tocalculateλ,thatis,thelowerlimitofthe
selected frequency band is 2.8GHz,and this
frequencybelongstotheultrahighfrequencyradio
frequencyband.

1.3 Linkbudget
 Thelinkbudgetisanestimateofthepathlossin
theentirecommunicationprocesssinceanaccurate
linkbudgetisaprerequisitetoovercomehighlosses.
Accordingtotheactualoperatingstatusofthetrain,
combinedwiththeaforementionedcalculationofthe
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workingfrequencyband,whenthetwotrainsare
runninginsideandoutsideintunnel,respectively,
theworkingfrequencybandisthemillimeterwaveQ
band,and communication quality is extremely
susceptibletoextremeweather.Rainfallnotonly
attenuatesordepolarizesthemillimeterwavesignal,
itsscatteringeffecton millimeterwaveswillalso
causemutualinterferencebetweendetectionsystems.
Hence,itisnecessarytoestablishalargescaleT2T
pathlosscalculationmodel.
 Whencalculatingraindropattenuation,referingto
thedistributionmodelofM-Praindropspectrum,its
shapeisasphere,andthesizedistributionisshown
inTable3.

Table3 Raindropsizeunderdifferentrainfalls
Weather Rainfall(mm·h-1) Raindropdiameter(mm)

Lightrain <10 0-1.50
Moderaterain 10-25 1.50-2.00
Torrentialrain 25-50 2.00-2.25
Rainstorm 50-100 2.25-3.00
Heavyrain 100-200 3.00-3.25

 Accordingto RecommendationP.838-3ofthe
InternationalTelecommunicationUnionRadioSector
(ITU-R),therainattenuation �Rcanbecalculated
from thepowerlaw relationship oftherainfall
intensityR.

γR =kRa, (6)

wherethevaluesofthecoefficientskandαvarywith
thepolarization modeoftheantenna (vertical,
horizontal),kcanbeexpressedbykHandkv,andα
canbeexpressedbyαHandαv.Accordingtomeasured
valuesprovidedbyITU-R,somevaluesareshownin
Table4,unitoffrequencyisGHz.

Table4 Valuesofdifferentfrequencieskandα

f(GHz) kH αH f kH αH
1 0.0000259 0.9691 31 0.2588 0.9392
3 0.0001390 1.2322 33 0.2972 0.9214
5 0.0002162 1.6969 35 0.3374 0.9047
7 0.0019150 1.4810 37 0.3789 0.8890
9 0.0075350 1.3155 39 0.4215 0.8743
11 0.0172200 1.2140 41 0.4647 0.8605
13 0.0304100 1.1586 43 0.5084 0.8476
15 0.0448100 1.1233 45 0.5521 0.8355
17 0.0614600 1.0949 47 0.5956 0.8241
19 0.0808400 1.0691 49 0.6386 0.8134
21 0.1032000 1.0447 51 0.6811 0.8034
23 0.1286000 1.0214 53 0.7228 0.7941
25 0.1571000 0.9991 55 0.7635 0.7853
27 0.1884000 0.9780 57 0.8032 0.7771
29 0.2224000 0.9580 59 0.8418 0.7693

 ThevaluesinTable4canfittherelationshipcurve
betweeneachfrequencyandtheamountofrainfall
attenuation.Itcanbeseenfrom Fig.3thathigh

frequencybandsaremoresusceptibletorainfallthan
lowfrequencybands,withlossupto35dB/km.
 Thepathlossoftheidealoperatingfrequencyband
calculatedabovecanbecalculatedaccordingtothe
freespacepropagationmodel,butconsideringthe
actualoperatingenvironment,acorrespondingmodel
should be selected for different environments.
Assumingtheantennahasunitygain,thefree-space
pathlossis

Lfree(dB)=-10 λ2
(4π)2d2  . (7)

Fig.3 Relationshipbetweenfrequencyandrainfallattenuation

 In Ref.[12],the modelwasselectedasthe
referencemodelaftercomparingthemeasuredvalues
withtheOkumura-Hata.Accordingtothemeasured
analysisbytheGermanAerospaceAgency,themodel
is also considered to be suitable for T2T
communication,

