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Abstract—In the future railway services, wireless communica-
tion is the fundamental part and millimeter wave (mmWave)
is foreseen to be a key enabler towards the smart railway.
An accurate understanding of the propagation environment an
assist designing both systems and railway infrastructuresor
better communication services. In this paper, the influenceof
typical objects to the mmWave propagation channel are anaked
for “Train-to-infrastructure” and “Intra-wagon” railway  scenar-
ios with various configurations. Propagation measurementsre
conducted in the mmWave band for the 12 most common railway
materials. The corresponding electromagnetic parametersare
obtained and a 3D ray tracing (RT) simulator is calibrated.
The mean absolute error of the simulated S21 parameter is
-53.5 dB, indicating that the calibrated RT can be used to
generate the close-to-real mmWave channel for railway scemios.
Statistically consistent scenarios and deployments are gerated,

which enables drawing unbiased numerical results based on

intensive RT simulations. The influence of typical objects ad
corresponding material compositions are then compared and
significant objects are determined for each scenario. The milts
of this work not only imply how the propagation environment
impacts on the propagation channel, but also makes suggestis
to efficiently reconstruct railway environment models for an
accurate RT based channel model. Moreover, the understandg
of the influence of the environment at object and material leels
will in turn guide the construction of railway infrastructu re for
better railway services.

Index Terms—Material characterization, millimeter wave,
propagation channel, radio propagation measurement, raivay
communications, ray tracing simulation

I. INTRODUCTION

Due to the convenience and flexibility, more and mor:

people prefer taking railway for traveling. According tatss-

tics in 2016, more than 33% of passengers in Japan t
railway each day [1] and the yearly ridership of urban rajiwa
and long-distance railway in China reached 16.1 billion an

2.8 billion, respectively. Besides, the Freight Delivergtyic

year [2]. The growing numbers not only bring pressures and
challenges to the train operation and infrastructure coost
tion, but also in turn promote the evolution and revolutidn o
railway transport. In addition to traditional critical sigling,
new functions such as efficient unmanned operations [3]-
[7], onboard and wayside high definition video surveillance
Internet of Things for railways and onboard broadband ivger
service are desired to enable a safe, smart and comforefutur
railway transport.

One of the objectives of the fifth-generation (5G) mo-
bile communications is to provide a similar user experi-
ence for end-users on the move as when they are static
[8], [9]. In [10] and [11], at least five future railway ser-
vice scenarios are defined, including “Train-to-infrastaue”
(T21), “Inter-wagon”, “Intra-wagon”, “Inside-the-statin” and
“Infrastructure-to-infrastructure” scenarios. Depemgon the
type of service, the estimated bandwidth requirements vary
from MHz to GHz. Therefore, in addition to the traditional
sub-6 GHz bands, millimeter-wave (mmWave) band coping
with multiple-input multiple-output (MIMO) technology is
foreseen as a key enabler towards future railway broadband
services. In 3GPP [12], [13], the 30 GHz band has been
proposed for T2l scenarios. In 2016, Horizon 2020 estabtish
5GCHAMPION project [14] aiming to provide high-mobility
broadband connections via 5G mmWave high capacity back-
haul in 24 GHz-28 GHz.

Before wireless communication system design and param-
eter setting, an accurate understanding of the propagation
channel characteristics in spatial, time and frequencyaiosn
S important. Similar as vehicle-to-vehicle communicatio
channels that have been thoroughly investigated for subts G
If5]—[17], there have been many studies on sub-6 GHz railway
c&wannels for various scenarios [18]-[24]. On the contrimy,
mmWave band channel has been explored mainly for urban
indoor and outdoor scenarios [25]-[30], and there are far

(FDM) in the UK in 2016-2017 is higher than any PreVIOURass studies on mmWave channel for railway scenarios. The
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Technology (NICT) is developing mmWave broadband T2l
railway communication systems working at 40 GHz and 90
GHz [31]. With 3GPP-like deployments, as shown in Fig. 1,
the measured path losses of viaduct scenario are repottteg at
Asia-Pacific Telecommunity (APT) meeting [31]. The resbarc
on “Inter-wagon” communication is found in [32], which
presents channel measurement for virtual coupling apjgica
at 60 GHz, where path loss and root-mean-square (RMS) delay
spread are analyzed.

