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Path Loss Modeling and Analysis Based on Extremely Low
Frequency Current Field Through-The-Earth Communications
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Abstract ; For the problem of wireless strong penetration information transmission requirement of horizontal
ground electrode current field, the transmission characteristics of horizontal two-electrode current field
channel based on extremely low frequency are studied. Considering the influence of electrode radius,
electrode depth, electrode spacing, transmitting signal frequency and signal transmission distance on
transmission performance of Through-The-Earth( TTE) communications,the TTE communication path loss
model based on the current field of the ground electrode is established,the influence of various parameters
on the model is analyzed, and the optimum working parameters of signal transmission are determined.
According to the selected parameters, a TTE communication system based on extremely low frequency
current field is built,and the path loss of 3 ~10 Hz signal is tested at 200 m and 400 m communication
distances. The accuracy of the model is verified by comparing and analyzing the test data and simulation
results.
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Fig. 1 Schematic of TTE communications with extremely
low frequency ground electrode current field
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Fig. 2 Schematic of vertical and horizontal current
field TTE communications
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Fig. 3 TTE communications model of extremely low

frequency ground electrode current field
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% 64

TR IRIESE , T AT B L 37 175 b 15 B A2 UFE AR AR5 20T

B AR ]+ B HL 3%k 0. 01 S/m, HLAR [ R
3 m, {1 FA Sk 45° M4 LR R P e S A H IR
3 (4) D7 ELEAE BE B 200 m 1, BRARHAE S & 5T
HEMRMER AR WE 5 (a) Fin, ME 5(a)
T LU S E SRR T 20 He I, AR 40LFE
BEATZE SN 80/ ) 5 20 Ha s (42 45 4 Bl 400
R HG 0T G K A7 S TE R B AR 0 FE TE
104 dB [ R/ gl SAERE &N 400 m B, #6452
PIFE S R IHE S HRE R WME 5(b) s, v LR
H R R FETE 8 Hz A A7k i/ MA 15 5 ZER AR
BURAELE 126 dB | MU/ Ngsh .,

104.05
3 10410 {0410
% 7 1R104.08 \\
1
Croaasf\ =" Foaosl \
g % P M
- 3 104.04 LEs
0 |5 10 15 20
104.00 : ; , : /M2
0 20 40 60 80 100 120
B & /Hz
(a)iWf5IEE 200 m
126.8 —— T ——
126.6
m
}§126.4
=126.2
Gl
2 126.0 /’
125818 | o s g 15 20
125.6 B Hz
0 20 40 60 80 100 120
W E/Hz
(b) AFHE S 400 m

Bs5 HBEHMESRHESHENXR
Fig. 5 Relationship between path loss and
transmitted signal frequency

HITEL 5 (a) (D) % BRI, 8 {5 B e |
TEARFEHUR , S R S5 S IR U

3 ZHRHBERE

R T R UEAS AL () E R M AR SO RS T R
JECAFT Ml F B F A 37 T2k TTE {5 RS, il B %
TR E BRI A TR E LM 4 R K
1.2 m ¥4 0.01 m A HLMR, # & 6 FT s fii 5
5 AR IEEE 3 m, AHIREE 1 m, REHE S R4E
SE B 3~10 Hz BAIG N, & B — 45 205 5 1)

K1s,FoHEKS8s,

6 RARSTMFRAR A% TTE B8 5 ik
Fig. 6 Testing of TTE communications of extremely low

frequency ground electrode current field

Sy HEAT T B AE PR B 200 m AT 400 m A
RPFEML, BT 400 m BHEU (S SR, 1R
PSR R R L, 7 PR A im 7K (A S it R B 2 A
AbHEA 550 mL 4K ), A /N il BT, 03K 2
FEARMAKBHEN EL,

4 RBERSHH

HAE PR 2 200 m, &3k LR 100 VG {5 BE 2
400 m KIXHLE 180 V, DL {5 1 B 400 m  HiL B
AMfNK 3% o 180 VI USAR 5 Ao S A AT Sk
BAE 7(a) fis, WEROTLIE G5 EZE
BB 3~ 10 Hz Z 18], 55 =2 T3 m Wl i, +
Yo TS E AR 5 8= 50 Hz TART3, J—
2% 100 Hz 1 150 Hz FO3E T4,

