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Impact of water vapor on the millimeter—wave channel of metro emergency IoT
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Abstract: Currently, the sub—-6 GHz band remains the mainstream frequency choice for Internet of
Things(IoT) applications due to its advantages in wide coverage and stable propagation. However, with
the explosive growth of massive data transmission demands, the millimeter-wave (mmWave) band is
emerging as a crucial development direction for future IoT communication, owing to its ultra—large
bandwidth characteristics. During subway fires, the high—density water vapor environment generated by
activated sprinkler systems causes complex attenuation of mmWave signals, significantly increasing the
difficulty of channel analysis. This paper focuses on this emergency scenario to systematically
investigate the impact of water vapor on mmWave channel characteristics in subway loT systems.
Through ray—tracing simulations conducted in a subway station environment, both the sub-6 GHz band
(3~5 GHz) and the mmWave band(24~26 GHz) are examined. Key parameters including path loss,
shadow fading, Rician K-factor, Root Mean Square(RMS) delay spread, and angular spread are extracted,

with particular emphasis on analyzing their variation patterns under water vapor influence. The results
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demonstrate that the water vapor environment introduces significant additional attenuation to mmWave
signals. Specifically, in the mmWave band, the path loss increases by approximately 12~18 dB on average
compared to the sub—6 GHz band, the Rician K-factor decreases notably, and multipath components
become more dispersed. Based on these findings, this paper proposes a channel modeling methodology
and communication optimization strategies suitable for water—vapor—interference scenarios, providing
theoretical foundations and technical references for mmWave communication design in subway
emergency loT systems.

Keywords: ray tracing; millimeter wave; water vapor attenuation; emergency communication;

channel modeling

2023 4%, el is Al kA (ECF A PO LR, 4 PRl LU BRI . iz TR E R S R K
&SR BN 4 & S B iR L A ) B A I K 7 R 7 BT sl oS BN S o = = - - A 1 K S B 9571 7
S EBCRRIA Tl AR B AL AR ED & (O Tl 8 2 3T a5t 15 R e 9 1B 9 2 P T A 25—tk s 3T 3
Y, DR PSSl AR D R RO Al Bk, B R R R . N TR RS — U BB, B
LAl iR e AL is D . FEYET BRI b, W 6 GHz B R L 55 ) AR RE AR B £, B A S
B3k . WOLTE RSB 7 A 1Y 360° MU 5 3D A 2o 45 5 K04k X i 9 5 1% 4 B R B ZORORN W B i, 22 R BL
FEA 30~300 GHz (14 KA SO0 #,  1E 12 8 1 0 36 190 4% i ) B 280 R O 1) o AR D 8 S MU Bk IO R0 SCHE RO, W)
WK [0 22 R 0 e MR HE 20 B S B T A RS0 T R RSB SR, A N K O 0 S B A R T 6 . (BT M R K R
Gysrh, WO R GUIR 3 BT A # R K PR B 2 X S OK B S A R Y SR A RO, T B I R
%, MELAMERR AR, 2024 4F, Sl iz f Al ED A (i BE S0l as 8 R Kk R SR AR A BN ), BE— 2P i
i A A S A B R AR T K K AR i ST R AR PR RE DY N, iR R ST SR IR R X R AR
AZMAHLEE, DASCHEERG IE . nl & 09 0 S0l A5 R g it

B @ 5 B A R AR S VR iR, Ol R ORI I AOR E R. HHBR AAE KCR B R ST )
I RRRAR I AT ) KR T, AR Y DA ARIOK G52 1940 240 R0 1) 22 K % ) ROBURE K T 0T o X 2B K A oA iF
s LR T3P, R A MK R & R IR T, W 2 K B B (30~300 GHz) {5 5 7™ Az i 2 1 HIUHT 5 W AC 3t
SEGEEE S M EE I eAh, WOKGREE | XS R S AR, BE— 20 S BUE 8 AL R B B
AU, PN T AR T 2K BE E R T RMER T ARSI KRR T R RIEKZE S WK
LR 51 A 2584 TN, %S USRI VR RE I SCBE N K