Due to the constraints on measurement equipment, instal-
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Figure 1. Deployment proposed by 3GPP [12], [13] for mmWag2érailway
communication Influence analysis

lations, workforce and time, mobile channel measuremer
encounter big challenges to acquire the aforementioned frigure 2. The framework of influence analysis
formation for various complex scenarios and various speeai;

R antitative analysis of their influence. The results of thork
(max. 500 km/h). The authors of [28] and [29] combine limited only imply how the propagation environment impacts on

mngve channel measurements with extgnsive ray'traCthg)pagation channel, but also make suggestions to effigient
(RT) simulations to explore more characteristics, esplgalee oconstruct railway environment models for accurate RE#as

angular characteristic for mmWave channel in urban outdogt, el modeling. Moreover, the understanding of the influ-

scenarios. Furthermore, by taking advantage of the highespagce of the environment at object and material levels will in

resolution of RT, both works in [33] and [34] propose new, ., gyide the construction of railway infrastructure fetter
beamforming design technologies, which are verified in ref:ﬂilway services.

trials. “Mobile Hotspot Network (MHN)” communication sys-  the remainder of this paper is organized as follows. The
tem is prototyped to support Gbps data rate services WithkSpgamework and preliminaries, including the features of-rai
over 400 km/h [35]. Several trials have been done in Seqyl, scenarios, calibration of RT via propagation mechanism
subway rectangular tunnel with similar deployment as 3GRRoa5urement, definitions and expressions, are introduced i
proposal, while only signal-to-noise ratio and limited §8#88  gaction |1. The influence of typical objects in T2l and intra-
of channel impulse responses are recorded. More chanfigh,n scenarios are analyzed in Section 11l and Section IV,

characteristics of the MHN system are compared in bOFBspectively. Conclusions are drawn in Section V.
circular and rectangular tunnel scenarios [36] via catémdrT

simulation. In [37], path loss and optimal antenna origotet

are analyzed via RT simulation at 30 GHz for a 3GPP- . . :
like deployment. As a result, RT simulations combined with The proposed framework of influence analysis is shown in

a few measurements have been proved to be powerfulﬁig- 2. The work begins from analyzing scenario features and
understanding the propagation channel. summarizing typical objects according to the code of design

or railway infrastructure. Based on which, a large number
fnstatistical consistent environment models are genértte

w unbias numerical results via Monte Carlo method. The
6 ee-dimensional (3D) ray tracer is calibrated via pra@pag

Determine significant objects
and materials

L 2
2

Il. PROPOSED FRAMEWORK AND PRELIMINARIES

However, it is known that the accuracy of RT mainl)r
depends on the correct implementations of the propagati
mechanism, environment model and antenna model, am
which, reconstructing environment model and computati . . . .
complexity are the two most time consuming part. The devd|on measurement, and intensive close-to-real simulatane
opments of high-performance computing and RT acceleratiSRr,‘dUCted with pre-defined configurations. The influence of

algorithms [38] have gradually reduced the time spent 6}4{;lcalt %bJIfCtS and m?terla_lrsmcan db_etanalyzed based on the
tracing rays. Nevertheless, there is still a lack of quatité extracted key parameters. and intra-wagon scenares ar

analysis on the influence of the typical objects on the prop%{[ydied in this work.

gation channel to establish rules to model environment in an
efficient way. A. Features and typical objects in railway scenarios

In this paper, the influence of typical objects is analyzed 1) T2l scenario:Fig. 1 demonstrates T2I deployment at the
for mmWave channel in T2l and intra-wagon scenarios. TmemWave band. The relay can be mounted on the top of the
features of target environments are introduced. Typical ofrain, in the front/rear of train body or inside the drivingiin.
jects, corresponding materials and geometries are sumedari Each baseband unit (BBU) is attached with three remote radio
Propagation measurements are conducted at the mmWheads (RRHs). The RRH is linearly deployed along the two
band for the most common materials on the typical objectsils. The suggested distance from the RRH to the track is 5 m.
Electromagnetic (EM) parameters are extracted and inptiie antenna heights of both RRH and relay are almost equal.
into RT, based on which, mmWave propagation mechanisfke suggested working frequency is 30 GHz or 70 GHz and
(direct, penetration, reflection, scattering and diffi@ct are the bandwidth is up to 1 GHz. The suggested distance between
accurately simulated. Monte Carlo analysis approach isl usgeighbor RRHs is 580 m. MIMO systems with a unidirectional
to approximate unbias influence analysis via intensive R¥eam or bidirectional beam are recommended to compensate
simulations, and enormous statistically consistent envirent the high attenuation of mmWave band propagation.
models and deployments are generated for different scenarThe T2l communications could be in open-space scenarios
ios based on the pre-defined variation domains. Significgrban, rural, viaduct and cutting) and confined-spaceaseen
objects and corresponding materials are determined througs (tunnel) following the linear deployment proposal inF3¥&



(Fig. 1). Some examples of the propagation environments ¢~ 7
shown in Fig. 3. Although the construction of T2l scenario .
varies, there are still many objects and correspondingnaige g
in common. ;