Lurb=69.55+26.16lgf-13.82lght-

ahr+(44.9-6.55lght)lgd,

Lopen=Lurb-4.78lg2f+18.33lg2f-40.94,








 (8)

a(hr)=3.2lg2(11.75hr)-4.97
(f≥400MHz), (9)

wherefisthecarrierfrequency(MHz);Lurband
Lopenarethepathlossofcitiesandopenareas(dB),
anda(hr)istheantennaheightcorrectionfactor.
 There are many reflection paths in the
electromagneticwavepropagationpathinthetunnel,
amixoflineofsight(LOS)andnonlineofsight
(NLOS)withtheshadowfade[13],logarithmicpath
lossmodelafteraddingrainfallattenuationisshown
inEq.(10).ThetotalpathlossLsumincludesthe
basicpathlossLfree(d0),whered0isafixedreference
pointdistance.Atanyd,thepathlossLsum(d)at
this position is a random normal logarithmic
distribution,andχσisaGaussianrandomvariable
withzeromean.
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Lsum(dB)=Lfree(d0)+10lgd
d0+χσ+γRd, (10)

Pin=-174+10lgB+FN+RSN, (11)

whereFNisnoisefigure,andRSNisbitsignal-to-noise
ratio.
 ReceiversensitivityPinistheminimumreceived
signalstrengthfornormalsystemoperation(unit:
dBm)[14].Inordertoreliablyreceive multi-band
signals,itshould meettherequirementsofeach
frequencyband.
 Thetypicalnoisefigureofa millimeterwave
receiveris3dB-6dB,theeffectivebandwidthBis
10kHz,andtheRSN is4dB.Whenthecarrier
frequencyis35 GHz,thereceiversensitivityis
-127dBm.
 Thefrequencybandinplainareaisdifferentfrom
thatinthetunnel,therefore,thepathlossis
different.AsshowninFig.4,thelossofeachmodel
increaseswithdistance,themaximumpathlossinthe
plainareaisabout145dB.Whentherainfalloutside
thetunnelis10mm/handthetwotrainstraveling
inside and outside tunnel meet communication
distancerequirements,iffis35GHzisused,the
maximum path loss is about 160dB.If the
transmissionpowerissetproperly,thereceiver
sensitivitycanbematchedwiththeaforementioned
calculationvalue.

Fig.4 Relationshipbetweenpathlossanddistance

2 Analysisof radio wave channel
propagationcharacteristics

2.1 Dopplerfrequencycalculation
 Asacarrierofradiowavepropagation,wireless
channel is developed around straight shot,
diffraction,and scattering mechanisms.Doppler
frequencyshiftfd,asoneofthefactorsaffecting
small-scale fading,reflects the change of the
frequencyvalueofthereceivedsignalcausedbythe
pathdifference,andiscloselyrelatedtothespeed[15].
Traditional train-ground communication takes a

groundbasestationastheelectromagnetic wave
emissionsource.Thereisanangleθbetweenthe
directionofsignalincidenceandthemovementofthe
receivingpoint.Thephaseofthereceivingpoint
changeswiththechangeofthemovingdistance,
whichaffectsthefrequencychange,thatis,

fd=f0Vccosθ. (12)

 Compared withthetraditionalcellularsystem,
T2Ttransmitterandreceiveraremovingfast,thus
thecalculationmodelthatusesatrainasamobile
station and afixed base stationis nolonger
applicable.Forhigh-speedtrainswithspeedsranging
from 250km/hto 350km/h,to establishlong
distancedirect-communicationlinksbetweentrains,
theDopplerfrequencyshiftestimationmethodneeds
tobeimproved.
 Intheline-of-sightcommunicationrange,the
processofradiowavepropagationissimplifiedtothe
communicationapplicationprocessforthe mobile
terminalofaperiodictrain,andthedistanceand
speed changes within the period are used for
derivation.Assumingthattheintervalatwhichthe
transmittersendsacommunicationrequestisT0;the
interval at which the receiver receives a
communicationrequestisT;theinitialpositionsof
thefrontandreartrainsareatpositionsrandt,
respectively,withX1apart;andthespeedsareVr

andVt;after T0,trainsarriveatt'andr',
respectively,andtheradiowavepropagationspeedis
V.Thetwo-traintrackingoperationprocessisshown
inFig.5.

