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1. Motivation of Smart Rail Mobility enabled by THz
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Why Smart Rail Mobility?

* Horizon 2020: one part of the objective of Smart, green and integrated transport:
» Rail traffic is highly expected to evolve into a new era of “smart rail mobility” to
achieve optimized mobility, higher safety, and lower costs.
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Why THz Bands?

Characterization and Modeling for the Millimeter and Sub-Millimeter Wave
MIMO Mobile Ultra-Broadband Channel enabling Smart Rail Mobility

Alexander von Humboldt

Stiftung/Foundation
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Ke Guan,

Guangkai Li,
Thomas Kuerner, Andreas F.
Molisch, Bile Peng, Ruisi
He, Bing Hui, Junhyeong
Kim, and Zhangdui Zhong,
“‘On Millimeter Wave and
THz Mobile Radio Channel
for Smart Rail Mobility,”
IEEE Transactions on
Vehicular Technology, vol.
66, no. 7, pp. 5658-5674,
2017. (ESI highly cited

paper)
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Why THz Bands?
Smart Rail Mobility Scenarios and High-Data Rate Applications therein

Smart rail On-board On-board Train Real-time Multimedia
mobility and wayside real-time operation train journey
scenarios HD video high-data rate | information | dispatching | information
surveillance | connectivity HD video
T2 * * * * *
Inside station * * * *

T2T * * *
121 * * * *
Intra-wagon * * *
Bandwidth intensive applications — High definition video streams
. W -

Dozens of GHz bandwidths are required!
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Challenges on Channel Modeling

_______________________________________
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New paradigm is needed!
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New Paradigm for Channel Modeling

Scenario 3D model EM property Ray-tracing
definition reconstruction
Fix/mobile link
Setup Velocity of user
LOS/NLOS
Weather

Scalters

Common  MIMO antenna setup

Frequency band

SNR |,,. Cf;?"?.el Stochastic model
NN realization Ay
1 MLE T 5 (#hc0 ~hool ) (9s00 " Baons) _
= (¢AOA ¢AOA) ( AOA HAOA,i) Propagatlon
PDP mechanisms
g a; ()=

Spat. [z O+
CONSISL. | f, (n o (1) |+

Rand. |N.(0.c.(n)

Small
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Ke Guan, et al., “Towards Realistic High-Speed Train Channels at 5G Millimeter-Wave Band — Part I:
Paradigm, Significance Analysis, and Scenario Reconstruction,” IEEE Transactions on Vehicular
Technology, vol. 67, no. 10, pp. 9112-9128, 2018. (IEEE VTS 2019 Neal Shepherd Memorial Award)
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Research Paradigm of THz Channel Modeling
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2. Challenge and New Paradigm for THz Mobile Channel Modeling

= Channel Sounding A
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Research Paradigm——Channel Sounding

Pseudo Random
» Sequence Generator

Pseudo Random ¥
Sequence A/D [ Correlator [ Storage
Generator
N N
LO LO
Clock
Source CIR
= Channel Sounder I h I T TTT
| >

» Transmits a pseudo random binary sequence (PRBS)
= Calculates the CIR by cross-correlation of the received signal and the PRBS
= Central Clock Source is necessary for phase recovery

time/delay

Sebastian Rey, Johannes M. Eckhardt, Bile Peng, Ke Guan, and Thomas Kuerner, “Channel sounding techniques for applications in THz
communications: A first correlation based channel sounder for ultra-wideband dynamic channel measurements at 300 GHz,” The 9th
International Congress on Ultra Modern Telecommunications and Control Systems, ICUMT 2017, Munich, Germany, November 2017.
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Research Paradigm——Channel Sounding

= Three frequency ranges
» ~9 GHz base IF
= ~60 GHz frequency extension RN DA

"~
=

» ~300 GHz frequency extension e
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Sebastian Rey, Johannes M. Eckhardt, Bile Peng, Ke Guan, and Thomas Kuerner, “Channel sounding techniques for applications in THz
communications: A first correlation based channel sounder for ultra-wideband dynamic channel measurements at 300 GHz,” The 9th
International Congress on Ultra Modern Telecommunications and Control Systems, ICUMT 2017, Munich, Germany, November 2017.
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Research Paradigm——Channel Sounding