In the open-space (urban, rural, viaduct, cutting) scesari ;
train, tracks, catenary mast and ground are common obje«
Train bodyshell (train body) and windows are made of met
and tempered glass (abbreviated to glass in the followi
descriptions), respectively. Tracks are composed of (aitsle R
of metal), roadbed and sleepers. For current high-spedmal-try =S5 a; iR =
constructions, the roadbed and sleepers are usually made  cuime  Vieduet with barier Circular tunnel
concrete. The ground is usually flat and can be composedFaiure 3. T2I scenarios
cement, concrete or breakstones. -

In urban, rural and viaduct, the sound barriers and buikliny S ~
are often seen. The barriers, which are used in some regi ; i
to reduce noises, can be made of metal, polycarbonate (P |
plate) or concrete. Concrete, tempered glass, bricks, |meigt
etc., are often used to construct buildings. The density =
buildings in the urban scenario is much higher than tHddure 4. Intra-wagon deployment
rural. Since the track surface of the viaduct is tens of nsetex
higher than the ground/water surface, the relative heidht \5\Screen ‘
surrounding objects is smaller than that of urban flat groun\”'
and some of them might be even below the track surfac -
Cutting is a man-made railway furniture, where the trackEsgs
flow at a lower level than its surroundings. The cuttings aijg
usually made of concrete and stone with some vegetation
the surface.

Tunnels are classified as confined spaces, which have li...  Wagon of China Railway High-speed Wagon of Poland railway
ited or restricted means of entry or exit. The shapes b#ure 5. Intra-wagon scenarios

tunnel cross-section can be either circular or rectangUleere hin the sitti de. In the followi |

are also some devices installed inside the tunnel for trafﬁéreCt pat ';‘_t € S'tt'r&g mode. In t F?R(I)—| ow:jngsna )(/jsiset.
monitoring and safety reasons, and they are usually madetrgpsmltter( X) is used to represent an » and receve
metal and resins. (Rx) represents the relay and UE.

Table | lists the typical objects and corresponding ma- Fig. 5 shows some examples of the propagation environ-

terials in T2l scenarios. 8 structures, 12 types of objec[f%entS inside the wagon. The seats, train body, wmdqws,
and more than 9 materials are found. The geometry a gage racks gnd screens are the most .common.objects.
location domains are provided according to s;tatisticalada-{abIe I summarizes the objects, cor_respc_mdlng_ materres a
of railway infrastructures. In summary, the tracks, catgenageomet”es for intra-wagon scenarios, in which 3 typical

masts, ground are geometrical deterministic objects,idrarr Str\L/’vC,ttﬁr?;’ 7| riartsf aan 6ttypesdof materlalzare I'Stted: Is f
and cuttings are semi-deterministic objects in open spa ! € IIStS of objects and corresponding materials for

e . .
scenarios, as their geometries are usually determinedeaiaelﬁ;]e target scenarios, proper EM parameters can be obtained

the existence and material compositions may vary sligfitig via d.edicat.ed propagation measurements to enable accurate
work of this paper considers the most common seen cuttingg simulations.
which are higher than the train. The buildings along thektrac )
sides, which have varying geometries, material compasitio B- The ray tracer and parameters of propagation models
locations, etc., are named as random objects for open spac&he developed 3D RT can trace direct, penetrated, reflected,
scenarios. Tunnel wall and ceiling, ground, tracks anchtrascattered and diffracted paths. The EM computation is based
are deterministic objects for tunnels, whereas the devdacels on standardized or well known propagation models as 3GPP
wire cables are random objects. TR38.900 [39] and [40]. Since the EM parameters of a
2) Intra-wagon scenarioThe purpose of intra-wagon com-propagation model vary with material and frequency, the key
munication is to establish the links between access poimtsvards accurate RT simulation for railway communication
(APs) and user equipment (UE), which support onboard higbeenarios, is to obtain dedicated propagation parameters f
data-rate services. Fig. 4 shows an example of the deplaymehe materials listed in Table | and Table Il. Although in
The access points are usually installed on the ceiling or tRec. ITU-R P. 2040 [41] and Rec. ITU-R P.1238-7 [42], the
wall of a wagon with variable azimuth locations. As users catielectric parameters of concrete, glass and resin mhtanma
access data services while sitting or standing, the heiglEo be obtained for 1 GHz-100 GHz, they are mainly for urban
varies. In the standing mode, line-of-sight (LOS) propegat and indoor environments. In addition, there is no derived
is more likely to happen. Whereas, the seat backs block theationship between the parameters and frequency. As the




