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Abstract: As one of the major passenger—carrying means of urban public transportation, the
intelligent development of subways urgently requires support from efficient and reliable wireless Internet
of Things(IoT) for information transmission. Focusing on the subway tunnel scenario, this paper employs
ray tracing simulation to analyze the characteristics of wireless IoT channels in the 2.6 GHz frequency
band, based on real 3D models of subway tunnels and electromagnetic parameters of scene media, and
puts forward relevant suggestions for the design of subway tunnel IoT systems. In addition, in response to
the high transmission capacity demand of subway loT services, by exploring transmit/receive element
antenna structures and the optimal number of transmitted data streams (i.e., transmission layers) of the
Multiple Input Multiple Output(MIMO) system, it is found that the combination of a linear transmit
antenna array and a square receive antenna array is most suitable for the subway tunnel ToT system. With
the system's maximum transmission capacity as the evaluation criterion, it is found that 4-layer MIMO
transmission in the subway tunnel scenario achieves the optimal transmission capacity performance.
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1.1 H=1Ea

N ARG 2 BR PRI U AR 4 iE — 500 3t Bk R T K 31 AR T S A ) BT ST, S SCTHT [l B TR DU M gk 3 2R AT T
S JLAT AR AR AR o ARIBCRR G RS B I R L Bk A AR RS RS, Sl o B GE AN Bk A A AT T = 4R
BEo BRI SN 7 5 S R AR RSN E 1 PR, BRIE K 700 m, BRGE HOBEETE %6 m, &5 m.

5m

(a) realistic subway tunnel (b) 3D model of subway tunnel

Fig.1 Field measured photo and 3D model of subway tunnel scenario

1 S PRIk REIE 5 B 500 i — AR A

(a) modeled mobile scatterer (b) simulation schematic diagram
Fig.2 Modeling and simulation of mobile scatterer
P2 A2 Sl 5 iy 2
F sy Bl AR K 5 FOR G RN 2 Bz, B 2(b) P Am T TR ILAO L8 . AL, BR G 3 50 K 9 AR R T Y
MR RS E SNSRI s o 3 SR A O 5 25 1 07 ELAE S e A ARt
1 MK 5 R R R RS E

Tablel Electromagnetic parameters of main materials in subway tunnel scenario

material real permittivity loss tangent directive(s) directive(a)
concrete 4.65 0.05 0.22 531
metal 1.00 1.00x10’ 0.23 2.01
rubber 80.94 0.07 0.93 5.16
aluminum 3.77 0.11 0.41 491

1.2 RE&ER

ARATT B R B ik FFE E Ak s g e R gk, Hife R 25 17 dBi,  FE 00 R &4 25 1 B M Ak 4 ) oK
&, IR RER = 4ER I an & 3 ir s o
1.3 EREE

1} B3 FH 5G A AT B 2 550~2 650 MHz, %5 100 MHz. & HTHLE TREE O MGETEELL . & 4.5 m; UK
HL TH TR, F) 40 g iE L 80 km/h (R ER SN, F 4w 3.5 m. FESE KA EIENE2, ERFBILHIRS 4
S B B BUES, MOCAERRRBA KT B R LR 3,
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K2 (BT E

Table2 Simulation link configuration

gain/dBi gain/dBi
15 15 parameter value
frequency band/MHz 2 550~2 650
10 10 bandwidth/MHz 100
5 5 subcarrier spacing/kHz 30
0 10 resource block 273
5 5 . . direct, reflection,
propagation mechanism . o
scattering, transmission
1o 10 Tx antenna gain/dBi 17
-15 15 Rx antenna gain/dBi 0
-20 -20 Tx antenna height/m 4.5
(a) Tx antenna pattern (b) Rx antenna pattern Rx antenna height/m 3.5
Fig.3 Tx/Rx antenna pattern transmit power/dBm 49
3 I Rtk = el wain speed/(kn/h) 80
modulation scheme 256QAM
Fo3 LR B2
Table3 Summary of propagation models
propagation mechanism propagation model calculation method
direct free space loss Friis transfer equation
reflection Snell's law based on image method*”! Fresnel equation!®
transmission Snell's law®! Fresnel equation!
scattering directional scattering!*”! scattering coefficient and equivalent roughness!*”