300 GHz Frequency
Extension

Horn Antenna

Rotation Unit
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Research Paradigm——Channel Sounding
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Research Paradigm——Channel Sounding
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Research Paradigm—ChanneI Sounding
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Research Paradigm——Ray Tracing
CloudRT (http://www.raytracer.cloud)

4000+ users from 60 countries since June 2018
(online open access)

HPC platform: 600 CPU cores,
5 GPUs, and 44 TB storage

Accuracy: validated by 20+ Industrial loT ~ Autonomous driving Satellite Smart railway
measurements (0.9-300 GHz)

Danping He, Bo Ai, Ke _Guan*, Longhe Wang, Zhangdui Zhong, and Thomas Kuerner “The Design and
Applications of High-Performance Ray-Tracing Simulation Platform for 5G and Beyond Wireless
Communications: A Tutorial,” IEEE Communications Survey and Tutorial, vol. 21, no. 1, pp. 10-27, Aug.

2018. (ESI highly cited paper)

Beijing Wireless & Mobile

Jiaptong Communication for Rail
Y University Transportation (WiMiRT)
20 2021/3/14



http://www.raytracer.cloud/

Research Paradigm——Ray Tracing

3D environment
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=== Antenna library

o

*
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Dl..l

cattering mechanism

Communications: A Tutorial,

2018. (ESI highly cited paper)
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University

Wireless & Mobile
Communication for Rail
Transportation (WiMiRT)

Danping He, Bo Ai, Ke Guan* Longhe Wang, Zhangdui Zhong, and Thomas Kuerner “The Design and
Applications of High-Performance Ray-Tracing Simulation Platform for
" |EEE Communications Survey and Tutorial, vol. 21, no. 1, pp. 10-27, Aug.

5G and Beyond Wireless
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3. THz Channel Characterization for
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Intra-wagon Scenario——Channel Sounding

90° ——H-plane
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Measur  Bandwidth Central Antenna Antenna Antenna Angular
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Intra-wagon Scenario——Channel Sounding

Channel gain [dB]
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Ke Guan, Bile Peng, Danping He, Johannes M. Eckhardt, Haofan Yi, Sebastian Rey, Bo Ai, Zhangdui Zhong,
and Thomas Kuerner, “Channel Sounding and Ray Tracing for Intra-Wagon Scenario at mmWave and sub-
mmWave Bands,” IEEE Transactions on Antennas and Propagation, vol. 69, no. 2, pp. 1007-1019, 2021.
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Intra-wagon Scenario——Ray Tracing

22450 m |
17.110 m

Top view of a 3D wagon
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Intra-wagon Scenario——Ray Tracing
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Ke Guan, Bile Peng, Danping He, Johannes M. Eckhardt, Haofan Yi, Sebastian Rey, Bo Ai, Zhangdui Zhong,
and Thomas Kuerner, “Channel Sounding and Ray Tracing for Intra-Wagon Scenario at mmWave and sub-
mmWave Bands,” IEEE Transactions on Antennas and Propagation, vol. 69, no. 2, pp. 1007-1019, 2021.
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Intra-wagon Scenario——Ray Tracing
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Intra-wagon Scenario——EXxtensive Simulations

le N

Top view
------ - il Simulation setups for RT validation

Antenna type Omni-directive
1245 m —
- Polarization VV, VH, HV, and HH
Antenna gain 0 dBi
Tx position of the Tx-center deployment and the Tx-side Tx power 0 dBm

deployment in extensive RT simulations. | Tx location Tx-center, Tx-side |
" ) ) Rx height 0.8 m
EM Property of materials in RT simulation J