Table |
MAIN OBJECTS AND CORRESPONDING MATERIAL INT 2] SCENARIO
Structure Parts Materials Geometry
W: [3.2,3.3] m, L: [16,25] m, H: [3.7,4.27] m,
Train Wagon body Metal 8-16 wagons per train
Window Tempered glass L: 1.4 m, H: 0.9 m, Thickness: 3 cm-4 cm
) Distance between two rails (track width),W1.435 m,
Track Ralil Metal H: 15 cm
. Concrete overall bed,
Sleeper (and roadbed) Concrete (high-speed) Inter distance between sleepers: [0.5,0.6] m
Ground Cement, Concrete, Soil, Breakstor|e Flat
Both sides of | Catenary mast Metal H:[8,9] m
the track Barrier Metal, Polycarbonate, Concrete H: [5,7] m, distance to the center of track: [1,8] m
Wall Concrete, Glass, Brick, Metal W: [10,100] m, L:[10,100] m, H: [5,80] m
Building Window Tempered glass W: 1,2 m, H: [1,3] m
Resin (Acrylic, Phenolic resin,
Decoration ABS Panel), Tiles (Ceramic Tile, Area ratio (approximate): 0%-80%
Marble, Granite), Metal
Billboard Metal, Resins Pole H: [18,24] m, board area FVW: [6,8] m
Cutting Concrete, Stone, Vegetation Inclination angle: [35,40] degree, H: [6,14] m
Tunnel Wall and ceiling Concrete Cross section varies: rectangle and circle are typical ehgp
Device Metal, Resin L: [0.1, tunnel Tength] m, W: [0.1,0.5] m, H: [0.1,1] m
Table I
MAIN OBJECTS AND CORRESPONDING MATERIALS IN INTRAWAGON SCENARIO
Objects Parts Materials Geometry
Wagon Wagon body Metal, Resin W: [3.2,3.3] m, L: [16,25] m, H: [3.7,4.27] m
g Window Tempered glass L: 1.4 m, H: 0.9 m, Thickness: 3 cm-4 cm
Screen LCD Panel, Resin W: [0.5,0.8] m, L: [0.5,0.8] m
Near the roof Luggage rack Tempered glass W:10.5,0.6]'m, L: [16,25] m,
9929 p 9 Distance to the roof: [0.5,0.6] m
Cushion& back | Flannel fabric and Sponge with Resih Distance between back of seats: [0.9,1] m
Seat Seat bracket Resin Num. of seats per row: 5, Number of rows per wagon: 13-17
Armrest Resin Aisle width 0.85 m

material parameters are frequency dependent, the provic )
parameters have limits for broadband RT simulations. B
Therefore, dedicated propagation measurement is coraiuc
for the aforementioned materials and objects. Fig. 6(ajvsho
the principle of propagation measurement for penetratic
reflection and scattering. The Tx, the Rx and the materi
are installed on a turning table. The material parameters | AT
different incidence/arrival angles can be extracted vtatiog 3
the Tx/Rx/material in azimuth. The propagation measuréme | Fitting parameters for
platform is shown in Fig. 6(b). A Keysight N5247A Vector |_reflection, scattering

- L 2
Network Analyzer (VNA) is used to measure the; param- Complex permittivity,
eter from 18 GHz to 40 GHz. A spot focusing lens antenr | scattering coefficients
is used at the Tx and a horn antenna is used at the RXx. L -
the focal spot diameter of the spot focusing lens antenna is |__Incorporating into RT | o160

mm and the minimum side length of the measured object is (a) Measurement principle (b) Propagation measurement platform
cm, the influence of the surroundings are eliminated from tig, e 6. propagation mechanism measurement: princigepatform
measurement. The motion controller is programmed to turn
the incidence/arrival angle with a minimum resolution16f  directive scattering model [40] is considered in this work,
Based on this principle, the 12 most common materials (Takdfd the frequency-dependent scattering coefficients aee fit
| and Table Il) are selected and measured, as shown in Figcordingly for different materials. By comparing with the
7. The parameters of EM propagation models of penetratiagneasurementsSg, parameters), the absolute errors of the
reflection and scattering can be extracted and fitted for thging results of the directive scattering model are otedin
materials. Afterwards, the fitted parameters are implestentrig. 9 shows the Cumulative Distribution Function (CDF)
in the material database of the RT. of the absolute fitting errors for the 12 materials within 18
Fig. 8(a) shows the scattering measurement result f6Hz-40 GHz. The mean absolute error of the RT simulation
concrete at 26 GHz, the scattering power increases as thsults compared with the measureg,Sis -53.5 dB, the
scattering angle approaches the reflection angle, and tke metandard deviation of the error is 18.1 dB and the maximum
imum power is achieved at the reflection direction. When thegror is -23.4 dB. The comparison implies that the RT can
incidence angle is increased, the observed maximum soagttebe used to conduct simulations for realistic radio propagat
power increases as well. Fig. 8(b) compares the scatterimfer incorporating the fitting parameters to the propagati
powers between the fitting results and measured data. Thedels. Hence, key parameters can be extracted at ray level,



