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Abstract—Millimeter wave (mmWave) is a key to realize high Index Terms—Channel measurement, influence analysis, mil-
data-rate communication and enable smart railway services. limeter wave channel, railway communication, ray-tracing sim-
There are more and more research work focusing on the ulation
algorithm and system design for railway communications in
the mmWave band. A correct understanding of the mmWave
channel characteristics for railway scenario is important to the . INTRODUCTION
estimation and evaluation of designed technologies. In this paper, With larger under-utilized bandwidth than the sub-6 GHz
the influence of typiC&' objects in rural railway environment bandsl the millimeter-wave (mmWave) bands are impor-

to the mmWave propagation channel is analyzed. Based on ; _ ot _ TN
the channel measurement conducted at 28 GHz with train-to- tant tot_hlgthata rztef ?ppllcatlct))r_:s [11-{6]. I_:ort_ the fifth
infrastructure deployment in the rural railway environment, a generation (5G) and future mobile communication, seam-

ray tracing (RT) simulator is calibrated in terms of environment ~ l€ss connectivity and similar user experience is required no
modeling and electromagnetic (EM) calculation. The dominant matter when the devices (UE) are still or moving [7]. The
multi-path components of the measurement are tracked and ‘high speed’ scenarios, in which the railway communica-

matched with corresponding objects in the propagation environ- yinns are included, have been put on the agenda of 3rd
ment. Accordingly, dominant propagation mechanisms (direct, '

penetration, reflection, scattering, etc.) are determined, the 3D Generation F_’artr_1ersh|p Project (SGFP)_[S] gnd Internatlo”nal
environment model and the EM parameters of different objects T€lecommunication Union (ITU) [9]. “Train-to-infrastructure
are calibrated. To overcome the constraints of the measurement (T2l), “Inter-wagon”, “Intra-wagon”, “Inside-the-station” and
and analyze the influence more practically, the measurement “|nfrastructure-to-infrastructure” scenarios are the five future

campaign is extended to four different environment cases and .; : ] ; ; i
four T2l deployments. With the predetermined dominant prop- railway service defined in [10]. Among which, the mobility

agation mechanisms and calibrated EM parameters, reliable RT of T2l scenarios can _be the highest and brings _blg chal-
simulations are conducted. The influence of typical objects are lenges to communication systems [10]-[12]. The linear T2I
analyzed for the considered environment cases and deployments.deployment for 30 GHz band has been proposed in 3GPP
The analysis of this work not only helps to understand the [13], [14]. Horizon 2020 established 5GCHAMPION project

important influential factors of propagation channel at the o ; i e :
object level, but also can be useful in guiding deployment of [15] aiming to provide high-mobility broadband connections

mmWave communication system. The provided EM parameters Yia 5_G mmWave high capacity b”aCkhaUI in_ 24_ GHz-28 GHZ'
and environment modeling suggestions will enable reliable RT “Mobile Hotspot Network (MHN)” communication system is
based channel realization in rural railway environments. prototyped to support Gbps data rate services with a speed

) ) over 400 km/h [16].
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the 3D environment model of the viaduct and calibrate RT t
using the reported PL data at 90 GHz. The calibration resi Channel measurement >  Tracking dominant MPCs
indicates that the side walls and the ground of the viadu 3
are the main factors that significantly impact the propagatis RT calibration
I imi i C
channel. With similar chanr_lel quelmg approach as [1“ Geometry of the Propagation EM parameters of the
the authors of [23] conduct intensive reliable RT simulatior| environment model || mechanism selection involved materials
on the calibrated environment model, and key parameters . 9
provided for realizing 3GPP-like stochastic channel. . . o ;
B . . Influence analysis for various Determine significant objects
The aforementioned researches also imply that RT is configuration cases > and materials for each case

powerful tool not only for deterministic channel modeling, i
but also for bridging the gap between constrained channel Figure 1: The proposed workflow
measurements and the requirement of comprehensive parame-

ters by stochastic channel models. As appropriate environmefdtors of propagation channel at the object level, but also can
model and EM calculation are the keys towards reliable Rje useful in guiding deployment of mmWave communication

simulation, the study of the influence of the propagatiogystem.

