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ABSTRACT

Smart Meter (SM) is a device used to measure electricity consumption.
The SM can report power consumption to control center via communication link
automatically via wireless communication technologies. LoRaWAN (Long Range Wide
Area Network) has been widely used for sensor network included the SM. The antenna
is a key componence to indicate an effective communication system. A MicroStrip (MS)
antenna works based on unidirectional radiation pattern, which operates at a
frequency of 920-925 MHz. Unidirectional pattern increases the efficiency of the
communication system by reducing some interference and some noise. The MS
antenna is used to design a new Path Loss (PL) model for LoRaWAN in urban areas.
The PL model is used to predict the attenuation of signals caused by environmental
and distance between transmitter and receiver. The result shows that proposed path
loss model is developed by our proposed MS antenna that is more accurately than

the traditional path loss model.

This thesis proposes a new path loss model for smart meter
environment in the urban area of Thailand by using Empirical method and Linear
Regression Analysis. The results show the Microstrip antenna performance is work in
this environment, when compared to the commercial antenna. In addition, our model
can predict the path loss more accurately than the Okumura-Hata model by estimating

the Root Mean Square Error (RMSE) and the Coefficient of Determination or R-squared.

Keyword: LoRa, LoRaWAN, smart meter, path loss model, empirical model, microstrip

antenna, unidirectional antenna, linear regression analysis, urban area



(7)
ANANIsuUsZNIA

Tmd1vevounszan A.vaNT ATNIAAS 0191587UT N AN Tdnug 7
nsangfirnailunslidinwuugihesdanuiiiiusslowd PeiaunszuIunsan ms
Soufuaznsuddguilunisinide suslimdslanddmidiasen aasnaulddae
599771 391500 wazAlainendnusaundnasaauysal

dnveveunsean A3.lnlsal Jun Usssrunssugeudesiuine iinug
uagnssunsasulasseinednug Aldnsangfianaliduuniiiiuusslovidenis
yhandde drevennudiananguikarmauiR wertsananuinednuslisuduly
ey el

Fmdweveunszan nsnua WSS wag asefley ysaned Aldngan
ofiriandunssuasutostuinednug Wduuzihfiduusslovisensienuide was
asamwInendnusiinuiulegsauysal

Fmdweveunszan se3mMans 19138 asdingte Tty was e
Mans19158 As.fnngad arsadesves fildnsaungfirnandunssunisasulngesig
Ineniinug warlvimuusthfiluusglovidensvhanuidelanonn

TNV VBUNTEAM TUTNINGE UNINYITUAVAIUATUNS TNEUN
malvg Aldlinsatuayutugavyunsidoifioinednus uarldanudiomassunns
Usgauausing o mefiaueun

Fmdveveunszan Angimnssumans wninendvasuaiuniuns Al
nsatfuayugunsal wesuFoRnng wazanuilumsvivivendnus

Tmidvevounszan mslwihdruglinie Alinsaduayununsinu uas
Tilomantinauld@nuseluseduiigedu Wewosdanuditld ndulufauosdnssely

INBVBUNTEAN AMIA1SE YAAINT Tanddinsave lun1adundmngsy
ihynvinu AlffUSnwilagarhmderiaiauen

anvinetl Smdmedeusdndmszanmesinua wageseuns il
$namsinsle aesdaaduatuayu Tamuinw waglimadlanfmdoauuidimd aunseish
Tidmdszaunnudnsa

WANSA AIETER



(8)

(-7

gd13Uel

v
v
i
UTIPRIID 1o e oo e e e e s e e e e e e s e e s s s e s e s e s st s e s ee s s s s e s e e e s e s s s (5)
B S T R A T e e e e e e e (6)
B YT T U T N Moottt e e e et e et (7)
BTTURY oo (8)
TN NTBITT N ettt et ettt et e et e e e e e e e e e e e e e ee et et et e e ee et et e e e s s ren e (12)
VN NTONNUTENDU et e e e e e e eeee e e eeeeeeeeeeeseeeeesesesesesesesesessas (14)
QU ANGOUATVTDUAZIADYD oo (17)

a °

UNITE L UTIE oo e e e e e e e e e e e e e e e e e e e e ee s 1
11 AUEIRYUAZTINIVOIIIVONIUATY oovooooeeeeeee e 1
1.2 DITVIUTIIUITTEUNTTU oo e 2
1.2.1  AUladNISADEITUBIEUNIATNDS oo 2
1.2.2 18D IANFUUTETIIGED oo se s il
1.2.3  wuud1aean e aeluldunanIsunsnIE I OFYIM e 8
1.2.6  @UUTZRUTOIINVDINITIVY oo 10
1.3 TOQUITEAIRUDIIUITY oo 11
1.4 UsElgvUNAINIIE A S U NN TUITE oo, 11
1.5 UDULUAUDIITUITY coeoeeoeeeeeeeeeeeee oo e e oo e e e e 11
1.6 AT MMIIUITUITY oo e 12
L7 a0 UV ITITURAZAUTOYR oo 12
1.8 WU IO MTUITUTIVY oo e e e 13
19 ATUTMHU oo 13
UM 2 U RETRNNT oo 14
2.1 AUITOTADT (SMAIE METEI). oo 14
211 TATISNGUBIALNTATAIBT e 15
2.1.2 USE UUUUDIRUNT AT DT oo 16
2.1.3 YAURUAYRIENNTNINDS (Smart Meter Packet) ..o.o...eccrrrresssenneenn 18
2.1.4 §98199998U15A TS NITNUITILUUSENAAINY oo, 19
2.2 AU AT ATOUIENITEDEITADT N errreeeeoeeeeeeeeeeeeeeeeee oo 20
2.2.1 ATUOQUARMTEYD VORI eoeeeeeveeerreeermeeeemeememssesssesssssssssssssssssesesssssssssssssssssssssesseeeees 21

2.2.2 ATAUBOUARTEYEYVUADTY coceveeerrrrrresmneceneresesesssessressesssssssesssese s 23



9)

d15U8y (si9)

R

223 A0 NURUNTTUADT NI oovveeeeeeeeeeeee oo 24
22,4 Formuadun IS LATAVERETUNI o 27
2.3 NURANERINIALIATANTU oo 27
2.3.1 1@ 19u09@ g0 N IATATANTU ..o 28
2.3.2 M590ALUUAIEDINIAMITATANTU oo 29
2321  AaniRvosrauuuaso M AlLTATARTU oo 30
23.2.2  ansuaretdgeiad (Microstrip Line Feed)....o..rvvrrrvrcerereceenennnn, 31
2.3.2.3 LLW@G{?E‘U%LM%IEJM (Rectangular Patch) ..., 32
23240 SEUTUNTIIA (GrOUND PLANG) vvveeeeeeeeeeeeeeeeee e 33
2325 Buflusudsnuiin uazieasanyaveUNATIURMABY o 34
2.3.2.6  N5UDUAUIULUUBUTRN (INSet FEE) ... 35
233 WITADTAVID NN oo 36
2331  DUNUAUTANUDY (INPUL IMPEAANCE). ... 36
2332 duuszAvsnisazsiou (Reflection Coefficient) ......ccccovverrerienicen 37
2.3.3.3  MIAUAITBUNTU (RETUIM LOSS).ceuurrrveerrrrrrrrssmeeeererrrssssssnecssenesssssnn 38
2334  Sn51dAAue (Standing Wave RAtO).... oo 38
2.3.35  WUUAIAN (BANAWIh) oo 39
2.33.6  WUUFUNISURNESIU (Radiation Pattern)..........weeeeeeeeeeeeieeeenees 39
2337 wuﬂé"umﬁl,wiwé’qmu (Radiation LObe).......coovvveoerreeceeeeeeceeeerceeeee 40
2338  anun19d1Aduasaings (Half Power Beamwidth)... ... 42
2339  Utgansnma1se1n1a (Antenna Efficiency) .o, 42
2.3.3.10 @NWLANZIINAFANIL (DIFECHIVILY) ovvvoee e 42
23311 DATIUHNY (GAIN) coveooeeeeeeeeee e 43
2.3.3.12 WNANSHTU (POLAMZAtION)......vvvvvveeeeeeeeceeeeeeee e 43
2.3.3.13 USaauulng (Far-Field REGION).. ... a5
2.4 VOYRNITUNINTEDNWFYEUING oo 46
2.4.1 nalnnsunsnsgatedyan (Propagation Mechanisms) ......oooovvvvvveeecceee. 46
2.4.2 MGUASTUAUNI (PAth LOSS) w.ovvvceeeerrrseveerrrresneenresssseenesssssesneessssnnee 47
243 MFANIUBIAYYIU (FAAING) covvvorvoeeeeeee e 48
2831 AITVRIVEAAUAN oo 49
2832  ANTVNIWWANAIAL oo 49
2.4.4  wuuaeIN TG AL luduNI (Path Loss MOdED) .......cveeeeccrccccerercscneen 50

24.4.1  WUUTAINTAAASTUYBITNBATE oo 50



(10)

d15U8y (si9)

R

2042 UUUFR0INITFUABRUUASTOUNURY oo 51
2.4.4.3  WUUTIABINTEAAIUUY LOG-dISTANCE ovvrvevcoveecerrrrresniicennreccssenn 52
2444 LLUUf\T’laaﬂmigjigL?iEJLLUU Log-normal Shadowing..........ccceveeeinineee 53
2445  WUUTIRDINTAAIVBTNBAUTE-TINL eovvvrrrerveecrrrrreenicnnrnreenen 55

2.5 ATUNMHUIL e cessisscsssescesssssssessse s ssssssee s neennese 56
und 3 ﬂ’]i@@ﬂLLUULLagmiaﬂﬁ’jﬂE}Uﬂiﬂj .................................................................................... 57
Bl UTIUN 57
3.2 FULUUANEBIN AT ATAATUTIUAUD oo 58
3.2.1 AUNALATIE598°80INALITATANTU oo 58
3.2.2 918030157 NUVIE8 0N IATUTATARTU oo 62
3.2.3 AIFNVUIALATIATVTUVLIZAL oo 63
3.2.3.1  MsUTUUTIATIATNAIENNTTIRBUU oo 63
3.2.3.2  MSUSUUTIATIETNINNIEAIN. e 65
3.2.0 M IAAMENYUEYDIAURUUAIIB M 1o 67
3.3 NIVAADUANTIOUSUDIAULUUA NN oo 73
34 AN NLINADUYDIAUNTOTNDT ..o 76
3.5 QUATOIATOUIHADT IR I oo 78
3.5.1 EN DEVICE (ED).euvuiiiiiiieiiieieie st 79
3.5.2 GAEWAY (GW) ..o 79
3.5.3 NetWOrk SEIVET (NS) ....oviiiiiieiieeieie et 80
3.5.4  ApPlCAtion SEIVET (AS) ..o 80
3.6 ATUTIIHUY ccerrrecsoecense s 82
UNT B HANTTNARDIRAENITIATIE oo es e e e s seere e 83
4.1 USLANTAINNITASFYUIUADTY oo 83
.11 seiuadivesdyaaflaiu (RSSI) WA sEEENNITAOAT oo 83
4.1.2 dnndunsdayndeyadiia (Packet Delivery Ratio)........rerrrccrnn 85
4.2 BUUTIADINNALAFIVANT oo 86
4.3 MINAABUUHEVATYNIERF oo 90
0.4 nIVAAUTHNULUUTIADITUUAUD oo 93

G5 BTUTIHUT oo 96



(11)

d15U8y (si9)

v

el

UMT 5 UTIETU e 97
5.1 UNMATU 97
5.2 VUWIAZUUINIINITIALY oo 98
53 UDLAUBLULWAZLUINIINNTHAIUIRDEU oo 98
UTTOUTUNTH eerrmnemmmmssasssassssssssssssasssssssssss s 99
VTP I e e e e e e e e e e e et e e e e e et e e et e e 104
AIARUIN N. AITNHINTFIY UAETOLANANTTNARDL cerrrrrrrrvecrrrrrrrsnmicerrenessssssnecenn 105
AVARUIN U AVTANUIHIINT AN roeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeesons 112



(12)

INYNTIINTIIN

M58 1-1 anawslugveawuuinaasnsgardsludunie neulasndnisuudse [14]...... 9

M5 2-1 wWisuitsumsidnussnieiinesiiuuus s A AT e 16
AN 2-2 @198 UUANI 51300 TATADT [22] .o 18
1514 2-3 Foyanamadavesansefivesifndeidussuulaies nna. oo 19
M1319 2-4 ©n5U57 Bit Rate vaunAluladansn AUIUIINAUNTT (2-3) oo 22
ange 2-5 manalivesaIasiunas SNR %u&?wﬁm%umaﬁmagLamé’@zywmaaiﬁ ............... 23
AITN 2-6 WNUNITINNITVOI Y104 VB9LATDUIE The Things Network.......oooorrevevvvecenene. 26
AN 2-7 Lam%ﬁwé’qmigagLﬁEf[,uLﬁumwaaammma”amma T ICT<) 52
A9 2-8 ﬁ%ﬁmwummgmmm Shadowing Effect Tuaninuandousing 9 [40]............ 54
AN 2-9 LNAUNNITIMUNANYISUDIFIATNWIAADN [36]...eeereeeeeeeeeeeeeeee e 56
M54 3-1 1A59a31981801n 1 AlULATANZUIINNITAIUIUNNNIOU oo 62
M54 3-2 YUINTLUIUNT 1A HUBUAUANEN BUEEIEINIAIINNITIIAB oo 65
A9 3-3 1A59a5 198N A LATATATSUTINAUD 1o 67
ANSN 3-4 Han1sinAnunIeEndunsaidivetansenelilAsaRSURLEND ... 71
M54 3-5 MaUTeuTluandnuaEAg 9 183aE0IMATLTIUNTNARDS oo 74
M3 3-6 S1UALBEANIIANUAAIYDIQUNTALATOUIIADT IR I oo 81
A9 41 HANIIAUINEUSEAVEN15000087BUUTIADITIUTETNY e 87
P19 4-2 FszAvsreanuuTtanamsgade U aWUURIAN 90
A574 4-3 a5UNA Regression Statistics \W3guifisurlinvosansemaiveaes................ 91
A9 4-8 NM3AT1E9 ANOVA 38U TouvTinueaangonIATIVIfADS ..o 91
A7 4-5 @unan1Iun T-statistic wag P-value maﬁauﬂaLwiazmﬂmmﬂﬁmaau ........... 91
M3 4-6 mamim’%wLﬁwmmﬂmmLﬂﬁau%aqmeﬁaQQﬂWiqigLﬁaiuLﬁuwﬂq ................ 95

M1319 A-1 MsiUasdnduniuis nsagyidedoundu Masudarulazagaunay [45]

M5 N-2 ToLANIUNALATEEEINANATTIUALTTANATOU [43] oo 107
A1579 N-3 mﬁ@LLUUEUmiLLché’NmﬁJmmammﬂlmimam%ﬂﬁﬁ%aua (@1821n74 A).. 108

M1519 N-4 mﬁmwugﬂﬂmwiwé’wuﬁuaqmammm%awmiﬂfé (@1891n78 B wag O)....... 109



(13)

$18N150115749 (719)

N
M1TN N-5 AFUHANITIAAMNINFYIUVBIENEDIMNIA Ao 111
M1TN N-6 AFUHANTIAAMNINFYIUUBIAEDMNIA B 111
M1TN N-7 AFUHANTIAAMNINFYIUVBIANEDIMNIA Correrroovevverrrenecnnnrrssssesnceennnees 111
M13N N-8 AFUHANITIAAMNINFYIUVBIANEDIMNIA Do 111



(14)

s19N1AINUSETNBU

R

ANUTZNBU 1-1 SEUUNNSA0A VOIS ATASH A ETNEADT WA [8.eoeen 3
ANUSENBY 1-2 WUUSIaedUNIINsaoansseninang e nAkUURiANafen 1G] 5
amUszney 1-3 matmuavdavesanenmefildauiugunsal AP wag STA ... 5
AUsENBY 1-4 ANUYYRIFYNLUSEULNE VLAY Y IATDIENEDINTIA [A]. oo, 6
amUsznau 1-5 lassairsvesaneenialulasanSuunndsUamAs [11] . 7
anusenau 1-6 Ansgaydeluiduniauleuiisusening nan1singse kan1sviuieann
WUUS ARy LAZLUUTIADITUIUUTIUED T13]. 8

AwlsEneu 2-1 vaealaezunsuvesdimesiuudidnnsednd vlaansiwg (18] ................. 15
AMUsENOU 2-2 fetvaya Load Profile 3N@usAIeosuas NHA. e 17
anUsEneu 2-3 fegewesainindmesildnulussuuniIves AW e 19
andseneu 2-4 é’agzym@%ﬂm%u (UPCNITD) e 21
AMUTENBY 2-5 UHUATIN Spectrogram YBINITUDAAAFYIUADTY oo 21
AMUTENDU 2-6 LUTHUTBUANBAUIEUDIINTNLATLUUAI oo 24
amUszneu 2-7 antiaenssuaeswudleUssgndldautuamnadines ... 24
amUsznau 2-8 TassainsvesaneennialulasanSUunaTURMALL ..o 28
Awdsznau 2-9 aundlniuazauuusianuulilasanSUaoES 29
AUSENOU 2-10 MSRANTAUNAAIRLABIANAS NEURNSUSEANINA oo 31
AMUTENDU 2-11 TATIASIERTUANUIFTYEI I oo 31
ANUsENBU 2-12 1AS9aS1UNATF AL EURIIITTRVOU oo 32
AMUTENDY 2-13 299581aVBSIATIANUNATFURARON oo 34
AmUsEnaU 2-14 Iﬂsqa’{wLmesﬁgUfﬁ'Lwﬁﬂmﬁﬁmai’]aué’mmmuw%m% .......................... 36
AMUTENDU 2-15 WITALYANITUYONATOWFYRI 36
ANUIENBY 2-16 MITNBINIINTTINNTLAIBVDIQUNTALATIVIY 2 WOFA oo 37
AMUTENDU 2-17 UWUUFUNITUHNEIIUVDIANEDINVALALNG oo 40
AmUszneu 2-18 aaﬁﬂsznawaumugﬂmaLwiwﬁwmsumaflaafmflmt,w%“ﬂmq ............ a1
anUszneu 2-19 siavestnanlseduluusing D (B8] a4
AMUIZNOU 2-20 AMTLUIUTZLANUSIUAUNLVDIAND DN oo 45

AMUSZNBU 2-21 NAlNNITUNINT DAY AULUURANELEUNIG [35]. oo 46



(15)

s19n15A NUSENaU (AD)

R
amUsznau 2-22 magadeidanulussuunsdomsuuul$ans o 48
AMNUIENDU 2-23 NITVNMNYVDIAYIN (BT a9
ANUTENBY 2-24 KUUTIADINTAYRIUUUALTOURURD [36] oo 51
AMUTENDU 2-25 MTAATIERUUTI0IN5geYLEe Log-normal Shadowing [39]............ 53
AMUTENBY 3-1 LUTHUTBULUUTUNITUN AN U DIEEDIMAUUAIN SIS ... 57
AMUTZNOU 3-2 NTEUIUNITEDALUUAIEINIAIIATAATU oooooooeoeeeeee 58
ANUTENBU 3-3 WIS IHLNOILATIATI9909818INIALULATANTU oo 61

AMUsENOU 3-4 AuUsEAnSnsasyiou (Si) 9INN15INR0ELDINIANATLINNNNGYY).... 62

o,

a a ¥

AMUsENaU 3-5 duUsednsnisasiou (i) 9INN5INRIUTUURANUEIINAT .............. 63
AMUsENOU 3-6 AuUsEANSNTaLTiau (1) 99NN53180IUTUURANUNTIUNAT ............ 64

AmUsEney 3-7 Mmyiadudszavsnisasyiou (Si1) vesduluumgeMANUTUUTY MeTsnns

DURDGHEUU oo e e e e e e s s s e s s e e s s reeneees 65
ANUTENBU 3-8 NSINAUUSEANSNNTALYIOU (Sy;) VIR ULUUAIIDINIANUNAUD ... 66
ANUIENBU 3-9 AULUUEIEDINIAUILATANTUNUMAUD oo, 67

ANUSENBU 3-10 NanNsInduUsEaNSnsasnou (Sy;) vasaga1nialulasansuiulaus 68

AMUsEAU 3-11 wan15insnsaunauduswuvesasenialulasansufivhiae.... ... 68
AMUIENBU 3-12 9UNTAILAZANINIIARBNNITIANAFBUAIEUBNDIAT covrrvecrrernen 69
awUsEneu 3-13 LL‘U‘UE‘Uﬂ?iLLNWﬁNWUGUEJﬂmSaﬁﬂﬁﬁlmiﬂiﬁ@%ﬂﬁﬁﬂLEWEJ .......................... 70
AMUTENDU 3-14 Nan15InduUsE AN (Sp1) TUNMSVAREUSATIVENE oo 72
ATNUSENOU 3-15 AN IATIHIUNITNARDY oo 73

a £ o

ANUTENBU 3-16 NANITINFUUSLANTNTELNOU (S1y) VBIANYBINANLYIUNITNARDY ... 74

(% '
& a s

AMUTENDU 3-17 1ATFIUNISARAsaRNSATmaTUElN (P30 ANAL) e 76

[ ]

AMUsENOU 3-18 MIAnRwrUnsalnTIindyyiamsn luanmuindeuvesauniniives . 77

A7)

AmUszneu 3-19 Nuiinnviadygraluannauiaiisiusising (Aun: Google Earth).... 77

AMUTENDU 3-20 JULUUNTARUT0LANITNAGDEITULATOUIIABT NI oo 78
AMUsENaU 3-21 9Un3alans End Device NFLUNITNAGDY .ovvvvvcciiccrrrrrceccrrrrnnn 79
ANUIENBY 3-22 gUNTRNABIMNRLIETLTIUNITNARDY oo 80

AUSENBU 3-23 LAS8Y18aa351IU Network Server AETUNSNARB ..ccvrveee e, 80



(16)

s19n15A NUSENaU (AD)

v
AMUIENOU 3-24 M3IANTTTeYaly Application Server migwondwIs Node-Red............ 81
AMUsENBY 4-1 HaNTINAMANEYAIMARSNUIEULNEUYTAVDIENED N e 85
AMUsENeU 4-2 §nssdadayadiia (PDR) LUSHUTIEULARSYIITLEEN o 86

AMUsENOU 4-3 NansinaAnsgadsludunadisuiisuisasyiinvesase1naiveaes

.......................................................................................................................... 88
ANUTENBY 4-4 TURBUNTIATIEITOLARIENIOANBENTNEY 90
AmUsENeY 4-5 MInAaeuldLI3 e UUTIABINTIYAOTANAUS oo 93
AMUSENBY 4-6 N5IATIES Downtilt WA Coverage YBITEUUNTABANT ..o 96
AMUTENBY N-1 WUUFUMITUHNSIUVBIANEBINIA B UAE Corrrrvveerrrncerrrssncnrnnn 110
AmUsEna n-2 MyinAnsgadslua ety IuvesaIgoINIf A e 110

[

AMUsENDU N-3 MTINANTadelua et g uveaIgoINIa B kae D .. 110



WSNs
SM
LoRa
LoRaWAN
LPWAN
CSS
SF

DR
BW
CR
AS923
IEEE
PHY
MAC
RF
GPS
ACK
RSSI
SNR
LHCP
RHCP
AR
HTTP
MQTT

EIRP
LOS
NLOS
Tx

Rx
RMSE
PLE
PLI
RL

L

JuanwalAgauazaaLs

Wireless Sensor Networks
Smart Meter

Long Range

Long Range Wide Area Network
Low Power Wide Area Network
Chirp Spread Spectrum
Spreading Factor

Data Rate

Bandwidth

Coding Rate

Asia 920-925 MHz of LoRaWAN

Institute of Electrical and Electronics Engineers

Physical Layer

Medium Access Control

Radio Frequency

Global Positioning System
Acknowledgment

Received Signal Strength Indicator
Signal to Noise Ratio

Left Hand Circularly Polarization
Risht Hand Circularly Polarization
Axial Ratio

Hypertext Transfer Protocol
Message Queuing Telemetry Transport
Internet Protocol

Effective Isotropic Radiated Power
Line of Sight

Non Line of Sight

Transmitter

Receiver

Root Mean Square Error

Path Loss Exponent

Path Loss Intercept

Return Loss

(17)



&r
€o

Rin

5 3= oe

SRS

Ts

Rs

Rob

SLL

SLR

F/R ratio
AR

G

D

e

L2

TuanwalAtauazaage (sa)

Relative Permittivity (laifiviiae)

Permittivity of Free Space (W15nsaluns)
Permeability of Free Space (\BU3sLns)

Width of The Patch (1)

Length of The Patch (lu#9)

Operating Frequency (\F50et)

Thickness of Substrate (11#5)

Reflection Coefficient at port 1 (luifivitiae)
Transmission Coefficient from port 1 to port 2 (laifiniiaey)
Reflection Coefficient (laifiviiae)

Input Impedance (loviw)

Output Impedance (1o4x)

Wavelength of Electromagnetic Wave in Free Space (1#93)
Input Resistance of Patch Antenna (19%1)
Angular Frequency (t3LREUsaIUN)

Electric Field Vector (ladsioiuns)

Magnetic Field Vector (toudsiowuns)

Path Loss Exponent (Lifiniiag)

Path Loss Intercept (\A%LUR)

Standard Deviation of Shadowing Effect (1n%vua)
Symbol Period (3uni)

Symbol Rate (symbols #971419)

Bit Rate (Unsiodu9, bps)

Side Lobe Level (1TwUa)

Side Lobe Ratio (la%iLUg)

Front to Back Ratio (19%Lug)

Axial Ratio (lsifiviuae)

Antenna Gain (laifiviae, dBi)

Antenna Directivity (laifiiae, dB)

Antenna Efficiency (laifinuae)



Ui 1
UNUI

1.1 anudAguaziiinvesidesnuide

fiwosdansuy viseaunindnes (Smart Meter) Aa gunsalinUsuanisly
Il ddnvaziaufie a1u1sainuSunanisldliinlainiuiaiase (Real time) g4l
anunsniuiuaraseniin ensusmsdnnsndsenldegnaissaviamm waraunindinesd
dnwaziaudnuiavsznisie ausnideudeduinieviedearslusiuuudig q 16 1wy
waluladnisdeanssiiuansld (Power Line Communications: PLC) LA3as18Leagans
(Cellular Network) ta3atnaLgugoshians (Wireless Sensor Network) wazta3soviekoad
WU (Low Power Wide Area Network: LPWAN) iJugfu [1] maidenldenundetnenisieans
dmduaninined Jadufidesfiansnn 1iun Usinugnanedisessuld Aufiaseuaqunis
doans nMsSnwmAuUaenizvestoyn Lagn1SNUABFNIMITUNIUNTONTANANTENUAE
anndeuneuenszuy WWudu

waluladnnsdoansassiuiu (Long Range Wide Area Network: LoRaWAN)
HuFetensdeasuuulians aseunquszssmsdoasudnmuning sanAuddomdsan
i a131305995UgNIedINIIN NsueganmenATalTUasAaUnasU (Chirp Spread
Spectrum: CSS) anansaviiudszansawnssudyanadiidnnula (Sensitivity) fintunin
mima@jmmé’mﬁyjmuwﬁu 1 [2] Fednvasauiinaniuni assiuanufeIn1svessEUUng
deansvesannsaines uonanil @a18e1n1a (Antenna) tuesdusznevdrfylunisin
Uszaninmaesnisdearswuuldans arsennialulasansu (Microstrip Antenna) fidnwae
win A Ssuuuunisunsnszaeadunuufiamaiien (Unidirectional Pattern) Tngmdaany
drulngvesargainie %gml,wa'mzmalﬂgjﬁmmqﬁéfaqmi ansnandayusunu (Noise
Signal) annsunsnaen (Interference) vasdyanaiandiemsduviouvasinindayyiadu
Hrados [3] uagteiiunugvesdyanal (Channel Capacity) [4] Inssainsvasanseinia
lulAsapsufitviniun wuusu uaeidununisndnd (5] Sednuneiina1nand asstuaiy
FaensvesdsenIAduiniines SnTIlunNTEENLULLAYNNTIATILHSTUUNIAeANTUY
1¥ane S1dudesofelumaiiizonin wuusiassnmsgapdeluidumia (Path Loss Model) i
AnugnAeuiug1 wazmnzanfuannndexldiy eUszinavideviunenisaydely
Huniavesdeyias (Path Loss) vinluszuu drededearndanaranisdearsne
ANNLINABN [6] INNANIINAADILAATMALIALIN meﬁaaqmiqiyl,ﬁaimé’umqLLUU@?&L@@J il
mﬂmmmm?iawuamamsﬁqua ligenpdesiunanisiansayideluaninwindeuasa

