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SUPHAWIT JULTHOCHAI : STUDY AND DESIGN OF A SMALL LOOP ANTENNA
ARRAY FOR MEDIUM FREQUENCY.
THESIS ADVISOR: ASSOC. PROF. RANGSAN WONGSAN, D.Eng., 72 PP.

Keyword : Small loop antenna, Array, Medium frequency band

Currently, wireless communication systems play a crucial role in human life
and are widely used, with rapid development and expansion in the past. The wireless
communication technology has evolved quickly, adopting different usage patterns and
capabilities. Therefore, wireless communication is seen as a significant factor that
greatly facilitates communication, including its applications within caves, such as search
and rescue operations and assistance to disaster victims. In cave environments,
communication devices often operate in high-frequency ranges, resulting in shorter
communication distances due to wave reflection. However, in the low-frequency
range, when waves encounter cave walls, diffraction occurs, allowing them to
propagate along the walls. The most crucial aspect is the skin depth of low-frequency
waves, which enables them to penetrate the cave wall if it has high conductivity.

Hence, this thesis investigates the enhancement of the efficiency of small loop
antennas for mid-frequency range operations, specifically at the operational frequency
of 350 kHz for ground wave reception within caves. The study involves arranging the
antennas in an array and increasing the number of small loop antennas, such as 1
element, 2 elements, and 4 elements, to improve the performance. The research
identifies the suitable placement and configuration of these antennas and determines
that a vertically arranged array of 4 elements, Type E, yields a signal power reception
of -33.1 dB. This is compared to a vertically arranged 1-element configuration, which
has a signal power reception of -52.9 dB, indicating an approximate increase in signal

power reception by 19.8 dB.
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fuae dvsuatruiunIuduNRveaIsaINIALUUUIAE NTaziiA1As Ut Fadia

[~ 1 I's
WulAwaIueebe vy
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2.2.3.5 @189 1ALUUUNUATaU (Multiturn loop antenna)

] =

ﬁ’]EJEJ’]ﬂ']ﬂLLUUU’N%ﬁ’]EJiEJUQ%NEULL‘U‘U‘VINLﬂ/iﬁ@ﬂﬁUﬁ?EJ@"lﬂ’]ﬂLLUU

[ d‘

Y9911l iU BUU29Nay huvAvasudnsa wuuAmasunusi Wudu atgeniekuuulg

9

o v Y = A A o 1% & o ~
Nae5aUTUNEUAIMNULTULNAE? ﬂiUﬂ'ﬁ']lJEﬂ']ﬂau‘V]Lﬁ"lma\iﬂqﬁiﬂﬂjquﬂuu‘ﬂ GNEU‘V] 2.13

(https://hmong.in.th/wiki/Loop_antenna#google vignette)

gﬂﬁ' 2.13 g ALUUUIVANETU [1]
2.2.4 @1891N1ALAEIAU (Array antenna)
aN801MALE1R U (Array antenna) vangia Wunisiiaigenniavates 9a

wuRNTaaseety STnezldarsoniariinieatuaus Wesainniseonuuukazasied
anudsLazaraInnIwazasadenldldog1mainnane TnganuenAusazSawus T
tnnoalfidunardduiy nseanatdtuaInnsaLi AEN 1N L T AN Sua T AN
Snsmersvesaneamelaifiniy #1801 ALUULIIA N UEsEINTaUSUTLIRYRILENUAYA
(Amnplitude) wazina (Phase) vesdyaadideuliunardauudlise dohliamnsaudu
wuusUmaunszeidsmiliiulumuiisdesnsle

AUNTITAIANINLMIATUTD A INATLARIINRISTUSaWTaen LS
fuvesauNiueeninaIndaluuiusazia msflagliuuugunsurinaulufiansiumual
ﬁmqmdﬂuﬁﬁmﬁuﬁu aefisnduffe sowhlrauuiifaanusas Samusiinaiiasuiu
Tudiemafideanisuarlurnsiforiuauuiiisduanusas Sawuddesinansiulufiani e
laifleUsvasanie

A189INALDIRIGULUULEY (Liner array antenna) Lﬂuﬁugmmaqmﬁmm
a1efu fiuszneussapenAednfsatudinnadestulndudunssuasiddssozvia
(d) vosuAardaLus siinanenISuUNARUYEEIENNTA @18e1nATNIENEIIUsaL BE

WUAWNAUATIAINENIARY Bemuinssasi (d =4/2)
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T91UT787 1A 99999909 Akshay Joshi Wag S.KBehera Tul a.f.2016 [10] Tu
Fudeya [EEE 13AT11a1801n1AU1 N ant i 3nka a8 1R URUUBLEULAL IALIE 16U
WUUNNALAEIUAIIUAVHF WUIIEIEDINIAUINNNaNNTALAIEIAULUULTUAUTAFNI9AT

1 1 <3 I P = a U 1 Ao o v
LLNﬁU’mLL?,Jmaﬂ‘lWﬁWN’mﬂ’J’]LN@L‘U‘iEJ‘UL‘VlEJ‘Uﬂ‘U’d’]EJE’J'Wﬂ']ﬂ‘U’N’NﬂaiJVWﬂLLﬂ’Ja’W]ULL‘U‘U’NﬂalI

Oty dom

0
N

03:“ T .. | | A as

5UT 2.14 nsdauniddudadunagn1sndon JULUUNISUNSNTE AL AALTEIEIEDIN A

LUUUI98Y [10]

270

JUT 2.15 M1353RunISIAULUU NN NINEBATULUUNITWNSNI2EARUYDIENEDINA

LUUU99NAN [10]

2.2.5 Anwmsuwiadulusmaradesaniuazdiunfuadd (1]

1. Audeny LF (Low frequency) Uanguau (300 kHz) uazenu MF (Medium
frequency) AuWaU (350 kHz Lag 1000 kHz) Lﬁ@ﬂ'ﬂmiqﬁgLﬁamﬁdﬁshwiwﬁqmmuazm
NSAANDUAADATLEZNG 20 LUAS ﬂ'a‘u{hﬂﬁﬂLﬁla\‘imﬂﬁﬂmﬂmﬁaﬂﬂiLLW‘ﬁLﬁuLLUUﬂguaUV%a
AR (ANUBMINTY 2000 kHz) windesusanansfiduRunsefuiifaanuiilviuas e
auTnULanaenadosiunuEtazaNeIRaY e smio s edurudluly
odnansuunnninfiazunsaausenlulunuisysuanem Adansgadeuarannaugs

Tunsalvesmsianageunuuseavanan (LOS: Line-of-Sight)
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2. §1uAud MF (Medium frequency) (1650 kHz,2325 kHz wag 3000 kHz)
fansfinnuandRnsunsaduiurionduin Lwit,ﬁammﬁqu%uﬂ'jw 1000 kHz aguanInMaus
miLLWﬁ'ﬂ?{uuuﬁuﬁmawﬁqLLazﬁugwmm'jwﬁ%mﬁaﬁwaﬂuéf'sﬂanﬁLﬁuﬁugw?aﬁu
yie ilvannsotasidmeseduld snsfiasoinianiaiveglndtuniiuasiudléa uw
Lﬁ@ﬂ’ﬁﬂﬁiﬂﬂ%ﬂlﬂﬁﬁ 3000 kHz %Q%aﬁj*&hummﬁl MF (Medium frequency) Uangunuiay
HF (High frequency) AuLAU %Qﬁ@mauﬁ’amiLLWi'ﬂ?{uLfJuLLUUﬂﬁuﬂﬂmmiwﬁ%LLW'ﬁ"LUmu
ﬁuﬁw‘fﬂﬁﬁﬁwmaqmﬁaLLa::miawaummdw%ﬂaaaﬂaﬂmﬁﬁalugwﬁuguLLasgﬁﬁumw

3. gumud HF (High frequency) ﬁﬂmauﬂﬁﬂml,wéﬂ?{mmm?{uﬁﬂﬁmmsa

azviounsotasvuluduussenenialan ag19lsAnruileviurianaasululnseand ail

]
=

ANTNWINA DULANAIIINTITUVIAN AT UVDIAA UAINUD T LTl D991nTNTaEYiouLAS
Wealuwuuntianiinuldadianelifuinladn widniansgaydeiaznisaaneussey 20
s lgawinlusiuguaanud LF (Low frequency) wauuaie w3a MF (Medium frequency)
4 =3 =3 d' [ [ a:l' 9; 3 Y
Fukauiny wengnlsnadesuraulussazlnaniglulnsssngesussnnle

4. g1uaud VHF (Very high frequency) finasaudfin1shns AausuUAUASY

A d' 1 d! 1 d' ¥ a d‘ 1 dll 14 1 Y

wsendulueIniAing Feanansaunsaiulaalugiuseimanladagaiudosogluiulseey
angaarinisaydeluainiainulennunasdu widethanianageululnsaainuinieu
nnANRtugIu VHF (Very high frequency) NilAngeunauiainisanideuaznisannaui
srggminiuanas Feauuigiuindeanuevesrauivuinduasyiliaunsoulngsan
Aa P P
Psvuraninalen

5. §7UANA UHF (Ultra high frequency) Samsiiaaiaud@inisunsaq uwuy
AR UATUTULALINUEIUAIIND VHF (Very high frequency) @ nsuna1udgnu UHF (Ultra
high frequency) iiilavinn1smageululnsanimiaesussinnnuninisgaideuaznisanvou
luszeenia 20 1ng Aoudssiazialnaifesiuninisianaas uluaiiuyunasfiun sy
Inglviamnannainausfgnuruinvedns i Naan a3a95uANeUA uYeInNR lug Y
UHF (Ultra high frequency) @l agnslsfinmunisaaveuiiiinuiimaseginn windesnisds
Sumduluniszezlnafasnuiuglassaananuanpgiwaziuiiidudafinul enisunseau
WUU sEAuaen (LOS: Line-of-Sight) eA1nungnu UHF (Ultra high frequency) laigunse

wnsuuldle
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23 &5

q

Tuundduni1sAneUsHAtIT5UNTTULAZIUITEN LA 879998115 UN199DN UL

a

A1991NMALUUUNTWIANTUIAL A OIALUTEBNS A WA U189 1N ALUUUIIIAEA 7/
dnwaizn1sIeiageina dmsuihlUldSudygruneluald dmsuanfimalias uaz

A5A5 198 INALUUUNATUME LU Wawasadn wisngansuinldd@masegeansaaly

MlngeanwuulratgaIniFkuuUlgUNg LA 350 kHz



uni 3

NN598NUUUEIERINIALUUUISIUIALEN

3.1 UM
UNLNAI89N1599NLUULAIBTUAEDINIAKUUUIVUIALEN tiaau1saun Uy
LUINNIUNITAS1ITUIIUDT TA8ISUAINNITEDNLUVANYDINARUUUNVUIAENEIMSUAIILE
71 350 kHz @ wsulunisesnwuuaglaluswnsy CST Microwave Studio Suite 2019 wiaAnen
& ' = % v W al v |
AnuduluresagoniAwuuUIBins i uingUsrasAluniseanuuuliie lihuusUun1sus
mdndulvludnewaziuusasunianig ludunouwinlaiin15eonNuULaLI1a9INaAUDY
A1891N1ALUVUY W ala1ga1n1av19uluAIIud aa9n1slaeni1saanwuulid A1y

