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The study of in-cave communication was initiated following the disaster in
involving 13 youth football players and their coach, who were trapped inside Tham
Luang-Khun Nam Nang Non cave, Pong Pha subdistrict, Mae Sai district, Chiang Rai
province. This event revealed the limitations of wireless mobile communication
systems on VHF/UHF (Very High Frequency/Ultra High Frequency) frequencies, used
inside the cave for communication and rescue operations. It became evident that
these widely high-frequency radio communication systems were inadequate for
subterranean environments. Consequently, Through-The-Earth (TTE) communication
technology had emerged as a viable alternative. The TTE system involved the use of
earth-grounded antenna, with electrodes placed into the medium to induce electric
currents through the rock layers separating the cave’s interior from the exterior. This
thesis presented a study on the characteristics of electrodes to enhance the
performance of earth-grounded antenna. Prior studies indicated that electrodes with
good electrical conductivity was affected by factors such as material type, shape, and
burial depth-exhibit. Moreover, the mechanical strength of the materials was also
considered, particularly for use in cave environments. In this study, eight different
electrodes designs were analyzed, with the third design, featuring a hexagonal surface,
affected the most favorable results in terms of electrical resistance and conductivity.
According to the hypothesis, a larger surface area reduces the gap between the
electrode and the soil, such as gaps increase electrical resistance. Thus, the study on
suitable electrode characteristics would enhance the efficiency of earth-grounded

antenna in the future.
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- CuSO, vs. Directly Driven Rods
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o
= 40
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E20
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flan: Damiano et al. (2016)
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(2) thuvaBidninsnioanuuuuits 8 sUuuy thantnasfudiass et
wadnsAldunuoufisuivuviadidnlnsaguuuusnedesl §%e Decathlon sdeidu
Sidnlnsndignltauaidumeluladnisdeansuuy TTE Inevimstnuviadidnnsaiiazunis
uAsUTS 8 JULLY flotamAamadunusazauilniesdidnlnen neflssasing
seinauisdidninsnUszanas 60 lwufims muszezanenaaauLA3es LCR Meter B1anTnsn

M e lavinnnsesnuuy uansagui 3.14
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—Ta * | [ vecwiondDecathion sistanesstcm) €3

Units  Smulation | Setup
Pt = | Sokies~

) Vokage and Cumert Monton
) Probes
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Parametes Lt X Messages x
! Peseriotion -1 9 v =

U 3.14 mmdaedlaelSeuiieuiuuiadidnivsavandildiuais

3.3.2 N159A0uIBEANINIANG 8 JUNUY
(1) witdidninanguuuusiunulszg 1995da
14TUsunsu CST Studio Suite 9anwUULALTIa0IBANINTATULUUA?
< a = v I a o’ 9 = = ° L
AuUsey 2995100 Feuandlaseainarasuniadianingndazuil 3.15 Fanan1331aeanudn Al

[

ANNAUYNUYRIBLANTNTA WINAU 4339 + jx1.66 Teviu fiAud 350 kHz fauanaguil 3.16

= s

F99¢lnALAgINTULAS IS UN LD UNWAUS 50 19U wagwUuUNISwEAaIsEUrvaunuluin

(E-field) Fauansguil 3.17



UM 3.15 lassaSaunisdianinsnuuuuiuyszy 2995100
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0 0 (43.4, 5.39-07) Ohm
® 1000 (43.4, 4.75) Ohm
Frequency / kHz

S-Parameters [Impedance View]

q 350.000000 ( 43.398317, 1.663923 ) Ohm

— 51,1 (50 Ohm)

JUN 3.16 wnunwalingsnurisdidninsaguuuuiulszg 1esde

e-field (f=350) [1]
Component Abs

Frequency 350 kHz
Phase 2025°
Cross section A

Cutplane at Y 0000 mm

Maximum on Plane (Plot) 24.0183 V/m

Maximum (Solver) 550,541 V/m

Ui 3.17 sUuuunsusimasssuvaunaliidin (E-field)

wisdianlnsnguuuuiudszq 195dn
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(2) wisBianinsnguuuudniulsey 399500
TdlUsunsu CST Studio Suite @pNKUUKAZIIABIMVIIBIANTNIAFULUUHA
\Audseq 29950a Fanandlaseaiisveuisdidnlnsndagud 3.18 dsuanisdnasemnudn Al
ANNAUNUYBIBIANINTA 1AL 43.39 + x1.66 Toviu fiAud 350 kHz Fauansgudi 3.19
FeaglndiAnatuied ossuiidduiiuaud 50 leviu uazuuunisusmdsszurvauwloi

(E-field) fauansguil 3.20

35U 3.18 laseasnawiedianinsaguuuuiuuseq 295U

S-Parameters [Impedance View]
O 0 (43.4, 5.39e-07) Ohm —— 51,1 (50 Ohm)
® 1000 (43.4, 4.76) Ohm
Frequency / kHz

q 350.000000 ( 43.398924, 1.665217 ) Ohm

JUN 3.19 wrunmaiinesnuiadidninsaguuuuiiuuszy 95t

v



vim

4

684
195
0.555
0158
0.045
0.0128
0.00363
0.00102
0.000274
i 6.226-05
1749008

[
efield (F=350) [1] a
Component Avs
Frequency 350 kHz N -
Phase 25° - ~ —
Cross section A ———r