Inerfinusi Seinauenisesnwuvasetnalulasanivdmiuldauiu
audailines wagnisadrauvudtaesmsgaideluidunidlnd a1ei8n198adsedng
(Empirical Method) Lagn153tATIZANI50AND8LTUEY (Linear Regression Analysis) [7] i
afrauuuiaemeadinanans Amnzandnsuldonluanimwindemaniies (Urban Area)



gasUsznelny inumaluladiedetnonsdearsassiuiu vhauiieaud 920-925 MHz Tng
Wisuisuauusiudvesuuuitassnisgyideludumaiiviaus fuwuudassmsgade
Tudunisuuuaada n1sseuiiisvaussausvesaisenialulasansuiidaued fu
drvenalulasansuidanidlve mamimaaamwi’mzé‘mﬁwé’aLa?{asuaﬁzyigmmﬂ%'u
(Received Signal Strength Indicator: RSSI) wanslifiuin anweinielulasan3ufiviaue
amnsaldaulad llwanaeainaiseniedanidled Tuaninuinaonvesaunsndines
(Smart Meter Environment) fifnuun wonaind wuuSansnsgadsludunieivniaue
aunsaviuneansgedeludunig (Path Loss) lalndifgaiunanisinluaninwindensss
wazudugILINnI LLUU'«iwaaamigmLﬁﬂuLé’umuw‘u@?ﬂtﬁm oA wuudnaesnisgadslu
¥847198a5¢ (Free Space Model) uagluuinaaen1sgayids Okumura-Hata men1suszila
YUINAIILAAIALAZ DY Root Mean Square Error (RMSE) wazarduuszansnisdndula
(Coefficient of Determination) #38 R-squared

awenalulasansd LLazLLUUﬁTwaaqmiqmLﬁ&JMLé’WNﬁﬁﬁLauaﬂf A71190
Uszgnaldauliatefuszuunisiearsvesaindniines vuadevisansiuau LileLiiy
UseAnSannisdeans Tnaununisesnwuussuunisieans LLasmﬁmG‘hmeam@?qqﬂﬂmj
fmnzaudign Tuanmuindeuniles Fsildnuaznsstu Smart Meter Environment 984
Aneninusi

1.2 NISNUNIUITIAUNTTH

dmsuidiomlusdonisnsiaaeutenansi wiseenifudvhdedes dewnde
goofinieday tiauenuiseainussinn 1aun walulad nsdeansvesauiiniines,
a1geINALUUTIANIGAYY kazluudnaeensgdslud@unisnisunsnszane i il
WAaLIITegRY MBdUILNANITANSINIUINY VaR ToRey VBILAaLINUINY Laviidagny
aniine tiauensasUlssiutesinteenisivy (Research Gap) fnuasdeasolui

1.2.1 wealulagn1sdessvesauniniines

unay [1] dnausuniesizinmsuveanaluladauniniines degn
fimunazgninuindamawnuiineueurdonuvudaiun fouualdufigauialan
AmNuEnNTaLYeENRiines Ao nisdeasassfianaszuineguilanfugliuinig ng
grumiednlulif Iszuufnnuuasaiun dseuuiniuleyauasyszanana uaslszuuuds
Foumnufinund 1w uuuunsdeamsvesamndndwefdululii wuullane (Wire) was
wuvl¥any (Wireless) msdoanssiuanglilszansainiigs fimnuindedenazUasnse
wnndnmsieansuuuldane %qawﬁaﬂ?{uimﬂumidaé’@@w agnslsfin nsdeanseuane
dodldiRuasmugedmiumsneszuulasade waghivmnzdmivdnvazauainiaiines dq

gnAndsegluniiinende \usiu

Y



UnAN [8] UldueNan1snaasdldauaNIsnilines N1UAS0U18aT Y
sudunslneniisauiiueadu (The national power utility company: PLN) Juituiliilos
uwa Usemmdulailde luefniueaiduldUsuuss uasiannsyuudeansvesaniniinosan
agerailos 1wy wSeunedioaidu (Global System for Mobile Communications: GSM) 113
doanseuangliilh (PLO) wazn1sdeansauiulng (Near Field Communication: NFC) 34
walulaBivani Aoudrafidiunugs Tedeliianansnldaulias dmsussuunisdeansues
aundniimed ogslsfnu lutlagtumalulaBnsdoussianieaiinau (LPWAN) sUszneu
lUaremaluladasst wwudleladl (Narrow Band Internet of Things: NB-IoT) wag@nnend
(SigFox) I¢ignldaruogaunsuatsaniu lussuuiaiertnswuseslians saufamsUszegndld
muﬁuam%mﬁma%ij"NL’Jmﬁwmmﬁgﬂﬁ%aua walulagdudloledidaldaunsaldeu
¢ esanliigliuinisetednglnsdminela dudunisnalassaiisiiugiuresszuy
welulad@nnendvinauiinanud 868 MHz Faifudeusugunnuivesdanaiid Tulszme
sulaiide Selianunsaldould dufu wiedremsieasansiu Saduddeniivensay i
AuBangulunisesnuuuszuy Lagaiunsoinnufigiuainuidalidesveoygyin
(Unlicensed) 53%119 902 89 928 MHz U3twiinearduldvinisduivdsuiinesiniiuuy
T P IRE e Tfuglglndindiuiu 1,000 1A399 FINMUTENBU 1-1 NTEDALUY

Tassadrsszuvdeans Wuluawaandnenssuvesaasiwiu Auunnisdaufiaiadeyaldau
PN 9 30 W7 kanIFIATIERsTUULEAILNIT N15AUANNISTININIUTBIaNNSaTline ST
ANGNABY 100% anansaananlidnglunisaniiuauadld 90% uazdusednsamaunis
amuAndu 60% Wedsuileutumslfnuiimeslfuuuiad

No.1BST (11m)

No.3 BSTv (_117m) i

MaxOneHotels com o
@ Bukit Jimbaran

AMNUTENBU 1-1 STUUNISARANSVRIALITATLADSHIULASDINEADILIU [8]



unAy [9] dauenanIsinszvtedninvesnalulagaesiwiy dnsuld
Nuivanindines MeTsn1591aeuy (Simulation) Y94ATEYIADIINIU N1TOBNLUY
sruudenfinnsannsdiiddnyiian Ao amsﬁ‘m:ﬁLmaﬁgﬂﬁm&’jﬂmﬂummi (Deep Indoor) V84
fufinileosmuy aseusquitul 17 mssilawns feinandiomn 19 3es fakuing
fuszognng 1 Alawns inandusagiaies sesduaninfinesildaisoinia 0 dBi S1uu
1,000 1A384 AMMUALUUTIADINNTUNINTEINBAAUTEY Okumura-Hata $2uAUNTRANTAUN
HANFENU Shadowing uazraavauNsaadunislueas nMsdnaesssuugninusednsam
FheAmssulssfuganm iedaletea (Quality of Service: QoS) uardnsIAAALARBUYDS
yndiaya (Packet Error Rate: PER) nui1 ilefinsasiamenisdstoyaunidu (Up Link) seuy
fidiade QoS Wity 98% uay PER vesusazlnuaiidiosndn 10% Anduiesay 98.8
vosdnnulvuasionn oglsia WeRorsanmsdsdeyartusiufutas (own Link) #ild
dmsuseduaameunduainudtine (Acknowledge) WuinAads QoS Wiy 92.25% wae
PER vosudazlnuaiifantionndn 10% Andudesay 76 vesdruiulnuaionun ey Tu
unardl wandlifufsussAndnmuanaiorisaniiuay anmsiiansandieduads QoS
uay PER lunsdifidmusliinisdsdoyauntuuaznas Uszansninasaietieagsasain
A1 PER LAz QoS Msnas dududnwazidedrdunisiissuunsieansdu vieundeiie
Fuaruvessruudu unldoulutesdyyiamieaudlndifesiu dedeindudesiia
Usmisvilseaaietnenmsdeasassiuiu

whmeluladnsdeasiiannsavszondlinuivaniniines fvainvane
walulad [1] wilutlagtu nsidenldmeluladindedisassuau Aldududendiian
Wiz Tadunsamu fufiaseunay nnsszuulassedeiugulidudou Suduanua
nsnnaeainganily [8] uasnanssiaesduy [9] uiinszAvsnmvenniotisazanas e
Amualiauninidines Aesseiunistudunisdagateyaannuaiie uilumsUgon aunse
fimefordlisndudesldsunstusuaudiiavesnmsdmadogannads iesan audn
fimoslilddedoyasreiiommanniat udannsafvunseunisdsteya 1wu dsfeyayn 15
undl videnn 1 Halue Wudu Fofu nerdnusiidennvimeluladnisdeansaodiuau un
Ussndlfnutvaunsafimesluiiufiundios vessunalne

1.2.2 @1991N1ALUUAANIGLAYA
UNnAY [3] Uduen1shtauaIgeInIAwuuRAN1Leed (Unidirectional
Pattern) asnsarfinUszansnnvesssuunsdoarsuuuldans aannisiaIesiuanunsasu
é’aumpmﬁﬁmwmmmmﬁu wazN1IFITANFYYIUTUNIU (Noise) UTDHANTZNIUANNNITLNTA
aon (Interference) fiunainunasiniindyyiudy lufiensilidosnts Sununzdmsy
szuvdeansiiinseogfufl 1wy szuvaunindines Wudu Tuunanuid a¥auvusaemis
adfdmsudiasinansenuannisidarsonauuuieniaien Tnedadendnd thun

#1301 A0 §M31981Y (Gain) LagFULUUNTUHNGSY (Radiation Pattern) vedangaIne



Y A ' a ! a ) Y '
ﬂWEJELG]LaquﬂﬂqiaaaqiizﬂjqﬂLﬂs@ﬂaﬂLLaBLﬂi@QTU AeNINUTENaU 1-2 LLa@QE‘ULL‘U‘UﬂqﬁLLN

wé’mumaqmaawmmwuﬁmmuam iuﬁ/i’j'ma”lﬂa’]ﬂ’]ﬁ?iﬂLLauﬂ’]EJE]Wmﬂ%JU NN1TRITAUN
mmwaqwmwaﬂ (Main Lope) 785d1881n1Avades Laileuguiifinisuindsgsan
Lm‘vnﬂu ey wsfmessnsvene Luaumﬂﬁé’ﬂumimmzumimumwmmsumammm
w3esiu aglilliAmdnveisgean Lmazﬁuuagﬂuyummaa’]mwuwuﬂawaﬂmeﬂu uaz
SULUUMSURNE S UYDsUsaza18911 A Fananissassuansliiiiuil uuudassnism
sERUMNLUSWRIE AT eeSUTiad T i fanugnaesiugl azainlunisidau uay
annsavhuneUszannmvesssuunisieans Mldaeenmauuuiianadiodldegnsuiugy

ANUIENBU 1-2 LUUINABLEUNINTERENTIEIINNE1801NALUUTAN9LAY? [3]

unAy [4] dauensuiul eniuguesdnann (Channel Capacity) U84
syuuesetngliane (Wireless Local Area Network: WLAN) fifiaanamuiuiiy wazinsunsn
dondaya1ad (Interference) g1 sensidaualgeniasiaUsudile (Adaptive Directional
Antenna) lun1safimnsdinduseninegunsnl Access Point (AP) uazannilds (Station: STA)
A1ANYRI I AMUINLARINANNITVRILYUUBY (Shannon’s equation) il (4]

%=ZI092(1+ SINR,) (1-1)

i=1
e  C/B = anugvesdyaa (bit/s/Hz)
SINR; Signal to Interference and Noise Ratio vadd@un1sn1sdeans i (ldniae)
MUNUAUNNATOATVIUNA

@ AP @ AP @AP @ AP
N N N N
STA@ sm@ STA@ sm@

JUuuu (1) kUL (2) kv (3) JUuuv (4)

3
[

AMUseneu 1-3 mMsfmunviinvesangoimanidanuiuaunsal AP uag STA



n15UsEliuaugtesdyyin 1935n1591a0auwuu (Simulation) lngnaass
Wisuisuaumutiuges AP faust 1 fe 10 1edes uazdusuviis STA luanmndoudi
Amue NAUTENBY 1-3 LanInSIMUAYnYeda18e1nAIENIe Unidirectional Uag
Omnidirectional FsgnAndaliifu AP wag STA siavin 4 SULUU nHaN1IINaEY asUld
AMnUsEnaU 1-4 uanansmannugresdyans wWisuisuiuauvuiitugunsainsotne
Taoguuuy (1) Fdddnuaeeiniaviia Unidirectional fianuqdesdygagsiian Tuynsesu
Anuvuui Tuvaigil msldauasoinasiia Omnidirectional ¥asgULuy (2) fAA1MY
ﬁiaﬁfgzyﬂw?wﬁqm TunnszAuAIILTUILLY iy aneornavdnUSusale (Adaptive
Directional Antenna) silaanuanunsalumsivunaiianis annsafiuauggosdayaa
(Channel Capacity) vasszuunsdeansliigeduld

25

(1) Both AP and STA
with directional antenna

(2) AP with

directional antenna

STA with omni-
directional antenna

]
o

=y
[4,]

(4) Both AP and STA
with omni-directional
(3) AP with omni- L antenna
directional antenna
STA with directional
antenna

o :
110 2/10 3/10 3/10 5/10 6/10 7/10 8/10 9/10 10/10
1/ AP Density

AndsEnau 1-4 AnutasdyaaidIsuiisuusiazyiinvesangenie [4]

-t
o

Channel Capacity (bit/s/Hz)
[&)]

unANY [10] Y1Lausn1s31aINansenuaINNITnsnaan (Interference) Ty
syuun1sdearsuuuldals WILD (WiFi-based Long Distance) #a8Tusunsa Network
Simulation Lefduam (NS-3) Tasimunsuuuumsuninszaeaduesatseina [uluy
favnaies nan1s3denanddiiiiuiindas (Side Lope) vasangoniaudazes denaldiin
nsunsnaeavesdnaaingtunisluszuy esnnisunsnszareedulufianisiill
AINTT wagdINanTENUAe Throughput Y835zUULe

unAY [5] wazunaany [11] dauenisesniuvaigeinielulasansy
(Microstrip Antenna) waznAfiAnsfiulsEAvENINIeIEIBDINA ANYMIALTEIEIBEINA
¥indl Ao TgUuvumauninszaneaduiuuiianafen lassadanundn wwusu fumunis
wansniflowsuifisuiuangeniaviindu esainYaglassaiaasernaamnsnaiiald
1NUNUIIATALN (Printed Circuit Board: PCB) LLazmmst%’uLﬂ?{augﬂﬁwwaqmammﬂ
elildinudnvuziifoinis Jeldduanuieuegiaunnaindnidefuaiseinia Lile



Useynaldeulusesuunisdealsviegunsninisdeansang o Mieaesunai1ui oanuwuy
angonAlulasansuunndguamasy (Rectangular Microstrip Patch Antenna) 3a18ugusnd
WugIu fanmdsenau 1-5 MsauuvwIalassaivilaig meluudtassastdygyin

(Transmission Line Model) uifinaisanialulasaniulassadsiiugiu asiidodosfo
UsgAMBaImen wazuuudinriuay uiaansauiulnudnvasdsnanldmemaiaa 9
Wy nsiudundeumilounndueanseinia (Superstrate) wiensiiinlasiadiswesing
uauusmanllii (Electromagnetic Band Gap: EGB) a@nun3au3ul3a8nsnvens wazidiy
Usvansnmuesarsennaliaity vdensiiulaseadiaden (Slot) asuudiuunadves
awanielilasaniy annsavitliAnnisslesuudaneguanudinnsiudeutu duwali
agemAduuniInTiinietuld Hud

——
L
Patch il | * |
)
Dielectric substrate .
b ... g -
Groutd plane B 1h
.--'_'_'_'_._'_.'
Coaaal line

AmUsenev 1-5 lassassvesangennialilasansuunadsudvaes [11]

1N VAYRINITLIENUAIERINALUUNANIBALT TUAIUNITANNITUNINEDR
wazaAdYYIUIUNIUY samﬁﬂmwamﬁﬂumﬂﬁummwaqé’agapm [3], [4], [10]
Inednust Seaulnhananiidingn iwszgndldnutvamniniines dasgnindady
IUIULIN Lﬁaam{]@mmiiumuﬁ’waﬂé@mm%q LLazLﬁaqmﬂam%mﬁma%gﬂaméfngﬁ’u
funanlii Wummansieanssgnimunlifiudusn Tuduneuntsfindaszuu awerne
LUUAANIAEIRANANMNIZAUNTIIE188INALUUTBUAT (Omnidirectional Pattern)
awenalulasaniuunadsudmasniiinausly (5] uag [11] Tlassaiammzaniunis
AnslduaTevmanliih dafluniiuiinisiadendn dununisude viosandwagues
avomadutladeddyigninaniionsan esmnUinamsanininesisiuaunn ns
Tauansenialulasaniudsaiisananuruasasind Jslidunuiignnitansenaiindy
othalsiin dedervesasormalilasaiulasasisiiugiu fo UssAnsamuesanseinias
wagtuuuRInlfnuuey Sedadoreanddl avgninudusnfufigad Tunuideisely



1.23 wuudnaesmsgyideluidunienisunsnszanedoyyiu
unAY [12] diauenansiuiguiisuanuwiugIvesiuuinaansgoLde

<
'
=

Turduvnanisunsnsza1edayeins (Propagation Path Loss Model) vt 6 wuusiaes Lo
vienansTadinisgyideludung (Path Loss) luaninuandeusis vesiies Namaul
Uszimaduifls 915ann1sdeansfinanud 900 uay 1,800 MHz wuusiassnsgadsly
Lﬁumwgmﬂi&mmw 1A Log-distance Path Loss Model, Stanford University Interim
(SUI) Model, Okumura Model, Hata Model, COST-231 Model way ECC-33 model nan1g
Anszideya uandidiuin uwuaessimnzantuiiufiundies o wuusiaes COST-231
way SUI wuusaesingauduiiuiiunyiudies Ao wuusiass ECC-33, SUI wag COST-
231 wasuuusassimsnzautuiiuiidelds fe wuusiaes HATA uay Log-distance ety
unarnd I§ERduuvuiaesnsgadsludumdazuvudiaos Svanisiiuied
uandnsiullundazanimuinden uazudazuuudassiiteuly niedeivuanislden
unneinafy egnslsfiniy uwuusaeanard glfiduedosdielunsussanudinisgapdely
Gumawiniy Anedndilddinsdinnunaiaedeuluaind1ais

unAY [13] dnauenisesnuuukuuiaanisgyideluidunig aeisnns
UUU39A1gNHD99INUULIa8e Okumura-Hata dufuiafetienisdears GSM luiiuil
WUaldawasUsemaniade lneiin1snsiadaainisagideludunis luanimuwindeuass
og3sioillos LWTsuifisuiuAvhueldannuuudiass Okumura-Hata wuinAnsgayde
31NN15IAATE LANUPENTIHANITINUIENABATEEZNITNAADY FINNUTENOU 1-6 AIUIN

UIRAUAAIMAZDU Root Mean Square Error (RMSE) fldwiniu 15.31 dB feiu awnse
thA1AuAaIaLAdsufIng1aUulsaLuudiass Okumura-Hata LuURaLAY adady
wuudrassndamanivl dmiuldnutuedetienisiears GsMm Tuanmuindeudendne
fuituiinaeou

160 | Path loss vs. Distance |
Theoretical Data | I I

— Experimental Dala

— Modified { : i ]

Path loss (dB)

109 i i i L i i i i
2 04 06 08 1 12 14 16 18 2
Distance (m) x10°

AmUsenau 1-6 Amsagdsludumauieuieusening wansinase (Wudeya), nan1s

MUEAIINLUUTIRDWAAN (FulATUL) Waglhuudnaeanuiuusaua (@ulasan) [13]



unAy [14] diaueniseenwuusuudnasinsgadeludunie medsnis
USudgemnugndiosannuuudiass Hata dvduia3edienisideans GSM finanud 900 MHz
LAz 1,800 MHz N1380NKUUNNTNARRIAE18AUYITY [13] widsnsusulgsuudiaedld
NMFIATEIneadineanivastalan1aiimans laun wuuitasswiussmaddvia (Digital
Terrain Model) fie uHuTTaszyI18azidonvesniivssimaluudazfiniea uagldunud
prfuuansingnianieniwagluiuiinaasy densevaunisisniunisuugenduag
AeufialAes LUUT1a8a Hata Agnuiudsslng arunsadsziliuaiugniedldainnig
Wisuifisuiudogananisinansgydsataesanuiidu duilanmuindeundretuiiui
Npdey f19130119INN1TILATIZRAIAIINARALAGDY Mean Absolute Error (MAE), Root
Mean Square Error (RMSE) LLawhijEJaLuummgﬂwuaqmqmamLﬂﬁau (Standard
Deviation: SDE) nansUssdiudensne 1-1 uandliifiudn luiufineaey C uuushassiikiu

N15U5UUTE TANUAIALATOUTRENITLUUTIABILUUALAN kaDUILUUTIA0IAINAT
wlgvihuensagdelulduniwesiiunnegey D wudl AMUAIIAARBUYBILUUTIABIT
UFulsauad IAdosniuuuinasthuunsiy 31nnsiSeuiieua1 MAE, RMSE wag SDE

1 o o =) ¥ ! [ (%
M58 1-1 anawsiugveswuudnaasnsgadeluduns neunasndsnisuuuye [14]

- . fufinegdau C (Design) ufinagou D (Verify)
W3NS S T 3 3 o . Z 5 T
HUUDIADINAN | HUUINADINUIUU | HUUDIED9GAL | HUUII@9NUSUUSS
MAE (dB) 18.15 5.49 18.26 6.07
RMSE (dB) 21.49 6.96 21.75 7.46
SDE (dB) 11.51 4.29 11.83 4.33

UNAY [15] wazunadny [16] diausn1snaaaulssansain wagnis
28NLUULUUIIADINTE Y L WHUNI9VRLATOUILABTINIY Fufiaiud 868 MHz de
41891n1ALUY Omnidirectional luannuindeuivaiiles lngnaaeuindinisgaidsly
LEUNUVDIANINULINA DN ‘3Lm'wﬁsﬁagamamﬁmﬁwm%ﬁamqaaa Linear Polynomial
Fit WilemAnduuszandvesaunisnisndinenans vauuudaesnsgaLdsluidunie wa
n1sAnwlY [15] AUIadAT Path Loss Exponent (PLE) Winfiu 2.32 way Path Loss Intercept
(PLI) wiffu 128.95 dB FslndiAvstulanaaves [16] fiAn PLE winiu 2.87 wasdl PLI Wi
130.98 dB HaNMAFEUUsEANSANNTARansURATeTIBas LI WafiaTa1a1ndnT
sgaudeyndeya (Packet Loss Ratio: PLR) Tu [15] fieiadewindu 34% seszeznisns
doansgegn 15 Alawms Tuvaigdt [16] feadoves PLR Wiy 30% seszeznisnisdoans
a9an 8 Alauns PnuneEeskandliiui sy ansamueuederieansiniu fanase
Asoumguitufiniseanslduinunine dedasnisgydoyateyaiiligannin wieufy
tiaueuvusiassnsdeasiudumsdmiuldouluiuiiondliomuuiy fewdetenis
Feasansniu eufiaud 868 MHz unsdtyayiarnua18eINIARUY Omnidirectional
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a

unay [17] dlaueni1sesneuukuudnaessnsgdsdimniuiilesdnsey
v3e Smart City Huia3etnsnsdeatsaesiuiu Wisuiisusenindesunnsgiuaiud Ao
ANA 433 uay 868 MHz TuanmwindennuuiiesmnuvuvesUssmaeesud nsesnuuy
szuudmsunaaeuindinisayidsluidunis am&gammaéqa 30 1WAT WagRnAALATOIAIUY
n¥ansneusgs 1.7 wng fednsagvesszuui Tndifssiugduuunisfnisaiavesanio
finef dagnAnssuumarlnihidosiorulununueuy fseduniugdndifestu nanisin
Ansgadsludumsluiiufiade gnianiiasgsinisonnesidadu (Linear Regression
Analysis) ilaas1suuusIaesmsadnaians nan1sidednausuuusiassnisgadsly
Fune Ransananenduuszavsnisannoy wuiniiaanud 433 MHz fien PLE winfu 2.65
uay PLI Winfu 126.5 dB uagiinwd 868 MHz fifin PLE winfu 2.65 way PLI wihiu 132.25
dB fetiu uianmuedemasniiouunnuszns uinisdeasihuaieteanduiy 7
yhausoauisieiu dwalviuudasimsgapdeludumaiiooniuy fanauandnaiu

wi193deduauann idnauensesnwuukuuasanisaadsludunis
Fuanlml dmsulduiussuunseanmuindouiifesnis semedaianisene 9 Wy nns
ponuuuTngUfulgauuusaesiaduly [13] uas [14] wion1seenuuuieisnndssedng
(Empirical Method) T [15] i [17] usflsiflanddela fesnuvunuusiassnisgadely
s dmsuldautvaninfives 1onseruaioiiensdomsaniiniu shauiianud
920-925 MHz feiadesdsildnuameeiniauvuiianiaien Jadudesinwesninid
anunsathunIdesiele

1.2.4 a3UUsziauYad3newensive
Pnnsdreuddeluiide 1.2.1 §v 1.2.3 awnsaaguesdanud Ussiau
Jeyim wazve93199090WITaRe 9 fianunsatuussneusiuiu Wiefnwwazdesendy
el S
n. waluladirferieaeiuan annsasessunmsieasvesanindinosls
9. ageneLuLiiamaien fenumnzantunisldoulussuunisdeaisves
aun3ene3 MNAuANTRNTaNFYYINTUNIY TIWAANITUNINEDN WAENS
Lﬁmmmaﬁimé’@mm
A, ape1nAlulaTansy JuuugUMSWHNaNULUURANIGREY YUInlATIETa
wnzaufunshesaldauaieuuanliih uagiisngn
1. dodevesansonidlilasansy fe UssAnsame warlluuudiaviuau deq
$sumsfigatindedent dwmansenusomstluldauumadodisaesuam
Tuszuvanindinoinaelil
Q. quﬁﬂaENmiqﬁyLﬁﬂiuLé’umqﬁmezam fuszuvveansafined T
FousonuaTetisasiiwiu waziadesdsdaalddauaiseiniwuy
Aianafen Askuudassle wazausaasisuuudnasdlullanieisle
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(%
a Ya v =

Inerfinusatull (ReAnwIn1seenkuuatganalulasansy dnsultau

Y
1 A

NAUD 920-925 MHz HIULATBUNENISHDANTADIINLIY LALANWINITASIIBUUINADINT
a
Y

L2 L4

grasludune aeisnstalsedng L‘ﬁai%’vi’wmammiqmL?ﬁsfl,ul,ﬁuvm wagldiasan
UsEnauMITaNUMSAnR ST UUNsaeasresantinined luanmuindeumiies vos
Uszmndlng n1suseliunaduiavesnuide uiwesniuassdiu laun n1sussifiuanssouy
Yosa1991n1AlulATERIU NA1TUIINHANISITIUATY TnatUSsulisuiuateen1ALds
Wedvd wazni1suseilinnugnaedvesuudnaensagdsludunie fansanneining
AaALAReUN9ARR Wisuieutuuuuassmsgapdsludumeauudada

1.3 IagUIsaAvasauig
131 iesenuuuaseinielulasan3y Adaussauzifisanedmsuldauiuannia
fiwed ses5un1sldanudinaud 920-925 MHz veuA3ot en1sioasans I
1.3.2 Lﬁaa%wLL'UUﬁimaﬂmiqiylﬁﬂimﬁumﬂ Afimuudusn dnsuldauiu
anmwIndenvesszuvaninined luiufiwndios vesUsemelne vuedesdny
M3FeETanT ML YauTinLa 920-925 MHz

1.4 Ustleviiianadnagldfuainauise

1.4.1 @wsneenuwuukazasssuLUUaIgoalilasansy Jaussousiioamed miy
THufuaninfines sesiumsldanuiianud 920-925 MHz vouaTor1enns
doasaoduau

14.2 aunsaafreuuvdiassnisgydeludunia Aianuusiugr dmsuldaudu
anmundonvessruvansafimes luiufiumidios vesusundlne viatete
MsAeANTATIAL TNLTANNA 920-925 MHz

1.4.3 awnsaussendldauaiseinialulasansy uazwuudnassnisagdsludunis
fhnauefusruumsdoansvesaniniined aunsal loT uaziaietoivuives
1Sanedu o leegnediusdnsam

1.5 YaULUAYBIUTY

1.5.1 dusvvatgonielulasansy Jvuialassad1adnnin 20x20 a151uauRiiuns
dielViaenpdesiuruaiuiivuanliifih ausasgiu nwn.