.=4' = = i Y a &
LWN']&"JﬁﬂJ‘V]?j@ PINYALLRYANINE) ‘lﬂ@ﬁ‘U'}Eﬂu‘UWu

32 seemiAdwiuszuudeaisuvuriuiulan
Nnferiansadeusngmsalvesmdumuiinginnnssnuiviiuniefulagiimas
103 pdufimnnsznuldlivgavienuemelluiudivilefiiui udasfuruadluediemaii
Tnon1ssuneg (Penetration) asluludefiundoidonulngldanusnaduesauiing
dsunzauinly fadu mndinisldaueneduiienne Aanfnszesnesnisiiungad
nadu 1 nsdlvesszuuingdeans HeyPhone 1aldaaud 87 krz azdanuemaduly
anadszan 3.5 Alawns (Mwnanauduatlueiniariniy 3x10° wes/Auil) us
demmnanusnzanasasd Bumduiu slimuenedudesuidiauenedulitu
wiaifiawdnioniuns FannariuemaduldAuiTeweunnnddiagilvansaidans
wilgriiunggldlnaund unatsfesmnssng nénnisdinandiotaldtuaduanimi
350 kHz famnsaldaulddoduidrduniinmiuiazgenda 87 kHz vosingdeans
HeyPhone finnal ufa1ANaN1sAnwINgAnssuvesnaulunuidefiiummuin aduanud
350 kHz Hdlovanldfuiiuyululssmalvensdansaaeuluduiiuyusinieniud 7
kHz ‘mezﬁﬁmﬂ%’ﬁ’ugﬂﬁumﬂaﬂzﬁﬁwmiamauqm’jwmmﬁ" 87 kHz \intios daduiile
Wisuiisufudisansussinndsiifoyassyindsumiiiuududnilg) (nnd 2,000

§121N199IUA 3,030 1) AeuNISEeNlEAND 350 kHz 1180NLUUTEUUIMEHANTLUUNIY
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wulan (Through-the-Earth) wazaise1nadmsulday wagnanideen1ssunIuaeId T InYes
Aaanedelud 390971 0UN1SRANTUNNTOUADULALASUAIULA?

o | A a & vao a ° ' < | Y a P

InNnannIsasraufuEIunulaniag i stleinaunwlman i s utuRule g1y

A11D 350 kHz Fetlmnudndudadldaisainienuviliasiiulan (Grounded-Earth antenna)

| A A v v ' < ' < v 1% R ¥

agnanantagalule agrelsAnuaigeiniawuuye Aanuisalanawnule Tunsanlnseon o
& a am A & T Ao P ' Y]
AMUNUIYDITUAUN blrununrseLTulnssondenuantiduinn

(%
LY =

AItIULTIFSNEEINALUUUNNTDTEUUARAIN81UAUDS HeyPhone 185719713

InaneindyaasuuratsuauTug 60 Wi Nldnvauzidugunsidnisudnia undu

Y
(%

sukuulunuIne dnus g uanud 350 kHz

3.3 nsnaesarganidlagldlusunsy CST Microwave Studio Suite 2019

m3s1aeeranelusunsa CST Microwave Studio Suite 2019 Liieliangainiauuy
Uaaansaviaufiannud 350 kHz lnadesnnsTviladufiuaudaiuazlndidssiu 50 Tosi
wniiga Tnegud 3.1 1Hugulassairseangenmeduuuunuutseenuuumeldlusunsy CsT

Microwave Studio Suite 2019

U7 3.1 TAssasnseennAkuuUaeuwnian

ASPRALUULALILASIZY a8 A AlLUNT Y1a1881A1ALUUU9UUNALE NYBY
syuudeansnnelusives HeyPhone 289 John Hey [6] dndudunuuluanuideingiuninud

350 kHz feonuuulilagas 199 unnanansind g IuLUUTAIBLAUIIUIU 60 LdU a1

Aa o

817 2.81un5 Nilanvauziduunssdiniendnsa davwediuay 70 wufiuns duniu

v [

AUENA1T 1 LuAs A93UN 3.2 UaTNITEENLUUTIABINITTALAIEIAUVBIAEBINALUUUN

aa

& aa s aa ¢ | i aa ¢ 1w a
YUILANNL 2 DALUUS LAY 4 DALUUN UTLYTUILAALDALUUALNIAY 70 LYUNLUNT ‘\]']ﬂ%qﬂ

4 d

Joudygruduil 1lUdgadoudyyriaudui 2 fidanszeer1unasdduunminy

[ e



20

70 WWURLWAT lAYINN1508NLUUINABITLETUILARLDALNUATIAE 10 WURLUAT AR 10

WURLUAST D9 100 WURLUAST WUITLELYNG 70 LWURNAT IAINIS10WasNUINILASIZATA

-
»
1m
70 cm
70 cm o
\/

gn Judenldszerinusasdiuudintgu 70 wURwWAs

JUT 3.2 @189 ARULUULUUUN

AU A 9 1D 350 kHz f9aunis 9 3.1

NGNS A= 7 (3.1)
. 3x10°
2zla =
350x10
= 856.549 m.

PNUUAIINNIGAT A18DINIALUUUNVNIALAN AaunIsA 3.2

A 856.549
1NN = (3.2)
v 50 50

e =17.13 m.

INNTINWUVIEAIMUA Diameter loop = 1 m.
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o 1 [ aa '3
34 N1337189961821NALUUUNVUINLAN 1 DALUUA
3.4.1 ﬁ’]ﬂ’e)']ﬂ’]ﬁLLUUU"N‘Uu']ﬂLﬁﬂ’J'NLLu’JuEJ‘IJ

JURBULINIYLUIWATY CST Microwave Studio Suite 2019 8NWUULALINAD

¥
(% =

AEaINALUUUNILIAEN 1 BAWA TiTnInsansennAkINeuUURiuAY fuuinAILen?
Auag 70 WUFAWRS WurAugnaes 1 wes lngldaeidyaanwuuraiswauiiuas 60
W Busudmasudnia dduaeeiniauuutiisuaidn duanslasiaiisvesangeiniads
gllﬂ' 3.3 (1) SINANITE0INUIT AFUUSYANS NSaET NS UTeIENEDINA (S;,) WU
-0.000035 dB fauansgufl 3.3 @) uazuuugunisudmdsluauiulain E-plan) uaz
auluLawman (H-plan) é’fummgﬂﬁ 3.3 (@) kay (9) HA1@NIWANERNANIVINAU -35.34 dBi

AauanIguN 3.4

- ‘M \ At

§ -LSOEDS

d Power (dB)

180

(A) wuugUNMsaluRidszwuaualnih (3) WUUFUNMSURANEITEUUAULUIAN

a ° | I aa 3
SUN 3.3 NaN1591889d180 INALUUUIVUIALANINAUIUDU 1 DALUUR

Y
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X

JUT 3.4 wuugUN1sWHAIAY 3 ifresEERINARUUUNTWIAENILLINEN 1 BAlud

1 < &
3.4.2 d1891NALUUUIVUIALANIINLLUIAG

TalUsunsy CST Microwave Studio Suite 2019 2aNLUULALIIADIAYDINA

LUUUMNIUIALEN 1 DALUUS NIAINNEAIE9INIALUIAIUUNUAY T aldandlasias19909

41881M1AFIgUN 3.5 (n) Faran1391a0enudn A1dUUsEANSNTAEYUNAUTENAERINTA

(Sy7) Wiy -0.00006 dB Fauansgudl 3.5 (1) wasuuugunisusmasluaualaiii (E-plan)

wazauINwan (H-plan) Aawanaguil 3.5 (A) kag (3) wazAIEAINLAIZ ARV Wiy

-25.35 dBi fauansgui 3.6

e
R
‘_ asr
&\‘ "%,’q& -
70 em S

Phi= 0

180

B
1;\-,‘ 150

(A) wuugunsuidasyunuawlndh

Reflected Power (dB)

0 200 250 300 g 0 450 500 550 600 650 700

Frequency [kHz)

[ 1

(1) wuugUnsudidsszuUaLLkmEN

o

JUT 3.5 HANSINR0IEEBINIARUUUNVUIAKRNI LIRS 1 DA
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s,
SUT 3.6 uuugUnsusmds 3 fifvesangoInN AL UL ILAEN LIRS 1 SRl
3.5 N15318096180INALAIAIAULUUUNIUIALEN 1x2 BALIUR
3.5.1 @189MNNALAIAINULUUUAIUIALAN 1x2 DALUUA
Talusunsu CST Microwave Studio Suite 2019 99nULUUKAZI18IE188INA
LUUURUINAEN 2 Faus Fienneansonna 1x2 Sawus uwidsuiiuiu fsvezvhauday
BAUAYINAY 70 1URLUAT mﬂq@ﬂaué’mzyﬂmé]’uﬁ11Ué’aqmﬂaué’zyqpmﬁuﬁ2 Fauana
Imaa%ﬁqsuaamammﬂﬁqgﬂﬁ 3.7 () Fawanssiaeanudn adudszansnisasvisunduves
@1891n1A(S;) W1AU -0.000005 dB é’ummgﬂﬁ 3.7 () uazhuugunisulmaslussuiy
aurnlin (E-plan) wavauinudindn (H-plan) ﬁ’mamgﬂ‘ﬁ' 3.7 (M) way () WALAIAAIN

L1TAANIG U -23.29 dBi Aawaneguil 3.8

[ 2

.

P

< 0 =

(n) LUU18898188I07A

Phi= 0 3(‘,‘/"'/7- - ‘ & Phi= 180
/ j =  .\\
[ AN L

S A,
\I { 35 30 ?5 |
\ )
\ i L}
120 \‘\‘ i i, | R / 120

P G s v

() LL‘U‘U;‘Umsu&ﬁwé’wsmuaumlw% () LLUUgUmiLLNﬁwé’ﬁsuwaumLLnjmﬁn

JUTI 3.17 HANTSTIEDIENEBINIARAITINULUUUN 1x2 DEIUA
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A

JUN 3.8 wuugUnswsimg 3 fiRvesag N ALIIEIAURUUUIN 1x2 BALIUA

3.6  N1591889E18INIALAIAIAULUUUINVUIALAN 2x1 DALUURA
3.6.1 @1891NALAIAINULUUUITUIALAN 2x1 DALUUA

Talusunsu CST Microwave Studio Suite 2019 99NLUUKAZINABIANYDINF
UL 2 BAlus Tismnsansennid 2x1 A wuaRauuiuiy Ssvervnaudasdamus
WINAU 70 LOURLIAS ﬁ]’]ﬂﬁ;mﬂaué’mmmﬁuﬁ11ﬂ5qa;mﬂauﬁfy§gméfuﬁ2 Fauandlaseadioves
aee Azl 3.9 (n) Fsranisiiassmudn Adudszansnsazviounduvesanenia
(S;y) Winfiu -0.0002 dB G‘Tﬂuamgﬂ‘ﬁ' 3.9 () wazhuugUnsuimadussuvauulii (6
plan) wagauiuuiman (H-plan) ﬁ’mamgﬂﬁ 3.9 (A) kA () LAYAENINLANZIIN AN