environment at object/material level is important. A prop- The remainder of this paper is organized as follows. The
agation measurement based influence analysis approaclprisposed workflow, the channel measurement and RT cali-
proposed for the first time in our previous work [24], in whichbration are introduced in Section Il. The influence of objects

open space scenarios (urban, rural, cutting), tunnel and inté@e analyzed for different environment cases with different

wagon scenario are considered. Propagation measuremeefsloyments in Section Ill. Conclusions are drawn in Section

are conducted for certain materials found on typical railway,

objects, based on which, electromagnetic (EM) parameters
are extracted and incorporated into RT. Monte Carlo analysiS  ||. THE PROPOSED WORKFLOW AND CHANNEL
approach is used to generate enormous statistically consistent MEASUREMENT BASEDRT CALIBRATION

environment models and deployments for unbiased analysls,l_he proposed workflow is shown in Fig. 1. Based on

and S'gn'f"’?”t objects of each scenario type are determmgﬁannel measurement in the considered environment, dominant
As the considered random objects and materials of the ORGBCs can be tracked and matched to the corresponding
space scenarios are mai_nly from the puildings, more Obje%tg'ects in the target environment by using RT. Then, the
should be explored. Besides, as mentioned in the conclusig bmetry of the 3D environment model can be calibrated and

of [24], the work can be improved and validated with chann?he dominant propagation mechanisms are determined. By cal-

mtlare]lsijr:;megtselrn t:ecf];cr?glalr;ag;\';?r/e?:;/g?nbrgggg influe ibgating the EM parameters of the identified objects/materials,
analysis agpr%ac,:h is proposed. The channel measuremer? e re_IiabiIit_y of RT_simuI_ations can be guarantee_d. Th_ere—
conducted at 28 GHz in a rur.al railway environment Thaftgr, mtenswe RT su_nulatlonS can be conducted with various
. . . ' Ffa%nsmltter (Tx)/ receiver (Rx) deployments as well as various
dommani;[ rgulg—ﬁa}th corr&ponggts (_I;/IP(r_“;s) n tr;e r:;ea;urem%rt])mbinations of the objects, which breaks the limits of the
ahre tracke " IS use o1 egt' y the invo ;E 0 J.eCtS heasurement. Based on the simulation results, the ray informa-
:ng drglo?sa%abt;:innzgw?ﬁénzgtnﬁzan?ps:gggg;ion 22\2:1(;?122?#1%5 are captured. The influence can be analyzed at the object
. ' : level and their significances can be determined in the end. The

are determined and the electromagnetic (EM) parameters of

different objects are calibrated. To overcome the constrairwg rkflow of this paper extends the framework proposed in [24]

. by employing the channel measurement based RT calibration.
of the measurement and analyze the influence more pra
cally, the measurement campaign is extended to four differe
environment cases and four T2l deployments. With the se- _ )
lected mmWave propagation mechanisms (direct, penetratién,Measurement campaign of the T2 rural environment
reflection, scattering, etc.) and calibrated EM parameters,The measurement is conducted by using a time-domain
intensive reliable RT simulations are conducted on the eghannel sounder. The hardware architecture is shown in Fig. 2.
tended scenarios. The influence of objects are analyzed #&rdFPGA-based signal generator provides the sounding signal
significant objects are determined. Compared with the wost 3 GHz intermediate frequency (IF) with a bandwidth of 933
in [24], channel measurement in rural railway environment iHz, corresponding to a temporal resolution of about 1.1 ns.
involved, different situations are considered. There are signifihe IF signal is converted up to 28 GHz by mixing it with
cant changes in the calibrated EM parameters of tracks whigHocal oscillator signal. The RF signal is then fed through a
results in very different influence on the propagation channglower amplifier and transmitted using a vertically polarized
Therefore, the work of this paper improves existing resultanni-directional antenna. At the Rx, a vertically polarized
by making adaptation to the determined significant objectemni-directional antenna is used as well. Both the Tx and the
The provided EM parameters and suggestions on environmBmtare synchronized using a high precision rubidium clock.
modeling will enable reliable RT based channel realization The measurement campaign is near a freight station with
in rural railway environments. Moreover, the analysis of thigiral environment features, in Elstal, Germany. Several tracks
work not only helps to understand the important influenti@re running in parallel. The measurement configuration is

n?'th work together form a more comprehensive approach.
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) EE—— ) E—— Table I: Measurement setup
Signal Generator
¢ DAC S~ Antenna [ Center frequency 28 GHz
~— Bandwidth 933 MHz
10 MHz 3 GHzIF 28 GHz RF RF Sampling rate at Rx 1120 MHz
933 MHz BW Transmitting power 34 dBm
Signal Generator Signal Analyzer | & Tx height 5m
R&S SMB R&S FSW Rx height 3m
~ N~M——— Tx-Rx distance 60 m - 550 m
10 MHz Trigger 10 MHz Vertical polarization
( ) Antenna type Omni-directional
Reference Reference e 0 dBi gain
Synchronomat Synchronomat