Fig.5 Schematicdiagramofprocwsstraintracking

 The time when preceding train receives
communicationrequestforthefirsttimeis

t1= X1
V-Vr

, (13)

aftertheintervalT0,thedistancebetweenthetwo
becomes

X2=X1-(Vt-Vr)T0. (14)

 When precedingtrain receivescommunication
requestforthesecondtime,thetimeis

t2=T0+ X2
V-Vr

, (15)
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thustheprecedingtrainreceivesthecommunication
requestintervalTis

T=t2-t1=V-Vt

V-Vr
T0, (16)

andthefrequencyvaluefonthereceivingendis

f=V-Vr

V-Vt
f0. (17)

 Finaly,wecanget

fd=f-f0=Vt-Vr

V-Vt
f0. (18)

 AccordingtoEq.(18),thefrequencyshiftvaluefd
ofthetwotrainsinrelativemotioncanbeobtained.
Whenthetwotrainsarerelativelystationary,the
maxDopplerfrequencyshiftvalueiszero.

2.2 Analysisoffadingcaused by Doppler
spread

 Trainrunningspeeddeterminesthechangetrendof
Doppler frequency shift value. For high-speed
railwayswitharunningintervalof3min,thedriver
willdriveaccordingtothetarget-distancecurve.The
trainwillgothroughthestagesoftraction,cruise,
inertia and braking. That is,the uniformly
accelerated motionistransformedintoauniform
motion.Accordingtotheactualoperationofthe
train,including the station pick-up, stopping
avoidance and interval tracking, the Doppler
frequencyshiftrangecanbeestimatedthroughthe
followingrepresentative modes (V1 =300km/h,
V2=350km/h,a=0.5m/s2):
 1)Thefronttrainstartsfromthestationatthe
initialspeedV1andacceleratesuniformlytoV2,the
followingtraintravelsinthesectionataconstant
speedofV2.
 2)Inthesection,thefrontcartravelsataconstant
speedofV1,andtherearcaracceleratesataninitial
speedofV1toaspeedofV2.

Fig.6 Outboundtrainandintervalrunningtrainestablish
communication

 Case1:AsshowninFig.6,thetwotrainsare
graduallyapproaching,thesourceofthewaveisclose
tothereceiver,thenumberofwavesreceivedis
greaterthanthatsentbythetransmittingend,that
is,thefrequencyofthereceivedsignalishigherthan
thatofthetransmission,thefrequencyshiftvalue
increasesanddecreasesovertime.
 Case2:Thetwotrainsaregraduallyaway,andthe
receiverisfarawayfromthewavesource.The
numberofwavesreceivedislessthanthatsentbythe
transmittingend,thatis,thefrequencyofthe
received signalis lower than the transmission
frequency. The Doppler frequency shift value
increasesovertime,asshowninFig.7.

Fig.7 Intervaltrackingtrainestablishingcommunication

 Byestimatingthefrequencyshiftvalue,thelinear
relationshipbetweentheDopplerfrequencyshiftand
thetrainspeeddifferencecanbeobtained.Whenthe
carrierfrequencyis2.8GHz,thespeeddifferenceis
between0-14 m/s,andthe maximum Doppler
frequencyshiftvalueis130Hz.Similarly,whenthe
twotrainstravelinsideandoutsidethetunnel,the
carrierfrequencyis35GHz.Thissituationalso
belongstointervaltracking,andthe maximum
Dopplerfrequency shift value is 1.5kHz.In
summary,thefdestimationresultsshowthatthe
Dopplershiftvalueof T2T communicationlow-
frequency band is significantly lower than the
frequency shift value of the train-to-ground
communicationunderthesamespeedconditions.