Cutplane st ¥ 0000 mm

Maximum on Plane (Plot) 240151 V/m

Maximum (Solver] 550563 V/m

U 3.20 sUnUuMsusmEsszuUaualaih (E-field)

wisBaninsaguuuuiuuseq 29astn

(3) uwrisBianinsnguuuudnde#l Bve Decathlon
1dlUsunsu CST Studio Suite panuuULAzTIRRUBIENTNIAFULLY

§1983#1 810 Decathlon Fuanilaseaineunadidninsndagui 3.21 Gawman15diaes

WU ANANUATUNUVRIBLANINTA WU 45.98 + jx1.78 Tavin Aina1udl 350 kHz fauana

JUN 3.22 FeaglndiAesiuiaTeasunflduiiuaugd 50 lovia uarwuun1suRiNdessuly

aunylnin (E-field) ﬁmﬁmgﬂﬁ 3.23

U 3.21 TassaawnisBlaninsnguuuudnedesl ve Decathlon
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S-Parameters [Impedance View]

0 0 (46, 3.37e-07) Ohm
® 1000 (46, 5.08) Ohm
Frequency / kHz

414

Gi 350.000000 ( 45.988938, 1.780286 ) Ohm

— 51,1 (50 Ohm)

v

JUN 3.22 ununmaiivesnuriedidningnguuuusned el 8v

u

® Decathlon

V/m
214
9.5
175
156
136
17
973
779

e-field (f=350) [1]

Component Abs
Frequency 3504Hz
Phase 19125°
Cross section A
Cutolaneat ¥ 2000 mm
Maximum on Plane (Piot] 21.4132 V/m
Maximum (Selver) 642,023 V/m

584
389
195

6205

€aN
=
=

3.23 giJLL‘U‘Uﬂme'ﬁﬂé’aszmuaumh\lﬁﬂ (E-field)

wieBLantnsAgUMUUSNeda#1 Bve Decathlon

(@) wisBidninsnguuuudi a2 Bife Bulldog

14TUsunsu CST Studio Suite BBNLUUKATTIABIBLANINIATULUY
§1989#2 890 Bulldog Fauanslasasnaveuriedifininsanaguil 3.24 Famanisinasanuin
ANAIUATUNIUVBIBLENINTA MU 47.30 + jx1.60 1avi fANUE 350 kHz A alan s

3UM 3.25 FeaglnalAssiuniossuniduiivaud 50 levin wuunisudidassurvawuli

(E-field) Fananaguil 3.26
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v

JUN 3.24 lassaiaunisdianivsnguuuudnades2 8ve Bulldog

S-Parameters [Impedance View]

0 0 (47.3, 2.29¢-07) Ohm
® 1000 (47.3, 4.6) Ohm
Frequency / kHz

—— 51,1 (50 Ohm)

q 350.000000 ( 47.308347, 1.609739 ) Ohm

JUN 3.25 wrunEInYIsnuLeBianinsaguwuunsd w2 8ve Bulldog

u

e-field (f=350) [1]

Component Abs i

Frequency 350kHZ

Phase 180" 2
Cross section A

Cutplane at ¥ 0000 mm

WMaximum on Plane (Rlot) 211076 V/m

Maximum (Solver) 451574 V/m

Ul 3.26 UuUUMsWHEssuUaualiin (E-field)

Yoauvadidninsnguuuudnades2 8ve Bulldog
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(5) waBiaNINsAgURUUS1BIH3 JUwU Y
14TUsunsu CST Studio Suite PBNLUULAYTIADIINBLININIATULUY
8198943 JUMUU Y Fauandlaseadnaveawiadianinndsguil 3.27 Samanisdiasanuin A

AUAUVNUYEIBIANINTA WU 43 + jx1.68 Tevin A1l 350 kHz Aawansguil 3.28 39

'
[

glnAAsaiuLAS aaSUNTduRLANS 50 1ot wuun1swEAdIsEUvauutnin (E-field)

AIUARITUN 3.29

JUN 3.27 lassadaunieBlaninnguuuud198e#3 JUuuy Y

S-Parameters [Impedance View]

O 0 (43, 5.69e-07) Ohm
® 1000 (43, 4.83) Ohm
Frequency / kHz

—— 51,1 (50 Ohm)

Gi 350.000000 ( 43.008155, 1.689705 ) Ohm

JUT 3.28 wnunNalivy3NuBianinsaguuuus s sH3 Juwuu Y
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efield (f=350) [1]
Component
Frequency

Phase

Cross section
Cutplane st ¥

Maximum on Plane (Piot) 287773 V/m
Maximun (Selver) 342593 Vim

U 3.29 sUuuUMswmdsszuvaulii (E-field)

VDIUVIBENIMINFULUUE1BI#3 JULUY Y

(6) Lwiaﬁl,ﬁnimmgmmuﬁ 1
141Usunsu CST Studio Suite BonuUULATTaBIUviaBIARINIATULUUTA 1
Fauandlasearsveausiadidninsadagudl 3.30 Fananisdiaesmuin ArnudumIuYes
Bidnlnsm winfu 42.31 + x1.66 levia fimwd 350 kiz fauansguil 3.31 SsaglndiAsait