B. RT calibration

Figure 2: The overview of the hardware architecture of the 1) MPC tracking and matching: Fig. 4(a) shows the details
channel sounder of the environment. There are catenary masts, ground, 8 tracks
and a freight train at the furthest track. The width (W), height
(H) and length (L) of the train are 3.38 m, 4.29 m, and 500 m,
respectively, as shown in Fig. 5. The measured power delay
profiles (PDPs) of all the snapshots are shown in Fig. 6(a). By
considering a power threshold of -140 dBm, the trivial values
and noises are ignored. The dominant MPCs are extracted from
the peak values of the PDP. In average, 15 distinguishable and
continuous MPCs are found in each snapshot. When the Rx
goes further, the excess delays of all the MPCs reduce. MPC1
is the strongest with delay at 0 ns. MPC2 is nearly 0 ns, which
can be generated by the object that is very close to the Tx and
Rx. Besides, the MPC3-MPC14 appear with regular patterns:
MPC3&4, MPC5&6, MPC7&8,---, MPC13&14 are very
close pairs. The average initial delay difference of the close
MPCs is 9.7 ns. The difference of traveling distance is around
2.9 m, which is two times of the standard distance between
two rails of a track. Therefore, despite the conclusion that the

Figure 3: The Tx and Rx configurations in the measuremdfi@cks are insignificant [24], the reconstructed 3D environment
model of this scenario contains all the aforementioned objects,

! A

;
7
£
A
]
f
:

s

I

campaign as shown in Fig. 4(b). The freight train, tracks and catenary
mast are modeled as cuboid, and the ground is modeled as a
Windshield rectangular plane. The geometry and assigned material names
(glass) L: 500 m are summarized in Table II.

RT simulation is conducted with the same Tx and Rx
configurations as the measurement. Direct path, up"tb 2
order of reflections and diffuse scattering paths are considered.
The delay, amplitude and 3D angles of the rays of each
shapshot can be obtained after the simulation is finished. The
rays that generated by the same surface are grouped. For each
surface, the ray with the maximum amplitude is selected, and
the evolution of those rays are shown in Fig. 6(b). As can be
seen, the variations of the simulated MPCs match well with
the measurement. According to the matching result, MPC1
shown in Fig. 3. Both the Tx and the Rx are placed on the bedsntains the direct path, thetlorder reflection and diffuse
of pick-up trucks. The amplifiers and antennas were mountechttering paths from the ground. As expected, MPC3-MPC18
on tripods, allowing an easy adjustment of their heights. At ttege from the tracks and the involved propagation mechanism
TX, the antenna is fixed and the height is 5 m above grouns.diffuse scattering. MPC2 contains the diffused scattering
The Rx is placed with a height of 3 m. After the Tx andays from the ground, Track 1 and Track 2. MPC15 contains
the Rx are calibrated using a back-to-back measurement, the 15! order reflection and diffuse scattering from the freight
Rx is moved with a constant speed around 1.75 m/s alotrgin.

a path beside the tracks. Fig. 3 shows the route map of the2) Calibration of EM parameters. The RT calibration pro-
measured path, which is mainly line-of-sight (LoS) and oreedure of [18] is employed in this work to calibrate RT for all
CIR snapshot is captured every 0.1 s. Table | summarizes the snapshots. The calculation of the considered propagation
measurement setups. mechanisms are summarized in Table. Ill. Fig. 6(c) compares

H: 429 m
ihl: 1.8 m

Metal
W:3.38m

Figure 5: The 3D model of the train
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(a) Objects in the measured environments (b) Reconstructed environment model

Figure 4: The surrounding environment of the measuremenpamn and the reconstructed 3D environment model
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Figure 6: Tracking and calibration result of significant MPCs) The measured PDP with power threshold -140 dBm and
observed MPCs, (b) The tracked MPCs and corresponding objects from RT results, (c) The impulse response of snapsho

Table Il Objects and corresponding materials in the considered environment

Object Name Materials Geometry
Train Metal, glass W: [3.2,3.4] m, L: [500,600] m, H: [4.2,5] m
Distance between two rails (track width).: 1.435 m,
Track Metal H: 0.18 m
Ground Dry Soil with breakstone  Rectangle, H: 0 m
Catenary mast Metal Rectangle, W: 0.5 m, H: 12 m
the before and after calibration results for snapshot 1 as Hple !ll: Considered propagation mechanisms and corre-

example. Before the EM calibration, the reflected paths frofPonding calculation

the ground and the freight train almost reach the measured ~Propagation

Geometry calculation

Electric field calculation

value, whereas the influence of tracks are underestimated, and_-9S

Free space LOS

Friis equation

the gaps of the MPC power from tracks between RT and  Reflection

Snell’'s law with
image-based method [25

Fresnel equation [25]

the measurement is larger than 20 dB. After the calibration, scattering

Directive scattering [26]

