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FREQUENCY IN CAVES. THESIS ADVISOR: ASSOC. PROF. RANGSAN WONGSAN,
D.Eng., 163 PP.

Keyword: Cave communication/Wave propagation/Modeling/Simulation/Cave

The development of wireless communication technology within caves is still a
challenge due to the physical characteristics of natural caves with non-uniform and
complicated passages. The study of wave propagation inside a cave or tunnel in
the past will be compared to waveguide theory because cave walls are electrically
conductive. However, the waveguide model is limited as the cutoff frequency,
determined by cave dimensions, attenuates frequencies below it. Despite theoretical
limitations, lower frequencies can propagate in practice. Therefore, this thesis presents
the modeling of RF wave propagation for low frequency in caves based on experimental
study. The experimental study of the wave was measured at Chiang Dao Cave
(limestone) and Patihan Cave (sandstone) to analyze factors, propagation mechanisms,
and wave behavior at frequencies 300, 1000, 1650, 2325, and 3000 kHz, which are low-
frequency (LF) and medium frequency (MF). The experimental results were used to
develop a model for low-frequency wave attenuation within caves. The model assumes
low-frequency waves can penetrate cave walls due to surface depth, increasing the
electrical dimension. In addition, high-resolution 3D cave: models were used to
calculate the physical characteristics of the proposed model and further simulations
using CST software. After that, comparisons between experimental results, the
waveguide model, the proposed model, and CST simulations showed that the
proposed model provides the most accurate attenuation values. The proposed model
can be used to develop software for calculating the attenuation of low-frequency wave
propagation inside the cave from other cave models. In conclusion, this research has
significant implications for improving communication strétegies in caves, tunnels, and

underground mines, paving the way for future low-frequency wave applications.
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finn Kjeldsen and Hopkins (2006) lsiausnisnaassnisuninszateaduing
aeluglusdlnennasuluglndfignaned udmsueelnufoRnsmammsuuiiuiides
(Military Operations on Urban Terrain: MOUT) vesUsginaansgoruin auideidldvnis
yaaosiglusslunuIseduaen (Line-of-sight: LOS) warlailguuaseduaisni (non-line-

of-sight: NLOS) sauansluguil 2.2 finnud 374 MHz, 915 MHz, way 2400 MHz

® L-Bend
T-Junction
Test Equipment
Antennas

(@)

'g'dﬁ 2.2 MN5NA@aUd Kjeldsen and Hopkins (2006)
(1) uWUEININAEDU (1) JUTIRBININAGDY
Fian: Kjeldsen and Hopkins (2006)



11358204 Kjeldsen and Hopkins (2006) 143501531519 inadnsii lade
flaiduemnutunsmidadureshdensuldroszosmadieuvandunsgaydodessornsds
LﬂuizLﬁﬂﬁ%lﬁmﬁumiﬁmammLa%%ﬁwé“ﬂmsqﬁglﬁal,ﬁuma (Path loss exponent) @115
MsAnwILUUTIABINISUNINSENEAAY (Rappaport, 2002) 915U 2.3 wanwiietnanans
naaeunsgadeidunislunu LOS wazlugud 2.4 uansnsinnsgadordunislunun
NLOS fidszneulusnediu LOS wag NLOS Feduiiuatauuiasnffediuldsgusiuea

9139 L-Bend lngluinenfinusatuilaldsyidsuisdlunis@nwiniswnsnszaneaaunigluan

¥ 1 U
MIYLVUNU
160 -
-+ =374 MHz
-+ =900 MHz
140 2.4 GHz
Linear (374 MHz) 0.8 dB/ft @ 374 MHz
120 Linear (200 MHz) I-‘ —
Linear (2.4 GHz) / - 05 dB/ft @ 915 MHz
100 =
g 80 s
E £ 0.15 dB/ft @ 2.4 GHz
@g/ Antenna Insertion Loss: ;
» 27 dB @374 MHz @ Predicted Breakpoint
35 dB @915 MHz
53dB @2.4 6Hz
L I B T OB R R S I S SR R
TX-RX Distance (ft)
= q .
UM 2.3 namavadautkuu LOS 94 Kjeldsen and Hopkins (2006)

fis; Kjeldsen and Hopkins (2006)

120 4 £ o 1 1 1

- - - -374 MHz
- - --900 MHz
2.4 GHz
100 | —— 374 MHz (Linear)
900 MHz (Linear)
2.4 GHz (Linear)

L-Bend

Path Loss (dB)
o
3

40

L-Bend Path Loss:
16 dB @374 MHz
31dB @915 MHz
28 dB @2.4 GHz

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

TX-RX Distance (f)
(Bend located at 40ft)

gih'?i 2.4 WA IAEdULUU NLOS 99 Kjeldsen and Hopkins (2006)
Fian: Kjeldsen and Hopkins (2006)



UITHVD9 Rak and Pechac (2007) WAAINISANYILTINABDINITUNINTERNY
AAUANYUAUAINE UHF fin01aid 446 MHz way 860 MHz luglusdldduieglunun LOS
Wanua 5 ure Feusazusisiianuuansnetunaaiue YUINYBIAIINGS AN ALY
neuveINels uavaNty wiemdIsufisunanmsnaaeuiildiunanimguiuuusiaeses

Emslie et al. (1975) M98 e aNI8AINY D8 LUMALA AT ATUIUNITANNBUIIN

kaagay

gﬂﬁ 2.5 MIVAABUNTWNINTEAIBVRY Rak and Pechac (2007)

‘ﬁm: Rak and Pechac (2007)

oglsfinuuenanns@nnsunsnszanenaunieluglusduddafianide
984 Bedford and Kennedy (2014) itz Soo et al. (2018) fidnwnsunsnszaeaduniely
dsssumAvssanaiiuyu Tnsddnvasenisamiuandsiusasidunisaaideaiiio
ANUSTINTIRENSY Bedford and Kennedy (2014) ¥n1snadeunisunsnszaeaiuiinnnud
1.3 GHz, 2.4 GHz, wa 5.8 GHz Fadupudlusaulilasian (Microwave) luvaisdi Soo et
al. (2018) NAEEUAAINNE 900 MHz, 2.4 GHz, wag 5.8 GHz $1u3 89T aaestnisn1sAnu
AaBUAU Kjeldsen and Hopkins (2006) tag Rak and Pechac (2007) Favhnsanwiialy
Tnsaeuuy LOS wag NLOS Fanandlusuil 2.6 waggui 2.7 muddu ¥ EUIRHaNTS
NAFDUUNUTUUBUAULUUT a0 NASINAIEATUD9 Emslie et al. (1975) wutAenuiu
Rak and Pechac (2007)
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JUN 2.6 nan1sMA@BUKUY LOS MR 1.3 GHz 93 Bedford and Kennedy (2014)

fis1n: Bedford and Kennedy (2014)
0 { .

—&— VY Polarisation
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HV Polarisation ||

R
o

Received Power (dBm)
> B
("_"@ o

2
(=)
A

i} *20 tnosr] 30Tosa) 40
Les | Distance (ﬁw)s
gih'?i 2.7 HAMINAABULUU NLOS A1idl 900 MHz 984 Soo et al. (2018)

flu1: Soo et al. (2018)
dnu Bedford et al. (2016) §lsvinns@nwinsunsnszanendunieluglusd
AW 2.4 GHz waw 5.8 GHz fiolusdassusisio glusdueamilosiiu uazglusdaaln wiausis
Wisuisuunmgel femddedddldfuiunmamaseuluunefifiguassainunaduma

NsUNINIELATU Aauanslugun 2.8
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70
60 .5
T
z Z Q b
S 40 ) (o) — e S— ‘_--..
= 3 IR SR el
M o Gl
S 30 e !
g 2% $ 4 ¢ Measured No Obstruction
a O Measured Obstruction
10 1+ |
! ====Theoretical
0 t 1 ¢
0 20 40 60 80 100

Distance (m)

U7l 2.8 wamsvaaeuluvaizifiguassafinuans aud 2.4 GHz ved Bedford et al. (2016)
fiu1: Bedford et al. (2016)

222 nalnnsuninszaneady
A3ANEINSUNSnTEANeRA LT elut s plusn s udesdneni
gﬂmeammmimsmam‘ﬁ'uuasﬂalﬂmmwémsmmam?iuimmawwm?iummﬁ%mqwiaz
AR AuduTUS ST sUNSnsT e AR URIna1s esanludnnsTdussleniannnaln
MsunsnsEERauTUsTULARENSine 9 Saasrhnisdnuduaiilutadet

a

2221 uAUANNAAAUINY

alnnsuAduIng (Radio spectrum) iudrunilwosaunaiundu
wimdnlihiifinnuddus 3 Hz lauds 3,000 GHz (3 THz) AduksiwEnlnilurasannsd
f138n1ed 13Ny (Radio frequency: RF) dnslddusgnaunsnanglumaluladastsln
Tatanzeensd dusulnsauuay iedostunissunuszninagldfunnsiaiu nsasis
LagnsdanduAnglésunismuauegadunlaengnenelulssmaaznguinesening
Uszing Geldunmsuszanuaulagesdnsszninuszmaaiaiminsauuiauseninassine
(International Telecommunication Union : ITU) mﬂmsﬁ’muﬂmm33’1mmum’m?ﬁmg
vosavnmivsanuianseninaUsema ieliduinnsgufeiuilandsansouaninis
LUravesrNiuazdeFenuaunuilun1sed 2.1 (nternational Telecommunication

Union, 2015)
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M58 2.1 MsivueguaNdInglay MU

#2920 wauANA NYILD
30 - 300 Hz Extremely-Low Frequency ELF
300 - 3000 Hz Ultra-Low Frequency ULF
3 - 30 kHz Very Low Frequency VLF
30 - 300 kHz Low Frequency LF
300 — 3000 kHz Medium Frequency MF
3 -30 MHz High Frequency HF
30 - 300 MHz Very High Frequency VHF
300 — 3000 MHz Ultra-High Frequency UHF
3 -30GHz Super-High Frequency SHF
30 - 300 GHz Extremely-High Frequency EHF

TeraHertz / Tremendously-High
300 - 3000 GHz THF
Frequency

2.2.2.2  NTWWINTEAUARUAINDING

1NAI519A 2.1 NsuUskauANimatdasylsliaiuisadinun
U 1 dl dl U o yd‘ 1 L a
AnvENITULNINIZIIBAGUIBIA LD LARzLaUkazN1 st lUUsTEnd LI uaNaANeiY TneUnd
vessyuvdoansuuulSagasidunisunsnszanevesnasnuiswan lninseninsaeeniasu
wazdsneldan1igeInimIng (Free space) Fslumnuiduasanisunsnszanslueinieineiu
suievuluanzaauad aglsinudmsunisdoansailng nsunsnszaerduaziidade
UL uLA 82799 edugiuvadlan FuusseInia (Atmosphere) Tuleolaluaiiles

1<

(lonosphere) wazgnisyingluduussenie wu Windu fiugan waggruiiv iHudu Tae
SvEnaandauandonsing 1 lusssuviAdinenisuninszaneresaduivgtuis ey fuusay
Al AnunigfiAn19we9a1881nA warTTervieresasINIARUR uAY saulUs
anmwandeuvendunisiinduuninszagly Wy nisundnszaeeduuuiintasunndngan
nsunsnszaeAiuuLRaAY viouninsrateaduruRuivn uinssiansundnseaready

aelutFuiliianisnssidaazmsifeauugs lngunfanunsaaianisalisseaniainlu
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Usingmsalfidansnadenisunsnszatevesnduinglurag 4 ¥asanud YreusnAonns
un3nszareadulutouanudnign (Extremely-low frequency: ELF) flauauaduiaimn
(Very low frequency: VLF) Tugaemuddauennay (Wavelength) 4, fiA1u1nndn 10°
was vise 10 Alawns dseormailieueziaualnginnuazsidudednasclndiuituiu
v3oilegluiu Tnsnduinglutadasasioutuiuussemeleleluailes shlwizunuums
uninszareadnevietedussrinsuloleluaiiefuazinlan edmiuanudiinndi 1 kiz

1%
o I

] A Y] P & 1 a v = v A o = A3
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=< dl v

Y19ANUD TN @DIADANUDN e 1 kHz lUaud A1 vate Wy

v
v a A e~ a

Aladsnd Tugasanuddnisunsnszateaauazlasudvdnaaniiuduiiidusgrmnnuiiin
dglj a a1 o A o =3 Y] 1 [ A a aglja
WuAuaziaAn1s i fsuInAan deanvagnisunsnszangludnuuzvoinduauiiin
R ! « = & o X a A o
NANFURUSTZNINANLENIAAUTIAND lLTNTLazan W [T e siuRuNaanAdD S
AU Y IRAR UAINITOLAUNIIUURIA UABENTAAINENAD (Skin depth) wazdause
Weuuuuanngiivsenane 9 b psdeasludistagiszevmaanefesilawnsnienis
oA [ A a 1 a 2 a d’{ 1 d'dyu
wnspaUludnwazARURY WU N150BNINATEUUINELUY AM AVindulugisanudidauans

Tugui 2.9
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T
SURFACE WAVE
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JUT 2.9 dNWaizNITUNSNIEILATUAINDINE

9



13

4

19AUDNAUALAANUD NS NNUN LALETAFIUDIUTEUU 30 MHZ %iSaUany

(%
a A

LOUAMAGS (High frequency: HF) n1sldsunauauiddesmdamnszaodesniudy
sewinsUszine (Shortwave radio) a¢l435n15dsnduing Juluvudioliaseusuty
vssmaleleluailefasundsiiulandnafmiaFonin aduih vildmsdemsiiszogmislna
figaeafianuemaneiuilamnsdauanslusud 2.9 Tudumssunsnszaneaaunuuadu
fhilagegluannizussenmeing uifiitadodosauulsiuresanunuuiudidnaseuus
aztaavesty Mawlsiulsedrd aam hliAndestarsssnarildaunioldauld

a

wnzuraunwiiy Jagduddinisldnuaiuihegrunsranslunguingadasiay

]
¥

wazaAveY9Audfmaaud 50 MHz Yuld lunsdiiatseiniadauia
AoudIuANkaTaINITIITITEAUAINGIMTENUAUMAN8ANEIAAY (n4) HANTENUNEN
Tunsunsnszanepd ut 1l Aen1ssuniuserisdaaiiunsnszanelunudunie LOS
lngnseuardyaauiiaeriouaniuiu Nanudgmaneinsdsndvuludesiiansannisanneu

a < o g PO "< v v = a
uaznsziisnlndulaz Mglutuussenadsdilngduleuiniy swlutmsnsziduas
NS IUUYRIRAEINEM N TLT 81A13 AUl @A Mmewuiy Usingnisainisuninseany
A A d' i | 1 a' v Y} o a4 o & a

AAUTIAINREINTdT 50 MHz ddulvgazifeatesiunansenuainnsagiouanauiuiuay
HANSENUWMANTININANTENUINF Y IUTUNIUNANILDGS NITUNINTEILARURIVRIRRUTINY
Tur9nudan NsunInszaIeRauduiNEITeInuNITasiauvasleleluales nsanneou
uazmInsziiswasrdulilasiiainduarssrUsznoulutuusIeINIA MIuNInTzAeAauly

Fuussena sulufawuuItassvistirduvedlantaztulalaluaiiesainsug1uauden

4N

2.2.23 nalamsuninszanenau
31N1IRYIY29A2708 A1 TIF I uLd IS @INITaTINUANIT
LNINSYANEAAUAEEN YL NSNS AALTIAAUTLAY (Ground wave) iUszneUlfemndui
wazadueinie vioszdunduidae denalnnisundnszarsaduiiiessyinnduing

] Ly [ o

LNINIEABLRGIRAFuNn (n1ATU) lé’aa'wlmavé’ammmaﬁ’muﬂﬂﬁzmwuam?{uf‘mqmu
Xu Lﬁ‘tﬂ/l'lximiLLWiﬂi”ﬁ]?Sﬂaulﬂﬂﬂu (Howard and Vaughan, 1998)

1. AA UM uAY w3 Ground wave Ad Uil uAuUsznauludae 2
03AUszney Ao AAuRILazAAuDINA FAulanslusuil 2.9 Tastadeiiimundiesdusznoy
yosrauiuAudndundueiniavienauiniuie raufiavunsluauiiuiialan diunau

oA A A
pIMAITUNIAdUWteRlan
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AAURI K59 Surface wave NSLAUNIIVDIAA URIL LU TYAA U

wunslulvum TEM %39 Transverse electromagnetic anulvunvssaauiiungluain1aming

A a a P oA a a o = 4 a o A = | 1%
ﬂaUN’NBL@Iu‘VI’NIﬂEJLLWiﬂGUIUWWQJNQWUQQEﬂW 2.10 AAURINUAINNTOLAROUNAINEIULAY

¥94lan o I1NNTLUIUNITLALILUY |

g1IAGY AFURIATAINNTaLAL IR}

Lo Y oA 4 oa A & A
VULNMMUULHDAAUNILAADUNTIUNUR

A A oa

Honduipdauniiiuingnuuinvesingliifuaiy

f 849

(% IS

TrgflawadnuinlanisideauunsBuiudaun

waggninileaiiiinussrulndilunulan wsadulil

Wg11UN T NE 19 UBNANNARURITIILYINLAPA UB DU IAINT DAANDUAI I UVULALAR DU

$799N131N@181NAZS L PanUSUIINITAANDUAILUADIAnUS LN U WAL ATle1n T

ylalaaldnisdand ululnanlse

aunulnivesprdudunanuiialant

g9 ulunuf g (Vertical polarization) LW 8anu0ULIAT

Jamaurfilwanlswdulukuivauauiuliiivesnduag

yuuiuiuiilan dnuddinsdudadiuiilansaeana vilirdugnanneuniglussesms

< ) v oA A A o I |y
du 9 9nanids lunendududienauiiiinanlssdulunwing auulnihasadmilanty

wnsawazlivisdiugnintentlvlufialan sililnanlsisdusuidsdanunzaunitlnanlsie

FULLIUBUBE1UNTUNITUNS NTED

1BAAURY N1FARNBUTLAATULUNNITUNT LUUARURINULAS

PnussiulnimieniuazdRuegiuauaudindiiveanmgiussinaniadunioun

Tuane

I

g
Q
o

| >t
.

/|

0

.

Il e N e

.
;02“2;02@3%330923‘2@&3‘@9@*2‘2%&? .
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JadudAndnusznsuilslunsaaneuvsspauiiaffeanud and
nanlUtsungIiuanteneiuinudgadaliaueaaudun Iz liinnsae UL
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[ ]
Y v v a [

azgnivulangaduld dauiionnudivesrduiuiiuTuAduRIIEgNAATUTToARIOUARENS

Y Y

D

mFlaeiulan pduNuRINALAgINI1 2 MHz Felimunzdmsunsdsdgyaramielng

¥
=

Tumanduiudionuivesnauituiranasuiirueneaufisnidedisuiuiiulan fagyild
AAufaEsAs ULz nszelUlnaAun Al Asvesialan

AALEINTA 1158 Space wave AALOINIAIZLNIINANLINFNIAFS
TUFeang81n1ANIASUABLEUNNG 2 LU W UNIaLInagkns iuentAdudunseluds
ageIMAnIAYy dudnidumaisarasiouiuiuduludimeenmaniaiy fuandugud
2.11 pdusanAazldSunansEnuannIsanneuu LRl uR Ui o8 nfeeanAd uoaniad
unsnszanelunuaendunisiidssoemadisiy (Funinssasidunisayiouiu) Tuds
MAfu FeenavnliiAnnsasunievnaamavenduld winldsurduassesdusznauiily

(% s

nsalwaEsuAUNaanS gy Ind sy Tuvhueufsiumniiansinaana zaina

a

Tinduindyeuanas

TRANSMITTING
ANTENNA

RECEIVING
ANTENNA

SUA 2.11 MIUNINIENLATUANUNINGUUUARURINA

Y

2. Ad U1 %39 Sky wave n3alsundndeiinauleleluailes

(lonospheric wave) AonshnsAauTUlUTITuUIIBINIARIUUULAEAzYoUNaUIN g ulan

|

Tnsmsinmvessasiutuussenialeloluailes nisunsnszanglusuuuuilaglasunanseny

o

PMnNURlansaantsswaraiusasnsaaluszaznislnale Tnsunfazlduauainud

A

g9 (HP) dwsunisunsnszangaauih
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2.2.3  audAnisndunidmianiniivssiiu

2231 wansgvuvasauwsuuazanuuidaideaiuvasiv
wdenduaitludiunisfinwinisunsnszaneadusnluidnuoe
warnalnnisunsnszaerdunds msfnuiausivessnansifiauddyuiu nsfne
messamenludeseinsanneunduvesrauluaiiumerudui Faflauddeyse

nsfnwngAnssuvesnduaiudingngndadiudalululngsan nmsd@nwinuindade

1
o o 1 =

drAgdnilafivhliiansaameuresnaunnnudingniglulnssatudunaunanaaiy

o

W3 (Porosity) NHoglulloRuGIdINanIENUADNITAINIUNG I UVBIAAUAINAINEE 1A

Y 9
¥

TUludrnansdaluniinAedinnznaulunsfivesiunsnaunsonanis Tunsavaaiuiinain
NSANKENYDILS LU AuyunTenudailangg Negvineiuiiu nsdamasnuaduaudingas
eadulasniazdidanaliminnuis1999aa U uanaIdneiy F9ANdURUTTENI19A7

[ d' d' a 1 L dl 1< a d; a 3 a %
Anurduldlunisifuniaiudinalsiiduiug diaunguduaiuisoesuislalagld

AuduiuSues Wyllie et at. (1962) feaunsit 2.2

1 | -
v, v,
A ! a b
e ¢ fe e1ANuNgUveiiu (Geuay)
Vo fie Aanuswesnduiiiuniaiutuiiu (weseeiui)
V, fle Anusivesaduiidunisiuvesivafiunineglulofiu
(11 568IUN9)

A9 ATAIULSIVDIAFUTMLAUNIENULTLERAY (lUATHDIUNT)

FailUsanalnsannsonudildaessindomiuyudsdeduniad
wuldunfigelulsanalneuazifiunsefiaznumnluununiane Tusanideuniiovasine
1AgINNINAADUTAAIAINUNTUVRIAUNTIBVDIMUIAAUNTEINT (Phra Wihan Formation)
Fadufunsemneiudstusuiiiadulnsdfioriauiinie sunelvndey Tanin
9Ua19511 Y83 Gaewmood and Trisan (2018) WUIAANANTULRALYRITUNTIOVIIATIY
wsgdvnsiiewintu Sovay 12.6 luvaeil Sawssd 2ssadnua (2561) Iéihnmsiadiauwgu
yasuyugAmesiiloy (Permian limestone) Fufufiuyuriiaientusasiiongludiadeaiu
fuyuiidmaadesmn sunadenn fmindedn wuidugudindnisaumguede

WU Fegar 1.06 Wit AsUIINAIAMUNTUYRIAUNTIENIIARUNTEIM TLas iU uYR
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1 a

wesifleufiauanasfuazdmalinsfunimesaduanuidinedwiinisaesindul
arauansnaiude Tasaduazannsafunshuiivyugamesidourestmaradosmnls
snniuesinisgngedundsnuveseduliludefuldtiosnitfiunsievomnefiunsy
Imstadunalifnnsagiion snuasdsnuureseduldinififindulufiunssneii
Wiz AmsvesU e

SnuilstiadedivhlfiAansaaneufiunnsrsfulufiuisaosin fo
auduiieideatuvesiiu (Homogeneity) Inslunsainisiiavesiiunznou wu funsie
ﬁmmﬁuwszimwmgwmﬁm%s’i wifaterisdulutuiiufiianmstuay nmsdaFe
waznsavausivanzneuvosiuint 9 FliAntuvedlndidnedn (Dielectric) Aumnsis
fu dwmalinduiidunshuusasduiansasioundu mannlunguiiujugaimesifiounes
dmaadeanniifderuanududedeiugndt mszmafavesfiuulpeialuduey
Annn1singizresiinusosunnvosiu %qﬁﬂﬁﬁaﬁuaqﬁwﬁugmsLﬂu%ulm'@lﬁﬂm%ﬂ
Tndidsstunaondanats uenanisasulufsanuunnsesiuladidnndnseninsuds
meuendslauianieugauanieudlufifinisdaFestmuuduinnndt sldiiedulas
Lﬁﬂﬁ%ﬂLmﬂm'wﬁ’uuamﬁmmaamwauqq ﬁﬂLLaqugﬂﬁ 2.12 (Palmer and Palmer, 1995;
Daniels, 2004)

d‘ a = 1 g a a g
JUN 2.12 Msiiiunsvesmauiutuladianainranedu

i - Jantaupalee (2024)
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2232 @ndrumIusazan Wil
NF99INNTANBIANTRAMUNTUVDIIULAD anLITIRNWIEaNTRN
Tifivesiu Jsiufifesdusznaumaniiuandnstuardanaliianiminidludin Electrical
conductivity) livinfiu 21 Glover (2015) way Park et al. (2016) Wuiﬂﬁﬁﬂiu@mauﬁaﬁﬁ
uaifuenanmimsliiide denungu Tnssnanssdadesudennunsuiiviusazgn
wufidaeussng 9 azsliananmihmslifiiivduge ludimssanmdumumaliii

(Electrical resistivity) finudunusiuainnuaunsatunsiilaiy Asaunisy 2.3

Wo o Ao anmivnalnidn @wusawwns (S/m))

p Ao anwauuliiy (Teviumns (Q-m))

agalsfinunisianaaeuaninidivialniiwazanindiuniumi
nlmesfiutuiinrmenduindominuanstade wu wuinvesiiuiinaaeuifedldiud
Uinunhamanedesing videdemaauiusetisfiudiuiuinn deiuitegluuinasinaiu
Tulnssdufentuoraagliuadiunndn fafuiverinusiidsisnmsnunudeyaanimi
malnihuaganindumunislniivesiiuvyuiasiunsigananuidesne  aldlun1ssneds
Tneeu3daves Murray (2000) wuiadanansiduiunsie datanineeunislnirduins
(Relative permittivity : €,) a&ﬁ 2 - 10 Ananmihnialiiifieanud 100 MHz Faduanud
g9 freglurng 107 89 10° Fuusiawns wazAranmdmilniingsuanss (Direct current:
DO) FalndiAssiunguuasnuien Slr1og 1.25x10 83 5x10° Flausewns

210 Daniels (2004) uidanansiiufiuyuiidanimimislaiing
AWA 100 MHz 98l 10° &4 107 Tiusiatuns fianudueruwsiivdnduivg (Relative
permeability : 4, ) aguiﬁ 7-8 u,azﬁﬂ'wamwaaumqlvxlﬂqé’mﬁméaaﬂiﬁ 7 - 8 Tuduvesiiunsig
fiAnanmaimslatiniiaanud 100 MHz 8¢l 10° 8 102 Fsewns nrmd@umiuusivan
Fuinsegdl 2 - 10 uardidranimeesmislaindusivdogd 2 - 10 uenanieuitores
Mount and Comas (2014) l¢¥n1sAnwdesnsvhuneeamguiazaan meesmald
Fuimsvosiiuyu Iaslimalulad Ground Penetrating Radar (GPR) @ auansnadnsA1any

woaun i duimsvesiiuyuegn 7 - 13



19

2.2.3.3  AUANR?
AINNSANBINIA NWULNAITLNI NTZAINYAR ULALANINUINI NN
PUIT @NINUINNHIVDIRINANIAINAR DI NWAUSNITHNINTLANUAAU LI BAAUTAINUD M

Wganakazaannasnvan nun liinvessinatsazaiunsannsnszaneluvudinaala lae

1%
A a

mnuasusliiiladsedllauimanswnsdsadaulnainunnisunsnszae dunauituio
neiTeves Bedford (2001) wae Gibson (2014) lAnwiAafussuudeasmeluglng
Mpaunaumudsdwuduiu 1iewnautivesmudniagenndostuanimimis
T vesiudidaes vldaunsounsnszaelduuiuialanls Wenduudngnludn
\Aoufiiuganansidusaimndlain ndanuazduaasuuszqlnihdassluga madud
slswdsnumimdnliulanduennufou Sugfiutudovssqluiuiutuvdediaanin
wmaliias Hunalindsnueseduananfouiomeiivsnafiuivesianasduvmuziu
madluludnarsislanimimidlndiigs Tneszozmsiadufunmearudinanauags
WSuanaNMEe (36.8%) WiseninAuanianie Skin depth (5) Seduiusiumuduaz

aniilnivessanansssaunisi 2.4 Balanis, 2012)

e (2.9)
oL
Weo & A9 AWANRD (Wn3)
o fe  anmivnali @wusens)
o Ao mwdlden (siReudeduni)
u Ao AFuYUWImAn (euSeeluns)

224 uwuuFRaIn1suNEnsEIEAauneTum
FandoRnnsAnwinisundnszatend uarld3sn1sAnundmaaedlaenis
yaapudinduluaaumsaliing q Feruiluimsfnunisuninszneedumeluglusduied
fnanlutsduduiu ndmnduiahiisuiisuiunguimsunsnszaeadu dmsuns

a

oAl S ¢ A Ada o 1 o | 3 -
LL‘WiﬂaUﬂigzﬂqEJﬂaUﬂ']EJGLUQIiNﬂ‘lﬂiaaﬁ']UWWNaﬂ‘l‘f}mgﬂaqEJﬂumf‘lﬂ‘Wiﬂfl']zﬂgL‘UTEJ‘UL‘VlEJUﬂ'ﬁ

WNINIEAEAAUAUNGEYNITUNINTEERUNeluviaunAd aINa S ogluaAlan v
<) = % ) Y ) 1 < ¥ o =~ a

Wulnsswaziindssou 9 Wudadmelniy sgrglsiniunisasisuuudiaoauioaduienis
wnINsEAEAf Ut U@ msualusAnIoa 1M IndlAswS oiinanuyudas1ely @99l
anwazy1INENININALALIAUAaDAAINEILEZHULIN VDN TIONEIUITATOITUAINUY?