= 6

WS DISUNTAUNLAUT 50 1o ULaghuUNISLEA1aaszuIvauIulii (E-field) Aawans

U7 3.30 lassadauvisBianinsnguuuuil 1
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S-Parameters [Impedance View]

0 0 (42.3, 6.2e-07) Ohm
® 1000 (42.3, 4.76) Ohm
Frequency / kHz

—— 51,1 (50 Ohm)

Gi 350.000000 ( 42.316441, 1.666750 ) Ohm

JUT 3.31 ununnaiivasvveswviedianinsaguiuuil 1

e-field (f=350) [1]
Component Abs
Frequency 350 kHz
Phase 125
Cross section A
Cutplane at ¥ 0.000 mm
Maximum on Plane (Plot) 223633 V/m
Maximum (Solver) £39327 V/m

sUT 3.32 sUuvumswimsseunvaunaliin (E-field)

Youviedianinsaguuuui 1

(7 LLﬁQSLﬁﬂImmgﬂquﬁ 2
141Usunsa CST Studio Suite sonuUUUAzdABIUYIsBIENTNIATULULT 2
Fauandlassairsveausiadidninsadagud 3.33 Fsnanisdrasmuin ArnusumIuYes
Bidnlnsm Winfu 37.93 + jx1.63 Tevia fiAwA 350 kHz Sauanaguil 3.34 FsaglndiAaiiy

WS RISUNTAUNUAUD 50 Lot ukazkuunNIThE AaeszuIvauInlnin (E-field) Maunans



JUT 3.33 lassainawvisdianinsnguuuuil 2
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S-Parameters [Impedance View]

0 0 (37.9, 9.28e-07) Ohm
® 1000 (38, 4.67) Ohm
Frequency / kHz

Gi 350.000000 ( 37.936276, 1.636663 ) Ohm

—— 51,1 (50 Ohm)

sUN 3.34 LLmumwaﬁmm%mmLLmﬁLﬁﬂIwiﬂgﬂLwUﬁ 2

Y

Aps
350 kHz
225"
A
0000 mm
Maximum on Plane (Piot) 22,5328 V/m
Maximum (Solver| 338765 V/m

SUT 3.35 sUuvumswimdsszunuaunaliin (E-field)

VoIuaBianinnguuuuil 2



40

(8) wisBianinsnguuuui 3
TdlUswnsu CST Studio Suite aNKUUKAZTIABIMIBENIMIAFULULT 3

Fauandlasaas1avaaeBianingadeguil 3.36 FIHANITTIADINUIT AIAIUAIUNIUTDY

Bidnnsn Wiy 39.50 + jx1.69 Teviu fimmid 350 kHz Fauansgudl 3.37 FeazlndiAsiu

'
a

4‘ o
AT BNTUN

a 6

TouNwaud 50 TouwashuuniIswiidassurvaurulnin (E-field) Aawang

U7 3.38

JUN 3.36 lassasnawvisBidninsnguuuuil 3

S-Parameters [Impedance View]
0 0 (39.5, 8.21e-07) Ohm —— 51,1 (50 Ohm)
® 1000 (39.5, 4.85) Ohm
Frequency / kHz

q 350.000000 ( 39.507301, 1.697435 ) Ohm

JUN 3.37 ununnaiine1snveriedidninsaguuuun 3
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vim
222
202
182
162
141

104
8.8
606
404 —ff
2.02
9.08e-07.

e-field (F=350) [1] a
Component Abs
Frequency 350 kHz

1.25°

A

0.000 mm
lane (Plot) 222118 V/m
Maximum (Solver) 574001 V/m

U 3.38 JUnuUM s sszuuauslidih (E-field)

VouvaBianInIngULUUT 3

A5 3.9 LAAIHANISNAFDUAIAINUA1UNIUBALAIAIULE 83U TaeldlUswnsy

CST Studio Suite

wriedianinga R/Q x/Q
FiuUseq 29930 43.39 1.66
AuUszq 299500 49.81 1.82
sULUUE9Be#1 B0 Decathlon 45.98 1.78
sULUUE9Be#2 B0 Bulldog 47.30 1.60
JULUUB19B#H3 SULUY Y 43 1.68
gULLUUﬁ 1 42.31 1.66
sULUUT 2 37.93 1.63
gULLUUﬁ 3 39.50 1.69

q‘ i a v & a e o
NHITNY 3.9 WU aLaﬂI%iﬁzﬂLLU‘Um’JLﬂ‘U‘UiB’Q 15LUA ANUNFNVIINUANNT

a

Fufulssaiidsauuigiunsazandszgbiiivaredianinge lngldassiauuseulnnium

9 <9

[

Taluluwisdidninsaieiunisiiulszqldegraudiui mntuiavasenszuanindlauluds

N 1 °

TIUINNUTT TAANUAUNIUAT AU 43.39 + jx1.66 Teviu luvaeBianinsaguwuudaiiu
U5¢q 299500 TAnAnuiuniueinndt Wiy 49.81 + jx1.82 ey uazilefiansanainiy
AumunuBidninsaguiuuuiaiusey 29ada da1anudiunuingt iliauuignu