2 ETHZRERGENBERESHIN

755 T 5 408 BR 0 H A o R B G o2k W K (5 B 4e e S B b, AR BURE L SR K I T2 (R B S B i
A 5E XK UL SCHR[28]) RS B G B 2 0 X Se SR AS (] 4 B2 2 ) 1 T 26 45 5 76 3 8k g T8 52 2R R 35 v ) A%
L, XX BB RO R G, REAE D U BK R H N R MR SR AL B L I As R DL R e R T
PR PR AR S A T A%

2.1 BEMFE 1405 i)ath loss N °
| ® free—space path loss

B BRI 0618 15 5 1500 o L6 B0 A0 S B 0, 130 L g e

S U1 5P 149 S SR A B A A AR Ok K A 0 1A ol .

Gl RE T T B A B AT SR B S AS BRI, Rl PR A 4R 3 00

FERESET L. ST BB BB AR I 2 g

PLOE AR BUEE SR, A B B AR SRR L PR 4 =g ARSI 0@ ® O0WmD
. i 30 B® "y S @EDOO
%5 T, CI(Close-In, reference distance path loss model) %

B AR ABREAR B 1.94, WA/ T S TAL A 2, T AT 3 76 % e

3 o0 B R A S A TR 2 o S X R 0 —Ton B B 4 B0 %

T %3 A K 2 IR F A B L R RE 22 K R 4T distance/m

3 A RSN Lo R FE L DABURES) A m”@ﬁy%%g%@%%&ggmwm
Fo EHEEE. UG MO R, (TSRS E R

BIMARGE, SRR TR N 5%, HREE B I S ABAMRFE, (5 BT 2 R RS B
Br, B SN E S, BRI BSOS S S R ALY OB . SR 15 T A A 4 M T 2
W s LR BB, FR BT 2 U T o L R AR I T A R 5 B SR RN R T
S ECHRAE BESE I R B LA 2

22 R KAF

3 B K A FH T £l & W B (Line Of sight, SOS) %1% ¥y % 5 4 ML #E (None-Line Of Sight, NLOS)Z £ & UK 11y
Pl , RWUEESE R . B S iz FRSEN KR Fa&i oA

AU AN B, R TE RE RS 2 4 S e AT UBR TE R G, S B R AL 5 8 s R G NLOS 28U . g
FEHUM. MNLOS 242 )R i LOS MR T Rar, KT M AE . KHFiHRK(EH47.07 dB, ¥I{EH 13.29 dB,
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AL %06.99 dB O IE U 22 8037 5 T R T il 45 44 4T3 4 B LOS 10
TE5 . BB XA K B (Cumulative Distribution Function,
CDF)Mi £k W on, K FAEACIX Al (41 K<0 dB) A — =& (i tb, K K
T, RIF#EE LT, XM LOS 5 NLOS 2 sh B w41 K 06
oA, U T e iBe . & B S5 S 22 T i 25 G AR A
Ry B T A R AR R TR - TR AR KR Bl A U0 4 0 o g
75 28, WK K R Al e B o ] B v 15 R A% i A Ak 02
NG K AT AR B o - o] T B A S A e ]
M, -10 -5 0

23 MARKET B Fig.5 CDF of Rice K-factor

i T S 28 3 37 0 M o T 24 £ 3 B 3 KT 5B
SRR, H R R Ol A £ 3 ] 6 TR 0 S B . BB T AT RS BT M 2
R B £ 2 B SE R L T SR 12 30 1 £ R R P R 6 S a2 L O 2 TS
AR 2 (3 5 1 B ) SR 5 L T B AR I A B B R S 0 VR 0T i £
Bl i A A

RV LI AR ST T (T 6) 2 Bt /NI 4 (6 B AT . A (0 1.4 ns, RIS 012 ns, B PR AE
LR K ] L T B KB 0 T T IR T 0 R B R B 2, MR R A R
BE 92 T T RO N 2, SR SR B B 0 S s I 0 B Y P R K
B TR T SRS I T 2 2 S B4 1 1 6] (6 O P BEAIG . S50 /I B R 4 5 1 22 72 15 52 L °F
R B A TR, % RO T O B TR (A L T 0 e
5 £ 0 T

1.0

0.8

CDF

—— ASA
038 — 7sA
ASD
06 . —— 75D
8 3
0.4
02
0 1 1
O 1 1
0.5 10 15 2 10 N

RMS delay spread/ns angular spread/(°)