Winffu -21.03 dBi fauanaguil 3.10

——

s ~
ﬁo\‘ 5

— " 150

(A) wuugUnsuimasszuawmlnih (®) wuUgUMIURASTZUIUAULLIWEN

JUT 3.9 HANSTNRRIEILRINALAIAIAULUUUNULIAEN 2x1 BALUWA



v

8

JUT 3.10 WUUgUNISWNANEGY 3 TA78EI8INALIIEIRULUUUNIUIAEN 2x1 BaLIUA

3.7 A159189981899INALAIAIAULUUUINVUIALEN 1x4 DALUUA

o o [ < aa g
3.7.1 d@1891NALAIAIAULUUUNVUIALEN 1x4 DEaLUUR
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TalUsnsy CST Microwave Studio Suite 2019 9ankUULALIIADIAIYDINA

| aa ¢ dao aa ¢ & X a a | | aa ¢
LUUUN 4 9atdUs 113939d@1891071A 1x4 9atUUs LUIRNIUUNUAU UTEYLANLAALDALUUS

Wiy 70 wudiiuns 3nyedeudyaasiui Lludegadeudynyindiuii2,3 wavd Jauand

lassainavesageInIAdagun 3.11 (n) Bwan1sdnaesnudn Amduuseansnisasvieunduves

a1881n7¢ (Sy;) WNAU -0.00001dB ﬁﬂLLamgﬂﬁ 3.11 () wazwuugUnsusmiaaluauulngi

(E-plan) wazauuuidvan (H-plan) AUARIUN 3.11 (A) WA (1) UAYAIANINIANLIAANIG

Winffu -17.23 dBi fauansgui 3.12

A Phi=180

~= g

4
150
180

(A) wuugUMsURmEsszaunslih

(9) wUUFUNSWHANE s UUALNIWIMAN

~ o o o 1 [ aa (3
U 3.11 HANTTR1809d18DINALDIAIAULUUUINVUIALEN 1x4 DALIUG

Y
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by

JUT 3.12 WuugUnIsuiings 3 TAve@geIn 1AL IE IR ULUUUNIUIAEN 1x4 BALIUA

3.8 A1591299E180INNALAIAIAULUUUINVUIALAN 4x1 DALUUA
3.8.1 @189MNNALAIAINULUULTUIALAN dx1 DALUUA

19lUsunsu CST Microwave Studio Suite 2019 panLUULALI1@BIEIEDINTA
WUUUA 4 Fand Tinnsengenia dxd Sawus wuasuuiiui Ssvezvihausazsammd
WINAU 70 LUALLAT mﬂqmﬂaué’mmmﬁuﬁ11U§qqmﬂauﬁigapméfuﬁ2,3 LAzl Fans
TnssainavasangemadsgUil 3.13 (n) Bswansdrasemun AduUssansnsasvieunduses
aee1MA (S;,) Wiy -0.0005 dB Fauanegul 3.13 (¥) wazuuugUnmsusmdsluaunalaiia
(E-plan) wagaunuutdwan (H-plan) ﬁ'ﬁLLamgUﬁ 3.13 () kag (3) LagAIANINLIZNANIS

Winffu -10.83 dBi FauansgUil 3.14

1.00E-03

1.50F-03

cted Power (dB)

il (Sefmh CERRRe N S

2S0E3 oo

-

3.00E-03
10 0 S0 550 600 650 7X

Frequency (kHz)

(N) WUV @RLEIYRINA (@) Aarduuszdnon1vasisunauued @ (S;,)

180

(m) wuugunsurmdsszuvaualih (9) wuugUnsuddsszINUaAIILMAN

d‘ ° o o 1 < aa ¢
EU‘W 3.13 HaN19371899@18D1NIALIAIAULLUUUNVUIALEN dx1 DALUUR
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ity

JUT 3.14 WUUgUNISWNiNgGs 3 TAve@8IN1ALEIEIRULUUURIUIAEN dx1 BALIUA

3.9  N1591889EEEIERINNALAIAIRULUULINVUIALAN 2x2 DALUUA

3.9.1 @18991IN1ALAIAIAURUULUINIUIALAN 2x2 DALUUA

TaTUswnsy CST Microwave Studio Suite 2019 99NLUULALI1AD9ENYDINA

LUUU 4 DRUUA TIIANSEIEDINNA 2x2 DAMIUS LUIRIUUNUAY T52asi1awnardaLuun

Wiy 70 wufiung 3nyedeudyaadun 1ludadoudyayiudui2,3 wasd Fauans

lassainavesangeInAdaguin 3.15 (n) Jman1sdnaasmuii mduUssansnsasviounduves

o911 (S;,) Wiy -0.0002 dB Fauanegul 3.15 (@) wazuuugunsusmdsluaunylaidi

(E-plan) uazauiuudmian (H-plan) AaNIFUN 3.15 (A) waz (1) wAZAIENTNANZIINANI

Winfu -17.78 dBi fauansguil 3.16

o

P i P
» B |
Vs
& | | | )
Segy?
¢ _ o sl
70 em L S — | 70 cm
1

Frequency (kHz)

(A) WuugUMsuRidasyinuawdldh

(1) AduUsEANSN1SaEYoUNaUTBY @18e1nd (S,,)

180

() WUUFUMSUREIsEUIUAUNILIWAN

JUN 3.15 HaN15INR0IEEINIAAULUULUUU NI 4 BRI
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JUT 3.16 WUUUNISUNANEY 3 TAT8E89INIALIIEIRULUUUNTUIAEN 2x2 BALIUA

panLUUANERINATIIALANLagT1aRINamelUsnTy CST Microwave Studio Suite
2019 wunszuvaudlniivesaseInAuuUILIAan 1 BaluuANwuILeY 3 Half-
power beamwidth 111U -37.3 dbi WAz Main lobe 1988n33 34 B9FN KALTTUIY
auiliihgesasenAwuuUIuImdn 1 Samuinuuasad Half-power beamwidth
wWihAu -26 dbi uag#iFnna Main lobe videanys 45 81

sEUUEALN WA U9 98180 MALUUUUUIALEN 2 DALIUA @1801NALAIEIRULUY
U299UNALEN 1x2 BALNUA & Half power beamwidth LYy -24.9 dbi wagdNiAnia
Main lobe wseanilyy 164 31 LAAIBRINALAISIFULUUUVUIALAN 1x2 DAL 1
Half power beamwidth infiu -21.1 dbi Wagfirns Main lobe jaanisia 20 83

FEUNUAWIN N U980 ARUUUNTUIALEN 4 DALUUR a1801NALDIEIRULUY
U29UUIALEN 1x4 8810 UA 4 Half power beamwidth t91AU -17.2 dbi wagdAAnig
Main lobe % 308nflsal 169 931 @189INIALAIEIFULUUUNVUIALEN dx1 BALUA &
Half power beamwidth Wiy -11 dbi wazdifiens Main lobe wsoonilyu 169 peAn uas
AN89INALMIA R ULUUUNIUIALEN 2x2 BaLIUA I Half power beamwidth i -18.4

dbi kazdliiAn1g Main lobe Wioaniiyy 3 aeen



3.10 Naﬂ’]'i‘VIﬂﬁa‘Uﬁ"lEJ?J’]ﬂ"IﬂLLUU‘Li’J\’i?I‘IJ’]ﬂL’sﬂ

AN 3.1 ASIUSEUTIBUAINISI MBS VBIENERNALUUUMNIUALEN

29

fea1nd | d@wenid | d@eennnd | d@eennnd | d@eeinnd | @gennid | a@1gannnd
. WUUUI9 WUUUDY | WORdIAU | WOREIAU | WeEAu | waEIeu | waddneu
w’]i’]uLﬁai aa 4 aa 4 1 1] 1 1 ]
1 88mud | 1 38wud | wuuuas WUUU29 WUUU9 WUUU2 WUUU29
M4 MU 1x2 2x1 1x4 ax1 2x2
WuIUaY RUUA R AU BRG] RuA
AUsEENS AN
ATTUHAES
(Radiation 14.57 dB -4.20 dB -0.30 dB 6.97 dB -0.16 dB 1.21 dB 7.80 dB
efficiency)
ANTNLAZ Y -35.34 dBi -25.35 dBi -23.29 dBi -21.03 dBi -17.23 dBi -10.83 dBi -17.78 dBi
AANS
(Directivity)
IRV -20.77 dBi -29.55 dBi -23.60 dBi -14.06 dBi -17.39 dBi -9.62 dBi -9.98 dBi
(Gain)
NTTUANUAD
(Surface 74.47 AV/m | 76.58 A/m | 83.01 A/m | 95.59 A/m 103.91 115.12 105.67
current) A/m A/m A/m

ANITNN 3.1 ﬂ’liL‘U%EJ‘ULﬁEJUﬂI']W’ﬁ'IﬁLWeJ%“UENﬁ'IEJE]’]ﬂ’]ﬂLLU‘U‘UI’NSUU'IG]Lﬁﬂ N3

$1809ANUTERNS NINNITUHAIFIVIANURINALUUUNVUIALEN TR 14.57 dB, -4.20

dB, -0.30 dB, 6.97 dB, -0.16 dB, 1.21 dB Kka¥7.80 dB AINAIFU WANISINABDIANFAINLINLIS

AFNI9UDIE180INIALUVUIUISLEN AU -35.24 dBi, -25.35 dBi, -23.29 dBi, -21.03

dBi, -17.23 dBi, -10.83 dBi, kaz -17.78 dBi MMUAIAU NANITINABIBNIIVYLVBIANYBINA
WUUUNVLIALEN TRV -20.77 dBi, -29.55 dBi, -23.60 dBi, -14.06 dBi, -17.39 dBi, -9.62

dBi LAz -9.98 dBi MUAWU NANITINADIAINTLLANURIVIANYDINIALUUUIVUIALEN TIA
NNy 74.47 A/m, 76.58 A/m, 83.01 A/m, 9559 A/m, 103.91 A/m, 115.12 A/m Lag

105.67 A/m sNUanu
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3.11 @5U

AnSUUnilanan Il uUNaUNITIBNLUY BALILASIZWAIEDINIA WUUUIININTIT9Y
Tuguaud 350 kHz Imenstaluswnsy CST Microwave Studio Suite 2019 A1598NLUY
WALIIABIANYDINIABUUUMNVUIALEN NEOUTAINIAIIDINAVUNUAY F188INIALUUUIN

YIAANEANEIEUEY 70 wuRues Tduriqudnaten 1wns neldaeddyann

v [

LUUMAT8LAUIIUIU 60 LU E‘U‘ﬂiﬂﬁlﬁﬁﬁﬂﬂdﬂmiﬁ iy duangenniALuuU9vuIALEN

9

ANTUVIINITIATIZNANUTLANTAINANTHENAIET @NILAISIITANIG DATIVENY LASNTE LA

L= 1

NUR? TAeN159NWUUIIA0IE189INARAZYIINITIAALas TUTNINANALAGIAITI97 3.1 AzLiiu

2

| = = ~ ~ | a ¢ Aa Aa I3 Aa s o
7UA15199 3.1 TN15USUTNBUAINISIANDS 1 DALUUS 2 DALUUA WAy 4 DALNUA TURDY
WSNLUSEULTTBUNISIAINNUDIANEDINIA 1 DALUUALUULUIUIULATLUING FENUIAN