1Y

nsldansuussdlnmuedalimanudumuanas g33elddmdnnisnisiiumidua



a2

Y a

ileananuiuiddtinsfnunuauifvedidnlnsnguuuudedest Bvo Decathlon
wazgUnUUSn9Be#2 8o Bulldog d981dnInsavsaesgUuvuiiidnuusadiodiu nande
fapanthduda widlanuunnsisifanuazaiuenveusiadidningn lndianlnsnguuuy
$1989#1 §%o Decathlon WuindAANF UMY WU 45.98 + x1.78 Yeviu Tuved
guannsnsuuuudned w2 %o Bulldog fA1AIMUEIUNIL WIARY 47.30 + x1.60 Tawi
auuAgiuA1ANuiunuYesBIannsndnedas §ve Decathlon AndBidninsagunuy
§19B89#2 8% Bulldog 1ilaea1ndidnlnsndnede#1 e Decathlon SAuefininnindad
fuftdudannnnin maidesldvhmafamidudanazeenuuudidnTnsaguuuugedens
sULUU Y uddliamdiiuniu winfu 43 + x1.68 Teviu dadulunwausfigiuvesnisiiia
wiirduta vilidauiuanandaiisuiudianinsndsd st §9e Decathlon uaz
Sidnnsndneden2 B4 Bulldog FiTedsldmusndeyauazihuimundidninsaguuuud 1
WU ArANFIUNIULINRY 4231 + jx1.66 Teviu Tuvazdidninsaguuuudl 2 fday
Fumuwihiy 37.93 + x1.63 TeviuuazBianlnsnguuuuil 3 AAnusuviniy 39.50 +
jx1.69 Tovia muddy dsduniutngUszasdueaf3doiiafosnsAnyUseAnsnmaas
Sidnlnsadislandufiuauden ilethluldamasslunisdearssuuuy TTE Ssamnsaagulei
MnMadeulsEAnsninuesdidninsadildsunisoonuuuiionmn 8 sUBUY H1ulUsunsy
CST Studio Suite Wu3uvisdidnlnsagunuud 2 1Judidninsadifiusza@nsaingeiian
dewSsuifisurudidninsaiildiunsesnuuusuuuudug Wesanilmanuiuniusiiian

WU 37.93 + x1.63 loniy

3.5 &3l

anand owdi I nanaluundldes ursdenisfnuinisesnuuuuarn uaua
vos81inlnsndl dsmasenruduniu Tngldiauenisdnudnvausuaze uauld
vosdidnInsnduAvuszq 29asiln difudseq 299300 JULUUS9Be#1 %o Decathlon
sULUUSNaB9#2 Bvo Bulldog JUNUUENSBe#3 ULUY ¥ Faferdudidninsadunuuiitlug
nseenuuuBiEninaationun 3 sUuu Tneldlusunsunseanuuy SOLIDWORKS 91ntuth
Buninsnfioonuuuiia 8 sUuuy lunaaeuvssansamlngldlusunsy CST Studio Suite Tu
undsllasfunmiauenimaaesUssansnmvesdidninaluiiuiiviuasnnitauons
nsnaaesnsididninsaildfuniseonuuunasiivszans nmafigaluldauaielunis

doansuuiuAunaznglugusUiuuNSaeaIswu TTE
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NaN1INAEdU

4.1 uni
Tuns@nuiaudnuuzvesdidninandimnsauil euuusssans nmdmy
awornmeanvuilsasiiulan Tuuniasdunsinavenimaasuiionararuduniu
vosBudnlnsntionun 8 sULUU rumsveassuuiiuiuats Tasdndnnisididnlnsndiden
AN wagildnivesnszualiihganssaltauldd sufannididninsediiiu
nsnaaeslariidiarudumuiiigaluldlunsmaassszans awanssudyanasin
sULUY TTE sewinsufuuazanglugluaniuiiods wedmailduniauiuazesniuy

a a vy a a AaX
dannsalntuseansamnnuuy

4.2 n1svaaRawIUsEaNSA Twasdianinsa
4.2.1 psesieonldlunisiaraugiuntuvesdidninga

4.2.1.1 wsasiladnueadonsnines (LCR Meter)

g‘dﬁ 4.1 LCR Meter $u BK Precision 894
BK Precision 894 L3 uta3 893 LCR 7 fAa1uutug1gs arm1sadnen
mumieh Aanuguazataudunulii vesgunsaiuayian lasanuisaianamd
faust 20 Hz s 500 kHz uATeAdsEIdenldnueTestotatinlflurunnass Faazuang
sUgUnsaifaguil 4.1 uazuansteyamameiinidosiurendosiio¥n LCR Ju BK Precision

894 fpn3197 4.1



a4

M57 4.1 wanadeyantunaiinlewuveuniasilodn LCR Ju BK Precision 895

AMANWME YUIANTOAN
Frepnuiveaeu 20 Hz - 500 kHz
ANDUNLAUS 509
AuENURNTIA L, C, R
uviaadgla 110/220 VAC
vt 5kg