: directional antennas with vertical polarization. The ante
' gain is 0 dBi, and the transmission power is 0 dBm. The
Concrete Marble Granite Cement influence of typical railway objects is analyzed in the mm#av
_ band (26 GHz-40 GHz). Four deployments (D1-D4) are con-
- E l g" . sidered for the T2l scenarios, the sitting mode and standing
. = — ; mode are considered for the Intra-wagon scenario. More
Fabric and sponge Metal Acrylic (Resin) Brick details are introduced in the following sections. The LOSppr
R agation, reflection, penetration with unlimited times,terng
\/ and 1°¢ order diffraction are considered in all the scenarios,
Tempered glass ~ Smooth tile P?}l{%‘fbl‘“:a)te LCD plane and the maximum bounces of reflection path; varies in
ate . . . .
(Glass) (Tile) P different scenarios. Due to the waveguide effect,Ahgin the
Figure 7. The 12 different analyzed materials considerethiswork tunnel is 10, which is the largest compared to other scesario
10 The details of environment modeling are introduced case by
X
80 case.
@ 60
o
g i 4 Table 11l
k=2 Reference line along the =
% 20 reflection direction § SIMULATION PARAMETERS
c 0 =
%_20 bt Antenna type Omni-directional, vertical polarization, 0 dBi
s w Frequency 26 GHz, 30 GHz and 40 GHz
£-40 Transmitting
% -60 power 0 dBm
T2l Intra-wagon
-80 D1 (Tx: trackside-Rx: on top of the train),
%520 2 3 35 40 45 50 55 60 65 Deployment | D2 (Tx: over the track-Rx: on top of the
Incidence angle [degree] train), Sitting mode,
(a) Propagation measurement (E):bi(r‘:')x: trackside-Rx: inside the driving Standing mode
D4 (T)L: trackside-Rx: in front of the train)
T21 T2l Intra-
B EE— open space tunnel | wagon
oo LOS v v vV
0.01 - Ray types Reflection 5 10 5
S 0.008 bouncesN g
o Penetration \/ v/ v/
=000 B Scattering v v v
& 0.004 ! ‘ ; Diffraction v IV IV
0.002 ” i\ VA |;: - 10
/)': \ g 35
30 -30 - initi . i i i is sj -
Scattering angle [degres] %030 dence angle [degree] 2) Definitions: In RT simulations, a pair of Tx/Rx is simu

lated as a single snapshot with the predefined configurations
A simulation task for an environment model is composed of
Figure 8. Scattering measurement and the fitting result ley dinective N, snapshots. For each snapshahe intrinsic results include

(b) Comparison between the fitting result and the measuremen

scattering model [40]: concrete, at 26 GHz the number of raysV,, the type of each raJ'(s, 5), bouncing
times B(s,j), hit objects O(s,j), corresponding materials
1 M(s,7) and ray energyE(s,j). The received power of the
shapshos is expressed as:
0.8 ,a N,
ool ] Pro(s) =Y E(s,5)I? @
5 =
04r t 1 . L.
o The accumulated power of rays that hit objeds:
02 - 1 N..
. P(s,0) =|>_ C;E(s, )| )
-110 -100 -90 -80 -70 -60 -50 -40 -30 -20 j=1
Absolute error [dB]
Figure 9. CDF of the absolute error of the fitting results foe 1.2 materials where 1 O(s ) —0
at 18-40 GHz C; =" = 3
0, else
which enables detailed analysis of the influence of objents a
materials. The power ratiaR(s, 0) of an object is expressed aB (s, o)
over the received poweP,,(s) of the same snapshot :
C. Preliminaries
R(s,0) = P(s,0)/Prx(s) 4)

1) Simulation configurationsThe simulation parameters
are summarized in Table Ill. The Tx and Rx use omni- The influence ofo in the current simulation is defined as



the mean value of the power ratios of all the snapshats Table IV
COMBINATION OF DIFFERENT MAJOR PLANE AND ATTACHED PLANES FOR

7 Zé\]:bl R(s,0) (5) T2| OPEN SPACE SCENARIOS
o = -
Ns Type Main plane Attached plane | Typical object
[ . s . Metal Office building,
) Slmlllarly, the |r;]ﬂuence( (;f(a)type of material is obtained Glass Resin hotel. etc.
replacingo with m in (2)-(5): Concrete, Brick, | Metal — —
y p 9 Random Granite, Marble [ Glass Rf?s'd%m.'lzl. building,
N, Tile Resin office building, etc.
ZS:I R(S) m) Gl
I’rn = A (6) Metal ass Warehouse, bill board
Ns Resin
Semi- Metal Resin

Barrier

As the R(s,0) and R(s,m) range from 0 to 1, the linear | deterministic [ Concrete =
value of I, and I, are within [0,1] as well.