UsganEnmmsudings n1sasuiuauliian1aindnngluwnns IAwviiu 10.37 db dewn

(%
Y

WIBUWIUAIEN N WANIE N1519M69RsEAgenIslukuIwey dawviniu 9.99
dbi fesniUFeuifisumdnsuets MyeuuILeuIEliAgInIILLARY TRy 8.78 dbi
uaznTUIsufisuAnszuaiiufia msmundsasiidgeniniduiuiuey Sauviiiu 2.11
A/m ileuniiasizsinns e e fuesengeInALUUUNTIAEN 1 FAlud azwuiinisdn
MunueuiidUsEansmwnsuridsuasadn ey fengenindanuuadsiede uwid
donlunisdaieaiseiniauuuuassuiadnuuad anszdn nanlsduarguuuunig
uWinsEAERALTsENBDIMALIUYIIAENAT T N ALUUiasiulan fdunads
devnluldelug ddunsfanunddaihuidenldlunsdauodiduresaseinia
WUUUNUAEN 2 BAWUA uaz 4 Baud

ouwlunsIALIERUAIEINIALUUUNIWIAEN 2 BELUA WUU 1x2 SRR uay
2x1 BAWUA AENUTIANUTEANTAINNISUAAIRT N1FIARAITIAULUY 2x1 DEUA Tegand

1 [

ANFIABAIAIRULUY 1x2 DAUUA TAWVNAU 7.27 db fAauUIeuiguAIdN N1 9NANI

% o % aa & = 1 U % o o/ aa ¢ a 1 1 Y
N133AUAIFRURUY 2x1 DAKIUA TANEINTINTTALIFINULUY 1x2 BaLNUA dAvniu
2.26 dbi siaUNUTIULTIBUATEATIVENY ATTALAIEIAULUY 2x1 BRLUUA TA1genInisin
LOIEIAULUU 1x2 DRUUA AAWNIAU 9.54 dbi warnsSeuieuAINTERaNURINITIALDD
A1AULUY 2x1 BFILA TAEINIINTIARDIEIMULUY 1x2 BaluA BAwiniu 12.58 A/m
WU TATIERNIST N5 VDIANUDINIALUUUNVUIALEN 2 DALUUA ALNUIINITIALD
AAUKUY 2x1 BAMUA AANEINIINITIARAITINULUU 1x2 BAlIUA Nnmsilees

1 I~ [ o o 1 =3 aa I3 aa '3
AU NTUNITIALDIAIAUAIEDINIFLUUUINVUIALAN 4 DAIUR WUV 1x4 DAIUR 4x1

aa & aa & 1 ! a a 1o w (Y o w aa
DALUUA WAY 2x2 DALUUA TNWUIIANUTZTANTNINNITUNNIRG NITIALDIANULUY 2x2 94
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WIUH TANEINIINITIALOIANULUY 1x4 DRUUA LAZNISIALOIAWULUU 4x1 DALUUA TAN

Y

WINAU 7.96 db way 6.59 db AauUIgULEUAIANINLANEIINANIINITIAKDIAIN UUU

ax1 DALUUG 1A1g9N91NTTARAITIRULUY 1x4 DALUUA LATNNTIALOIBIAULUU 2x2 DA

1 Y

WUATANYINAU 6.4 dbi wag 6.95 dbi #auNUSULREUAITNSIVENE N1TIALAIAINULUU

& a 1 U

Ax1 BAWUA 1A139N7INITIALOIEIAULUY 1x4 DEUUA WATNITIAUDIEINURUY 2x2 B
wuAdiAiiy 8.31 dbi wag 0.36 dbi kagn15UTeuLiuAINTERANURINITIALAIEFU
aa (3

WUU dx1 Bdkud 1A189191N15TALMIEIRURUY 1x4 BAWUA ULagn15IARIIEIRULUY 2x2

AuAiAWIIAY 11.21 A/m waz 9.45 A/m

(@)

=

WoUUNILATIERT LA EFLNALlA1T NISTALAIEITUAIEINIARUUUIIIUIALEN 4

&

ALUUF TAMUU 4x1 DAUS WSeUNgUAUA1891INIALUUUNVUIALEN 1 DALLIUA 219

(%

WWIRS HAUsEANSAINNTURAIEIE9ATT 5.41 db ANEAIMIAIENTANI9EeNI 14.52 dbi A

b

6

gMI1VY18FINI1 19.93 dbi LazAINTEULAN UEHIZINT1 38.54 A/m 1AN1TILATIEN
Armsfiwesviaae viliiuindnhaigeineuuutwinanundanaiaifdueuy ax1 33

I3 % = o dy v 2%’ ! Y v 1%
wud lUianaaeuazarnsaimiisninszuaaniulanliuindunazdwalnsudyyrals
geluguieadu antudilasiEng e AwuuUTEIAE N TUNILAZYIIN SUARBUNTS

FAFULUUNTINULAY TEUE LA DRMUA Tnzauiign
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uni 4
ANSESIMATIANAFDU

4.1 UMY

a [ 6’5 a 1 Y v a ::1’ [ 1 =
INNGuwazrann1sNImuannalikaluuniuu luuniiazidunisnaiifienis
Uwuudiaesnliainniseenwuualeainianlelusunsudnsagu CST Microwave Studio
Suite 2019 Alda1nuny 3 uvin1saseduliduanteeniAaduLuULazaEyiIn1sTaLie
VAFIUAMANBUZANNY VodaEe1N1el Felassasimasarsonmaiiiaue s duageinia
| o  w PRy a a ' Y o Y] ° v & ' Ao
LUUUD9 I8zt duaInnduuIn 1 DadiAsAotdusIuIL 60 1@y 11vinnsuabiluu9ndl

v v =

Anwazdudwdsudnsa dnisldaugiuanugd 350 kHz Taglvangainiavinauaanuis

q

T uus 350 kHz G9UU1AT b a51981891N1ATII LR ANNEIAA UL BT 98 YNl a8 N Al

Yunlnaauiuly

v v 1 =3
4.2 N13619719611831N1ANULLUULLUUUIIVUIALEN
Lﬁ'aléfmamiﬁi’waawaqmaaﬁmﬂﬁié’mﬂiﬂmmuéf%%ﬁ]g‘d CST Microwave Studio
Suite 2019 59911585 19@189INAR ULUULUUU 299U A8 nlug1ual1uE 350 kHz

a1801NARLLUULUUUNTIAENg neanwuulagldaethdyanaiuunaisuauduu 60

v v =

v Jenuenn 2.8 wes Wi lilaneausdusunsdmiendnsa danueriudieinuas

9

70 wudmng didugudnais 1 wns degui 4.1

a £ 1 [
E'U‘VI 4.1 @ga1NIAAULUULUUUNVUIALEN
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4.3 ﬂ"lﬁ‘VIﬂﬁ?JUﬁ"lElﬁJ"lﬂ’]ﬁLLUU‘Li’J\‘l“lI‘IJ'IﬂLgﬂ’J’NLL‘U’Juau

A 1 I -
E‘U‘VI 4.2 @ga1NALUUUNVUIALAN I UIUDU

FunoUNSAEEUEE8INALUUU T AE NI SUUILDY éﬁ’qgﬂﬁ 4.2 Y maaeud
awnglasiionmaaeurduussansnisasvieundu (S, warinadufiuaud 1Hin3eadle
Saanwo1niAvadesasimsziiadetierinees TTR506A Tneldlusuwnsy Vecter VU-PC &
g‘d‘ﬁ'ﬂfa Lﬁ'aama (https://imex.co.uk/TEK-TTR503A-USB-Vector-Network-Analyzer-100-
KHz-to-3-GHz)

SUN 4.3 1AT093AT18LATEUILINLADS TTR506A

431 wansIaAduUsyansnisazitaunau (S,

Tuns¥naneeniALUUU AN T uuAdusEavs nsasoundu
S, lanpiesdlefaaigenniAvonn’odiinyias ot erinaes TTR506A waasawdniy
TUsunsu Vecter VU-PC lunaufiawmes fmmuagesmnudiszwine 100-700 kHz Tngaziivun
AUATIuAe 350 kHz Wowarsidyannain Portl 71iA3eshiasziaiunasuluds
@18971n1A W@onluua Format WaaLaen log Mag Lﬁ@@ﬁ'}éf’uﬂssﬁm§nwsazﬁauné’u S,, il
ANA 350 kHz § 9d A v 1Ay -0621 dB A95 U 4.4 uazTaa 1S uiuaudLviaAy
204.222+j560.806 Q
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Dummie s

i = e z s i o -

JUN 4.4 endudseavsnmisasviounau S,

4.4 ﬂ’]'i‘i/lﬂﬁ@Uﬂ']EJ’e]’]ﬂ”lﬁLLUU‘lj’N‘llu’mLgﬂ’J’NLLu’Jﬁx‘i

JUT 4.5 @89 INIALUUUNIIAEN IR

o '
v v % a

YURDUNITNAFOUAIEDINIAR ULUULUUUININUUIAY ASTUTN

Y

4.5 dnunadaui
auumglasieneaeuANdNUIEANENTEENBUNaU (S11) wazinAduiuaug TdaTelsdn
4189IN1ATB4LATILATIEVLATEUELINMBT TTR506A lagltlusinsy Vecter VU-PC Liveg

e

4.4.1 uansIaendudsyansnsaziteunau (Sy,)

TunsTnaneornmaRuLUTRUUUTIvh Ty AN dul s ans nsaseundu
(S1) Wanedesdletnasainiavenadesiinsziaiotiennes TTR506A udareidiu
TUsun3u Vecter VU-PC lumaufiawmasimmuntisainudisening 100-700 kHz Tngaziivun
AUATIFufe 350 kHz Weuareidyanaain Portl a3 eshnszsdaiunaduluds
@1897101A L@anlnua Format walden log Mag L‘ﬁa@umﬁ’uﬂ33§w§miazﬁauﬂé’u Sl
ALE 350 kHz 9 90 ANviaiy -0502 dB 93 UT 4.6 uaziaA 1S uT uAUG LY 1Ay
357.507+j703.531 Q
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JUN 4.6 AnduUseananisagviaunau Sy

4.5 NSNAFRUAIEDINIALAGIAULUUUNVUIALAN 1x2 BALUUA

N o v 1 =3 aa 3
E‘LJ‘V] 4.7 @810 IALIRTIAULUUUINVUINLAN 1X2 DALUUA

TURDUNIITNAFBUAILDINIALAIEIR URUUUNVUIAEN 1x2 BAud Aegui 4.7
U MAgUN duINune 1 la i uadeUAIdUUITZENS n15dENaUNa U (S,,) wazina
duniuaug loinsesdlodnaiuo1niAv99LAI 893LATIEAAT8T8L1INLABS TTR506A Tagld

TuUsunsu Vecter VU-PC Lilegeia

451 HamsiaduUszansnnsaziaunau (S,

TunsInangenmALuUU s InEn v Tusntusdul ssansnsasoundu
(S1) Warne3esdleTaaseiniAvecasediiasiziasetienmes TTR506A wasowdiiu
TUsunsu Vecter VU-PC Tumaufininasimuntianinudsendne 100-700 kHz Tngazinun
AUATIEIuAD 350 kHz Wawateidyainain Portl 7iA3esdiasgsaunasuluds
@1991n1A Laenluun Format wallden log Mag Lﬁa@mé’uﬂszﬁm%‘ﬂﬁazﬁauﬂé’u (Si1) 7
A2108 350 kHz § 9 @ 1v iU -0.592 dB m‘“aguﬁ' 4.8 UagTAAIDUNULAUTLN 1A U
334.896+j619.883 Q
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ok b ow o o s