15.2 funvuaseinalulasaniy ainusuisasiuiviaeneising (FR-a) dai
$1AgN wazanansavndeldily

153 msadeuuuhassnisgydeludun drueiuiiuteyaluanmnauiadies
us13278 fruausuie suneiies Smiauning fuduiiufiujifnures
1338 Ineilaudain Ae nshiihdiuginadwmiaussig
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1A3095U (Gateway) gnAinssuualiingeaniiuiu 6.2 was Jaduszauiinn
n36wI83ag Il ILIIAT wazAIadds (End Device) AARIUULYIUTDITY
anansairfeudnela 1A11Nge 2 wns

1.6 23n15AIUIUIY

1.6.1

1.6.2

1.6.3

1.6.4

1.6.5

1.6.6

1.6.7

AnwaznumusTanssy Weadumaluladnisdoansvesauiniivmes
AnwuaznumuIssanssy veunaluladnisieaisans iy (LoRaWAN)
Anwimgunisuninszanedgyyin (Propagation) @180101@ (Antenna) Lay
nseenuuuatgeInelulasansy (Microstrip Antenna Design)
F157UAENUNIUITIUNTTH Lﬁ@iﬁL%’ﬂﬁ]ﬁﬂmmﬁﬁﬁuaﬂa Aeafunisasia
wuuiaeensgaydeludunia (Path Loss Model)
ponuuUszUUdmiUInsnsaydeluduns dneandoadsil
. Awralaseadna s1asmwuy wazadedunuuaiseinialulasansy 9
59950 1HNUYIAILE 920-925 MHz UuASeTI8N1sH0a5a03 LI
9. sonwuusTUUMIFearsiildlunisnageu aulassadsanidnenssy
aos v Tnasmualiedesdimianias Wouaivenielulasansud
Yuaue wazladesdsdnanuedes Wasennimdamduefivhandneds
A. Aamagunsnifadinisaaidsludunis Tuaninuindenatavossruy
aundniwed Tuiufweiiles (Urban Area) fikvun
Nudayanansinnunindgyain wagliasizinanisinainisgadeluduns
ieadrsuvudtassnisgadelutdunisuuulng Wisuifiouaussouzves
a891N1A wazUszilanINAAIALARIUYBILUUT A0S
a3UNan15Ide WenunauRned wazeusigauatuanysal

d' o a o < v
1.7 d@auivinnisildeuazinudaya
- UHINYIREERVATUATUNS INBUIRRIALAY
- WAUNALIDIUSIEINE FIUAUNENA B1LNBLIDY J9NIAUSITIE
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1.8 WHUNITANTUIUIY

AANTIU/VUNBUNITALUIU

1. AnwIkasnunILITIUNITULAEIRU
walulagnsdeansvesaunsnines

2. ANWILATNUNIUITTUNTTUUDS
waluladn1sdeasanskIu

3.AN¥INgUYNITUNINITEINEATY
NOUHA180INA UAXN1TEBNULUY
awanalulasansy

4. A TIWALNUNINITIUNTTUALITY
nsafrsnuudnaeanisgaydelu
Wun

=

5.99nuuusTUUdmIvinAnsaydy
Tudunna Tuaninwnaouivniiias

6. \ivdoyauasiiasieinan1Imaasy
asrquvudnaesliud LUSvuliigu
ANTINULVIAYDINTA Useiliu
AUABIALARDUYDILUUSIABY

7. WeuunAy Waslsusenuasy

1.9 @guingun

& Yy a ~ A o W v

Wenlagnimsanaesuni laesursdsniuiazaud1Agya9an1sasng
wuudtaeansagdsludunslvg Wimuigaudvanimwindeuvessesuvauisniimes 7
\WonmoHIUAIeT18NSERETART WU Wainsesdsdugaldanuaigennalulasansy dadl
o dl L2 a = d!l dl U U dl v 1 U ﬂy = 1
apauraNLUUAIAGe) Wemfaznanmsluluuny 2 laun ndnnisiugiuveeistie
A831IU W19 TRETANEeINIA wazkuuTasan1sagidsludunie Tuund 3 dnauenis
9ONLUUITEUUNSHasd M UM Tianaaey daasiilddnsinsginanisaasdluuni 4
wazuny 5 a3unanside Jayainuuasdaiauauwuy



uni 2
N UATUANNT

andndimed Wugunsaliandanuluih fannsassnuuimanisldivin
waznsdmedannminih ldsguddeyanats smemslimaluladnisdoassuuuusiig 4
awenadugunsaldrdnglussuumsieasuuvlians nsldauameoiniaiivungay
anusaLiuausInugYesnTioas vesszuvaininiimesligely dodienisdeoaisasdy
W Tanwagnumngauiunislidaulussuuaiodnswugeslians wu ssuvdioyaves
aundndimed ferndsrgninsddnuriadusiuiuinn wudassnsuninszaieniu uie
wuudrassmsgadeludune galdiduiesediedfy Tunnsldeenuuuszuunisieans
AaNE7 é?fuwmﬁaaaﬂﬁqzy@wﬁ Foslmnugnies wiud1 uazwnzaNfvaninuIndeuiild
eu93s Tuunil diauenguiuazudnnisvesdsiinaniun wielfianugaudla way
anusanaunteymla mmfmqﬂixmﬁmmﬂ’lﬁﬁ'ﬂﬁ

2.1 a@uindinas (Smart Meter)

aunfnilned (Smart Meter) A gUnsaididnnseiind fiarunsaiandsau
i waznaunwliineng o wWu wihensldlaih vdeeAlataddalus (kwh), useduld,
nszualni, Saslnd, aud, nsudadeuddinung waznisiuiadadanlni Wudy
wonNtl SeanusaseuRanITIaRana ldsaudvoyanas (Data Center) visonishulil
IFognednludd shunisldnunalulanisdeanseng q am%mﬁma%wgﬂﬁ’]mam%’j@mLmu
fmesiumyunuuaaiy Aldudnmamienivesauuulvin lunmsiad kwh feseehs
Weawhthy waznsiuanalndh (Billing) snludosdsminaulusiua kwh 9nfiesus
aziades daifu dodesvesdimosuuuainuyu Ae 1) falddrelunsiunisuaznisdng
nnueIunUle; 2) Taiuiuranyiu Iumsémm’mﬁma%mumm%ﬂuuﬁazLﬁau
uaz 3) ANwAANAIAYEIAL (Human Erron) Tlemaiinduléigs feasdsuasoniuniniode
wazAulusssulunsawiaarlnin Wudu 1]

aundaimed udiundvesszuulassdngliiidanies nieauinnia
(Smart Grid) Fuduszuuiitaelinisusmsdanis avudesnisidsludla (Demand) way
fdsmananlaih (Supply) iuluegsiivssansam fonslidoyatildanainadines lu
NM5UIMTAN13AIUIa1934 (Realtime) wazaiunsaaruandanisgunsalang q 1éaan
sverlna iunfetnensioansiidinun delaseelifiuuudaia lddnsddeyanisld
Tt Tusedvvesdldluihmedee (Audaanistdluiisinda 30 Alated) Ademldou
finesuuuauvi usegiifiosdldliselng dldsndunisiadsauninimosiuuda lu
szuulniihves msliihdiugiinia vie nuln. (Provincial Electricity Authority: PEA) wifin
Jusuaudivesunn Lﬁ@LﬁEJUﬁUﬁ]QWU’JuﬁLG]@%“UENfgﬂ”mWﬁﬁT&JEJ@EJ fiasaliiu Srunende
dinanu dausen1s USE vieanuuseneunisinadn ausamnelne
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. K ::|J >| Clock module
IA /1B 7 ICk Cyrrent sampling I:‘l> -
c o
2 :> ) Button module
0] c
E
UA/UB /U ) =
= Voltage sampling . .
CIZD Communication

module

:I Power Management |<::| Battery section

nnUsenau 2-1 vasalaazunsuvaslinasuudidnnseiind sinanuia [18]

2.1.1 laseaiiavasauninines

Tutlagiiu fmesluiidnrslduuiniian fe funesuuy Electro-
mechanical #ldmdnnamileniwesaususivgn Tunsmuarilans (Metal Disc) wazld
nstfusruuseuntavyy WewansdsUSmanslindanulii Jsdeudeniinosviai
fimesuuuanumyy aeslsfin Dimesuuuamumud aunsodaldiams mhensldlnih vl
A1 kwWh iy uagsdudedldauluniserudiasniiensldlni dedaq1dd1e uas
flonafiawanngs fafinauudluidedeuntid fufu fwesuuudidnnsoind wae

aundoiives Judumaluladfozanumuiifinesuuuaumy delulusuien
aundniiees fe fwesuuudidnnsednd Admnuaunsolunaiensedy
Lﬂ%@‘ﬂﬁﬂﬂ’]igaﬁﬁgmwuﬁw ‘ Lﬁadﬂﬁé’fa%amamﬁm ludaauddoyanans Falasead1aves
audnfimeslaeinly fduusznoundn leun mirsUszaiananatandedily (Central
Processing Unit: CPU), lugadayayiasuniin (Clock Module), vihgtuiinua (Storage Unit),
FauanNg (Display), Juna (Button), LURLADS (Battery), Iu@aﬂwﬁaaﬁ (Communication
Module), wuasinusenuliin (Voltage Sensor) wagnsudlnin (Current Sensor) 1udiu
NANUTENBY 2-1 wansduUsenaulazianienisdsiudeys luusday

d1UUTENaUT0IENTTATADT MANNITYIINIUTDIANITANLADS LTUANNNITTNAI10E
(Sampling) Andgeyradlaiiniiouseduanisnilines amuanssaulnituaznszualni
NUY ddedoyalvidiy Fuveuseiulugadyyiuuiing Jeunsalssaianatoyalugy
Y9I TR0 9 NIndudmdunisiiansanalni wazamuninlaii wu nusensly
Tl (kwh), anud, Maskndingsan (Maximum Power), A3udeIn1snaslniiade 15 wii
(Demand Charge) \JudY @10150WAAINANIUNIIIONIN LATITIBITUNATDYANIUNS
Interface /19 ¢ Fespssuinaluladnisdeansvisuuuiiany (Wire) uazliany (Wireless)
dy & a s ) o 1 Y & ! ! Y U

wana i dunsediwesarunsarinszualnihainssuvdmuie v wnldiduuvasaneleiu
Y s a s = ] A a i A a
fausafimesuazluganisdearsing q luannessuuliinung wiluvauziiiiawe lid
AU @N1sniieesdiaunsainnu tazsenunanslila Arenslanduaniuanes a
FgzimiiUszulana wansaliaunising 4 Menuliaudaiununiulaednluli@ dawa
Tinmsunlvdymiadu Wulvednssiuswasiiussdnsam



A1519 2-1 WsuWeunsidanuseninalmas ik uusafuazausaiines

16

AMENUR funaslnfuuunaii AU3AdNDS
NINNITNNU Electromechanical Digital
ANUUaDAAY Low Security High Security
EULLUUﬂWiﬁaaWi Manual Reading Two-way Communication
AUIAINISEUTMS | One Time per Month Interval Reading (15 min, 1 hr, ...)
nsAuaAT i Manual Billing Automatic Billing
annnsloluei Monthly Statistics Load Profile
msudadoulnieu No Outage Alarm Automatic Outage Alarm
mMIudafieudafinund | No Failures Alarm Automatic Failures Alarm

2.1.2 Usylevivasausniinas
JomnazUselortvndnishtuaunsaiwes wawSeusieununis ey
a 5 = YV U % =l a wa
fwesuuuaumyu Imeduraleusens aaulunise 2-1 uansnsilSeuiiisuamau s

wazUszansnmnistialusiusng g ansaedueduimdedes fwelull

n. wannsvihauvedinesinih wazaulaende

fimesliiiinihindnde msfauTuanisliwdsaoulnlin viemiionsld
il (kwh) Tedt fmesuuuatuvyu a1wnsadadidanddldsaedsnismas Electro-
mechanical Faiileldsudunaun auaudimausindnvesunain vieTanss o aviden
AuNINAY deasieaduwiuglunsiandanuliiy vseeaiylinisd nsevinisuisedis
fufiwesuiing ilesuniunsmvinthuesauuuivgn nentmalifiwoshaufionain Yo
waarulniladesnitannuduass

dmsundnnisinnuvesannindnes gnasisninisasdiannselind uaz
gUnsaliwulasing 9 vinsUszananadoyaluguuuudidsna (Digital) Fedarmusiug Ty
MsfuIsLarUszinana Amdssliinitaldtiananindetie wazendensdauvamudly
fimosanglinisd 1lesain nszvinmsianszuauazussiulaiin saufsnnsdun umise
sl dnnslduwumesiargunsaldidnvsedndfifianududou ssaniinesuuy
uvgu Agnldauunfunaiuy ndnnsheudlede destensinudasudle

v, JUluUNsdeans munaimseuiimeslii uaznisdunmailnih

Tutlagliu nserumirefinesvesnislwindiugiinne lénsdadmind
gonlurnisannsedufinduauniienisldlafinazay (Manual Reading) fiuanuunti
fiwefuuvaumyy Wuseou yaiedes Fadadlddrslunsifunanaznisiemdney
uenNt eainARANAIATEsIYYS AN ULarAImiland dafinailuide
Aount1 dwsunisAuaa i (Billing) avgnAtuinmazuIiiudlelnimeu weuas
pdainiiy Adlussminadiou dlalwihldanmsonsunieamuuTunmunisldlaiiley
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Tuvauedl aninfmesamnsadendeduluganisdearsing 9 diunedn
N15A0ENSUSe Interface 191 RSA85, RS232 VIONDINBUNTUA 7| Lﬁ@iﬂﬂumsﬁamu%’aga
nan15in onuluSiguiteyanars iteligldlnihaunsansrnaeutiinansldlniiile
A1U981934 (Realtime) §adudeasuuuasaniy (Two-way Communication) 5317314
nstih gl dnwarnisddeayaresasaiiesiduwuy dwmiuaiunian (Time
interval) padinslwiindivun viemuinasgiuveanaluladnisdoarsiidenldan wu
UINTFIUADIIU AS923 MHz Mwium Duty Cycle Uaenimmzawiniy 1% [19] Fadaduan
s ldlunsdedoyaitu (Up Link) anauninfivios wiriu 864 Junilseusioaudn
fimesmilain3as (1% x 24hr x 60min x 60sec) Winauimilinasasyndoya (Payload) vunn
100 bytes a¢ldiaarlunisdwituernia (Time on A Uszunas 4.43 3undl dlefiensand
Data Rate #andl SF12 [20] feifu aundnfimesindost annsndwdeyaldaan 195 aduio
Fu vidoRmidumunainisdmn 9 7.4 unit melditeuls 1% Duty Cycle

won i nsFuaaAlii (Billing vesaunsaiines anwsavilasaludh
ilesann ddeyanansinfiauninfinessenuundguddeyanarsogudn lidndudesds
Fvhiteenlugrumhenislalwiiaziedes Sufumsandunu Wunnusad wagiy
UsgAvEnmmsudmsdansliitu nmslfnulimesnumuuuudada [21]

A. Toyaadanislyliih

Yoyaadansliluiivestinesuuuaumyu Miftesadflsinnnnseunie
msldlwiluwsiasiou fadudoyaiidniveglussuugrudoyavesnisivfiiniu Tuvued
ausadines sgazdeaatanisldliin saufawanisiamsdwesnaldiieig q azgn
Tuiinliluniigaudindn (Storage Unit) angluauniniines uazsvuugiuteyaves
st glalnianansasenguseiinigldluiii (Load Profile) laansseglng (Remote)
dunaiulgdusowoundiadu dwhegislunmuszneu 2-2 uansmansinAnszualii 3

wa wuusiedu tagvihinistuiindmn q 15 uiil Gusslevdlunisfianunsiraeudnuny
st luwpazeraian wazaunsaltlunisiesigiasiaunfniaduiussuulndnla

FuuAayansuanaiu
[iszh3uil : 03 Sunan 2562]

© PHASEA O PHASE B O PHASEC

AMUsENOU 2-2 feg1teya Load Profile annaunsnilinasvas nwln. [22]
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1. nsudadeuliingy wardsdinunfvesdinosindh

dmfusruudiminglni tfednelniaiidiadesaan s1dudesdng
nszualnilildogedaiiiownannia fefu aunsaiimes aunsaldifundiostn vie
wwesfielunisnsradudeiiaund Minduluszuusmineliii sndegradu Welinimg
nszudlwihgu aunseinesanansoudadioulusaudniuay anmsiansanussiuluinfiie
1§ Sewviniugud wardsanunsnssyuinaiiiameld anfitanisiassauindines dualv
A3l anansoudledaaniinduldegnasngs PrwanwansznuAnfugliliii uazan
Fo¥ouousng q fenaiintutunsiviasls

2.1.3 Yadayavasausnilines (Smart Meter Packet)
msdeteyamsdimesmaluiineng q fauninfinesnsainld azgnineyly
sUnuundeya (Packet) Bsvuinvosiiudsiiussqusiaznsniines fessessuruiniies
Foyaiiiald ieldfinnsanvesyrdeyaiideinisds sndregndluumainy 23] Anwinisaing
dusaiiimes monislalulasaeulnsalaosannuien Microchip lutaa dsPIC30F4011 T4
nsdadeyarumaluladnisions Ziggee lassaiavasgndoyanniang 2-2 uanen1sus

yateyasenidu 3 ngu léun 1) nguvesmsiamsdwesmaluiamnaisis fadutoya
fugruvosnmn i Sowiaiidy 41 bytes; 2) nguvsanmsTandsauliiiléauaie
Tagifiumsiwesvosihdsluineis wazddslninadiou usnnmuaunaiidivue detoya
Tunguil anunsaldlunissrnuailuiuuuund uaguuy Time of Use (TOU) finuinga
Foyasa Winfu 58 bytes uay 3) nguvosyadoyafitufinmanisalnszualuliidu uazds
Anundsng  Tnetuiinfunafifnme uasfunainduidigannzund Tuuiayadeyaso
winfu 93 bytes Reulvvesmnnisaliaund gnlusunsulilulalasaeulnsaians eglsia
nsdanisyadeyavesauniniined Juegiuluna viedvevesauninfinesidenldy
sufensRinsaUssansam wazdedrinvosmaluladnmisdearsidenldem dmiy
waluladassiwiu sesduruinyadeyagsan 230 bytes snen1slda1u Data Rate gaandl
SF7 Tuvnzil Data Rate fngnfl SF12 anunsasessuvunmmdeyalsgsan 59 bytes [19]

A1519 2-2 F9E19UUIN NSRS NN vsansailines [23]

Group 1: Real-time Measured Data (41 bytes)

Power Meter ID Date/Time Voltage Current Power Factor Frequency
16 bytes 9 bytes 4 bytes 4 bytes 4 bytes 4 bytes
Group 2: Power Consumption Data (58 bytes)

MPec:ge{ D Date/Time Voltage Current T:Z\Qg Frequency E‘):rterg\:vrgf P?)s\i:r ng\(/:\fcle\r/e
Consumption (kwWh) (KVARN)
16 bytes 9 bytes 4 bytes 4 bytes 4 bytes 4 bytes 9 bytes 4 hytes 4 bytes
Group 3: Outage Event Data (93 bytes)
No. of Event Date/Time Interruption Time | Restoration Time Prpe(-)c\)ltljéfg(ivl?gal Pl;z-;(?tﬁ/ge
1 bytes 2 bytes 5 bytes x5 5 bytes x5 4 bytes x5 4 hytes x5
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(m) PRECISE I-21BWEBAG

ANUSENBU 2-3 Mog19vaaunsniiwasnigaulussuulninves nuln.

2.1.4 §19819v09au1snimasnlderuasludssmalng

) I s a caa Yo a
INAMNUITENBU 2-3 LLa@ﬂﬁnaEJ'N‘?JEN&&H?@@JL@aiwmﬂm\ﬂ‘ﬁﬂquaﬁ\? s[fl«!i%U“U

Ini1ves nvin. Iagdnes () wag (v) gninaslidudldlniiselug (danudesnis

Adelwinuinnin 30 Aladad) Tulasinisiwaseunilrednlui@nse AMR (Automatic

Meter Reading) anunsaialniilaluszuu 3 wa 4 ane wae 3 wia 3 ae Tuvasiifives (A)

Jufwesuuudidnnsedndluszuy 1 @ 2 @18 (Single Phase) anwnsafnnsliiug Ll

MUl wazdl Interface seesuluganisdeansnieuen enisdseyanngiadn ludemud

Joyanartlueuan dumalulagnisaeansdng q sudanalulagasswiuniiaue

M3 2-3 Yayanawmatiavesannindiwesnannaselussuulniihves nvia.

WI51m05

EDMI-MK6N

EDMI-MK10E

PRECISE I-21BWEBAG

Voltage Rating

3x220 V (57 - 240 V)

3x220 V (57.7 - 240 V)

230V (184 - 264.5 V)

Current Rating

5(6) A

5(6) A

5(100) A

Service Type

3 phase 4 wire with CT,
3 phase 3 wire with CT-VT

3 phase 4 wire with CT,
3 phase 3 wire with CT-VT

1 phase 2 wire
(Direct Connect)

VA, Vrms, Irms, PF, Fregq,
phasor angles

VA, Vrms, Irms, PF, Freq,
phasor angles

Frequency 45 - 65 Hz 45 - 65 Hz 50 Hz
Measured Import/Export/Absolute | Import/Export/Absolute | kWh, W, Var, Vrms, Irms,
Values of Wh, Varh, VAh, W, Var, |of Wh, Varh, VAh, W, Var, |PF, Freq

Communication

- Optical (IEC 62056-21)
- RS-485

- RS-232 (Optional
modem 2G/3G/4G LTE)

- Optical (IEC 62056-21)
- RS-485

- RS-232 (Optional
modem 2G/3G/4G LTE)

- Optical (IEC 62056-21)
- RS-485

- G3-PLC (Optional)

- Zigbee (Optional)

Protocol - EDMI command line - EDMI command line - DLMS/COSEM

- MODBUS - DLMS & MODBUS
Standard I[EC 62053-22 I[EC 62053-22 - [EC62052-11, 62053-21
(Accuracy) (Class 0.5S) (Class 0.55) (Class 1),

- IEC 62053-23 (Class 2)

Backup Power

Lithium Battery

Lithium Battery

Lithium Battery

Dimension (mm)

260x173x93

262x175x95

216x146x80

Weight

2 kg

2 kg

1.4 kg
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31NA1509 2-3 LWIguigutayan1unailnveIfieg e inlinasNane

THa1uaa luszuudmiglniives nin. Tnefifinesuan fust EDMI u MK-6N [24] uag
MK-10E [25] anansaldiandsalnfinfiseduusadiu 220 V wag 33 kv Tuszuu 3 wla 19
naoulasnszualndn (Current Transformer: CT) wagntiouuasussnulnidi (Voltage
Transformer: VT) lunisansesunseuauazussdulndilimngausuidavesiimes Tuvausd
fimsnansiam PRECISE u 1-21BWEBAG [26] 1o ¥andssmilwiinluszuu 1 wia Aussduluiin
Uni 230 V uaznszualdlh 5 A (gegn 100 A) Taglaisinu CT wag VT Annadliiimindu
50 Hz Tuszuulviivesdsswelng aunsafimosnansdng EDMI @1u150Tanisilinesnisg
T lgunnni nan St PRECISE Tneiinnsifiwmesfimiloutufio kWh, W, Var, Vims, Irms,
PF wa¢ Frequency wsfmesTifiaTuie Varh, VAh wag phasor angles wana Nt @nsn
fimesiauuuy seuunmsieansiunderienieueniiu Interface RS-485 Fadmdunasn
nsdeansitugiuvesamsniimesdiulng duluslanea MODBUS dwiuilinosnansiasi
EDMI Ju MK-6N @i MK-10E lgeulusianaa MODBUS %38 DLMS wagilinasnansiud
PRECISE 14s1ulusinmaa DLMS/COSEM (EC 62056) vieii aunsailimasiauuuy ans
annsadednaaldogisdeiies uiinagiamgliiidu violilmddwihdeulsuiines
semsiduunneiriindiiien (Lithium Battery) \uuasrelviindrses faifu Jaduddayd
vildansnines uandrsanndinesuuvarunyuiildauludegiu Ae aruasnsaly
mMaidensetuiAIetionsdoas veamaluladnsdoassuuuusing 9 Alaamngandu
Snvaranmwindeudiiday

2.2 waluladindeviensdeasass

waluladnisdeansandn (LoRa) Wunszuaunisludunisnin (Physical
Layer) aaiwgn&y’ﬁamm@mamﬁamué’miwqué’muz:yﬂmvl,ﬂa %30 Long Range s‘z’iqgﬂﬁwm
TngUTe Semtech funasgiusesiumsTdaunarsgiuud e 920 fs 925 MHz
[19] dwdulsenalneg Faldsuoyaalildnuldmuussmdlusvianyunw [27] dnwas
Nzedas fe Tdn1suegiandisimatialiisuaiusaaiunasu (Chirp Spread Spectrum:
s9) Inelddyayaudsy (Chirp) Afiaudunsdl fanmdsenau 2-4 Tlunisifinaussous
nsSudaaa Wiaraaul (Sensitivity) #tu asasuanuduvesidedyaa 16
sefUAINIn -140 dBm Fsdieindnunn lefisudumaianisueganuuudy 9 1Wu 3nd
(Zigbee) wazlalyl (WiFi) Afidraulanisdudaausian ogisedu -100 dBm fis -110
dBm winiiu [28] uenanil Arwanunsailaaiduresaeinnuilisenis Ae anusniueg
wananedyaiinuiieatu indeutu denisivundnsndsuiiuanediulundas
yadyanal MnunAe$N13NIEANY (Spreading Factor: SF) Awans1aiy Feviliadedne
nsdeansaes1 annsnsesiugunsalldduaumn
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Bandwidth —|

—
T

A

IR

0 1 2 3 4 5 Frequency (kHz)
() Touunan () TR UIA WAL AN

o
Time (ms)

ANUTENOU 2-4 FeY1auTsUv U (Up-chirp)

ANUTENBU 2-4 UaRIFULUUYDd e 185UV TU (Up-chirp) Tunilegn

A o

Aau dyanandsy (Chirp) Wumdovesdnin Compressed High Intensity Radar Pulse %ﬂgﬂ

o

Tfuegraunsratgluszuusnd dnvuvosdyny1aidsu fe dyaaingiainunves

=

ARUNTY (Carrier) gniilviliiudy viseanasetvsaillos Asnndsenau 2-4 (n) uansdyayio
FsulumdugUleinfianudiiivduegaseiio ananudegn TWirnudasan deay
NI9LAUAINA (Bandwidth) ANl Asansluniwdsznau 2-4 ()

2.2.1 NsuaQLAnATYIMaT
nfildnanisdefvesdynuass wazdnwuziAuvunAaNITUOgIan
wuuidslasaaunny (Css) luwdenounii msfimesfidrAylunisivunguuy
N1suBQLEn bk LuuAIan (BW) unnmasn1snssany (SF) wavdnsiiswa (Code Rate:
CR) Tumsairsyndeya (Packet) m51fimes SF uansisduinvesdoyarevilsdydnual
(Bit per symbol) flf1szning 7 fis 12 vieumeda lunilsdydnvalansadaizosdndoya
vosdayaaudsu whiu 2% suuuuy éhEJLLuuﬁ%ﬁmﬁmaammiuamq}Lam fanmUseney 2-5

frequency

BW/2 - —

SF7 ” - 'l/

— time
- /
L /
-BW/2 -
TSymboI 2TSymboI
L A J
Y Y
symbol with SF bits modulated symbol
=> 25F bit pattern (cyclic shifted chirp!)