Object Material g g Rx spatial 0.01m
separation
Wagon body Metal 1.000 107
Windows Glass 4200  0.342 Frequency range 300-308 GHz
Floor PVC 2.430  0.060 Frequency points 3200
Tables Wood 1.689 0.070 Propagation LOS, reflection up to
i t
Chair surface Nylon 2.989 0.047 mechanism 1 order,_ and
scattering

g~ Beijing Wireless & Mobile

Jia_otong Communication for Rail
University Transportation (WiMiRT)
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Intra-wagon Scenario——EXxtensive Simulations

‘ $ NN N

177/

7

‘4‘/
TR

One snapshot of the extensive RT simulations in the high-speed train wagon

Ke Guan, Bile Peng, Danping He, Johannes M. Eckhardt, Haofan Yi, Sebastian Rey, Bo Ai, Zhangdui Zhong, and Thomas
Kuerner, “Channel Sounding and Ray Tracing for Intra-Wagon Scenario at mmWave and sub-mmWave Bands,” |IEEE
Transactions on Antennas and Propagation, vol. 69, no. 2, pp. 1007-1019, 2021.
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Intra-wagon Scenario——Enhanced Region Classification

Region classified LOS 1st-order reflection
LOS region v
L-NLOS region X v
D-NLOS region X X
Tx-center Top view

[ 1LOS  [EE L-NLOS B D-NLOS

‘Tx-side Top view
, T e

[ 1LOS [EE L-NLOS B D-NLOS

Ke Guan, Bile Peng, Danping He, Johannes M. Eckhardt, Sebastian Rey, Bo Ai, Zhangdui Zhong, and Thomas Kuerner,
“Channel Characterization for Intra-Wagon Communication at 60 GHz and 300 GHz Bands,” IEEE Transactions on Vehicular
Technology, vol. 68, no. 6, pp. 5193-5207, 2019.
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Intra-wagon Scenario——Enhanced Region Classification

Case

Tx-center Tx- side
Propagation zone LOS L-NLOS| | D-NLOS|| LOS |L-NLOS D-NLOS
A 21.66 22.12 9.48 20.68 25.81 35.05
B 79.77 82.16 101.42)| 79.95 78.96 76.04
osr [dB] 5.59 5.54 8.23 5.61 5.14 7.61
Ukr [dB] 6.90 0.06 -13.60|| 4.27 0.22 -13.57
orr [dB] 8.84 5.11 15.35 7.98 5.26 12.18

B The first-order reflection becomes almost the only chance to build the link if the

LOS is blocked.

B The RT simulation results imply that the existence of the first-order reflection
indeed determines the channel characteristics.

g~ Beijing
N Jiaotong

= University
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31

2021/3/14



Intra-wagon Scenario——Optimum Tx Deployment

Tx-sidel Tx-center Tx-side2

CJLOS [ L-NLOS Bl D-NLOS

70 : . .
CTx-center e Area ratios Tx-center Tx-side Optimum

60 -Tx—§1de

T s _ LOS 25.9%  32.1%  49.4%
%40 L-NLOS 11.0% 17.4% 29.0%
CIW| _ D-NLOS 63.1% 50.5% 21.6%
S B __
<

207 1 Ke Guan, Bile Peng, Danping He, Johannes M. Eckhardt,

i Sebastian Rey, Bo Ai, Zhangdui Zhong, and Thomas

‘ H Kuerner, “Channel Characterization for Intra-Wagon

0 Communication at 60 GHz and 300 GHz Bands,” IEEE

LOS L-NLOS D-NLOS Transactions on Vehicular Technology, vol. 68, no. 6, pp.

5193-5207, 2019.
& Beijing Wireless & Mobile
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Intra-wagon Scenario——Channel Characterization