AAUVBIAIALY 9 19
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99U T8v8e Emslie et al. (1975) waz Deryck (1978) wuin laesialuuda

saa ]

nsuninszanevesnauutiman i lugludldfu fududnuvazvesglusdifisusisvedns
mMapuifidnvazainatenionasnszazniidnuasvedasiadeilnddssiutnazinng
fisanuuuiaediiaiioutuviethadunarsunalngiliauysal Sslaeiluvietaduaysl
Tssasenansiitintafisessulniinusnuezudivanaiueng Tneaduwivanlndiinig
yamantizadrsaunniiuazauuumdnfinaanfufienianisiiuneesnay Feuie

vosiethrdussiludmimunitrduarudivglatneiaunsadaiiuaindunidlguatenis

' '
Y

16 Tnganudsnanfianusaruinllflaefinsasmoutiosfiaafonuddn Fsanmisamled
NNANLIMARUFRF AT 2.1
oeslsfimuglusdvielnssaliingdurdanisiuuutlafomaylieylu
anmdanan iWesanuaneluvesiethnduazidudihillndanysalfian (Near-perfect
conductors) usisvasinagvhuiinfimilouladidnainuinnidaianysal uazainuany
IMUITY 1Y Emslie et al. (1975), Deryck (1978), Rak and Pechac (2007), Bedford and
Kennedy (2014), Hrovat et al. (2014), Bedford et al. (2016) ae Javaid et al. (2021) i)
AnwuasiwuLuuaasnsuninszeadunegluglisduaziieng q Ssinnsafieuiu
Snunemenenees iieesuedssaaveuiiinanuaistadeiis msaaneuainnnis
FAUURT N158ANDUIINAIIUNEIVVBINTT Fan15anveuaInaudewands Wudy
a3 uduainannisaualin E-field: ) wazaunuusingn (H-field: H) §aduannis
fuguvesioedulaesuiiovglusdviodidnfuriodirdudvdsuduandusuil 2.1

1NUITEU09 Emslie et al. (1975) laRia1sanlnalsiatunanlukuiuauaslanaagun1si

2.5 gy 2.6
E_=E,cos(kx)cos(k,y)e '™ (2.5)
H = k E, cos(k,x)cos(k,y)e ™ (2.6)
y 0)/,[0 0 1 2

dmsuntitladiinnsniidousougludd n1sunsnszatenduasineguuuuves

N o (% A dy A a 5 o IS
ARULUUENMILAZANYIN dmfulvan (1,1) nieluuaiugiuiiianisaanausiiian uagdl
AulnatAgenuluum TEM (Transverse electromagnetic) @AY ATSUNT ATEANY
(Propagation constant) k, AaA1tan1zy Anualael aulavoulunaA1Ius oLl 93U
asdUszneu E uay H Nnawedglued aglasuuuuetaievesnauiinemunisi aunsi 2.5

wag 2.6 wenanililiesanuisgluadlilemtauysaliuumilowvietnadu nsivualnue
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TE (Transverse electric) %38 TM (Transverse magnetic) Feunfvzusnainduislianunse
Swunldindu TE vde ™™ egdlaegrmils usazldlnualavin E, wie E, Jso1aieilu
Tnualeusaves TE war T™M wnu nunlausailvieauylniuazaunauindnluiianawes
nsunsnszats e E, fdnuszneuliittlufienisuuads waslvae E, fdnuszneu
Il lufienisuuaueu viaddusy fulwarlswduvesarsoiniafieglunuid suuiuey
(Michael D. Bedford et al., 2016)
pdufunsnszemeluglidiiiiisladidnainauuuudasaietaduaziin
nsannewiiossnsfuusnands nisaamewissinmsinnitnlsivsduiusfud
anmeeundliiiveananioinau vurnveglusd uaglnuandnuesaunulniinvesadu
nMsaaveuInmMsinvvasuarduluslumhewndiuademnsuansiaunsi 2.7 uag

ANAANBUANNNITINLAYD L UARA W UM UBUTUNUNEATIUARDILAS AIFUNTTNA 2.8

(h)
o) = 43432 1l & 2.7)
a3\/gfv)—1 b3\/5£h)—1
)
a®og3ap—& 1 (2.8)
e -1 bfe® -1

) o Arnsladianasnavesutdslunuigs

(h) I~ ! u\l a a u&[’ & o
AD AIAIANILABDLANATNVDINUILULUIUDU (WULLAZLNATU)

ng z
gr

a A9 AMUNINVRILINA (A3)

b Ao ANUGDIRLINA (WRT)

drureInImeULAEAUEUDsETIglied AAuazAnNINTEIANTEANY
(Scattering) anaesnaln lakn AIURIIVVOINUS (Roughness) LazAINLBEIUBINTY (Tilt)
Jadulddaonutiwosdimusssumafiarungusy muBsmemdauasiuvedglusdgs
m'umEJ'nmaaﬂﬂuﬁﬁwiﬁuﬁ’uﬁuﬁaﬁﬁuqmsLLazizﬁ’ULaﬁaﬁuaqﬁuﬂa A NTUAMNNRYIUUDY
nifsarldnsuanuasunId (Gaussian distribution) Farmualaesnvesrndsaetadeves

ﬂ'J"IEJMEJ"]‘ULLﬁ@QSLUEUﬁ 2.13 NMSAANBUAINAMURTUVDINTTILERSlUENNISA 2.9

(24

roughness

=4.3437°Ah*A (iﬁ%j (2.9)
a b

ng AR 7B ANRRYMAIARIYDIANUEIVURIVTUTEVRINTY (1UA3)
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ch\..

P
J\I‘\nf

JUT 2,13 ANANENLILATANNIBENTRHIR Tue

fian - Bedford and Kennedy (2014)

mnuBesvesHmdeanamadauseninsinlsduiduisnanivesglued
Fauandlugudl 2.13 Garsunanenunisuazanueniveselied arundesesudsiidmg
Tumsunsnszanevesadu tnevilvirdudssuuluanfiamsifnunsensasuulames
wiaileunsnszaneriuniisdilieglunuiieafuuazyiliiAnnsiasudunislsidosninnis

a & A a = o o ! a i = PN
LBEUIU ﬂ']ia@‘Vl@u‘V]Lﬂ@l"ﬂ']ﬂﬁ?qNLaﬁJQGU@QNUQﬂ']Iu‘WU'JEJL@‘?IL‘UGW@L?JWi %ﬂLLﬁW\TIUﬁNﬂ']iVI 2.10

4.3437°0°
ONST 17 (2.10)
A
ng 6 Ao YUBEUBINTIWTaINATLEN (154R8)

HATINVBINITAANBUALLUUTIABINITUNINTEIYAAUILUSBUBUAUNG YY)
viounAfudsUsznauluaig N13aanauLiladaInnIsing N15aANaUIINAUNYTUTBINTY

A a a o v N
LAaZNIIaANBUNLANITNAITULDUIUDINUN anqmqiﬂﬁqlﬂﬂﬁlﬂawﬂqim 2.10

—_ A (h)
aTotal =a o

+a,, (2.11)

roughness

2.2.5 msUszandlduuudnaas 3 47 Tunsdnasenisuninszaneniy

Jaatuwalulagnisdrsiawazasiaununiniswaunluag19sinsd n1sasis

9

[ '
~ a

wuudnaes 3 46 vesituninigiimansivsedsneasisnieimnalulad LIDAR (Light detection

) a

and ranging) A8 ud i afilduiusgrauns naie 9UN30in317» 529 LIDAR (LIDAR 3D

scanner) Aakandtugun 2.14 WJuesesdionsowmalulagnldlunisdeeenndnuwas (du
g Juaes) lUdanmuindauuazns193UNTaLy o URIBN1SNTLINYVILAINAUL LilD

o
a a

afunnvseteyanediudnuaevesinguieiunngnauny laggunsaina1ansia LIDAR
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ailagdadyaaagesoaniuluguwuuvamasnunas wagdudeyaiediunainidly

s U

[V A

NsdseankarMISUdYMTasounTanTELNa UL Wadnseuene mNEY viToanvae

T T
Y !

e

a

au 9 veingviseiuiiuu 9 Felvauwiudrgaluseiuliadiumg

| S—

gﬂﬁ 2.14 9Un30In119» 339 LIDAR 3D scanner 3u Leica BLK 360

wenanMsAnEnITENInszaneRaumelut I oglusdludmguiildng 1
119198 911338v83 Michael D. Bedford et al. (2020) almiwmalulagnisasiauuudnass
imndin 3 Avesalusd duandluzuil 2.15 iieaauuudiassmsunsnszateveglusd
Tnelmatianislanas (Ray tracing) AegonALIsABLNILADS ﬁaaLMﬂﬁﬂﬁﬁqiﬁaquqsaisq
ATAMETULAIAIIAALA T T udUFeulFosauiuguardmaliduinnisan.de

| d' v a U cald v | aa ° o o
ﬂ']sLLWiﬂizﬂ']EJﬂauvLmﬂaLﬂﬂ\‘imaaWﬁVl‘lﬂf’ﬂ']ﬂﬂ'ﬁ‘i/l@la@\‘ill']ﬂﬂ'ﬂ']'lﬁﬂ'ﬁﬁ'ﬁ')ﬁﬁ/l'ﬂﬂﬂ\‘iLLﬁ@\ﬂ,ug‘U

[
a v A

71 2.16 srensUssgnaldinalulad LIDAR 91neuidedfuduwunmaiilugnisldussandld
LUUINAD9 3 T TUAS1999NALITANNS UAT LI NHUENINNIEATNUBINT TIVUIR AL
PYIVVDINTY AZANULDIVDINUEY NP INLUUTIA9 3 DRVDIONITIUNISNAADUISI LilD

TalunsAnwkuuIaaInIsEnInsEANepduNiauasaly



U7 2.15 uuLAnaed 3 fiAvesan 970 Michael D. Bedford et al. (2020)

‘17‘II3J’1: Michael D. Bedford et al. (2020)

115
105
o o © °
95 <r _."
e
85 i
= O -
E ‘.:"_--"
g 7 3 .-‘:r'
-
£ o %) € H
o O "'., £
o A g S
e, O S ="
o o8 O it
55 I e
R e o
G e o
45 jl‘—?,;" o Experimental u
!.}a" ----- Modal Theory
35 ® e Ray Tracing (Roughness [
Added Externally)
25 ! f
0 5 10 15 20 25 30

Distance {m)

sUT 2.16 nAN1TMARBLTNAYAT 1.3 GHz 199 Michael D. Bedford et al. (2020)

f11: Michael D. Bedford et al. (2020)
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2.3 &3

Tuunildinaueimsinumauddess q fusuuuiaensunsnsvaenaunislu
Tnsadusssumiviegladdauefnufetiagiiu nalnnisunsnszaneadulusuuuusa 1
WnAURY AAueIMA wazadul udseTiisadestuanTisng q vefiuiidmanenay
wilwdnluih mnduisduatuienfuuuuassmaunsnszaneaiunisluglusd wiosuas
i Aidnuarlndifssduilussrundi elddmiudredslunsadrsuvudianinis
uninszareadunisludn uaranineandumsduainiefunmssiasinisunsnszaisaiy
meluivdoglusAdsuuudians 3 T ilothunUszgndldiunisasiauuusiaesiiviaue
nsAnweuIfefiniumdanand wWethesdanulduldlunsimuiwuusiaesnis

wwsnszaneeauluguauisneluasiely



uni 3

AMSANEINISLNINITZR18AAUN8 U

3.1 unmi

&LUUVI‘ﬁIﬁ]Sﬂa'TJﬁﬂﬂ’]i‘VI@ﬁE)“Uﬂ’]iLL‘WS'ﬂizf\ﬂEJﬂSU?]’J’mﬁ"?VIQﬂ’]EJiUIWiQi;;’](?lgﬂLLG]ILLO‘U
A11u8 Low frequency (LF) Tuaudawaua1ud Ultra-high frequency (UHF) Tagns uan
gunsalfildlunismeaey 1w 1adesdudadaynal (Signal generator) @1881A1ANTIAHN
(Transmitting antenna) @189111ANATU (Receiving antenna) LasiasesiinTeanasy
(Spectrum analyzer) &t ntuagnanistunaunisindsgUnsaiildlunsmnasuuay
FEnsvnaey wazanTeazuansiwadilianmameaeuniouiseAuneimeinssunis
unsdnszaeaduluwiazuauanud Weduuwmunisfnviuuudiasinsunsnszaneai
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FAnwndangRnssanisundnszarsaduaiuiingnelui Ineananidediiiuanildna i
Freulddnwinisunsnszaiond uaudluouaad UHF laufawauanuigesanda
(Super high frequency: SHF) %ﬂﬁafi%ﬁmmumm?{qq Tnevihmsnedeunanieluginig

SITUPIALAL LAY WA 1YY

ag13lsAnululasan153deY TevinnisAnwiaudsawsnau LF laudawauaiud UHF
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3.1 Nedlllasanddemvuanisiinvinidsluiuivesnsugneuiend dniUi uagiugiy

a ada
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Tuisesnsdwmansenunedadiddinnigluan Felaenlunisnadeulauaaud LF Annud

A1
A1 300 kHz BT UNITNANLA BINANTENUR BN ITTINVDIAI9ANIT 8 aL T UT I UIULIN
AelUDNNAFBUAINIIUIT8UBY Jones and Holderied (2007) wag Moss (2018) @awuqn
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I UAU LN IATLYLNIMF DL INIINITEIFLNUINIESEUULRB9EE DY (Echolocation)

Fennuasaud 20 kHz — 200 kHz

M9 3.1 Audnmued LM ageULsazLLAYNNE
wauAINA /i 1 £ /4 1
LF - - - - 300 kHz
MF 350 kHz 1000 kHz 1650 kHz 2325 kHz 3000 kHz
HF 3.5 MHz 10 MHz 16.5 MHz 23.5 MHz 30 MHz
VHF 35 MHz 100 MHz 165 MHz 232.5 MHz 300 MHz
UHF 350 MHz 1000 MHz 1650 MHz 2325 MHz 3000 MHz

3.3 aunsalildnegau

gUnsaliilddmiunaaeunisuninszarenduiiiolinsesidenisgapdeluidunianis
uwn3nszaneAdu (Propagation path loss) UszneulufeansennausazuaunuBee 1
AR 300 kHz — 350 kHz ldan81n1AU24 Passive shielded (20 Hz—1 MHz AH Systems
SAS-565L) fauansluguil 3.1 439278 1000 kHz — 3000 kHz 19a881n7 Isotron 2008
Fauandluguil 3.2 9292730 3.5 MHz-30 MHz T¥ange1n1Aas Passive shielded (1 kHz-
30 MHz AH Systerns SAS-564) Aauanlugu#l 3.3 ¥23A2908 35 MHz - 232.5 MHz 14
A1891N1ALUUNTI8@09E Biconical (20 MHz-1 GHz Aaronia BicoLOG 20100) Aauandlu
U7 3.4 uarlugasnud 300 MHz - 3 GHz Tdangenmialsilulnamue 1/4 vesmue1
A& Y (Omnidirectional quarter-wave monopole) Ef’m%“uLLG}'azm’m?ﬁﬂLLamﬂugUﬁ 3.5
wa”ammfuﬂauﬁ’ﬁgﬁgﬁmamLﬂ%"aﬂﬂmﬁmﬁ’aﬁywm Rohde & Schwarz SMB100B signal
generator %&Wﬁ'ﬁgty’lmﬂguﬁaLﬁaﬂLLaULLﬂU (Narrow-band continuous wave : CW) lUds
maawmﬂm’mmaﬁﬂé‘i’iyjyﬂMLqufQLﬁam"’w (Low loss) 50 lavy 51 LMR-240 A3131817 2
wns fen1asulsznaudaen’ 093iasevaiunnsy Rohde & Schwarz FPH spectrum
analyzer AU&188111# Rohde & Schwarz HE400HF Antenna Module (8.3 kHz — 30 MHz)
TuwaumA s 300 kHz - 30 MHz 1§a1881n1@ Rohde & Schwarz HEA00UWB Antenna
Module (30 MHz—6 GHz) luuaua1ud 35 MHz - 300 MHz wagldaisainia Aaronia
HyperLOG 3080 X Antenna (380 MHz - 8 GHz) TukaUAINE 350 MHz — 3 GHz Fauans

Tuguf 3.6 InevianunduaieoniFwuuseuss (Omnidirectional antenna)



SU# 3.1 ange1mAuas Passive shielded (20 Hz-1 MHz AH Systerns SAS-565L)

E‘Uﬁ 3.2 @1991n1#1 Isotron 2008

'g'dﬁ 3.3 @1U91N1AUN Passive shielded (1 kHz—30 MHz AH Systems SAS-564)
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Tx Antenna Rx Antenna

Rohde & Schwarz SMB100B ))) ((( Rohde & Schwarz FPH
Spectrum Analyzer
i

Signal Generator

JUN 3.6 urunnuansn1sdensiegunsaldmsuldlunisnaaeu
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3.4 YURDUNISNAFIU

N159DNWUUNISNAFBULNBANEINISWININTEA18AdUN18TUN1D198958 T8udTN15In
NAABUIINIUITBURY Kjeldsen and Hopkins (2006) Bedford and Kennedy (2014) Soo et

[ |

al. (2018) uaz Lee and Bertoni (2003) & sfanmaaoun1sdertuaduiiluuus LOS uwazuia
NLOS saelnanls o uid uduuuunuas asian1nd swazn1ady (Vertical - Vertical linear
polarization : V-V) Iﬂsﬁmesﬁmiqmulﬁsﬂmﬁwwmiufws'ﬂismaﬂﬁ'umﬂmiqq;lﬁami
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Ui 3.7
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AT vesmsianadeut AN sgydsannmsuninszaeaduldlnenss deanansavsuen
fangAnssuvesnduusaranudfidunduaninuindounusssuuals Ineldfleiduan
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v

PN ° Aa ° v a ° 1 3 5
E‘UW 3.9 MTNLRNUNN WWWLLWU\TWQEﬁSUUig‘QW WG]']LLVUQIUO'] W DLTYINID
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ogdlsfnulunmadeumsasiluaduuuy LOS Fssndudoadonuinniiinssdi
f&nwazlndifssunidunsanniigamzdosnisiinnsaamensgydonisdeiuniu
TnelnsadnlndfAsswuadunsefivhanduanuiineaounisludifesaniazerludiuves
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JUT 3.10 WHUAINLAAIUMINgMAaeUN SAIRUYDIARLUAINATING Bl 6TEIAT7

(") LOS ’ ' (¥) NLOS

U7 3.11 ununmuansiuvtsilinaaounsadmiuresnauANEIng o d1unjunsd
3.5 WaN1sNAsBUNISUNWINITANgAaUne U

3.5.1 msnagaunigluadeenid (iuyy)

3.5.1.1  ASIANAERULUULUEIA1 (LOS)
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2 q 6 8 10 12 14 16 18 20
T28ENY (LUAT)
...... 300 kHz —e——-.350 kHz ceeee===- 1000 kHz 1650 kHz
...... 2325 kHz —====.3000 kHz LFaLEU (300 kHz) LF9LEU (350 kHz)
LF9LEU (1000 kHz) LF9LEU (1650 kHz) WaLEU (2325 kHz) L9l (3000 kHz)

JUN 3.12 namInagauluy LOS ((i389a17) 81uAE LF uag MF
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______ 3.5 MHz Ce210 MHZ —eee—.16.5 MHz 23.5 MHz
...... 30 MHz \T9LdU (3.5 MHz) aLdy (10 MHz) Jadu (16.5 MHz)
LBadu (23.5 MHz) \Badu (30 MHz)
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JUN 3.14 namInageuluy LOS ((i389A17) 81uAud VHF
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FEYENIY (LUHT)
______ 350 MHz -1 GHz cmeee1.65 GHz
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WJaLEu (2.325 GHz)

2325GHz aeeea. 3 GHz
1Jaidu (1 GHz) WFaLEd (1.65 GHz)
139y (3 GHz)

JU 3.15 NAMINAFBULUY LOS ((i389A13) 81uANd UHF

3512  nisianageunuuiiliegluuulsenn (NLOS)
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--------- 300 kHz weeemmm- 350 kHZz —eeemmm-- 1000 kHz
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2 4 6 8 10 12 14 16 18 20
LN (WAT)
......... 3.5 MHz weeee 10 MHzZ ceeee 16.5 MHz
235MHz el 30 MHz Waudu (3.5 MH2)

WJadu (10 MHz) \audu (16.5 MHz) WJadu (23.5 MHz)
@Al (30 MH7)

SUN 3.17 wansnagauluy NLOS (11384a17) e1uanud HF

2 4 6 8 10 12 14 16 18 20
SEYENN (LUAT)
--------- 35 MHz ceeeee=- 100 MHZz o= 165 MHZ

2325 MHz =~ e 300 MHz Badu (35 MHz)
\FeLdu (100 MHz) (i (165 MHz) \Jaudu (232.5 MHz)
\B9Ldu (300 MHz)

JUN 3.18 namsnaaeuluy NLOS (8ilig9a12) §1uAdad VHF
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SEYTNN (LUAST)
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Jadu (350 MHz)
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JU 3.19 namnaaauluy NLOS (1384a17) 81uAud UHF
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SUT 3.20 HaMsMAZUUUY LOS (MUFw36) e1umnud LF uag MF
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SU# 3.25 HamsMAEEUUUY NLOS (11Unjui36) d1uminud HF
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n3UT 3.28 lduansnsmiussuiisuamsgaidenisdsinudendauns dadunis
frsananznsianegeunuy LOS AdlnarlswiuBaduuuuiundsinadunarnngsd
L*fJummgmﬁuaaisw%wqﬁaaﬂﬂmﬂmmﬂmﬁ’ﬂﬂ MnnsIuTisuTdeensaiveiagn
wuyunagiunsenudn

1) Amsgdsnisdssiudeniaunsuuy LOS amelulnssdiiuyuasdangsnindiu
wiwanﬂﬂwuﬂawmﬁ s ufin1ad 350 kHz waz 300 MHz %uﬁummLLmﬂGiNIﬁ%’mauﬁqm

2) WaUAILA LF Yaneuau (300 kHz) wazuauna1ud MF sunau (350 kHz waz 1000
kHz) iAnAnsgaydenisdsiusoniaunsaeudiegs esanilandinisunsnszaiondu
Duwuuaduia (anudisingd 2000 kHz) windwinudnansfidufuvdefufisiaranindimg
TWiuazAnuFueuuvandonndosiuamIuiLasAILe1IARY IXRANITLNSNSZANE
adulUlui afnansiuninnitiazunsnszanerdusenlulunuiseduanont yldAnnng
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a

fiarmd 350 khz nelulwssifiunssasinainisgadeuazannougsniiaislulnsad
Fuyuiisseuiifen

3) uoueudl MF ansandinnaunsnsznenduuuniuia wideanufigdunis
1000 kHz guanaus@n15uninizarand uuudl uinvesnitiuazd uguinniiias
unsnszangadludananiifuiuyuniofiunie viliannsaiadidsvesnduldvus
awormaniasueglndfuntiuasiunléd widlonudaeduluds 3000 kHz Fsegunu
AR MF Uansuauuazuauaad HE duay defaud@nsunsnszansnaudunuuadudin
wnnifiazundnsyarslumaiuiwhlddienisaaudeuaznisaaneusnnnindnassnaui
fieludhfuyuuazeiiunsig
a) waumANd HF (3.5 MHz, 10 MHz, 16.5 MHz, 23.5 MHz Wag 30 MHz) fiautanis

¢ A 1

unInszaeRAuLUUAAWTTiansaasiowtedenuuluiuusssnaleleluaiivsuiodan
TWsasinlanldd Suhlsinisldaduauidlussuuingdoassverlnaiieguuiiuiiilan
oghdlsfimuniiovnanfamnaeululnsaddsiianmuandeuunnssansssumiininduves
pAUANLET esniinsasiiousandeuuuundAdiuildaiauelifvilan
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yenanimelusunsusuuiiiauTud s usassmuasiviaue Sianunsa
wanINaN1sAWINNITaanaufawanstugUvasiig Csv Fauondunisasmeuainmsiin
WAUUHTES N1SEANDUANNANMURETUTDINTY N1TAANDUINNAINULDEIVBINTILALAITANTIBY
323 ﬁﬁzazmmﬂ 9 1 AT AADAAIINYNITDILUUITNAD 3 Tfvedlnsecn Tngnaniseua
msaaneusielusunsuinaLNTufuLUUTaes 3 TRvesddeswmniduandunssi 4.2 &
AN5199 4.6 waznanIsAUIMNIsannouseTUsLNSUTIRILN T ufuLUUS a0 3 Rveadn

a f o

Unn3daauanalunnsneit 4.7 fam1snen 4.11

AN 4.2 NANISANUIUNNSANNBEUAIELUTNTUNWAIUITUAUKUUDTIADY 3 URVDIN LTS

maﬁmmﬁ 300 kHz

N15AANDUNNAINBLUAT (dB/m)
ILYENN
NISAANOUAIN | NITAANBUIINAINY | NITAANDUIINAIN | N1TAANDU
e NISENLIUUNTI NEIVYDINTIY GENRNEDE 52U
1 2.88 0.61 0.00 3.49
2 2.85 0.49 0.00 3.34
3 2.87 0.54 0.00 3.41
4 2.90 0.52 0.00 3.41
5 2.86 0.69 0.00 3.55
6 2.91 0.70 0.00 3.60
7 2.88 0.70 0.00 3.58
8 2.89 0.92 0.00 3.81
9 2.98 0.83 0.00 3.81
10 3.00 0.79 0.00 3.79
11 3.00 0.71 0.00 3.71
12 2.97 0.43 0.01 3.41
13 3.01 0.31 0.00 3.33
14 2.97 0.34 0.00 3.31
15 2.97 0.34 0.00 3.32
16 2.98 0.50 0.00 3.48
17 2.96 0.50 0.00 3.46
18 2.95 0.63 0.00 3.59