the distance of Rx to the front of the train varies within [0,

Luagon/2] m, where L, 40n iS the length of a wagon. The
As discussed before, the random objects in T2l scenaridistance between Rx and the sidewall of wagon varies within

have more diverse geometries and positions compared[@0 W qgon] (Wuwagon IS the width of a wagon), which is not

the deterministic and semi-deterministic objects. Furttege, restricted in the middle of the wagon. The distance between

typical T2l objects can be made of different and multipléhe Tx and the Rx along the rail direction is defineddasIn

materials with different composition ratios. In order tabze this work, the considered range @4 is [0, 1732] m, which

their influence on propagation channel and draw numeridalalso the inter-BBU distance in the 3GPP proposal.

results without loss of generality, all the diverse sitoas

should be ideally traversed, which will take infinite timeA. T2| open space scenarios

Thei_refore, rl]\/lon_te _Carllo_ methgd IS us_ed tm thk;_s wo_rkl to The barrier, cutting, ground, track, catenary mast anch trai
realize stochastic simulation and approximate unblayaisal o the deterministic/semi-deterministic objects. Agestdn

The foIIow?ng procedure, coping with.th.e features_ of th?able I, objects such as barriers, buildings and billboards
T2l scenarios, randomly generates statistically consistel can be constituted with different materials. Thus, a main

environment models and RT simulations configurations: plane together with an attached plane are used to represent a

1) Define the deployment region of Tx and Rx, randomlyomposite plane of the semi-deterministic and random thijec

generate pairs of Tx and Rx. The area ratiod, is defined as the ratio of the area of the

2) Analyze the influence of deterministic and semiattached plane to the area of the main plane. By changing the

deterministic objects. Construct the deterministic angeometry, area ratio and the material type of the main plane
semi-deterministic object®);. Based on the contribu- and corresponding attached plane, the diverse propedies c
tions to the propagation channel, select the significagé represented. Table IV lists the combinations of material
onesOy, which then perform as a foundation for furthefor different major planes and attached planes of the harrie
analysis. building and billboard. In this workd,. increases from 1% to

3) Define material composition and area ratio for randogl o5 with an increasing step of 10%. The random objects are

objects. Generate. environment models for randomgenerated at both sides of tracks according to the georaktric
objects with random number, sizes, locations for eagfarameters specified in Table 1. The total number of random
material composition. Therefore, if material compo- opjects ranges from 4 to 50 in each environment model.
sitions are Considered, the total number of eVaant@(amples of the rand0m|y generated T2I open space 3D
environment models iV, = k x 7. environment models are shown in Fig. 10. The basic object

4) Perform RT simulations to th&/. environment models modules are constructed by using Sketchup tool while the

with pre-defined deployment and simulation parameteigaterial and geometry properties can be modified by Matlab

5) Aggregate the results to perform the influence analysigge.

Although the 3GPP deployment proposal (Fig. 1) provides 1) Selection of the deterministic parthe influence of the
fundamental guidelines, more diversities are considere¢dis deterministic candidate objects of urban, rural and viaduc
work. As shown in Fig. 14, is the two-dimensional (2D) scenarios are shown in Fig. 11. B represents barrier: Bl is
azimuth distance from the Tx to the closest track. For trigleks made of concrete, B2 is made of metal with PLC plate in the
communicationd; ranges from 0 m to 5 m, which is shorterupper part, B3 is made of metal with PLC plate in the middle;
than the distance between the barrier and the track. For ov@8rstands for ground: G1 is made of concrete, G2 is cement, G3
the-track communication, the Tx is mounted over the tradk soil dry; Mast represents the catenary mast. The bamigr a
with a certain height, and; ranges from 0.5 m to 0.72 mground have significant influence for all the deployments. On
(half of the track widthi¥,.). The Rx can be deployed eitherthe contrary, track and catenary mast have trivial influgdoce
inside the driving cabin, in front of or on the top of the trainall the deployments. For the D2 deployment, where the Tx is
Thus, the heights of the Tx and Rx which are nearly the sanwer the track and the Rx is on top of the train, the concrete
vary within three levels: in the front of the train [0.9, 2] msleepers are within the reflection region of the propagation
inside the driving cabin [2, 3.5] m and on the top of thand more significant rays are generated by the sleepers, Thus
train [3.7, 4.5] m. When the Rx is on the top of the trainthe influence of the sleeper is greater than 0.8 in D2, whereas

I11. I NFLUENCE ANALYSIS FORT2| SCENARIOS
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Figure 10. Examples of the generated 3D T2l open space emént models

its influence approximates 0 when the Tx is deployed at tl

trackside. Moreover, because both the Tx and the Rx ¢ ' 2 T4 a4
deployed high in D2, the reflected and significant scatterit ogg & ya— ) 1
rays due to the barriers are mainly generated by the up; § ? I l
part. Due to the geometrical differences between the barric  £°6[ 1 7
and the sleepers, the influence of concrete barrier B1 itklig 2047 7 9 9 |
less than the concrete sleeper. As the upper partof B2ismi 2
of PLC plate and lower part is made of metal, the influenc o, 51 (T weceice R onopot e an) 1
of B2 is higher than B1, and is almost identical to the sleep # D3 (Tx: trackside - R inside the driving cabin)