AWUTENBU 2-5 UHUAIN Spectrogram UBIN1TUORLARFAINABI
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NAINUTENBUY 2-5 UaAINISHRLARd Y INaes mewmatla CSS 31U
aednyyIudsU Aifiannuduwinfu (fviue SF wihiy) Tnefansansuntaveanudisud
YosudardyIadsy wdesuiiiiinnsidsuntasmnuduuulideides Fadumadely
nsusadeya (Encode) Woadadynoudfl MiSewiodunuunassuesaesiuiy [29)

ANLLSINSESE YR IaDTY %uaq'ﬁ’umiLU?{EJuLLanmm?{GuaaLwiazé’zgfmm
WsU gnivualagwnninesn1snseane (SF) wazmnunInaiuuninnvasdyaandsy (BwW)
asUldemnsng 2-4 vioanmsomenuduiudldnaunseeluil 20

25F
o= o (2-1)
1 BW
s = f = o (2-2)
R, = SF %(ij (23
2 4+CR
o Ts = Symbol Period (3u17)
Rs = Symbol Rate (symbols sio3u1)
Ry = Bit Rate (Un#93u¥, bps)
SF = Spreading Factor fiA1szning 7-12 (lifiniae)
BW = Bandwidth laun 125, 250 uay 500 kHz
CR = Code Rate flA15e%319 1 94 4
A1 2-4 9M5153 Bit Rate vaunaluladasdn AMuiuaInaung (2-3)
Code Rate | Bandwidth Bit Rate (kbps)
(CR) (kHz) SF7 SF8 SF9 SF10 SF11 SF12
1 125 5.469 3.125 1758 | 0977 | 0537 | 0.293
1 250 10.938 6.250 3516 | 1953 | 1.074 | 0.586
1 500 21.875 12.500 7031 | 3906 | 2148 | 1.172
2 125 4.557 2.604 1465 | 0814 | 0448 | 0.244
2 250 9.115 5.208 2930 | 1.628 | 0895 | 0.488
2 500 18.229 10417 | 5859 | 3255 | 1.790 | 0.977
3 125 3.906 2.232 1256 | 0.698 | 0384 | 0.209
3 250 7.813 4.464 2511 | 1395 | 0767 | 0.419
3 500 15.625 8.929 5022 | 2790 | 1535 | 0.837
4 125 3.418 1.953 1.099 | 0610 | 0336 | 0.183
4 250 6.836 3.906 2197 | 1221 | 0671 | 0.366
q 500 13.672 7.813 4395 | 2441 | 1343 | 0732
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% 3 a (% 1 d = 1 .
AN 2-4 UEAAIBRTILIIUAUBIFEYYNNADIN WIHUMBUTENING Spreadmg

Factor, Bandwidth way Code Rate a@ansaesureauduiuslasad 1) Spreading Factor
(SP) Wumsdwmesiidinuaainuduresdyiandsu win SF fiden dyqnandsuasd
Audug &l Time duration #1 $ns1590nTedid1ge Meamdszney 2-4; 2) Bandwidth
BW) Bumnsfmesiidmwanoauduresdyyiandsumuiu wn BW fAge deyeyrandsy
gilnudugs Snndadndediengs uaz 3) Code Rate (CR) wndiAnen Snsnusadnaziiang
INAIAIUIUAEUNTT (2-3)

2.2.2 MsANRQLaRFYYIMEaa3

n1sANaLandyayIMa13n (LoRa Demodulation) Taeddulugjuda avgn
nsvhfilarenadesiu niewnmad (Gateway) e?famsﬁmafg]Lamﬁmyzyﬂmsuaamﬂuia%aiﬁ
annsovildmdeusuluvany 9 gesmnud (Multi-Channels) ﬁammsa%’ué’@agmﬁgﬂdﬂm
Fremuiisaiuldvanedyann Tunanietu mndyaiuiy gnasunsieALnnines
A15n5918 (SF) Tlumnsnei vieil lﬁiﬂﬁzymuﬂmﬁgﬂﬁamﬁ?u awldvasdyynila vsegnueg
@audneaudle dyaafiniosiunsaduld svdedissiuanuduresdyyinilesu
(Received Signal Strength Indicator: RSSI) unnnanAtaanula (Sensitivity) maaqﬂmzﬁaasﬁ
wonand waluladnsearsasst awsoiunardsdyaaneldduniasuniu (Noise)
ﬁﬁmmvﬁmqﬂéf ot Snsdnuiduadedyaianasuieiduadedyaiusuniu (Signal
to Noise Ratio: SNR) Fedianduauls agrelsfiniu A1 Sensitivity waz SNR fikanads
mmmmmiumiﬁmaLamﬁzyiy,maai'wauﬂ‘%'m%'uﬁ?u %ﬁm%uasﬁmzﬁwmLu/\lﬂma%
nsnszae (SF) aguldmedeluil 20

#1979 2-5 wansA1alavesgunsn (Sensitivity) wazsedu SNR Fus
dmsunishuegiandyaynaes Fadosinneaesil gnAvuARESEAU Spreading Factor
Tng@l SF fifld1e Araallvesgunsal wag SNR Limit awilend @Enautios) Tumensadia
SF AifiAngs Amnulvesgunsal wag SNR Limit 9ziid1gs Anauunn) ondiegnaty iszdy
SF7 fieanailavesgunsal windu -125 dBm uag SNR Limit iy -7.5 dB Tuvaugdl SF12
fifnaulivesgunsal winiu -137 dBm uaz SNR Limit winfu 20 dB 1Jusiu

M3 2-5 AaahiveaaIesiulag SNR Tumdmsumsfvegiandyayinaes

Spreading Factor (SF) | Receiver Sensitivity (dBm) | SNR Limit (dB)
7 -125 -7.5
8 -127 -10
9 -130 -12.5
10 -132 -15
11 -135 -17.5
12 -137 -20
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[] Server

A Gateway

O Node

Mesh Star Star of Star

AMUTENBU 2-6 WIsuBUANBazUdnlnladhuunig 9

2.2.3 a@adnenssuaasiuiu
d01Umnenssuans1lIu (Long Rang Wide Area Network: LoRaWAN) #®
sUnuulnsinasanluAun1sidfedianans (Media Access Control: MAC) 7iiesleataya
NnedRudyInIngiteganuuuas dudidinetiedumesiidn kiugunsaliass
& = = ' ! < =i = '
nang dnuuginlnladvesniatisasswiu Wuluuanveigesn (Star of Star) gaLau
Ao NMIUIMTIANITTeya wagnsesnuuussuulidudeuwinininladuuuntiy (Mesh) uag
faanunsavengiunvennsatlvinsauaguuIMNIIg (Wide Area Network: WAN) A38n13

I
a o 1

ANAIADILNALIY WLFENTUAIWALLEIE 9 AINIMUIZNOU 2-6 UINTFIUATOVIBABIIHIU &

nAuNUsing LoRa Alliance MiAnaNNsTINimiiuvedsAnstulinunsieasiilan asey
TULAFY kaMVUATULUUNINTEIY veamalulaginseYien1sdeasaaskau [30]
NnmUsENeY 2-6 uanssuuuulninlaguuunivig (Mesh), wuuand (Star)

Lazuuuafivereeen (Star of Star) Inefilnlnladuuunanes Wulassrensdeansiluug
(Node) @unsadeansiutesld weaursadadesuudeisldlaenss SULUULHUNI9N589
Yoyatimnududou uithadosnmgs luvailvinladuuunn vionnilversesn dududes
ﬁquéﬂaWQﬂWiamﬁaﬁaaﬂi Wy wdene nienang Tunssudunisnisieanslusdas
Runds @19150U3M159nn5dun1annsasansiédne lidudeu aru1savensfiui
nsliUsns shennsinaanandialuiumisidesns wu wieteassiwau udu

D]

=
Application Server

I IP P I
(— — — R . — — —

LoRa Gateway Network LoRa Gateway

Server
LoRa RF
= =
= = J = |
End Device#1 End Device#2 End Device#3

awdsenau 2-7 anndnenssuaeswiudlisyssendldanuiuamnindnes

LoRa RF
\

|
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lassas1wesantnenssuassiiiug Usenousie 4 @3y Llawn End Device,
Gateway, Network Server wag Application Server anunsauszendldaulavainiaie iy
sruuATevIeTUesliaty gunsaileledl ssuuudnfounsellnssiady wasiA3evienis
doansvosanniniwed fanmdsenou 2-7 Wudu Seusazdiuveansiwiu fsvavidondil

n. End Device
End Device %30 gnine Ae gunsaldsdoyaveawuiees viesumdaainu
118 tensiinfedoyanionisauaugunsal dmiugnitevesasiuau wseenidu 3 eana
o aana A lasunfgunsaiznduiiousendandanu uazasiutuanis
nouiifeanisdstoyandu (Up Link) museunaiitmualuadoniaa,
wINABIN1TTUTayar1as (Down Link) 31nuaidne ausaitlalanie
afemnaidasuwintu aaalldl Latency gean
* Aana B gnifauiiainaineana A lnefinisudes Beacon Frame Lile
sefunmsdedeyarnawnuadenafifmualivusensng
* aana C gunsalaziunaenan tesedeyavasannuiisediedeiies
fatfu gunsaiaana C 39dl Latency g widhsnslindanugeiian
dlaimnzAumsldausuiuuunned

9. Gateway

AN (Gateway) Ao fnansnsidlesseseninsgunsaigndeiuuitng Tng
MsfAndudIu Preamble YosdaynyIuann Agndannainusazgning wiadsdoyadeyaly
Uszananauuwidie iedsnnes kudumedidnluslnaoa (P) il o1afiinanduinnis
nilaf Anmaduyadoyalientu et n1sAnkenyAtaLa Ivedunalnn1studuiiny
(Activation) UuszULYRAESHNEF flaznanluhdedaly

A. Network Server
Network Server w3 wiit1e fe guUnsaivielusunsunesfinnefdeinay
Trusmisluszuuiadedisasiwiu Tnensiyadeyaaininanduiuszalana 151910
P3I9EUNNTTUTE 130 Authenticate yndoyasmenua (Key) muitldameifouliudly
szuu Tagagilanzusidefiisitesvinidu favannsonensviagndeyald dwmivunsgiu
a3 uIUMnUAIBNsEuS R (Activation) wteanilu 2 guuuy laun
* Activation By Personalization (ABP) A n1sasnziiau Key qUﬂ’ianﬂ
Prelilussvureausidiedausiuan fensldnyuaiiunnaiaiu Tuusay
qﬂﬂiﬁﬁ lawn Device EUI, Device Address, Network Session Key whag
Application Session Key "“;%miﬁw&JaﬂﬁgﬂﬂwﬁaamLﬂau"lf?l,l,é’a \
Nuasevelaviui
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* Over The Air Activation (OTAA) 38131l (Fuaingninsdanaua Téun
Device EUI, Application EUI, Application KEY @sgnilslinnglu Tulviul
F18n52980Un13EUSURIAY 9Nt WYY ILAINAUNYUARANG
HuReafuis ABP Wileayywlgnadiety Whanldeuadereld 354
Aziimsmigian Delay) lugrausnvesnstududinudnioy uawani
FheeuBaviguiisnnninuuy ABP

3. Application Server
Application Server %50 woUnaAWATY Ao druveinslduseleviainteyadn
199Ny WY SEUUTIEUNE 3Bkanmatayaniens vl ssuugIudeya nsuEue

w30 Nsenudayaludueundinduvesauninlnu usu

AT 2-6 WNUNITIANITVOIEYQYI10VB9LAT1E The Things Network

AU °le]\1 uﬁUEU']ﬂJ ﬂ'nlla Uplink ponniink
- Y | (MH2) RX1 RX2
AS920-923 1 923.2 | SFTBW125 to SF12BW125 | SF7TBW125 to SF12Bw125 |SF10BW125
2 923.4 | SFTBW125 to SF12BW125 | SFTBW125 to SF12BW125
3 922.2 | SFTBW125 to SF12BW125 | SFTBW125 to SF12BW125
4 922.4 | SFTBW125 to SF12BW125 | SFTBW125 to SF12BW125
5 922.6 | SFTBW125 to SF12BW125 | SFTBW125 to SF12BW125
6 922.8 | SFTBW125 to SF12BW125 | SFTBW125 to SF12BW125
7 923.0 | SFTBW125 to SF12BW125 | SFTBW125 to SF12BW125
8 922.0 | SFTBW125 to SF12BW125 | SFTBW125 to SF12BW125
AS923-925 1 923.2 | SFTBW125 to SF12BW125 | SF7TBW125 to SF12Bw125 |°F10BWI125
2 923.4 | SFTBW125 to SF12BW125 | SFTBW125 to SF12BW125
3 923.6 | SFTBW125 to SF12BW125 | SFTBW125 to SF12BW125
4 923.8 | SFTBW125 to SF12BW125 | SFTBW125 to SF12BW125
5 924.0 | SFTBW125 to SF12BW125 | SFTBW125 to SF12BW125
6 924.2 | SFTBW125 to SF12BW125 | SFTBW125 to SF12BW125
7 924.4 | SFTBW125 to SF12BW125 | SFTBW125 to SF12BW125
8 924.6 | SFTBW125 to SF12BW125 | SFTBW125 to SF12BW125
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2.2.4 Horwuadiunsldanugiuainuiivesaaiiuy

mMsimungiunudldunuminsgiuasswa gnesnuuuliviauuy
g11A213E 7138031 ISM Band (Industrial Sciences Medicine) #3aguaiuasiuanssay
dvdugnanmnssa Inermans wagnsunnd iensdnwn fimun waznidesnumalulad
nsaeanswuulianelaganiy Wy §1uaud 920-925 MHz, 2.4 GHz, 5 GHz Judu Fagu
audmdnil anunsaldauldlaglddeaiilueygyin (Unlicensed band) arudsenie
51991 UNY LAgAMENTINNITAINIINTEABELS An1sinsiiad uazAanisinsauunay
wiwd (nave.) Tuusemalveiaietisassiuiu Weulduugiuainud 920-925 MHz [27]
IRTINAATFILABIINIL AS923 MHZ [19] TlHluvAvierTey TiuAuszima uglu, fuyen,
ulaii@e, G, a1, Gealus, Foauw uarlne Budu Seanasgrudand il iUaloneli
THu3nsie3otne (Network Server) anunsasvundesdayeyiod (Channel) fedrunudum
16 Yosdyqunos Tugaaud 920 89 925 MHz fiwuusiavivindu 125 kHz faiegislunisn
2-6 a4 Frequency Plans Y09 luIN151A30%18 The Things Network (TTN) [31] Faudu

iwetieansiay M wudldiugeinlan uazilefinrsandesdaaa 16 dos saufuumin
WosNNINTEANE (SF) Tewdna 7 fis 12 azsilviaussnuzvesadesdianst annsadeyndoya
Tugunaadideasuld uanda 96 ia3esds noufuluranierdu (Simultaneously)
ULY9ALA 920-925 MHz

2.3 ngufarganalulasansy

a8 (Antenna) fe guasalilddmiunsunInszanefidsuesnay
wimdnlyifiheenlugennia (Transmitting Antenna) Tumisnduiu angenmmimiisuady
widnlihanneinia wazwlaanduiduriudyaalnii (Receiving Antenna) Tnevialy
nsvhauTesapINIATAe Mg eastiusEAnB o iiontu waruuusUn gy
(Radiation Pattern) laiiUdsuudasldanitldeanuuuly uenaind Fasnuiinisienuves
awema azgnesnuuulmiaulduutasmnuiieme liaansalinuameemasuiuld
MuANNTIIALA NseenLULLazNsidenlFuasenmATianzay Feilanuddny sio
UszAnBn1muesszuunsaeaslagn gy nanNTILLAZNITUNINTTINEAALYEY
aueInIFaENsAnYIlean [32]

arw1nialulasan3y (Microstrip Antenna) Wuanseiniafitnidediu
awenadeudn uaziauUszansamligedy esnn anusnoonuuulwldauls
nareg1uAud Uszgndldauldnainnaisszuu AvualuugunsuRngdeany uaz
AudNwaIEATe 9 vesansoIndld uonani lassadaeeinia Tuuadnneindn uuusu
aunsawuuRniugunsaldine q Ia uazlisnaign asuladelagldianuruisasiiun (PCB)
oglsAf Terdsvesasemelilasaniy Ao Ussaniamlagsiuvesaeoiniasi fuay
N aauivIeRuuAaviTiuAY LLazlm'mmﬁawum’aﬁﬁé’qmumaqé’mmmﬁqammlﬁ dlewiey
fuansenayilndu fadrsanlanesiah
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Ineninusil satfunseenuuuagonAiifiaamLzaniunsldnuais
vuaniaiined Tneidoneenuuuaisoimalulasaniuunadsudivaey famnsaiaiuuy
g1unf 920-925 MHz IfegsiiusyanSam wazliimnsvesdnduiiosfiamauien iilo
AulsrAnsninvesszuuieans wazdisansziunssuniuaniienisduiiligeanis vl
lun1sesnuuuatgeIniafinabilszaunadnia dSndudesd@nwivguiuazndnnig
fAgatesiuarsemalulasanid sanfisisnisoonuuy uaznisnmainandnugiiddny
vosawema Feldesueliluiideses fuiolud

2.3.1 Tassadevesargainmidlulasansy
arwenialulasansuunndgudimaey (Rectangular Microstrip Patch
Antenna) fio nilalugusiaiiugiuvesatgeinialulasansy uwansdanindsenay 2-8

lassas1slsznauiie 4 asrusznau laun 1) Tassadrsudusihauiaidn Fenin wnwad
(Patch) vihwthiiurnszarewdsnusenlgoinia lagilussdsusradudivasuyuain
sUrenau iegunsasvIade; 2) %’u?ﬁ@gmim (Substrate) Jutuvesansladidnmsn
TS US LI SRR AL LLAZEUENS: 3) 52UTUNT18 (Ground Plane) Wiuduves
LLsiué]’aﬁﬂﬁagiﬁﬂuéwqqm Tneiluluszuvresitiuuusiuuiy way 4) dudoudyain
(Feed Line) ¥iwmthaidounaudgyarand luludiuuindasny (wnnd) wazdagnldly
N3AIVANDUALAUGYRIEERINA dmsuiinstloudyanadiie wanduiteud 2 33 1oun
nstlousheansUaeidauana (Microstrip Line Feed) flnuidseiidentd waznsioudie

InsuwnusIU (Coaxial Probe Feed)
Patch

=/

\Ground plane
AmUsEnau 2-8 lassainsvesanganmalulasansuunadsuamasy

Feed line

Substrate
\

Reulvvesnisesnuuulassaiageinialulasansy gnunauslu [32]
95U18791 AuRUILBNAt () desdianuuisnn taear t<<A, (4 As anueeduly

¥839198a58), ANGIweItuiangIuses (h) Inenalueglugas 0.003 4, < h < 0.054,,
srezanewned (L) deneglutiedy/3 < L < Ay/2 wazaiasiiladiannsnvesian
5115849 (&) msiAegszning 22 < & < 12 ieUseansnmiiavesaigeinia wenanil

AIUNINVBINAT (W) hazaugavesduiangiuses (h) dnalnenswioAduiiuaud
AENYALY (Characteristic Impedance) vesaga1n1elilasansy
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dmutangiuses (Substrate) Aldnuiuegiliiiegrarsuin nuautfves
Fangusesdidesfiansan loun 1) Arasialadidnsinduing (Relative Dielectric Constant:
&) %wwaﬂmﬂmauum naduansladidnmsniilodloutudesinedasy (Free Space) Anil
ok qNaimauwmuszjﬂmaﬂwmummimaauwaﬂﬂ 2) AUNUAUANTTYLEE (Loss Tangent)
fio Afivavenitansladidnedn mmsqmaaLuaamﬂﬂﬁmﬂiuuamnuaaLwaﬂm Beflentoy
54f; 3) ArAIFIve9n158A1USeU (Thermal Conductivity) wansfisaaruaiuisaluy
msixmamwaﬁammmﬂaﬁLé‘ﬂ@%ﬂ ﬁwﬁ?jqqqﬁﬁqﬁ; 4) ANANVIUITUVRIRT Unasonisly
wialulaguuuilduuilunisadisunadimiiuuiangiuses wasiinansenusensaamIuyes
aauvulilasansvuned wag 5) anuaunsalunisnuiowssduli (Dielectric Strength)
vavanfeauanunsalunisiuidsnuadu Beagedannsanuidenuldd fedy
Tunmseenuuuagemalulasaniy anuwsiugvesdinaiiladidnainvesiangiuses 1iu
Padeiddny wadumsniiweswdnfifnadensiiuniavesndudyain, anudislowuud
LAEAMAN BTN TUHNEINUYBIEBINA

2.3.2 mseanuuuagamalulasaniy
Inednusi §Afeidenseniuvaisonialilasaniy slauwndsudivaen
(Rectangular Microstrip Patch Antenna) fitleudaanasisansvasidyain dawanddy
amUsEneu 2-8 1ilesa1n awerniaviing flassareiifusunsnsvinde Feirose

N1300NLUY kaZNITATNAULUVAIEDINIADIY ANANNITUALNOBN1T00NLUUIBITY kag
L dudenaglnsiadivaseanie wioldmadaidudoulunsdoudymin
n1seenLuUatreInIAlulATanTU LagnN1505UNENANNITNNIU @319
odureldannuatenqul winguiesursnisvinuliedning uagdemiaunlyly
nseenuuuase1nalulasansy Ao wuusasivesansas (Transmission Line Model) @4
AU AB @1U5005UIENITINWTINIEnnladilade wallyaney ﬁa 8INABN1TESUNY
113 Coupling tag mmmmaqLmumawuaamwmiammmquwgau 9 LU WUUT18D9
w84 Cavity WIoluUTIa9s Full- Wave 98191377 wuuraesisaesl fnududounituin
deleufuuuusassesaeds sofu Tuenuddeid denldiuwuudiasswosasds lunns
asdunuuaeonidlilnsanivunadsudvan eduiglddaidedosdeluil

AmUsEnau 2-9 awdlniuavauuusiwanuululasansuaneds



30

2.3.2.1 auaudfvaspduuuagaInalulasansy
PNAINUTZNOU 2-9 hansasrusenauvasaunudlnidn (E) wavauiuwiivan

(H) Fainainnisindeuiivesndudygia Ateulinvdiuveddulasansvaisds Insauiumns
A998 ANI9AINVING NURANIINISLAADUNVDIAAY FIAaranULAum TEM (Transverse
ElectroMagnetic) usiaghiildlvian TEM agnvauysal Ja3endnuazaing1iin nuans TEM
= . A a ' ° Y A & = ! )
30 Quasi-TEM L8431 UShnseenavetaInia sxviviniiduauiulni feegwmiledu
vaslulasansuaneds vl @unssvasauulwinazaunundivgn avegneldauiuliihves
INALNBUNINUA LLmzﬁmaﬁauﬁaguiﬂmiuau'swuaa%’ui’aﬂgmiaq danalyiainuisa
(Phase Velocity: Vp) vasnduilegluauiuvesiangiuses feAtesninanusieaulusinia
#1914 mmL%faw\laﬁas;uJU'%Lamﬁamaqamulw%ﬁummﬁ ﬁalaiu‘f]ulﬂmmmmaﬂwm TEM
A o PR a a ] &

Aaud TulAdounuuatgenalulasansy Wunau1anesRlTznauves
aunylninazauiuwiivan ddnvasdulvun Quasi-TEM aelddeulvvasauiulniives
FulangIusesnogaiualsansy aedesdaiuuie (h<< ) ANUTOUIAIAULS N E,

& | a | P ¥ | &
ANMUYNMIARY, ATASTINITENTNTEANEAAL kazANeIbiin TRannauniseslull [32]

v, =2t (2-4)
IB greff
2w

ﬂ = Z = kO & reff (2-5)

A

/19 = (2-6)
\ greff

0=p 2-7)
2w

k = — 2-

0 ) (2-8)

Vo = anudauna (wnsaeiund)
< a a I a =
@ = ANUTUTWY (TRgURIUN)
B = AIAININITUNINIZAEAAUY (1SLABURABLLAT)
¢ = anuSuas dawiiu 3x10° wnsaedIund
Ay = eanwemmduluageIna (Guided Wavelength) (1m9)

= AnugIeduluteIIngdasy (Wns)

ko = w@uPdu (Wave Number) #i38LiAmasininsealsnay
@ = arueniniln (Electrical Length) (9461)
L = anugidsnsuaiul uns)

Et = AAlABaNASNENTmSUsyansua (lidfimine)
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4 Ereff
t [ ]
T l-—»IW h