. Fig.7 CDF of AS
Fig.6 CDF of RMS DS N
Fl6 PRy R G Fl7 Sy RSB
24 RET R

MEY 220518 M OB O S8, HoA S B35 05 (1 97 & (Azimuth angular Spread of Arrival
ASA). F| ik KT M ¥ J& (Zenith angular Spread of Arrival, ZSA). B JF Jy i fi ¥ J& (Azimuth angular Spread of
Departure, ASD). B JF K" B (Zenith angular Spread of Departure, ZSD), X {51 4 [0 435 B A1 R L6151 &
KREE  GIEGB 07 HAER AR MR R, UM Y R TH A 15 Bkl {5 18 A B2 4R A0 20 B $2 it 4%

BT ARG MAIEY RESE, WGEIHFIER , ASA. ZSA. ASD i £ ¥ %5k 0.2°, ZSD h{iHh
0.41°, ZRMBEAKEESEEYEEL HEELE D X —FpERUE SRS EE D T DRER I W L, K&K
SROAT LA K5 1 2 X 32007 1), DT ZRAS A e 1) il RSO 1 A NPT TR BE T o X T ER T A b 3 AR 00 BE B AR E
PERNBE S BE B A R, HWSOR R A R 40 1 M 2y B Bl . ZSA . ZSD i KfH W 3 % T° ASA . ASD, X
TOUFR 24 B2 S 55t o 52 Jay ¥ A AL 532 Wi 7 A RO B2 1, T D7 6 R 52 B8 T 7K1 4 1 24 TR i

XA YRR EF R ERIT R A HEE SR ZRFETAERESE D, RABPORMIENR S K&
ARG IEAR , AT A R TR OE M L R, s ) R T 0 S e B R IR I 5S , OREE T 0 = )
FeE s T R oA 48 A B R AR BE T, AT e ek 1R o IR o EE R Y A R R o B S RS PR, R
TR Z AR B B A3, BB BT R T L RS A A b A AR A R A A R S
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25 BEBESHEEHH 24 B
AR YA L0 B AT F35 R B e 4 B SR 4 R L
BRFRHRE . MK I T . WAL A R 0 07 SO R p 5
B, K g 0 T 1 T 3 L ARG B RS R pah o o/dB 530
S K R FHIE  NIEE DT | N BE R 0 SRR AE L 5 Rice K-factor/dB e ey
SERRPE 2 0] (AR SR TR R, LI S e T R B B S masimum L0
AR AR B KT P R0 L A7 45 R e A M i 4 e o
0 LA R 3R 0 L 24 S 9 L AsA median 02
B {0 4 50 S MG T o T ORRE L  A RE zsa  mem R
BB T o 23 UM 5 (RN, 350 % 1 205 B T PO T e s
ERA R BRI, MY RS P A, f median_ 020
TRt kTR L R K G RO, B Z5D median 041

13.29 dB, %k 6.99 dB, FIAMMBEAREEZHHEN T 5
P32 T, X E AR 25 T RE T A 4h ) Z5 M DR BE T B AR R el . K P SRR K, e K{E N 47.07 dB,
o LI, BT B RS B R R 1 RE RGBT SR 1 2R s A AR

R A TE R A B R N R B MIMO 2 () &2 R A T R SR, R G nl A A, b
PR B AR B 3R KR T 2 R B R G 0T T A A RS E R L o e, R R ) DR R R R U 4
ARt — 4 THaE R A . WRS, K F s SR R B4 A 3G N H A 6e 71, 78 LOS i B R JH /& o o
il 42 T4 S R0% . FE NLOS 32 5 i U] 48 25 Rt 10 (0 B 80 o) £ B ] S 1k o (UK B A2 B RE 6 2008 R 25 15 5 7E s 3 b g
ERE G B, A A T Uk sp gy S, RRICR 4 B A . XS M S R S B, b Ak R T BR85Sk S i T
S MREEEE . K7 Y 4l £ SR AL T A R B M5B A .

