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Abstract ; Electrode-based through-the-earth (TTE) communication system provides an effective solution for information transmission in
strongly shielded underground environments. The transmitter's load impedance determines the magnitude of the current injected into the
earth and is a key factor affecting the system’s transmission performance. However, under fixed-voltage excitation conditions, existing
through-the-earth communication transmission models typically analyze system performance starting from the current injected into the
formation, lacking a quantitative model of the transmitter-side load impedance, which makes it difficult to guide practical system design.
To address these issues, this paper first develops a load impedance model consisting of electrode contact impedance, wire impedance,
and earth impedance. Based on the physical mechanisms of each impedance component, equivalent circuit models for wire impedance
and electrode contact impedance are proposed, along with corresponding mathematical expressions. By measuring the overall system load
impedance, the earth impedance is separated and extracted, and a nonlinear regression model between earth impedance and soil
conductivity is established, revealing that the earth impedance decreases monotonically with increasing conductivity. Finally,

experimental validation of the proposed model is performed under different electrode geometries, soil conductivities, and transmission
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frequencies. The experimental results show that the predicted values of the model have good agreement with the measured data, with the

average relative error maintained within 8% , and the load impedance is insensitive to frequency variation under extremely low-frequency

operating conditions, verifying the rationality of neglecting the reactance component. This study fills the gap in quantitative modeling of

load impedance for TTE communication systems, provides a theoretical basis for understanding the transmission characteristics of TTE

communication systems, and offers a reference for electrode structure optimization and related system parameter configuration.

Keywords : through-the-earth communication; ground electrode; load impedance model; electrode contact impedance; earth impedance

0 3l

i3

TERRIE 0755 T SRGEE PR B v B v SR A 5
Yol HL, F G0 TG 2R3 A R o X LA RN Y T e L A
H, Yt 37 17 b 38 {5 ( through-the-earth,, TTE ) £ 4t B 238 it
KM FAL AR ( extremely low frequency , ELF) HE i
Yy A RIFI A RE ), 2 S B 2 8] 7] i 15
MARCTFBE . 78 TTE R, K& SHHL AT 0k i i
U5, AR MR RE T B T o) R b P A LA RE
RSt B B BHATT B R TR N K M £ F A L, AT
SRS S IR X R G ABCREIEE . R
PR LR 23, M BH B0 15 5 3 Jl s 1 i DG B AR
FH, HAERAFAE X T 200 TTE {5 8 & etk B A & 5
SCHE A AR B G B H AR ik BEL T R £ B
PO I IR TTE 2 48 A9 6 28 BB A7 RS
BAARASE , AR 220 I LA T R DI A i o 2 B0 T
IHETE R G R MGE AR P RE

I, SCRR [ 6-10 ] S8 325 M 3E 15 {7 18 % K b BE 47t
W B ARG R R J TR ADESE . STk [ 6] 45 1, K
FHAT 322252 Rt Ar o v 352 e, O 5 e S R R e ok
o STHERLT )32, R B BT b L BEL | F B A H 28 4 L
HR/NZ - e RV LA i B AR S5 A0 S5 2 Rl R R 1Y
ZEAFC  SCHR( 8 38 A A A i R A F U A M AR R
SRR TR Y | N BRE S R T R M BH P L U
AR R I E AL, R G R 1 HAES 5 mih i
ML, SCER[ 9 1 BF9E 1 A W) 55 J2 b st BH Bt 5 93
R GRZAOCR , IF il S SR R 1R E S
TEARBHBTA Bt vh BAT AR WA P RE . Sk 10 ] )95
HE FEARARRATUE R P, Kl BELHE = 2y il o v e o A
SRR AL/ 38 T 2 AT AR DGk

RAECAHWIEN RHBEPTHEAT T 2387, (B HAH )i
RGBT — . MHILZT, SCHR[ 11-15] A%
RAEEXT TTE 2 50 010 45 2000 7 2 B BT L6 15 B A ()
HEAT THIFSE . SCHR[ 11 ] 42 Y, #2235 6 A8 BELA0 m] 5544
g E FUA R i BELATC | A b BEL 470 - e BEL e A3 36k 26 B 174 H,
BRARAY H 0 25 BELT 4 1 2t W A B0 3R IR TR
SCHR[ 12 T8 HY  FAR 52 it PP 2 48 F AR 5 R 22 1) R O
R AR TR BE A BELBT 308 E e BE A 43 i R0 R