AN 4.2

61

NANISANUIUNNTANNOUAIE LU SENTUANALNTVUAUBUUTIADY 3 LRVDIOWTES

AMTiALE 300 kHz (¢19)

ANSARNBUANAIBLUAT (dB/m)

Rk NISAANDUIIN | NITAANBUIINAINY | NITAANBUIINAN | NITAANDU

() ATANLAUUNTI NYIUYDIN LDENYDINTI Pt

19 2.96 0.72 0.00 3.68

20 2.99 0.56 0.00 3.55
ms1af 4.3 wansFuansannaudelsunsuiivatuiuLuUsiass 3 Sivedides

ANIfiAILA 1000 kHz
NI15AANDUNIAINBLUAT (dB/m)
LN

NISAANOUAIN | NNTAANBUIINAINY | NITAANDUIINAN | N1TAANDU

() ATRNLAUUNTI NYIUYD I LDENDINTY Pt

1 1.40 0.75 0.01 2.16

2 1.38 0.57 0.01 1.96

3 1.40 0.66 0.01 2.06

4 1.42 0.64 0.01 2.07

5 1.39 0.80 0.01 2.19

6 1.43 0.86 0.01 2.29

7 1.41 0.84 0.00 2.25

8 1.41 1.10 0.00 2.51

9 1.49 1.13 0.00 2.62

10 1.51 1.11 0.01 2.62

11 1.51 0.99 0.01 2.51

12 1.48 0.58 0.02 2.08

13 1.52 0.45 0.01 1.98

14 1.48 0.46 0.01 1.95

15 1.48 0.46 0.01 1.96

16 1.49 0.68 0.01 2.18




ANS19% 4.3
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NANISANUIUNNTANNOUAIE LU SENTUANALNTVUAUBUUTIADY 3 LRVDIOWTES

AMTiALE 1000 kHz (#8)

ANSARNBUANAIBLUAT (dB/m)

Rk ATAANOUIN | NITAANDUIINAN | NITAANDUIINAIY | N1TaANDY
() ATANLAUUNTI NYIUYDIN LDEUDINTIY Pt
17 1.47 0.66 0.01 2.14
18 1.47 0.83 0.00 2.30
19 1.47 0.95 0.00 2.42
20 1.48 0.93 0.00 2.41
ms1af 4.4 nansFuansannaudellsunsuiivaTuiuLUUSaes 3 Sivedides
ANTiAUR 1650 kHz
NI5AANDUNNRINBLLAT (dB/m)
ITYENN
NISAANDUIIN | NITAANBUIINAINN | NITAANDUIINAN | NITAANDU
) ATRNLAUUNTI KNADE LDEUDINTIY Pt
1 1.02 0.74 0.01 1.77
2 0.99 0.56 0.01 1.56
3 1.01 0.65 0.01 1.67
4 1.03 0.64 0.01 1.69
5 1.00 0.76 0.01 1.78
6 1.04 0.86 0.01 1.91
7 1.02 0.83 0.00 1.85
8 1.02 1.07 0.00 2.10
9 1.10 1.17 0.00 2.27
10 1.11 1.16 0.01 2.28
11 1.11 1.04 0.01 2.17
12 1.09 0.60 0.03 1.71
13 1.12 0.48 0.02 1.63
14 1.09 0.47 0.02 1.59
15 1.09 0.48 0.02 1.59
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NANISANUIUNNTANNOUAIE LU SENTUANALNTVUAUBUUTIADY 3 LRVDIOWTES

AMTiALE 1650 kHz (#8)

ANSARNBUANAIBLUAT (dB/m)

Rk NISARNOUIANN | NTAANBUIINAINY | NITAANDUIINAIIY | N1TAANDU

() ATANLAUUNTI NYIUYDIN LDENYDINTI Pt

16 1.09 0.70 0.02 1.81

17 1.08 0.68 0.01 1.77

18 1.07 0.84 0.00 1.92

19 1.08 0.97 0.00 2.05

20 1.09 0.95 0.00 2.04
M7 4.5 wansFunnsanneuielUsknsuiiimuntutuwuusiass 3 favessides

ANafiAILd 2325 kHz
NI3AANDUNAINBLUAT (dB/m)
PELEATRN

NFAANBUANN | ATAANBUIINAIIY | NITAANDUIINAIIY | A1TAANDU

e NISENLAUUNTIY NYIUYDINTI GENRNEDE 52U

1 0.81 0.71 0.02 1.53

2 0.79 0.53 0.02 1.34

3 0.80 0.62 0.02 1.44

4 0.82 0.62 0.02 1.46

5 0.79 0.72 0.02 1.53

6 0.83 0.82 0.02 1.67

7 0.81 0.79 0.01 1.61

8 0.81 1.02 0.00 1.83

9 0.88 1.16 0.00 2.04

10 0.90 1.16 0.01 2.07

11 0.90 1.04 0.02 1.96

12 0.87 0.59 0.04 1.50

13 0.91 0.49 0.03 1.43

14 0.88 0.47 0.03 1.38




AN5199 4.5
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NANISANUIUNNTANNOUAIE LU SENTUANALNTVUAUBUUTIADY 3 LRVDIOWTES

AMTiALE 2325 kHz (#8)

ANSARNBUANAIBLUAT (dB/m)

Rk NISAANDUIIN | NITAANBUIINAINY | NITAANBUIINAN | NITAANDU

() ATANLAUUNTI NYNUVDINIY LDENYDINTI Pt

15 0.88 0.47 0.03 1.38

16 0.88 0.69 0.02 1.60

17 0.86 0.66 0.02 1.54

18 0.86 0.82 0.00 1.69

19 0.86 0.95 0.00 1.82

20 0.87 0.94 0.00 1.81
ms1ef 4.6 nansFwansannausgllsunsIivRT R ULUUSaes 3 Sivedides

ALl 3000 kHz
NI58ANBUNNAIRNDILAT (dB/m)
FLULNN

NISAANDUIIN | NITAANBUIINANY | NITAANDUIINAIN | NITAANDU

) ATANLAUUNTI NENUVDINY LDENDINTY Pt

1 0.68 0.67 0.02 1.37

2 0.66 0.50 0.02 1.18

3 0.67 0.59 0.02 1.28

4 0.69 0.60 0.03 1.31

5 0.66 0.67 0.02 1.36

6 0.69 0.79 0.02 1.51

7 0.68 0.75 0.01 1.44

8 0.68 0.96 0.00 1.65

9 0.74 1.13 0.00 1.87

10 0.76 1.14 0.02 1.91

11 0.76 1.02 0.02 1.80

12 0.74 0.57 0.05 1.36

13 0.77 0.49 0.04 1.30
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NANISANUIUNTANNOUAIE LU SENTUANALNTVUAUBUUTIADY 3 LRVDIOWTES

AMTiALE 3000 kHz (#@)

ANSARNBUANAIBLUAT (dB/m)

Rk NISARNOUIANN | NTAANBUIINAINY | NITAANDUIINAIIY | N1TAANDU

() ATANLAUUNTI NYIUYDIN LDENYDINTI Pt
14 0.74 0.46 0.04 1.24

15 0.74 0.46 0.04 1.24

16 0.74 0.68 0.03 1.45
17 0.73 0.64 0.02 1.39
18 0.73 0.80 0.00 1.52
19 0.73 0.92 0.01 1.65
20 0.74 0.91 0.00 1.65
ms1af 4.7 wamsFuansaanausaellsunsuiimutuiusuusiass 3 Sived

Unf3dfinrud 300 kHz
N15AANDUNIAINBLLAT (dB/m)
ITYENN
NISAANBUAIN | NITAANIBUIINAINN | NITAANDUIINAIN | N1TAANDU

() ATANLAUUNTI NYIUVDIHU LDE9YDINTY Pt
1 1.7 0.22 0.00 1.92

2 1.71 0.21 0.00 1.91

3 1.71 0.23 0.00 1.94

4 1.72 0.23 0.00 1.95

5 1.73 0.2 0.00 1.93

6 1.74 0.21 0.00 1.94

7 1.74 0.23 0.00 1.97

8 1.75 0.23 0.00 1.98

9 1.76 0.21 0.00 1.97

10 1.76 0.22 0.00 1.97

11 1.76 0.19 0.00 1.95

12 1.76 0.19 0.00 1.95




AN 4.7
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NANISANUIUNNTANNOUAIELUSENTUANMUNVUAUKUUTIADY 3 TRVDIN

Unf3dfinud 300 kHz ()

ANSARNBUANAIBLUAT (dB/m)

Rk NISAANDUIIN | NITAANBUIINAINY | NITAANBUIINAN | NITAANDU
() ATANLAUUNTI NYNUVDINIY LDENYDINTI Pt
13 1.76 0.19 0.00 1.95
14 1.76 0.19 0.00 1.95
15 1.76 0.19 0.00 1.95
16 1.76 0.19 0.00 1.95
17 1.77 0.19 0.00 1.95
18 1.76 0.17 0.00 1.93
19 1.76 0.17 0.00 1.94
20 1.76 0.15 0.00 1.91
m51e7 4.8 wan1sFuanIsannauselsunsuiRtuiuLUUSaes 3 Sived
Unfn3eiaanud 1000 kHz
N158ANDUNNAINBLLAT (dB/m)
FLULNN
NISAANBUIN | NITAANBUIINANY | NITAANDUIINAIN | NITAANDU

) NISENLAUUNTIY NYNUVDINIY LDE9UBINTI 52U
1 0.86 0.36 0.00 1.22

2 0.86 0.34 0.00 1.20

3 0.87 0.39 0.00 1.26

4 0.87 0.39 0.00 1.27

5 0.88 0.36 0.00 1.24

6 0.88 0.38 0.00 1.26

7 0.89 0.42 0.00 1.31

8 0.9 0.44 0.00 1.35

9 0.91 0.41 0.00 1.32

10 0.91 0.42 0.00 1.32

11 0.91 0.38 0.00 1.28




AN519% 4.8
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NANISANUIUNNTANNOUA U LU SENTUNNAUNVUAUKUUTIADY 3 TRVDIN

U367l 1000 kHz ()

ANSARNBUANAIBLUAT (dB/m)

Rk NISARNOUIANN | NTAANBUIINAINY | NITAANDUIINAIIY | N1TAANDU

() ATANLAUUNTI NYIUYDIN LDEUDINTIY Pt
12 0.9 0.38 0.00 1.29
13 0.91 0.37 0.00 1.28
14 0.91 0.37 0.00 1.28

15 0.91 0.38 0.00 1.29

16 0.91 0.39 0.00 1.29
17 0.91 0.39 0.00 1.30
18 0.91 0.35 0.00 1.26
19 0.91 0.37 0.00 1.28
20 0.91 0.32 0.00 1.23
M7 4.9 mamsFuansanneudelsunsuiiantuiusuusiass 3 Sived

Unf3dainud 1650 kHz
N158ANBUNIAINBLUAT (dB/m)
ITYENN
NISARNDUIIN | NTAANBUIINAINY | NITAANDUIINAIIY | N1TAANDU

() AIANLAUUNTI NYIUYDINUY LD ERUDINTIY Pt
1 0.63 0.41 0.00 1.05

2 0.64 0.39 0.00 1.03

3 0.64 0.45 0.00 1.10

4 0.65 0.46 0.00 1.11

5 0.65 0.43 0.00 1.08

6 0.66 0.45 0.00 1.11

7 0.66 0.5 0.00 1.17

8 0.68 0.55 0.00 1.23

9 0.68 0.52 0.00 1.20

10 0.68 0.52 0.00 1.20
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NANISANUIUNNTANNOUAIELUSENTUANMUNVUAUKUUTIADY 3 TRVDIN

Unm3dfnud 1650 kHz ()

ANSARNBUANAIBLUAT (dB/m)

Rk NISARNOUIANN | NTAANBUIINAINY | NITAANDUIINAIIY | N1TAANDU
() ATANLAUUNTI NYIUYDIN LDEUDINTIY Pt
11 0.68 0.47 0.00 1.15
12 0.68 0.47 0.00 1.15
13 0.68 0.47 0.00 1.15
14 0.68 0.47 0.00 1.15
15 0.68 0.48 0.00 1.17
16 0.68 0.49 0.00 1.17
17 0.69 0.49 0.00 1.18
18 0.68 0.45 0.00 1.14
19 0.69 0.48 0.00 1.17
20 0.69 0.42 0.00 1.10

ANS1N 4.10 NANITAILIUNITAANBUNIELUTLASUANAUNIIUAURUUINGBY 3 TR

Unfn3dnaanud 2325 kHz

ANSAANDUANAIBLUAT (dB/m)

Rk NSAANOUAIN | AITAANBUIINANL | NITAANBUIINAN | N1TAANDU
e NISENLAVLNTI NYNUVDINTIY LDENUDINY 52U
1 0.51 0.44 0.00 0.95
2 0.51 0.41 0.01 0.93
3 0.52 0.49 0.00 1.01
4 0.53 0.50 0.00 1.03
5 0.53 0.46 0.00 1.00
6 0.54 0.50 0.00 1.03
7 0.54 0.56 0.00 1.10
8 0.55 0.62 0.00 1.17
9 0.56 0.59 0.00 1.14
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AN 4.10 HANITANUIUNITANNDUAIYLUTLNTUNNAILUIVUAUKUUDTIADY 3 LRVDIN

UnmEefnuD 2325 kHz ()

ANSARNBUANAIBLUAT (dB/m)

Rk NISARNOUIANN | NTAANBUIINAINY | NITAANDUIINAIIY | N1TAANDU
() ATANLAUUNTI NYIUYDIN LDEUDINTIY Pt
10 0.56 0.59 0.00 1.14
11 0.56 0.53 0.00 1.09
12 0.56 0.54 0.00 1.09
13 0.56 0.53 0.00 1.09
14 0.56 0.53 0.00 1.09
15 0.56 0.55 0.00 1.11
16 0.56 0.55 0.00 1.11
17 0.56 0.57 0.00 1.13
18 0.56 0.53 0.00 1.09
19 0.56 0.57 0.00 1.13
20 0.56 0.49 0.00 1.05

ANSN 4.11 NANITAILINUNITAANBUAIETUTLNSUANAUIIUNULUUINGBY 3 TR

Unfn3diiannad 3000 kHz

ANSARNBUNAIRBLUAT (dB/m)

Rk NISARNBUINN | NITAANDUIINAINY | ANTBANDUIINAIIY | N1TAANDU
) ATANLAUUNTI NYIVUDINLIY LDERUDINTIY Pt
1 0.44 0.45 0.01 0.89
2 0.44 0.42 0.01 0.87
3 0.44 0.50 0.01 0.95
4 0.45 0.52 0.01 0.97
5 0.45 0.49 0.00 0.94
6 0.46 0.52 0.00 0.99
7 0.46 0.59 0.00 1.05
8 0.47 0.67 0.00 1.14




70

AN 4.11 WANISANUIUNITANNDUAIELUTNTUNNAUIVUAUKUUDTIADY 3 LRVDIN

U367 3000 kHz ()

N15AANDUNIAINBLUAT (dB/m)
IZYENN
NISARNOUIANN | NTAANBUIINAINY | NITAANDUIINAIIY | N1TAANDU
() ATANLAUUNTI NYIUYDIN LDENYDINTI Pt
9 0.48 0.63 0.00 1.11
10 0.48 0.64 0.00 1.11
11 0.48 0.57 0.00 1.05
12 0.48 0.58 0.00 1.06
13 0.48 0.58 0.00 1.05
14 0.48 0.58 0.00 1.06
15 0.48 0.60 0.00 1.08
16 0.48 0.60 0.00 1.08
17 0.48 0.62 0.00 1.11
18 0.48 0.58 0.00 1.07
19 0.49 0.63 0.00 1.11
20 0.48 0.54 0.00 1.03
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JUN 4.19 wuudnaes 3 dfvesanidesniaduiinaaeuiilaningunsel LIDAR Scanner

(318 un)

JUN 4.20 WuUdaes 3 dRvesn@iganniduiivaaeunlaaingunsal LIDAR Scanner

(HUUBIPIUL)

SUN 4.21 Wuudaes 3 dRvesnunjmisddiunnaaeunlaaingunsal LIDAR Scanner

(33131099 1UNT")
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JUN 4.22 wuudnaes 3 dfvesangnsddrunnageuiildainaunsal LIDAR Scanner

(3103189 UTN)

NVUANUANDSPAINSUAILAZTUARULAYT AR LN UIAIUAILAUIDINNITNAADUIS

o U 3 1

lunilldwesauszianneainviouindu (Waveguide port) dmiunesn 1 (n1ade) Mvuale
TuduriaSuAUNS 91528 0 LWAS INUUAIUUANDSA 2 (N1ASU) TTlszasrinasuAUaIn
wase 1 1uszeenne 2 was udrdeiinisdiaeanisunsnszatendu Tnguszaslunisdiass
pralUsunsy CST dinaNansanisannauluvasunsnszateadun1elulnginn faiuds
NsuAFUUsEANSN15deHIU (Transmission coefficient: S,,) Fudunailaainnisdanau
5 Y] & ) E = a \ ¢ Y =~ o a
nwese 1 ludmasn 2 ndnUuInNUszegrIaInnesn 1 90 9 2 wes ud3991a098n

ATY InevigluaunseNefaseey 20 WA AILaAIlUAITI9T 4.12 wassuN 4.23 d@usuan

Y
=

Feen wazuandlunisned 4.13 wagguil 4.24 dmsuafmse Sawaiilaasgniinlimiu

U35ng11 (Normalization)

A13197 4.12 WAN15IN809EUUTEANTNITEWIU (Sy) Arelusunsu CST Aukuudass 3 9@

VDI FLIAT

AUUsEANSNNEINIU Sy (dB)

SEYLNN (LURAS)
300 kHz 1000 kHz 1650 kHz 2325 kHz 3000 kHz

2 0 0 0 0 0

4 -18.25 -17.83 -18.08 -18.34 -18.72
6 -18.25 -17.83 -18.08 -18.34 -18.72
8 -22.25 -21.63 -22.23 -23.1 -24.09

10 -21.46 -20.46 -21.58 -23.61 -26.01




AN5199 4.12 man15INaesduUsEaNSNsaaNIu (521) Mmelusensy CST AUWUUINEDY 3 1R

91; a 1
YDINYLIN (D)

Sulszavsnisassinu Sy, (dB)
T2ULNe (WIAT)
300 kHz 1000 kHz 1650 kHz 2325 kHz 3000 kHz
12 -46.09 -34.2 -31.72 -32.31 -34.76
14 -45.16 -38.91 -38.14 -39.63 -57.64
16 -28.81 -28.01 -31.78 -39.03 -52.15
18 -29.53 -28.96 -33.89 -44 -58.31
20 -32.07 -31.84 -38.16 -52.62 -57.08
0
-10
)
S 20
m(\l
£ 30
<
G
40
[ow
(=)
=
«%Gz -50
=
% -60
70

2 il 6 8 10 12 14 16 18 20
2NN (LUAT)

------- 300 kHz -------1000 kHz ------- 1650 kHz

2325kHz  ceeeee- 3000 kHz WLEY (300 kHz)

W9LEy (1000 kHz) W9LEY (1650 kHz) WTaLdu (2325 kHz)

JUT 4.23 nsvinanisdnaesdudseAnsnsdeinu (S,) arelusunsy CST fukuudngaes 3 46

VIR NYHIAD
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SNTEIHU (Syy) MElUSLATH CST AULUUTIa8Y 3 4R

YN (LUAS)

duUsEaNSN15dINIUY S,y (dB)

300 kHz 1000 kHz 1650 kHz 2325 kHz 3000 kHz
2 0 0 0 0 0
q -11.33 -11.03 -10.95 -10.8 -10.73
6 -18.77 -18.04 -17.74 -17.53 -17.46
8 -22.78 -21.72 -21.41 -21.26 -21.32
10 -22.52 -21.51 -21.31 -21.43 -21.79
12 -25.8 -24.37 -24.31 -24.84 -25.6
14 -33.91 -32.03 -32.16 -33.16 -34.53
16 -35.44 -33.58 -34.02 -35.71 -37.91
18 -35.38 -33.13 -33.82 -36.31 -39.82
20 -38.54 -36.52 -37.45 -40.63 -45.62
0
-10
()
o 20
A
= 30
=
s
% -40
P
. <
e 50
(\?)
5_2
2 -60
"
-70
2 6 8 10 12 14 16 18 20
F2ULNIN (LUANS)
....... 300 kHz ceeee2-1000 kHz === 1650 kHz
2325 kHz ~ ceeeees 3000 kHz WJ9LEY (300 kHz)

W9k (1000 kHz)

LAY (1650 kHz)

WIaLEY (2325 kHz)

JUT 4.24 ns1vinanisdnaesdudseAnsnsdeing (S,) arelusunsy CST fukuudngaes 3 46

YU nn3e
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NENTNAN 4.12 WagguN 4.23 Fauanananisdnaesdulszansnisdaud wiundes

A1 warlunisei 4.13 wazgun 4.24 Fauanmanisitaesdudszansnisdarudmiunm

al

Unn38 Aeud 300 kHz, 1000 kHz, 1650 kHz, 2325 kHz wag 3000 kHz lngduusdns

nsdsiulkandiiunsunsnszateaduliindusenInegads port 1 lWdasun port 2

AAULATZYLNNG 2 WIAT UNTENIATUTEELN 20 LUAT LIURBINUNISNAABUITI NNSI1aDIH

' 1%
= a a Y

wandliffiudadnunsnsunsnsznenduiifanelulnssdudazuis Jeldsusvinannii
Snwaignanienmuedlngtn Wy aNvsszeeilinn fiusen Audes wierunilingd
voslnsedn Hudy venanisssulufiaudimiliihvesfagianatsogafiuyuasiiunae
anene

Tnenadwsnsaesdulseans nmadsinudmiudndenlugud 4.23 wudifanis
annoufigeanimadndnisiiaosdulssani msdeiudmiuiinislugud 4.2 unald
MU Baduiidanuduinnnii@aandiifiuinldunisaameusiosseznsiiganiy
Taotanzlugudl 4.23 Usszogmad 10 {9 16 wes Fainnisanneugaiiesannuina
sxegn1efl 10 A 16 wes nelulnssandesnmuiivsenuasiudosidudiuuuniign
wanesnTnsse nsedsidnuaginssnaiiuadniniounindndenn Inonadns
nsaaneusieszarsgavedildannssiassiielusunsy CST azgniseiuazeAuse
Tunemas

uananiinsdaesielsunsy CST tudliadndnissaorumniuresnssua
(Current density: J) Sauansnumuiuturesnszuavedliiihffinuuuianveauuusians
& 3 i TuguuuunsuaaNaluunNs N ﬁmamiugﬂﬁ 4.25 5&'3‘0171' 4.3 voeisiiTe9n )
waza U §mn3e Aaaud 300 kHz, 1000 kHz, 1650 kHz, 2325 kiHz uag 3000 kHz Taelu
SUAMILLANILRTNZHAN TNABIALMLIUYLYBIATEUATIE (Phase) ISuduilAvindy 0
Wi Tasnssiaesaumuuiuresnsyuatiasuansiifufdnuaznisundnssaisady
melulnsaduagnmaunsnszaedndlunelufinarswesmdsddndefiotuduauyfis
Suduiidinnduarudsiunsnszasaislulnsadiazarunsoundnszanednasiunislu
fnansnifinuiomnautfvesnnudniafvhliadueufiansaundnszaeludnuay

A a Y
Y99AAURILA
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A/m~2

3,275 1

le-5 —
T —

46—

le-6 —

47—

1=-7
]

current (f=300) [1] & L x
Component  Abs

Freguency 300 kHz
Phase 0
Maximum 3.26527e-05 A/m*2

JUN 4.25 M391809ANUNUILUUNTTUATBMUUTIABY 3 TAveeTgenInlglusunsy CST
R4 300 kHz

A/m~2
3.23‘&-5—.
»

le-5 —
T —

46—

le-6 —

47—

1=-7
]

current (f=1000) [1] & L %
Compaonent  Abs

Frequency 1000 kHz
Phase 0c
Maximum  1.772132-05 A/m*2

JUTN 4.26 NM1331889ANUNUUUNTEUAVDMUUTIRBY 3 TAvasanTeanImglusunsu CST
#iMnud 1000 kHz
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A/m~2

3.27e5 —.

>
le-5 —
T —

46—

le-6 —

47—

1=-7
]

current (f=1650) [1] & L %
Compaonent  Abs

Frequency 1650 kHz
Phase 0c
Maximum  1.38858e-05 A/m A2

SUN 4.27 M3T1009IANUNUILUUNTTUATBMUUTIABY 3 TAveeTeInInlglusunsy CST
1RUD 1650 kHz

A/m~2

3.27e5 —.

<

le-5—
T —

46—

le-6 —

47—

1=-7
]

current (f=2325) [1] [ L %
Compaonent  Abs

Frequency 2325 kHz

Phase 0c

Maximum  1.17712e-05 A/m#2

JUT 4.28 NM1331889ANUNUHUUNTEUAYDMUUTIREY 3 TATasanlean1iniglusunsy CST
fienud 2325 kHz



current (f=3000) [1]
Compaonent  Abs
Frequency 3000 kHz
Phase 0c

Maximurn 1.053%1e-05 A/m*2

Afm*~2

3.27e5 —.