e Ao Xk B AT SCHR B B A B, RO M R N 2 R KR S OO BB S A BN . — T,
Z2 YOI T AN G T E A B — B 2 9 KORE A T I 1T 0 308 3 T R 5T PP R A T M R A A KR R
THOLIS, WU R GE 27 AR 0 AT T2 KR, B PR s UL T2 O B R ZR K IR S L R 3005, 26 3R
Bep (s AL R AR o R S B T S R gk, AR 2 RE TR BN EEA 0, KeEx s
X 6 GHz 5 22 K I 1k 2 ki A KbD 718 R (9 & 4 22 5, M DUE id 2 OB ™ 2 22 R O i 5 B AR aR Ik, Tk
Sy W 9 2 KA G B R AR X SO o Sy — O, RV S 28 R R A £ 3 B0 O T LA R R S R
P, BESMER SR ARG E M FHES R, TR R NN G Strh i A, (H A S 408 AR il R 25 K
TR SR B R A DL o ek ORI B, A [RDRLAR AKORE 5~ 36 6] 51 1) 525 2RO, R 0 LA
B 555 RV A2 7 AR AR R PR AR 20, S B ARIRE . ORI Y | SR KN T A R R E S RO A
Pt Sk, ARSCEE TR E A EOFR B SRGE BR = OF 5 CloudRT!™, 7K I & s 0 2 A58 5 = 4T 208
R 3 e R A Bk G 0 0 SRR O O R A G BR O L, S BN I N BT 2 K P K 0 B S R ) SRS o
T, A3 A AR GE R AT EE PR BT S K VR R B s b B AL AR A R A 5 [T, 36 0t Bk i A B T AT e kS
B = 4R B S B A L, 2 BIN ML 6 GHz B . 22 K BT R A 57 (5 BOF HEAT X L 70 #r, DAL 6 GHz i BE 11
FOE R 2 MO RS O 0 A =K OB KRN R R R B, RSB T XN R BRI T W
22 0K I I R P RS T S0 5 TR R TR A

AR SCH M R S A S KRR ZR S DL P Bk R AT B R, RS AL T 2 R AR ORI AT IR BT X
KPR B R AR o BIF SRR AT O R R B A R 00 v A B I K U AR B B MERE A AL L R KR A
ES 20 IR PR AYN T A g P IER U R S V&1 E 2 i



1280 AHERFEEBFEBER 02 %

1 KRBERIEHRE

TEER R 2 5, RIS I 02 3 22 K B R TP RE A SC B B N R 2 — , L 2 BRI T ik Kk &
G R A KBS KA BT o WK R GE 7 AR AR O3 A TIZ BOKORE 1, A5 R R /K T AR oK 25, T 3 ) 4
TERPORBE S, 51k B F LT 2 AL H LU FISOs =, JFBERL 73 B | RiAe 0 A S A5 5 0
R AR B S 2% i AR e

1.1 KPEAKESIEHFR

KR RARS, WK R GE— E R g, A7 A KR RLAR B R B K o I S K AR 23 (8] PP R I, X L I
P it R R, SR A E S5 H 5 A AREER R A T P B AR AL BT, K 2
KUY AT 7 BN S WMVE AT, SCRE R e MR 5 v, % A T A B [ B e £ R B 4fE A B ITU-R P.838-3 7
WA AT @A AT R ] T A R I, SR E R T R SRE L B AT SO R S SR,
ES  CIE VR

Vran=hR" M

R o, JMET G SEWLAT s ROVHENT S B0k A HAR I A(GH) 9 25 0 i
1gk::§§|%ﬂxp[—(lg{qu }’+nulgf+ck @
ila,.exp{—(lg‘f “) ” omlefve, ®