JU 4.8 Aduuseavsnisasviounau S,

o w 1 < aa 4
4.6 NN1INAGTDUEIUDINALLAAATIAULUUUINVUIALAN 2Xx]1 BALUURA

= -~ .. | I =3 — Q (3
EUVI 4.8 @8 INALDIRTAULUUUNYUIALAN 2X1 DALUUA

o
Y J

JUABUNITNAFBUAI1EDINIABIIAIAULUUUIVUIALEN 2x1 DALUUR ﬁqgﬂﬁl 4.9
Tumegeui aunuvg e wil suanadeu A duUsEANS n1sazioundu(Sy) wav T
Suiiuaud 1913 eeiloTnanueiniAveains asdtAszia3 o91u1nAes TTR506A Taeld
TUsunsu Vecter VU-PC Lﬁa@ma
4.6.1 wHansInIduUsTANSAnsazTiaundu (Sy,)

TunsTaangenALUUU AN U TurduUssavinisasstounau
(S1) Warnesesdletaaneneiniavenaisdliaszmadatiannmes TTR506A wasowiiu
TUsunsu Vecter VU-PC Tupaufiaimasfmuneieninudissning 100-700 kHz Tngaziivun
AMUATIEuAe 350 kHz 1T onanetdu nein Portl kA3 esdiaszraiunasuluds
a1891n1A Laanluun Format waalden log Mag L‘ﬁ’e)@jﬁﬂﬁﬂﬂi%ﬁﬂéﬂﬁiﬁzﬁ@ﬂﬂﬁu (S.) 7
A2108 350 kHz € 9fiAm iy -0.638 dB m‘”qﬂﬁ' 4.10 LaLTAAID UWLAUTLN AU
302.260+j576.879 Q
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oo % 12

[ —

& i 3

JUN 4.10 AdudsAnsnisagyvioundu Su

o o 1 < aa 4
4.7 NIINAFBUEIYDINIALAIATIAULLUUUINVUIALEN 1x4 DALUURN

d' R o u : 'C; d Q 3
E‘U'Vl 4.11 d@1821NALAIANAUBUUUNIUIALEN 1x4 DALUUR

o '
Y =

TUADUNIINAABUAILDINIALDIA T URUVUNVUIALAN 1x4 BAUWA Fagui 4.11
UUMAADUN UK 1 a9 oUINAdRUAIdNUTZANS n15dzY ouna U (Sy) Wazinal
Suiiuaud 19T osdolnaso1n1AY99LAT 993LATIZWLATTIBLINAES TTR506A Tagld

TUswnsu Vecter VU-PC L'ﬁ'a@ma

2 1 s Q‘ s
4.7.1 wan1sdnAauUsEaNSNsaziaunau (Sy;)
lumsiraisenieanuuUsraan A YusTuAIEIUsEandnsas Nieundu
(S;,) laniasesiia TnaneneIn1AveASaIRASIELASEY8LINMBS TTR506A LaRBLYINY

TUsunsy Vecter VU-PC Tumauiegasmuunt19a1nunsening 100-700 kHz Iagagninue

=

ANUANTEIUAD 350 kHz 1WWond1eudye1aa1n Portl MiA3asataTzvalUnasulues
a1991ne Lhenluua Format wanliien log Mag tieaedudssdnsnisazvioundy (Sy) ¥
AU 350 kHz §ad AN U -8.6296 dB fa3 U7 4.12 uazdaA18 Ui uaudiviniy

108.002+j7.130 Q
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[ D soma

JUN 4.12 Adfudszavsnsasvioundu Sy,

4.8 ﬂ’]'iVIﬂﬁaUﬁﬁﬁla’]ﬂ’]ﬂLLﬂ’Jé’]ﬁULLU‘U‘IJ"N%u'lﬂLgﬂ 4x1 BAUUA

JUT 4.13 @1801N 1AL WULUUURVUIALEN dx1 SR

=

JUADUNITNAADUAILDINIALAIAIAULUUUNVUIALEN dx]1 DALUIUA A95UN 4.12

Y

[ |

UuIvaaauf auiung1lasineuinaaeuA1duUszdnsnisasnounau (S,) hazina
DUNWAUT LRS00 TAANEDINIAYDILAT BIILATILITLAS BU8LINLADS TTRE506A Iaely

TuUsunsa Vecter VU-PC Lilogwa

4.8.1 uansInAnduUsyansnsaziteunau (S11)

TunsTnaneornmaRuLUTRUUU T Ty A dul sy ans nsaseundu
(S, InesesiloTnaneonisvecedediinsviinietiennmed TTR506A udasawdifu
TUsun33 Vecter VU-PC lupaufinnasinuntaeminudsening 100-700 kHz lngagiivun
AMUATIFufe 350 kHz WWouareidyaaain Portl a3 eshaszsiaiunaduluds
d1891n1A Lasnlnum Format LaLan log Mag Lﬂ"a@ﬁwé’uﬂssaw§ﬂ1533ﬁauﬂﬁu(S“) i
ANA 350 kHz § 9T A1y -8.868 dB a3 UT 4.14 uarTaa 1S uWuAUT LAY
106.5914j3.214 Q
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I T

JUN 4.14 ddudseavsnsasvioundu Sy,

&

o w 1 < aa (3
4.9 N1INALADUEIYDINALAIANAULUUUINVUINLAN 2X2 DALUUA

JUT 4.15 @1891NALDISWURUUURVUIALEN 2x2 BRI

al

FUADUNITNAFDUANYDINIABIIA T ULUUUMVUIALEN 2x2 DALUUS AaguN 4.15
U medaeun auiunglasiieuinadeualdulszdns nisagounau (S,)hazinan
BUNLAUD 19LAT 09 TAAIEDINIAVDILAS BITLATIZILAS BUNLINLADS TTR506A Iaaly

Tusunsa Vecter VU-PC Lilagea

4.9.1 uansIaAduUssanansaitaunau (S11)

Tun1sTnaneenmAf Ll UTuUL Ui uandu Adulsyans nsasieundu
(S,) aniesesloTaanseniaveindodiinzdiniotiennaes TTR506A wdasawiiu
TUsunsy Vecter VU-PC luraufiawmesimmuntisainudssning 100-700 kHz Tneaziivun
AT IuAe 350 kHz Wewareidyannain Portl 7iin3eshaszsiaiunaduluds
d189101@ Laanlnun Format LaLa9n log Mag Lﬁa@mé’uﬂszﬁmémiagﬁauﬂé“u(su) ii
AINA 350 kHz § 9 A1LviA Y -8.910 dB A93UT 4.16 wazTaA 1S uTuAuTIMAY
105.818+j1.828 Q
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of
|
i
i |

I

\

- & = - - E

- e A £ T
JUN 4.16 Aduuseavsmsazvioundu Sy,

% 1 g
4.10 ﬂqiﬂﬂﬁaUﬂﬂﬁlaqﬂqﬂﬁuu‘U‘ULL‘UU‘U'NTLIQ']
4.10.1 NSIANAFDUNITHNIHUUARUAMNNDARURUA1ETUAN
nin1sianadsulaneldvannisdoa1suuy TTE (Trough-The-Earth
Communications) @3lupssillaldiesosiniadyyrunduingiluninds (eanuuunazasng
YUNLDI) TANa9d9 38.31 dBm %38 5.37 T09 LaLiAI89LASIEARAVALUARSTUABLY AU
1 @ o I~ v ) al' d‘ U a
d@1991NALUUU9UIAEN Bhanduniasu InevinnnsnedauNaud 350 kHz wazdnmsey
wisdianlnsanazatnmliilni1Alanueuniuissuuves HeyPhone lagldanaainia

Earth-grounded antenna tJuagaimeninds thanldaunageudsgud 4.17

Earth-grounded antenna

Small loop antenna

g—#
Spectrum analyzer

Small loop antenna

1 T Y
o

JUN 4.17 M3TavagounIsunIAaUANUR 350 kHz ruiulan (TTE) NonselnSdndaseys
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JUN 4.18 wanaidumanagsumsiiinvednssansglnddniannyuseswnuuugian

= =

NJUT 4.18 Wunmeneaaiien 999 18907 ¢ Wudumaiuiiugn deuged

q

v '
o A

5 Jugansansenianuutimwwainnglual iievadeussuunasudyanenuug
Foyn A 1 Jugadssuuniadedyaauugiiasndiniasudygialagldaiseinie Earth-
grounded antenna @uilwislavzegiuaeudazauveduatnnUneglufiu 813a A uazqn

d‘ I~ | s | A
N 5 UIgYLn1e 12.5 1ues LLE‘I%ﬂ’J’]m/TuW“Ua\‘]LWG]’]UQ’]E]QVI‘U%&J’]EU 3 LURT

TUABULIN 1519EMNUANITIAINWUIADINATUFURUUN I UIUBULAZUUIAIAT

wamslugud 4.19

(A) @8DINIFLUUUININUIUDY (V) @N8INIFELUUUIIINLUIR

d’ v 1 aa (3
SUN 4.19 NN1F9RINUIVDIEYDINAKUUUI 1 DALUUA

U
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A15799 4.1 Nan1sUSeULAgUENEIN AL UUUNVUIALEN 1 DALLUA

F18INALUUUN §189INALUUUN
350 kHz 350 kHz
M9UUIUDU 29UUIAY

[ o

ANAaIdyyI (dBm) | Masvesdyayad (dBm)

-57.1 -52.9

NNAIN 4.1 wamsinnseer 12.5 wes Masdyaanlasuanaunadulugluuy

'
o w o =

wwweule -57.1 dBm Tuvagiangainmandninddusluuuwuindemasedyyianiu

[
(%

1§y -52.9 dBm 7inud 350 kHz é’aamm’f 11591903 ULUULUIA 9989818010
FuULUULUUU SeldsumseensuindunisimuaadidenSdmsunisia mssauaadisu
adaely

ﬂﬁiﬂﬂﬁauﬁauﬁﬁﬂﬁ’lﬁlmﬂ’]ﬁéfuLLUULLUUU’NV]IQUGIEULLUUﬂ’]i’J’]ﬂuLLu’nggﬂ R
ardusuau 2 38wud Tuwuuidadu Taeflssozinessmnuadossunazniosds 125 s
MENTUINSTEE ISR LAaE SRR (d) TmnvaunasRTiaalagnisiansanids