Scattering coefficient and
equivalent roughness [26]

the MPC power of tracks is increased and matches well

with the measurement. The mean absolute error of MP d with th bef h librati th ¢
power of all the snapshots reduces from 12.33 dB to 3. mpared wi ose betore the calibration, the parameters o

dB, and the standard deviation of absolute errors redu & grqund a.nd the catenary_ mast are unchanged.STbé
from 7.48 dB to 2.98 dB. Note that there are still a fe\}ﬁe freight train and the track increases from 0.'0015 to 0'03.50
unidentified peaks in this snapshot. The missing peaks d 0.0650, respectively. Because the maximum scattering

close to stronger peaks, which can be the diffuse scatteri} tr;]m(;realje_s vtvﬁej? mcre?sesatr:ﬁ rtna>f<|:1qum s;:attermg gatln_
side lobe of the tracked objects (e.g. tracks, freight train) d em rﬁc tISTh N argissl, :tnr Tmo ef Cni etn?ir): rrnzs IS
to the irregular geometry at certain places, or can be the diff g Smallest. The equivalent roughness ot material requces

scattering from relatively smaller objects that are close to tﬁlgd the directional selectivity increases. Thus, the directional

modeled objects. Because the irregular geometrical variatioﬁ%ecuv'ty of the freight train is the strongest, and that of the

and tiny non-typical objects do not always exist in the whol%aCk is the weakest. The of the track decreases to 10, which

traveling path, they are not considered in the RT calibratidﬁt?e _srlnalljest. As tréatrl]nc(rjgas?s, thle elqu?_/a_ltem roughnes_?hof
and influence analysis in the current work, material reduces and the directional selectivity increases. Thus,

the directional selectivity of the freight train and the catenary
The calibrated EM parameters are provided in Table IVnast are very strong, and that of the track is the weakest.
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Table IV: Material parameters at 28 GHz

Object Name , Before Calibration , After Calibration

€. tand S a € tand S a
Ground 1.9212 0.2267 0.0025 24 1.9212 0.2267 0.0025 24
Freight train 1.0175 0.4807 0.0015 57 1.0175 0.4807 0.0350 50
Track 1.0175 0.4807 0.0015 57 1.0185 0.4907 0.0650 10
Catenary mast| 1.0175 0.4807 0.0015 571 1.0175 0.4807 0.0015 57

IIl. | NFLUENCE ANALYSIS OF TYPICAL OBJECTS

150 ) Although the conducted measurement is for the railway
140; 8 = * ] scenario with T2l configuration, the number of tracks in the
__130/ N ’ rural scenario, which is far from a train station, is usually
%1207 2. Rather than always exists in the measurement campaign,
a the nearby train can occasionally pass by the train with Rx.
O 1107 Besides, due to the resource and policy constraints, the Rx
% 1001 | in the measurement campaign is mounted on a car and the
o * Measured moving path is beside the tracks. Therefore, in order to make
90r i?:ee space | | the analysis more practical and general, more scenarios with
80t Measurment it different deployments should be considered.
RT fit In this work, four different cases of the rural railway
70 ‘ : ‘ : : : ) A
0 100 200 300 400 500 600 environment are defined and modeled, as can be seen in Fig.
Tx-Rx distance [m] 8.

it CaselTwo tracks: there are two tracks and the ground in
the 3D model. The distance between the two track centers
is 5.435 m, which is the same as that in the measurement
campaign. This case is the most common seen in rural
environments.

« Case2Multiple tracks: there are 8 tracks and the ground
in the reconstructed model. The geometry parameters of

Measurement RT result _ Difference the tracks are also the same as Casel. This case represents

n 216 2.02 0.14 the rural railway environment near a train station.

o [dB] 4.80 4.26 0.60 « Case3Two tracks with a near passing by train: A passing

by train is added on the second track. The size of the

moving train that carries the Rx is the same as the freight
The PLs of the measurement and the RT result are shown train. This model represents the case when a train is

in Fig. 7. The mean absolute error and standard deviation passing by.
absolute error of the simulated PL are 3.24 dB and 4.64 dB,, Case4 Multiple tracks with a far passing by train: A

respectively. The PLs are fitted by the single frequency Cl  passing by train is added on the eighth track. This model
model, which is expressed as: represents the case near a train station, which is similar
as the measurement campaign.
) +Xo» A moving train that carries the Rx is modeled with the same
(1) size as the train in Case3 and Case4. Note that, the windshield
Wheref. is the center frequency,is the Tx-Rx distancely is  of the driving cabin is made of glass, and the radio wave can
the reference distance,is the path loss coefficienf,, is the transmit with a constant penetration lods, which ranges
zero-mean Gaussian random variable with standard deviatfoom 3 dB to 12 dB [18], [27], [28]. The starting height of the
o. In this work,dy = 1 m andd > do, FSPL(f.,dy) windshield glass is 1.8 m from the bottom of the train. The
represents the free space path losdgat rest of the train body is assigned with the same material as
47ch) the freight train in the measurement campaign.