( Frequency 300 GHz band Frequency 300 GHz band \
Tx deployment Tx-center Tx-side Tx deployment Tx-center Tx-side
Propagation zone LOS | L-NLOS | D-NLOS LOS | L-NLOS [ D-NLOS Propagation zone LOS [ L-NLOS | D-NLOS | LOS [ L-NLOS | D-NLOS
A 2166 | 22.12 048 2068 | 2581 32.05
B 7977 | 8216 | 10142 | 7995 | 7896 76.03 pasa logo (PP1 | 130 I8 138 | 124 | L73 167
osr [dB] 530 | 554 823 | 56 514 761 oasa logo (P])1 | 0.67 | 030 054 | 070 | 0.34 0.37
Ask (] 0.03 0.02 0.02 0.04 0.02 0.02 M”“ ['“(I = 82: 83; 8;2 gif 833 ?I(IJ?)
= = HESA og 02 . K. DL . .
picr [dB] 6.90 0.06 -13.60 427 0.22 -13.57 Tron 110[1-:::( ST 032 053 036 061 0736 035
oxpF [dB] 884 511 15.35 7.08 5.6 12.18 N = :
Ak [m] 0.5 0.25 011 0.4 0.25 0.15 Apsa (m] 0n 1 0B 0.1 0» [ 05 0.16
ixpn [dB] 2101 2.05 006 | 1299 | 2.62 .92
1iDs Doz ()] | 839 | -8.81 804 | 871 -8.73 888 oxpr [dB] 5.16 2.62 191 433 2.99 2.08
ops logqg ([s])] 0.36 0.27 0.35 0.42 0.24 0.68 NumCluster 3] 5 [ 5 [ 3 ] 5 | 3
Aps [m] 0.24 0.25 0.15 0.18 0.23 0.16 PCParameter
DS 102 138 140 7.46 15 .88 SF [dB] 271 ] 1167 3274 | 1035 | 13.80 12.64
fiasp Mogro (CNT LI 135 033 I14 19 0.97 ASD [°] 1230 | 682 SE LS N S 175
Tasp [og o (°D] | 036 | 053 088 | 030 | 030 081 L H Ak B e -z
» 25 2 NE 25 ).25 ).22 - — >- =40 dh
Aasp [ml 0 0.26 0.14 0 0.2 0 ESA [°] 108 2.62 336 2.86 %)) 193
JiEsD Hogro (D] |_137 038 0.05 18 055 059
opsD logio (PD] | 031 0.25 0.43 0.35 0.45 0.64
\ NesD [m] 0.25 0.25 0.14 0.25 0.5 0.25 j

. 4

Stochastic Channel Generators, such '4
as 3GPP, Quadriga, etc

Ihe Next Generation Radio Channel Madel
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3. THz Channel Characterization for
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Inside Station and T2l Scenarios——Channel Sounding

Frequency extension |

Cabin body (metal)

2.160 m
Ground (concrete)
Frequency band Antenna type Frequency band | Rician K-factor RMS DS

300.2-308.2 GHz Directional 300 GHz 3.52dB 8.92 ns

Ke Guan, Bile Peng, Danping He, et al., “Measurement, Simulation, and Characterization of Train-to-
Infrastructure Inside-Station Channel at the Terahertz Band,” IEEE Transactions on Terahertz Science and
Technology, vol. 9, no. 3, pp. 291-306, 2019.

Beijing Wireless & Mobile
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Inside Station and T2l Scenarios——Ray Tracing

Path LOS - | Ref-
(Measurement)| mea | mea

Received
power [dBm]

Delay [ns]

Path LOS - | Ref-
(Ray-tracing) RT RT

Received
power [dBm]

Power error
[dB]

Delay [ns
Delay error [ns]

S~ Beijing

Jiaotong
University

-7/1.66 -98.95

0.00 62.36

-7/1.66 -98.21
0.00 0.74
0.00 62.17
0.00 0.19

Wireless & Mobile
Communication for Rail
Transportation (WiMiRT)
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T2l and Inside Station Scenario——Propagation Mechanism

LOS
2nd-order Reflection Path

e
\\
\

"o
(0
2

Reflection point

Entrance

4

Reflection point
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Inside Station Scenario——Extensive Simulations

Roof (concrete)

Indicator (metal)

Pylon (metal) l

Shield (glass)q

|

|
|

|

Dustbin (meta‘l)-
Column (concrete)

Electric box (metal)

; NN Ground (concrete) Rail (metal)
Polarization VV, VH, HH, and HV
Antenna type Isotropic
Antenna gain and Tx power 0 dBi and 0 dBm
Frequency range 300-308 GHz
Propagation mechanism LOS + 2nd order of reflection + scattering

Beijing Wireless & Mobile
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Inside Station Scenario——Four Cases

Communicating train T Communicating train || The other train on site
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Platform E Platform Platform Platform
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Inside Station Scenario——Channel Characterization
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Inside Station Scenario——Channel Characterization
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Inside Station Scenario——Channel Characterization
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CDF

Inside Station Scenario——Channel Characterization
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The ESA and ESD are much
smaller than those in the
azimuth plane.