1e-5 I
Tet —

46—

le-6 —

47—

1=-7
]

L.
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JUA 4.29 MsdassmnunruLiunsEuaveswuudnges 3 IAvesinisannimellsunsy CST

fA2uA 3000 kHz

power (f=300) [1] =)
Component Abs

Maximum 312271 VA/mA2

JUN 4.30 MIT180ANUNUIMUUNTELAVDIMUUTIADY 3 TAvasaUnfmsdmelusunsy

CST fiud 300 kHz
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A/m~2

7.26e-5
425 :.

current (f=1000) [1] &

x
Compaonent  Abs
Frequency 1000 kHz
Phase 0c

Maximum  4.011362-05 &/m 2

JUN 4.31 MITN80IANUNUIMUUNTELATBIMUUTIADY 3 TAvasaUfmsdmelusunsy
CST fiaud 1000 kHz

A/m~2

7.26e-5 ]
45

>

current (f=1650) [1] &

x
Component Abs
Freguency 1650 kHz
Phase 0°

Maximum  3.14333e-05 A/m*2

JUN 4.32 M3T1809ANUMUIMIUNTELEYBMUUTIADY 3 TAvasnUnfnsdmelusuny
CST #imd 1650 kHz
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A/m~2

7.26e-5 ]
425

current (f=2325) [1] &

x
Compaonent  Abs
Frequency 2325 kHz
Phase 0c

Maximum  2.65538e-05 A/m A2

JUN 4.33 MIT1809ANUNUIMUUNTELATBIMUUTIADY 3 TAvasaUfmdmelusunsy
CST fmnud 2325 kHz

A/m~2

7.26e-5 ]
45

current (f=3000) [1] &

x
Component Abs
Freguency 3000 kHz
Phase 0°

Maximum  2.33357e-05 AYm*2

JUN 4.34 MIT809ANUMUIMUIUNTELEYBMUUTIADY 3 TAvasaUnnsdmelusunsy
CST #iAmid 3000 kHz
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91n3U7 4.25 FagUil 4.30 uanananITIIABIMNLVLLLLYBINTELAYDILUU AR 3
ﬁasumgwL%smmmazgwmﬁm%é TRENANT IaIA TN TZUAF LTI TE9A 1)
nandlugui 4.25 fagudi 4.29 Tewinfu 3.26x10° A/m?, 1.77x10° A/m?, 1.39x10° A/m?,
1.18x10° A/m? uag 1.05x10° A/m? findnaidl 300 kHz, 1000 kHz, 1650 kHz, 2325 kHz uag
3000 kHz Puddy drunantssiaeInvLILLTesn sEkavest U Isuandlugui
4.303U41 4.25 fa3Uf 4.34 fidwvinfu 7.26x10° A/m?, 4.01x10° A/m?, 3.14x10° A/m?,
2.65x10° A/m? ua 2.33x10° A/m? firnud 300 kHz, 1000 kHz, 1650 kHz, 2325 kHz uas
3000 kHz #ud1fU nean1sTiaeanuinaduiiunnsraeneluluudiass 3 dRveslnss
dtsapawiainnisunsnszedlungluniiidlnendsuluegluzuvaanszualuiiuunds
dmi dungldnseavresauruuuvensruaiidannuinaulndtulnssuiesesud
mnnswhifudvdes wandlerruiaduaumuuuresnssuanislunifidasdenanas 4

6 U

n13iraeselnssnwleanwasaUr 3 diinadnsludnvauzifednu naawsnlalaiy

a A

donARBAUANYAFIUS0IAUANHINARTUINAGUAILAI VTN SEAe I Tulns e
4.5 msenusIgNa

WdeliazifunisedusonansAneLuUTIaninIsunsnsyanera unielugn ne
WasulunansanvausoLnsilannIsnadeunsuUnsnsEaAaLTd I I@e LA HADIN
LUUTIA0IMOUIAG 1 RAIINLUUTIABINITUNINTLIUAE UAIUA AT UILaUeT b
wuusaes 3 iR vedlnssdwiaansusialdlunisduan wazaarianaainnissassdae
TUsuNsY CST fimnud 300 kHz, 1000 kHz, 1650 kHz, 2325 kHz wag 3000 kHz

nafldnnsnaevdsnaunelulnssd e awsiaasnan1ssanselUsunsy CST
Dunardaii suldvesnd ulurnsind uunsnaratenelulnsadifissesnng 2 was 57y
SzuEn19 20 WAs wadildaiildannisnageunaznannlusunsy CST 391435 nsvAuduy
gasnsdunwaltuguiefuanuddsefiiiumn Tnonmsmanuduvesnsinuwilindaduds
Wnlilafunadninisanneusossesnaitiniy Tudunadnsildanuuusiaswiothady
wazuuuiaesihinauslinadwsnsannouseszeynsluming db/m egudn Fel#38nemn
miammaumﬂmiﬁﬁmmﬁaaé’ﬂwmzmqmaﬂwwmawﬁf]éfmaﬂwwgmﬂ6‘] 2 AT AUNTLIN
ASU 20 1AS LagEARLULINISATLIMY UABIAUAISNAZBUISIAYNITINaDIn18lUTwnTy
CST MntudaiumAiadesuveamsanyouseszerna Jailinadnsgarieainiams
VAFOU HATINWUUSIA0IMBUIAG U NAINRUUTIADIT U LAUORATNAIINAITIIABIAIEY

TUsunsu CST aglugUnuuiieniunauanslunisned 4.14 uagn13199 4.15
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4.5.1 HAMSANYIYRINLTLIN1D (Auyw)

M13199 4.14 NMSUARINANITLUSEULTIEUNTaNNOU 858 8N 19V LT BRI (AYL)

N1saANaUMBLUAST (dB/m)
A . o WUUTN@DY N1391883078
NANISNAABY | LUUIIaewiaunau 4
AUDFN* CST
300 kHz 3.90 56,272.67 3.85 1.56
1,000 kHz 2.83 5,089.13 2.65 1.46
1,650 kHz 1.52 1,877.68 2.29 1.76
2,325 kHz 1.76 950.06 2.06 2.47
3,000 kHz 2.06 573.27 1.89 3.23

*uuviassniaueluinednusatuil

AN5197 4.15 udnIanIsaaneusensiilaainnsnageuiigiden s
NAANSINLUUTIaeWIIAAY WUUTIABIAMLAFTIvILELe waznan1Ts1aaedaEluLN Ty
CST mmwmﬁ’waaqgﬂﬁmm’s ﬁmmﬁ 300 kHz, 1000 kHz, 1650 kHz, 2325 kHz tkag 3000
kHz TRgNaN1SAANBUABLUATIINNISNAZBULAWIINY 3.90 dB/m, 2.83 dB/m, 1.52 dB/m,
1.76 dB/m @ 2.06 dB/m MNEIFUALE KANITAATEURBIATINNWUUSeviatAGud]
AYINAY 56,272.67 dB/m, 5,089.13 dB/m, 1,877.68 dB/m, 950.06 dB/m wag 573.27

o a

dB/m MERUAIILE NANISANNBURBINTIINKUUSIaasRIuRsTivaueiiaviafu 3.85
dB/m, 2.65 dB/m), 2.29 dB/m, 2.06 dB/m Way 1.89 dB/m muAWUAND gavinenanis
$raeedeTuunsy CST 9nuuusaesgLdesnndawvingu 1.56 dB/m, 1.46 dB/m, 1.76
dB/m, 2.47 dB/m uag 3.23 dB/m audsuaud
Pnuadnsuansliiiuimadnsfildanuuusassiothaduiiainisasmeuse
izazmaﬁqamﬂ Tnglamefianud 300 kHz Fadiauviafu 56,272.67 dB/m waviileaud
gl uuvuTassvieraduislinanisanmouanas Turuforfunadnsanuuusiaosi
Ynauslialnaldssiunanismageulnemsfinnuiaddamiilnainesninuusiasive
thaduda uenaninanssiaosiielusunsy CST Sslinadnsoglutrafoatunadnsann
LLUURT’]@EN‘ﬁﬂ’]Lﬁu@LLﬁ%Nﬁﬂ’]i%ﬂﬁ@UﬁﬁdLLﬁiLﬁ(ﬂmiaQWSUQQ%ULﬁE]ﬂ’J%ﬁIQQ‘ﬁuﬁ’JEJ Wil $he

SNYULNNIEATNVDIONT AN TSNz URINTIO1NT UL ouaziAusanusoud aadu

a1 oA v

uInIN lvinsanneuvesnduamzunsnszatgnglulnsandanAoutngas
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4.52 wan13AnyIvestUfn3d (iunsie)

M15°9% 4.15 NMsuansnanIsiUseuLisunsanveusase e w1 §v3e (Funse)

N13aANOUABLUAT (dB/m)
ALl . L WUUIADY N1391894998
HANISNAFBY | WUUIIARIVIBUNIARY 4

AUDA CST
300 kHz 1.57 495,880.55 2.03 1.93
1,000 kHz 1.51 44,806.58 1.46 1.80
1,650 kHz 1.25 16,518.36 1.39 1.86
2,325 kHz 1.40 8,350.97 1.37 2.04
3,000 kHz 1.38 5,034.80 1.37 2.30

*uuviassniaueluinednusatuil

13971 4.15 uansHansanneuRoluas i ldannanadeufigiunjnnis lne
Wisuifsunadnsanuuudiassvienady uuudiassanudinfitiaue uagnanissiass
areluwnsy CST mmwmﬁaaaﬁ?ﬂmﬁm%é fiAud 300 kHz, 1000 kHz, 1650 kHz, 2325
kHz wag 3000 kHz LgNanNISanNaum BLuASIINNISNAFaULALIAY 1.57 dB/m, 1.51
dB/m, 1.25 dB/m, 1.40 dB/m Waz 1.38 dB/m ANAINUAIINT HANITAANDUABLIATIIN
LUUS1809Y 0v1AA uflA1LvnTU 495,880.55 dB/m, 44,806.58 dB/m, 16,518.36 dB/m,
8,350.97 dB/m iag 5,034.80 dB/m mua"wﬁ’ummﬁ NANITANNDUABLUATINALUUINAD
A i uniaueda1indy 2,03 dB/m, 1.46 dB/m, 1.39 dB/m, 1.37 dB/m uay 1.37
dB/m muddueud gaesantsiaesdeluungy CST arnkuuaesaWfni3ean
WU 1.93 dB/m, 1.80 dB/m, 1.86 dB/m, 2.04 dB/m Wag 2.30 dB/m audsuAIma

Tagmnsnadl 4.15 uanawadnslugunuuideadiunsnsil 4.14 aanuaitldnuin
nadwsldannisaaeuvasniUfunidlianisannousowwnsogd 1.25 - 1.57 dB/m
Immzﬁwamsmaauﬁﬁ%ﬁmmaa&ﬁ 1.52 - 3.90 dB/m Faiinarnaudamaluivesiiu
wazauataseveslnssfidswarernsanneu Tnssndesnniiinssdvguszuay
ashiauesnnifisunin3e wagludiunaannismeaeuiicnunfmidlinalndifeaiuna
MNUUUTIa8IANA A wenaniinadwsaniuuTaesviataduliA1nsaanaugani
nadnsanandean1n nelaniedl 300 kHz FefiAnisannougsds 495,880.55 dB/m

WesmnuupveslnsinUnsendvuniannindmalaensmeluuinassiotinay
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MnHAENETILAN U LLﬂdﬂﬂﬁuﬁﬁﬂ';m?iﬁ’mdwmm?{é'fm%Lﬁﬂmﬁammauqa
aliaunsaundnszaenmelulnssiflunmmgul uinnsanmedeunuiaduiidaanud
AneuaRndinunsnsEaenslulnsm lddeauTRvesrauiia dsaansomanudn
I¥anaunsi 2.1 munuusaesviotaaudsiiamindiy 27.5 MHz 9nawinvesinsidnides
17 way 62 MHz MnauavastnsadiUfunis uaznisdransdaelusunsy CST Sauandl
Wudnanumuuduesnszuaiminaelundssduduius fuanudnianaranud Tned
ArudseuuuiunsrualundadiagiiaganinduietunuEnfaiidaiunnniag
ariie fauanslusuil 4.25 Segudl 430 Froweivhliuunaslunsihdeudniadiie
nmauALaf vz nszaeaelulnseganldlunsiauinuusiassnisaaneunis

wnsnsyeAaUlRaansInd g UNaNINAFR UL NN
4.6 @3l

Tuunilldiwansfnsnginssunsunsnszaeaduiinasluundidium indesed
ieWauLUUTIaINsUNInsE N eAaumNEsnelun denstuwiAndosauTRves
AAuRuLazmEnR I lun STRIL LIS 1ae IR dinANER S TIRIS AN TaANaUTILAR
MNTILPRIINSIE AENUTEIURY AuB e wavadavest Wudy n§en
fusgiuuudiass 3 dAvesluseniildnaaeufilda1ngunsal LIDAR 3D Scanner a1
Uszgnildlun1smuind n s 19418 A18789671939 AREAILAIUINAITAANEUR Y
LUUSIasIANaR v ILEUe uenandduiufiunisiiuusiass 3 SRvesdiunsasidag
Tusunsudiaes CST uaranreazidumaisufisunadnsannianismagey nadnsan
LUUS1a8 01 AA WAL RASNSANLUUSIA09ANAMTAYLALS wazlfRuNadngaIn
Tsunsu CST Bnéne Tnenadnsuanshiiiuiiuuusiassfiviauslinadndlndldusiunanis

NAADUATINNTIEA
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ajUuazUalauauue

5.1 #5UNani1sivey

Inendnusatuilfinauenmsaisuuusiasnsundeduauiingdmiugmanud
sranglugn Feilgussasdifioosuienalnnsundnszaneadunnudsneludmdoudy
a¥1auuUanmendinananifannsaesutensanneuiiint uandadesg q Wy ns
aANEuINTUIATBSINGInN TDN1TAATEUINAIMETULAZA B BsesHTTsLd Tne
Suduanmsfnunginssureseduiidunislulnsidifenismaaevdsaduingfinnui
300, 1000, 1650, 2325 uag 3000 kHz G308 lutaauauaud LF uazuaunaud MF o i
Foaem Sunoidennn Sarindedl fadudiuyuiinulfinniiaalulssmalne wasd
Unfu3d suneloniey Swinguasiusd dadumifiunse mnduiainadldufnunds
wgfns nalmsunsnszaneadu waraulAfiieadestunisundnszaeniuveadviaaes
uis Tnoran1sfnwnaggminniauiuuuiiassnisaneuresedunudainielud1an
wuudraeaiethndudy feninheiaudniifiinanandinduiavesadunui i
annsaunsnszaneandilvlunisdiseu 9 16 feiildvuamsliihvednsedniivuadiaty
INIIANIAIBATH A2810 105 il ansnsnesureeain fiaduainuddiaiuise
unsnszarenelulnsdn iz dauenedunnnivuevesnssaunguivieth
pAuAny uenndifiuuudaes 3 dfanuezdengeuesinssdanildnaaeunielud
fagaaunia anldlumssunudnememsmaningasan 1wy suiaaunuazAIgIYe
Tnssen Anuvgvszuazaandesontan sauluisiusenuasiudosd ailiinssdnd
Snuaziidsulunngunssdmdsuvomiatadu Tasvhnsdundentdavedngad
nng szozmavaslansadiiieliinauuiuggedsidusmardluldfuuuudaesd
thiaue uazdsihindiassielusunsiinssimamdnliin CST ianfndnsy ndaain
fuiavFeufisunadnsainnistanaaey wadnsanuuuiiaesiethadu wadnsain
wuuaesfithiausuaskadnsanmsTiaswelusunga CST Tnsanuadwsiammunnuioug
flFannuuuassiivnauslialndiAsstunanisiannaouvostniaaesuvisnndign vl
nsthunAalunsiheamudnifiieaneduanuimvnzundnszasnelulnssinld

TunsHRUILUUINEBINTAANDIUNSENINTLANEARUA NS UL UAMNUDATLE  UBnaINTEi-
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WUUT1A0INUNEUDUINAIUN U TUNTUAINTUATUIANITAANOUNITLINTNTZAIAT UAI LD F
ngluananuuudiassuesnssadu 9 Weliamisadrluldlunisvinune Tiasiei wag
MU sdeasnglulngsg Feulvdmsussgndldaduanudsilun glued viiamiles

Tadulalusunan
5.2 UDLEUDLUY

Msaf1auuUsIasnisunsnsEatenaunuasnelugfilddiaueluinednugatiu
i amnsniludssgndldfuanuiifiddnvaradiou Wy glusd miles vieglusdsalul ¢
fremstuuusians 3 Saunldlunsuna eglsinunuuiassiviauafuuuusians
Armualdfnanadaenidnvasduiofortuiamuniieliayaindonisaneuazeadng
LuUsaemeadaand uenanianmuindeunisluiusazgiinatenaiinsasunlas
AU ATy gl warn1siUA suuUasmienienin deenademaneauLug1ves
wuuiaes gavetmeisentvindhouuudiaasiiinaus BnsAng niAsed wasnad

Iazlussinnuiuasiluwwimdunsimunisuszedldnauanudmaigludlueuan
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ABSTRACT: Radio waves are significant for operating in an underground tunnel or a cave, such as two-way
radio systems or emergency communication during rescue operations. Most applications used in the tunnels
require wired connections because of the high attenuation of the wireless propagation. In particular, the
attenuation in caves is higher than in tunnels because of the non-uniform nature of the walls. Therefore, this
paper presents a study of the radio wave propagation within a cave. The experiment covers the low-frequency
(LF) to ultra-high frequency (UHF) bands that aim to analyze the attenuation and behavior of waves in caves.
Study results show that the low frequency and medium frequency (MF) bands can penetrate cave walls due to
the deeper skin depth. At the same time, higher frequencies perform well in line-of-sight (LOS) propagation over
short distances, albeit encountering significant attenuation in non-uniform cave environments. The skin depth
condition obtained in the propagation result led to the Through-the-Earth (TTE) experiment by making two
hand-made transceivers in the beginning band of MF at 350 kHz for transmitting and receiving waves between
the mountain surface and the cave passage directly through the rock layer. The results of the TTE experiment
show that the transceivers can transmit to 571 meters with a received power of -85.0 dBm before encountering
an obstacle that makes it impossible to continue. Finally, the results are significant for developing the application
of radio frequency within caves or tunnels and improving the application of the TTE technique with more
versatility and efficiency.

Keywords: Geophysics, Sub-surface, Cave technology, Wave propagation, Through-The-Earth (TTE)

1. INTRODUCTION in caves or tunnels [6-9]. These applications
highlight the wide-ranging utility of radio waves,
Radio waves have diverse applications in offering significant improvements in safety,
geology and sub-surface operations. Sub-surface efficiency, and the exploration of the sub-surface
sensing technologies encompass a range of methods environment in geology and underground mining
for detecting, imaging, and characterizing sub- operations.
surface objects and phenomena, including Ground Additionally, in 2018, twelve members of a
Penetrating Radar (GPR), electromagnetic induction junior football team with their assistant coach were
(EMI), seismic methods, electrical resistivity trapped inside the Tham-Luang Nang-Non cave in
tomography (ERT), and remote sensing [1,2]. Radio northern Thailand due to heavy rainfall that flooded
waves are essential in communication through two- the cave and blocked their way out [10]. National
way radio systems within underground mining. and international rescue teams made extensive
Yarkan, Guzelgoz, Arslan, and Murphy [3] have efforts to free them, resulting in their successful
surveyed communication in an underground mine by rescue after approximately seventeen days. This
discussing communication types, methods, and the high-profile  operation  garnered  significant
significance of communication in the underground worldwide attention and received cooperation from
mine. numerous organizations. The event highlighted the
After that, Gibson [4,5] researched a new importance of studying radio waves and developing
underground communication technique: the so- specific applications for cave and mine
called Through-the-Earth communication (TTE), environments.
which transmits radio waves through the earth’s Therefore, this paper reported the experimental
surface into the underground. Such a method is still study of wave propagation in the cave to investigate
a wireless communication system, which is their behaviors while traveling in the cave from LF
necessary for implementation in the cave due to the to UHF bands both in line-of-sight (LOS), and non-
comfortable installing, relocating, and maintaining line-of-sight (NLOS) as natural caves differ in cave
the equipment. Furthermore, much research has geology, wall roughness, dimensions, bends, and the
studied wave propagation in tunnels and caves to electromagnetic properties of rock. This study
investigate the behavior of waves while propagating proceeded at Chiang Dao Cave, Chiang Mai,

74




96

International Journal of GEOMATE, June, 2024 Vol.26, Issue 118, pp.74-86

Thailand, a natural cave with the abovementioned
properties.

Furthermore, the results of the experimental
study will used to design a transceiver supporting
the TTE application by using the hypothesis that the
low frequency is a ground wave and has deeper skin
depth that can be transmitted through the rock layer
into the cave, effectively. In conclusion, we verified
the experimental results by selecting the appropriate
frequency for designing and constructing the devices
for testing in Chiang Dao Cave. Finally, our
experimental and testing results accorded together
and effectively used in the long-distance cave
passage with a TTE system.

2. RESEARCH SIGNIFICANCE

This research contributes considerably to
understanding the propagation of radio waves within

caves or similar structures such as mines and tunnels.

This study covers frequencies from LF to UHF, both
line-of-sight (LOS) and non-line-of-sight (NLOS)
scenarios. The study reveals the behavior and
limitations of each frequency range while
propagating in the cave. In particular, LF and MF
bands exhibit ground wave properties suitable for
TTE application, Underground radiolocation, or
GPR application. These findings offer valuable
insights for future geology and sub-surface
applications such as the cave, mine, and tunnel,
guiding the selection of appropriate frequency
applications.

3. MATERIALS
3.1 Wave Propagation in Cave

The research reports of [11] and [12] mentioned
that electromagnetic propagation in caves or
underground tunnels with uniform structures is
considered similar to a large spherical waveguide,
which is typically a hollow structure with Transverse
Electric (TE) and Transverse Magnetic (TM)
conductive walls. These transverse waves create
electric and magnetic fields perpendicular to the
wave's direction. In addition, the waveguide cross-
section determines the lowest frequencies that can
pass through with minimal loss, and the cutoff-
frequency values depend on the given mode that the
waveguide's size and shape can define. In general,
the cave passage is often considered a rectangular
waveguide. However, neither a natural tunnel nor a
natural cave can directly compare to a waveguide
since the waveguide wall serves as a nearly perfect
conductor. In contrast, when it responds to different
frequencies, the cave wall provides a property more
like a dielectric than the ideal conductor, such as an
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electrical insulator or a conductor. Furthermore, the
boundary conditions of the electromagnetic field that
occurred inside the cave passage also have an
occurrence of the wave that is partly reflected back
and forth within the cave passage and partially lost
in the surrounding cave wall that is controlled by the
refraction index between the different mediums (air
and cave wall), which have different permittivities
and magnetic permeabilities [1], as shown in Fig.1.

Although the cave dimension determines the cut-
off frequency in the waveguide model, in practice,
the lower frequency than the cut-off frequency can
propagate through the cave moderately. Since the
few waves are shifted from free-space propagation
to surface waves traveling in the cave wall texture,
that will be discussed in the topic of TTE
communication afterward.

Rock

Sand Sis

Fig.l The wave travels between the multi-layered
medium

3.2 Physical Properties

The geological study about the wave attenuations
when traveling through the rock layer shows that it
behaves differently between the radio wave
transmitted through the cave and the transmission to
free space. One of the significant factors is the
rock’s porosity, in which the sediment grains and
mineral crystals affect the wave transmission into
the medium. The energy transmitted will be
absorbed and decrease the speed. The relationship
between the velocity of a wave when traveling
through a porous rock medium can be explained in

Eq. (1) [13].

L:£+M (1)
Vi Y, V

P R

Where, ¢ is volumetric porosity fraction, Vi is
measured velocity, J, is the velocity in saturating
liquid, ¥/, is the velocity in rock solid

Wannakomol and Chonglakmani [14] researched
the porosity of the Permian limestone, which is the
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same-aged as the limestone at Chiang Dao cave with
an average porosity of 1.06% less than the sandstone
of the Phra Wihan rock category (Phra Wihan
formation), which also exists in Thailand. Remark:
Gaewmood [15] reported that the average porosity
of the Phra Wihan sandstone is around 12.6%. It was
found in the relationship in Eq. (1) that the porosity
of Permian limestone is low, which causes the wave
to travel faster, and less energy absorbed. According
to [1], another factor contributing to the different
attenuation in both rock types is the homogeneity of
the medium. In the case of sedimentary rock
formation, there will be gaps in the rock layers from
deposition arrangement, the accumulation of
sediments of that rock type, until it becomes cave
formation. As a result, the differences in the
dielectric layers have occurred (i.e., air, sand, and
soil), and the waves will attenuate when traveling
through each dielectric layer, as shown in Fig.1. On
the other hand, the Permian limestone group of the
Chiang Dao caves with higher homogeneity since
the medium is only one layer throughout.

3.3 Electromagnetic Properties

The rocks with several chemical compositions
result in different abilities for electrical conductivity.
According to [16], porosity is a property that affects
conductivity. In the same medium, as the porosity
increases, which different minerals replaced, will
increase the electrical conductivity too. The
relationship between electrical conductivity and
resistance can be explained in Eq. (2).

o=— 2)

When ¢ is the electrical conductivity (§.m7),
£ is the electrical resistivity (Q-m ).

The rock samples in each study by [1,16-18]
show that limestone had less electrical conductivity
than sandstone, which is related to porosity. Highly
porous rocks are replaced by metallic minerals,
resulting in higher electrical conductivity. In
addition, when electromagnetic waves travel through
a medium of high conductivity, the energy will

Table 1 The frequency band for the experiment

oscillate the free electric charges in the conductor.
This oscillation causes electromagnetic energy to
convert into heat, which increases when the electric
charge grows (high conductivity). As a result, the
wave energy almost wholly attenuates at the
medium’s surface when traveling into the high-
conductivity medium. The distance that the wave
energy reduced to 1/e (~36.8%) is called skin depth
(5). which occurs when electromagnetic waves
propagate through a conductive medium. In
addition, Gibson [5] and Bedford [19] study the
communication systems in caves with low-frequency
waves, which can penetrate through rock layers
caused by the high skin depth property of such
frequency bands verified by Eq. (3).

5=, ]— &)

Where ¢ is skin depth (m), @ is angular
frequency (rad-m'), g is magnetic permeability
(H-m™).

4. METHODS
4.1 Frequency Bands

A previous study by [6-9] studied the
propagation property in caves/tunnels at the specific
high-frequency bands of UHF and super high
frequency (SHF) bands. In comparison, this research
studied the same 1ssues. However, it covered the LF
to UHF bands by choosing the experimental
frequencies at each band’s beginning, middle, and
end, as illustrated in Table 1. However, to avoid the
impact on the bat populations in caves, as followed
the agreement between the research team (by the
Suranaree University of Technology) and the
Department of National Parks, Wildlife and Plant
Conservation, therefore, the LF band at frequencies
below 300 kHz cannot practice. Because the
frequency range from 20 kHz to 290 kHz can
interfere with ultrasonic use to resonate with
obstacles in front of bats, as reported by [20,21].

Band Freq 1 Freq 2 Freq 3 Freq 4 Freq 5
LF No Tested No Tested No Tested No Tested 300 kHz
MF 350kHz 1000 kHz 1650 kHz 2325 kHz 3000 kHz
HF 3.5 MHz 10 MHz 16.5 MHz 23.5 MHz 30 MHz

VHF 35 MHz 100 MHz 165 MHz 232.5MHz 300 MHz

UHF 350 MHz 1 GHz 1.65 GHz 2325 GHz 3 GHz
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4.2 Equipment Setup

The primary key of wave propagation study in
the cave is to investigate the propagation path loss of
the given frequencies, which can predict the
attenuation behaviors of waves in each [requency
while traveling in the cave. In our experiment. the
propagation path loss was mcasurcd using a
wideband RF signal generator, RF spectrum
analyzer, and various types of antennas [or each
given frequency band.

A narrow-band continnous wave (CW) signal is
supplicd from the Rohde & Schwarz SMBIOOB
signal generator to the transmitting antenna via a 50-
Ohm low-loss cablc LMR-240. At the samc time,
the receiving side consists of a Rohde & Schwarz
FPH spectrum analyzer with a HE400HF antenna
module (8.3 kHz — 30 MHz) and a HE400UWB
amtenna module (30 MHz — 6 GHz), as shown in
Fig.2 and Fig.3.

Tx Antenna Rx Antenna

v

L Vo
R&S SMB100B Signal R&S FPH Spectrum
Generator Analyzer

Fig.2 The equipment setup

The experiment location for the LOS testing in
Chiang Dao cave is in a section called Tham Nam,

Tx Anrerma

Signal Generaor

which is the most lincar cave passage and has
several direct distances of approximately 30 - 50
meters, as shown in Fig4a However, the vital
purpose of this experiment is to measure the
propagation path loss. Therefore, the radiated power
from the antenna propagating along the cave passage
every two meters can be considered such loss
directly. The slope of received power, as shown in
the graph at each distance, can predict the behavior
of waves traveling in the natural cave environment.
If the sloping trend is steep, it indicates a high loss-
per-distance value, whereas a smaller slope indicates
a lower loss. Nonetheless. the received power in the
cave environment at each distance may be caused by
multipath fading resulting from the reflection of
obstacles in the cave and causing (he in-phasc or
out-of-phase wave, For the NLOS experiment, the
location of the cave passage where the wall has a
curved line can obscure (he LOS signal (o study the
diffraction and reflection behavior of waves. At the
same time, for the NLOS experiment location., we
chose a section of Chiang Dao cave called Tham
Phra Non, with the curve of the cave wall, and the
distance along the curve is at least 20 meters. as
shown in Fig.4b. It is hypothesized that the different
frequencics could be deflected or reflected on the
cave wall with winding routes. If these results can be
verified, we can choose and optimize a proper
frequency in a natural cave for effective
communication  with  thc  obtained  results.