<1 D4 (Tx: trackside - Rx: in front of the train) 4 A 4 A

As the upper part of B3 is made of metal, the influence ¢
B3 is the highest in D2. When the Rx is inside the driving
cabin, the received rays penetrate the train window, thas thgure 11. Influence of the deterministic candidate objettsban, rural and

influence of the train is 1.0. However, when the Rx is on thgaduct scenarios at 26 GHz. B represents barrier: B1 is noadencrete,
in the front of the train. less ravs hit the train beforB-z is made of r_netal Wlt_h PLC plate in the upper part, I_33 is madmetal
top or in the front o ) y ith PLC plate in the middle; G stands for ground: G1 is mademfcrete,

arriving at the Rx, which makes the influence of the traiB2 is cement, G3 is soil dry

negligible. The maximum influence of B2 is obtained in D4, ) o
in which the heights of Rx and Tx are smaller than the oth&Fenario. Because the cutting is inclined, far less refectgs

cases and most of the rays hit on B2 are on the metal p&A" &Tive at Rx and the received scattering rays are far away
rather than the PLC plate. When the height of Tx is withifom the center of scattering lobe, which make the influence
the middle of barrier (D3), rays of B3 are generated on tf Cutting much less important than the barrier. The inflgenc
PLC plate, whereas in the other deployments, the interdecf Other objects are similar as in previous discussions.
material is metal. As a result, the influence of B3 is the lawes The aforementioned results reveal that the track and cate-
in D3, compared with other deployments. The concrete (GT@Y mast can be removed from the deterministic candidstte li
cement (G2) and soil ground (G3) have very similar influend@F @ll the deployment cases. The sleeper should be corsider
in the same deployment. When the Tx is at the trackside, tf§ D2, and removed for the rest cases. The train should be
influence of ground is higher than D2 (over the track), arfgPnsidered in D3 when the Rx is inside the driving cabin,
the value increases as the heights of Tx and Rx decrease. Bfifl only the driving cabin should be modeled in this case.
12 shows how the influence of different objects varies as ti@€ cuttings are insignificant and can be excluded from the
frequency increases from 26 GHz to 40 GHz. The influence Bfvironment model. The barrier (if exists) and ground are
concrete barrier (B1) and ground (G1, G2 and G3) increas%gn'f'cam and should be mgdgled in all the cases. E_>ecause
as frequency increases. The influence of catenary mast, trdje barriers don't always exist in open space scenarios, the
and B3 barely varies with frequency, the influence of B2 arjudy of the influence of the random objects will be further
sleeper decreases slightly@.02) as frequency increases. Adlivided into “without barriers” and “with barriers” cases.

the maximum difference is 0.08, the conclusions maintain th 2) Without barriers: As discussed before, the plane of
same from 26 GHz to 40 GHz. Accordingly, the deterministigandom objects are modeled as a main plane and an attached
candidate objects of cutting scenario are evaluated at 26 GP{ane. To represent buildings and billboards, the material
(see Fig. 13). Due to the similar influence of different grduncombination of both planes are summarized in Table IV. Fig.

materials, G1 (concrete) is evaluated as a representattisi 14 shows an example of generated environment model for
the Monte Carlo concept. The random planes (not cuboids,

<«
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Figure 15. Influence of different material compositions without barriers”:
the comparison of the influence for the attached planes
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Figure 16. Influence of different material compositions without barriers”:
the comparison of the influence for the main planes

metal has the highest impact. However, the proportions®f th
attached planes can slightly differ in reality. For ins@nthe
residential/office buildings have more than 25% of glasdevhi
the other materials are less than 2% each. As a result, the
influence of glass can be at least 35 dB higher than resins and
metal.

In the performance evaluation of communication systems,
the channel impulses that are 25 dB-30 dB lower than the
maximum value are usually not considered. If -30 dB is
selected as the threshold, the glass, resin and metal can be
considered as significant materials when the area ratideeaf t
are larger than 18%.

Fig. 16 compares the influence of main plane materials.
Concrete, brick, granite, marble, cement, tile, glass anthin
which are the fundamental materials of buildings, affe th
propagation channel in ascending order. Besides, the infue
of all the main planes is above -13 dB, and the value decreases
slightly with the area ratio. As a result, objects that arthimi
the evaluated range should be included in the environment
model.

3) With barriers: Fig. 17 shows the CDF of the influence
of the main planes when barriers exist along the trackside.
The maximum influence is -36 dB (metal) which is at least 24
dB lower than the minimum influence (concrete) in “without
barriers”. In this case, the average number of rays that hit
random objects is 300 less compared to that of “without bar-
riers”. Therefore, the dominant rays with high power ratie a
generated on the deterministic objects within the detestin
region when barriers exist, the random objects are insamifi
and can be excluded from the environment model. Table V
summarizes the significant deterministic and random object
in the open space scenarios.