2.3 Statisticalanalysisofchannelreference
model

 T2Tchannelisanend-to-endtype,anditssignal
complexenvelopecorrelationfunctionRv(Δt)uses
thetimedifferenceasavariable.Thesimilarity
betweenthesuperpositionsignalofeachpathatthe
receivingendcausedbythemultipatheffectandthe
originalsignalcanbeexpressedtoreflectthechange
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ofchannelparameters,namely

Rv(Δt)=σ2J0 2πλVtΔt  J0 2πλVrΔt  , (19)

Rv(Δt)=σ2J0 2πλfmrΔt  J0 2πλfmtΔt  , (20)
whereJ0isthefirst-orderBesselzero-orderfunction;
σ2isthetimeaveragevalueofthereceivedpower;
andfmtandfmrarethemaximumfrequencyshift
valuesatthe transmitting and receiving ends,
respectively,indicatingthattheDopplereffectoftwo
carrier frequencies under different driving
conditions[16].Itcanbeseenfrom Fig.8thatthe
largerthefrequencyshiftvalue,thefasterthetime
domainconvergencedegreeofthesignal,andthe
moreobviousthechannelchange.Inordertoreduce
themultipatheffect,theradiowavepropagationin
thetunnelneedstobeanalyzed.

Fig.8 InfluenceofDopplershiftonwirelesschannel

3 Multipathanalysisintunnel
3.1 Multipathreflectionsintunnel
 Multipathdelayspreadisoneofthefactorsthat
affectsmall-scalefading.Becausethedistanceof
radiowavespassingthrougheachpathisdifferent,
andthearrivaltimeofreflectedwavesineachpathis
different, multipath fading in the tunnel is
particularlyserious.Thus,theraytracingmethod[17]

isusedtoanalyzethesignalpowerchangeoftheradio
wavesinthetunnelthatreachthereceivingendafter
straightshotandreflectedpropagation,soastograsp
therelationshipbetweenthedelayandthereceived
powerunderdifferentpaths.Thegeometricmodelis
showninFig.9.
 Thereceivedsignalpoweratthereceivingendis

Pr=Pt λ
4π  2GtGr×

exp-j2πk
λ  

k +∑
q

i=1
Ri

exp-j2πki

λ  
ki

, (21)

where Ptisthetransmission power,ki isthe
propagationdistanceofdifferentreflectionpaths,and
Riisthereflectioncoefficientoftheithreflected
wave.

Fig.9 Schematicdiagramofgeometricmodelingintunnel

Ri =Rhcosθi+Rvsinθi, (22)

Rh=-εrsinθi+ ε-cos2θi

εrsinθi+ ε-cos2θi

, (23)

Rv=-sinθi- ε-cos2θi

sinθ)- ε-cos2θi

, (24)

whereθiistheincidentangleoftheithreflectedradio
wave,andRhandRvarethehorizontalandvertical
polarizationreflectioncoefficientsoftheantenna.

3.2 MillimeterwavereflectioninDoubleline
tunnel

 Partnersinourresearchgrouphavecompletedthe
establishmentofthereflectionmodelofthetopand
bottomofthesingle-linetunnel[18].Onthisbasis,
raytrackingmethodisusedtoconductraystatistics
fortherectangulardouble-linetunnelwithaheightof
Handawidthof2W.Thereflectedsignalatthe
receivingendconsistsofthereflectionfromthetop,
bottomandsidewallsofthetunnel,asshownin
Fig.10.

Fig.10 Electromagneticwavereflectiondiagramintunnel

 Inthesingleodd-frequencyreflectionpathatthe
topandbottomofthedouble-linetunnel,theith
reflectioncorrespondstoi+1reflectionpath,andthe
totallengthofthepathki,thereforetheincluded
angleθibyreflectionfromthebottomandtopcanbe
expressedas

ki = 2h+(i-1)H  2+d2, (25)

sinθi =2h-(i-1)H
ki

. (26)
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 Similarly,forevennumberofreflections,thetotal
lengthofpathkiandtheincludedangleθgenerated
byreflectionthroughthebottomandtopcanbe
expressedas

ki = (iH)2+d2, (27)

sinθi =iH
ki

. (28)

 Thetotallengthkioftheoddreflectionpathonthe
sidewallandtheincludedangleθ betweenthe
reflectionpathandthesidewallofthetunnelbecome

ki = W +(i-1)2W  2+d2, (29)

sinθi =W +(i-1)2W
ki

. (30)