Figure 7: Comparison of the path loss between measureme
and the calibrated RT result

Table V: Comparison of the PL between the calibrated RT and
measurement

PL(fe,d)[dB] = FSPL(fe,do)[dB]+ 10nlogo (di
0

(2) The simulation parameters are summarized in Table VI. The
antennas, transmitting power, considered frequency and the
Wherec = 3 x 10 m/s is the speed of light in air. Thepropagation mechanisms are the same as in the calibration.
fitted parameters of the PL model are summarized in Talote that the maximum observed reflection order in the RT
V. The differences ofi ando between the measurement andalibration procedure is 1. In this work, the reflection order
the simulation are 0.14 and 0.6 dB, respectively. According to the RT simulation is 2, which is sufficient to cover the
the comparison in different aspects, the calibrated environmeonsidered environment cases with similar types of objects and
model, the selected propagation mechanisms and the cgBometrical compositions. The same material and the same
brated material EM parameters together guarantee reliable ¢dlibrated EM parameters in Table IV are used. Besides, four
simulations, which will be appropriate to realize propagatiadifferent deployments (D1-D4) rather than the measured one
channels for similar rural railway environments. are considered. The two-dimensional (2D) azimuth distance

F‘SPL(fC7 do)[dB] = 2010910 ( c
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6
(a) Casel (b) Case2
The near The far 0 0
train train 40 30 -20 -10 O 1 -60 -40 -20 0 20
Power ratio of the tracks [dB] Power ratio of the ground [dB]
@ (b)
1 > 1
(c) Case3 (d) Case4 —D1
0.8t~ b2 0.8
D3
Figure 8: The 3D environment models of the four dif'feren_DL 0.6{—D4 y 0.6
cases S 0.4 ) 0.4
| - D2
. . 0.2 0.2 D3
Table VI: Simulation parameters } D4
- 0
Antenna type Omni-directional, vertical polarization, 0 dBi -10 0 10 20 3 0 1 2 3
Frequency 58 GHz Kp [dB] RMS delay spread [ns]
Transmitting power 0 dBm (c) (d)
D1 (Tx: track side-Rx: on the top of the train), .
D2 (Tx: over the track-Rx: on the top of the train), Figure 9: Results of Casel

Deployment and scenarios D3 (Tx: track side-Rx: inside the driving cabin),
D4 (Tx: track side-Rx: in the front of the train)
4 deployments in each environment case
Direct vV

The accumulated power of rays that hit objeds:

N,
Reflection bouncesV g 2 . ' N2
Ray types Zigggggg” y Po(s) = | ]22:1 CiE(s, ) 3
where
1; O(Sa .7) =0
from the Tx to the track center with the moving train is denoted ;= 0 else (4)
asd;. The 2D azimuth distance from the Rx to the track center ’
is denoted agls. The power ratioR,(s) of an objecto in snapshot in this

In D1, D3 and D4, the Tx is at the track side and the x-yYOK iS expressed af,(s) over the direct ray powery(s)
z coordinate is (0.5 m, 580 m, 5 mj; is 2.22 m, which is ©f the same snapshot.
shorter than the 2D distance between the catenary mast and the P,(s)
track. As a result, the propagation is line-of-sight, and there is R,(s)[dB] = 10lg <P > (5)
always a direct path between the Tx and Rx. In D2, the Tx is a(s)
mounted over the track with; = 0 m, and the coordinate is AS P may be larger tharP,,, R, can be greater than 0
(2.72 m, 580 m, 5 m). The Rx can be deployed on the top éB.
the train (D1 and D2), inside the driving cabin D3, and in the
front of the train (D4). For all the deployment, the Rx is oven. Casel: Two tracks
the track center and, is 0 m. In D1 and D2, the coordinates

£ th i d endi ) f the R 272 0 In this work, the same threshold -30 dB as in [24] is used
of the starting and ending points of the Rx are (2.72 M, -0i¢ yhis \work to distinguish the significant and insignificant

m, 4.5 ”_‘) and (2.72_m, 54_9'8 m, 4.5 m), respectively. In D%bjects. The CDFs of the power ratios of the tracks, {.x)

the starting and ending points of the Rx are (_2.72 m, -0.1 Mre compared in Fig. 9(a). As can be seen, the niean..s