L-Bend \,

Rx Antenna

Spectrum Analyze

Fig 3 The experiment setup diagram

(a)

Fig.4 The measurcment locations (a) Tham Nam (b) Tham Phra Non
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Fig.6 The experimental results of the LOS in the HF band (a) V-V (b) V-H

5. RESULTS AND DISCUSSION

This section presents a graph comparing the
propagation loss per meter of the LOS experiment,
as shown in Fig.5 to Fig.8, and the results of the
NLOS experiment, shown in Fig.9 to Fig.12, with
the vertical-vertical linear polarization (V-V) and the
vertical-horizontal linear polarization (V-H).

5.1 LOS Experiment

From the results, we adjusted the range to reduce
data duplication or normalized the received power in
all frequency bands to focus on the propagation path
loss per meter. In Fig.5, we found that the LF (300
kHz) and the MF bands (350 kHz and 1000 kHz)
frequencies in both V-V and V-H polarization have
relatively high path loss. Furthermore, the general
propagation theory indicates that this frequency
band yields the propagating property as a ground
wave or a surface wave that can well penetrate the
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earth (below 2000 kHz). When the wave propagates
to a medium such as soil or rock, which has
electrical conductivity, some will induce into that
medium rather than propagate along the line of sight
in free space. The property of the MF band (1650
kHz - 3000 kHz) is still the surface wave. At
frequencies higher than 1000 kHz, it can propagate
on the surface of the cave wall and floor more than
induces to the limestone medium. As a result, the
wave power can be measured preferably while the
receiving antenna is close to the cave wall. However,
when the frequency is up to 3000 kHz, the late MF
and early high frequency (HF) bands property will
be the direct wave rather than the surface wave. For
the V-H polarization case, the propagation path loss
is higher than the measured value in the V-V
polarization. In particular, at 1000 kHz to 2325 kHz,
the propagation path losses are reduced due to a
change in wave polarization, causing the horizontal
receiving antenna to receive more power.

3
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Fig.7 The experimental results of the .OS in the VHF band (a) V-V (b) V-H
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Fig.8 The experimental results of the LOS in the UHF band (a) V-V (b) V-H
In Fig.6, the propagation property of the HF band causing the wave to pass through the large cave well.
is the sky wave that can reflect or diffract in the In addition, when testing in V-H mode, it is found
atmosphere or the Earth's surface arc. However, that a tendency of propagation path loss is similar to
when tested in a cave with a cross-section dimension or slightly lower compared to the V-V polarization,
smaller than the optimum wavelength in the but that does not mean it can transmit and receive
waveguide theory and a different environment from the signals further than V-V polarization.
free space, it caused relatively high attenuation. The measurement results in Fig.8 of the UHF
Overall, the propagation path loss in the HF band is band (350 MHz - 3 GHz), which this band retains
not as high as in the LF and MF bands in both the V- the direct wave property same as the VHF bands, in

which the path loss was similar and relatively low
when measured in both V-V and V-H polarization.
However, this band provided a path loss lower than
in the VHF band, which contradicts the free-space

H and V-V polarization.
From the results in Fig.7, the property of the very
high frequency or VHF band (35 MHz - 300 MHz)

is also a direct wave or free-space wave, and the loss theory. Since the waves in the UHF band
wave propagation must be the line of sight only. perform a skin depth lower than frequencies in the
Testing the LOS propagation, we found that the V-V VHF band, they can reflect well like wave
polarization case at a frequency of 300 MHz propagation in a waveguide when these waves
provides the lowest path loss. Moreover, it is noted incident to T.he cqnductlve tave ‘walls. In addition,
that the higher the VHF band, the lower the the cave dimension can sufficiently support the

. wavelength of the UHF band.
propagation path loss due to the shorter wavelength
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1
114 1 220 dB/m @ 3.5 MHz ! L-Bend 1.65 dB/m @ 3.5 MHz
3 j L-Bend | 287 dB/m @ 10 MHz s N ! 3.92dB/m @ 10 MHz
2.11dB/m @ 16.5 MHz 3.97 dB/m @ 16.5 MHz
-10 2.65 dB/m @ 23.5 MHz

1.44 dB/m @ 30 MHz

1
! 1.88 dB/m @ 23.5 MHz #0
: 2.98 dB/m @ 30 MHz

Receive power (dBm)
Receive power (dBm)

2 20 2 6 10 12 14 16 18 20
Distance (m) Distance (m)
= ==3.5MHz - 10 MHz =\— =16.5MHzZ 23.5 MHz -==30MHz
Linear (3.5 MHz) Linear (10 MHz) Linear (16.5 MHz) Linear (23.5 MHz) Linear (30 MH
(a) b

Fig.10 The experimental results of the NLOS in the HF band (a) V-V (b) V-H

5.2 NLOS Experiment V-V polarization, the path loss was specifically high
at the frequencies of 300 kHz and 350 kHz, while

The NLOS measurement results can describe the frequency rises to 1000 kHz its path loss will
wave behaviors when encountering obstacles in the decrease. Since the propagation property of wave at
cave. The propagation loss is initially measured at a 1000 MHz begins to change from penetration
position two meters from the transmitting antenna through the wall to propagation on the wall surface.
and then progressively measured at 2 meters per step Consequently, the receiving antenna that is parallel
along the curve of the obstructed cave wall onto the and close to the cave wall surface better receives the
straightway (L-Bend) in both the V-V and V-H power. The V-H fest at the LF band (300 kHz)
polarization. Therefore, the NLOS test consists of a shows that the path loss is slightly different from the
LOS part and an NLOS part, which is an L-shaped V-V polarization. However, the total attenuation of
curve that obscures the traveling waves in line of the V-H test over the L-Bend is higher than the V-V
sight. The L-Bend test location for observing the case, which indicates that the wave at 300 kHz
ability to reflect or diffract waves at each frequency induced into the limestone will not change
is at a point of 4 still 8 meters. polarization. In comparison, the MF band (350 kHz)

In Fig.9, we found that in the LF band (300 kHz)
and the MF band (350 kHz and 1000 kHz) with the
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Fig.11 The experimental results of the NLOS in the VHF band (a) V-V (b) V-H
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Fig.12 The experimental results of the NLOS in the UHF band (a) V-V (b) V-H

with  V-H polarization yielded the highest in a cave for the HF band (3.5 MHz - 30 MHz),
propagation path loss caused by the ground wave whose properties are sky waves. When these
property of this frequency and polarization changing frequencies are transmitted in a cave with a given
following the cave wall shape. NLOS environment, a non-directional reflection and
At the same time, Fig.9 also shows the scatter will significantly appear after they incident to
measurement results for the MF band (1650 kHz - the cave wall and provide other path loss values
3000 kHz), which retained the ground wave property when different environments of caves. Therefore,
in both the V-V and V-H polarization testing. the obtained propagation path loss from
However, we found that frequencies above 1000 measurement at only one NLOS location could not
kHz can propagate on the surface of the cave walls apply to the other positions in the same cave since
and floors rather than induce into the rock layer. intricate to implement the long-distance transmission
Furthermore, the frequency that rises to 3000 kHz, covering all the cave passages.
which is both the end and beginning of the MF and Fig.11 shows the propagation path loss in a cave
HF band, respectively, will change a property to be of the VHF band (35 MHz - 300 MHz), which has
sky wave rather than ground wave propagation, direct wave properties. The NLOS results in the case
causing the path loss of this case to increase. of the polarized V-H test provide the path loss lower
Fig.10 shows the graphs of propagation path loss than the polarized V-V test at almost all frequencies

81




103

International Journal of GEOMATE, June, 2024 Vol 26, Issue 118, pp.74-86

in this band unless 165 MHz, which is 0.24 dB
higher than the path loss value of the V-V test,
slightly. It shows that the wave polarization in the
VHF band can be changed when reflecting from the
cave walls because the receiving antenna can receive
higher power from horizontal waves than the vertical
one

The propagation path loss of the UTTF band (350
MHz - 3 GHz) is illustrated in Fig.12. This
frequency band provides direct wave properties like
the VHF bands, and its propagation in a LOS
environment is better than NLOS. The experiment
shows that the propagation path losses in the L-Bend
distance were higher than in the LOS experiment for
all frequencies. Since such frequencies in both the
VHF and UHF bands have shorter wavelengths than
the other frequencies in the lower bands, causing
less diffraction through the L-bend. In summary, the
NLOS experiment at the UIF band provides a
relatively high attenuation, which is one of the
limitations of the frequencies in VIIF and UHF
bands when traveling through the bend paths in the
cave.

6. TTE COMMUNICATION EXPERIMENT

As aforementioned, regarding the wave
propagation behavior inside the cave, we found that
some frequencics in LF and MF bands yield
relatively high skin depth when propagating through
the rock or earth, a medium with moderate electrical
electricity. From the results of NLOS experiments, it
is also explicit that the cave wall’s rock {limestone)
medium exhibits different propagation behavior for
each frequency band at the L-Bend section. When
the low-frequency waves propagate through the cave
cavity, the cave walls exhibit behaviors as a
dielectric since the skin depth at low frequencies is
very high. causing it to seem like a wave that travels
through the cave walls. Whereas the high-frequency
waves propagate through the cave cavity, it exhibits
behavior like a waveguide because the skin depth at
high frequencies is few. As a result, the waves will
reflect back and forth in the cave cavily as they
travel in the waveguide.

The skin depth condition obtained in the above
result leads to the experiment of transmitting waves
through the earth by selecting low-frequency waves
from the LF or MF bands, which have the property
of ground suitable for TTE
communications, and are better than fransmitting
with the antenna through cave cavity directly that
caused the high attennation while traveling in

waves, are

The technique of TTE communications has been
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researched and developed by many researchers for a
long time. In the past, it used the radio signal below
the VLF band transmitted by a large antenna on the
earth’s surface through the earth layer to the
underground mine. ‘This technique will discharge an
electric current into the earth’s surface via ftwo
electrodes connected to soil or rock at both the
transmitter and receiver, as shown in Fig.13.
Tlowever, the electrical field generated from current
intensity will exponentially attenuate from the
earth’s surface, and the attenuation also increases
proportionally 1o the frequency. Therefore, low
frequencics suit TTE applications [4,5,22-24].

Fig 13 T'TE conmmunication concept

However, the limitations of low frequency are
the large size of the antenna structure and the narrow
bandwidth. Furthermore, the experiment in the cave
at frequencics near 20 - 290 kHz will interfere with
the bat's subsistence, which fatally affects the cave
environment [20,21]. Thus, it was avoided by opting
for the possible lowest frequency at 350 kITz, which
is the beginning of the MF band and still has ground
wave properly (hal can (ransmil the waves through
the earth. Therefore, this paper adds an experimental
study of a 350 kHz TTE technique in Chiang Dao
Cave as an alternative to developing the transceiver
for TTE applications with shorter wavelengths,
which makes it possible to build a smaller antenna
and higher bandwidth that can also apply to more
technologies.

6.1 TTE Measurement Procedure

In the measurement setup, the transmitter
installed above the cave passage consists of a signal
generator and a profotype of a radio transceiver with
a transmitting carrier operated at 350 kHz. The
prototype ol the radio transceivers is specially
developed and fabricated with an SSB modulation
technique for communication between stations
inside and outside the cave. For the testing
procedure: 1) on the mountain, one radio transceiver
and signal generator are connected to the earth-
ground antenna by using a coaxial switch for




104

International Journal of GEOMATE, June, 2024 Vol.26, Issue 118, pp.74-86

selecting between a signal generator and transceiver.
2) on the cave passage, the receiver inside the cave
consists of an earth-ground antenna placed on the
cave floor, connected to the signal generator and
another radio transceiver via a coaxial switch. The
block diagram of the TTE experiment is shown in
Fig.14. The transmitted power from the signal
generator is amplificd again by an RF power
amplitier and then transmitted to the earth-ground
antenna equals 38 dBm, where the end of the
antenna is embedded in the ground by electrode rods
on both sides. Tn the experiment, the transmitier on
the mountain  was located at 19.395822°N.
08.926826°E, and 516 meters above mean sea level.

Tx Rx

Radie
Transceiver
Earth-ground

Cauxial Swiieh 1 a

Radio
arts | Transeeiver
| [ Torth-groun |, * =
S antenna ol

Siagnal [ Spectem
Generator Analyzer

Fig.14 Block diagram of the TTE experiment

The limitation of the installing location comes
from the conditions inside the cave, in which the
cave floor is rugged rock terrain, causing some

points cannol installed and causing the distance of

cach receiver (o be non-lingar, The logation
coordinates for the transmitter and receiver in this
cave arc studied by [25], as illustrated in Fig, 15,
which shows the top view of Chiang Dao Cave
consists of several passages. First, the entrance to
the cave (blue) is a path from the cave entrance to
the junction between the Tham Nam (orange) and
the Tham Ma (green). Next, the Tham Nam route
(orange color) is a long straight path, which from
[25] can measure the distance from the entrance to
the endpoint as 576 meters. The endpoint is the last

point that can be surveyed before encountering a
sump, which makes it impossible to continue. Then,
the Tham Ma route (green), which is a route that is
placed higher than the Tham Nam route, with a total
distance from the entrance of the cave 406 meters.
Finally, Tham Kaeo (purple) is a path lower than
Tham Nam and Tham Ma. In addition, Fig.16 shows
a side view of the TTE cxperiment diagram, which
explains how to transmit waves from above the cave
passage down to the receiver inside the cave.

Transmitter

Fig.16 Side view of the TTE experiment diagram
6.2 TTE Measurement Result

Table 2 shows the received power between the
fransmitter above the mountain and the receiver
inside the Chiang Dao Cave, which can be compared
with Fig.15. From the experiment, the last points are
No.4 and No.8, which can be tested before
encountering an obstacle that makes it impossible to
continue. No. 4 has a distance of 371 meters and can
reeeive a power of -83.0 dBm. Then, No.8 has a
distance of 396 meters and can receive a power of -
92.0 dBm, which has a displacement distance from
the transmitter farther than No.4, cause to receive
the lower power. Therefore, the transmitter's
location will be selected suitably to communicate,
covering all the cave passages.

S

Fig.15 Top view of the TTE experiment
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Table 2 Experimental results of received power for 350 kHz TTE

No. Latitude (degree) Longitude (degree) Passage distance Rx Power

(1) (dBm)
1 19.394252 98.926909 101 =333
2 19.395267 98.927058 231 -50.2
3 19.396222 98.926473 361 -48.5
4 19.395715 98925231 571 -85.0
3 19.393838 98.926511 202 -73.0
[ 19.394191 98.926193 256 -58.9
7 19.393807 98.926044 306 -56.8
8 19.393262 98.9253547 396 -92.0

Although theoretically, the lower frequency can
penctrate  with  higher depth  than  the  higher
frequency but has a limitation on the size of the
antenna. When the wavelength of a signal increases
(frequency decrcases), longer antennas are required
to receive and transmit these longer wavelengths.
However, with the limitation of the space and weight
of the antenna. if using a small antenna of the same
size. the high frequency will give better gain. In
addition, some applications require wide bandwidth,
making low-[requency antennas with narrow bands
that arc inefficient for various purposes. For
example, GPR applications require high resolution,
such as locating underground utilities (pipes, cables,
and conduits) [1].

Compared to past research, it studied
communication through rock layers, including the
applicalions.  (cchnical issucs of the TTE
communication system, and a model of the TTE
communication system |24]. Furthermore, Barkand,
Damiano. and Shumaker [26] studied and discussed
the testing of a prototype TTE communication in an
underground mine. One of the TTE communication
systems developed and used by the Brilish Cave
Research Association (BCRA) is HeyPhone. It is a
radio (ransceiver connected 1o a loop or carth-ground
antenna operating at 87 kHz, 1t has a communication
range of almost 300 meters with a (ransmit power of
10 W or 40 dBm [19,27].

In summary, Table 2 exhibits a TTE system at
350 kHz that can transmil voice signals up to 571
meters away with a received power of -85.0 dBm.
The resulls show a communication distance
significantly and ways (o enhance the performance
of antennas due to the shorter wavelength, The SSB
TTE 350 kHz cave radio transceiver in Fig.17 was
developed from the study results mentioned above,
including the design concept from a HeyPhone.
Besides, the radio waves at 350 kHz can
communicate throughout the Chiang Dao Cave, and
the beginning of the MF band can (ravel in rock
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layers suitably more than propagating through free
space in the cave cavity. Finally, the frequency at
350 kHz can improve and incrcasc the
conumunication range and also develop to transmit

data and images between inside and outside the cave,

which makes an alternative to the development of
the application  for  underground  mine
communication and geological technology in the
future.

S

Fig.17 Prototype of TTE 350 kHz cave transceiver
7. CONCLUSIONS

This paper outlines the study conducted on RF
propagation within the natural limestone cave at
Chiang Dao Cave, a cave similar to the Tham-Luang
that was rescue operations in 2018, The primary
focus of this study was to investigate wave behavior
during propagation through the cave using an RF
wave lransmission experiment. The  experiment
encompassed a spectrum ranging from LF to UHF
bands. considering both line-of-sight (LOS) and
non-linc-of-sight (NLOS) scenarios, including the
V-V and V-H polarization. The LOS experiment
investigated the wave propagation behavior when
propagating through the dielectric cave wall in the
straight cave passage. At the same time, the NLOS
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studies the reflection, diffraction, and ability of
waves while traveling through the winding cave
passage. The experimental results show that the
behavior of each frequency has advantages and
disadvantages, including suitability for utilizing
different characteristics.

The frequencies in the LF and MF bands provide
ground wave properties due to the skin depth
property from lower frequency and slight electrical
conductivity of the medium. These frequency bands
are suitable for applying to Through-the-Earth
(TTE) or Ground Penetrating Radar (GPR)
applications since these applications require high
skin depth properties.

The HF band is the sky wave property that can
reflect or diffract in the atmosphere or the Earth's
surface more than penetrate the medium, but tested
in a cave with dimensions smaller than the optimum
wavelength in the waveguide theory, causing still
relatively high attenuation.

The VHF and UHF bands exhibit direct wave
properties, making them appropriate for free-space
transmission. The theoretical free-space attenuation
is directly proportional to the frequency, but these
frequencies propagate to the winding path in the
cave, causing very high attenuation from the
obstacles. These frequencies are inappropriate for
long-distance use in caverns or tunnels.

In addition, the results obtained from the wave
transmission experiments have led to the study of
TTE application from the properties of ground
waves found in the LF and MF frequency bands.
The TTE experiment in this paper uses the
measurement of the RF transmission at 350 kHz,
which is the end of LF and the beginning of MF.
This TTE experiment made two hand-made
transceivers at 350 kHz for transmitting and
receiving waves between the mountain surface and
the cave passage directly through the rock layer. The
TTE experimental result, which has a transmitted
power of +38 dBm, can transmit up to 571 meters
away with a received power of -85.0 dBm.

In summary, the research findings demonstrate
that radio frequency waves exhibit different
propagation  behaviors within different cave
environments across various frequency bands.
Lower frequency waves display ground wave
properties that contribute to developing Through-
the-Earth (TTE) applications. Conversely, higher
frequency waves propagate more within the cave
than penetrating the medium. By considering the
appropriate frequency, such as at 350 kHz, it is
possible to extend signal transmission ranges,
enhance data and image transmission both within
and outside the cave, and provide increased
bandwidth  for  diverse  applications.  This
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understanding will pave the way for future studies
on the principles of wave propagation through soil
or rock. Ultimately, these studies offer avenues for
furthering geology and subsurface applications such
as resource survey and mining, including valuable
insights for considering appropriate frequencies to
improve cave and  underground  mine
communications.
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Abstract

The study of the RF propagation model within natural caves remains challenging. In the past, the
propagation model in the tunnel was compared using waveguide theory because of the electrical
conductivity of tunnel walls. However, waveguide models have limitations because a cut-off
frequency from the tunnel dimension does not allow frequencies lower than the cut-off frequency to
propagate. Although the frequency wave lower than the cut-off frequency cannot theoretically
propagate, in practice, it can propagate through the cave. Therefore, this paper presents the
modelling of RF propagation at low frequencies in natural caves using empirical methods by
measuring the waves propagated within cave passages at the Chiang Dao Cave (limestone) and the
Patihan Cave (sandstone). The measurement will focus on analyzing and comparing factors,
propagation mechanisms, and behavior, which cover the frequencies at 300, 1000, 1650, 2325, and
3000 kHz, to develop the low-frequency attenuation model within the cave proposed in this paper.
The 3D cave models obtained from a LiDAR scanner were used to calculate the physical factors of
the cave walls, and then the path losses were calculated using our proposed model and compared to
the experimental results. In addition, the path losses calculated using 1) CST sim ulation software and
2) the waveguide model were also compared with the results from the proposed model. The results
obtained from the proposed model provide attenuation values similar to those of the experimental
results. Finally, the concept of the low-frequency attenuation model can be used for the prediction
and analysis of the propagation performance of low-frequency waves in caves, tunnels, or
underground mines and lead to the development of cave communication technology and
electromagnetic knowledge in the future.
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Introduction

Nowadays, cave technology is still challenging.
Mainly due to the physical of the cave being non-
uniform and complicated passage compared to
tunnel and mine. Then, more than the concept of
free-space propagation alone is needed to explain
the propagation within the cave, tunnel, or mine.
Over the years, many researchers have extensively
studied radio propagation in tunnels. The concept
of the mine propagation model was initiated by
Emslie (1973) and Emslie (1975), who drew
inspiration from comparing the coal mine tunnel
with the waveguide theory. This approach helps to
explain the attenuation caused by various factors in
the tunnel. Emslie’s research becomes a guideline
for several subsequent studies on wave
propagation models in the mine and cave. In 1976,
Emslie (1976) also studied the propagation in the
coal mine at the LF and MF frequency, which
analyzed the effect of the conductivity in rock and
coal seams. After a year, Deryck (1978) studied the
propagation mechanism within the underground
chambers to explore the relationship between
propagation  characteristics and  transverse
dimensions. Furthermore, numerous studies are
dedicated to investigating RF propagation and
developing the propagation model in the tunnel and
mine (Kjeldsen and Hopkins, 2006; Rak and
Pechac, 2007, Bedford and Kennedy, 2014; Hrovat
etal., 2014; Bedford et al., 2017; Soo et al., 2018;
Javaid er al, 2021, Jantaupalee et al, 2023;
Julthochai et al., 2023).

Also, past research has primarily focused on
studying the propagation of VHF to SHF bands that
are widely used in wireless communication.
However, there have been limited studies on wave
propagation in caves, especially natural caves,
mainly due to the complex environment within the
cave passages. In recent years, Wongsan ef al.
(2022) investigated the propagation of LF to UHF
bands in a natural limestone cave. This research
shows that the non-uniform and implicated cave
environment directly affects high-frequency
attenuation, particularly non-line-of-sight (NLOS).
In addition, the study found that low-frequency
waves can propagate along the straight passage of
the cave, which differs from the waveguide theory
model, where frequencies below the cut-off
frequency cannot propagate along the cave passage.
However, when the low frequency propagates along
the arc against the cave wall, it can penetrate
through the cave wall. Based on this mechanism,
Jantaupalee et al. (2023) proposed the concept of
low-frequency propagation in the cave, using the
hypothesis of the ground wave property in low

frequency to describe the relationship between cave
dimensions, skin depth, and attenuation.

Therefore, this paper proposes the RF
propagation modelling for low frequency in natural
caves using empirical experiment methods by
measuring the waves propagated within cave
passages at the Chiang Dao Cave (limestone) and
the Patihan Cave (sandstone) that are two rock types
of caves found in Thailand, which have different
physical characteristics, cave formations, and
electromagnetic properties. The measurement will
focus on analyzing and comparing factors,
propagation mechanisms, and propagation behavior
of the low-frequency wave at 300, 1000, 1650,
2325, and 3000 kHz. The experimental results will
used to develop the low-frequency model from the
skin depth concept. After that, the 3D cave models
obtained from the LiDAR scanner were used to
calculate the physical factors of the cave walls, such
as dimension, roughness, and tilt. These factors will
used to calculate the path losses with the proposed
low-frequency model. In parallel, the results from
3D cave models will also be simulated with the CST
simulation software. Finally, the results of the
proposed model will be compared to the obtained
results from the experiment, the waveguide model,
and the CST software. In conclusion, the study and
development of the proposed model in the natural
cave will help to understand the mechanisms of low-
frequency propagation inthe cave and determine the
appropriate  way to communicate within this
complex environment.

Propagation Experiment

Indeed, the study of sub-surface propagation is a
subject that has been introduced previously.
Researchers have been conducting research and
experiments in this area for several decades.
Those studies established a theoretical foundation
for analyzing propagation in the tunnel by
comparing it to a lossy waveguide. The propagation
study required an empirical experiment by testing
transmissions within the tunnel or the cave along the
line-of-sight (LOS) at a unit distance from the
transmitter.  The results obtained from the
measurement, which are the power attenuation per
unit distance, will be analyzed for further model
development.

Experimental Setup
To understand the wave propagation in the
cave, we have to measure the propagation path loss
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that will present the attenuation behavior of waves
travelling within the cave. The measurement
procedure in this research has the same method as
(Kjeldsen and Hopkins, 2006; Rak and Pechac,
2007, Bedford and Kennedy, 2014; Soo et al., 2018;
Jantaupalee et al., 2023; Julthochai et al., 2023),
which aims to find the slope of the signal level (path
loss slope). The measurement will investigate the
wave that propagates along the straight cave
passage, which shows the effect of the electrical
properties of the cave wall, cave dimension, and
other physical environment.

However, this paper proposed to investigate
low-frequency propagation, although we will
choose the LF and MF bands from the beginning,
the middle, and the end of the band.
The experimental frequencies consist of 300 kHz,
1000 kHz, 1650 kHz, 2325 kHz, and 3000 kHz.
Nevertheless, the frequencies below 300 kHz can’t
measured to avoid impacting the bat population in
the caves. Jones and Holderied (2007) and Moss

et

Ts Antenna RsAntenna

Signal Generator Spectrum Analyzer

Figure 1. The diagram of the experimental setup

Figure 2. Chiang Dao Cave (Tham Nam)

Figure 3. Patihan Cave

(2018) show many bat species that use ultrasonic
waves to resonate with obstacles in front of them to
measure distances with frequencies ranging from 20
kHz to 200 kHz.

The experiment uses a Rohde & Schwarz
SMBI100B signal generator by transmitting the
continuous wave (CW) signal to the antenna via a
low-loss cable LMR-240 with 16 dBm of the
transmitting power, then amplified to 38 dBm with
an RF power amplifier. The transmitting antenna
consists of a passive shielded loop antenna (20 Hz-
1 MHz AH Systems SAS-565L) at 300 kHz and an
Isotron 200B antenna at 1,000 - 3,000 kHz. Both
antennas provide an omnidirectional pattern, which
transmits vertically linear polarization. For the
receiver equipment, we use a Rohde & Schwarz
FPH spectrum analyzer and a Rohde & Schwarz
HE400HF antenna module (8.3 kHz - 30 MHz).
The transmitter equipment was installed at the
beginning point. The receiver will measure signal
levels between the transmitting and receiving
antenna at a progress distance of every 2 meters until
reaching the destination of 20 meters, as shown in
Figure 1. The received power will be normalized for
all frequency bands.

The experiment locations consist of two caves
that are the Chiang Dao Cave and the Patihan Cave.
First, the Chiang Dao Cave is a limestone cave that
is the cave type most found generally in Thailand.
In the Chiang Dao Cave, we choose the Tham Nam
section, which has a straight passage of about 20 -
30 meters, as shown in Figure 2. Another one is the
Patihan Cave, as shown in Figure 3. Significantly,
these two caves differ in their formation, chemical
composition, and physical characteristics, all of
which affect the travel of electromagnetic waves
that will be analyzed in the later section.