PN AEAAL FIR1 #5758 38 % %, 200 m %
WA 5B A 4R N 1 Hz, BHHF SR A 15 Hz,400 m
P AE Sl T2 2 Hz, B IR R 12 Hz, JEE
ARG BE AR o R AN 7 (b) BIER, BRIRE 54
DRI AR TP A TR BR IS 15 -5 IR R 2 an ]
7(e) iz, il LLE e S PRl i 25 R v, R SHE 5
HBFEMN 3~ 10 Hz ZBA0HET 220005 5 Fo R R (B A2 fE AN
T

A5 B R 200 m B, R & S5 5 400K T
A BRI S EE XF L an &l 8 (a) BT, AT LR
B LS S AR BFE I TE 104 dB BHE 554508
£ 3~10 Hz LT BEAR PR AR 522 T R 34, HL I 25 40
RIE AR, WAEEEE N 400 m B, {5 B 550
MR A 8(b) R , B BAEITE 126 dB FfHikE,
PG SIRLE 3~8 Hz B L2818 TR 1E 8~
10 Hz B 2218 B FF, SE 545 AR R AR — 3

. 379 -



www. teleonline. cn CERALE S N 2024 4F

- I8 15 BE #200 m o i 1% FE #5400 m > I 15 FE BE400 min K
<~ BR4es / ] 4 2 BHzl4HZS Hz[SHZ] 4 3Hz 4HZ|SHZ| €HATHZISHZOH A1 0F
=2 = - 2 = 2
=0 2 4 6 8 = o=
B /s ‘J/s H‘J‘n/s
75 74 ¥ 4
2 2, 2, {
g 0 - g 0 : , go L
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
I /Hz % /Hz % /Hz
()R ES
0 0
@ =
é -50 § -50
= B
%-100 '1%-100
1500 0.2 0.4 0.6 0.8 1.0 7130 0 0.2 0.4 0.6 0.8 1.0
JA— 463 #/ (rad/sample) JA— L4 2/ (rad/sample)
(b)JE B 2%
'?z 2 BHz|4HZ5Hz|6Hz7 Wm IOH ’-z 2 BHz 4HZW ’ 5 PHZ 4H7 5Hz| 6HA7
:: Rl Sl L
= = 5
0 0 2 0 2 4 6 8
HTIW/S j/s & A/s
Z5 10 &2
= 2. =
g, ﬂ 2, | E ﬂ |
B0 T30 100 150 200 250 © 0 50 100 150 200 250 =% 50 100 150 200 250
Wi F/Hz I ZE/Hz BiF/Hz
©WEHES
7 BRESKELELER
Fig. 7 Filtering processing result of the received signals
105:3 — HSEF R B E S B AR BUFE A B Sl (R IR
o 1050 BRI, {5 5 3 K, 8 A BE B O 400 m B R
%104.5 L 200 m FHFEHE NN T T 20 dB ; 78 HL AL I K AT LA
K104 B PR ] R 5 W BB, 3 ety
10337 FEMRAE, S AR AR A K s/ N2 6 dB,
108307 éﬁ - 7.8 9 10
MR /Hz
5 & 1
(a) MBI 200 m RO®
130 — ——t BEXS % TE PHE 37 57 T B 0L S AR K
. IZSC\ 1 AR SCRE b FL R FEL S 3 TTE 3815 5 200 T /K F 5
By 3L 23 13, 23 T UL B8 A B B
Gt 1 TTE 185 B ASIFERRY b TR B AR 4
aEIZZE\B\&\g\ DR B SR T ARk A TR A
20p P TR DB 0 B R AR 2 K5, 2t T LT T A7 1)
Y w7 T G R E 22 0,01 m, HUBA VR
(b) 3B 400 m F 1 m, FEE TR RS TTE E1E R4, Wik
8 FEETNTERRBESHENLR T KSHE SR IERARIN 3 ~ 10 Hz B 1 A5 1 4E
Fig. 8 Relationship between path loss and frequency ZE R R eI S B s B AR AR 5 & BHE SR
under simulation and measurement ()36 22 55 B0 7 20 45 SR A — 0 I B TR R ) v