ANUsENaU 2-10 N1sHasaunArsnladianssnduimsuszansua

AR ladlanasndumsUsyansna (Effective Dielectric Constant: &y )
& a sa o o v ¢ - v ]
Jumsdwesndifgy lunisldiasevauulnituazauiuudvian Auandeiuseninges
fnans Ingfiansaniaiiowdn dhvselilasansuiu sgnieliaailadidneasndeaiu Tny
a o ' a (v ' a [ = v a & a
Muakazdunisvedlulasansudinannfy deunindseney 2-10 Jadrasialadiannin
duimsUseansnatl IAdusgiuanuvunvestiuiangiuses (h) waganuninewedansusiii
Tiauuu (W) Tasmnluudauaves W azdaiminnan h aan g (W>> h) dunseluiiagiu

Ivig) AvagseninausnauauaniumtiussuIunsin dwalien &4 TAnilng & ves

(%
[y v A

angIuIed Feaunsarwalanat [32]

-1/2
&+l &l o0 W (2-9)
2 2 W h

greff

do &y = mnwladidnesnduinduszdnina (Liflwie)
Arsladidnasnduivsvesiangiuses (Wifiviie)
W = anuniiswesansudii (uns)
AIUMNVDITANFIUTOS (IRT)

=
1l

2.3.2.2 ansuaneddyernd (Microstrip Line Feed)
nstoudyarumeansvaisindyyiu dsnmusenau 2-11 Ao @1UTe9
NsUMFYYIUANLAAIN TR LﬁﬁauﬁLﬁé’hfgjﬁauuwﬁmm’lm‘ﬁmmmammm Faduunad
Faflvunlnginin miaaﬂLLUUﬁ"ameam%Umsﬁﬂﬁﬁymwmﬁ ANNITOMAUAAT DUNULAUD
AuANYE (Zo) vosarsindyaia lharnvuinanuniieansy (Wo) Armsdaladiann3n
FUNNSUTEANTING (£ ) UAZAUNUIVOLITANFIUTBY () FaazldFuruaueivesansy

anethdya (Lo) Tneviald Wo aziianunnni h demannuduiuslanaunisseliil [32]

nnUsznau 2-11 lassasnansdatsideyaiu
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Z
Z, = - f  Wo g (2-10)

] Evett on +1.393+0.667 In[vzo +1.444ﬂ

d' a = ¢ o a o o ¢
L® Zo = DUNLAUBAMANBUETBIEAITUUEYE (lovia)

Zi = duiuaudvesesindasy dawvidu  [£e u3e 376.8 Toviu
&y

Er = MAladidnasnduimsuseansua (laiflmiae)

& = mnsladianasnduinsvesiangiuses (lifivuoe)

ES
Il

AMNNTNTRIANSULNFYE U (lun3)

h = AnuvuIvesdangIuses (uns)

{i Patch W

ANUTENDU 2-12 TASIAS1INATAIwazLaULsI WA AvaU

2.3.23 unwadsudmasu (Rectangular Patch)
N1590NKUUAINTDILNATAIINFUAMALN AsnmUseneu 2-12 un

Iassasnemasunndusznouluaie Anuning (W) wagainueivesunad (L) ag1alsiniy
lesan HaYRIUIINYNISAlEUINNIUTIN (Fringing Effect) el (E) ihumasening
unpdithuazssuund dhuansladinainvesdutaggiuses Meduusslnihisnuoe
1AY Ladiouinanuevesunagn1siniy SuuialugninnueunagnianienIw 15en
AUE1UE AN (Lett) TIHAA195EMT19AUE1IUTZANSHE AUAIINEIINIINIEAIN
fidwihfuaeariwes AL Fsanunsaduiallddaunisd [32]

(6. +0'3)(Vr\1/ +O.264)

AL =0.412-h- (2-11)

(& —0.258)[V:+O.8)
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AN013071AN81IUTEANTNE (Leff ) AINUBIININTY (L) BAZAIAIINNTI
Yosunatzuamaey (W) laananuduiusvesaunisil [32]

C
= — (2-12)
Leff 2fr greff
L= Leff —2AL (2-13)
C
W = T a1 (2-14)
2t & +
2
il AL = s288905@uunsudnusuYavatgaInid (uns)

Let = AUENMUTZANDNE (LWUHS)
L = anugminassiiul (uns)

>
Il

AIUMNVDITANFIUTOS (IR5)
W = AuMIva9nes (wns)
<@ a1 8 I a =1
c = ANuUsLasien 3x108 (WasHeIu)
fr = AMUDLSIIWUUD YSANUDNANVBIA18DINA (BIHD)

a

Eer = MAladidnasnduimsuszansua (laiflmiae)

2.3.2.4 53U (Ground Plane)
Tnsitugruudnmsliuuuaesesasds (Transmission Line Model) a¢#
ogneldteulvrunnvessyuunsndifuetiud egrslsAna TumsujiRamisaesnuuy
szuunIMRisivungdfale %qmuﬂmﬂ’gﬂmﬂ”mﬁumizmumnﬁ‘a&mﬁaﬂﬁqm flosduun
Wgawod11suTossuauIuWIuden (Fringing Effect) fiusnamewenpdsnT @ ady
Fanmusznau 2-12 wie envldnsiiansanainuuiavesauenaady lunsussannauin

YDITLUIUNTNG Aaaun1sealud [33]

A

w, > 2(—9) W (2-15)
4
/19

Lg > 2 T +L (2'16)

= AUNINNVDITEUIUNTIIN (WIRT)

Wy
Lg = ANEIUBITTUIUNTIIN (1LAST)
W = AUnIN9Uadwney (Lns)

L

= ANNEIUNATAND (Wng)
Ay = evwemmduluaieeIne (wns)
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Gl 82:: G2

’_> B

Zin

Ye

O

ANUsENOU 2-13 193sauyavedlasiasunadsuamaey

23.25 Bufiuaudiudi wazreasauyavasuwadzuRvaey
1NN NITIATIERVDIUVUIIADIAEAT DFUIINERANTIUNITUHNA I
v83904.Un (Radiating Slot) ﬁmauﬁ”’aaaﬁwmaLmesﬁgﬂﬁmgw (Slot1 wae Slot2) MeIeas
auyafenINUsENoU 2-13 Feuantasdusznovvesdendadl 1 froA1ad1uliin

(Conductance) G1 wazAdusnAnganwnug Br ludiuvesoutai 2 Usenaumenn G
way By lwudeniutaulad 1 hazaiunsamAwaniawaus (Admittance: Y) U84A1A10LN
Panunn1elul9es nuasIuveeaIAnu Nl LazA B uR NANGaLWLAUD F9TU NI
1 a a & v v G4 Ql' d' o 1 [
A1BuNkAUBA1ULUT (Input Impedance) vasunadsUAMALY (Zin) vilalagmidiunduves
ALOATIALAUTAINGTD NAMUFUNUSTIMUAT Wewduaunisadinmanseasalull [32]

Y, =G, + B (2-17)
G, = _|1- L ny SLLI (2-18)
1204, 24 4, 10
W h 1
B, = —[1-0.636In(k,h —_—<— 2-1
il 120/10[ ( 0 )] /10 10 (2-19)
Y, =Y, (2-20)
G, =G, (2-21)
B, =B, (2-22)
e Yi = Auesdauaudvesteadad i @wud)
G = aenuhlnivesendedt i @wud)
Bi = edusniindamnunuivesesdai i @wud)

W = AIUNTNT03NAT (1A3)
h = AnuvuvesdangIuses (uns)
A = anusmedulutesinedass (ues)

ko = w@uPaUu %138 Wave Number (laifivivae)
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N153LATITNIRTAUYAVDINATTURMABY NA1TNAIWUINIE 91N

PIONAIUTDWUAN 1 N15MIADURALAUTA1ULTT YINlAlasASnshUad (Transformation)

Aaniinunudrastanlnd 2 W linksweulnd 1 emALeANALALGTINYDIINRTALLA
(Yin) Miluslonundivseninvaeseatn wdedundu dsaunsselul [32]

<t I
I} Il

0o
N
1

[\
|

2.

~

Y,=G,+jB, =G, - jB, (2-23)
Y, =Y, +Y, = 2G, (2-24)
1 1
Z,=R,=—=— i
in in Yin 2Gl (2 25)

ALALIALAUTURIBUNGA (FLud)
AduLAuguesduny (Lavi)

NANTTWUAIALDANALAUGURITDNUAT 2 (Traud)
nan1shkuasAAutn i vewewtef 2 @wud)

NANSURIANBUANANTA LD WLAUTVDITDRUAN 2 (Buud)

[ a

3.2.6 ms{]auamm'}mm‘uamsﬁﬂ (Inset Feed)

v v

PNNNUTENBU 2-14 wanan1s1imes yo Fadusseznsdudn (nset) 3o

a o o Ao £ £% f§ew o = a s & a
38EJ%“UEJ\‘]E‘WI?IJ?{’]SUWEQQWNWWWL“ZJ’IVLUWIUIUGUENLLWWUG]'JUW PITLYLNTOUTAU LUUNAUA

TunsUSuduw

Augaut1vesnedialn mingauiuduivnudaudnyusvesansUany

Undgeyal 158077 NTUUATBNNLAUG (Impedance Matching) Tun193dull AuunA1InIT

wuadBuLaug 50 leviu Jeaenanediuduiiuaudaiueen (Output Impedance) vaslung

A1589a158891
ANdUNT (2-25

[34] N1sAUINTEEEdUER T9n1TIUS U UABUALAUT AU UDILNAT
) 1uAduiuaudnssey y-0 Tuvueh sverdudnmuunil y=yo Ao funis

PEBUAWAUTAULDN WU 50 109U Waf aunsarienuduRusiassaun1saalull [32]

Rin(y:yo)

R

Vo= (18LO°) cos™ (2-26)

in(y=0)

A a aa ¢ a & ¢
e Rigeyy = Dunsd@aunudiszeznsdudn (leviu)
Ry = dunnigauaudiiveududinvesunnddni (levi)
Yo = Seerasoulds (wms)
L = au8198aunadsiitl (uns)

cosz(%- yoj = fmhedwsiieu (degrees = radians x 180°/ 77)
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| L |
LYo,
S— i
W

amUszneu 2-14 lassasisunadguamaeuninisteudygiauwuududs

2.3.3 W1sdmesa1eannd
Wdiwesatgeona gnlveSuruamudnunese q vesageinidlulasansy
wealdlunsnsiaTnUsyans TS 0aLI UL YD $ENEDNA W ArduUSEANS SaE o,
991818, ANINLRIZIIAANIG, LUUTUNITURNA 91U Wudu luhided azveesune
wmsdmesifiauddy wardndudenisadrefunuvaiseinia saudinsianaasy
Uszansnmwesansenmalulasansuiidesnsinaue fseazBonduindedosselud

2.3.3.1 duiuaugA1ud (Input Impedance)
INAMNUTENBU 2-15 WARIDIAUTENDUVDINITAINIAIIUIINLATOIET HOUY

anethdy e waglugaeeinie lugluuurenisasauyaunitu lne duikaudanudi (Zin)
S8 A a A ¢ = I3 Y

N7 a-b MIVVUNLAUTVDIA18DINA (Za) UBIAUTZNBUAIENNTT [32]

Z.=7,= R, +jX, (2-27)

n

Wa  Zin, Za = A1duiikaudvasanga1niafiva a-b Qoviv)

Ra = AIAMUAIUNIUYD9E181AN a-b (Taviy)
Xa = ANSLOAWAUGUDIA18INANTL a-b (adi)
Pgen —>i I:)inc —>i R i
! ! L
[ 1 O—AM i
i @ P ' ¥ i Prad
! ref «— €cd ! /\/1
et i P A A N eri i
i ‘\ / \\ / \\ / \\ : ! Ry
v / / / ' i
VQ@ : \\ ! \\ ! \\ / \\ /}i :
Y R Ve ;
i Standing wave i i
Source W Transmission line bw Antenna
Grealized GIEEE D

AMWUsENaU 2-15 19asauyanItiuvesaTosaedyn o
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A1AINAIUNIUTDIAIEDINTA (Ra) UsznaudioansasAdsznou laun
1) ANAFILNILTBINTUNINTEINEAAUTEIEBRINA (Re) war 2) AANFumuiitAnan
msgaydvvesianildvinansennia (RD Gsnnudunu Ry Usuenfsaussausvesangeine
Baflrnaen Tneastuegfugusne aunm uaswiavesanseinia uilifusuauandivestan
fliviagoinia deiu hdsnuiianason Rr asgrldlumsundnszareniuimun luvasi
Aeugunu Ry galfifusiunusesmsgaydeluguvesanudeu Misuuaiseinia wio
msgaysdearnanuduaniu Dielectric) wiaAududini (Conducting) agudaunis [32]

R, = R +R, (2-28)

e Rr = AIANAUNILYBINMIUNSNSEANgAauvetaseInia (lovi)
RL = d1mnusmunmuiiinannisgadevesianildviaieeinia (laviy)

2.3.3.2 duuseansnisagiieu (Reflection Coefficient)
INAMNUTENDU 2-15 hEAINITAINIAINIUINBLAAINLAT U NIUdNY

g7

o o

indgia WWiduandaduargennia Inepdudygyiauainunasiia (Incident Wave)

o

a

Wwunelugaangenia (Transmitted Wave) wivediuaggnagvisunaduidnluluumasinie
#uns (Reflected Wave) 3an1sazsiounduil 1inTufisessoseninsagoiniduazansi
Fuau lesannisluwundiuvedufiveud (Mismatch) FENINBUNUAUD AN UL VDS
anethdan (Zo) fudufiunudvesatseinia (Za) ansnsadenuaduuszaninisasviou
(Reflection Coefficient: ') aunaulasaaunis [32]

Vo _Zi-4 (2-29)
VO+ Z,+27Z,
il [ = duusednsnmsazviou (liivihe)

Vo = ussiulniihvesnduaziiou (aad)

Vo' = ussdulnihuesnduivianszvu (lad)

Zn = Bufiupudiidivdvesansenia wse Za(evi)
Zo = enduiiuaudAuanysvesaetdygyn (any)

V> & QN>
S Si2
Zq
Z
Vy
Sn S» o
“W b, <“V\~

AMUTENBU 2-16 MITMBINITNTEINNTENLVRIRUNTAILATINY 2 Wasn
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Tun1euiR dudsednsnisazvieu (IN) awnsansindalamenisldieiesile
WATIZALATIUNY (Network Analyzer) TaAdaUNITITRDIN1TNTLINNTLAIY S11 WARAIAT
AMNUTENBU 2-16 1o St AB 9RTIEIUTENINUTINUVRIARUNAE NOUDDANIAINNDSA 1

= o o 4 A 1Y s v & a o ¢ a
Wisuduwssduvesaauitsdeudnluluneds 1 dsdu ninduiinauduesaigeinie i
AnMzuNatAUBLRLA UV IEABUNdYY M LIPUTdZTIOUDDNLNAINNESH 1 92NN

v A v A a ! a = a1 o ! a
wsseuAdeutnluiaue WeoRansan Su lunihewndiua (dB) JsiAninan 1 (Raav) wwe
NNENNTT (2-29) dunaladn lunstinsuundBufiuaudauysel mBuiuaud
sgINasindyyiauazaioinialayingu dudsednsnisazviou (I, Su) azwindu 0
Tured NsuuatBuiuaudNuefgn dudseananmsasiowaslianvinnu -1 vise 1 Jauanads
AMUALNUSYDIABURLAUTA1EDINA Tn158Aa995 (Za=0) #381UA293T (Za=0) MINEIGU

2.33.3 msgeyidedoundu (Return Loss)

n13gedsdounau (Return Loss: RL) gnilenunie uInvesdulsEAnd
nsavvieu Afasanlundisadiva lnefindemuiensetudiy daufu dr RL a1wnseld
“U'ﬂ‘uaﬂﬁﬂmiqzyl,ﬁaﬁwé’amusumﬂﬁuﬁ@@wm dlosnmsagiiounduvesrduduaio U
508/ NINABUNFYYIUAUAIBDINA Imamiqagtﬁaé’fauﬂé’uﬁ edifnudsuntadluny
NANISABUALDIRBAINARIT 9 vasdnyay o Jeanunsaldnisfiwesd Vsuendeasaanud
V3oUULAIRY (Bandwidth) Mldauldvesangernie Wefiarsandinisgydedounduves
oAl asilan RL gand1 10 dB (Su fesndn -10 dB) dwaildanaunisi [32)

RL (dB) = —10log|S,,

|2

— ~10logT|’ (2-30)

Lﬁa RL
I',Su

NsgayideLliesannmsdoundu (Adiua)

a

AnduUsyansnisazviau (liflvdle)

2.3.3.4 3ns1d2UAAULY (Standing Wave Ratio)
NTAETOUTDIAAY NT8RDTERINEwIdyaAUatgeInIA VinlAAe

[

AMSNYALYBIBN TN IUATUTIVBILTIAU (Voltage Standing Wave Ratio: VSWR) &aaaud
ndslyanundsinda tinn1ssiududuadunasounduun dwalvniuiedluangidl

[

)
. = IQI o 1 dl dl 4 L L 1
doyaanaiousgfuaraduma Liwdeunludilvan dwansnndseneu 2-15 lun1sin
VSWR #3150011091n 80518712091 0unEAgeanva9nauil Aukaundgnignvesnauis

Y Y

PI9ANNULANNANUFUNUSVRIAAUUSEANSNNTALTIoU duSuATeausUlaveIons1dIU
ARUTY ASHANIRENIUTONAY 2 Aunlassannis [32]

VSWR = Vo _ 110 (2-31)
Vv 1-r

min
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e VSWR = snsidrunduisvosusssiu (laifinine)
Ir| munmmaqmé’uﬂswﬁwéﬂ15auﬁau (lalfinnhae)
Vimax = LLauwawmamamaum (lae)
Viin = LLauwaﬁmmamamaum (laas)

2.3.3.5 wuuAIaN (Bandwidth)

LaUNT19ANE MToUULAAY (Bandwidth: BW) w83@801nd Ao 929004
AnsAfianseInaansavhaldenaiiuszansam Tasllgaydeaadnuaesiis o Tuaind
gonuuUls NISAIUIMILULAIAYYesaIEeInA JeuRansaIaInLauniIerIuives
Sufiuaud (Impedance Bandwidth) faemisnfiwesdnsiarunduis (VSWR) wievu1nves
HsyAvSmsaiiou (S11) viemsgaidedioundu (Return Loss)

Tunsdlarsein1AaLaun’e (Broadband Antenna) fisesdunisldanugas
anudntann 9 dnazliisuenauusinsivesaiseinia lugudnsdruvesaiuigsge
(fmax) FOAVIIARGA (Frin) TennsalFannlléfd Inglavhlsinaant@lunsihauvesasoinie
Aol faaunis (2-32) lunasfiangeiniauaunau (Narrowband Antenna) sinlé35uanen
WUUAINYIVDIE8DNA IugﬂLU@%L%uﬁmaqmamqmﬂmmﬁﬂma (Feenter) Tdumudldanu
ANUT0ATUIULULAINVIVBIEIEDINALAULAY AT (2-33) Way (2-34) [32]

f
BWbroadband = fmax (2-32)
min
fmax — fmin
BV\/narrowband (%) = | /&M %100 (2_33)
center
f o+ f .
fcenter = e i (2'34)
2
o BWhroadband = WUUAIAVIUasa80 M ALauUnI19 (haifviae)
BWharrowband = LLuummmemstmmmULmu (Wasidus)

fmax = mmamamaqmammﬂmmmﬁmmmumm (\B59%)
fmin mmamammmammmmmmamwmmuaa (\B501)
foenter = mmmmwsammﬂmm (SRR

2.3.3.6 WUUFUNMSUHNWAL9Y (Radiation Pattern)

WUUFUNISUHNEG9U (Radiation Pattern) fia sUn1mmsesuiuunsiiaue
Alfuansnnadinsunsnszaondanuvesaduusimanlulih muwniada vussuuiide
M39nay (Spherical Coordinates) @117150kAAILUUTUNITHANEIULAY VLLAUAIULR
AIDEIATUAINYTENBY 2-17 UAAILUUFUNISUANSIUYBagInAbalng tawi n) seuiy

x-z (fvunliyy ¢ wihiu 0° waviudsuudasyw @) wilelduansieszuruyuiee (Elevation
Plane) Faus5qLaAnasrasauIuluiy (E-Plane); ) 58wV x-y (ﬁmum‘lﬁyue WINAU 90°
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waztudsuutasyy ) Tiusveniassuruyuesdys (Azimuth Plane) FsinaLnesues
AUINLLANUTIY0Y (H-Plane) uay A) LaAILUUFUNITUNNAIIUMUUAINERA wadl uuu
sUMsUHNEsuvesasoInia doufiarsanfiuinaauinssezlng (Far-Field Region)
Hosniivinad wwusunmsuindsnudnsdaSestudusunssuy bitutussermaiiva
nadey fes1Eazdentuiite 2.3.3.13

LUUgUMIIRNEsuiug Ty annsasuunoandu 3 suuuy éun 1) uwuy
lelamseln (isotropic) A JULUUNMSUNINTEANLARBANUIAITLALUUYATI INNTUHARLY
ponuwsifulunnfianng se1ndenisainanss; 2) uuuifienis (Directional) fdnwme
nsundnszarepdulufieniddafimnimiannniifieniadu 9 way 3) wuusouiianiglu
S¥UUIAYY (Omnidirectional) fnsunsnszanenaUILUUTaUS TR MAlULNTEY

X
(N) F2UUYULY (¥) SPUIVYNDTTYS

3

-\H

-

® S
\__’/ﬂ A ‘
\ ]

Antenna

Radiation
pattern N

(M) STUUNNANTINAN 3 1R [32]
AnUseneu 2-17 LL‘U‘UE‘LJmil,wiwé'wwummstmﬂ"LﬂT,‘wa

2.33.7 WARUNISUHNWASU (Radiation Lobe)

WARUVDINITUHNA U AR JUWUUVDIEIAGY (Beam) id@ng01n1a
LWINSZLeanUT d@1unsadwuneandulszianda 9 Weldedureuuugunisuandany
YBIANYDINA FILTUIUDNDIUILIUNTAIULTUVDINTTLHNAIU NANFENAY @IUITOUS
[ A I~ [ v I A [ . A @ .
anwazvemaiuesnludessanymvan laun wadunan (Main Lobe) uagnaaudn (Minor
Lobe) fanmusnau 2-18 ag1alsii wedwdnaunsauusgaenuitenivesy lawn wing

[

(Side Lobe) wagymias (Back Lobe) eawidunvasnmduwsazUsenn asuielanswialuil
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] Y A «

ARUNEN D WAAUNNAULTNNTEN TULUUTUNITUHNENIUYBIE180INA

[

solgvselalyymdundesnislidau

= =

o =3 - ! [ A 4 v
Aauan Ao weaula q MUsIngluwuusunswEndany wenmileanyaauran
Usznaulusig wine uasnmad

. Wi fie weAuENTIogAuTaveINRAUNan uareguLAsNNaAEIiuiuNman

VBIUUUFUNTUHNE 91U

. WY fie wedwdnfiegluaivenauiimnssdudunman vesuusUNsuRnd sy

Tnenaluuds wedudnazintulufianieiilifesnis Jaaieeinianfngs

sonwuuliiiayadudnmanil ileefian anusaldnisinnsannisiwes seaundie (Side
Lobe Level: SLL) LLazﬁmiwéaumj%’m (Side Lobe Ratio: SLR) a9@inns (2-35) wag (2-36)
ASIANNININTEAU -20 dB LNBaRNISRANAIALUNSTLTINUNEAINGT UBNAINLUL @8DINA

wuuaTiavafes dndudesesnuuuliiyndadesiian Weosndufianssduduiianied

A04N13 WeaaMsayidsmasnurasEenia lnefiansananmsiiimessnadunidends
(Front-to-Back ratio: F/B ratio) Arwiailgainasunis (2-37) [32]

SLL (dB) = Sidelope(dB) — Mainlope(dB) (2-35)
SLR(dB) = Mainlope(dB) — Sidelope(dB) (2-36)
F /B ratio(dB) = Mainlope(dB) — Back lope(dB) (2-37)

SLL = seAundne (ndiua)
SLR = dnsdund1e (Wwaiua)

F/Rratio = &nsiaiuntidends (n3Lua)

Side Lope = mmvimLLﬁuWé’N’mmawﬁNﬁaﬂa (wLua)
Main Lope = mmvimLLﬁuWé’N’mﬁuamﬂﬁwé’ﬂ (wLua)
BackLope = AMUNWILUUNASIUIDINTY (ATLUR)

Side Lob
Minor Lobe

Back Lobe

AwUsenau 2-18 @Qﬁﬂi%ﬂ@‘UsﬂaﬂLLUUEUﬂWiLLNWﬁNWU%@Qﬁ’WEJE)’mWﬂLLUU%ﬁﬁ“VIN
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2338 AunSad1AduA3sias (Half Power Beamwidth)
ANuN1sdnAUATIAIEs (Half Power BeamWidth: HPBW) fio vunaifes
yoayndundn fgninlutisiunisfididanuvesniu ananduaimidsainidsgeanuy
szuunils  videdidnanas 3 dB fnimUsznou 2-18 uenand AruNedARugUSLTn
(First Null Beamwidth: FNBW) fie wu1aLdeyavesdnadundniinnsssisseninsdumed
Hugagudausn deorathluldlunsuszanaaianuniisdnauaieids (HPBW) seszes
Fayusnnniwiewiniu edmilewesy FNBW faninUszneu 2-18

2.3.3.9 Uszansnwaneainid (Antenna Efficiency)
Useansamvesatseinia fe uinmesnldeduiefduvesdyyin
Lﬁaﬁmiwimﬁ’ummsqiytﬁwm 9 lawn miqzyl,ﬁaﬁLﬁmnﬂﬂﬁhiumsﬁ@uﬁmu% WAy
msgayidsanladnsdnuazinhvesianiiliarsaseina evsuendszansamlng s
(Total Efficiency) LLazﬂizﬁm%mwﬁﬁmsmmﬂmmsqﬁyl,ﬁwm 9 Tunmdsznau 2-15

A1U130AUIUUTZANSAINEN 9 Asaunisrelull [32]

e = €66, =68, (2-38)
2
e, = 1-M (2-39)
e, = R, (2-40)
L= — .
‘ R, +R,
k) e = UsyansSnwmsiuvesatwainia (lfvuie)
er = UsEAVNSAMTNAINNNSAETIeUNI N kiwundvasduiwaus (laidnuie)
e = UseaAnsamiiAnaindiildidulassadeuesaiseinie (Ldivuae)

ed = UsEAnsnmiAsainauiunlidulassasisvesatsainia (luiivudoe)
UszanSamainainsuikasauunltassangeinie (lifivae)

€cd

2.3.3.10 @n1NLa1$3%ANS (Directivity)

ANTMANZTiFN9 (Directivity: D) v3a1801nel fio Wis1fiwesaildinsesu
AuEuNsendsuretasenmaluficnaieniidnue duwnldnnsnsdiuvesaing
Wuvesnisuingdsaulufianisiidinua deadnuiduvesnisuandsauiadeyniianis
ANEN NI TITANISE WuesAusenevdidglunisiaisuidnsiveny (Gain) way
Us£ANEA1NUR3a8017A FININUIZNOU 2-15 WAAIANINLINZIRANIY (D) AR50
IZANAIUA UL BINTUNINSTANEAdUTeEEaINIe (Ry) Tunsadefdsamusiudild
WANENY (Prag) I@Sl@iﬁmimﬂmmqﬁy,tﬁaﬁ'u q fiffluszuu fofu danmanzasiiamed
AANINNTIENT V8 (G) LaND
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2.3.3.11 90519818 (Gain)