9

YDA UNTULR SrHEveRg 10 WEAWASHY 100 WURWAS Fa3U7 4.20

() NIFININAIYDINIABLDIFINU 1x2 (@) NSIAINAIYDINIFALOIAINU 2x1

~ LY o o aAa & 1 [
SUN 4.20 NNF9ALDIAINU 2 DAUAYDIENEDINIAKUUUINVUIALAN
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AT 4.2 NANTNAFBUNNTIALAIANY 2 DALUUAVBENEBINIALUUUIVUIALEN

navaLEeysy1ay (dBm)
seeevNd) H—————————
AALAIAIAU | IALAIATAU
(cm) 1x2 2x1
AR AR
10 -56.4 -44.5
20 -55.6 -51.4
30 -55.5 -44.5
40 -55.6 -44.4
50 -55.5 -44.5
60 -55.3 -44.4
70 -55.2 -44.3
80 -55.6 -44.4
90 -55.4 -44.5
100 -56.2 -44.6

a v & | ~ ~ | | aa & 1A
10NN 4.2 LLamﬂwmmﬁzazmwmmzawqmzmmmazaaLmumaq‘m 70
WwuAes dawalvlaaiidwesdypiansulawminu -44.3 dBm way -55.2 dBm auaIfiu
dmTunTaelusUhuUEINIDEIBINIATALIEIAU 2 BELUUR LAaZNITTALTEN
gﬂufumwLLméTaﬁuaamEJmmmLLmﬁﬁULLUUﬂawmmé’ﬂ 2x1 DALUR NANNSNAADULARILIA
Lﬁudf]mﬁm%'mgﬂl,t,umwLLméfasuaﬂmammmLLmﬁwﬁULLUUﬂawmmﬁﬂ 2x1 DALWUH A
o w ) = ' v & aa ¢ A £ A
MasvasdyaaUNgIndT M5IALSEFULUUNIUIAY 2 BRI {WNTuUseanal 8.6 dB Lo
Wisuiflsunumasesdyg i lasuannageInIALUUUNIUIAENLLIAY 1 DAIIUA N9
wmaawfamﬁﬂmsmmmwuﬂawumLﬁﬂﬁ%gﬂLLUUﬂﬁi@W@IuLLuaﬁa UIUITALOIAIAU
F1UIU 4 DAWUA WUINITNAARUNITIALAIaIRUTLANseTuaanlUidy 3 wuun1TVaaeu
TR TYULNN9TENINATDISULALLATRIAS 12.5 LWAT AEIINUUNITLEEWTENINVBILAAY
aa 13 d' dd' a o (% o czl‘u 14 I Q’j
dawud (d) Mmanzaukazaalaen1snasunidvesdygrunsuls sseerieds 10

\YUALIATE 100 LouRlng AegUn 4.21



(1) N15ININAYDINALDIANU dx1

(M) NISANINAYBINFALOIFNU 2x2

SUT 4.21 M300I80U 4 BAUUATDIEBINIAKUUUNTUIALEN

ANS97 4.3 NANTAFBUNNTIALAIARU 4 DAIUAUBIENEBINIALUUUIUUIALEN

nNavaLEyy1l (dBm)
282919(d) | Sauangrau | Sauadsdu | Sauadsidu
(cm) 1x4 4x1 2x2
dALUUA DAL daluun
10 43.6 -33.6 438
20 -44.4 -33.4 -43.7
30 -43.4 -37.5 -43.8
40 -43.6 -33.6 -44.6
50 -45.4 -335 -43.9
60 -43.4 -334 -43.7
70 -43.2 -33.1 -43.6
80 -45.5 -33.8 -43.8
90 -44.4 -33.7 -44.9
100 -45.2 -33.6 -44.7
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NA5197 4.3 wansliiudnsgesiimuivaufigassninunas 88 wusegi 70
WUALLAT deanalilariniasvesdyayransulainnu -43.2 dB, -33.1 dB wag -43.6 dB
mudfuLlslSsufisuiuidiesdy g unlasuanasoINALUUUINTUIAEN LIRS

Winguegaiuladn Iﬂ&JE]ng‘ﬁ' 9.7dB, 19.8 dB wa¥ 9.3 dB AUaNU

4.10.2 maisuifisunansiamdsvesdyanuildsu

a91971 4.8 wanansUSeuiisunansinmdwesdyaaisuld nsdanng
LUITBIAIEDIN AR UYL AWUAR T 1 884U, M13TALa10U 2 S8 uusaes
A199INALUUU NN PN N15IAN9EI8DINALIIEIRURUUUNIUIAEN 1x2 Daluud
WALNITIAINIAIDINIABIEIAURUUUNVUINLEN 2x1 DELUUA, N1TIALAIAITU & DALIUA
YBIEEEINALUUUN LolA N1SININENERINIALAIEIPULUUUIUUIALEN 1x4 DAUA N3
JRN9EE9INALDIEIRULUUUNVUIALEN Ax1 DALIUA LAY N15ININE1LDINIALAIEIRU
LUUUNILIALEN 2x2 BAIud Tiszesrasiivanzauiianseninaudas Saludogl 70

LYURLUAT

A199% 4.4 n1sid3puiisunanisinntasuesdyunlasy

SULUUNITINN
F189INALUUU NNa9vasdYIal (dBm)
350 kHz

wuaRa 1 Sl -52.9

IAUDIANU 1x2 DALUUA -55.2

IAUNIAIAY 2x1 DALUUR -44.3

IAUNIAIAU 1x4 DAUIUR -43.2

IAUDIAAU Ax1 BALUUA -33.1

IAUDIBNU 2x2 DALUUA -43.6
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NFIATITRTaYaNanITIANAEURINITNN 4.4 uandliiuinnsiasenALuy
Unrwadnunidu 2 8dwuduay 4 88wud undauaiaiduiu silinuinides

doyqaisuldglu lnglanzaigo1nAkuuluwiadn 4 8amuiveanisdniiesguiuy

wdlusUuuuTanaIaiy dx1 BAud Fellszegvinsmunzauseninaudardfuudegi
70 WWURIAT LRI USoUTEUNUNITININLUIVDIANYDINIFLUUUIBUING 1 DALUUA 1

AMasvesdaansulawinduaindt 19.8 dB

1 ¥
4.11 MSNAFBUNITUHNIEIVRLEI8RINTALDINIRENUAY
4.11.1 NANISNNFIUNITHHAIEIVBIEIYDINIARUUUINIUIALAN 1 DALUUA

91n3UN 4.22 FBnsianeaeukuuIUNISURANGIY0981881NALUUUNTUIN
< Na I3 . &
@n 1 a5wud lagn1snaaeuaznaaaulusukuun1sIekuIueu (Horizontal) hagwuIng
(Vertical) ia3aariiindeyaaundwingiuniads (eanuuunazadisuniie) dmasds 38.31
dBm (5.37 T96) slatd1duaneaIn1ewuuUdunIadakazil Antenna Module 1ty
ANUINANIASULAZYINNNSUIAINILE O B9F D9 360 B9A1 Laeiniiay 22.5 89F1 19MUn 16

o o= av v [ a
ATLLATN "YNNﬁ‘UENﬂ?iVI@ﬁﬁ)Uﬁ’]EJa’]ﬂWﬁVlbLW’USLU'UG]’]&IGHT]\WI 4.5

(M) A8 INALUUUININUUIUDY (1) @NDINARUUUIIUUIAG
JUT 4.22 wdneIsn5invaaaun s AAesaeoInIAwuUUULIaLEN 1 83

LIUR
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(N) @189INIALUUVUININULUIUDY

(¥) @189INTIALUUUININUUIA

SUN 4.23 Landfilnuaradn1siANISNASUDIE18 01N IFLUUUNIUIALEN 1 DALIUN

U

ANS19N 4.5 NANISNAADUNISLHANISIU89a8DINIALUUUNIUIALAN 1 DALLUA

N89vadyy1es (dBm)
#ifn9(asdn) #1891N AUV H1891NALUULIY
9UUIUDY MU

0° -48 -45
22.5° -49.5 -45.5

45° -49.8 -49
67.5° -49.3 -51.5

90° -49.7 -60
112.5° -48.3 -56.4
135° -50.2 -45.4
157.5° -48.7 -44.9
180° -47 -43.7
202.5° -50.7 -42.9
225° -51 -49.4
247.5° -49.7 -52.9
270° -47.5 -58.7

292.5° -49.1 -51
315° -50.4 -49.7
337.5° -48.5 -44.2
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4.11.2 WANISNAFIUNITHHAIEIUDIENYDINIALAIAIAUKUUUINTUIALEN

1x2 DRUUA

1N3UN 4.24 N5 TanaaeuwuuIUNSUHGeIa18 M ALAIEAULUY
Ursrundn 1x2 8awud lnanisuageuaznadousieinsesnnidadyaianduinegdu
AR (EBNLUULALAS1ITULLDG) TNa9de 38.31 dBm (5.37 178) ABNAUAIEINIFALUY

1 3 [~ 1 ) [~ v o 1

YUVUIALA N U UNAF AT Antenna Module 11 JU@1881n1ANIATUBAEYININISUIAN
AaLe 0 B9AT D9 360 B9FN LAEIATIaY 22.5 99A1 VIIUUA 16 AIWAUY TINAVDINISNAFDU

189N AN AT UNIUAITT 4.6

JUT 4.24 UaneIsNTInNAERUNSLHRAIUBIaEINALAIE T URUUUULIALAN

1x2 DRUUA

292.5° 67.5°

90°

270°

247.5° 112.5°

180°

JUT 4.25 WAL MUII0IN15IANISLA IS I909818 1N 1ARDIE 1A ULUUU9VUIALEN

1x2 DALUUA
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AT 4.6 NANTNAABUNTWNANGIVDEIEDINALAIBIRURUUUIIUALEN 1x2 DAUA

nasvasdyay1as (dBm)
VRN GER) ]

IAUAIAIAU 1x2 DALUUA
0° -43
22.5° -43.5
q5° -47.8
67.5° -48.1
90° -56.5
112.5° -52.7
135° -49.3
157.5° -40.9
180° -40.1
202.5° -39.7
225° -45.6
247.5° -49.8
270° -55
292.5° -47.6
315° -46.5
337.5° -42.6
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4.11.3 NANISNAFBUNISHHANSIVBIEIEDINIALAIAIRULUUUISVUIALEN
2x1 AU
mﬂ;mﬁ 4.26 FMTIANAADULUUTUNTUNIAIURIaNEINALIIEIFULUY
U9rualdn 2x1 3auud lagnsnageuaznadeusioiai saiudedygiand uing du
MAds (onuUULAzad T uLeq) Tidsds 38.31 dBm (5.37 s sawiuansennieuuy
adlunindauazin Antenna Module yifiuangeinaniadunasyinnsmandaus 0 s
59 360 9arn Inednfias 22.5 a9 Tavua 16 Funls FeravesnsadeuangeIn ALy

Wumumis1en 4.7

#-- S LENE

4.26 WANISNISTANAADUNITUHAIEIUDIANYDINIALDIB P ULUVUIVUIALAN

=

IUN

2x1 DAIUA

292.5° 67.5¢

270°

90°

247.5° 112.5°

180°

SUN 4.27 WanIibnudv9n15IANITWAA18 9099818911 ALAIAITULUUUINVUIALEN

Y

2x1 DAUUA
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ANSNA 4.7 NANTNAFBUNTUNANEIVBIEI8INALIIEINULUUUIVUIAEN 2x1 DaLUA

nnasvasdyay1as (dBm)
NAn1a(a9An)

IALAWIAU 2x1 DALUUR
0° -38.2
22.5° -40.6
45° 454
67.5° -45.4
90° -54.6
112.5° -49.6
135° -49.3
157.5° -42.9
180° -38.7
202.5° -38.7
225° -45.6
247.5° -46.9
270° -55.7
292.5° -45.5
315° -42.7
337.5° -40.6
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4.11.4 NANIINAGDUNITHANIAIVBIAIEDINIALAIAIAULUUU 29TUIALAN

1x4 DALUUA
mﬂ;mﬁ 4.28 3§mﬁ@mmaauqugﬂﬂ’mmﬁflé’wma’laaflmml,ﬂ'sﬁfléfmmu
U29uuadn 1x4 8awud lnan1snageudznadounionsesnndadyaiunduingdu
AR (EBNLUULALAS1ITULLDG) TMa3de 38.31 dBm (5.37 178) ABNAUAIEINIALUY

1 3 [~ 1 ) [~ v o 1

YUVUIALA N U UNAF AT Antenna Module 11 JU@1881n1ANIATUBAEYIINISUIAN
AaLe 0 B9A1 D9 360 B9FN LAEIATIaY 22.5 99A1 VIIUUA 16 AILALY TINAVBINISNAFDU