4.2.2 TUABUNITNARBIAIANUAIUNUVRBLANINTA

msnaassiiteinr1ANuiunuesBianTnsausar sULUUAMeERE LIS
oonuuuty {33l dunisnaasuifiofadenusuniuvesdidninsausas suuuulneld
1309 LCR Meter 1iuin3 osflolunisindimnudiunuvesdidninsaiieiuouiiouiu
Favuadiuau 8 Juuuy §iselfdentufifunisiiduiilduds mndudiumsvaaedaetn
Sidnlnsnguuuuedes1 Do Decathlon LuBidnTnsandn udnhaidnlnga 3n 7 Uy
nasiiufualuauasunnsuuuy Tnsfiszesiannuisdidninsandnyszan 60 ou. fagu

71 4.2 §95519a2L09ATUNDUNISVAABILAATIUADY AIT

LCR Meter
BK Precision BK§95

JUN 4.2 UARININNITNAABIAIAINFUNIUTDIBIANINTATA 8 JULUY



45

(1) Avuanuiinldlunisvaass Inedowdinunildalas tWedeinisantadeuniy
Wy Jadugiivsvma Jaduannnisasviouvesdyaas deduuinaiiaenldne

aunumgnelunminese flleumngauaueuluiinalitedu

SUT 4.3 LaAININEIEANITUNUTNITNARDIAIANNAILNIUYDIDLENINTA

u

(2) gunsaifi I lunisnaaes Usenaudae Sidnlnsadanun 8 gUuuu laun

a o

1) Bdninsaguuuudunulszy 1asdia 2) Sidnlnsnguuuudaiuysey 19930a 3)8ianTnn
JULUUS98a#1 1ie Decathlon 4) Bianlnsngunuud1ede#2 8via Bulldog 5) Siinlnsn
JULUUE989#3 JULUL Y 6) Braninsagunuudl 1 7) Bdnlnsaguuuudl 2 uas 8) Bidninsn

JULUUR 3 laeldipSasinaanudmumu (LCR Meter)

5UN 4.4 130308 U BK Precision 894 fldlunisnaaesinAiaiusiiuniuy

U

a &
99BLaNLNTA
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(3) dndunsnaaednetndidnininguuuusneda 1 Bve Decathlon Wudianinsn

wan nduididninsndn 7 3Uuvudnasiuduiuluauasunngluuu lnedszesing

INBLaNINIANANUSZUIY 60 . haztiaIainmuAIunIL (LCR Meter) 117AA1A1Y

v a ' <
AUMNUTDIBLENINITALARZ FULUUAUATUNS 8 JULUY

JUT 4.5 wansnsveaeinauiunuvedidnivse

4.2.3 HANTSNAADIAIANUAIUNIUYDIBLANINTA

A15799 4.2 WARINANISNNADIANAINUATUNIY AANULYLEaEAIALUN TN

wieBLanlnsa R/Q x/Q S/mS
fiulszg 1995.dn 1940 -3970 0.0991
Fafulszy 299500 81.18 -4.069 12.28
sULUUEB# 1 B9e Decathlon 82.23 1.5 12.159
sULuUEaBa#2 B¥e Bulldog 87.27 -6.81 11.38
JUMUUDN9BIH3 JULUU Y 77.79 -2.74 12.85
sULUUT 1 81.59 -2.01 12.239
JULUUT 2 73.23 -1.25 13.645
sULUU 3 71.61 -1.24 13.96




ar

Y ! \ a & v & A o o i

NMTNN 4.2 WU wiedianinsaguiuudinulsey 1995l Wedaneasuan
AMUAUNIUTDIBENINIAMENNTEAINUAUITI NUIAIANNAIUNIY WU 1940 -jx3970
loviu Fedoindarudunmuiiasnn wagdaraaudiliin windu 0.0991 S/mS lagame

'
a =

AnnideileBidninsaasiiufuads nezuadlnaruuisdidninsalulifsiuusnadiuio
fdidninsndudany vilirnanudumugalivsnziultlunuise luvugididning
susuuALfiudsey 29a5tn daranudiuniudosnin windu 81.18 - jx4.069 To wazAl
Anutilalii winfu 12.28 S/mS iefiansanarmiudumunuindidninsaguuuuiaiv
Ustq 29950aflArANuFIunIuaInI wnsBidnTnsaguuuudafudseq 299510 il
aufgiu msldasuudeulymiunitetigandinuiunuduliduase mnduneide
elsrjaiuiindnnisnisifiamihdudaiioanaanuduniu Jelévinnmeaeudidnivan
sULUUSaBs#1 B3 Decathlon HANAMNAILNIY WAy 82.23 - jx1.5 Tesiu fldranmt
Iyl Wiy 12.159 S/mS BidntnsagUuuudnedas2 Bve Bulldog SlFAnusumiu winfu
87.27 - x6.81 lovin waziianuinlnila windu 11.38 S/mS Sianinsnguuuused a3
sULUY Y deanudmumusiiiiu 77.79 - jx2.74 Tevid daanuihlni wihiu 12.85 S/mS
Bidninsaguuuuil 1 feauiumiu wifu 81.59 - x2.01 Teviu fleanuthlii wiity
12.239 5/mS BLénTnsnguuuuil 2 fdmmsuniu widu 73.23 - jx1.15 Teviu wagilen
mnuthldih Wiy 13.645 S/mS uazdidnlnsnguuuud 3 firrauduniu winfu 71.61
~ jx1.24 Toviu wazdarmauthluila Wiy 13.96 S/mS audsu 9 nuan1snaaeiion
UsgAvBamenaudumuresdiininsasionmn 8 suuuu Tneisnsthasiufuanunsoagy
1691 Bdninsaguuuuiiiuysey 193500 wazuiadidninsnsuuuuduiuuseq 219930n
limnzauiagimildnumsedidiamudiuniugs wazannismaaeuiInLFuNIuYes