K. Z8a. b, c Fim W EARE SCWSCER[14]. BRI AT, S8R a 00 E R k. ay Gk, ay, H
VERRIE WA, HERRAKPRA, THRE SN AR .
X T4 7 B 1) R R D, B T R I R R RN SR S 22 ) 1) A 8B A
A Rain — yRain deﬂ" (4)
K d o AR, 2 38 bR 5B AR B T LA — AR B RS 1
ITU-R P.S30 &I BH5I AT — I 280, H T % & ITU-R P.838 & 18 45 v 157 43 A5 I 15 FF JC 2% 18 75 A 25 1]
R F R AR AL
1
= 0.477d " RS> £ —10.579[ 1 —exp (-0.024d ) |
W% bR 58 J32 2 i AN IS ] PN M 9K R R I B K B, BRLSLIE O 2 K /NI (mm/h) o AR SR IR 5 B2 ST B
o W 5
1.2 IMNIRAKESIEHRR
WS bk FR G0 AE K G AR TR 23 TE UK B /ANVRLAR K 55, X S S ISR K T A B LB T A b, X L A%
MR s g . HAFS Wb S AR A “F " PRl B AL, B Bk X S K A B AR S R IR
VB RN o BT /K 38R AR 20 A 5 v 3 Bl A 35 sl A8 A8 Ak, JHG o i e 1k T 3 o R T 55 o 0 1 B R RS TR 0 AT A
AU I ITU-R P.840 i85 b H2 4t Y 35 I A5 7K 2 B AU S 0 5 el 3138 0 v o B R (0L ik 2 R 5 BT 5 e 1140 e
FE WA RO, AT T RN S A s SR AL AR IREDY, BRI R R ROR O

®)

Ve £T) =K(LT)M (6)
S, W SR MOIRAK BRI s T WA K MR IE . KL(6T) M WA K H 5 2600 A
K(fr)= 08 )
&' (1+17)
At
p=1E 8)

&

Sl e 505K 05 A AR, TR 9)~(10) T



512 3] ZF b, % KRFHISRN SHE N =K IRIEER R 1281

' __%~¢& &17&
vean) e ()

o(p)-Llame) e (10)

relm) ] A )]

& (€))

e f, R FE MBI £ R B AR

j;:2(120—146(9—1)+316(<9—1)2 (11)
1.=39.8f, (12)
300

0= N (13)
£,=77.66+103.3(0-1) (14)
£,=0.067 lg, (15)
&,=3.52 (16)

B J5, TARE B 5% S R 1A% 4 IR B (LA T oK A B ) R 1158 1A 55 AT 7 A ) S o
AFog:yFog(.ﬁT)d (17)

WA K A B R PR FR 2 A TP S K I B, B R R e AR ST T K (g/m®) o AR SO IR SR & B A T
WL R 4o a sh 5 25 A h BT K B9 R
2 ETFHZEEREMNKESEZERSIN
2.1 HEIE

ARWFFER AT i AE 538l R A e HE BUIE A s AT R A SR T R B E RS B B o KRN R
X R P AFIE AR At AL RS R R A RS S WO LA 3 AL R AL E AR o 7R ST ZGE B 0
FORCR AT T A R 2 (e AE TR 2R B LR T ) A B AR SR R ELARAE FTL I A0 3% 1 s .

K1 AEARPLE

Tablel Propagation mechanism

propagation mechanism geometry calculation electric field calculation
Line of Sight(LoS) free space LOS Friis equation
reflection Snell's law with image—based method Fresnel equation
scattering directive scattering scattering coefficient

22 AmMARBERSEHRBHLES R

AR R 51 R 108 £ E R AE TR 5 R s BUE B R H R FBOKRN R, R IGTE (-n,n) X [E A
S T RELAR AL A, AR5 m AR ST 242 UK IR R S B 8 (4) Rk X

A=A+ Arogm (18)
55 m G 2R A R IEK IR R I B S 0 T T3, REBSAR IR S 28 B 07 LA R H AR
P,=20lg| E,¢"| (19)
X E, Fil,, 43 50k KH N 1) B S 40 W A AR o AR PR 38T R 0 1) P 3 % O
F;M - EA.mej(‘”"’*“’”: 10720 i (0a+08) _ | (Pu=4,20 g0 01) (20)

e Py, 5 m ZR 2K IR B WA S B R B s of Mo m R SY R BEHLAAL , AR (—m,m) X T |
B A 2 KRR, BRIUE SRR R

Py= €2y

zEA,nz

m



1282 Kz BT ERFE 02 %

3 BETFHZKEENKSEZTHH®G=RE
3.1 REER

AR A b B 7 5 W K T 2 K A G U L 5K, AR TS R ] 3~40 GHz B XUHEIE 4x o) K2k, Atk 7y X8 2 1
Wl o BT R R S LAY K 1f0 5 36 B 1B A0 4 20, Gl i s R E A AT A, LA R Bk
TR 00 2 O R 3 A A3 I 0 I P BRI R AR AT . Rk = BRI AN 1 s .