FHIET 8 AT, FE/KF- il L S TTE @S i
- 380 -



¥4 TR WIS SE , TR AT P U 70 125 M 08 1 AR BUFE AR 3 55 3 4
P— M SE2BR 1. 15 B35 ,2016( 11) ;213-215.
' [13] SU Z,CHEN J,XU Z,et al. A TTE-LAN communication
[ 1] YARKAN S,GUZELGOZ S,ARSLAN H,et al. Underground scheme for tunnel rescuing [ J ]. Journal of Physics,
mine communications:a survey [ J ]. IEEE Communications 2019,1213(5) : 1-6.
Surveys and Tutorials,2009,11(3) :125-142. [14] ZHANG G,XU Z,CHEN J, et al. OFDM signal design
[2] ZHANG Y, YAN X, LI C. Research of the emergency based on electrode-based Through-The-Earth
communication system in coal mine based on ZigBee communication [ C ]//Proceedings of 2021 International
technology [ C ]//Proceedings of 2015 Seventh Conference on Ubiquitous Computing and
International Conference on Advanced Communication Communications. London ; IEEE ;2021 ;40-45.
and Networking. Wuyi: IEEE,2015.60-63. [15] HILL D A,WAIT J R. Subsurface electromagnetic fields
[3] ZHAO H, YANG W. An emergency rescue of a grounded cable of finite length[ J]. Canadian Journal
communication system and environmental monitoring of Physics,1973,51(14) :1534-1540.
subsystem for underground coal mine based on wireless [16] BATALLER V, MUNOZ A, GAUDO P M, et al. Earth
mesh network[ BE/OL ]. (2018-09-10) [ 2022-09- impedance model for Through-The-Earth communication
25]. htps://doi. org/10. 1177/1550147718805935. applications with electrodes[ J]. Radio Science,2010,45
[ 4] ZHOU C, DAMIANO N. Electromagnetic environments (6):1-18.
and wireless channels for Through-The-Earth ( TTE ) [17] BATALLER V, MUNOZ A, GAUDO P M, et al.
communications in an underground coal mine: modeling Electrode impedance measurement in Through-The-Earth
and measurements [ J ]. Progress In Electromagnetics communication applications [ J ]. IET Microwaves,
Research M,2021,103:91-101. Antennas and Propagation,2012,6(7) :807-812.
(5] RIS, AR, 303K, ToERRIE L 7 38 e [18] MA H,LIU E,WANG R, et al. Antenna optimization for
BERSIHTLT ] FIREEA,2022,62(3) :361-366. decode-and-forward relay in  magnetic induction
[6] YANL,ZHOU C,REYS M, et al. Mathematical modeling communications [ J |. IEEE Transactions on Vehicular
and measurement of electric fields of electrode-based Technology . 2019,69(3 ) :3449-3453.
Through-The-Farth (TTE )~ communication [ J1]. Radio 0 1)\ N N WL YAN L, WHISNER B.et al. Simulation
Science ,2017,52(6) . 731-742.
7] BRI T TLM U AR 20 B2k (R BT a.md measurcf*ment of .Through-The-Earth, extremely low-
(D7, A A BT A2 2016, frequency signals using copper-clad steel ground rods
(8] JIANG H., MUKHERJEE M, ZHOU J. e al. Channel [J].IEEE Transactions on Industry Applications,2017,
modeling  and  characteristics  for  6G  wireless 33(5) :5088-5095.
communications[ J ]. IEEE Network ,2020,35( 1) :296-303. ez H
[ 9] WAIT J R. The electromagnetic fields of a horizontal HEIT:
dipole in the presence of a conducting half-space[ J]. T, 1982 FEAETLAT, 2010 A T AU TR
Canadian Journal of Physics,1961,39(7) ; 1017—1028. AR 2 o, B Sz, BRIy ) RAGE AR R 5
[10) @A BWSHE I EY BB R Gt S A
[D]. AR BRI TR KSR 2017. RERE 20,1996 AT IPGIT M, 2018 4T K JRH T
[11] TALAAT M,FARAHAT M A ESSA M A et al. Simulation ~ AR“#AR% 42407, BN B+ B 58 2, 3 BB 5205 16 O 3
of the electric field and the GPR resulting from vertical- A
driven rods earthing system in a multi-layers earth structure i & B,1997 4EAE TR R, 2022 AEFAL R E R
[J]. Measurement 2019 ,132:387-401. RS SN =2 T wee = VAR W/ B e | S A B B X 1| vy [ o v
[12]  BRARE, EA0, T, f i I Him (5 R g A L BT ENG PN EREY (32N

- 381 -