9M319818989d189107¢ (Antenna Gain: G) Ao Wis1dmesaAglun13in
AUTTOULVDIANRINTA gNHEIUAIEENTIAIUVDITATIVE MR UTIANIAINUA o
Snsueneihdmosmeenmasddufiameiy lnsaoniadsdeitenld 1Wud aweina
lelamsetn uavansemalalna dvihewdu dBi waz dBd muadu Tagluudn Snsvene
YoIAERINIABNEY Sregensdadygaaluldlnatu ainn1sTudedumauinszanglif
LAURY mmiﬂ%”s’mmamﬁ’mums%ﬁmmaﬁuaqLLuugﬂmiLLNWé’mu FIUAUNITNIITUN
UsgAvsnmanseinia Tuunigfidanimanzaiianis %a’%maﬁqﬂmamﬁ’muﬂﬁ%ﬂﬂmwEN
LUUIUMIURNEsuYsaBaIMAwi wenand mnsgiu IEEE IRssylREnsneives
awena lifinnsannisgydefiinannsliuundueduiinaud waznisgadediinan
nsldusndvosinatlsiedu uigfinnsunemensgydsiietuanladnadnuagii
vos¥anildasnsansoinia wihtu fanmdszney 2-15 aunsadunldfauns (32]

Cieee = €40y (2-41)

fiall 9nuInsgILYeY IEEE Mafinsnensvesaneenaslinsouagu
ynesdUsznavvesm g derianun Sdldtinslowsnsueefiiansu wavesnsgadod
Anannsagvieuvesndy annshikuadiuvesdufiuaud seninsanseiniatuansin
Ayl Lﬁmam}’mmmgm IEEE 139111 Absolute Gain %39 Realized Gain Aatanslu
amUsenau 2-15 wazanansarmunaldeed [(32)

Gabs = C:"realized = erecd DO = et DO (2'42)

dn3venenuNInsg I IEEE (Lifinuae)
dns1veneNUIINgITvesaeena (liliniie)
Do = anmianzasitenivasan (lifiviae)

WD Gieee

Gabs ,Grealized

e = UseanSamsiuvesangaine (lifivuoe)
er = USEANSAMANAINNNSALTIBUNI a5 lUkuntduRLaus (lufinuie)
ecd = UsEANSAMAARANMILarauIunltas1saeainie (liflvdoe)

AUANMUANITUSITNINIENINDNLITANN UALENITIVEIEVDEDINTA 11D
wenfin1santuliaznddesinisgads flananiu aguladn D2 Geg 2 G gy

2.3.3.12 Inalsiwdu (Polarization)

Twanlsiedu (Polarization) n3en1slnalsd Ao n1sdmieaiivesniu
wimdnlwihileananundsinda weuedufirmumasadu fusslonilunisimuanisinis
awone Lileliangeinimegludnuaziiannsadvdsnduldegsfiuszansam Tagld
nM3dsBannfiamsesauuliindundn anamuseneu 2-19 uansiaveslnailswdu



aq

vpagngene wualeduauvida laun Inanlsewdunuui@adu (Linear Polarization: LP),
Inanlsiedunuuasnau (Circular Polarization: CP) wazlwanlsigduiuuied (Elliptical
Polarization: EP) #ati n1s@ndsansenie msivunfieniasenineangemaaiesiulas
ds Wifinslnanlsfuuuifentu Welfinuszansamniswindany wazannisgadeain
AUszneunsgaudenistnanlsd (Polarization Loss Factor) Ssavgnnanisludwudaly

nsuenseglnatlswdunsazusyinn Aansunlaansnsndiuwnu (Axial
Ratio: AR) d91fudnsidruassesalsznavvesaurnlaiiivuwnundn (Major Axis)
foaIAUsENauYesEuINNAIuLLALTeY (Minor Axis) A1WIdlaaInaunis (2-43) nanife
TnanlswduULUUNNaY AAIERSIEIULAWANAUY 1 ranehe nsilesrusenavawulniiuu
LAUVENWINA UL Memlasiaiy 90° Tuvasiilnanlsiwduwuuisd asdiasnsdiunny
1A 1 waglnanlsdusuuidadu dandnsdruwnuduaatiug [32]

Major axis
AR = ~alOr axXIs - AR <o (2-43)
Minor axis
WD AR = snsraruwnu (laifuvae)
Major Axis = ssausznauauulniuulnuudn (ndiua)
Minor Axis = asaUsznauauuliuuwnuses (W3LUa)

TumaUlin Inanlsieduvesnduiigndanainiedosds o1aliuumdiulnanls
wiuveIA1BINAA3 095U Bendn Tnanlswduiauund (Polarization mismatch) danaly
awemAiesdy lilaunsafaendidanussnunaineduldgegn esainnsgapdoves
nstwanlsd Fagnedureleisng Arduszneunisandsnisinalsd (Polarization Loss
Factor: PLF) anansasuaalldsiolud [32)

Y. 2
PLF = pW-pa‘ = ‘COS ‘Pp‘ (2-a4)
Wile P, = wvnweivile vesaudlnihiiudsuulainunaivesrau (ldiviae)
P, = il vesawlyiihiidsunlamiunatangeinia (ldiiviae)
Y, = yusswhanneesudiey p, way P, 130 Yusenineangenia (aeen)

(n) hUULTEY (1) WUUNAY (A) UV
AmUsEnaU 2-19 vilavedlwanlsiwduluunig 9 [35]
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Ry

<

Reactive Near-FieId

Far-Field Region
Radiating Near-Field

ANUIENBU 2-20 NMITHUIUTZLANUSIIUEUINYDIE8DINA

2.3.3.13 ustauauulna (Far-Field Region)
UShaauIueesase1nia (Field Regoins) Taevilunuseantaidu 3 diu
Toun 1) Usaaunlndsuweniin (Reactive Near-Field Region); 2) Usiaasauulndunndy
(Radiating Near-Field Region) wag 3) usiieaunslng (Far-Field Region) flan1museneou
2-20 Bsudnuaunidfny wardolddmiunsianadnvusvesaseinia Ae vinaeau

lna (szewsinannnin Ry) tlesann Tuvdnad auswesaseiniaaginianszaevesaun
G litufuszessihanndangeinia nanie anmsuindsnudesluuvasiiaue Tay
lifuagiuszornis maukndsnuiudnuazuesssuiuniu (Plane Wave) fau Tuauia
U3nil aunsofinsanuuuzunisundsnu M iavedey wagnisesunRmdnuaLena 4
YBIANWOINA LU NTIARUUTUNMTWANGS1U N15TRERT1ve1e Msen1snaaaulnalsigdy
vosaeoIne 1udu svagvinsdusuileTranansenmaisuinamunslng sl

R, = — (2-45)

) A= ANugNAaU (LWAS)
a o

D = finenngavesdeainid (uas)
R2= srezaugausnaaunlnaudaiiy (uns)
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2.4 NYEHNITUNINTTANLFYYININY

Tustadeil oSunendnmsuazngufiiieates funsuninszaedyaraing
(Radio Propagation) tietlvifiuanalnlunisunsnszaieaduusininlnii nsanneuride
vosdyna waruvusiassiildlunisiinssinisaadediiaduludunenisdoans
Tnenguiuazvdnniananil awnsathuldeduis uaglinnzivszaniamuenadetie
aoswu Tuanmuwindesvesaunsniimes Aluimgusvasiueamsisundsil

Diffraction

CEF 233
CEC 33
ERE 337
CEE 233

CEE aga

AMUsznau 2-21 nalnNITUNINTZBA Y AULUURANELEUNIY [36]

2.4.1 nalnnsuwsnszanedaysyias (Propagation Mechanisms)

ﬂ’]i’%l‘Uﬂ'ﬂ“?JjEJigaIUizvUﬂ’]i?i@ﬁﬁLL‘U‘Ul%ﬁ?EJ 91fuN1TUNINTEA8AdY
wimdnliiiananseiniads sonlugennia waznsadudyyraiigndan seaeeiniasy
Faluanmuwandensseveinisdeansuuulians Wumanisdeansseninuaiulasiadedds
flonafiazegluuuaduaeni (Line Of Sight: LOS) laifuiuilalds wimnanwuandes
ﬂizﬂaulﬂéhaéaﬂqﬂa%w%i’mﬂm 7 uatanwINsddan AwSenin dunanisieans
wanuuduaem (Non Line Of Sight: NLOS) widsmsiilonadivadessu v Sudaaials
nMsirdudyainansandeui wanduniefiuandiaiurateidunie (Mutipath)
Fedosonfanalnniswnsnszaredyain tdud 1) n1sasieuvesndu (Reflection);
2) N151A87LULYIAAY (Diffraction) waz 3) N150524ANTTI18VBIAAY (Scattering)
Fanmuseneu 2-21 nMsinnsannalnnisunsnssane AdudyasEnuy definnsan

Y

= = o « a &
WS UNYUNUIUIAVDIAINEIAFU ﬁ'uJ’ﬁﬂ@ﬁU']vaL@@Qu
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n. nNsaevieu (Reflection) inannadudyaasunannnsenuiuingle 9
ATAMUNUT WINATIAMUEIIAAUNIA 9 LU AN JTs NufAy 1Dudu
TsARUA Y IUNEIUIZASTDOUNAU LAZUNAIUAINITAAUNIINIY
T mneuvuvesing Jvunewinduanuenaiy

X . . A a Y a Y] Aa
9. N19L88L U (Diffraction) AaULAUNISINAUSIAIUTRIIRG DA

9
3

IngindtAnugiaduuin 9 1wy ganings i WJudu azifia
nTLAsNULYDIAAY fuinaveuvesing wafleutuitadudumainm
douveuvesing visedsRnuandld

A. N13N3EIANTEaNY (Scattering) LARINNAALMAUMSIUTRgATvun
TndiAes videtfosnitanuemadu dwalirduinnsnszdanszagly
anefienns dlevsnefuingiiy 4 uazndsnuesduasiidanas

2.4.2 msgeydeTuidunis (Path Loss)
n1sgaydelutdunne nienisaaneunideuvesdayyin Tutdunis

)

nTuNINTEaIEAduTEIIAT oA TUIAT Ry SNt Path Loss dansganded induld
Mnnaeiiade Tiud Snumzvesanimuinden, sreznisseninuedesdeiuiadesiu, Al
V3enINaE1IAAY LLasmmqwmmammﬂmﬂﬁuau WDudu mﬁqzyl,ﬁaﬁwé’wuﬁ gnileny
fednsndrurerindsaiuds (Transmitted Power) arndsi1udu (Received Power) &g
ﬂﬂi@@Lﬁﬂ%zﬁﬁﬁLﬁﬂJQﬂsﬁu dleszezmensdeansseninaiesdaiuiniessu svevannty
ANIMUIENBY 2-22 @1115aUsEenAldaunIs Frils Transmission Equation Tugukuuves
mhendiua Wedmnaunsgadeluduma AdnTuluanmuindonsss veusazaums

N1IANTIVINF YY1 Feaunssellil [37]
PL,(dB) = P —RSSI+G, +G, —L, —L, +PLF (2-46)

We  PLm - nsgadeluldumnansunsnssngnauainnisinase (dBm)

o w

Pt = MEIUT RS A (dBm)

RSSI - fMdsundevean’adsu e Received Signal Strength Indicator (dBm)
Gt - 9n31VY18YIANDINAS (dB)
Gr - 9n31U818989AINIATU (dBi)

o

Le - msaydevesaneindayayailads (dB)

A

'
o o

Le - nmsgeydevesanethdyayiaiadu (dB)
PLF - asiuseneunisadenisinantsd (Polarization Loss Factor) (dB)

o
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TX Antenna §7 Radio Channel §7 RX Antenna

TX Radio { TX Cable ]— -[ RX Cable }— RX Radio

Antenna gain

| TX power
5|
S Antennia gain
= Cable loss RX power
2 (RSSI)
g Cable loss
Pathloss & = L ______

RX sensitivity

>

Distance

=) o w

amUseneu 2-22 miggydemasnulussuunisdeasuuuliang

o

AMUTENOU 2-22 LandBddUsENaVYelsEUUNsAeaisuwuuliate Tiun
Lﬂ‘%aqdqLLazLﬂ%a%’Ué’iyzym‘iwq awaneilsdanariledu anethdaailiduagiledu uas
Finanensdeansvievesdyaia Feluusavesdusznouiinaniuni deuduiudiutumgs
Nuvesdyyia Jupdeuiiululuwiazdin fuanddunsrvesiidany fusseznig
ns@eas annsluanstdaruAesds demad mﬂﬁ'ul,ﬁmmiqiyﬁamsiuawﬁﬁiyggm
Hlads mammﬂdaﬁﬁé’mwmaqa PIYYNTLAUMNINUVDIA YU UazUNT Feysyreueeng
ome Werduiiunisimenniadlusresmeiilnaty Mwuvesdya aaranainuuiond
Tnuudea undeuiiundeaisenneiledu Mdsnuasfinfunusnsvensvesaiseinie
He%u uavavanasdnads meluaneihdyaaiideudefiuiniasdu a1dugnving A3easu
annsninseduidanudyanaildiviifuen RSSI Ssagdidnnnninanulvesunsaiae

2.4.3 N15NMEVBIARYYI (Fading)

N15919Mevesdaa (Fading) Ao N1SHNIUUANTRF Y 1N1ASY o
Aansuninszedyyiaunuunateidunis (Mutipath) Sslundagidums aduasiiiunis
wdansesfulindentu warduuvesdyyiadnisaaneudiliviadu dredadeain
anmwnden duiy Wedyaafivianuaisduni wisufuiiiedesdu navesnissa
dygiadenatasuiu (In Phase) 130%na19u (Out of Phase) WeNING NSTURILYEY
AU IuAINE" sefidnvdsunlatidnaoniat andnuvazaninuindeufiuasuudadly

d d'

N3891NN15LATOUNVRLATEISY ¥30Tngau o TutduNIaINIsNInTEedayI0 A9ty

[ [

AR IUTDIAYYIULATOITU MAAIINNATINAYY I VBINITUNINTZANYUUURAIELEUN

AZANITHUNIUDEIITIALEY LEINT28EN1958MINUATDIAITULATRITUATAIAULls AN oY

FeanusaduunUssinvnisanamevesdyaa wusesnidu 2 suuuunan lawn 1) n15319
wigdLnatdn (Small Scale Fading) wag 2) n15anan1edLnalue (Large Scale Fading)

)}

AINMUTENBU 2-23 UaraiNINesUIENITINMNEVRIFY Y uwsazULUY Ladasialuil
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2.4.3.1 N1SGYHLNALAN

A15919MIBAINALEN (Small Scale Fading) A Usingnsalfididsiuves
fyanana3ossu Snsdsuulasenen NP QHIANIRTERR winsreenasEninAsosds
SuiAessu dnswdsuulaniisndndes Ussununiwidwesmuaundy wieonvldd
MsAsunlasszezniaiangn wiiin1siUasunlasunsdiuresaninuandaulagsou 1y
msmﬁauﬁmaﬁmq viodsinvinsludunianisunsnszanedyaio Faty MsaemeELna
Anvesdygruiiiaioiu asaindulinasaiian LAENADNTEEYNITAIA QYY1
Tuan nuwinaauasy

2432 AISANAWENA LAY
n1591eeainalng (Large Scale Fading) e Usingnisaiiifidsnuiadeves
Foyu10usa3895U (Average Received Power) finsiuniuagatn o Tuszeyniedy 9
Uszanns 5 89 40 1U83AINE1IAAY NTanNeurIdsd g IneInIsanameainalg

N

Andulan nMsndunisseninuasesdiiunsessu gnuatilaeinguuinlvg wu Anas
w301 Wudu Tun1sfiansuinisanemevesdygiui auisalddiadevesiidenu

Y
[

< Y & A - ) = ] 44'
Fuanaasassulunuiiuau ] NIBITYLNWEU € Y5zueu 5 04 40 tMN1UDIAINLIIAAY
R

g7

ylAldunTIMLUAEURE199 9 USafnanvesnsndygiuninisiudsuluatesiy
FIA5VBINTNILANALEN AannUsyneu 2-23

Large scale fading component

]

Small scale fading
component

Signal Power (dBm)

AMNUTENOU 2-23 NIFINNN8VDIAY Y10 [38]

AMMUTENBU 2-23 LAAIDIAUTENDUVDINITINNVDIF Y10l LUTeuLTgy

FEMININITIMBANAEN wazNTIINMEENa Y WeRarsananiidsiuresdyio
HeSu uazsezmeiiiaty anamuandidiuin msaameanalug (@udse) §imdanu
vosdn anasegsaiies dednsnisidsunasiith luvaed nsanameanaidn
(FUNU) AeeAUASNIUUDIFYIM HUNIY undatuas Lﬂ?{wwaﬂﬁﬁgﬂuwﬁﬁmw WASIAY
fuwldndulumunisaameainalng
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2.4.4 wuudnaaamsgedeluidunig (Path Loss Model)
wuudiasentsgaideluidunig (Path Loss Model) Ain WuudNa0ang
AMIAAIANS ﬁiﬁi’ﬂumsﬁmwmmsawauﬁwé’ﬂmwaaﬁﬁgmaﬁ‘mq eananadesig 9
U SrErMeTETILATesde UATRISY, mm?{ﬁ%ammmfm?’iu ANYULANTNWIAADN LAz
ANGIvesaIoInA Ludy qumaaﬂmiamaau Huszlovilegnaunlun1soonuuy
uwaammwlsma IGE ms‘mmLmuwmmuammm‘ummmmaﬂmmaami JEY
wuvdaesiidentd desdiauminzaufuanimuindouaisuniign tenugniosuas
wiuglunsyihungensagdeindanuvasdiyny FAntuluanmuindeuass
ma'ﬁmwmiq@Lﬁaﬁwé’mwaﬂé’mmwmﬁ?u ausaidenldiniesile
wuuiassmsgaydeluidums Admnumsnzaniuguuuunsldau dauuudasinsgade
i FwunUseianveswuuitasinisgadelavateUssian laun 1) wuuiiaeanisgadelu
dumdlunuaduaen (LOS) fe wuudrassmsgapdefidygiaainiaiosds iumaidy
dunsanduesessu tngldfidfnunseninadunansieans snfegauuiiasalssny
i v wuudraesnsagdeluyesinedase (Free Space Model) hagwuuinaaansanide
LUUaYTeuiuR (Ground Reflected Model) udu; 2) wuudnaeansasydglutduniauen
wuLduanemi (NLOS) Ae LLUUﬁiwaa@mingLﬁa‘ﬁm‘%mdaLLazm‘%'aa%’UvLajagﬂuLLmLﬁuwwq
Msupaiy iefldsRnvnsegludumanisdeans sndegiatu wuudasamsgaduuy
Log-distance ua¥ Log-normal Shadowing u@u wag 3) wuusiasaudauszdny (Empirical
Model) usuusrassiildinainnisnsatadayaio warliAsiginiaiiveinisgadenias
dyaaluganInitindaunig ¢ Nufnidles vudles wariuiilalas fodreves
wuuiiaoudsUsydnuifemhunldanu lun wudrassvedlenysz-enng (Okumura-Hata)
sy st lushdedessolli SRR GITRE T ARG AT AIVER Aldndaagi
Wdedu Wensuiwinda feuly uwasdediiama o lunsinnsanlduusasuuusiass

2.4.4.1 wuviassnsgydelutesinedase
wuudnaeen1sgaydeluyesinedass (Free Space Model) fia wuuiaesfily
vurensgdsluduniinisunsnszaedyyin fulsauszegneseninueiesdaiu
\A3893U en1sRNTMLEuN1InTsdoansuuy LOS delifidainvinda o ludunienisds

[

deyayras fatdu denlduwuudnassnisagiduludesinadase lun1sonadenisagdedus

o

Minguluszuunsdeans aunsaviwensgadsluriowdiua laanauniseeluil [37]

PL (dB) = 20log f,,,, +20logd, , +32.4 (2-47)
dle  Ples - nsgayiduiasesdygadudesindase (dB)
furz = ANBveIdI (MHZ)

dkm SYLNIITLNINUATDIAINULATDISU (km)
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Image

AMUIENBU 2-24 WUUaeIMSgaLdsuuUayiouiiui [37]

2.4.4.2 UUUIIMRINTEYHBLUUELTIDUNUR?

LUUI1889N15gLagUU VAT OUTUNY (Ground Rreflected Model) Ag

[
a

wuudtaenisagLdeludunisvesdyyiu Lﬁam%mLLazm‘%'aq%’Uamé?ngmﬁaﬁumu
Fuanadiunianniaiosds Lﬂﬁlauﬁagﬂuummam (LOS) g un3essy wazdyaadndiu
Anmsazteusuiiuialan AewasRuman Uiy aduLIn T3y Fnmdseneu
2-24 mei’waaqmiqnunﬁaﬁ fiaugnaeanniuuInaesnsgadeluyesindasy (Free

Space Model) 9INN15HITUIAINGIVBIAIEDINTA kazNAlNNITUNINTEILTYRy10d VIadl
WuUIIaRINITaLdsLuvasounuRy aglilinisiansanaudvesdyai (f) udazld

< A a a ) A o ° ! =
nsasradaReuluSuiisuiuaueInuRIaNNT (2-49) @1nsaRmuIMAINITgaydeY
Tumhew@iua lanaunisasseluil [39]

PL.;(dB) = 40logd —20logh, —20logh, (2-48)
-h
d>> -, (2-49)
A4
We  PLer - nsgaydemasuasdeysy1aiannnn1sagyiauiiuiy (dB)
d - 9388Y9ITHINNATEIENNULATOISU (M)
ht = AUEVEIEIERINTAATONE (M)
hr = AUEIYRIAIBDINALATEITU (M)

2 = ANUENIRAUTENdQIa (M)
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2.4.43 wuUIIARINTTELEBLUY Log-distance
LUUTNReINSadEL U Log-distance Ao huuiassildvinuneaaiieves
= v A i = | A4 o oA 1 =

nsasydeludunng (Path Loss) NkUsmussugnieseninaesesdeiuasosfuiiesosaies
aunisaaneuluileiduvesasniiiiu Judunfeuirnnldnu Weswn nsldeuiide
Lidudou waglinnuuiudigs Tuanmuindeunlifidfavnadunisdyyisanntn a1wse
Tlavanieuenuaznaiglueins senisivuaunnmesiavdmaanisagdsludunis (Path
Loss Exponent) NlUSUoNTNANHaEUDIANTNLIAABULUUAN 9 TURI519 2-7 Lazanunse

mauduiusvesAnadenisaydsludunis ladssialuil [39]

n

— d
PLA) a |— (2-50)
dy
— — d
PL)[dB] = PL4,) +10n-log N (2-51)
0
dlo PLw = nsgaydeidanuedevesdygiavesuuudiass Log-distance (dB)
n = @e¥iaenisaydeludunig (Path Loss Exponent) (Lifiviiae)
d = 9288Y9ITINNLATIENAULATEISU (M)
do = F¥HEn199198s ANTaNTEEENITeglndlaTesds (m)

PLe,) = nsgederindsnuesdynaiissesnied1ads (dB) awnsaldAnadenin

v o a A a v o = 1 ! a
N353 IndyI8a3e vieliasanlduuudnaeansandeluyeinedase Tuaunis (2-47)

1A 2-7 UNAUIUIAVLaITMGINsEaydasluLdunia (Path Loss

Exponent: PLE) W38 UL UAUSNWMEEAINLINRDLLUUAN 9§ Geaunanid @aunsanilaann
N15M3I9IN UIDN1TVABDY TUANINLINAONNAULD LTU ANINLINRDULUUYDIINDETY 3R
RITAMAWNIAU 2 uagminaninwinaedle Jguassainuinadunianisdsdyain Anavdy
o o -1 a1 X 14 ' & A = a1 o o 1 ! = [ 2/

Mdamsasyidell asdinadule wu Nuiwadies IAnavdiaegsening 2.7 fa 3.5 Wudy

[

a o L2 a 1% 4 1
M5 2-7 lavdmaansgeyideluidunivesanimuwindensing 9 [39]

ANNLINGDY Lﬁ%%ﬁflﬁamsqzytﬁﬂuﬁuw]a (n)

Y091199a5¢ (Free space) 2

nelue1A1s wuu LOS 16-18
nelue1A1s wuu NLOS 4-6

melulsanu 2-3

\weLilas (Urban) 27-35

wiles (Urban) fisimsunatiage 3-5

Yuuv (Rural) 25
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24.4.4 LLUUi‘hamﬂ'ligzy,LﬁﬂLwU Log-normal Shadowing
o a < o = 174 ¥
nkUUTIaeInsgadsly (2-51) Wunisvinenisagidgluidunienig
Anade ldlanansannansznuiintuase Tugnnindonseu o l@unensaeas Insuni
Wa7 NMsannoudyIluanIMIARoNIIT ABININTUINENTENUIINNTSENTT (Shadowing
Effect) Belsiansnsnaziaele mmmsﬂswiqqumaaamsamaa Log-distance G]’JSJﬂ’]iL‘W%J
AILUTHUYBINITNTEBUUUN AT wummaammu@ua wazdlALUeLUuNINTgIY suuag
AUANYUZANINLIARDULUUAIY 9 AR5 2-8 LNDUAAIDIAIURUNIUYDIF Y Y 16T

seagne (d) 1o 9 Jasenuuudiaesnisgaydeillngin Log-normal Shadowing wagaunsn
AwAInsgadsludunie Nsveendla o lumhewdua ladeaunisdeluil [39]

Pl or d
PL [dB]= PL@+X, = PL,) +10n- |0g(d—j +X, (2-52)
0

a o

1o PLg) = miqcyLaamawaqé’aujzymsuamwﬁwam Log-normal Shadowing (dB)

PL@) = N1saqidsmasiuianevoddyyiuantkuuidiass Log-distance (dB)

q v
¥
S o

n = vdiaenisagydeluduni (Path Loss Exponent) (laifiviiae)
d = szegyesEwiuATesdsuRSeIsy (m)
do = FwoEMedneda fnsananszegmaiieglndiaiesds (m)
PL,) = mﬁqzyLﬁaﬁwé’wumaﬂé’ﬁymwmﬁiwzmaé’m%ﬂ (dB) ananseldanaisann
N3R5 IndYI93e vIeisanlduuudnasanmsangdeluyesinedase Tuaunis (2-47)
X, = fulsduresnisnszaenvuindideuiiinadeidugud (Zero Mean

Gaussian Random Variable) kazdinleauuuns (0 ) luniig dB Feandesuuninggiy

& oz o 1 e Y . = = a

1 Wuiuadfawansgnuainn1sgnds (Shadowing Effect) Falunilsluwiinvenisanamig
=3 [ . 1 ~ & a1 a X P a

awnalanvasdtyy Il (Small Scale Fading) lngAidgauuiinsguilagiiaiiiuesdu ilaiin

N15UATILUINITENINTE8d Il A9nInUsznay 2-25 Tuviusuneddu Andeduu

wnsguilaziidtanas Weanmwndeudunuudalas wioldinisuadaludyaiu

g x — Normal distribution

Actual received
Signal

- (dB)

R
P,

« .. —10nlog,,(d)

v

log,o(d)
AMwUsEnau 2-25 mﬁmeﬁuuuﬁwammiqm%a Log-normal Shadowing [40]
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M1379 2-8 ANLTJEAUUNINIFINVEY Shadowing Effect Tuaninwingaausing ¢ [41]