H-plane-total/dBi H-plane—etheta/dBi
0 90° 90°
2 2 120° 60°
120 20 60 20
150° 6 o 150 0 o
z 30 30
-5 180° 0° 180° 0°
210° 330° 210° 330°
240° . 300° 240° o
o s 270 5700 300
* a
=
=
s N
® V-plane—total/dBi V-plane-etheta/dBi
o 90° R o
=15 120 60 1200 2% 0o
20
150° 0 2
0 30 g o -
180° 0° 755 o
-20
210° o
330 210° 3300
240 270° 300 240° 300°
270°

Fig.1 Three-dimensional model of the antenna
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Fig.2 Measured scene at Dongsi metro station Fig.3 Three-dimensional scene model of the metro station
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Table2 Materials of typical structures in the 3D model of Table3 Electromagnetic parameters of the materials involved in the
the station scene millimeter wave frequency band
scene structure material material(24~26 GHz) gl tan & N a
column granite granite 3.004 5 0.282 8 0.002 2 153747
clevator metal 1 metal 1000 0 107 00026 17769 1
t t t
staimease gramte, met conerete 54745 00021 00011  109.0000
floor,wall concrete
car door quartz glass,metal quartz glass 1.053 8 239211 0.002 5 55106
F4 W 6 GHz BB BT R LRSS EARIR LS ZLS e 2 SUSCREREE 250
Table4 Electromagnetic parameters of the materials involved in Table5 Simulation parameters of metro IoT millimeter wave backhaul channel
the sub—6 GHz frequency band parameter value
- - frequency band/GHz 3~5,24~26
matenal(STS GHz) & tan o N a bandwidth/GHz 2
granite 3.55 1.9300  0.0001 0.01 propagation mechanism direct,1-order reflection,1—order scattering
metal 1.00 107 0.2300 2.00 spray intensity/(mm-h™") 600
concrete 7.90 0.0822 0.1000 5.00 liquid water content/(g-m™) 0.8
quartz glass 1.00 02000 0.3400 3.00 antenna gain/dBi 4
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Fig.4 3D modeling of subway scenes and multi-path visualization renderings
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Table6 Channel parameters affected by water Vapor Factors(VF) in different frequency bands

ray tracing without attenuation by ray tracing with attenuation by  ray tracing without attenuation by ray tracing with attenuation by

case Vapor Factors(VF) Vapor Factors(VF) Vapor Factors(VF) Vapor Factors(VF)
(24~26 GHz) (24~26 GHz) (3~5 GHz) (3~5 GHz)

A 17.23 44.03 -0.98 -1.853

B 72.36 103.20 70.62 71.54
o /dB 5.12 3.29 3.95 3.95
Lyr/dB 1.58 9.88 1.42 1.46
oyr/dB 8.22 8.77 5.45 5.40
lps/ns 23.65 3.00 18.41 18.23
Opg/S 5.84 0.58 5.13 5.05
Hasa/(®) 53.61 12.25 47.21 46.93
54/ (%) 5.28 8.89 15.12 15.23
Has/ (%) 32.80 13.86 21.25 21.72
O a5/ (%) 17.68 5.48 8.42 8.33
Lpsal(°) 6.54 6.34 10.77 10.77
opsal/(°) 223 237 2.85 2.86
Hgsp/ (%) 18.92 8.11 13.37 13.35
opsp/(0) 7.18 3.14 3.99 3.99
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(a) influence of water vapor factors on path loss in 3~5 GHz (b) influence of water vapor factors on path loss in 24~26 GHz

Fig.5 The influence of water vapor factors on path loss under different frequency bands
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Fig.6 Influence of water vapor factors on the Rice K—factor values under different frequency bands and the fitting results
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Fig.7 Influence of water vapor factors on the Root Mean Square(RMS) time delay spread under different frequency bands and the fitting results
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Fig.8 Influence of water vapor factors on angle expansion under different frequency bands and the fitting results
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