2.5 m) andd(2.7d2 m, 549'9 r?,hz.SRm), resge?cztlvelyblralD4, tr}ﬁ the 4 deployments are all greater than -30 dB. Table VII
startmg a2r172en N9 SOO'TS ° 1toe xare (2. . rln F m’hlp(?ovides the mean power ratios of the considered objects for
m) and (2.72 m, 550.01 m, 1.0 m), re_spectlve y. For eac ﬁ the deployments in all the environment cases. When Rx is
the_= 4 cases, gll the _deployments are S|mulated_. Therefore,_i de the cabin (D3) or on top of the train(D1 and D2), the
height of Rx in D4 is the smallest, and the heights of RX ijificant scattering rays from the two tracks are obstructed
D; and D2 are the largest. The moving length of Rx is 550 B&/ the moving train, and at lest 25% of thie,qe, below
with a step of 1 m. As a result, there atg = 550 snapshots 3 4g \yhen the Rx is in the front of the train (D4), the

in each deployment. scattering rays from the tracks are not obstructed. Therefore,
Some of the definitions and notations in [24] are used the meanR;,,.,. of D4 (-20.8 dB) is the largest among all the

this work. They are briefly introduced here for clarity. Fodeployments.

each snapshat, the RT results include the number of rays Fig. 9(b) compares the power ratios of the ground

N,, the type of a rayI'(s,j), bouncing timesB(s,j), hit (Rgrouna). With least obstruction of the train body, the mean

objectsO(s, j) and complex field intensitye(s, j) of ray j. Rgrouna Of D4 is the largest (-0.67 dB). According to the

0018-9545 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2018.2840097, IEEE
Transactions on Vehicular Technology

simulation result of all the deployments, the lower part of the
driving cabin obstructs the reflected ray from the ground

all the snapshots, which explains the reason why the me os
Ryrouna Of D3 (-35 dB) is far less than that of the othe 4 L 0.6}[—D4
deployments. When Rx is on top of the train (D1 and D2804

1

0.4
there are more rays than D3, which come from the grou
surfaces around the moving train, and the reflection is r 2 02
always obstructed by the train body. Therefore, the me o 0 =
-40 -30 -20 -10 0 1 -60 -40 -20 0
Ryrouna Of D1 and D2 are smaller than that of D4, and fe Power ratio of the tracks [dB] Power ratio of the ground [dB]
greater than that of D3. (@) (b)
The power ratio of the direct path to the other MPKs is )
studied in this work, and the expression is: = ' £ "
Pa(s) 087 22 ¥ 08
K,(s) = d (6) 06/=D4 f 0.6
»(s) SN P(s, i) — Pa(s) 500 . 5
WhereP (i) is the power of ray, P, is the power of the direct o2
. . 0.2 0.2 D3
path. Thus, the purpose df, is to observe the power ratio i ~D4
at ray level. %0 0 10 20 s % 5 10 15 20
Fig. 9(c) compares thé(,s of the 4 deployments. As the Kp [dB] RMS delay spread [ns]
significant reflected rays from the ground are obstructed by © (d)
the moving train body, the direct path dominates the power Figure 10: Results of Case2

contribution. Therefore, thé(, of D3 is the largest (20 dB)
among all the deployments. The meé&is of D1, D2 and
D4 are slightly larger than 0 dB, indicating that with the Table VII: Power ratios of all the objects [dB]

reflection from the ground, the contribution of the other MPCs BT 53 53 57
are comparable with the direct path. Rerach 2548 2548 2365 20.80
— Gasel R -1.04 -1.04 -34.55 -0.67
The RMS delay spreads (DSs) are compared in Fig. 9(d)- Rym:d 95 S5 5560 043
As the ground is the closest object to the Tx and the R%2S¢? Ryround -1.12 -1.12 -34.34 -0.68
Rirack -26.10 -26.10 -24.30 -21.90
the path Iength_s of the strong MPCs frgm the ground are the . Rt o6 s 3596 062
closest to the direct path, which results in small excess delays. Ruirain -12.60 -2.14 0.10 1.04
Rirack 9.40 -25.60 22.30 -16.69
Therefore, the mean DSs of all the deployments are smalggée4 Bk o3 e e ok
than 0.3 ns. The DS of D3 is the smallest because reflecte Rirain -17.64 17.15 -12.00 -10.91

rays and many scattering rays from the ground and tracks are

obstructed. Because the Rx of D1 and D2 are higher than

that of D4, the path lengths of the MPCs are larger than D4,

which results in larger mean DSs of D1 and D2. Table VI®f Egrouna Of all the deployments are very similar as that in

provides the meaik,,s and DSs for all the deployments in aliCasel (see Fig. 10(b)), indicating that the increase of the track
the environment cases. number does not have significant impact on the dominant rays

generated by the ground.