Experimental Result

Figure 4 shows the results of the propagation
measurement at the Chiang Dao Cave. The results
illustrate that path loss slopes are 3.90 dB/m, 2.83
dB/m, 1.52 dB/m, 1.76 dB/m, and 2.06 dB/m at 300
kHz, 1000 kHz, 1650 kHz, 2325 kHz, and 3000 kHz
respectively. Figure S shows the results of the
propagation measurement at the Patihan Cave.
The results have 1.57 dB/m_ 1.51 dB/m, 1.25 dB/m,
1.40 dB/m, and 1.38 dB/m at 300 kHz, 1000 kHz,
1650 kHz, 2325 kHz, and 3000 kHz, respectively.

From the results, the frequency at 300 and
1000 kHz has a relatively high path loss. Following
the wave propagation theory, the frequency in the
LF and MF bands indicates the surface wave
property. This property occurred by the conductivity
in the medium (cave wall), which has slight
conductivity. If the frequency of the waves is low
enough, the cave walls act like dielectric walls.
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Figure 4. The experi results e the
received power level and distance at the
Chiang Dao Cave
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When the low-frequency wave travels through the
cave passage, some part of the waves penetrate
through the cave wall due to the skin effect, while
others will reflect and diffract to the receiver.
The waves penetrating the cave wall will attenuate
due to the dielectric layers within it. The higher
frequencies at 1650 kHz, 2325 kHz, and 3000 kHz
have lower path loss since they propagate along the
cave cavity well rather than being affected by the
cave wall. In conclusion, the experimental results
led to the study of wave propagation models in the
cave, especially at low frequencies, with the
addition of the skin effect discussed in the next
section.

Materials and Methods

Electromagnetic Properties

The mechanical and electrical properties of
rocks significantly affect the propagation of waves
within the cave. The Chiang Dao Cave is a
limestone cave that originates from the gradual
accumulation of sediment on the ocean floor over
millions of years. Over time, geological shifts and
erosion, driven by this slightly acidic water,
contribute to cave formation. The Patihan Cave isa
sandstone cave that exists in northeastern Thailand.
Unlike the Chiang Dao Cave formations, Patihan
Cave exhibits minimal dissolution but more than
undergoes mechanical weathering processes. These
formation processes cause to differ the homogeneity
of the medium. In the case of the Patihan Cave
formation, there will be gaps in the rock layers from
the porosity and mechanical weathering process.
As a result, the differences in the dielectric layers
have occurred (ie., air, sand, and soil) when the
waves traveling through the dielectric layers will
attenuate and reflect between the layers. In contrast,
the Chiang Dao Cave has higher homogeneity
because the medium is almost one layer throughout
(Daniels, 2004, Gunn, 2003; Dunkley et al., 2017,
Sripornpibul, 2021; Putthapiban, 2021).

300 kHz
1000 kHz

1630 kHz
2325 kiiz

— Linear (1650 kHz)
Linear (2325 kHz)

- 3000 kHz £ - Linear (3000 kHz)

204 6 8 10 12 14 16 18 20
Distance (m)

Figure 5. The experimental results compare the
received power level and distance at the
Patihan Cave

Additionally, the mineral composition and
sedimentary grains of limestone and sandstone
determine the electrical properties of rocks, which
affect wave attenuation and electrical conductivity.
Minerals that can conduct electricity are composite
within the rock according to the porosity factor of
the rock. Wannakomol and Chonglakmani (2018)
researched the porosity of the Permian limestone,
which is the same as the limestone at Chiang Dao
cave. The Permian limestone had an average
porosity of only 1.06%, compared to Gaewmood
and Trisarn (2018) found the average porosity of the
Phra Wihan sandstone was 12.6%. Also, Glover
(2015) shows that porosity affects conductivity
properties. When porosity increases within the same
medium, it leads to higher electrical conductivity
due to the replacement of various minerals. The
conductivity of rocks will affect the skin effect of
the medium discussed in the next topic. Limestone
typically exhibits lower electrical conductivity than
sandstone due to its lower porosity. The rock
samples in each study by Milsom and Eriksen
(1989), Murray (2000), Daniels (2004), and Glover
(2015) found that limestone had less electrical
conductivity than sandstone slightly.
The relationship between electrical conductivity and
resistivity 1s explained in Equation (1).

@®

1
g =
P

Where the ¢ is the electrical conduetivity (S m™),
and p is the electrical resistivity (X2-m ).

Propagation Mechanism

According to Collin (1985) and Siwiak and
Bahreini (2007), the frequencies ranging from a few
kilohertz to several megahertz have the predominant
propagation mode as a surface wave. The ELF to
VLF frequency range utilized in underwater
navigation, sonar, and long-range nhavigation has
long wavelengths and large skin depths, allowing
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them to propagate over the earth or sea surface.
When electromagnetic waves travel through a
conductive medium, the energy will oscillate the
free electric charges in the conductor.
This oscillation causes electromagnetic energy to
convert into heat, which increases when the electric
charge increases (high conductivity). As a result, the
wave energy almost wholly attenuates at the
medium’s surface when traveling into the high-
conductivity medium. The distance when the waves
propagate through the conductive medium and
energy is reduced to ¢ (36.8%), called skin depth
(8) (Balanis, 2012). In addition, Gibson (2014) and
Bedford (2001) study the communication systems in
caves with low-frequency waves, which can
penetrate through rock layers caused by the high
skin depth. The relationship between skin depth,
conductivity, and frequency can be seen in
Equation (2).

s— -2 )
(2l Y]

Where the & is skin depth (M), @ is the angular
frequency (rad-m™), u is permeability ( H-m™).

Moreover, when the waves travel inside the
cave cavity, some part of the waves travel along the
cave cavity while others penetrate the cave wall,
which has dielectric layers that cause them to reflect
and attenuate, as shown in Figure 6. In the lower
frequency, it has more skin depth, resulting in an
electrical dimension more than the physical
dimension. But even so, the low-frequency antenna
has a size limit and a narrow bandwidth, which is
unsuitable for communications within caves.
However, the electrical conductivity of the cave
walls is lower than seawater, which makes the
higher frequencies have a more usable skin depth
but retain the ground wave property (Collin, 1985).
This concept will lead to the model development of
the low-frequency propagation inside the cave,
explained in the next topic.

>
— S~ ——
i e

Figure 6. The experimental results compare the
received power level and distance at the
Chiang Dao Cave

Methodology

Waveguide Model

Wave propagation within tunnels and mines
has been studied for a long time. Emslie ez al.
(1973), Emslie et al. (1975), and Deryck (1978)
investigated electromagnetic propagation in
underground tunnels with uniform shapes as a
waveguide. The waveguide typically has a hollow
structure with a wall capable of conducting
transverse electric (TE) and transverse magnetic
(TM) waves, generating electric and magnetic fields
perpendicular to their direction. Additionally, the
dimensions of the waveguide determine the lowest
frequency that can be transmitted with minimal loss.
The cut-off frequency value is dictated by the
specific mode, also known as the dominant mode,
which 1s determined by the size and shape of the
waveguide. According to waveguide theory, the cut-
off frequency is the lowest frequency that can pass
through with minimal attenuation, obtained from the
wavelength by comparing the dimensions of a
natural cave resembling a rectangular waveguide.
The cut-off wavelength equation is shown in
Equation (3).

2ab 3
&=

Where a 1s the width of the waveguide, b is the
height of the waveguide, and m» is the mode of the
waveguide.

Ao =

However, it has previously only been studied
in the high-frequency range, from UHF to SHF,
where the waveguide model can still be used
because the wavelength of the high-frequency band
is typically smaller than the cave's dimension.
Waveguide theory is used for attenuation modeling
the wave propagation within the cave, as shown in
Equations (4) to (8).

The shape and dimensions of the tunnel are
non-uniform, and the dielectric mediums of the wall
impact the propagation behavior. Non-uniformity in
the tunnel medium that refraction by the floor and
wall 1s termed refraction loss because when
transmitted signals penetrate any medium, a portion
of the signal is absorbed, resulting in considerable
refraction loss. Refraction loss is calculated by
considering both horizontal and vertical medium
characteristics, depending on the width and height
of a mine. Equations (4) and (5) provide the defined
expression of refraction loss (Emslie et al., 1975,
Bedford and Kenedy, 2014; Bedford et ai., 2017,
Javaid et al., 2021).
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a, =43431 [57 ;] “)
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= . BR (5)
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where g, is the relative permittivity of the cave
ceiling and floor, and ¢, is the relative permittivity
of the side wall.

The non-uniform of the tunnel surface
generates roughness that has a significant impact
on the propagated electromagnetic wave.
The roughness of the side walls serves signal
scattering, resulting in attenuation. The roughness
loss for the roughness wall is expressed as
Equation (6).

a, =43832° [

Aroyghness

= 43437722 (L“er—l“j (©6)
a

Where Ah is the RMS roughness height of the wall
(m).

Attenuation from the inclination of the cave
wall, which is shown in Equation (7) (Emslie ef al.,
1975; Bedford and Kenedy, 2014; Bedford et al.,
2017).

43437°6°
Ay = # ()

where # is the inclination angle of the cave wall
(radian).

The tilt of the tunnel wall relative to the mean
planes, which is determined by tunnel dimensions a
and b, deflects power in the mode away from the
directions given by the mode's phase condition.
Equations (6) and (7) demonstrate that roughness is
significant at low frequencies, whereas tilt is most
significant at high frequencies.

The attenuation summary according to the
propagation model in decibels per meter can be
obtained from Equation (8).

a ta +a, ®)

"total

23

refraction — Proughness

Low-Frequency Model

The waveguide model indicates that waves at
low frequencies cannot propagate within the
waveguide with a dimension similar to the
experimented caves because the attenuation
approaches infinity. However, the measurements
demonstrate that waves can propagate within cave

passages. The abovementioned mechanism for low-
frequency propagation has led to the development of
a model specific to low-frequency propagation
within natural caves. In this study, we present a
model utilizing the simplest form of the
homogeneous medium models to simplify the
mathematical of attenuation. We initiate the model
by defining the walls and ceiling of the cave as a
medium with uniform properties with the skin effect
occurring by the low-frequency wave, represented
by the relationship in  Equation  (3).
This phenomenon causes the electrical dimension of
the cave to be larger than its physical dimension, as
illustrated in Figure 7.

Figure 7. The skin effect on physical cave
dimension

The electrical dimensions of the cave caused
by skin effect changes can be described as Equations
(9) and (10).

ad=a+é ()
b =b+s (10)

Substituting Equations (9) and (10) into the
reduction Equations in (4) and (5) can be expressed
as Equation (11) and (12). Only the predominant
polarization is considered.

1
a-a3Bp— 5, - (11
" [a'3 (&,-1) b“,/(gh—n]
a,= 4.34312(7+L a2
(@&, ~1)_ B°(5,—-1)

Then, substituting Equations (9) and (10) into
the roughness attenuation equation, the result can be
shown in Equation (13).

1 1

= 4.343;;2Ahzﬂz[a—,4+7] 13)
Equations (11) to (13) explain why low-
frequency waves can propagate through the cave
with a size much smaller than the wavelength
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despite the waveguide model approaching infinity.
The results of the low-frequency model calculation
will be presented in the later section.

CST Simulation

This section will explain the use of 3D models
of the caves, both Chiang Dao Cave and Patihan
Cave, to simulate wave propagation using the CST
simulation software. The 3D models of the caves
were obtained from the LiDAR 3D scanner (Leica
BLK 360) in a 1:1 scale with high resolution,
allowing for a comprehensive collection of the
details of the caves. The 3D model of the
experimental section of Chiang Dao Cave is shown
in Figure 8, and Patihan Cave in Figure 9.
These 3D cave models are used to simulate by
transmitting the low-frequency wave from the
same starting point with a waveguide port and
using a similar waveguide port to receive at every
2 meters along the cave passage, same as the
experimental conditions. The path losses
consideration over distance will be assessed with
the transmission coefficient (S21) at different
distances. The transmission coefficient of the
simulation results with the Chiang Dao model is
shown in Figure 10, and the Patihan model is
shown in Figure 11.

The electrical properties of the limestone and
sandstone medium used in the simulation, we use
the resistivity, relative permittivity, and relative

permeability from the study of Daniels (2004),
Mount and Comas (2014), and Glover (2015).
In general, consideration of the electrical
properties of a non-homogeneous medium will be
considered a range due to the non-uniformity of the
medium. Therefore, the electrical properties of the
simulations were obtained by the average values of
previous research. Previous studies indicate that
limestone has electrical conductivity in the range
10" - 107, relative permittivity in the range 7-13,
and relative permeability in the range 7-8.
Sandstone has electrical conductivity in the range
10°% - 10°°, relative permittivity in the range 2-10
range, and relative permeability in the range 2-10
range.

Moreover, Figures 12 and 13 show the
simulation results using the CST studio suite
program, showing the current density at 300, 1000,
1650, 2325, and 3000 kHz occurring in the medium
of both the Chiang Dao Cave and Patihan Cave
models. The current density illustrates the
phenomenon of waves traveling from within the
cave passage through the cave wall based on the
wave propagation mechanism of low-frequency
waves. As the frequency increases, the current
density penetrating the cave walls decreases with
frequency. Finally, these results are compared with
the measurement data and model results in the

results and discussions section.

ol

2 4 6 % 10 1z 14 16 1% W
Distance {m)

Figure 10. The simulation results of the transmission
coefficient with the Chiang Dae Cave
model

Disience )

Figure 11 The simulation results of the
transmission coefficient with the Patihan
Cave model
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Figure 12. The CST simulation of current density
with the Chiang Dao Cave model (a) 300
kHz (b) 1000 kHz (c) 1650 kHz (d) 2325
kHz (e) 3000 kHz

Results and Discussions

This section compares the propagation path loss
from the experimental results and the proposed
model and also adds the CST and waveguide model
results. Tables 1 and 2 show the comparison results
for the Chiang Dao and Patihan Caves, respectively.
The waveguide model uses Equations (4) to (8).
Simultaneously, the proposed model uses Equations

3 j

(h)

3
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©
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Figure 13. The CST simulation of current density
with the Patihan Cave model (a) 300

KHz (b) 1000 KHz (¢) 1650 kHz (d) 2325
KHz (&) 3000 kHz

(7) to (13). In addition, the 3D cave models shown
in Figures 8 and 9 were used to calculate the
physical factors of the cave walls, such as
dimension, roughness, and tilt, along the cave
passage. These factor calculations from the 3D cave
models will provide accurate values. Then, all
factors will be used to calculate the path losses using
the proposed model. The calculated dimensions of
the Chiang Dao Cave model are 6.3 meters high and
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12 meters wide, the RMS roughness is 2 meters, and
the wall inclination is 12.2 degrees. While the
dimensions of the Patithan Cave model are 2.8
meters high and 17.1 meters wide, the RMS
roughness is 0.8 meters, and the wall inclination is
9.2 degrees.

Table 1 shows the propagation path loss
obtained from the experiment at Chiang Dao Cave
and the proposed model, including the calculation
results from the waveguide model and the CST
simulated from the Chiang Dao Cave model at
frequencies 300, 1000, 1650, 2325, and 3000 kHz.
The results show that the low-frequency model
gives most values similar to the experiment results,
especially at low frequencies. Meanwhile, the
waveguide model has an extremely Thigh
attenuation, especially at 300 kHz, and a lower
attenuation at higher frequencies. In addition, the
CST result has high attenuation following higher
frequencies.

Table 2 shows the same pattern as Table 1
from the experiment at Patihan Cave and the
calculation results. The results show that the
experimental results give the propagation path loss
at 1.3-1.6 dB/m, lower than Chiang Dao Cave and
similar to the results from the proposed model.
The results from the waveguide model gave a higher
attenuation than those from Chiang Dao Cave,
especially at 300 kHz, which has a high attenuation
value of 495,880.55 dB/m.

All results demonstrate that the frequency
waves are below the cut-off frequency defined by
Equation (3), denoted as 27.5 MHz for the Chiang
Dao Cave dimension and 62 MHz for the Patihan
Cave dimension according to waveguide theory, but

can propagate within the cave. Furthermore, the
electrical properties of the rocks, dimensions, and
specifically their uniformity contributed to higher
attenuation observed at Chiang Dao Cave compared
to the more uniform characteristics at Patihan Cave.

The waveguide model reveals exceptionally
high attenuation, particularly in the Patihan Cave.
At low frequencies, the model attributes this
heightened attenuation primarily to refraction loss
related to the cave dimensions. Moreover, the
dominant polarization considered is vertical,
predominantly impacting the ceiling height and
consequently  affecting  wave behaviour.
The increased attenuation in the Patihan Cave is due
to the lower ceiling height relative to the Chiang
Dao Cave.

The calculation with CST using models from
both caves yielded results similar to the experiment
findings and those of the proposed model. The
observed discrepancies are from the inherent
homogeneity assumptions of the medium, such as
the presence of dielectric layers with varying rock
textures, decayed rock, sand, air, and other factors.

Specifically, the low-frequency model reveals
that the impact of wall roughness and inclination on
attenuation is the lowest because the low-frequency
wave propagation mechanism can refract and
deflect obstacles significantly smaller than
wavelengths. Therefore, the observed attenuation
due to refraction loss with skin depth is closely
related to the experimental results. Finally, the
proposed model gives results closest to the
experimental results and has the same trend as the
experimental results.

Table1. The results of path loss at the Chiang Dao Cave

Path loss (dB/m)
Frequency Txperiment ‘Calculation by using
CST Waveguide Model Low-Frequency Model*
300 kHz 3.90 1.56 56,272.67 385
1,000 kHz 2.83 1.46 5,089.13 2.65
1,650 kHz 1.52 1.76 1,877.68 2.29
2,325 kHz 1.76 2.47 950.06 2.06
3,000 kHz 2.06 3.93 573.27 1.89
Remark: *The proposed low-frequency model.
Table2. The results of path loss at the Patihan Cave
Path loss (dB/m)
Frequency Experiment Calculation by using
CST Waveguide Model Low-Frequency Model*
300 kHz 1.57 1.93 495,880.55 2.03
1,000 kHz 1.51 1.80 44,806.58 1.46
1,650 kHz 125 1.86 16,518.36 1.39
2,325 kHz 1.40 2.04 8,350.97 1.37
3,000 kHz 1.38 2.30 5,034.80 137

Remark: " The proposed low-frequency model.
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Conclusions

This study investigated the modelling of RF
propagation at low frequencies in natural caves,
focusing on developing the model of low-frequency
propagation by studying the wave propagation
behavior in Chiang Dao Cave (limestone) and the
Patihan Cave (sandstone). The investigation
involved the transmission experiment at 300, 1000,
1650, 2325, and 3000 kHz in the cave passage.
The study investigates the propagation mechanism
of low-frequency waves to analyze the skin depth
property that enables waves with frequencies lower
than the cut-off frequency to propagate alongs the
cave passage. The experimental results also show
that frequency waves lower than the cut-off can
propagate within the cave. This reason guided the
development of the low-frequency model after the
waveguide model by considering the skin depth that
causes the electrical dimensions more than the
physical. Afterwards, the 3D cave models obtained
from the LiDAR scanner were used to calculate the
physical factors of the cave walls, such as
dimension, roughness, and tilt. These factors are
utilized for calculating path losses using our
proposed model. Also, the cave models were used
for calculations using CST simulation software.
The results were then compared between the
experiment and the proposed model, including the
calculation results from the CST and waveguide
model. The comparison results show that the
proposed model provides results very close to the
experimental results, whereas the waveguide model
gave high attenuation. In conclusion, the proposed
model concept, which considers the skin effect, can
be used to predict, analyze, and plan the application
of low-frequency waves in natural caves, tunnels,
and underground mines. Moreover, it has led to the
development of communication technology,
electromagnetic knowledge, and the application
development of low-frequency waves in the future.
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Abstract

During the Tham Luang Search and Rescue operation in 2018, a problem occurred from
wireless communication system fail due to the fact that the frequencies used were highly
attenuated while propagating in the cave. According to the radio wave propagation theory, low
frequencies had surface-wave properties and could penetrate through rock layers of mountains.
Therefore, the hypothesis was that radio communication with low frequencies could provide
better propagation in the cave than higher frequencies. This paper presented a study on radio
wave propagation in caves to verify the problem and the possibility of using different frequencies
to communicate. The study was done in Chiang Dao cave, Chiang Mai. In addition, the study
proposed a propagation model of the radio frequencies in the LF to UHF bands by using the
cave's dimension, environment, and passages. The study result found that low-frequency band
could transmit through large-sized cave passages or rock layers. In contrast, higher frequency
band highly attenuated while propagating through the cave passage. Furthermore, it was found
that the modeling result corresponded with the measurement result. Therefore, the study result
could be beneficial for determining appropriate low frequency bands to develop effective cave

communication systems in the future.

Keywords: In-cave communication system, Wave propagation in cave, Modeling of wave

propagation in cave passages
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Abstract

Tris paper presents the development o™ a mecium-freguency band 350 K 1z analog transceiver
for cormunication between inside and outside the cave, The oroposed transceiver was
developed from the 558 trarscever of HeyPhore &7 kHz o tie 3rtish Cawve Research
Association (BCRAY by adding and creating the circuit of the transmitting and receiving parts of
the transceiver. Far: of the transmitter, the R power ampolifier, is developed for seleciable
Transmitzing power of 5 and 15 watts, Wnereas a Bawun drcuit is added to adjust the antenna
impecarce aoprogriate to tne cave's enviranmert. |he receiver oart is replaced by a
superietercdyne circuit, while its frantend dircuit is coupped with the ow nose amplfer to

improve the sensitivity for receiving the selectable low signal at -80 dBrr and -100 dBm.
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Mareover, it also includes the sguelch circuit to eliminate
the sound of noise when the radio is nct receiving the
desired transmission. From the testing result at Patihan cave
Ubon Ratchathani province (total passage distance of 457
my, Ubon Ratchathani province, applying the modulated RF
signal via the earth artenna from the mountain surface
through the rock into the cave. Usine the developed
transcaiver, we found that the cave communication systerm
can provide a good signal guality between the cutside and

all the passages inside the cave.

Keywords: Cave Communication, SSB Transceiver,

Medium-Frequency Band

1. umin
anmgnss 13 wyln Mdeduiidguimsue fisune
wiee Tewindasse wui7whﬂfj'ﬁ'ﬂﬁﬁumaﬁu’ﬂlﬂﬂwiu
dausniinuaduitdoanslingdommaniifiam
Wflemnsoinsedoasidmasndunnnslunld egnelsd
mw{]ﬁywqﬂaﬁﬂﬁ'ﬁﬂfﬁuﬁ'aizu‘uiwqﬁ'amw%mzw
TnsiwsipfanAild s luenu vir was UHF lisnnsnld
Tunrsfasndoansseazlnaneludld s e nfanis
quLﬁwmﬁsﬁuﬁ@mguﬁLﬁmmmi@ﬂﬂd"uuaxﬁﬂa”qqﬁmaa
YReRAUTLA AR AR BRI LA A SLA BINATY
Annandanondaen Rugn wesmeETOS AT RET
pimansfuandsiuluan 9 v vliianisgaie
isﬁwmﬁmmmﬁqnéwaﬂlu (Transmission path Loss)
s anaiianiasdudg e (Modulation) #18lupS oe
3v1qﬁaﬁﬁﬂ"ﬂayjﬁuﬁddwa@iaﬂml,ws‘ﬂﬁumﬂluﬁﬁia
drwsussuumsaeanslfaed il fiungludils
Guaulutl 1982 (1] Tl Tsmaeiawmad wand Taadldadn
Spelephon lﬁ'Qﬂaammﬂm"ﬁamaﬁummﬁ RF weilal
ﬂimumwﬁ%‘hLﬁaamﬂqaf&ﬁﬂmmﬁﬂlﬂﬂgﬁu 600
wes wasgungaiidwalnds 5 flandy vl omnsdmiy
g dsaiudn seulud aa 1987 nquiaing

asmsiauldinnsiauisslagldnauddiu HF #lanuen

AR 150 wWes 9TnramsaLNdINg T WilwsruuawTa
Fnsndnanslalnandt 600 wns LLﬁigﬂﬂa‘UﬁiiﬁIugawm
arwonebalnaiimueivguaziiminvenad eaduss
Fngouie 100 W Feutranddimangdmiuillden
a31 vdmniubed 1990 Faldwieuninaneennirlalna
Wuwreuinlng (Electrodes) dnawvaiinasiiy Aaunlud

2000 [2] WananlFhesuuivedoasdmiuldludlaGud

pstEamaannauvtiniy 15 Tuan Tufinvas Molefone Sald

ﬁw%“Uﬂﬁﬁwia?amimﬂuﬁmaﬂmﬁaﬁuuﬁﬂanﬁ'ag‘ﬁwu
uafmgﬂ [Cave to surface cornmunication) feanud a7
kHz Taeld T8 naya uuauaid e ugadio
wauLaea (Upper single side band: USB) walszauilami
luL?@&ﬂﬂ@qﬂﬂﬁwjauLLmLLaaLﬂﬁﬂua‘ﬂﬂ‘szﬁ'ﬁgﬁaﬂmaﬁﬁﬂﬁ
mauieuan mﬂu”uww British Cave Rescue Council

(BCRC) lewmunuaseonuuusruudsansdmiuldaluen

Py

Fraveuvudnialull A, 2001 (3] #ilda31 HeyPhone
LLazlﬁwmamwamﬂ“uﬁmj’ﬁ'ﬂ'luﬁm%LﬁﬂluﬁLﬁmﬁ“u 4]
a8 Heyphone 8103t 4983580 UT 18 DU UNIAN
Molefore #ie grumsiuar s msnasdyganioudaiy
Fananiunmu i diuedumidhdeiu e
%d'ﬁzwawmmm:ﬁmwLmﬂmaﬁ‘ﬁmwﬁﬁﬂ Aald
sEnvarmomaA G aeaniailaiulan Grounded-
Earth antenna) winlsdnuniad arod emslddnnd uas
seaglnandn Molefone 4asiulddnssundnansludmi
Ao vvvvasaiudwiunsios afomsnnfidduneuand

TN (e B e [ «
agmuawuﬂumwmmﬂmmmmyﬂuizumimﬂmumz

=

iy (Penetrating radar) uarsyuud eatsiaaeagugn
BoNLUUT B e lduduiudnd duan (Cave rescue)

iy

wvrnaniiiu Fdsiineaumsvanewasliusngag iy
grudinyauistanna o flutagdusiledn
Feduumeanmli dd auansimun hﬂ%aﬂ%ﬂﬁﬁﬂq
syvusausondinaud 350 kHz feupanud nanadia
winEssmssuamrainaaiendelud Tneldduouaan
HeyPhone Tiiianuanunsalunsiissedoarsldnraalng
ﬂg‘TTﬂUﬂﬁL’ﬁ@iﬁ‘lﬁﬂﬁ!LbﬁﬁL‘ﬁNN%WUW%@@’]MLLUU%{MQTN

sunuati nmiulatinulilunsfudaa aalddunn




146

Wl wasane  LCIARD U5 2 auuil 3 (2022): 247273

§aiu wanmnilinseaswuuynedionimaslsanainawnu
AoIPULAEIRLRTUN AU TUABuRALAuS e eE e AT
wanzanfuanTIwAd NI dsdsalransa n1AYine i