B. Tunnel scenario

According to the previous discussion, the deterministic
candidate objects include the tunnel wall and ceiling, gchu
tracks and train. The random part includes the devices and
wire cables, which are usually made of metal and resins and

on both sides of the tracks, = 1 and the shapes of theare installed on the tunnel wall. The 2D distance to the close
attached plane are randomly generated with an area ratiotwinel wall ranges from 0.05 m to 0.1 m and the tunnel length
45%. Generally speaking, when the area ratio increases, tfiggenerated model is 1000 m. The objects are modeled as
influence of the attached planes increases with fluctuaticectangle planes, and the area ranges from G.1om.000 n?

(see Fig. 15). When the area ratio is the same among adicording to variation domains defined in Table I. Fig. 18
the attached materials, glass has the smallest influence, ahows the reconstructed 3D tunnel models of rectangulge(Ty
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1) Selection of the deterministic parfig. 19 compares ~Resin-Type Il

: o . 120 ‘ ‘ ‘
the influence of fjetermlmstlc candidates of the two type_s. 0 100 10! 102 10°
tunnels. Tunnel is used to represent the tunnel wall, egili Area [m?]

and ground.f; nne; > 0.9 in all the deployments in both
tunnel types, thus the influence of tunnel is significant. THegure 20. Influence comparison for random objects insideeTy (rectan-
influence of sleepef.iccpe, is 0.7 in D2 when the Tx is over gular) and Type Ii (circular) tunnels
the track, which is similar to the open space scenarios. Buettends of both materials and numerical results in both seena
the waveguide effect, more rays are generated by the skeepare very similar: the influence grows dramatically when the
thus the influence of sleepefy(ecper = 0.9) in D4 is much areaincreases from 0.1%rto 10 n?; the value exceeds -30 dB
more significant than that in open space scenarios. In D1 amtlen the area is greater than 7.Ms a result, the objects with
D3, the rays from the sleeper are blocked by the train, thaseas larger than 7 frare significant and should be included
the Lyiceper approximates 0 in both deploymentfs,,;, = 1.0 in the tunnel environment model. The significant deternimis
in D3 and the reason is the same as that in open space. Bod random objects in tunnel scenario are summarized ire Tabl
to the geometrical difference between the two tunnel typeg,
Lirain in D1 in Type Il is significantly larger than that in Type
I IV. INFLUENCE ANALYSIS FORINTRA-WAGON SCENARIO

2) Influence analysis of the random paithe plane of the  Fig. 21 demonstrates the reconstructed wagon model, in
random part object is generated with a main plane and withauhich the typical objects listed in Table Il are shown. The Tx
attached plane, which is unlike the open space scenariissinstalled on the roof of the wagon, so users can access data
Therefore, the area ratio is not applicable in this analy@® service when sitting or standing. The two modes are evaluate
absolute area of the object plane in square meter is usedoyjorandomly placing the Rx inside the wagon, thex varies
evaluate the influence of objects quantitatively. Fig. 26vah from 0.5 m to 0.8 m in the sitting mode, anhg; x varies from
the variation of the influence with the area, metal and resin8 m to 1.6 m in the standing mode.
are compared for both tunnel types. Generally speaking, theFig. 22 compares the influence of different objects in the
influence of resin is slightly less than metal. The variatiotwo modes. The wagon, window, screen and the seat cushion



Figure 21. 3D model of the intra-wagon scenario
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Figure 22. Influence comparison of typical objects for imti@gon scenario

& back have significant influence in the standing mode. A#
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When the barriers exist, the random part, which is outside of
the deterministic region, are insignificant to the propeyat
channel. On the contrary, the random part is much more
important if the barriers are absent: glass, resin and naetal
significant decorated materials when their area ratiosaaiget

than 18%. Concrete, brick, granite, marble, cement, tiessg
and metal, which are the fundamental materials of buildings
affect the propagation channel in ascending order. For e T
cutting scenario, the ground, sleeper and train are signific
objects. For T2l tunnel scenario, circular and rectangular
shapes are studied. The tunnel, sleeper and train are the
common significant deterministic objects. A random objsct i
significant in tunnel environment when its absolute area is
larger than 7 ri. The sitting mode and the standing mode are
studied for “Intra-wagon” scenario. In the sitting modejyon
the seat cushion & back is significant. In the standing mode,
the wagon, window, screen and the seat cushion & back have
significant influence. The results of this work not only imply
how the propagation environment impacts on propagation
channel, but also make suggestions to efficiently recocistru
railway environment models for accurate RT based channel
modeling. Moreover, the understanding of the influence ef th
environment at object and material levels will in turn guide
the construction of railway infrastructure for better waily
services. In the future, more measurements and validations
will be realized to improve this research work.
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