189N AN LA T UNIUAITN 4.8

JUT 4.28 4anIsNTIANARBUNISUAANAIUEIENE 81N ALAIE UL UUUWVUILEN

x4 DAIUA

292.5° 67.5°

90°

270°

247.5° 112.5°

180°

SUT 4.29 LaAIAILNLI0IN1TIANITUHAISIVDIa18INIALAIEIAULUUUINUUIALEN

U

1x4 DALUUA
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AT 4.8 NANTNAABUNTWNANGIVDEIEDINALAIBIRURUUUIIUALEN 1x4 DAUA

NNAVBIFRY I8l (dBm)
frnna(asnn)

IAUAEIRAU 1x4 DALUUA
0° -36.4
22.5° -36.6
q5° -42.6
67.5° -43.6
90° -52.9
112.5° -44.8
135° -46.3
157.5° -42.9
180° -36.3
202.5° -38.7
225° -43.6
247.5° -45.3
270° -53.3
292.5° -42.4
315° -40.3
337.5° -39.1
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4.11.5 NANISNATIUNITHHAIEIUDIEIYDINIALAIAIAURUUUINIUIALAN
4x1 DRUUA
mﬂgﬂﬁ 4.30 3§mi’;’mmaauLngﬂmstJﬁwé’qsummammmmﬁ’]ﬁmwu
| < Aa ¢ v = o a w A a 2,

U99U1ALaN 1x4 diud lagn1smeageulasnaaaunlginsasniadygyinuaduingidu
AAES (EBNBLUULALAS1ITULLDY) JMa3de 38.31 dBm (5.37 108) ABNAUAIEINIALUU
Uradunindiaziin Antenna Module 1 duangaInIANIATULAZYIINITIIAIAILA O B0
89 360 991 lnedafias 22.5 9961 NIVUA 16 FHIWAUG FINAVDINISNAADUANYDINAN LAY

Wumumis1en 4.9

¢ |
=

JUT 4.30 wane33N15TANAReUN T8I @18 INIALOIE N ULUUUNTUIALEN

ax1 DAIUG

o
337.5° A~ 22.5°
-10 \\
315° / 450
-20

30
292.5° 67.5°

270°

90°

247.5° 112.5°

180°

SUN 4.31 WaRIFILNLIU9NITTANITHAAIEIUD9A189INIALAIAITULUUUIVUIALEN

Y

ax1 DAIUR
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A1397 4.9 B\Iaﬂ']i‘VlG]ﬁ@Uﬂ’]iLLB\H’W%}\?‘U@QﬁWEJE]’IﬂWﬂLLE]'Jﬁ’]ﬁULLUU‘UI'NSUu”IﬂLgﬂ ax1 BALIUA

nnasvasdyau1as (dBm)
Arnna(asrn)

IAUAAIAU 4x1 DALUUA
0° -32.2
22.5° -33.4
q5° -40.5
67.5° -42.1
90° -52.9
112.5° -42.1
135° -42.6
157.5° -40.4
180° -32.3
202.5° -38.7
225° -39.4
247.5° 404
270° -51.9
292.5° -41.3
315° -394
337.5° -35.2
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4.11.6 WANISNAFIUNITHHAIEIUDIEIYDINIALAIAIAURUUUINTUIALAN
2x2 DAUUA
mﬂgﬂﬁ 4.32 ’“J%mi’;’mmaauLLUU;;Uﬂ’riLwJﬁwé’qsummammmm’sé”lﬁmmu
| < Aa & Y A o a w A a I3

U99uIakin 2x2 8awud lnanismadeuasnaaousiginsasniidaduygyinniuingdu
AR (EBNLUULALAS1ITULLDG) JMa3de 38.31 dBm (5.37 178) ABNNUAIEINALUY
Uradunindiaziin Antenna Module 1 duangaInIANIASULAZYINNITIIATAILA O B9
849 360 991 lnadafias 22.5 9961 NIVUA 16 FHIWAUY FINAVDINISNAADUANYDINAN LAY

Wumumis19n 4.10

270° 000

247.5° 112.5°

180°

a

JUT 4.33 LaRIIUNLIYINTIANTUN ARS8 INALIIE A ULUUU VU

LAN 2x2 DALIUA
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ANS97 4.10 HANSNARDUNITHANISIVBIEBINIFLIIEIRULUUUIVUIALEN 2x2 DALUUR

nnasvasdyey1as (dBm)
NeAn1a(a9An)

IALAWIAU 2x2 DALUUR
0° -35.3
22.5° -35.4
45° -42.6
67.5° -42.4
90° -53.8
112.5° -43.5
135° -44.6
157.5° -41.6
180° -36.7
202.5° -37.5
225° -43.2
247.5° -44.9
270° -53.8
292.5° -41.5
315° -39.9
337.5° -39.5
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11.15 dBi wag 10.17 dBi mud1AU WazazdunaladnAnsewaiuiigedu Weinaeeinie
LOANFULUUUNVUIALEN dx1 DAUA WSeuiguiUa18InALUULN 1 DALUA Wiy
40.65 A/m wag 38.54 A/m Feannonthluinasvaraiuisamieitiinsewaainiiulantauin
Tussuazdmalisudyaldauudeiiy mntuildaidlasaimsonmaiuuyis
YUIALENTUNILAZYIINITNAFBUNITIAFURUUNTINLAZ eI uAay BRLuuATI gay
P
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NTUASE189INFALUVUIVUIALANTAIUD 350 kHz WanAnwilasnadaulsag
AFIAINADINIALUUUIVUIAENFINSUNTAD AT UNUAY onszInSdn vaseys u
ANTNINADLYDININITIAVOUTUAB VDI UM TId ey 1adfidsaInuuan asundstuldnuia
fAu Aisaszey 12.5 wes nelufineaeun Jdlupdadlaldinsosidedyaruniuingdu
A1AEY T8989 38.31 dBm M3aWINAU 5.37 IRALALLASBIILATILALAVUALUARSUL ABLINU
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Idunisiuaatidanlddnsunisianisdntniansu
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dBm uag -55.2 dBm MNA1AU YIIN13INEENFURUUINLLIRIYDIAIERINIARAIEIRUKUY
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139N TUT L AUNA 89N ALUUUIVUINLEN 4 BALIUA Y1LNTakaas Ui ULaE 17

' | | Aa ¢ a aa ' b4 | a =

FEUTVNTENINVBAALDANUANMINZAULATANARN TEELIINILE 10 LlURLATAY 100
URLUAT SYEEYNTIANZaNNaATEnINuAay BRIIUADET 70 [WURALIAT NANTNAOUNIS

TR EI3ULUUINLUIRIYRIANERINIARAIEIAURUUUNVUIAEN 1xd BAWUA N15TnL5es
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Abstract— Effective communication in caves is crucial for
rescuers during accidents or disasters. Previous studies have
investigated wave propagation in funnels 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 sandstone 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, penetrating the cave wall.
The study results will aid in developing c ication
systems and antennas for use in caves.

Keywords— Wave prop i Cave
Propagation measurement

I. 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 effactive communication support. Pravious 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 from research [2-4] Significantly, these
studies are a model for studying wave propagation in
limestone caves in Thailand [5].

Therefore, this paper presented an experimental study of
wave propagation in a sandstone cave at Wat 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
UHF bands both in line-of sight (LOS) and non-hne-of
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.

II. METHODOLOGY

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. To predict each frequency's wave
attenuation behavior while propagating m 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 of 350 kHz, 1,650 kHz, 3 MHz, 16.5 MHz, 30
MHz, 165 MHz, 300 MHz, 1.65 GHz, and 3 GHz, whuch

cover the MF to UHF 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 SMBI00B signal generator to the
antenna via a 50 Ohm low-loss cable. The recerving side
consists of a Rohde & Schwarz FPH spectrum analyzer with
a Rohde & Schwarz HE400UWB antenna and a Rohde &
Schwarz HE400HF antenna All transmitting equipment is
positioned at the starting point. The receiving equipment
will measure signal levels by the mmitial distance between the
transmitting and receiving antennas, which is 2 meters.
Also, 1t 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. Specifically, the
radiated power from the transmitter antenna can consider
path loss by the slope of received power and predict the
behavior of waves traveling m the cave. The LOS
experiment can consider such loss directly, and the NLOS
experiment will investipate the ability of diffraction or
reflection on the cave wall with windings route for each
fraquency.

P e
o

Signal Generator

Asteins

Spectrum Analyzer

Fig 1. The diagram of the experimental method

Fig. 2. The experiment location is called "Wat Tham Patihan Cave"
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III. RESULT AND DISCUSSION

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 expenment, shown in Figure 4.
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Fig. 3. The result of the LOS experiment covers the MF to UHF bands
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Fig. 4. The result of the NLOS experiment covers the MF to UHF bands

From the LOS results in Figure 3, the slope of the eraph
in dB/m can be shown as follows: 4.30@ 350 kHz, 1.24@
1,650 kIlz, 1.37(@ 3,000 kHz, 1.10@ 16.5 MHz, 1.08@ 30
MHz, 1.62(@ 165 MHz, 0.97@ 300 MHz, 0.59@ 1.65 GHz,
and 0.67@ 3 GHz The aftenuation is lower with higher
frequencies, contrary to the propagation theory in free
space. Caused by waves traveling in a cave are like traveling
in a dielectric-walled waveguide. However, from [5]. it was
found that at frequencies below the cut-off frequency of the
waveguide 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 line of sight at a distance from 8
meters up. Figure 4, the slope of the graph m dB/m at L-

bend shows as follows: 1.10@ 350 kHz, 1.54(@ 1,650 kHz,
144@ 3000 kHz, 1.10@ 165 MHz, 2.11@ 30 MHz,
2.73@ 165 MHz, 1.45@ 300 MHz, 0.90@ 1.65 GHz, and
0.70@ 3 GHz. The results showed that the path loss in the
L-Bend range at low frequencies was lower than attenuation
per distance at high frequencies due to the ability to reflect,
diffract, and encounter obstructed. Nonetheless, at 350 kHz,
a high attenuation is caused by the skin effect while the
wave travels through the arc, penetrating the cave wall.

IV. CONCLUSIONS

Effective communication is crucial for rescuers in
mines and caves, and previous studies have investigated
wave propagation in these environments. 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 examiming both line of sight (LOS)
and non-line of sight (NLOS) propagation. The results
show that each frequency's behavior has advantapes and
disadvantages. The path loss i the LOS propagation 1s
lower with higher frequencies that contrast with free-space
theory because the wave propagation in the cave is similar
to traveling in a dielectric-walled waveguide, and
frequencies below the waveguide cutoff still propagate due
to the skin effect. The NLOS results describe the wave
behavior when encountering the obstructed cave wall in the
L-Bend curve, demonstrating that the path loss at low
frequencies is lower than at high frequencies due to the
wave's ability to reflect diffract, and encounter
obstructions. However, at 350 kHz, the wave experiences
high path loss due to the skin effect while traveling through
the are and penetrating the cave wall. Overall, this study
provides valuable msights into RF propagation in
sandstone caves, which can inform the design and
deployment of communication systems in  similar
environments.