Usgavdamungeu

=] o A A o
2. W) ASHANNTINNYIVDY

2.1 nrsuwdndukiuiiuian

aa1mJﬂﬂﬁmiﬂimaamﬁummﬁiwqﬁmﬂﬁiwuﬁuﬁuﬁ%aﬁu
Tawii i oseiuiiannas by avdevaavsllu
Fuiiiuladiaiuin wEduauadllegaseadiansny
wigq (Penetration) avluTud e uns o ulasldeiiu
mmﬁwqdw&mmqﬁﬂﬂ sefumndinngldaueeEud
g1 fiffaszazniswasnisiuneaitnaty wu nsdvas
ieuu"mqﬁhﬁﬁ HeyPhane [3-4) Wdldanuil 87 kHz i
AnuenIndlusnnaUseana 2.5 Alawes widiasin
mdanduazaramLERELmlLAY iR ueaEy
Tmuvdemednfoowns damnanuzmaduldauis
yumnnaifaslddnnsaAnmanteni g 5
Tnauiniunatedapas driundnnnsdiniufuduiiu
Tan Tnald3smieninszualiisnefuiu Tnowmedaly
nrsunsadud1ud uiantunandisarnnisunsaduly
panmdaunivnantsd ednsuni uialan (Terestrial
communication) 7 vedand uus vad n T e ey
Tuua Tem AalEi8mamidemihssafifnmassaufiany
“uaaLﬁ’uamm“uu”wﬂﬁaﬂaaq‘ﬁ"uiaﬂh}ﬂmaaﬁumlw%
(Induction current) 1 9015108 susUaaves
nssuAEduAuA LA D awyL duwiiiidinanadagn
Ua‘aﬂmﬂﬁmmﬁumﬁ’wwﬁqaqq‘(ﬁu‘[aﬂ%Lﬁmmimﬂmﬁw

Tudufiuniefiulug Jarvaeonoadniuniandullg

@ 1o =

o PTENY ugs 4 g oL
wiassuaTing denszualiindeduluiulanagladuns

]

i & = ' o o '

Py i & & s
LLiﬂWﬁuWﬂﬂilﬂﬁ'ﬂﬁ]ﬂWL'U'ﬂﬂimﬂi“lu‘[ﬂﬂﬂﬂﬁ@ﬁ!ﬁ asuan

3 3
o

dumilaiianmamtionihweenlvlvawiidnaduluiulan
uiltinsagn Tnsilnnweseudunselwiusdoanluduéu
TAaaudeaiuateatawuUlaluad ldlunsudnd ulu

pmaing dndudesliaveniauuuilsasiiulan) wWiols

nswilsniwesnszualiiiiszuninalatevsnduaanvisans

druAetulufiulanldazainiv Saldurslanesinwinidu
Vo od v & b 2 a .

wiadiEninssratiuaeisaowanduandmiuile (Spike)
P o e P o

s wALludulaff s IRAR A BaInNA (5] Aaudnly

i ar ol i o P
Ui 1 Tnenssudlwilignimileniaaluagluinlanging

| & on oS @ w =y s v &
IR TUT URUN Lﬂuﬁ]ﬂﬁTﬁWlMaﬁﬂ?iﬂﬂjwuﬂl’ﬂl:ﬂul:uﬂ
wenfuld (Inhomogenecus medium) Winganaldaiunsa

yivistuiuluiivianfinssualiihgninienadydiing

ans
Wire ecive Wire  Spike

Spik
i I — |

e

surface

NI IS

= o o X
E'U‘VI 1 wannsvituessane e nekuvEaiiulan

2.2 Angfomsduiulddomanielug

m‘maﬂLLUULLa:ﬁmunWim%’laﬁwq?{ammwmmwﬁu
Tan wiaiiZyninszuuiassuuy TTE (Through-The-Earth
communication) HuaTdnsuay dg oo 5B Aoy
mwﬁ'éﬁﬁﬂﬁmqa {USB: Upper Side Band) Liiaaainysevia
WEGITU Fﬁ\‘lﬁ'ﬂﬁlmmﬂmﬂﬂﬂlﬂﬁm'@Lﬁ@ﬁﬂ?ﬁ!ﬂﬁ/'ﬂﬂiu
ilastruinty waslunsigasauiindandinrnaaind
PTT Wiy (Push-to-Talk switch) 7 luTasliufamfiaed
wiuRIu 1A 9 gadasenly weelduauniud
(Frequency bandwidth) 9u1s 2.6 kHz Teuauun ERCH!
m%aﬁmqﬁ'@aﬁﬁmmﬁ 87 kHz “HeyPhone” hues o
f‘mqﬁllﬁ’ﬁ nznagouldaina e ae mﬂ:'ﬁifl,m’“'mé'ﬂu
U8y AamMI1MRIEIans (British Cave Research Association:
BCRA) Fapanuuulaadiugnd Or. David Gibson WdezaAs
Fenam Ui 2 WWulaosunsuasteuingiamsdomiu
svuvderhuilanvas HeyPhone Toednufiluindasiud
(Transceiver) té aoauuuldiudada o oo sdy gy
A8 (Single channel) LLUUEI’IéWQL‘Wé:ﬂ@U' (Half duplex)

wagliiansuandyqnauuy 5s8 Taslduauniuidndou




147

Wl wasane  LCIARD U5 2 auuil 3 (2022): 247273

ganie USB finnudatuntd 87 kHz laglduumnaiidu
wwasdneidlilihuaslinneidisgoan SW ssuuFeans
9 W & & ) L
dwsudsiurulanidasuiunisldagananuudsriiuas
o oo K o Py P
fuidunulanuasmnasiuvesdyaaguiisamadnsg
Igarva1nimkuUUe (Loop antennas) nawnulaaae Tu
drussuudnslpanuuulililulasiviumeven dwdilnsd
Wanuudad <luing asuazuuun il (Head phone) mau

WP TINY FaaTsEuLUY

Transceiver

earth current)

r Supply

3U# 2 lnesunsuvasssuuimydimivdsinunulan s

AuAuanTadiafsludumadu

3. MR UUU AT Sngdedns

dmdumaianuasUiulsiadosingdoasuntousion
szuv SSE-TTE Mannuavyiulsdlandndmnaaaios
Sngdeansitaanuil 87 kHz “HeyPhone” ifavam 3 day
TAundauifiwaiosda (Transmitter) 139931 (Receiver)
wazdauaruay (Control Inaldwaurliamnsovioud
Al 350 kHz i auflunawEnidessaifisnnnd 290
kHz Fudunrmdiidnepaitandvey ludrludssmalng T4l
Ansdmng [6] @ 99 naantsfinengin saun1suns aau
AuAEY LF, MF, HF, VHF waz UHF ﬂw'luﬁﬁuwt.m:
srunTenuTslnauainud 350 kHz (MF fusay)
nswwirdusuURALF UL aruiananugiadly
€|,uivmmgﬂﬁuyulﬁﬁﬁa;w I@aﬁﬁWmiqmﬁamia’mm*ﬁaﬁu
AngIRTE 87 khz usazganindlelsitulnsea vy
M3 (71 el aanuausa unnrsuiwased uarud ves
drinany name. frwualdiamud 350 kiz dmidldly
fansinguimamaanisiu faldvoaumranisdiine
nawa. i oldaduanud 250 kHz lunsTanaaay was

Toidoveqszuu 558 Aife n1uad atfuazlunguinlu

o w oy w

anduinFsudggainas asdmiali iukaaz ey
W@oawaaddesonuvindu lddnadenisriaiunes
2w ) ] ' o ¢
winsfuaddhauitie biannmaiauaniad (Squelch)
TunsUnAes (Mute) 1o vt o fuardadesissuniuluy
i e ar o o [T PR
guenlddy anainydadun andadeiinaiundaleiia
msaukazUfUldind odivadeansamnseldoud
A1ud 350 kHz Sifdedsfigetu vl (Sensitivity) Tu

masudgaolludiuresniniuliiidigs

3.1 nAASasds (Transmitter)

HAMANTRINIPESINEUY SSB-TTE- 350 kHz Semaldasas
Lﬁmwmﬂ?aﬁw‘ﬁ'ami HeyPhone &7 kHz laeldvinnis
wAlsfulsanseaadammaiornfudaduiuuniasa
(Crystal oscillator} 18939951a3 8961084 HeyPhone 4114
A3adanIud 5.568 MHz uMHALI99T Oscillator & Divider
(ledua? 4060 ) witeadtamnuil 87 kHz sl dumaud
AL RIS MAdITILT T Hepadaamnas sz
i (Local oscillator) vaanuimeadu Tnoldidemaridieda
WUU Phase Lock Loop (PLL) inafafiunaesadamned
sysilalenaid 350 kiz naunmiluasaady anfilitanaues
USulgaiindnluarunamaesnianeeidsdsing (RF
Power amplifier) ra1nias idad afine 5 W liamasn
Lﬁaﬂlﬁﬁ?ﬁﬂﬁdﬁ@ﬂ;ﬁvﬁﬁﬁd 15 w Tnedaussnuuuniasds
g maaouaInnIs eI es Signal Generator siawdnriu
ffusa Power Amplifier suta 5 W, 10 W uay 15 W Jou
Fymnadviuamenniesuuilsasfiulandindsdyainmin
‘uuqmL“Ehlﬂé"&ma'luiw5a§1’d7§wﬁé Fanalulnsag 4
agamAaniuLUUisasiiclandeldnfuaias Spectrum
Analyzer vl 0 w15z dUF e Trentasud odne
frunuadnll prelulnsd 191 uesd nedrearaennn
AadlF Aas 1 lng in 18 e ennsfadad o
UrgEvinwaniigs 7sluunsgaasliasofiad
@188701 Fi“ﬁaq'uuﬂvLmﬂltﬂ”lﬁaamﬂamwm adond L
Badnny Sumadeusiioniindines Power Amplifier f
winzandwiuldenudlenatuiadoudludaiums

a9 melulnssdn anmsneasunuIIAIaIuuIA 5 W
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i nawanniranatued auidtluanelus 1wl sy
Fymrwd Ul s aeT s eanasy (Spectrum
Analyzer) #1071 75.9 dBm aswalildanniafrsiodaans
Fuld Fadfinididndu 10 W uae 15 W nuhisdioue
15 W annsavilinsinsedoamelulrsdivae ing
ssudyanalataauiy Snfedamnamevusdymo
sunauludnuaizyas Noise floor 74iaaranaaald LED #
Ili{ﬁ’eNLLﬁﬂﬁ”j'lﬂlLﬁﬁﬂﬁ@ﬂLﬁﬂ’aﬁii:ﬁUEﬂNﬁx‘i -3 dBm 16l ann
mmanuilFaldvinuiliiedasddiindednfiuganil 15 w
vonantiléfitnsasunduUuAtduRuaud (Matching
balun) a@saE 1A A mmwimmmaﬁwﬁqai\ﬁwqmwﬁ
350 kHz sunardadagaan 15 W dauanalugud 3
Usgnaudaugunsal FET wuas RDOGHVFL d7uau 3 67 v
wiitndlunisvoeddadeivg Tae FET dausaviimid
JeasteneinEriuusn (1st Stage amplifier) Ba3ud1das
INHINRRLALAT R A UA g AR Wiy 17 dBm
nsaruRuiiedsindaiveneudiassnlull FET Snanasii
wiirFvsoindild 5w kay 15 W Fusedt 12.7 V) ¥ils
I@mﬁmuqumaﬁuﬁaaﬂmmﬂ‘La%LigLama% 78L05 Lite
dreludaldty FET dawsn mindonusadilusaagi 1.6
ﬂbﬁﬂﬁ'ﬁﬂﬁwﬁumﬁgmmaﬁw FET 8naeadaildwwiniiu 5
W wazvAlAanuwIIRulusAMAAY 2.5 V Arfdaatuneiy
Feaavldasnnfy 15 W fmfugUnaaisznavdy 1 Tu
2l udiuuensasusuadufunuduazuiuua e
luoalvitiu FET uragea Tnadl RF ChokeVK200 #@aimavin
wﬁwfﬂ"ﬁmﬁué’fgiywmﬂ?ummﬁ%mqﬁuﬁmmﬂLma‘aﬁﬁLﬁﬂ
Tl sunsunTsYinaTuues FET Yaanada uenaaniidsdl
wdiuUasdmivawrhumasluds FET quasdanidslud
shET U duaraenArell
\osanluaamresduiussiuiusnaddai
wisdidnlvsavasansainiawuudes i ulanddnae
wandnaify dsalisuiunudvesasemaaruladluss
Aoufina995n1A Matching Balun wiagaeliAnduiuaud
vaaTsenmALUUdruR ulanludn muadeniuanes

wbilianlndidvaiuamdudunudfandnmuosaasony

Mdenuding 350 kHz prgesing 1sastlleldmlowyas

u

WAL (Matching transformer) wuuaaaIny aanwuuTwil
Sasrdnduiunalniealgugifueen feniidnaai
1:1, L7, 1110, 1:13, 1:16 wag 1:19 vnuguil 4 laefidhmam

1:1 aedliBufinaudyindu 50 @

‘é'ﬂ'ﬁ. 4 2399307A Matchine Balun

3.2 AMALATI5U (Receiver)
1993ndnvasnAfuInguuy SSB-TTE- 350 kHz {39ul4
a5l asiua nes e4ivyd od13 HeyPhone &7
kHz wesaunAu BCRA fild1935 10 saadaianad lneld
PankUUITAAT U Y fya SSB 350 kHz T iduuuu
Superheterodyne Waiu19asvetodyaraataduldd
w ¥ W ) .
FATIVYIYFITU WAEWUTIDTVLLF D (AF amplifier)
noudioondindlvilseanEnwgituuasanuniaUusedu
AIUASLA 6 SERUTITIIDRNLUUNITARTAT WisFALTULT
W RIUANNTT I U BN TYE e d gy ruaia iy
@ = A o = w
rsreedygraduaiadaeend inmugud 5 i
donldasuuneseloBueiLmM3soN Felinmniwdoad

D oo o 4 w =
AUAARABEILAT I@ammgmm‘umﬂwwu'lvrmmmﬂiuaﬂ




149

sl wpsanls  LCTIARD O 2 aviudl 3 (2022): 247273

insziuBoeduadagidon (Selector switch) SWib unu
msltaeaguLuulTuale walidanununusanslde
walusasusnglunty dieidunisldmilulmnsig 4
Taaeinu sw2b ﬁ'uﬂa%’ﬂwqmﬁnwmwaam?aﬁwqﬁéma
HeyPhone HuLUUT89 BCRA UselneAaus1teandnsly

DENATUL L

il

oft-beard

U7 5 rmmmedgygranduinaudeendilnaUivsefu

o ] o
AruspLAuls 6 see

From "R" on
Tbosrd
(TX/RX relay)
furqueise

o=~

Ul 6 aTvetedygnunuiingaud 350 kHz wuu

Fryyrouguniusn gusivens 30 dB
sy yuaud ing Sy rusuniusi

(Low-noise amplifier) dwiuarud 350 kHz wugli 6 81

1eadin Tlaunsainsudawasuiin UIT wad 2n3819

o (QL ugy Q2) viwlinflueedenaniud 350 kHz
ﬁﬁitmuﬁ?é’ngﬂﬁh -80 dBm L%mmmﬂﬁﬁﬁwé’ﬂgﬁjﬂ Tae
dremsnsasvduusnuwau (Narrow-band input filter)
L1, €1, €2 feanuuvlifimnuinanarasy 350 kHz $u
Fyaraamangornimdnd adete iy o1, 2 Tnwd
LBNWAUBY 02 gRATUANAINLE 350 kHz Fe1973nTes
WAULAY L2, C6 faufnarafeaty neudsraluzne
fdtlviisedu 30 dB aauladaatuautiued OP3T (muny
Frarmuedin R7) aedlodoauuended 741 viwdail
AIUANLIELaE LR Teuaady 4.5 lariduladiuai

or37 Tdinum il

JUR 7 w3t Tadygiaeudingnaiud 350 kHz wuy

3
FueIuTunIunT §ns1zene 20 B

wl

mae

s f‘l(?:ﬂ

§UT 8 wasaATad dmSuaIuAunITI TN EaTYETY

= o
Lﬁﬂﬂiu]ﬂ'ﬂﬁﬂ"lﬁﬁﬂ

of o e
%"\ﬂéﬂ'ﬂ 7 Lﬁu'&ﬂ%i”ﬂﬂ'\ﬁﬁiyfy?mﬂ??l}ﬂ N UU
I3

R

Yyusunaudn Aldeenwuuindudmsuldauduiy
WP TvwuLgedigmneslsaneiinud 350 kHz
193t IdnsIae1e 20 dB ezgnidenldoudioTzduae

Fyaadinenndt -80 dBm Tealdaindsanansilioynsy
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NOISE fnfaskyryn F 455 kHz
AP

T3=IF ANP
Ta=IF AP

T5=1F AMP

e 501

Lo p control
100u ¥ 120

Ta=IF 55kH

03-05mA 3.5ma 1535ma

o

an =
hoou

TieMier A1 T m

350 kHIRX stk PLE/1L
[

5UR 9 29301@3usE Uy Superheterodyne LUy SSB Al 350 kHz iimuidusndwiuiaiodingdoans

w

w W e & 5 @ ¢ =
AUNATVLIYFYUIUANUDIVIY TR 30 dB 29931 ﬂ’]ﬂi’j@‘ﬂ'}ﬂ‘uaﬂﬁﬁ]iﬂ’miuLLU‘U?LUB?LSWLW@%IE@TH?ILM‘EUW

Ysznaudugdnsaldifnnsaiindwdn 4 Ao 299sniaamuy ¢ Taudl VRSOK vhwidimauanisasaadadinedldnuds

. ‘ 2 ‘ . ‘
wnarg T1 waz T2 (TOKO 10K) imiffudygmnand  Aemvuvihdaveariedinefiears gavieadunasnmivi

Seo w2

350 kHz fidliidesinn o wasnsosdfyniasumussivgs 0 senkuuldviaeulussuy Superheterodyne Luy SSB
senly neuddlifunsudames Q1 9n UIT wad BF2¢5 2wl 350 khiz stenenslugil 10 asasiildeanuuuliflen
wasnsTuFawmed 02 wed BCSAs vonedugnmaniivg  rnullunisfudygusiigaoyd 50 dem defwilagn
AN 350 kHz AedAT19e1y 20 OB Wiederaliaees  dilulouimiuinseaiideenuiingdyanasuniy
A1 ned AN TNy T I ERTve1e 30 dB dely  Frluguil 7 dediShsivene 20 0B aniliedesingdeans
wihmaviumensesanTadangud 8 Gudunndygn  AldFunsiauuazesnuuulvaldiauswivaasiee
ﬁﬂ'ﬁalﬁﬁué’uwﬂ SO1L mqu'ﬁfmamﬁ@fyﬂmﬁwﬁlgﬂm ﬁfgmymmmﬁliwqmmmﬂ (Fmy1wy1y 30 dB) neuadlif
@mwmﬁ'uﬁfgiymmmﬁ IF 855 kHz fiBanuana1Ang u:1mi.ﬂ1ﬂ%ﬁJLmuﬂgma'%mwmaﬂimﬁﬁaﬁﬂﬁiﬁﬂmmﬁlu
YONITUIA T5 Ayanadfiiseiuduasiiduaasuniy mwﬁuﬁ;’gmmﬁﬂqmﬁawammaamm%‘uagjﬁ -80 dBrm L
Uwumﬁmﬂzgwmaiﬁﬁ35ﬁuqqﬁuﬁammimm%ama% winiTssEnef ATy ”mgmymiumuﬁﬂuyuﬁ 8
254733 uay 250045 Anad NIFDDNUULIATUANENATY  Telldmanuens 20 dB wsasudngeuils avviildaearsiy

=

dduludnvasuanasveisdiimed Buffer amplifien § veseduilarradhlunsfudygnusnansgi -100 dBm

A

Ivgussatdiialbidan sfsiidivasdyaim Fan  dugrainefiiiunesapeddwnudingdyanasunsu

1

wWaTuveA T5 wnfiull Wosandnmno F dasdssivras Aussgndandi@unnuesseinniuseuy guedomnned

fyaadiawrsldivnasimeanesgetiifivens Tunsdid - Tspedillnermu@wes 0.01 llasvrsadluaandiy

v o

dyqnsunauiiangedassduignimualiden VR20K ay SyonneeadammeiUsssfinaui 805 kHz Tasduieas
vilddgaodnartlunsefunsiudannd 250945 ise  wnad T1 usevsudamaediues 0018 wWelwldmud iF
Faurty 258562 i i uaTsdifiavnganiatng Wity 455 kHz wiaddlduanaiidalneaasuned T3, T4,
nszualiinfussiu +9 hadlufitensng 502 ddlifu T Snihouimimandawed 9018 Snanudidu wdamn

‘ . .
1995v8edeuuy Complementary push-pull iegily  dussgnuendyyiondsssonainaanud IF 455 kHz lny
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1e9sinamad (Detector) VT4 Fednuamsrudawmos
5018 ivmindidulalantimame? lneflvsinaeives
vsndaines 9018 wxfianedugandatesnywitiy e
deldiuisasveted et sanuuuldviisunuy
Cornplementary push-pull Eﬁ!ﬂﬂixﬂauﬁmqﬂﬂiﬂjwﬁ'ﬂ
Tofwn n3udeimed VT4 wed 5014 nauwesiues T6
waudiaseiiuet 9013 aseiz wnrgUnacidy 1 Fusulloy

wsaiuludalvidunsiiameiudagi Sanadnsaninaay

Hudggaudesfidseduniuddosnisaswunudimes

C11 deludmsaseenedyaradsinoudinangilneuiy

szduanudmandedld 6 sedu daunearas Control 1l
s ULUUY AL neaT nyd 8819 HeyPhone W avua
A » v su B = 51 o o
HiesanasinsaliFafladdunamueiivssloninanisld
oy w v ow i

QTUW‘LﬁB@ﬂLLUULBTIULLﬁ? LLﬁ&ﬁ']ﬁJTiﬂﬁE‘u‘LﬂE}ﬁLLﬂﬁll']ﬂ?]ﬁ
wiasingdomsiliianitu duuandlusud 10 Tnoades
. o iy ¥ ey = a

']'V]E!'ﬂ 1TV LWW AUV UL AR IURA U‘VL‘HLW 4 UATINEAL

Uszanau 20 wWadidud

Sa0BRPLNA || o 008 RS ik

- .

57 10 lrezunsnmseberingdoaisilinaniiaga

4. NFiAVARBUASBINETOAS

4.1 medanaasuludaeufifinig

ﬂ’\‘iﬂ%JUvﬂgaLﬂ%aﬂﬁaﬁ?%%’uﬂﬁ’?@%ﬂﬁﬂu’l\ﬁ]ia‘ﬁﬁﬁ'ﬁ%qLL‘UU
SSB-TTE-350 kHz Ifuanalilugudt 11 fuptadioionan
Usenauaie Radio Communications Test Set, Spectrum
Analyzer, Oscilloscope, -20 dB Attenuator, -30 dB
Attenuator, -3.27 dB Z-way Splitter @ e DC Power
Supply wa“nmﬁwwaammimmﬁ‘waﬁmqﬁamiﬁlﬁ

v & & = . o w1
OALUURASATNTULIUY AEWITUIANYDINAIAIAAY

AMAINY 350 kHz AdannuaInatAveneita11u

Ingnipgaiizredarainiadsluoneiusann T e

D

waad e (Nonmodulation) LazamET & n13Wd

wyranise (Modulation) wuu SSB Whfusauilngund
350 khz 13 favedauesmadsaiifiuuaiinssuIunTs
sail 1) Yeudyaaiamuudesnaud (Two-tone audio
signal) a2 500 Hz dmiuidoslnusuasdinnud 2.9
kHz d@wduidoalvugs dyssiunidy 5 my nainile
Radlic Communications Test Set TiueasUs houwan e
Fygandosmasmanndringdaiussulufinome 127
Vv 9rn Power Supply 18T AU esfanaas s uld
Attenuator 101w 2 faitaansedviidmasdygadiaan
amssaeadlfandiaida 50 dB WilaliAenudems
sowndodlofa Spectrum Analyzer uge Oscilloscope 34
gRseLtNEENLITN 2wy Splitter filimsasvoudin 527
dB LgazLﬂaimﬁ'ﬂﬁﬂﬂﬁqqgﬁ'alumMﬁqmﬁmuaxﬁfﬂm
ﬁqwumé’w:%ﬁamwauv%aﬁyuﬂwmm 53.6 dB mn'lfu
Ewihmsdanaseuaniidimeniasmassinglulmninds
dagagedl 15 W lunosisemnnsue guadudyanandes
wuuasirwiidTll wudnAnssiuresdygaadiusinguy
WA aeilaTh Spectrum Analyzer iAa1uA 350.58 kHz d4
luaauiiiuduunuyes USB eyfitssauna -20.18 dim
Wz RN s INIUIAMIINFIMeU 2 kHz AnaneTyTy
g9 en1TLagATuLLY SSB A uEUABLUTeY USE sxati

352,54 kHz szduypsrmdaiialdoni -40.12 dBm 1ila

a

o 3

UINAMIATARDIUAIN T AR D UTINTaIMaanay anain
FuanauasiasoUssun 53.6 dB avldAnmadaluned
a"\ﬂlziﬁmmamﬂgaﬂifwm USB ag‘ﬁlﬂismm 22014 + 536 =
33.6 dBm (2.09 {Wﬁﬁ) LAy -40.12 + 53.6 = 13.48 dBm (0.02

u
o IV

) Iumm:ﬁéﬂﬁﬁulummzﬁﬂqhiﬁmmaqgaﬂuu Jumau
w‘ﬂﬂlﬁ'ﬁmwﬁ’ﬁmmﬁa‘umﬁﬂé’wmmﬂLﬂ%@ﬂdaﬁmgiummxﬁ
fnsuesuadusednmnaidacdseni (500 Hz uaz 2.4
kHz) Wl lunsrsuagaty wazdiulneadndsdaegd 5 w
wasls W nuTass s sdynadivsnguueisie fe
Spectrum Analyzer AP mAFuL0U 350,58 kHz wa1 USB

a;{ﬁﬂizmm “15.29 dBm way -11.7 dBm sugsu 1ie
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UNIATIUALEIUAIN TSNV DUTILTDIFIBAYDL ABUN
FygnnuaziaseUstinm 55.6 dB axldmidadurnyi
dalaifinrruegaduues USB ag‘ﬁlﬁizmm -15.29 + 536 =
38.3 dBm (6.76 W) uag -11.7 + 53.6 = 41.9 dBm (15.49

w) sy dnnsaagulasannined 1

Spectrum
Analyzer ‘

3048 20d8
Aitenuator tzenuator

UM 11 TEnriaveaeunaiinugenanIniadieing

a191ed 1 midsdeilfannms Teveaeu

AN15 UL AfANEN
HRE G ERT aavau foymiiiaes B
Fyaondas 574 Spectrum ieding
{dBm) analyzer (dBm) (dBm)
N 536 1509 383
uegkati
-53.6 -117 478

Receiver Radio Communications
5B 350 kHz Test Set (SINAD Meter)
B to Antennia P AF from Speaker O

P Sty |

127V

Ui 12 Fnsianese un i RILTeIRIINNATUYEIMY

Eﬂﬁ 12 uamansuiud uadesdiefanaaaudniuse
A7 SINAD 9843993018 T0TNg 91nnan1sTanaaauan
SINAD 1D1299901ATuna Ty Taeldiai 0ail e
Radic Communications Test Set ‘;‘u 29558 é"ﬁa Marconi
Instruments Juluuai a4 SINAD Meter § 15aA 1970
ﬁﬁy@ﬂmmmﬁﬁammLmoﬁﬂmaamﬂ AF Amplifier 994
wasnIrTureding Taoin1sdoudynimuuy AM/SSB

97nA3 aele AM-FM Stereo Signal Generator 51 VP-

o

8121A 8%e Panasonic ivfussdukeundavasdiyeyial?
1 -80 dlBrn ua -100 dBm etleuliudumpeneinma’y
SE L - -

MareeEveNIFlRuAs wwiiTasmasureresing
AoenTatil 124 dB uay 13.6 o8 mersssuadbhdyynd

Bumsenga1iy -80 dBm wag -100 dBm aud1au Teaganiy

FreEg L SNAG Tirvmuslvigendn 12 8

panafun Andsanelu

FUR 15 ATUWUARANA G a7

a a

v v
A B

YLF UL DI NS UaYAEINMAN IR Aa M E [WTian

s
=% & =

4.2 msdavasaufianhijnid
7U7 13 uanuATasingdeansaunun lnensiavadeunis
Mamdwualdageiniaveuniesivydoaagmitlfas

wuulsedn il iuuguieguilalnsh s 3 dumis
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Low-Frequency Wave Propagation in The Cave

Alawil Jantaupalee
School of Telecommunication
Fngineering. Suranaree Universiay of
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Nakhon Ratchasima. Thailand
d63006470e sut.ac.th

Abstract— Wircless communication within caves or
tunnels has been rescarched for a long time. The major
problem in cave communication is the limitation of wave
propagation within the conductive cave wall, which males it
like the waves traveling in the waveguide. In addition, cave
envirgnments with curved and non-uniform paths that cause
high attenuation differ from propagation in free space.
However, the nature of the low frequencies, with their
diffraction abilities and skin effects, allows them to
communicate within caves. Therefore, this paper presents a
study of low-frequency wave propagation in the cave by
investigating the mechanism of low-frequency propagation
within the cave. The method used was an experimental study
by transmitting low-frequency waves through the cave cavity,
which revealed the attenuation that occurred as the wave
propagated in the cave. In conclusion, the significant factor is
the skin depth generated by the clectrical conductivity of the
cave wall, which made it possible to explain the low-frequency
propagation behavior in the cave and will use to develop a
low-frequency propagation model.

ey fy—Cive ication, Subterranean,
Undergronnd, Low frequency, Wave propagation medel

I INTRODUCTION

Fora long time, communication within caves or lunnels
has been researched. The research of underground
cominunications was analyzed by [l], which classified
communication types in underground or caves.
Sublerrancan communication, such as Through-The-Farth
communication (L'I'E} and radio location explained by [2],
studies communication between the earth's surface and
subsurface. Wircless communication in the cave and wave
propagation in the cave were studied by [3]-[5] to
ivestipate wave behavior during a cave or tunnel
propagation. After a literature review of communication
within  caves or tunnels, we  found (hat  wircless
communication is most appropriate for communicating in
the cave. However, the wave attenuation depends cn the
operating frequency because the higher frequency causes
high attenvation while propagating in the cave. According
to the wave propagation theory, the low frequency has
surface-wave propertics and can penetrale through rock
layers [6-8]. As a result, radio communication with low
frequencies could provide better propagation in the cave
than at higher frequencies.