3 HIKBRIEFEMIMO REREWR

R FRE ST R MIMO R GEA BT S AL BT RO SE Al . 56 T2 2 BRI MR I S8, AR IR AT Bk
W& 555 T MIMO RS ML RITERE , BRI [F) K WG 51 45 b R i )2 00 28 G 4 1 A9 R )

3.1 MIMO X& 55| EE

KGR 0 R ZR B 9 25 M R AR i 25 i s e, FL BB 4 R BT RS RS 4 R IRES R, # A 4T4R
) MIMO 1% % Z2 5%, 2 B 3GPP 4% Rz 5 TR 38.901 H 56 {7 18 A58 A4 B 70 K 2k 35 & 19 A1 SC 2R Y 44 & B ity A
F2 WSOty 114 R 2 B 900 235 4 3 00 158 R R B I 91 5 0 ARG B, 4 R O X, FLRG B DR 2k =2 TR 14 ] B 18 A 2 0
AR I 2 KA . T 8 B P R R A AL L I TR ORI 5 o I R A . Hop, 28
RIS REE A e, SO BB 7 M —5. 74h, 4% 3GPP TS 38.104 fif #LE i) NR FR1 TAEMI B, DL &z
B R A v . 0k ] BE A BT R B (Resource Block, RB)AAH B OCHEP, 3EHURM 48 B2 05 FLT R 9 S8k (i FLRC
HHASHLE2,

(a) linear array of transmitting antennas in the tunnel (b) square array of receiving antennas on the train roof

Fig.8 Schematic diagram of Tx/Rx antenna array structure of MIMO system
8 MIMO R G A si RE S S5 H s K
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32 MIMO e 55 EMEXM |
MIMO # A A% 0 238 0 & 5 ok 5 42 o 19 22 K 2R i &,

R A2 AR R LM A M E T, R R R RGN AE R,

1948 4F, FHREMEH, P RALRAENGEEREEZRTWIB

32U (5 M L (Signal-to-Noise Ratio, SNR):

transmitter |

C=Blog,2(1 + Ry ) (1)

SR, Al OS2 R GRS s R IR Z R A L
AT T PR, B R LR R GodE LU 2 K i L i 7 oK . MIMO
RGN A B PSR R R — )R A S R ey |
B Ui o i o 2 A TR, 2R R S R TR I A s ,

JRTRTENN . e . L Fig.9 Block diagram of MIMO system
Wt il o Z MR LR E GES, HafE 50 a5 9 MIMO Z4iHEE
TR OF I JER AR v A . AN 9 TR, A R ST SR m
MR, HlomA n KL, REAHRLHE Y2 WS, k25 SR AE AR R e AR AR R A7 4%
B, S A R AR AR AR OG5 1 48 T 2 4K 29 min(m,n) 1% o

Pl 9 X 1 Y MIMO 2 452 )47 T8 % i 56 14

receiver

H1.1 Hl,z Hl.m
H: 2,1 2, 2. 2.m (2)

H,, Hn.z - H

n,m

Kb H,, B m ARG R L Tx, FIER n DM HEUR 2 Rx, 22 (8] 19 17 18 1% 14 o5
R AAFIE A SN, R B H AT A A, A
H=UAV"

A=diag{A. Ay A} v

A Uy HHY AEZR R ARG B 64 B R A 16 8 4 R A0 IE SRR 5 W7o Y H AR 22 R AR R0 17 f) B0 R A ] B 201
JI I TE SRR B 5 X8 R B A A A% B B H I minGm, ) AT SEAE AL, Hrb AR Ay S5 (B 00 B0 O AR T8 A i
Me H I BR, MIMO 2 4t fie K R] SCREFFA7 B 7 K0 3t 15 i J2 X0 B0 09 Rank(H) o 23 5 (B v 0 45 18 40 I fie R A7 5
5 HARar AR LU, TR E R A A SCE . A R ORFE A OC K& AR P RIS, v, BE L
7] — {7 3 A B P9 e R 7 S 5 HLAt A A A9 FL AR (PR dB)

v,= 101g(/1}‘:‘“), DS A > Ay > > A > >0, 4)

i

v, BN fF T AR OGBS 5 v R, RO AR OV R o XY v,<20 dB I, fEIEAHOCHERLSS , WA =L
i, AR B SR i A i AL ) MIMO d KA i 24

3.3 gk BRIE MIMO & S5 1 Ak

3.3.1 fEMR LI

SNR 1y il 1 T 4 {7 18 4% B It i i A% O A8 bR, BLE 52 I MIMO R 48 AL A BE , /& MIMO R i A% i J2 450k
B F R 1 24 55 5 %€ (Modulation and Coding Scheme, MCS) VUL A & 8RR I8, P L 75 B34 530358 2 AN [6) K 28 B 4 7 =X
B 0B ZHUE ML . B AR, MIMO R 44 > K 46 /T ) RE(Resource Element) &% & 5 T3 5 R 42 YA i B T
KL ZMRIEL N