v w1

TUswn5U CST Studio Suite Tuuni 3 wanslidiunnIsiiartnduiadaaliainud LNy

v
v v a

antiauad Wetundn15nnaeanmUsednsamAIAILAUNINAINTLALATT AeluBianingg
JULUUT 2 way gUuuLn 3 Fedudidninsanfivszdnsanuasiinumunzaniazinluldly

nsnaaeensaeanssuiuy TTE sendniiufuuazniglunn nedinguszasdvesnuidene

9

[ a

WielUSeulilsulssavsnmnssudyanesdidninsalussuunisdealssuiuy TTE
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4.3 msneaeaienUszansamnsiudynyiaveddninsaluiuiazg

lesainsruunisdeansidanesUuuy TTE WusUuuunisdeansd blunas

N v e

Annedeasseninfiufunaznigluat §iTedslaididninsafiliunisnaasuasnuind
UszgdnSamlunisihunldauase laun Sudnlvsaguuuud 2 waes gUuuui 3 laed

(% a

noUszadiionaaeulszdnsamuazilieuiisuainsiudyarududidninsaguuuuy

Advaow o«

§198a#1 8% Decathlon Fududidnlnsaildsuluiuiats Insanui igisoidonl iy
anudilunismnaoai omdszAndnmnisfudygnmesdidninsasis 3 sUkuy dun
swseves luitufiugnerudimarsquiiunsuou famdadesns uazamszTiung
Faniafiwaylan

431 nsesdiefildlunsiaAranudtuniuvesdidninse
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An Experimental Study of Electrodes for

Through-The-Ea

ABSTRACT 0

h 350 kHz MF Communication

This paper proposes an experimental investigation of electrodes for Medium Frequency (MF) communication Through-The-Earth (TTE) at an operating frequency of 350 kHz. The
electrodes are spiked into the ground at the end of each earth-grounded antenna lead. The experiment includes a transmitter system and a receiver system, and the received signal power, conductivity,
and impedance are measured using a spectrum analyzer and an LCR meter when the type and number of electrodes are varied. The results show that different electrode types impact conductance

and i with higher ivity and lower it

electrodes receiving greater signal power compared to other electrodes. Moreover, increasing the number of electrodes enhances
the system's ability to receive higher signal power due to improved conductivity and lower impedance, bringing it closer to the i of the radio i of

These are the i

selecting suitable electrode types and numbers for optimal signal transmission and receiving in TTE communication at 350 kHz.

Keywords : Medium frequency, Electrode, Through-The-Earth.

I. INTRODUCTION 0

For many years, researchers have studied and developed the Through-The-Earth (TTE)
communication technique. Initially, this technique utilized radio signals below the VLF band
transmitted by a large antenna on the earth's surface through the earth layer to the underground
mine. Two electrodes connected to soil or rock at both the transmitter and receiver were used to
discharge an electric current into the earth's surface. However, the electrical field generated from
current intensity exponentially attenuates from the earth's surface, and this attenuation increases
proportionally to the frequency. Hence, lower frequencies are ideal for TTE communications [1-3].
Nevertheless, frequencies within the range of 20-290 kHz used for cave communications can interfere
with the subsistence of bats in the cave and, consequently, harm the cave environment. Therefore,
opting for the lowest possible frequency at 350 kHz, the beginning of the MF band, was necessary
to avoid this interference.

In TTE communication, the transmitter uses a pair of ground electrodes located at the.
end of an earth-grounded antenna to inject an AC current into the earth. The electrodes are.
connected by lines of current that create equipotential surfaces around them. The penetration of
the current through the earth depends on the signal frequency and the conductivity of the soil [4].
Metallic rods are commonly used as electrodes for the surface unit, while copper braid immersed
in water or buried in the mud is preferred for underground stations.

In this paper, we experiment with the impact of different electrode types and numbers
on Medium Frequency communication Through-The-Earth at 350 kHz. They measure signal power,
conductivity, and impedance and find that high-conductivity and low-impedance electrodes
receive the highest signal power. Additionally, increasing the number of electrodes leads to.
higher signal power and lower impedance. The results show the significance of selecting appropriate.
electrode types and numbers to ensure efficient signal transmission and reception in TTE
communication.

II. EXPERIMENTAL SYSTEM AND RESULTS /—O

At first, the experimental setup for Through-The-Earth communication for measurement of
the received signal power includes a transmitter system with an earth-grounded antenna featuring
a V-shaped electrode and an SMB100B signal generator, as well as a receiver system with an
earth-grounded antenna using a different type of electrodes such as V-shaped, Y-shaped, X-shaped
and a Rider FPH spectrum analyzer, as shown in Fig. 1.

SREC iae lei

Fig. 1. TTE experimental system. Fig. 2. The experimental area

™ SN I == nl
Signal [ carth Grounded \ | Earth Grounded Specttun
Generator rl Antenna ‘ ‘ 'I Antenna ' Analyzer |

Fig. 3. The block diagram of the TTE experiment.