Therefore, this paper presented a study of low-frequency
wave propagation in the cave. An experiment was studied
by transmitting low-frequency waves through the cave
cavity, which revealed the attenuation that occurred as the
wave propagated in the cave. In the experiment, the rest
Tocation was Tham Chiang Dao, Chiang Mai, the maost
natural limestone cave in Thailand. To investigate the
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mechanism of low-lrequency propagation within the cave
by testing transimission of radio frequencies 300 kHz, 1000
kHz, 1630 kHz, 2325 kHz, and 3000 kHz. Finally, the Tow-
frequency wave propagation behavior will use to develop a
Tow-[Tequency propagation model, which can take to design
communication links of low-frequency in the cave or tunnel
in the lulure,

II. EXPCRIMENTATION

A Mearerial

To study wave propagation at low frequencies in the
cave have 0 measure the propagation path loss, which
presents the attenuation behavior of waves traveling within
the cave. Research [3-5] specifically studied high-frequency
bands. Accordingly, this paper proposed the investigation of
low  Frequency by choosing the fequency Fom  the
beginning, the middle, and the end bands. The experiment
trequencies consist of 300 kl1z,1000 kllz, 1650 ki [z, 2325
kHz, and 3000 kHz. For below frequency of 300 kHz, [9-
10] studied many bat species that use ultrasonic to resonate
with obstacles in front of them te measure distances with
[requencics ranging From 20 kHy - 200 kHz, Therelore, the
frequencies below 300 kHz cannot measure due to avoid
impacting the bat populations in this cave.

The experiment using antennas for each frequency by
the frequency range 300 kHz — 350 kHz used a passive
shielded loop antenna (20 Hz — 1 MHz AH Systems SAS-
565L) and the frequency range 1,000 kHz — 5,000 kHz used
an [sotron 200B antenna. The signal is fed from the Rohde
& Schwarz SMB 100D signal generator 1o (he anlenna via an
LMR-400 50 Ohm low-loss cable. The receiver consists of
a Rohde & Schwarz FPI spectrum analyzer with a Rohde
& Schwarz HE400HT antenna module (frequency band 8.3
kHz— 30 MHz), as shown in figure 1,

Tx Antcnna \\7 J/) L7 Rx Antenna

e L e

|
R
Ruade ot Sulivary ot |06 Ruhdy ware FPLL

“gn. | Goner sor Speciern Anaiyer

¥i

g. |, e experimental cquipment setup.

B. Meihod

The experiment method in this rescarch is based on [3]-
[5] by considering the propagation path loss of each
frequency. The experimental method measures RF
transmission in Line of Sight (LOS) with vertical linear
polarization at both transmitler-receivers (V-V). The
transmitter equipment installs at the beginning point. Lhe
receiver consists of a wideband antenna and spectrum
analyser, which measures signal levels that  distance
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between the receiver antennas every distance of 2 meters
until the distance equals 20 m, as shown in figure 2. The
received power transmitted to the spectrum analyzer's input
ig not the actual power because the antenna has a specific
gain for that particular frequency, and the cable that
connects the antenna to the spectrum analyzer has disparate
losses in cach frequency.

Nonctheless, the cxpetiment  aims (o measure
propagation path loss. The power that radiates from the
antenna and propagates to the cave passage each distance
can be directly considered the propagation path loss. Thus,
the Tlinear slope of teceive power for every distance
represents the behavior of waves traveling in the natural
cave environment - if the sloping trend is steep will indicate
a high loss per distance value, and a smaller slope indicates
a lower loss. The LOS location should determine the linear
cave passage that is the Tham Nam part in the Chiang Dao
Cave, which has distances of approximately 30-30 m, a
width of 7 m. and a height of 5 m. as shown in figure 3.

e e e e e B
Antenna Antenna

FIm—+2m+
T il — -8

Cave Passage

Signal Generator Speetrum Analyzer

Fig. 2. The experimental diagram,

Fig. 3. Tham Nam, Chiang Dao Cave

C. Result

The propagation path loss result is plotted in figure 4,
which is the propagation path loss in LOS for every distance
of 2 meters until the distance between the transmitter and
receiver antennas equals 20 m. The results adjusted the
received power range (normalization) by reducing data
duplication at all frequencies to observe the propagation
path loss per meter.

From the result. the propagation path loss slopes are 3.9
dB/m at 300 kHz, 4.25 dB/m at 1000 kHz. 1.52 dB/m at
1650 kHz, 1.76 dB/m at 2325 kHz, and 2.06 dB/m at 3000
kHz. 300 kHz. 350 kHz, and 1000 kHz have a relatively
high propagation path loss due to the general propagation
theory indicating that this frequency band has the
propagating property as a surface wave, which can penetrate
the earth more than at a higher frequency. If the wave
propagates around the cave wall, which has electrical
conductivity, some will penetrate and attenuate in the
medium while others will reflect the receiver. The distance
that the wave travels into the medium and attenuates is the
skin depth. In higher frequencies, 1650 kHz, 2325 kHz, and

Authorized licensed use limited to: Suranaree University of Technology provided by UniNet. Downloaded on May 04,2024 at 17:39:54 UTC from IEEE Xplore. Restrictions apply.

3000 kHz will propagate on the cave wall surface more than
induces to the medium. As a result, the wave attenuation,
while slightly penetrating to the medium and reflecting the
receiver, has prelerable power. For this reason, it has led o
the study of wave propagation models, especially in the low-
frequency band, with the addition of the skin effect
discussed in the next section.

1.52 dBm i@ 1,650 kHz

-0

Reecive power (dBm)
é

-50

61

[

Distance (meter)
- 300 kHz ——-m--—— 1000 KHz 1650 kHz
2325 Mz 3000 kHz Lincar (300 kHz)
Lincar (1000 kHe) Linear (1650 kI Linear (2325 ldLep
Linear (2004 kI1}

Tig 4. The propagaiion path loss experiment

LI, WAVE PROPAGATION IN TIIL CAVE

In the previous section, we discussed the study of the
behavior of low-frequency waves propagating inside the
cave. In this section, the wave propagation result will
analyzc (o develop a model of low-froquency wave
propagation in the cave by developing a mathematical
model to consider the attenuation caused by the medium
type, the cave dimension, wall roughness, and wall tilt.

A Propagation Mechanism

Reference [7-8] explained that the frequency range of a
few kilohertz up to several megahertz would propagate
with a surface wave that is the primary propagation mode.
Although the frequency range of TLE to VLF band used in
submarine navigation, sonar, and long-range navigation.
which has long wavelengths and high skin depths, allow
them to propagate over the earth or sea surface.
Nevertheless, the reasons for the size of low-frequency
antennas are usually very inefficient and very narrowband,
which is unsuitable for communications within caves, In
addition, the electrical conductivity ot the limestone walls
is lower than seawater. which makes the higher frequencies
have a more usable skin depth but retain the surface wave
properties [8]. References [8] also said that the limestone
medium has a relative magnetic permeability of 7 - § and a
relative electric permittivity of 7 - 8. The relationship
between skin depth, conductivity, and frequency, can be

seen in (1).
6= +J wait 0

Where the b is skin depth (m), @ is angular frequency
(rad/m}. and y is permeability (H/m).




157

When the waves travel inside (he cave, some waves
travel within the cave cavity others will travel into the
medium, which has dielectric layers that causes them o
reflect and attenvate. In the lower frequency, it has more
skin depth, resulling in an clectrical size larger than the
physical size. This concept led to the development low-
lrequency wave propagaling allenualion model inside the
cave, which explains in the next topic.

B. Propugution Modeling

Reference [4]. [12-13] that has been studied in
modelling radio (requency propagaiion within the cave by
using the waveguide theory as a reference. However, in the
past, it has only been studied in the high-frequency range
from the ULIF to SIIF band, where waveguide models can
still use because the wavelength of the high-frequency band
is generally smaller than the cave's size. The modelling for
the allenuation ol wave propagation within the cave from
waveguide theory is shown in (2) to (7).

According to the waveguide theory., the lowest
frequency that can pass through with minimal attenvation is
the cut-ofT frequency. which obtains from the wavelengih
by comparing the size of natural caves that look like
rectangular waveguides. The cut-off wavelength can be
shown in (2}.

2Veab

;'mu - (2)

b @
22 2
(m z A b)

where ais the width o the waveguide (m), & is the height
of the waveguide (m), and mn is the mode of the waveguide.

The refraction loss in a rectangular wavegnide model
assumes a dominant moede, in which the attenuation unit in
decibels per meter is expressed for vertical and horizontal
polarization that depends on the width and height of the cave
for dominant polarization. The refraction loss expression is
given in (3) and {(4).

122 e 1 |
= 43437 ((13 fze -1 ! bﬁ\,(l.‘;,— lj) ®

1
—_—
rf’v(s,.-l) iy (.".;,-]))

a,= 43437 ( ()

where &y, is the relative permittivity of the cave ceiling

and floor, &, is the relative permittivity of the side wall.

The atrenuation from the cave wall roughness can be
shown in (5).

I
Troughness 434-)7[2*3’,1 A ( H_4+ bj)

Where Ah is the RMS roughness height of the wall (m).

Attenuation from the inclination of the cave wall, which
is shown in {6).

4343276
_— (6)

Aty —
where 6 is the inclination angle of the cave wall (rad).

The attenuation suminary according to the propagation
model in decibel per meler can be oblained from {7),

Uinsal — Drefraciion T Dromghness T il 7

Nonetheless. when applying the waveguide model to
low frequencics with wavelengths Tonger than the cave
size, a result will approach infinity. In other words, low-
frequency waves would not be able to travel through the
cave cavity smaller than wavelengths. In particular, the
cave dimension has an cssential cllcet on the atienuation
caused by refraction loss at a low frequency. This concept
uses to develop the low-frequency propagation model by
adding a range that causes from skin effect to the physical
dimension, expressed in figure 5.

H

VRN W Y

-
TN N

Ao

Fig, 5. The Skin effcel on physical cave dimensions,

The clectrical dimension of the cave ¢an be deseribed
as (8) and (9).

Where d=a+0 (8)
B=b+s (9)

Substituting (8) and (9) into the reduction equations in
(3) and {4y can be expressed ag (10yand (11).

n 1
wy— 434307 22— —— 10
3 ? (M'\ Ve Y J \) (o

au— 43430 (; | —’) (11

W3 — BE]
) a1ty i)

Then, substituting (8) and (9) into the roughness
attenuation cquation, the result can be shown in (12).

P 2 ! ! ;
youghinss= 33437 ARA ( e + o ) 12)

Equations {10) to (12) can explain why low-frequency
waves can propagate through the cave that has a size much
smaller than the wavelength while the original modcl
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approaches infinity. The results of the skin depth model
will show in the next section.

C. Modeling Result

This section will present a result comparing the
propagation loss per meter from the experiment, waveguide
theory, and waveguide theory that concludes the skin depth,
as shown i Table I

IABLEL THE MODELING RESULT
Attenuation {(dB/m)
Frequency
yaveguide Dsiein depih Doxperiment

300 kHz 78,191.27 3.3 3.19
1,000 kHz 7,200.58 1.69 2.80
1,650 kHz 2,700.56 1.25 1.52
2,325 kllz 1,389.26 1.01 1.76
3,000 kHz 851.93 0.86 2.01

Table 1 shows the comparison results between the
experiment in the Chiang Dao Cave, the original waveguide
model, and the waveguide model with skin depth. The result
of the original waveguide model using a model in (3)-(7) for
computing the attenuation. At the same time, the result of
the waveguide model with skin depth uses a model in (7)-
(12). From (2), with the size of the cave tested (width 7 m,
height 5 m), the cut-off frequency equals 37 MHz. That
means the frequencies below 37 MIlz, which in waveguide
theory, arc attenuated so high that they cannot propagate in
the waveguide. However, the experimental result showed
that, in practice, the waves travel in caves for reasons of the
skin elTect, making the model incorporating the skin depth
result very close to the experimental results.

[V. CONCLUSION

This paper presents the low-frequency propagation in
the cave, which locuses on developing a low-lrequency
propagation model by studying the wave propagation
behavior in Chiang Dao cave, the most common limestone
cave in Thailand. The investigation of the propagation
behavior by testing for transmission of radio frequencies
300 kHz, 1000 kHz, 1650 kHz, 2325 kHz, and 3000 kHz in
the cave passage. Then, study the mechanism of low-
frequency wave propagation 1o analyze the surface depth
that causes radio-frequency waves that are lower than the
cut-off frequency of the cavern size to be able to propagate.
Moreover, it compares the results of the wavegunide model,
the waveguide with the skin depth model, and the
experiment result. [n conclusion, the presented model can
predict the attenuation of the Tow frequency in the cave.

V. FUTuRE WORK

This paper has developed the propagation model at the
low frequency in the cave. In the future, the other cave types
will study for more comprechensive factors to maximize
model accuracy. After that, more factors that additional
studies can use to develop simulation or analysis software
in the future. Figure 6 shows the 3D scan of Tham Nahm,
Chiang Dao Cave, which uses to study the simulation of
wave propagation.

Fig. 6. 312 scan of Tham Nahm, Chiang Dao Cave.
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An Experimental Study of Wave Propagation in
Sandstone Cave
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Abstract— Effective communication in caves is crucial for
rescuers during accidents or disasters. Previous studies have
investigated wave propagation in tunnels and limestone caves.
This paper presents an  experimental study of wave
propagation in a sandstone cave at Wat Tham Patihan Cave
in Thailand, covering the MF to UHF bands in both line-of-
sight (LOS) and non-line-of-sight (NLOS) scenarios, The
study aims to investigate the behavior of waves while traveling
in the sandstene cave, The study found that in LOS, the path
loss decreases with higher frequencies, contrary to the
propagation theory in free space, Since waves traveling in a
cave behave like they are in a dielectric-walled waveguide, In
NLOS, the path loss in the L-Bend range at low frequencies
was lower than that at high frequencies due to the ability to
reflect, diffract, and encounter obstructions. In contrast, at
350 kHz, a high attenuation is caused by the skin effect when
the wave travels through the arc, penctrating the cave wall.
The study results will aid in developing communication
systems and antennas for use in caves.

ey 1 Wave proy Cave ication,

Propagation measurement

5

[ INTRODUCTION

For a long time, communication within mines or caves
was essential to rescue in accidents or disasters within mines
and caves. According to all incidents, rescuers must have
the most cffective communication support. Previous works
have studied wave propagation in tunnels, mines, and caves,
Reference [1] studied wave propagation in narrow man-
made tunnels. Including the study of wave propagation in
natural caves Irom research [2-4]. Signilicantly, these
studies are a model for studying wave propagation in
limestone caves in Thailand [5]-

Therefore, this paper presented an experimental study of
wavc propagalion in a sandstone cave at Wal Tham Patihan
Cave, Thailand. Wherewith the experimental measure
receives power at each distance to investigate the behavior
of waves while traveling in the cave, covering from MF to
UHT bands both in linc-ol-gight (T.0S) and non-ling-ol-
sight (NLOS). In summary, the study results will lead to the
development of communication systems and antennas for
use in the cave in the future.

11. MCTIIODOLOGY

The experimental method in this paper is based on the
methodology in [1-4], which led to research in |5]. The
principal purpose of wave propagation study is to consider
the propagation path loss in point-to-point communication.
To predict cach frequency's wave attenuation behavior
while propagating in the cave. Therefore, this experimental
method will measure the RF transmission within the cave in
Line of Sight (LOS) and Non-Line of Sight (NLOS). The
experiment frequency consists ol 350 kH», 1,650 kHz, 3
MHz, 16.5 MHz, 30 MHz, 165 MHz, 300 MHz, 1.65 GHz,

and 3 GHz, which cover the MF to UHT bands by choosing
beginning, middle, and end of each.

The propagation path loss was measured using a
wideband RF signal generator, RF spectrum analyzer, and
antennas for each frequency band. On the transmitting side,
a narrow-band continuous wave (CW) signal is fed from the
Rohde & Schwarz SMBICGUB signal generator to the
antenna via a 50 Ohm low-loss cable, The recciving side
consists of a Rohde & Schwarz FPH spectrum analyzer with
a Rohde & Schwarz HE400UWB antenna and a Rohde &
Schwarz [TE40011F antenna. All transmitting equipment is
positioned al the starting point. The receiving equipment
will measure signal levels by the initial distance between the
transmitting and receiving antennas, which is 2 meters.
Also, it will be progressively enlarged by 2 meters until the
last distance equals 20 meters, as shown in Figure 1. Figure
2 shows that the experiment location is the Wat Tham
Patihan cave. This section is located in the middle of the
cave, consisting of LOS and NLOS parts. Specilically, the
radiated power from the transmitter antenna can consider
path loss by the slope of received power and predict the
behavior of waves traveling in the cave. The 1OS
experiment can consider such loss directly, and the NLOS
experiment will investigate the ability of diffraction or
reflection on the cave wall with windings route for cach
frequency.

Transmirring Antenna

Sigual Gencrator

Spectrum Analyzer

Fig. 1. The diagram of (he experimental method

Fig. 2. The experiment location is called "Wat Tham Patihan Cave”
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1. RESULT AND DISCUSSION bend shows as follows: 1,100 350 kHz, 1.54(@ 1,650 kHz,
L.44@ 3,000 kHz, 1.10{@® 16.5 MHz, 2.11@ 30 MHz,
2.73@ 165 M1z, 1.45@@ 300 Mz, 0.90@ 1.65 Gllz, and
0.70@ 3 GHz. The results showed that the path loss in the
L-Bend range at low frequencies was lower than attenuation
0, per distance at high frequencies due to the ability to reflect,
\\f.&,.. diffract, and encounter obstructed. Nonctheless, at 350 kHz,
N a high attenuation is caused by the skin effect while the
wave travels through the arc. penetrating the cave wall.

This section presents a graph comparing the propagation
loss per meter of the LOS experiment, as shown in Figure 3,
and the results of the NLOS experiment, shown in Figure 4.

=

TRl

1V. CONCLUSIONS

1
=

Effective communication is crucial for rescuers in
mines and caves, and previous studies have investigated
wave propagation in these cnvironments, This paper
presents an experimental study on wave propagation in the
sandstone cave at Wat Tham Patihan Cave, covering the
MF to UHF bands and examining point-to-peint
communication in both line of sight (LOS) and non-ling of
6 § 10 12 14 16 I8 20 sight (NLOS) propagation. The results show that each

Distance (m) frequency's behavior has advantages and disadvantages.
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Fig. 3. The result of the LOS experiment covers the MF to UHF bands.

0 CL.,,,Q L-Bend encountering the obstructed cave wall in the L-Bend curve,
-10 ""-";Sxf_:: .," demonstrating that the path loss at low frequencies is lTower
20 \::;“.i;:;-' than at high frequencies due to the wave's ability to reflect.
el ) 3 b dittract, and encounter obstructions. However, at 350 kHz,
a8 30 the wave experiences high path loss due to the skin effect
= . L o A Seu while traveling through the arc and penetrating the cave
= 40 kY i wall. Overall, this study provides valuable insights into RF
2 0 kY propagation in sandstone caves, which can inform the
2 “ |0 design and deployment of communication systems in
% -0 \8/ similar environments.
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wavegllide theory still propagated due to the skin effect,
allowing the wave to travel into the cave wall.

The NLOS measurement results can describe wave
behavior when encountering the obstructed cave wall onto
the straightway (L-Bend). Therefore, the NLOS test consists
of a LOS part and an NLOS part, an L-Bend curve obscuring
the traveling waves in ling of sight at a distance rom 8
meters up. Figure 4, the slope of the graph in dB/n at L-
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58 Abstract—  This  paper proposes an  experimental that high-conductivity and low-impedance electrodes receive
5939 investigation of electrodes for Medium Frequency (MF) the highest signal power, Additionally, increasing the number
510 communication Through-The-Earth (TTE) at an operating  of electrodes leads to higher signal power and lower
=11 frequency of 350 klfz. The electrodes are spiked into the ground  impedance. The results show the significance of selecting
&z attheend of each earth-grounded antenna lead. The experiment  apprgpriate electrode types and numbers to ensure efficient
glr m('hfdcs a 'trmlsmlttcr system and. a receiver §ystcm. and the signal transmission and reception in T'I'E communication.
‘alq reccived signal power, conductivity, and impedance are
%1‘15 measured using a spectrum analyzer and an LCR meter when 11. EXPCRIMENTAL SYSTEM AND RESULTS
% the type and number of electrodes are varied. The results show .
zlé that different electrode types impact conductance and At ﬁ.rst, .lhe ‘experlmental Se[“f) for Tl?mugl]-The-EalTh
517 impedance, with higher conductivity and lower impedance (_:ommumcallon Io_r measuremen_lol the received signal power
=18 electrodes receiving greater signal power compared te other  includes a transmitter system with an earth-grounded antenna
g19 electrodes. Moreover, increasing the number of electrodes featuring a V-shaped clectrode and an SMB100B signal
=20 enhances the system's ability to receive higher signal power due eenerator, as well as a receiver systein with an earth-grounded
Zp1 o improved conductivity and lower impedance, bringing it - anienna using a different type of electrodes such as V-shaped,
:22 ?luser to the lmpedgnte 0_1 the radio transceiver. These are the Y—shaped, X-s‘haped and a Rider FPH spectrum anah,zer, as
% importance of selecting suitable electrode types and numbers for shown in Fig. |
5 3 optimal  signal transmission and receiving in TTE T
§4 communication at 350 kHz.
:ﬁa() Keywords—Medium frequeney, Electrode, Through-The- : =
27 Earth.
=t
=28
9 I INTRODUCTION
-
?,30 For many years, researchers have studied and developed
31 the Through-The-Earth (TTE) communication technique.
- Initially, this technique utilized radio signals below the VLF N = z
732 7 A By Earth-Grounded Earth Grounded
z33  band transmitled by a large antenna on the earlh's surface S e

) through the earth layer to the underground mine. Two

:5:35 electrodes connected to soil or rock at both the transmitter and e

6 receiver were used to discharge an electric current into the ]

o earth's surface. However, the electrical field generated from
?7 current intensity exponentially attenuates from the earth's wshaped || vsbapad [ AShaped
~§58 surface, and this attenuation increases proportionally to the e fenmee Lo
=9 fiequency. Hence, lower frequencies are ideal for TTE  Fig I TTE experimental system

é‘l-() communications [1-3]. Nevertheless, frequencies within the 4 -
ai1 range of 20-290 kHz used for cave communications can g =

§42 interfere with the subsistence of bats in the cave and, F&
= consequently, harm the cave environment. Therefore, opting ;:-" Ackdher i
Ej4 for the lowest possible frequency at 350 kHz, the beginning of - 350 khz b |
ég.g the MF band, was necessary to avoid this interference. @ Ot .

£ X
H0 In TTE communication, the transmitter uses a pair of y;
7 ground electrodes located at the end of an earth-grounded

=8 antenna to inject an AC current into the earth. The electrodes ; i

9 are connected by lines of current that create equipotential |
550 surfaces around them, The penetration of the current through ;
m&kl the earth depends on the signal frequency and the conductivity
52 of the soil [4]. Metallic rods are commonly used as electrodes
&3 for the surface unit, while copper braid immersed in water or E W

54 buried in the mud is preferred for underground stations. Transmitter

350 kHz

55 In this paper, we experiment with the impact of different

56 elec[mdev types and numbers on Medium Frequency  Fig 2. The experimental area.

57  communication Through-The-Earth at 330 kHz. They

60 measure signal power, conductivity, and impedance and find

6l

62

63

64

65

Authorized licensed use limited to: Suranaree University of Technology provided by UniNet. Downloaded on May 04,2024 at 17:39:32 UTC from IEEE Xplore. Restrictions apply.
979-8-3503-4114-0/23/$31.00 ©2023 IEEE 1




™ RX

signal Earth Grounded

| Earth Grounded
Generator ntenna

Antenna

Spectrum
Analyzer

Fig. 3. 'The block diagram of the 17TE experiment

Earth Grounded
Antenna

LCR Meter 894

Fig 4. ‘The block diagram of the impedance and eonductivity experiment

Earth antenna lead

Fig. 5. The 6 electrodes in star [ormation.

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 clectrodes,
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,
carth impedance, and contact electrode impedance.

Table [ shows that the V-shaped, Y-shaped, and X-shaped
electrodes received signal powers of -54.8 dBm, -55.1 dBin,
and -34.1 dBm, respectively.

The impedance values for the different electrode shapes
were 239.8 1j25.8 Ohm, 220.41j39.4 Ohm, and 195.471j39.4
Ohm, respectively. The conductivity values for the electrode
shapes were 4.11 mS, 4.48 mS. and 4.91 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 11 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 clectrodes 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 T THE CXPLRIMUNTAL RLSULTS

Type of Received Lmpedance Conductivity
' p_ Signal Power (Ohm) (mS)
Electrodes
(dBm)
V-shaped 4.8 239.8+j25.8 401
Y-shaped 55.1 220.4+j39.4 4.48
X-shaped 54,1 195.47+j39.4 4.91
TABLE 1. IHE EXPERIMENTAL RESULTS OF INCRREASING THE

NUMBER Or V-SIIAPED CLECTRODLS

The number Received Impedance Conductivity
€ Mimbel Signal Power (Ohm) (mS)
of Electrodes
(dBm)
1 54.8 239.8+j25.8 401
2 519 121.1+j58 6.7
3 -50.4 92.3+j62.9 7.39
4 -49.4 TT4+j64.8 7.6
5 49.1 68.4+[65.6 7.61
[3 -48.7 61.6+66.2 7.73

11 CONCLISIONS

This paper proposes an experimental investigation of
clectrode  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. Trom
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 clectrode configurations for optimal
signal transmission and reception in I'l'E communication at
350 kllz.
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