B. Case2: Multiple tracks Compared with_ Casel, t_ths of all the deployments
. ) ] reduce due to the increased influence of tracks (see Fig. 10(c)).
Fig. 10 are the simulation results for Case2. Because megfge K, of D1 reduces from 1.01 dB to -0.55 dB, indicating

tracks exist in Case2, more scattering rays are generated.\i\g the accumulated contributions of the other MPCs are
can be seen in Fig. 10(af:rqcxS oOf all the deployments wigher than the direct path.

increase compared with that in Casel. The increment of the .
mean Ry, of D1 is 15.96 dB, whereas the increments The mean DSs of all the deployments increase to larger than

of the others are less than 1 dB. Because the Tx of D2 jst N'S: and the DS of D1 is the largest (6.9 ns), indicating that
closer to all the tracks compared with D1 (Tx at the traci€ Scattering rays from the far tracks have more significant
side), the incident angle of the reflected ray is smaller in D8ONtributions than the tracks near the moving train.

resulting smaller reflectance of tracks than D1 at the sameAs the used EM parameters of the tracks are different in
Rx locations. Furthermore, because the maximum scatteri@g], the tracks are considered insignificant. However, the
power is achieved at the reflection direction according to thiirective scattering coefficients of the tracks changesn-
directive scattering theory, th&;,..x in D1 increases much creases and decreases, the tracks become significant objects
more significantly than D2 as the number of tracks increasés.the propagation channel in the considered frequency band.
Besides, due to the blockage of the moving train body in D®s the EM parameteres of the ground is the same as that in
and the lower height in D4, less significant scattering ray24], the ground is also significant object, which has a more
from the tracks can arrive at the Rx. Therefore, the increasesignificant impact than the tracks in the same deployment and
Riracr 0f D3 and D4 are much less than that of D1. The valuéBe same environment.
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Table VIII: K, and DS of all the cases

D1 D2 D3 D4 — ]
Casel K, [dB] 1.01 1.01 20.07 0.46 0.8t~ D2
DS [ns] 0.31 0.31 0.07 0.17 D3
K, [dB] 10.56 0.97 16.00 0.40 u 0.67=—D4
Case2
DS [ns] 6.93 1.15 1.94 1.15 8
Case3 K, [dB] 0.67 -1.34 3.14 -0.19 0.4
DS [ns] 0.32 0.24 0.27 0.24
Cased K, [dB] -0.60 0.82 8.60 0.32 0.2
DS [ns] 6.15 3.03 7.60 6.15 0 0 J
-40 -20 0 21 50 40 -30 -20 -10 0
Power ratio of the tracks [dB] Power ratio of the far train [dB]
1 1 o
—o1 —o1 @ (b)
0.8t|— D2 0.8t|— D2
D3 1 —
~D4| -D4|
0.6 0.6
& & 0.8 '
@) O
0.4 0.4
0.6 !
)
0.2 0.2 1
; Coa4 | —p1
0 - 0 r 1 - D2|
-60 -40 -20 0 2 40 -30 -20 -10 0 10 0.2 ! D3
Power ratio of the tracks [dB] Power ratio of the near train [dB] 0 ,' 0 ,’ -D4
(a) (b) -10 0 10 21 0 10 20 30 40 50

Kp [dB] RMS delay spread [ns]
(© (d)

Figure 12: Results of Case4

—D1

_ 02l D. Cased: Multiple tracks with a far passing by train

D3

~D4 The power ratios of the tracks and the ground (Fig. 12(a))

10 20 1 2 3 4 in Case4 are similar as that in Case2. Therefore, the far train

Kp [dB] RMS delay spread [ns] has trivial influence on the significance of the tracks and the
(©) (d) ground. When the Rx is on top of the moving train (D1 and
Figure 11: Results of Case3 D2), less scattering rays arrive at the Rx compared with D3

and D4. As a result, th&®;, ;.S of D1 and D2 are less than
that of D3 and D4 (see Fig. 12(b)), which is similar as in
Case3. However, as the far train is further away from the Tx

Qd Rx, the overall power ratios of the far train are smaller

Due to the obstruction of the near train, the scattering raﬁEI in Case3. The diff b D1 and D2 red
from the tracks and ground are less than that in Casel, wh RN In Case3. The difference between an reauces,

makes theR:,..xS andR 1 slightly smaller than that of as the visible parts of the far train are very similar in both
rac groun

Casel, and the difference values are less than 1 dB. The po dlogments. gs the r;;nean %%Wsé rar:ios of thFT‘ tripks, farbt_rain
ratios of the near traimR;,..;, are shown in Fig. 11(b), the and the ground are above - , they are significant objects

meanRy,q:, of D3 and D4 approaches 0 dB. When Rx is off! [NiS case.