FRH AP UG I, SCIR[ 13 ] i — 22 9 1 i
R P A TR T R A1 A e R A 426 Ak L 1) 5
V5, o e PR 2 foh BEL BTS2 BRI TR HE 2 kv AR B
IKREFNRIEEE R, SCHR[ 14 ] 1905 53R, Bl
A AR AR, R R 37 B T A | R 4
R BPT R A RBAER T TR SR MR Sk
SHPERE, SCHR[ 15 ]l id SR B0k 1 AL B 45 4 B A
JrAX; TTE R GEE AT B, JF 48 T —Fh
e 3t I A R B R R RRe 9811 8 SR BB 1) O ik, A
T R G rERE

SCHK[ 6-10] FZEHIZE TTE H iy K BHLHT R IT , WA
JiH R AR R DL R R AR S5 A A5 DT T
O HABAC R, 7R T R BT 17 5 2l AR A %
P A EAR A AR, XM 2 T LR
FEGS, Bz WY BEHLI S K 4 5 i A i AT 1 T
T ELF G —Hea Rib s Z2BAHE0ORIRTA IR
Yt PSR, Bz R H A2 ARRE T Y SN 52
5 TR, 2552 Wi PR 28 22 18] )RR 135G 2% 0 R A5 31 58 00 4
7 (AR LA B 3000 Rl BEL 470 P9 22 Al B o v T A
A AR PERERYSEIR o 55— 51, SCHK 11-15 ] B A S 1
X 375 M3 175 2R 48 1Y) 25 A% 0 B BT 88 20 B, 36 o R
718 A FEURR F s BELAC | DA 4t L 70 R -5 2 BEL T £ B 4 A A P
AN | J AR 2% BELATE 20 o L S 5 003 Al £ P g
AR, SR, 30K S BIF 5 1 A S 7. Al BEL 47T A0 P A e f
FELETAS 11 B BILER A HL B AE 20 e 5y e Tk 5, B AR 17 3
RELTCXE LUOKE 1 Al , 3 10 IR 1) 1 325 44 3 £ 2R e Y 5 o 1
REZMT 5 TR AL AL BT, 25 LTI, BUA R 7876 K
FELETC A T (A S0 A3 BT AR 5 T 2 A7 7 E A 5
SRR E RAAVIAEAL . It A 2 dE—F
REAETERML RIS AF T 22 58 20 1) Fit B 4% foh BELA7C | S 2k LT
FOH BT AY T R BELBORERY  y J Gil siw 45 FR BT R G
PEREDC AL PR T 5 A B G A

BT LRI, AR SO Ml A FL R 08 HE A R B
TR ABHSTEAT T RGBT, B, B T AL
o BRI BRI DL B, 57 T 5 2 BE TR H A fih LT
V10 S5k P ARSI ) DA R REL | LSRN Rl A R X BT T
HEAT T 20, I HE S T AR AR IR, S T R
FLUBI — S ST L A B R AE U, Tl I R G S
TR IEAT A2 S i 8 AR S BB, 7 AR A b 73 8 O 1



57 3

T A R R F I M £ AR S R L P 121

RHFRST, PE— P57 T R KRBT 5 i 5k
F ARG AR | S i 20 i1 Kl BE BT %o PR 8 S 4
BIHOREE . e  TEAN TR R LA 45 4 | e S 3
PR A T U0, X B 48 Hh 9 B 2 BT Y R AT T 58
WYL, S5, 125 T e A% Vi A 3t 000 35 bl R
Gen T ARBEBT, B RAF A TREE P, AT o s AR 2 A AR
R FRGS B ERMES %,

1 tEERERGIE MRS A EER

NP1 P e A HE O 3 M £ R SRR 5 A
i LA b AT RO A i, A R 3K S, R SRS HILRE A AR AR
CER Ry 9| R I SN S8 Y= b 7 e SR
Byt RN B SOHLE o G 2 05 R ] 1 S L P
FEok s BhE s

\ S~
N 53
T 2 7]

%l&ﬁ'

3 %mxv\%ﬁ
L rarl st

P U i B I R AT
Fig. 1 Electrode-based through-the-earth (TTE)

communication system

’ J%WEM&

Q1 2 B 2 5 i e o — 0 R R 5 AR 3 J HL bl
LS R A R SR B PO AR [ R
M Z R R 3L e | £ B AR S LT 2, MBSt
Z, VIR ARAE AR RELYT 7, DRLIKG, h oo 4 s M P BB PR O
it Wi AR RGN kR I Z, 2, 5 Z,
S BRI, JfAE A b i — A B A BB BT A B

PR
[

Z
==

‘ V Ze '

K2 b B R MR (E RS
Fig. 2 Electrode-based through-the-earth (TTE)

communication system
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Fig. 4 Electrode contact impedance model
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Table 2 Three representative soil environments and

their conductivities
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under mixed soil structure
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