The experimental setup at the Suranaree University of Technology as shown in Fig. 2-4.
involves transmitting waves through the earth from a grounded antenna with V-shaped
electrodes at both ends, which is spiked into the earth and operates at a frequency of 350 kHz
with a transmit power of 15 dBm. The distance between the transmitter and receiver systems is
30 m [4]. The receiving system includes a grounded antenna with different types of electrodes,
including V-shaped, Y-shaped, and X-shaped, which were adjusted to measure the power received
by a spectrum analyzer and to measure conductivity and impedance using B&K Precision 894 at
350 kHz. The impedance of the ground electrodes impedance model consists of wire impedance,
earth impedance, and contact electrode impedance.

Table I shows that the V-shaped, Y-shaped, and X-shaped electrodes received signal powers
of -54.8 dBm, -55.1 dBm, and -54.1 dBm, respectively.

The impedance values for the dlﬂeren( elz:lrodz shapes were BB 80125 8 Ohm, ZZO 4
+j39.4 Ohm, and 195.47+j39.4 Ohm,
were 4.11 mS, 4.48 mS, and 4.91 mS, respectively. Therelore, the X- shaped elmmde had the hlghm
signal power due to its high conductivity and low impedance.

After that, we measured to investigate the effect of increasing the number of V-shaped
electrodes on the received signal power, impedance, and conductivity. The experiment involved
varying the number of V-shaped electrodes from 1 to 6 electrodes arranged in a star formation,
as shown in Fig. 5.

Table 1 shows that increasing the number of electrodes led to higher conductivity and
lower impedance. Specifically, with six V-shaped electrodes arranged in a star pattern, the
received signal power increased by 6.1 dB to -48.7 dBm. Additionally, the impedance value of the
6 electrodes is close to that of the radio transceiver, which is 50 Ohm. Therefore, no matching
circuit is required before connecting to the radio transceiver.

Table I. The Experimental Results

Type of Hectrodes ' (a8m)
Vahaped 548 3984258 an
Yshoped 551 = 2044394 448
Xshped 41 4

Table I. The Experimental Results of Incrreasing the Number of V-Shaped Electrodes

(dBm)

T 518 298258 @
| E | 0 1211458 &7
3 504 234629 739
4 494 7144648 76
o & e 6844656 761
6 487 6164662 3

III. CONCLUSIONS 0

This paper investigation of electrode ions for Medium

Frequency communication Through -The-Earth at 350 kHz. The electrodes are connected to
earth-grounded antennas and spiked into the ground. The experiment includes a transmitter and
receiver system, with a spectrum analyzer and LCR meter used to measure received signal power,
conductivity, and impedance for different electrode types and numbers. From the experimental
results, we found that electrode type significantly affects conductance and impedance, with
higher conductivity.and lower impedance electrodes receiving higher signal power than others.
Additionally, increasing the number of electrodes improves the system's ability to receive higher
signal power by enhancing conductivity and reducing impedance. The impedance value of the 6
electrodes is close to that of the radio transceiver, which is 50 Ohm. Therefore, no matching circuit
is required before mnnemng to the radio transceiver. This expenmeuul study is the importance
of selecting electrod ions for optimal lission and reception in
TTE communication at 350 kHz.
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Abstract— This paper proposes an experimental
investigation of electrodes for Medium Frequency (MF)
communication Through-The-Earth (TTE) at an operating
frequency of 350 kHz. The electrodes are spiked into the ground
at the end of each earth-grounded antenna lead. The experiment
includes a transmitter system and a receiver system, and the
received signal power, conductivity, and impedance are
measured using a spectrum analyzer and an LCR meter when
the type and number of electrodes are varied. The results show
that different electrode types impact conductance and
impedance, with higher conductivity and lower impedance
electrodes receiving greater signal power compared to other
electrodes. Moreover, increasing the number of electrodes
enhances the system's ability to receive higher signal power due
to improved conductivity and lower impedance, bringing it
closer to the impedance of the radio transceiver. These are the
importance of selecting suitable electrode types and numbers for
optimal signal transmission and receiving in TTE
communication at 350 kHz.

Keywords—Medium frequency, Electrode, Through-The-
Earth.

1. INTRODUCTION

For many years, researchers have studied and developed
the Through-The-Earth (TTE) communication technique.
Initially, this technique utilized radio signals below the VLF
band transmitted by a large antenna on the carth's surface
through the carth layer to the underground mine. Two
electrodes connected to soil or rock at both the transmitter and
receiver were used to discharge an electric current into the
carth's surface. However, the electrical field generated from
current intensity exponentially attenuates from the earth's
surface, and this attenuation increases proportionally to the
frequency. Hence, lower frequencies are ideal for TTE
communications [1-3]. Nevertheless, frequencies within the
range of 20-290 kHz used for cave communications can
interfere with the subsistence of bats in the cave and,
consequently, harm the cave environment. Therefore, opting
for the lowest possible frequency at 350 klz, the beginning of
the MF band, was necessary to avoid this interference.

In TTE ec ication, the tr uses a pair of
ground electrodes located at the end of an carth-grounded
antenna to inject an AC current into the earth. The electrodes
are connected by lines of current that create equipotential
surfaces around them. The penetration of the current through
the earth depends on the signal frequency and the conductivity
of the soil [4]. Metallic rods are commonly used as electrodes
for the surface unit, while copper braid immersed in water or
buried in the mud is preferred for underground stations.