ANTNUINRBY Andeauuninsgiy o (dB)

AYUDNDIAT 4-12
meludiineu 7.0-9.6
Melulsenu wuu LOS 3-6
MeTulssu wuu NLOS 6.8
LWALBIRUILUY (Dense Urban) 10

LweLilae (Urban) 8

LwAUEed (Suburban) 6

LWRYUUN (Rural) 3

AUsENaY 2-25 Laninsindlegevestayanisgaluidunie Lagnanis

VunereIwuuTIaeinsagide Log-normal Shadowing na1muandliiuil wan1sviune
yeuuUans wandlddeidunss fegusnannanswesdoyaiiiinisnsyanesa (Anade
wihfugud) Fsnnsnszatedavesdoyai iWun1snszareduuutnd (Normal Distribution)
fie deyatinisnszarsuuudu uaglifisuuvudnau Meandosvunsgiu wiidu o
s?faLLamﬁwmmaqmiﬂizmaéf’mwﬁaga 50U 9 Lé’wha?ial,vhﬁ’uqué YOINANITVINUIBAIN
LuUdaes datfu nisnsedvesdoyanisgydeluduniad ansoldfudsduves
NNSNTENYUUUNATYU 1103 UNBNANIENUIIN Shadowing Effect 14

[
=

M1319 2-8 YauaAUewUUNINTIUYDINANTENUIIN Shadowing MAATY

TuanInnanusig 9 %qmﬁmwummgmmmﬁ 1AN191NN1INAADY NI8N1TMTI1TA
Foyoyn luan mandenfidvun Wy anmwindeuwaidlosuiuuy Andeavuuinig
994 Shadowing axilAgs windu 10 dB iesanilguassauatiadumanisdoans luvasd
vnfiTnsananinindenfifiguasasumuiios 1wy anmwndouuavUUy aflendoauy
1U1MI51UYBY Shadowing # Wity 3 dB sy

n15lguLUUIIneINITaHgLUY Log-distance WarwuU Log-normal
Shadowing uaﬂﬂ’]ﬂﬂﬂ‘i’ijlﬁaﬁ’m’wﬂﬁ@@;ﬁﬂiﬂﬁﬂ%ﬁﬁﬁﬂLL‘M‘Li\‘ﬂﬂ 9 FYNITUUAT N LY
o fduwrnmesdmiudsuendnvuzvesaninuindeuuds Sanunseldunuusians
ﬂ’]iﬁﬁULﬁﬁJ‘ﬁ Tun1sAwanmen nuaz o fmgaufuaninwindeunisidauass laeld
N1574As129in15an008 (Regression Analysis) iiiead1aifuuuusiaetadinaiansves
nsvhuensanneufdsduaia fnsnizasiudnvarannwindeuidenisle
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2.4.4.5 wuuiaeansgyidevaslenyss-ane

LUUIIaeINITayLduvedloqyse-g1ny (Okumura-Hata Model) Ag
wuudnaesmsadsludunisnsunsnszaedyaiu ﬁa%ﬁqmmﬂﬂﬁﬂ%’%ﬁmn%wsu%’ﬂ@
(Empirical Method) henisidnantsnsietaduain luituiidlodaie: Uszinadu mummq
ANE 200 MHz ¢ 2 GHz ianzdnduszuunisdeatsvuaalng (Macrocell) Aififui
U315 (Coverage) Wuusinnt1e Wy szuulnsdniindeudisiuanud 800-900 MHz uay
iASevnres WIMAX 1udu auutesuuudiassnsgaydoeslonysz-smme Faumnenenin
wuudassnsgadedu q indnun fe dnsfiansanaugesaigeIniAlAIosdanas
ipessu fimsfinnsanauivesdyyia uaviinmsduundnuuzgiivseine wiseanifuitui
[wALDY (Urban) e uiiles (Suburban) wazlansuun (Open Area) $1882LDUARIATITIY
2-9 mygaqdeludunisvasiuudiasdlenyse-ame lunilewdiua aunsadruialan

aunseeluid [37]

Urban Area: PL,, (dB)= A+ B-logd - E (2-53)
Suburban Area: PL,, (dB)= A+ B-logd -C (2-54)
Open Area: PL,, (dB) = A+ B-logd — D (2-55)

glo A= 69.55+26.16l0g f, —13.82logh,
B = 44.9-6.55logh,
C = 2(log(f./28))*+ 5.4
D = 4.78(log f,)*—18.33log f, +40.94
E = 3.2(log(11.75h,))* — 4.97 , d1m5u Large cities; fc >= 300 MHz
E = 8.29(log(1.54h,))*- 1.1, dm3U Large cities; fc < 300 MHz
E =(.1logf,—0.7)h —(1.56log f.—0.8) , &w3U Medium fia Small cities
fe = Audvesdnyayos (Hz)
ho = AMAWBIENEDINIANALIE (M)

= ANENTDIEI81NA End Device (m)
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R34 2-9 LNEUTINITIILUNAN L UDIANTNLINA DY [37]

AnNLINGON S19az10UA

P =~ N v @ o Ao o X o & 4 |y = o
\mLdles (Urban) fi9Ans et uinedenlaesturuly viseluwavyUiu e
thuninede aeeglndtndu viieliduldaanaqumuiniy

WU visenuunIwva Nivuseukassuld nszaneegnall

WAYIULIBY (Suburban) f
= | A Y | ) o
aluguassasiaszuunisdeansluseauiiunans lduedauniin

LwALUUN (Open Area) wundnlas ldiduliviedsUgnadidle 9 saeauuiaeailusses
300 9 400 w5 Wy Audilsun wazyjelas Jusiu

%1919 2-9 LLﬁﬂﬂﬂ'ﬁ“EWLLUﬂﬂﬂWWLL?@ﬁ@@Jﬂ’]ME‘ULL‘UU Aldlunuuinans

nsgeytdsvedlenyse-a1ny Beviliaiunsaiasuaenldaunis nsAuIaAINSgeyLde
lutdunisvesuuudnassdendd taedregnassuaziiugidu Jan133eyUssianves
anmwIndautiy i lalaen1sdunnanMLIRgeNase wien1stiteyaurunniseinia Wusu

2.5 aguiineun

donilasnimsiuvesuniil outendnnisuasnguiifiieatestu
nseenuuuageIMalulasansy Tn1sinnarAuAuaN YA 9 YasEEINA N151
aeemaltuninsraenaulmanluin nMsUszinaAnsgadsluduma (Path Loss)
seuvudassmsgaydeludumasuuuusing q dedmnuuandraiu Tuanmuedenilday
uaneinaffy a1nty Tuundald Wiaueniseenuuuuaznisinisunsal uuaTetneasiiuan
dmsunIvinaunMUeId N luannwlInaeuvetaunindnes Wisusunanisin
szmine ansemalilasansuiitiaue fuameenmamdmndyd
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Ui 3
N1599NkULLAZN1SAAAsaUNTAl

3.1 uni

Tuunil eSuredumeunisesnuuy LLazﬂ'ﬁamé’]'jqqﬂﬂiajmﬁmam \fionnaoy
n1sldeunarUTeuiguaussauratueInIa 3U8N1IRTITRRMA N Y MR Loy
domluuni Budenisadrefusvvasenielulasansy Aldeuludieninud 920925
MHz n329¥nnudnvazAns 9 vesaeoinia wagdiuuguiinuandinudldeoniuuld
1y ¥nseanuuuuaziasagunsalinietisanituiu dmduldnsatanuainues
Fyanaluanmuindenadsiidivun daiudoyananisnsraindyana Aldainaseinie
uiazadin Wislilunsiesyinavasunatoya dazvesiurgluund 4 soly

INAINUIZNBU 3-1 LAASANINUINADUVDIAUISAILADS (Smart Meter

& ala

Environment) Uszneuludae aunsafimoinanaaumanlniin Sostuduuundunsmasn
9997190 UU laetUSeuLiieuni1sldea1usynina@1ge1n1dLuy Unidirectional kag
Omnidirectional 910 A1 MKaAATA LA WUUFUNITURNEIIIUYBIAI18BIN1ALUY
Omnidirectional agiinnsdousiufiu osmniauinives Andseglndfudusiuauain
AMalilinn195UNIU IBN1TLNIAABANY (Interference) YBIFQYYIUIINTIANIATUNA
WosutswesasaInie [3] luvasiinsldauaisainiauuy Unidirectional fisinaa
mmwiﬂivmaﬂﬁluﬁm mﬂﬁUTﬁLmuaﬂuﬁﬁmaﬁﬁmuﬂ danalinssumufiinaniianig
Imiauamaa way mmmwmmmwmammm (Channel Capacity) Guaaiuwmiaamﬂw
awu Lmmaummﬂmmmammmwu Omnidirectional [4] muu 31/1mu°wusu aula
9ONLUUANEBINATIINISUANEIULUU Unidirectional dusuldeuads Tuanmuindeu
Yosaunsnines Weofinuszaninmesszuunsdeas FIfnsasuuudnaensgayde
Tuduna Fanumsnzanivanmwndeudnuasd sonisldmaluladnsdoansassmu

| 1000 m

e ——— — —— — — — —

‘ Gateway .37 Omnidirectional
B Smart Meter

— "»»Unidirectional
--- Road

AMUTENBU 3-1 LWTHUWHUWUUTUNSUNNASIUYBEN 8N AU LA SATLADS
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3.2 guuuuseanmdlulasaniudivhiaue

Ingrinusi Bonoenuvuaisemialulasanivunadsudimasy dadu
sUfasviadaiiugiu a¥eldie tassadadiintinu Seuiadnnseindn wasduyu
MsHARM Wnzaufiavinaaldnuasuualiihluannwndeuvesauninined dmsu
FuneunIseanLLUVaI8e A wUsldeeniduaiudiundn denamuszneu 3-2 Taun

1) N1590NKUVAEINA (Antenna Design) lumsAnalassaiammmgud; 2) n1sdiasg
LU (Simulation) Ao 1591a0eMgAnTTNNITYINIIUTBIEEBINTA TLARINATTAIUINNIS
nouf feldsunsueoufiames war 3) nawieAifiumunzay (Optimization) Wuduney
nMsUiulssrwslassadaeenmaliangay Welilfaudnvurvesaeoinianuild
ponuuuld anifu vihnsadsdusuuanernialilasaesu auradldesnuuy

Antenna
Design
m —

AMUSENBU 3-2 NSrUIUNSeRnLuUEIwInFlllasansy

3.2.1 mulalassadrsanganmdlulasansd

n1sasauwuuaneaIniabulasansy wdonldianuau PCB (Printed Circuit
Board) @ila FR-4 (Glass Epoxy) s‘inﬁiwmgmmzmmmm%&lﬁﬁ'ﬂﬂ AU liageInIALl
AsnevaussraauasTanuud (f) 7 922.5 MHz dadupuiinatsuesdis 920-925 MHz
Lﬁaiﬁmamq:unﬂﬁaqé’ﬁymﬂmmaqmmgm LoRaWAN AS923 [19] AMNUABUNLAUTUD
4199101A AITHANYINAY 50 Lo AnuanuandfAved FR-4 f18AINIATEIUY bawn
1) Relative Dielectric Constant (&,) WinAvY 4.4; 2) ﬁﬂmiqmlﬁs Loss Tangent (tan o)
WINAY 0.02; 3) ANV UNDILAS (B) LAY 0.035 mm; 4) mwwu’mm%ui’aﬂ
5115949 () Wiy 1.6 mm wazimunisnisteudyaiawuuldansuindayayin Fousefy
F2s SMA (Sub Miniature version A) n13a0nuUUYIUAlASIAS1weEse1malulasansy
fudunsldmuide 2.3.2 feilseavidoanisiuadselud

A, ANUNINeT (W) — @unis (2-14)
c 3x10°

2 fr\/ gr2+1 2(922.5><106)\/ 4'42”

W = = 98.95 mm
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U, AP LABLANASNEURNSUTEANTNG (€1 ) — EUANT (2-9)
-1/2
g +1 & -1 h
Epeff = ————+— 1+12—
2 2 W

-1/2
4.4+1+4.4—1 1412 1.6
2 2 98.95

£, =4.2557

A. AUENMIUTEENING (Lef) — @lnN15 (2-12)
c 3x10°8

= = =78.82 mm
2f, Jer  2(922.5x10°)+/4.2557

eff

4. NARNNANNENILNAT (AL ) — a@unis (2-11)

(et + 0.3)(\?]/ + O.264j
AL =0.412-h-

(6 — 0.258)(Vr\]/+ o.sj

(4.2557 + 0.3)(9;3'25 + 0.264)

= 0.412(0.0016)

(4.2557— 0.258)(9?25 + 0.8)

AL = 0.745 mm

9. AMUYNITVBNAT (L) — @uns (2-13)
L =L, —2AL = 78.82—2(0.745) = 77.33 mm

2. anNenAdulutesindase (4)

8
R 310 350 em

f  9225x10°

r
9. AILSuNE (Vp) — dunns (2-4)

c 3x10°

= = =1.454x10° m/s
" JEw  NA.2557

\Y




%. anugedvluasenie (4,) - auns (2-6)
L _ 0.325

P Jew V42557

. YWINTEUIUNTNIA (Lg) — auns (2-16)

A
L, = Z(ngwt L= 2($)+ 77.33=156.08 mm = 160 mm

8. Arahlfivestesdadl 1 (Gy) - aunns (2-8) uaw (2-18)
W

1
G, = 1——=(k,h)?
! 120/10{ 24(0)}

2
0.09895 {1 1( 27 ><0.0016j:|

T 120(0.3252)| 24\ 0.3252
G, = 2.535x10° siemens

9. BUNUAUDANUT1VBIUNAT (Zin) — AUNIT (2-25)

Zo~ =1 _197240
2G,  2(2535x107)

0. ANUNIYIIBUTN (Ws) - Mvuaiduaei
W, =1mm

5. AnuNINanslindygia (Wo) — aunis (2-9) wag (2-10)

1 _1 -1/2
9N Eretf = Gt + & |:1+12£i|
W

2 2
Zf

A Ere {V\;O +1.393+ O.667In[\/\r/]0 +1.444ﬂ

WNUADURLAUS 50 Taniy

e Zo =
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o
50 = 1 =
1 1 h -1/2 : W W
&+ JE T i =2 +1.393+0.667In| —% +1.444
2 2 0 h h
50 = :
1)
_ 2
44+1 44-1)) 1500016021 ) W +1.393+0.667In( Wy +1.444j
: 5 O 0.0016 0.0016

W, = 3.083 mm

9. TLLDUTR (Yo) — AN (2-26)

v, :( L jcos—l Rin(Y=Yo) | _ 0'07733003‘1 0| 25.67 mm
180° Ro(y=0) )  180° 19724

. ANugEnsUndya (Lo) — 3nnwdsenau 3-3
. L, L . 15608 77.33

Dby + 25.67 = 65.05 mm
2 2 2

lassasangomealulasansy NlnannsAuIummged a3uamisng 3-1
LALLAAIFININUSENBU 3-3 JunausalUufe N1sunvuInlasIas1anaIuInile ludnang

° Y a ¢ A = A a ¢ Y]
ﬂ'ﬁVl'N'?u@'JE’JIUiLLﬂilI'JLﬂi’]%iﬁwqﬂﬂaULLﬂJLﬁaﬂlWﬁq L‘WEnLﬂﬂwqmaﬂwm%mmammm

ANUTENDU 3-3 W50 IASIAS19vesa1eo1nAlulasansU
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1574 3-1 1A59a31981801NAlLATARTUIINNITAIUIUNIING )
WISTADF W L Lg Wo Lo Yo h t W
IR (mm) 9895 77.33 160 3.083 65.05 2567 1.6 0035 1

3.2.2 318994M139191UVaE18 N AlULATEASY
IINHANITAIUIUTUIAIATIATI VaIaeeINAkIlATARS UMY a11150
W5 3-1 uazAaNUAvresTan FR-4 Mitauenowuniiill 1191aein1sviney

vesaeo1nd selusunsumeufinged lunuidei deonldlusunsu CST STUDIO SUITE -
Student Edition [42] #a.fulusunsufidonld@nuinagiiasieiusingnisainianiu
wdindnludin é’wﬂﬁﬁi’ﬂaaﬂwqamium5ﬂauﬂ§uﬁ'§yzyﬂmﬁwéammmﬁ Wafinu
NAN1SNDUAUDFDAE LaTAMANWAILAN 9 Yedangeina dafltiuausluade 2.3.3
INHANITIIABY WU AduUsEANENSasTou (Sw) wansdsnmdszney
3-4 GeiindulszAvinisagviousnan Wiy -14.84 dB fianufl 890.25 MHz Fsranmuadou
TWnneudisleuuudiioonuuu (922.5 MHz) fau suluesSurmnelaseadsangenie
Tnallfianumungan Whnnede Wnanssassaisernia Suaunireanuiviowuuding
ASBUAGUYIANE 920-925 MHz 9nnsiataneduyseavisnisazsiou (S1) Se1iiesndn
-10 dB Fududrffenldeu osan uwansdearruaiuisalunisdediuiidaeny
(Transmitted Power) ffnga witdu 90.1% vesfrdssuiteudiluluaeseina vieuand

o w L%

fanasnuazviau (Reflected Power) @100 WNAU 9.9% #4m1519 A-1 TUAIANUIN N, A9

<

Jdudpsuivugrrualasadielnl Inefiansanysuauiansndmes lawn aue1unad
(L), Anuninginwad (W) wagauinuesszuiunsnim (Ly) shwazidealanililuimdstesinld

2
|
4 —&— Simulation | S11= 22348 | 1
—_—— | =-Z. ,
922.5 MHz | 922.5 MHz
6 F | ;
~ |
m
c |
=8 [ 1
% I
0 R A (RO L | —
o
| | |
12k S11=-14.84 dB, i [ | ]
890.25 MHz I |
e ' |
-14 \ E I
I |
6 . 883.5 MHz! 1897 MHiz .
750 800 850 900 950 1000

Frequency (MHz)

AMUsENoU 3-4 duUseAnSnisagyiau (Si;) 1INNIINRBIELDINATIAILINN NG ]
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3.2.3 mamvualassaieiivangay
mMsUfusuelassasuesmoamalilasansy elilddandnvazves
FudsgAnsnisagvieudlandinin -10 dB Tugrsmrnudiidesnisldsuvesaisainia uin
fn1sunisniseonuuulassaiavesunadluniangud wuitauns (2-12) uag (2-14) Al4
AMuamuinnNe (L) wazmnuniraunnd (W) fesdusenovvesniuislsuuudegly
aums MavANfiaunzay (Optimization) vaslassadisansaimeall Sadonfinrsanuiulye
W15Emes L kag W ae3sn1s lawa 1) nmsuiuugesenisinassuulisunsunauinmes

ez 2) NM3UsulslasaiameanienIn Measdenionisusilys Idssialuil

3.23.1 msuSulnlaseadnedaenisinaasiuy
IINWANITINABINGANTTUNITVINNUVRIAIERINIA AININUTENOU 3-4 UaAnd
Fansliuundtusenindufivaudvesaisenia fudiresaietidgygin fnnudwiifu
922.5 MHz nuiildoanuuuly dau ihmnevasnisuiulslasaiisesaiseinid Lile
fioamsrtuaninisinasTouud Wegluras 920-925 MHz FemsTsmsuiuusisl

n. YSudpemnuemveswnedsiau (L)

41809NGANITUVDIAEDINA TneNAasIUTUAEUAIINEIVOIUNATAIU
(L) lAwA 74.50 mm, 74.73 mm, 76.33 mm kag 77.33 mm sua1nu glvainnsiimes
A a0 ~ ° ) v g =~ s o A
DU 9 UAIAST HANITIBDIRNININYITZNBU 3-5 Landlimiuin Weaunadiilniugnianas
wdwalvianudislouuudiaigau dady Jadenlimsdlines L wiiu 74.50 mm 1iesa1n
4111509 UANDIRBANDL YL UUGT 922.5 MHZ 861 S11 M1 -12.88 dB Feegluyas
ANMUDTADINTITITIUY wazlAduUsEansn15aLyIau S11 $1nN31 -10 dB MIUABINNS

S11 (dB)

-12+ |[—B—L=174.50 i L=74.50 mm,
—e—L=7473 We——1511=-12.88 dB,
14 b |[—A—L=76.33 | : | 922.5 MHz
—6—L=77.33 Dl
_16F|———922.5 MHz Vo .
‘ . 916.02 MHz! | 1928.26 MHz
750 800 850 900 950 1000

Frequency (MHz)

AUsEnau 3-5 duuseansnisagriau (Sy) 9NN13NAIUTUUTIANNEIUNAD
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. USUU RN IeveaLnatdaig (W)

dlovhnsasunlasmanuniveawnadsit Tnefmualy W diswidu
96.95 mm, 97.95 mm, 98.95 mm Wag 99.95 mm A&y wavsmualiamimesou
fidasi 9nmssaemuin e W Tlunadfisty dsaliiuusinvivosangoiniauauas uwas
audsTouuudiiaanandntions fanmUsznou 3-6 LAAINI5IIABY S11 VOIAINLNIIIUNAD
fiflen W winfu 97.95 mm e Sy egflushuvisiishitan Ainud winfu 922.5 MHz gadu
audnansiildesnuuuasenna sadenldnnunieing1n Tunisaddunuuaseinie

W=99.95 mm,
S11=-12.56 dB

W=97.95 mm,
S11=-13.16dB

—8— W =96.95
—e— W =97.95
—A— W =98.95
W=96.95 mm, $ —0— W =99.95
S11=-13.52dB | — ——=922.5 MHz
|

_]5 1 1 1 1 1 1 1 1 1
900 905 910 915 920 925 930 935 940 945 950

Frequency (MHz)

AmUsEneu 3-6 dudseAnsmsasyiou (Sy) 1nNsTaesUuuRanunIewnnd

A. USUU9unue3sEuIunsIn (L)

wd1nUiulsalassadsvesunadiiudase lassadamdndndiuves
arvoinialulasaniy Ao szurunsng dudulaseadreilugfignvesatseinie
Tun1seenuuuadell angeniadesiivunadnnin 20x20 cm? iiledenadesiuiluiiinnaass
vwalwil anasnasgiu il il Wnaaesusuruiavessyuiunsig (Ly wiiu 160,
170, 180 waz 200 mm lnglimsfwmesdu 9 Al nan1ssiaesansetna wuin duusyans
nsagiou (Su) deldunndsiuann Tuudasafinaaey eg1dlsin nansdrasuandliiiu
fenuanwugdu q vesaeernia feasulunisns 3-2 uansliisiudn animiangasiianig
(Directivity) vaann Lg IAN¥inAu wazidle Ly ﬁéumﬂiuwﬁu UsyAnSamsnasBadinas duwa
T9Sns10818939 (Realized Gain) fildannnisdrassdiaisias lumensetudiy Lg fifluwin
g aevhlsiun HPBW feuevas Taduanauiinnuideidfosniniiaue fudu Jatwmun
A Lg dmdun1sadiadunuvaiseinia widu 170 mm deflvwnaladvgunnifiundag
fviun uazliAdnvengaisliteiiulul -0.705 dBi usfnsiiyy HPBW fuau iy 91°
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YUINTZUIUNTIA (L) 160 mm 170 mm | 180 mm | 200 mm
Directivity (D) 6.56 dBi 6.56 dBi 6.57 dBi 6.57 dBi
Total Efficiency (et) -7.178 dB -7.267 dB -7.352 dB -7.797 dB
Realized Gain (Grealized) -0.618 dBi -0.705 dBi | -0.784 dBi -1.23 dBi
HPBW 92.4° 91.0° 90.1° 88.4
Side Lobe Level (SLL) -14 dB -149 dB -15.7 dB -16.8 dB

3.23.2 msuiudsalaseainiamnenieniwn
n&aInnszUIUMIMATINEaLvedlasiai I seINe eisn1sdnas
Tushdedesitinuin §Adeldasdutuuasoinealulasaniy anvuinlasaiiadisna
shensldTanusiu PCB wila FR-4 fiflanamun 1.6 mm @ousefunsuiininesiuu SMA
9Nt innsTanadeuaduUssansnsasiou (Sw) freta3es Network Analyzer 8%
Agilent $u N9912A [43] wuth funvua¥emiafiadatull Senduuseandnisasiiou (Su)

'
o

finan WU -14.36 dB finudl 948.03 MHz fnmuseneu 3-7 Seeufislewundiialad
amaedeulUInNansdaesislUsunsuneNfimes Inenansindmannuiislouuudiigs
i1 wansiaesnelusunsunoniamed vedassaiafiinunsuiuusudluidenounth
o mnufisTowuud winfu 922.5 MHz agilsedu Su Wiy -13.52 dB 9namuUsznau 3-6

Ref0.00 d&

Awdsenau 3-7 Msinduuseansnisasyiou (Si) YessukuUaAIEINANUTUUT

AIEITNNTINADILUU
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Jymanuraaadeuiiindulaain nsivusrineiiladidanasnduims

(&) MFlun13ANARaENITTI0MUY MIBAINIFIUNINUN 4.4 U danunrainndouly

Y a 1

| Y a a [ (% ¢ a e Y v o
NAAIAILABLANATNEUNNS NUVIATIVDILNY PCB vin FR-4 Nlda319duLuuasaine
wennil AAsialedianasnduinsanany Sallrmulsiuiuduanudvesdyginignlou

a 1 @ @ [ o w a o P U a a o v 6
warAuNINNIsHAaLNY PCB Allutadudndny Avinliaasdaladianasnduinsves FR-4
AaRLAGOULUINNANNINTEIU

Aty TuneUJURLEY N1599NLUUBUIALATIATIILUN ALY 180INA
lulasansu arunsaldisnisAamuukunelas (Copper Tape) UulATIaT1IUNAT1IN
YosruLUUEgaINIAgnas1edu Ingldnisusuueanuenivesnnd ey ieansedu
vosanudislaluudas Wuhenuauduiusilauiainnsitasswuuluiitenountn was
NTUITILAUNITInAIduUsEansn1sasviou (S1) Tnedaunanisildvuudasueiainud
SRUUUGLANTUTI NAADIUTUBNMIVRIUNATNTZZAN 9 2ulanani1sin Su 1A1n97 -10

dB Tut29AUD 920-925 MHz 999N 91U UULATBUI8aDI LI

ANUTENDU 3-8 NSTIRAUUSEANSNNSALYIaU (Sy1) VIR ULUUAIDINANULELD

AMNUSENBU 3-8 WAAINANISINEUUTLEANTNISAZNBU (S11) VDIE18DINAN

Usudgalaseadiaundnase a1 Su Wesndn -10 dB aglugiamiud 909 ¢ 931 MHz
FeATaUARUNITITIIN VUEIUANNRERTILIN INTY TIINTIRYEIALATIAS1IURdAEDINA
lulasamSUNRIUNTUTUUTIRED Han15InuIalaseEdne a3uMenisne 3-3 Aeuu K378
aunsatvwalassaseiiiunsuTu el snaedusuvatsenialulasansvunndsy
o  d Y o w = =

awneulnd danndsznau 3-9 dwiuldlunmeass msSeuiieuannssugasageIne

wazn1snTvinnun g aluanmindendse Tuddudaly
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A1579 3-3 lassas1sansonalulasansuniaue

WISReS w L Lg Wo Lo Yo h t W

IR (mm) 972 795 170 3.083 6145 162 16 0.035 1

(N) yBIUNT (%) HHNUBINUNES

AMNUIENBU 3-9 Auuuaea M akllasansunuiaus

3.2.4 N13INANANBALYDIRULUUEIEINTA
Tudedl thiauensianaaeuandnuazes 4 dafade 2.3.3 veafuuuy
anvomelulasansy wWisuilsuiunanissiassuuy Taun mdulssansmsassiou (Si),
WUUKIAY (Bandwidth), Snsdiunauiunssdiu (VSWR), WUUFUNNSUENE eI (Radiation
Pattern), AUN31eERAUATIMES (HPBW) uasdnsivens (Gain) fiswasidondedl

n. duUsEaNSNsALIBULAZWAUNINIAUD (Reflection Coefficient and Bandwidth)
#FuUsyansnisazyvieu (S1) vesateanialulasansy WSsuieuseninanis
a99a1801n1A (Simulation), AULUUEIEDINATUAY (Initial Design) LaAULUUAIEBINA
A o . . (Y] ' [y a £ v 1%
Nunawe (Final Design) kaAMIAININUTEABU 3-10 WU ANUSEANTNITATNBUVDIAULUU

A001n1ATItIELe 1A11UNTIMAUAINANINNTT NaN1SIIaBIEIEBINTA WiaRasan
Fuuszavsnisaziou fiA1rnd1 -10 dB anu1sATEUARUYTIAIINE 909.7 Fis 931.1 MHz
?fﬂiad%’ummgmaai'%nu AS923 Favinauiigasmanud 920 81 925 MHz uanand @unsa
Auumesiiuiuuudinyt vesdunuuageneTiiiaue ldannauns (2-33) dail

931.1-909.7
(931.1+909.7)/2

BW arrowbang (%0) = (f"‘a;;fmj %100 = ( ]xlOO =2.33%

center

ANSUBNIUINLUUAINNVDIF UL UUE181NFLLlATERSUNLLELD 31ANAaNTS
InFUUTEANSNNTALOU WARILAUNINIANATIAT 909.7 84 931.1 MHz Fedaidurieadud
wAU (Narrowband) A9t @1150A U ANUBSISURLUUAING JAunAU 2.33%
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S11 (dB)

-20

909-931 MHz

-25

—e— Simulation
—4A— Measurement (Initial)
—&— Measurement (Final)

| | | | 1 | | 1 !