top of the train (D1 and D2), the height of Rx in D1 and D2 Becayse Fhe visible area of the far train is smallgr than the
are higher than the nearby train. The less significant reflect’%‘a"’lr train W'th D3 deployment, thie, O.f. D3 in Cas¢4 'S larger
and scattering rays arrive at the Rx, thus the mBan,, s are than that in Case3. Due to the additional contribution of the
less than Rx in the front (D4) and inside driving cabin (D3§1r5tra|n, thek,s of Case4 are smaller than that of Case2. The
As the Tx of D1 is at the track side, the distances betwedDS of all the deployments are larger than all the other cases.

the Tx and the near train surfaces are further than D2, a%DZ deployment, the ground contributes the most while the

C. Case3: Two tracks with a near passing by train

more area of the near train body are obstructed by the movi train cgntributes the least to the propagation channel, the
train body. As a result, th&;,.;, of D1 is far less than that mean DS is the smallest. On the contrary, the mean DS of D3
of D2. Besides, th&R;,.i, is larger thanR;,...; in the same is the largest.
deployment.

With the similar reason as Casel and Caskg, of D3 E. Path loss
is the largest. However, because of the strong reflection andrhe path loss of the 4 cases are shown in Fig. 13. The
scattering from the near train, the me&p of D3 reduces to parameters of the Cl model are extracted for each deployment
3.2 dB, which is 16.8 dB and 12.8 dB less than Casel aadd each environment case, as summarized in Table IX. Note
Case2, respectively. Due to the significant influence of the n¢hat the penetration loss of the train windshield in D3 is
train, the mean DSs of all the deployments are very similakpressed as an offset in the Cl model, therefore, it does not
to each other (around 0.3 ns). As a result, the near train hiagpact onn and 0. As can be seen, the of D3 in Casel
significant influence on the propagation channel. Its existenaed Case2 are relatively small compared with the other cases,
slightly reduces the power ratio of tracks and ground. because many MPCs are obstructed by the moving train. The
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in rural railway environments. Moreover, the analysis of this

150 150
o
o o) N *g ¢ o
k=) k=)
[92] [92]
[%2] [%2]
© 100 © 100
s +D1 —D1fit | g —D1 fit
E s D2 —D2fit E s D2 —D2fit
D3 D3 fit D3 D3 fit
x D4  —D4fit x D4  —D4fit
50 50
0 200 400 60 0 200 400 600
Tx-Rx distance [m] Tx-Rx distance [m] [1]
(a) Casel (b) Case2
150 150
— g M o 2
% PLIIER ; xﬁ"j % [ ]
[92] [92]
[%2] [%2]
© 100 © 100 O
s —D1fit | g £ +D1 —D1fit
s % eD2 —D2fit | & | °D2 —D2fit [3]
D3 D3 fit D3 D3 fit
x D4  —D4fit x D4  —D4fit
50 50 [4]
0 200 400 60 0 200 400 600
Tx-Rx distance [m] Tx-Rx distance [m]
(c) Case3 (d) Case4

Figure 13: Path losses of the four cases 5]

Table IX: Extracted parameters of PL model for all the caseg;

Case D1 D2 D3 D4
n o [dB] n o [dB] n o [dB] n o [dB]

Casel 203 7.07 2.03 6.82 200 1.26 1.97 593

Case2 194 4.82 2.02 6.08 2.00 171 197 617 [7]

Case3 200 550 1.94 5.08 1.96 5.36 1.96 8.67

Cased 1.95 5.60 201 5.99 2.00 258 193 588

(8]

path loss coefficients of D4 are all smaller than 2. Moreoverg
the DS of D4 is smaller than the other deployments in most of
the cases. Thus, D4 is very likely to achieve better connection
quality. [10
IV. CONCLUSION (11
In this paper, the influence of rural railway propagatioplz]
environment and typical objects to the mmWave channel \is
analyzed. RT is used to track dominant MPCs in the mea-
surement, identify the involved objects and calibrate the ENS
properties of the materials. The mean error and the standard
deviation error of the calibrated MPCs is 3.26 dB and 2.98 dByj
respectively. The small differences of PL parameters between
the simulation and measurement indicate good matches. The
study of extended environment cases and deployments via fiw
calibrated RT overcomes the constraints of the measurement.
It is observed that the tracks, and the passing by train 1{%
significant objects in all the considered cases and deployme
The ground is the most influential object except in D3 due
to the obstruction of the moving train. The far passing b[#
train contributes less than the near passing by train, and é
existence of the passing by train does not significantly change
the influence of the tracks and the ground. When the Ef%]
is lower and in the front of the train (D4), the PL and D
are smaller than the other deployments in most of the cases.
Thus, D4 is very likely to achieve better connection qualit i
The provided EM parameters and suggestions on environm nlt
modeling will enable reliable RT based channel realization

o work not only helps to understand the important influential
factors of propagation channel at the object level, but also can
be useful in guiding deployment of mmWave communication
system in similar environments.
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