Panlolg(llz(A)]\:v::Z) ®)
Pr=100g(| SF N[ ) +Pus ®)

s N AP BGTIRBECRE s Lo MIMO REGUME 2 K 7' g (8 L A He 585 H Ry S 2 B8 0 5 P lic & B
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mezmg(KXT +101g (N x 180 10°) )

107

P KMBRZE 2 HE(1.381x102 J/K); THIHRERE ., M MIMO RELHZEC int, HUEMEL R .

RSN,i:Ps,_P

noise

Kb P, S MIMO R G & 4 J2 0 i I i 42 U5 5 D 3 (B . dBm).
P10 Sy 1l 2K 1% 18 37 56T MIMO 2 58 A 5] [ 51 25 1 1~4 )2 4% Hai Iof 08 7 1) 3 Wi £ W L 58 120 A R B0, HP 1
FRME MR L IR 5 PR .

CDF

CDF

1.0 - . - -
— Tx-linear array & Rx-linear array 19 — Tx-linear array & Rx-linear array
— Tx-linear array & Rx-square array — Tx-linear array & Rx-square array
— Tx—square array & Rx-linear array — Tx-square array & Rx-linear array
08 Tx-square array & Rx—square array 08 [~— Tx—square array & Rx-square array
0.6 | 0.6 |
=
o
O
04} 0.4
02} 02}
0 1 1 1 O 1 1 1 1
-40 -20 0 20 40 -40 -20 0 20 40
Ry, ,/dB R\ ,/dB
(a) Rx SNR of 1-layer transmission (b) Rx SNR of 2-layer transmission
1.0 : - 1.0 - -
— Tx-linear array & Rx—linear array — Tx-linear array & Rx-linear array
— Tx-linear array & Rx-square array — Tx-linear array & Rx—square array
— Tx-square array & Rx-linear array 08 _—Tx—square array & Rx-linear array
08F Tx-square array & Rx—square array *® [F—Tx-square array & Rx-square array
0.6 | 0.6
=
a
O
041 04
02 02k
0 1 1 1 1 0 1 1 1 1
-20 10 0 10 20 30 40 =30 20 -10 0 10 20 30 40
Ry, ;/dB Ry, /JdB

(c) Rx SNR of 3-layer transmission

(d) Rx SNR of 4-layer transmission

Fig.10 CDF of 4T4R MIMO Rx SNR in metro tunnel scenario

@®)

10 Hi4kR%iE 37 5 ATAR MIMO BRI (5 0 1 B4

S MAKERIE 75 ATAR MIMO -4 (5188 L
Table5 4T4R MIMO average Rx SNR in subway tunnel scenario

antenna element array structure average received Ry, /dB

transmitter receiver layer 1 layer 2 layer 3 layer 4
linear linear 22.0 19.0 17.3 16.0
linear square 222 19.2 17.5 16.2
square linear 20.9 17.9 16.2 15.0
square square 21.7 18.7 17.0 15.7
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KRS RA A T7 XA R, HR B DUR MU 24 0 e [ >R PR B B B0 ), DG 18 428 A i 425 T 2 722
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Table6 4T4R MIMO average uplink peak capacity in subway tunnel scenario T e ATy R By
antenna element array structure average capacity/Mbps Tx-square array & Rx-square array}
tran'smitter ref:eiver 256QAM 0 3 (I) 0 1 (I) 00 1 ; 00 3000
linear linear 5333 rate/Mbps
linear square 543.8 . . L )
square linear 4750 Fig.11 CDF of 4T4R MIMO uplink peak transmission capacity
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Fig.12 Comparative bar chart of 4T4R MIMO optimal layers
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Table7 Proportion of optimal layers in 4T4R MIMO

antenna element array structure proportion of optimal transmission layers/%

transmitter receiver layer 1 layer 2 layer 3 layer 4
linear linear 1.7 42 9.1 85.0
linear square 2.5 33 15.8 78.4
square linear 0 5.8 12.5 81.7
square square 1.7 7.5 18.3 72.5
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