V. FUTURE WORK

From the results, it shows the propagation
behavier of each frequency. The low frequencies can
penetrate the rock layers, causing to development Through-
The-Earth (TTE) communications and specific antennas.
Moreover, high-frequency commumications can also be
improved within caves using repeaters during curves or
obstacles.
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Abstract—This paper proposes the arrangement
investigation of the small loop antenna for Through-the-Earth
(TTIE) cave. Specifically designed
with a 1/50 wavelength at the operating frequency of 350 kHz
for cave use. The measurement setup consists of a transmitter
system located at the surface station om a mountain and a
receiver system at an underground station within the limestone
cave at Wat Tham Phra Phothisat. Saraburi, Thailand. The
signals are transmitted from the surface transmitter with an
earth-grounded antenna, propagating through the earth to
reach the small loop antenna with the receiver underground. We
investigate the arrangement of the array and the increase of the
small loop antenna element from one to four elements. From the
measurement results, we found that a vertically oriented single
small loop antenna effectively receives signal power from the
earth-grounded antenna. Moreover, the increasing of elements
to the small loop ant its capacity to receive higher
signal power, with the optimal arrangement being a 4x1 vertical
array antenna that exhibits an increase of approximately 19.2
dB when compared with the single small loop antenna.

jons in 1

Keywords—small loop, through the earth, array.

I INTRODUCTION

In the 2018, football team rescue at Khun Nam Nang Non
Cave in Mae Sai District, Chiang Rai Province, Thailand, it
was noted that rescuers emploved handheld walkie-talkies for
communication within the cave Nevertheless a problem
emerged as radio communication and mobile phone systems
operating m the VHF and UHF bands proved unsuitable for
long-distance communication within the cave. This limitation
stems from a decrease 1n signal strength due to the absorption
and interference of waves, which undergo reflection or partial
daffraction based on the different geological features of cave
walls, floors, and ceilings

Through-the-Earth communication is widely used for
transmitting signals from the Earth's surface to subterranean
or caves by introducing electric currents through mountains
into the caves [1-2]. When waves travel into the cave within
the low-frequency band, they exhibit the ability to diffract
along the walls. Furthermore, low-frequency waves possess a
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characteristic known as skin depth, a crucial parameter
enabling these waves to penetrate the cave walls more
effectively than high-frequency waves, especially when the
cave walls exhibit high conductivity [3], a characteristic often
applied to Through-the-Earth communication. The
Malephone 1s one of the Through-the Earth communication
systems using a loop antenna, particularly suitable for shallow
caves [4-5]. However, a desien problem with the loop antenna
occurs from the necessity to size it according to the
wavelength of the operating frequency. Consequently, when
using the loop antennas in the low-frequency band with their
extended wavelengths, the antenna necessitates a considerably
large diameter, posing difficulties for use in the cave To fix
this problem, the antenna must be designed to reduce the size
into a small loop antenna. Furthermore, various techniques
exist to enhance antenna efficiency, with one such technique
being the optimization of the antenna array. This commonly
used and straightforward method involves arranging the array
m a suitable format and ensuring the proper distance between
its elements, contributing to increased antenna efficiency.

This paper proposed an investigation into optimizing the
arrangement of a small loop antenna for Through-the-Earth
communications operating at 350 kHz. The aim is to find a
suitable arrangement that enhances the antenna's efficiency
for transmitting and receiving signals within a cave. Qur
findings show that a 4x1 vertical array antenna demonstrates
to be a suitable arrangement, demonstrating an increase m the
receive signal power of approximately 19.2 dB compared to a
single small loop antenna.

II. PRINCIPLE OF THROUGH-THE-EARTH COMMUNICATION

The princple of a  Through-the Earth (TTE)
communication system comprises a TTE transceiver linked to
two earth electrodes positioned at the end of the earth-
grounded antenna To penerate a signal in the earth, it is
aszential to create a potential difference between these two
earth electrodes. These electrodes may include a variety of
components such as multiple ground rods, a combination of
grounded metal structures, or single rods in the simplest case
The flow of current through these electrodes induces a current
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Fig. 1. Through-the-Earth (TTE) communication.

in the earth This current then travels through the earth
medmum for a certamn distance, as shown mn Fig_ 1. Another set
of electrodes, positioned at a distance, can detect the
transmutted signal as a potential difference, applying the same
principle of utilizing two electrodes. The extent to which this
current can propagate through the earth is influenced by
various factors, including but not lumited to earth conductivity
(with multiple layers), the contact impedance of each
electrode, and the transmtted current [6-7].

III. MEASUREMENT SYSTEM AND SETUP
The measurement system of the Through-the-Earth
comprises 1) a surface transmitter system with an earth-
grounded antenna and RF generator, and 2) an underground
receiver system with a Rider FPH spectrum analyzer and
small loop antenna as shown i Fig. 2.

The measurement setup at Wat Tham Phra Phothisat in
Saraburi, Thailand, involves the subterranean receiver system
that receives the wave passes through the earth from the
surface transmitter, as shown in Fig. 3.

(b) Underground regeiyer system
Fig. 2. Through-the-Earth measurement system.

Fig. 3. Through-the-Earth measurement setup.

Fig. 4. A satellite view of Wat Tham Phra Phothisat.

The measurement area is shown in Fig. 4 using a satellite
mmage. Posttioned on the mountain (Point A), the surface
transmitter system uses a grounded antenna featuring metal
rods at each end of the wire, stuck in the earth. It operates ata
frequency of 350 kHz, delivering a transmit power of 5 W
The separation between the transmitter and receiver systems
18 12.5 m, and the thickness of the cave's ceiling 1s estimated
to be around 3 meters. Located at point number 5 within the
cave, the receiver system comprises a small loop antenna
made from a 60-way ribbon cable, having a diameter of
approximately 1 meter, and inducing current from the earth.
Utilizing a spectrum analyzer. the received signal power is
carefully measured. The design process of the 1/50
wavelength small square loop antenna involved scaling
HevPhone's 87 kHz frequency-operating loop antenna to
operate at 350 kHz for the analog transceiver. To optimize the
overall performance of the small loop antenna, it was
methodically arranged into arrays of 1, 2, and 4 elements. The
objective was to determine the most efficient configuration for
maximizing signal power reception.

IV. THE MEASUREMENT RESULTS

A. A single small loop antenna

In the first phase, we determine the best antenna
orientation for a single small loop antenna by considering both
horizontal and vertical alignments, shown in Fig. 5. Based on
power recetved by the spectrum analyzer for the horizontally
oriented one received -57.1 dBm, whereas a vertically
oriented single small loop antenna was -52.9 dBm at the
frequency of 350 kIlz. Coonsequently. the vertical orientation
of the small loop antenna (Type I) is recognized as the selected
confipuration for subsequent array measurements.
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(b) vertical

Fig. 5. The orientation of a single small loop antenna.

B. Two-element array of small loop antenna

Subsequently, a vertical single small loop antenna was
atranged into a two elements linear array, with a 12.5-meter
separation between the receiver and transmtter. We determine
the signal power received by the spectrum analyzer to find the
appropriate spacing between each element (d). as shown in
Fig. 6. The optimal spacing between each element was
identified as 70 centimsters, resulting in received signal
powers of -44.3 dBm and -55.2 dBm, respectively, for the
vertical arrangement of the antenna array (Type II) and the
horizontal arrangement of the antenna array (Type IID).
Measurement findings demonstrated that the two-element
array vielded higher power. The vertical arrangement of the
antenna array exhibited an increase of around 8 6 dB when
compared to the received signal power from a zingle small
loop antenna, as shown i Table I.

TABLEL THE MEASUREMENT RESULTS OF 2 ELEMENT ARRAY
Spacing of element (d) Received signal power (dBm)
(centimeters)
Type I Type III
10 443 -36.4
20 -514 =556
30 -44.5 55
40 444 536
30 443 -533
60 -44.4 =333
70 -443 =332
20 444 -336
20 4433 =534
100 -44.6 -36.2

Fig 6

Fig. 7.

(b} The horizontal arrangement of the antenna array

The arrangement of two-element array.

(a) The vertical arrangement of the antenna array

(c) The planar arrangement of the antenna array

The arrangement of four-element array.
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C. Four-element array of small loop antenna

Agranging a vertical single loop antenna into three distinct
element arrays with a 12 5-meter gap between the receiver and
transmutter, the measurement results showed that four-element
arrays could achieve higher power compared to both a single
small loop antenna and two-element small loop antenna
arrays. The optimal spacing for each element (d) was
determined through an evaluation of the signal power received
via the spectrum analyzer, as shown m Fig. 7.

Identifyng the switable spacing for the wvertical
arrangement of the antenna array (Type IV), the horizontal
arrangement of the antenna array (Type V), and the planar
arrangement of the antenna array (Type VI) as 70 centimeters,
these configurations exhubited received signal powers of -33.1
dBm, -43 2 dBm, and -43 6 dBm, respectively_ In comparison
to the power obtained from a single small loop antenna, the
received signal power demonstrated a noticeable increase,
with approximately 19.8 dB, 9.7 dB. and 9.3 dB, respectively,
as shown in table II.

Analysis of the data presented in Table ITT revealed that the
array of small loop antennas can induce the highest current
from the earth. The investigation identified the most effective
configuration for the small loop antenna array, 1dentifying the
4 elements of the vertical arrangement of the antenna array
with an optimal element spacing of 70 centimeters. This
particular_arrancement showcased a substantial increase in
recerved signal power, approximately 19.8 dB more compared
to a single small loop antenna Furthermore, the impedance of
the Type [V antenna was measured at 3529 + 1696214 chms.
These results highlight the success of this specific array
configuration in increasing sipnal power reception for
Through-the-Earth (TTE) communications within limestone
caves.

TABLEIL THE MEASUREMENT RESULTS OF 4 ELEMENT ARRAY
Spacing of element (d) Received signal power (dBm)
(centimeters)

TypeIV | TypeV | Type VI

10 =336 -43.6 -438

20 -334 -44.4 437

30 -375 434 438

40 336 436 446

50 =335 -45.4 439

60 334 434 437

70 331 432 -43.6

80 338 455 438

] -33.7 -44.4 449

100 -336 452 447

TABLEIIL THE COMPARISION OF THE RECEIVED SIGNAL POWER
Type of antenna | Received signal power (dBm)
Typel -52.9
Type 1T 552
Type IT -443
Type IV -33.1
Type V -432
Type VI -43.6

V. CONCLUSION

We propose an investigation into the arrangement of small
loop antennas for Through-the-Earth (TTE) communications
in limestone caves. These antennas are designed with a 1/50
wavelength for the operating frequency of 350 kHz in cave
emvironments.  Our  measurement mvolved  signal
measurements, transmitting from a surface transmitter to an
underground receiving, positioned at a 12.5 m distance withun
a cave test site. To achieve optimal configurations, we
expanded the number of recerver antennas, incorporatmg 2
and 4 elements in small loop antenna arrays. The results
showed that the increased array size induced higher currents
from the earth, resulting in high signal power reception
Notably, the 4 elements of the vertical arrangement of the
small loop antenna array (Type IV), featuring a well-suited
spacing of 70 centimeters between elements, demonstrated a
signal power at the receiving system approximately 19.8 dB
higher than that of a single small loop antenna. In practical
techniques involving wave transmission through the earth
using a radio transceiver, the implementation of a matching
circuit 18 necessary to optimize impedance matching between
the transceiver and the 4 element small loop array antenna.
This optimization significantly enhances the overall efficiency
of wave transmission.
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