This means that if the Tx and
Rx are vertically polarized and
with the similar heights which
are relatively high from the
platform or ground, most of
the  multipaths will be
generated on the azimuth
plane, which has potential to
offer more diversity gain to
the MIMO system.
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Inside Station Scenario——Channel Characterization

Channel T2I inside station Channel T2I inside station
Case PNT [ P-T | CNT | CT Case PNT [ P-T | CNT | CT
A [8.65 | 1841 | 1834 | 17.25 pasp llogig ([°])] [.12 [.13 | 033 1.70
B 81.35 | 81.75 | 8224 | 81.80 oasp llogyo ([°)] | 032 | 032 | 0.69 | 043
osp [dB] 5.22 5.37 5.85 5.47 Aasp [m] 0.25 0.25 0.25 0.25
Asp [m] 002 | 002 | 002 | 0.02 pesp Hogio (PD] 073 | 074 | 0.18 [ 0.27
tKF [dB] 730 | 1037 | 3.04 | -1.01 opsp [logyo (°PI | 009 | 0.09 | 038 | 0.29
oKr |dB] 10.63 | 943 | 495 | 821 AgsD [m] 025 | 025 | 025 | 0.25
AkE [m] 025 | 025 | 025 | 0.25 fasa Hogo ([PD] 183 | 1.86 | 1.79 1.82
1Ds Hogio (DT | -7.99 | -7.98 | 8.18 | -8.26 oasa [ogio (PDI [ 035 [ 032 | 043 | 037
ops [ogqo ([s)] 027 | 027 | 020 | 0.16 Aasa [m] 025 | 025 | 025 | 0.25
Aps [m] 023 | 023 | 024 | 0.25 nEsa ogo (D] | 096 | 1.02 | 088 | 0.80
rDs 1.45 .38 | 0.8l 0.76 opsa Hogyo (1°)] | 0.13 | 0.14 | 020 | 0.23
NESA [m] 025 | 025 | 025 | 025
‘ [xpR 1dB] 305 | 3.10 | 590 | 853
. . oXPR |dB] 189 | 1.86 .81 | 2.32
Per-cluster parameter
Stochastic Channel 4 Cluster number 5 5 5 5
Generators, such as 4 « SF [dB] 1036 | 886 | 11.13 | 8.3I
: Vil aitaatay ASD [°] 463 | 5.16 .71 | 10.46
3GPP, Quadriga, etc ESD [°] 350 | 3.36 [.55 .43
- / ASA [°] 1783 | 1685 | 1690 | 15.67
ESA [°] [1.07 | 1226 | 1027 | 6.45
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Inside Station Scenario——Channel Characterization
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Conclusion and Future Work

B New paradigm of channel modeling: limited channel sounding - calibrated ray tracing
- extensive simulations - stochastic channel modeling/realization
B THz propagation features of smart rail mobility:

> It is sufficient to consider up to the 2nd order of reflection for propagation
mechanism constitution in Intra-wagon and Inside station scenarios.

» Even without the LOS condition, the THz link can be built if the first order of
reflection exists in the Intra-wagon scenario.

» For the significant objects, train wagons, glass window, and any metallic
objects with smooth surface and dimensions obviously larger than the
wavelength of THz wave should be considered in the 3D model reconstruction.

» For the system design, there are some special concerns, for instance,

* In Intra-wagon scenario, there may be multipaths with the same delay but
very different directions.

« The inner wall of wagon (when door open) can reflect multipaths with
unexpected long delay in the Inside station scenario;
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Thank you
for your attention.
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