In this paper, we experiment with the impact of different
clectrode types and numbers on Medium Frequency
communication Through-The-Earth at 350 kHz. They
measure signal power, conductivity, and impedance and find

XXK-K-XXXX-XXXX-X/XX/$XX.00 ©20XX IEEE

that high-conductivity and low-impedance clectrodes receive
the highest signal power. Additionally, increasing the number
of electrodes leads to higher signal power and lower
impedance. The results show the significance of selecting
appropriate electrode types and numbers to ensure efficient
signal transmission and reception in TTE communication.

II. EXPERIMENTAL SYSTEM AND RESULTS

At first, the experimental setup for Through-The-Earth
communication for measurement of the received signal power
includes a transmitter system with an earth-grounded antenna
featuring a V-shaped clectrode and an SMB100B signal
generator, as well as a receiver system with an earth-grounded
antenna using a different type of electrodes such as V-shaped,
Y-shaped, X-shaped, Tray-shaped and a Rider FPH spectrum
analyzer, as shown in Fig. 1.

— (n————a

Receiver §
350 kHz 1

—n—e
Transmitter el
350 kHz !

Fig. 2. The experimental area.
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Fig. 4. The block diagram of the impedance and conductivity experiment

Fig. 5. The 6 electrodes in star formation.

The experimental setup at the Suranaree University of
Technology as shown in Fig. 2-4. involves transmitting
waves through the earth from a grounded antenna with V-
shaped electrodes at both ends, which is spiked into the earth
and operates at a frequency of 350 kHz with a transmit power
of 15 dBm. The distance between the transmitter and receiver
systems is 30 m. The receiving system includes a grounded
antenna with different types of electrodes, including V-
shaped, Y-shaped, X-shaped, and Tray-shaped, which were
adjusted to measure the power received by a spectrum
analyzer and to measure conductivity and impedance using
B&K Precision 894 at 350 kHz.

Table I shows that the V-shaped, Y-shaped, X-shaped,
and Tray-shaped electrodes received signal powers of -54.8
dBm, -55.1 dBm, -54.1 dBm, and -69.3 dBm, respectively.

The impedance values for the different electrode shapes
were 239.84j25.8 Ohm, 220.4+j39.4 Ohm, 195.47+j39.4
Ohm, and 241.1+j1000 Ohm, respectively. The conductivity
values for the electrode shapes were 4.11 mS, 4.48 mS, 4.91
mS, and 0.261 mS, respectively. Therefore, the X-shaped
electrode had the highest signal power due to its high
conductivity and low impedance.

After that, we measured to investigate the effect of
increasing the number of V-shaped electrodes on the received
signal power, impedance, and conductivity. The experiment
involved varying the number of V-shaped electrodes from 1
to 6 electrodes arranged in a star formation, as shown in Fig.
5

Table II shows that increasing the number of electrodes
led to higher conductivity and lower impedance. Specifically,
with six V-shaped electrodes arranged in a star pattern, the
received signal power increased by 6.1 dB to -48.7 dBm.
Additionally, the impedance value of the 6 electrodes is close
to that of the radio transceiver, which is 50 Ohm. Therefore,
no matching circuit is required before connecting to the radio
transceiver.

TABLE L THE EXPERIMENTAL RESULTS
Type of Received Impedance Conductivity
Hon Signal Power (Ohm) (ms)
ectrodes
(dBm)
V_shaped 548 239.8+]25.8 411
Y-shaped -55.1 220.4+j39.4 448
X-shaped -54.1 195.47+j39.4 4.91
Tray-shaped 69.3 241.1+j1000 0.261
TABLEII. THE EXPERIMENTAL RESULTS OF INCRREASING THE
NUMBER OF V-SHAPED ELECTRODES
Received Impedance Conductivity
1;"5“;"‘%" Signal Power (Ohm) (mSs)
of Electrodes (@Bm
1 -54.8 239.8+j25.8 4.11
2 _51.9 121.1+j58 6.7
3 -50.4 92.3+j62.9 7.39
4 -49.4 77.4+]64.8 7.6
-] -49.1 68.4+j65.6 7.61
6 -48.7 61.6+j66.2 7.73

III. CONCLISIONS

This paper proposes an experimental investigation of
electrode  configurations for Medium  Frequency
communication Through-The-Earth at 350 kHz. The
electrodes are connected to earth-grounded antennas and
spiked into the ground. The experiment includes a transmitter
and receiver system, with a spectrum analyzer and LCR meter
used to measure received signal power, conductivity, and
impedance for different electrode types and numbers. From
the experimental results, we found that electrode type
significantly affects conductance and impedance, with higher
conductivity and lower impedance electrodes receiving
higher signal power than others. Additionally, increasing the
number of electrodes improves the system's ability to receive
higher signal power by enhancing conductivity and reducing
impedance. The impedance value of the 6 electrodes is close
to that of the radio transceiver, which is 50 Ohm. Therefore,
no matching circuit is required before connecting to the radio
transceiver. This experimental study is the importance of
selecting appropriate electrode configurations for optimal
signal transmission and reception in TTE communication at
350kHz.
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