 Theeven-numberreflectionpathmodeloftheside
walliscalculatedby

ki = 2W +(i-1)2W  2+d2, (31)

sinθi =2W +(i-1)2W
ki

. (32)

 Afterstatisticalsummarizationofthetotallength
andphasechange ofeach path under different
reflectionconditions.,wetaked=6.5km,Gr=Gt=
15dBi,andPt=10W.Throughsimulationanalysis,
itcanbeseenfromFigs.11and12thatthereceiving
powermeetstheminimumreceivinglevelvalueofthe
aforementioned transceiver system under each
reflectioncondition.

Fig.11 Receivedpowerundersingleanddoublelineevennumber
reflection

Fig.12 Receivedpowerundersingleanddoublelineoddnumber
reflection

 Thepropagationenvironmentofdual-linetunnelis
morecomplicatedthanthatofsingle-linetunnel,
especiallythereflectedwavepassesthroughthetop
andbottom ofthetunnel,resultinginasharp
decreaseinthewavepowersuperimposedonthe
receivingend.Onlybyadjustingtheantennaheight
andgainvalueandimprovingtheantennadirectivity
canthereceivedpowerfluctuationbealleviated.At
thesametime,high-speedmobilitywillcausefast
time-varyingofmultipathsonasmallscale.This
rapidtime-varyingphenomenonisreflectedinthe
existence of multipaths at different times and
disappears with a certain probability, mainly
concentratedontherootmeansquaredelayspread.
Andthecalculatedratioofthetotalpathlengthtothe
speedoflightisthemultipathreceptiondelay,from
whichtherelationshipbetweenthedelayandthe
receivedpowercanbederived.Ourstudylaysthe
foundationforfurtherstudyontheradio waves
causedbythemultipathdelayextensionintheT2T
tunnelscenariosmall-scalefadingcharacteristics.

4 Conclusions

 1)By analyzing the requirements of T2T
technologyandcombiningthespatialdistributionof
railway operation scenarios,a scheme with a
communicationdistanceof6.5km andusinga
35GHz millimeter waveinthetunneltoassist
communicationat2.8GHzintheplainregionis
proposed. At the same time,considering the
scatteringofmillimeterwavecausedbyrainfall,the
schemeisprovedfeasiblebyusingtheprincipleof
large-scalewavepropagation.
 2)ThroughtheimprovedDopplerfrequencyshift
calculationequation,thelinearrelationshipbetween
frequencyshiftandtrainspeed differenceunder
constantspeedandaccelerationintheintervaland
station,andtheinfluenceofDopplerexpansionon
thechannelareanalyzed.Simulationresultsshow
thatDopplershiftvalueofT2Tlowfrequencybandis
significantlylowerthanthefrequencyshiftvalueof
thetrain-to-groundcommunicationunderthesame
speedconditions.
 3)Theray-tracing methodisusedtosimulate
multipathwave,andthesimulationanalysisshows
that under different reflection times, the
superimposedmultipathsignalpoweratthereceiving
endmeetstheminimumreceivinglevel,whichcan
provideareferenceforoutdoortesting.
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列车对列车无线通信中的信道特性分析

高云波,田智愚,李茂青,岳丽丽,闫丽霞,程 璇

(兰州交通大学 自动化与电气工程学院,甘肃 兰州730070)

摘 要: 列车对列车(Train-to-train,T2T)通信能为现有车-地专网通信提供保障,其信道特性直接影响上

层通信技术的应用。首先,根据铁路运营场景的空间分布结构和菲涅尔带理论提出一种适用于平原和长直

隧道场景下追踪列车间直接通信的频率分配方案,并结合由降雨引起电波衰减的估算方法分析多频段无线

信道的大尺度衰落。其次,推导T2T通信的最大多普勒频移计算公式,并通过射线跟踪法描述隧道内多径

波,以分析小尺度衰落。最后,在同等速度条件下,仿真分析得出T2T通信低频段最大多普勒频移值明显低

于车-地通信频移值。
关键词: 列车对列车通信;菲涅尔带;长直隧道;无线信道;多普勒频移计算
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