-30
800

820 840 860 880 900 920 940 960 980 1000

Frequency (MHz)

AMNUSENBU 3-10 Nan1sinduUsyanSnsasnou (Sy;) vasarsainialulasansunulaus

9. INFIEIUARUTILTIRU (VSWR)
A15999RIIA@IUARUTILTIAY (VSWR) Deufiansanseau VSWR N8A181131

2 YIAANISAINIUNIGIU LINNAU 88.9% 981919 N-1 TuAIANUIN . Kan1siUSeuLieu

VSWR $11319015993390UN1591809871897101# WU AIUNIILAUAINUD AINNANITINDSI
YDIAULUUAIYDINANULEUD TAI5EINE 909.7 B9 923.2 MHZz 90119071 HANISI1a04
WUU NM9ANND 915.5 B9 928.7 MHz slan1mUsenau 3-11 F9fuwuvatgandkulasansy

A o =~ fa  a saa ° Yo A ] Y 1 o a a
NUNEUD UNIFLLUATVDUNLAULNA ﬁ’]ﬂﬂiﬂuqll'ﬂsﬂ]ﬂULﬂi@“ll']‘ﬂﬁ@i’]LL?UI@EJEJWQ&JU?%&V]SJWW

35

30

25

T T T T T T T T
—o&— Simulation

—4&— Measurement (Initial) | |
—&— Measurement (Final)

AMNUTENDU 3-1

880 900 920
Frequency (MHz)

1 Han15Inens1aruraudansnuresaganialulasansuiulaus
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A. WUUFUNSUENE9U (Radiation Pattern)

N15TANAABURUUIUNITUH NG vasaeeinilulasandufiviaue
annsaldnsindulseaninsdeinu (Sx) seitsangenauasgu AdasIves 8.2 dBi
F9uiinaudning sreazdeadinise n-3 lunieuuan n. mchiduaigeinieds was

fmualianseinialulasansy vuididuaiseinienagdeu (Antenna Under Test: AUT)
JannaauiieLA3ee Network Analyzer B%e Agilent 31 N9912A [43] Tuaninuinaox
AguBN®IANT (Outdoor Measurement) 1109910 Tutlagtusminedvasmaiuaiung uas
Huillndidies Lififesdestumssuniudyaa (Chamber Room) aenslsfinu n1sianadey
ans0vild Tuusaeaunulng (Far-Field Region) vesanganianeaes waznaaeyuluiiud
Walas Lﬁaammiazﬁawaqﬂ?iuéfzyayﬂmﬁui’mqsm 9 lagsou dsnmusenau 3-12 (1)

Network Analyzer

S~

Network Analyzer

(@) ANNUNAABUNTIANAZDU

AMnUsegnau 3-12 Q‘UﬂiﬁleLa$ﬁﬂ']WLL’JﬂéJEJNﬂ’ﬁ’QJJ®VI®ﬁE)Uﬂ'WEJUEJﬂE)’Wﬂ’]ﬁ
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PMNNTAIUIMUIIEUINLNG (Far-Field Region) suaﬂawmmﬂﬁgqaaq pe
AUN1T (2-45) ANWTOMVUATLELNNTENINEE1NA (R) WU 1.5 19T wazivuali
finsuundiusgninelnanlagdurosageinieisans NaAdeULUUTUN SuRNE sy vl
TnevyuatgenAlulasansusousnumyu LY 0 89 360 a9en AannUsenau 3-12 (n)
antufinArduuseaninisdsiiu (S yn 9 10 osan Tagsinisianaaeunuugunisus
WUV 2 szunv Taun szunvauulii (E-plane) wagszuivauiuwian (H-plane)
foyanan1zin agulddems n-3 Tuaanwuan n. 910t i3 Normalized #1 So Tuustay
Frumisdoangean wiindendeyansuunsmiidailada (Polar Plot) Wisuiileusewing
szunvawnlih uarszuvauLulman danindszneu 3-13

—E-plane (simulated)

===-H-plane (simulated
op° plane ( )

---m-E-plane (measured)

-4 H-plane (measured)

120°

180°

AMUsENBU 3-13 WuugUMsuEndsuvesagenalilasansuntliaue

ANYUTENBU 3-13 WAAINANNTIALUUFUNITUHNGSIU (Radiation Pattern)

gosanganelulasansuiiiiaus vussuvaunlnil (E-plane) wassyunuauiuuaiugn
(H-plane) s?faLﬁussmuﬁmﬁqL'Jﬂl,maﬁ?uaaammlw% WATAUNULULAAN AUAIRU 21NN
LAAIFURUUNITHR NI URUUTANI9LAYT (Unidirectional) W9 E-plane wae H-plane
Feaonndosiunanissass (Simulation) felusunsuwnsuneufinnes dvuinvesdinduy
wan (Main Lope) fiflmnuduannnit dradusumnds (Back Lope) 39a@1unsoan n1sunsn
donvasdyaad (Interference) andiEnesnumdsanseInelan aennsodiuingUszasnves
W3S wenani mm’liaiﬂ’ijLUUEUﬂWiLLB\iWéJNWuﬁIUﬂ’]iM’P{JUWM’J’]Mﬂ}J’NﬁWﬂgu HPBW
Feosulilumdednly
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1 AnunieEnduAse&s (HPBW)

NNANTIAUUUTUAITUH N9 gosarveinialulasaniufitiaue
FanmUsEnou 3-13 uanagun1nveanIswHngauiviin1s Normalize vuszuny 2 17
nMstnauniediaduaseiigs (HPBW) 9150719 NVUINVBIYY it snuvesdayain
Sy -3 dB asulddemnaseludl

A1519 3-4 WANNTINAUNINAIAAUATINNAIRIANgD N AllATERS UMY LEUD

a 4 1 <
WITULNDTI szunvaudlniln FITUNVAUIULLULAEAN
NTIANAFDUITI 85 93N 80 89N
N1391ADULUY 91 83 104 93AN

[

A15719 3-4 LAAINANISIAAIINNINAIAAUASINTGY (HPBW) 9890 ULUU

aneomidlulasansy vuszwvauulnil warszutvauuwludn dawvindu 85° uag 80°
o o = & a0y ' ay v ° v a ¢ =% o 1

PINEIAU Bayunsaes IA1deendn HPBW fliannmsinassmieslusuniumeuiinnes 24ina
vuszwrvauuliil wazszurvauinudman davindu 91° waz 104° A1UaIAU Feyu
HPBW @I wansfieni1uningweddiniiu Naneeniawnsnizatenaueentigeinia dmsu

a a Yy a Y a A & a o v
A1991N1ALUUTAANILAEILAY B9 HPBW dr1iay Beaneni15ifianig laevaliazl
AuERAU HPBW vuszunvawdlndidundn esan THuansisanuninsesdinay
VUTZUIURIAU Aian1suesnisinanlsd (Polarization) vosaiueinia

9. R (Gain)

157997 I19878RIRURUIVE18 N ALIlASAERSUNULAWD vinlalaeldisnns
a [ [ 1 v} 'y} [ 1o I~ ¥
WU N13NAERUTALUUIUNITUNNE U denmuseney 3-12 ualddndudeanyy

gwond lagagyinnsianageulunuiiduaisni (LOS) MuUAliTsu9IsEnigago1nIe
(R) WU 1.2 1nT $M91981890981891MANINTEIL AU 8.2 dBi [44] Anudfiviaaey
WU 922.5 MHz 910U aapuiaAduUseaninisden (S eogluguilsdduvos
NaR9RI&1Y SErInsanseInAneiuileiu (medn 2) Aefdsnuiiteuliaiseiniads
(wosm 1) aunAannundendiianaaouiduresinsdase (Free Space) avannsaUsyyndld
auMsNIsasHuYemEa TumsuamASnswenEvesageINA fedl [37]

2
i3 = (L) GG, (3-1)
R 47R
. . 47R
G, (dBi) = P.(dBm) — P, (dBm) — G, (dBi) + 20Iog(7j (3-2)

G, (dBi) = S,,(dB) — G, (dBi) + 20|og($) (3-3)
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do Py = Aidseudisuld (dBm)
P - midaudids (dBm)
Gr - ShsweevesEweInAiivagey (dBi)
Gt - SnsveneesEEaINASIBfingu (dBi)
Sy - duUsvAvisnisdsinuanneda 1 luwedn 2 (dB)
A = poueRAY (M)

Ref 0,00 dB

A158INU (Sp1) TuNSNAERUSRSIVENY

2N
CNDay

AMNUIENDU 3-14 WaN15InAUUIEanN
ANUTENDU 3-14 LAMINANISIAFNUSEANTN15EINIU (S21) TEKI9
AN8971N1F01999 NUaA181NALLLASARSUNIANAEDU NA1SAUINAMUANAEDU WiNdU 922.5

MHz @1115087UA7 Sp1 b1NAU -27.74 dB U1uwnuabuaunis (3-3) @1u15aa1u 6
9M519818739 (Realized Gain) ¥a9AumUUa18IN AL UlASARSUNULEWD 99T

A7z (1.2)
(3x10°)/(922.5x10°)

G, (dBi) = —27.74—8.2+20Iog( j: ~2.61dB

INNNANITATUIN DRI1V818359 (Realized Gain) VBIAUKLUUAIYDINA
lulasansy TAnvinnu -2.61 dBi TUVULN 895198189397 A01NN1531a09028TUShNTY
a = Y . & 1w & a1 o a
ABUNILMDS LANYINAU -0.705 dBi 91NMA1519 3-2 FIANDATIVYN8VIIEDT LAIRN hazinau
= Yo Ay Y v ~ A a ° v ° fa ¢
Wesnmsltdian FR-4 Nldasiangoinie TUseansame wlidnasyinisuundduiuaudg

ladudannu eg19lsid gnsveessaniinlill azlasunisiigatnisldnuasduadudnly
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3.3 MSNARDUANTIOULVBIWULUUAIDINA
ilensiigatiiazdudumaiuvesduuuuaisemealulasasiuiinaus
Tuinenfinusi veaesisuifisuaussouzvasansonaiitiaue fuaeerniadended
8n 3 wiln Taordwuels 1) angorna A fie anseinialslasansuiiiiiaus; 2) aweinid B
fie angenArila Log-Periodic FeilgUnuunsuEndsauuuuAiamalies (Unidirectional)
[44]; 3) anwernel C fie anvermavdalululna AlF3usiugunsaiassn End Device il
Tun1smaaes FafiuuugUn1suRNEI9IULUY Omnidirectional [34] wag 4) @189IN7A
lulasariuidemndud Jedguuvumsusndsnunuufiamadioy widinnstnanlsduuuisnas
[45] uansfanInUseneau 3-15 fmualiareeinians 4 wuu viwvihiluaiseiniads

Waunsnszatedyaulidiasainiasu vesgunsalaesinang deldauaiseiniayiia
Tululwa sa1ansasudyeuves End Device 199nToUfANQULLLITEUU

d1891n1a A (Uaue) #d1891n1f B d18a1n1f C g1aa1n1e D

AMNUSENBU 3-15 @NganANYluN1SNAaeg

NAFRUINAMAN BN VRIAI8BINIAYY 4 vlla AI8LATY Network Analyzer
[43] WelUSeuiisunaantmse 9 neunisuiluldnaaeuindynyinaese lngsuainnmsine
duUszdnsnisasviou (S11) HNaNTZAUAING -10 dB NaN1TIALERIRININUTENBU 3-16

WU @1897N1A A, B Uag D d9198ufinauduuuniniogluninigiuvesassiniu AS923
MHz [19] Saduuseananisassiou (Su) Wi 21.54, 12.88 way 17.51 dB augsiu Tuvas
i aworma C Fadumeemaiilinmioutuguniniaes) End Device Hamsinduuszans
nsazvieu (Su) iAnud 923 MHz Sewiiiy 3.47 dB Felidrgeanitseduiidesldfiansand
-10 dB egalsfinm awernia C faasanunsaldauldfinnuidingn mefdsnisdesiy
Wiy 55.5% [46] uena1ndl wan1sianmdnuurdu 4 vesatsaniaia 4 viia liun
§n319818 (Gain), SaTdIuAAUT VNI (VSWR), uannuniedinduedsida (HPBW),
Tnalawdy, aunelassadns, dmdn uazsian viedununisudnaneeine agufamsns 3-5
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-20

S11 (dB)

-25
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35

D
1D
> MO
> MO
S Mo

< M d

4

O |
< M
< M

—+&8— Antenna A
—~A— Antenna B
——o6— Antenna C
—<— Antenna D

— — —LoRaWAN AS923

| | |

-40 '
750 800

850

950 1000
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1050

1100

1150

1200

ANUTENBU 3-16 NANTINEUUSLANTNTALNOU (S1y) VBIANYBINANLYIUNSNARDY

1519 3-5 MsUSeuiisuaudnuazdng 9 vasgeinanldluniveaes

W Anes g1 A | @1881n1A B [44] | dqwe1n1e C [34] | d1ea1ne D [45]
Antenna Type Microstrip Log-Periodic Monopole Microstrip
(Proposed) (Commercial) (Commercial) (Commercial)
Operating Frequency |909-931 MHz 752-2700 MHz 800-825 MHz 882-985 MHz
Radiation Pattern Unidirectional Unidirectional Omnidirectional |Unidirectional
Realized Gain -2.61 dBi 8.2 dBi -2.58 dBi 5dB
VSWR 1.17 1.58 5.1 1.3
S11, Return Loss -21.54 dB -12.88 dB -3.47 dB -17.51 dB
Polarization Linear Linear Linear Circular (LH)
HPBW (E, H-plane) 85°, 80° 60°, 85° 100°, 180° 70°, 72°
Cable Loss 0.48 dB 0.41 dB 0 dB (Direct) 0.41 dB
Weight 0.1 ke 0.6 ke 0.01 ke 0.6 kg
Dimension (mm?®) 170x170x10 282x210x65 10x10x50 210x180x43
Cost (USD) ~$5 ~$40 ~$5 ~$160

M3 3-5 asUran1sinAudnyrveuLUUagaINAlulasansUNULE e

WisuieuiuauanyMese 9 Y09a181nATnfiygan 3 viin ieliduduaussausued

[y

angonalulasansuieanwuy INTaussouzlnafes viswanssiulusulatng nnNanis

v
v

naaeuinAuanvzvasaeaINIAluesUURNT awnsaagulanadl
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1) MUNTIIMAUAINE WSBLUURIAY (Bandwidth) WU a1gend A uas
C Wuansemafidanun euwaunuaiivau sasiiawenie B way D awnsaldeulugiu
AARNA19 aeelsAn nsldeuatgernefiitauauiuauty aunsaviniiidy
Fansesdyan (Filten) Tutnsnnudadilidesnisldanuls Saduuselomimeden dmsuns
YrunldanuumpIotisansiwau fivhauuugiuaug 920-925 MHz luussinelng

2) WUUFUNMILENE1U (Radiation Pattern) ¥asa18e1n7a A, B uag D 1lu
WUURAMIAEs (Unidirectional) lumazdi a1e1n1d C Snsuindssunuusouiianig
(Omnidirectional) fiansana1nAuautAlanILr0daa1881N1A LasNan15NAaeIiauuy
JUMIUANSIU A991519 A-3 Tann519 A-4 wazamdsenau n-1 Tuaiawwan n.

3) N157ADNI1VL18239 (Realized Gain) U99d1891AA WU @189107A B
waz D dauduatsenniadanidad Afln1suindsunuufianiien LardldnI1veuge
WA 8.2 uas 5 dBi mudIRU @1we1na C daduaiseiniadwaded waiinsuung
Sufiuaudiing firudwintu 923 MHz sasiaeedsdiamuasinay lusasfiaweinie A
n1sinnageusnsvene asuteliluiide 3.2.4 JAuWnnv -2.61 dBi LI3@1881NA
lulpsafuiiviaus ssfisasvenedisunn Wedlsutivarsenmadamndeddu 9 widmsu
msfomsluanmindowesaindinesi wddnuvusans wrsndufeddsunisfigad

4) MsuupdduRinaudvesdulssansmsassiou (Su) wasdnsidiunauis
w5994 (VSWR) 1U3N @180101¢ A, B hag D Un1SwUATdUN AU agﬂmﬁmamﬁmmaasﬁ
WU AS923 MHz luvaizdt angennia C ldfinnsuunddufiuaus a dreanudsngtn

5) nstwanlsd (Polarization) vasanga1nia A, B, C iuwuuidadu (Linear)
Favzuundiunisiwanlsdvesarsoiniaiu figunsalaesinaiag luvaed a1genie D
finstwanlsduuuienan dwmalifdnudyaia faseiniailelu Seanadluadmil wie
Wiy -3 dB 9nravesnisliuundiuvesinanlsietu sErinauudadunasuuinay

6) Msgaydvluaieds (Cable Loss) wanismaaeuiansandefioinios
Network Analyzer [43] LanAInInUsENaU N-2 WaznAImUsEnau n-3 TuniAuwIn n. Tneil

aendY1aeIE188INA A ﬁﬁhminglﬁawhﬁ’u 0.48 dB aeUNday1UIa188INe B
a0 a 1 > d‘ o ‘ﬁl U > ‘ﬂl
way D dAINSgeLdy tnnu 0.41 dB TuvueN awernie C ‘I/l’]ﬂ’]iL?jEJiJGlEJﬂUIﬂJ@amiﬁ@ﬁ’]i
lngnse Faldfidnsgedenanany
7) vunalAsIasIazindnvea1eaine davudedudiduisesfiansan

>

AULALIZAY A1NSUNITAAAIISIVULETN AN A9AINUSZNOU 3-17 LARINISAARIANISH

a s d‘l’ A ! = goj Y < d'
fwes uagiunitalagsevvwarlniln wudi argeinia C Tumdniuikasvuiadnign
a1091n7a B wag D dvuinluguaziumidnuin Jeldmunzandunisfaasluiundidn
luraed a1we1nia A dumdniuieaslasaiienue aunsaieasliuuusuliuiaing

1 & a A o - a v A v X M ya %
2¢19l5Af a1e1n1a A Ndnauell WWuiilesduiuunasnadu Jalulalidiuaesnisveny
wiloudvatgenAlswtlvguinoy ¢
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a n‘ﬁ.’ a ¥ a €
fipasanser I i wusadipas
SMART METER ‘\ @ / METER SUPPORTING PLATE
r@‘:"“:‘%ﬂ T ijr——'
= e de w o a ¢
=\|§}Eu—]|§1 A ' Pé: “ﬂﬁwummgﬁ'mf—mmmaa
I&E# | & @eanden A)
| =Tl 250 i METER SUNSHADE
v/rm:\i_,, ) (SEE DETAIL A)

ANUsENBY 3-17 WRsgIUNIRRRsaNIsalimasuweantnil [47]

8) 31ANTWUIYRALAUNUNITHAAVBIAIDINA WUTT @180IN1A A wae C
fisrmdminsnagduuasndniliunannin Ysganu $5 USD mnuSouiitsudy
a1997M1A B way D Milassadrsvualvg) dduvieruaiseinia wagtanildaivangenie
ansnsonuseridsnudyanadadld demnil Sehlifunumandn uazsasmegs

vgslsfimnu msBuduaussouzvesanonelilasaniuiitiaueiiu wwdos
IWsunismageuainnsldau luanmuwindentsaessyuvauisainessnads Tagnisi
A1801MARINA1 WadeuTadygn Wisuflsuiuaiseinimdndivd sy iievaaeu
Usgansnmaun1sldauae uagnaaeumszeensdedygaign YouraratueInia
Faazveasurenmsnaaeu Tuddudaly

3.4 @NNULINADNVBSHUNSATILADS

nshnssdimeslihluvssmalne Munsgiuvesnisiniiduginig vie
PEA (Provincial Electricity Authority) 1udaulng Sefmualdfadaiiinesuuianlaiiia
mmqqmnﬁu%’uﬁ’] 1.7 m sgegviesgninaantninuseune 20 89 40 m Sesrenulunaen
ALEINUL FannUsSEnau 3-18 MuualianInwIndaNanwaeainad Wuanmwinday

o
v A o

& a s A . o U dy d' A a dy all
VBIAUTAULNDT UTD Smart Meter Environment dMUIUNUNLALUDY 1UIYU NTUUANUN

(%

wawmAuIalewssNa Usswealve Wuanuinaassiuteyanisnsinindyain dnvaue

o

YBIANMWINEDUTZ UARIFTINMNUTENOU 3-19 FsaNNUINEBULUUE wuldvialy Tunn 9
Sninvesszmelve asluouian Anudosnsldiuaniniinesasiiunniu luiufuadlos
YBIENNUIAE LTI dmSuiiufimeunaiiieausiBanad Suueitud 7.5 sseilauns
fI$1u2uUsE1nT 42,000 AU SS1uuiimed 13,000 LATee wazinsuuslauiud aundn
Unasaveanauta wusdu 35 guwy LLﬁaz%gm%uﬁmumﬁuﬁﬂizmm 1 gns1anlaluns (48]



14
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d o1 :
Gateway 5 O .
‘ S 4 End Devi =
~ nd Devices
| 8 :
o 1T % .
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RS NS

| 20-40m |

[

AndsEnay 3-18 MsfnAtaunIaingInindmaians) Tuanmwinaeuvedauninines

amUsznau 3-19 Nunnnaiadygraluamauialiiomsdag [49]
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Tunsasiaindyuas) WeldiussuifisuanssouzvesaisoInIALfas
yila vhn1seenuuuLarinfigunsal danmuseneay 3-18 MyUAARAAIATEISY 39809

inand Uinalanaraiiesusidna fifidnaziged 6.425081 uazassigndl 101.825112 lned
FLAUIAINEATD ﬁé’ﬂwmzﬁuﬁﬂwmwﬂimwj YDINUUANYNEAN F1UITONTIVINAYYI0
Tuanmuandeuads Idnaenauenivesouy uarannsoaseunguiiuiilfiuuinmuniis
vt arnugdlunisfadainmag gnirfnegliuuavesanslifiussd (220 volts t 10%)
Imaaﬂﬁy’qmmnéqqmﬂﬁuﬁu 6.2 m WazfiMUAAIILGIYBILATDIAIVEe End Device iy
2 1ns Al S?Ew‘ﬁlummqaLa?{mmﬁLm@%ﬁﬁﬂéﬁgﬂuumﬂw%w

nsnsaiadaynaildisn1s Drive Test lunisiadeuiigunsal End Devices
$19U 4 1038 (4 arwenid) eanRInnAlag lumukwaanlilill Feannuiiuszana
10 fs 15 Alawnssedalus eanusingnisal Doppler W%’auﬁqﬁqmﬁﬁmﬁwLmu'qaza@m
uarassdgn dnduldMuinszerneszninaniesdsiuinang uazeenuuulitinistiuiin
s¥AU SNR uay RSS! teltlumsiinnesinunmdyaaluidagdiumis iieldduanm
Ansgaydeludunis (Path Loss) Ainduluaninuindenase

3.5 aUnIaliA3aveaaIIuIy

[ '

NMTONLUVLATATAARIgUNTAINITATII YA IADT uanI
AMUsENeU 3-20 Feeenuuulaedamu antnenssuueaniiuiu (LoRaWAN) Usznausie
4 drundn fefinaruudiluiade 2.2.3 dmdunuided dutunsanatasidanunes
AU10ans vutu Physical Layer fetiu n1seenuuun1svineu lussazdiuvonaiotne

ae3 I agulanan1sne 3-6 warliseazidenniseanwuudsalul

ﬁ Lat, Long Packet ﬁ LINE Application

. GW
5 -
Tx + GPS P e
Ethernet
|| get RSSI, SNR g HTTP ®
CAT LoRa Laptop with
Server App. Server

AMUTENBU 3-20 SULUUNTAENUTDYANITARDINIULATEY 8RBT NI
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3.5.1 End Device (ED)
End Device Aa gunsalfiieusiaiuausaiimes wazdidoyaludunniag
H1uuasatulasAaulnsaass tuwa STM32 [34] aan ndsenau 3-21 Tusuwdded Toau

gunsal End Device 3114 4 A9 dmSURARIaNEeTA A, B, C uag D dafildesunglily
vte 3.3 dvuelviusazeunsal inauivesdyanauandnediu Téun 923.2, 923.4, 9236
LAy 923.8 MHz suddiu tielsianunsadsdeyalsegsieiiles nglsitAnnsyuiuvosyn
Joya (Collision) Muuafidansasdayayias iy 12 dBm Fafinnsanannidsdieenainie
auyalelansaUn (Equivalent Isotropically Radiated Power: EIRP) YRIANIUFY P
LMSILABTIIU ASO23 [19] wazUszmaves navv. [27] 52yt Masdagaan EIRP ki
50 MW (16.98 dBm) f9 0.5 W (26.98 dBm) aansaldauldlaglidesiilueyyin faiu
fdaded 12 dBm lefansansiwfudnsveneveusazatveinia Ssnsegluliouls EIRP
geandioygalilday

gunsal End Device whagda a1u15asuAINnf141Ua GPS (Global
Positioning System) 1nluganieuen wasraduyadeya Payload wu1n 11 bytes fvun
AIULIAINITAITBYa (Time Interval) n 9 5 3unil Amua Code Rate (CR) iwifiu 4/5
aruidadeya (Data Rate) fvualifimadsuntaduynasiiinsyadoya domatmua
wniaasn15nsEate (SP) MuA 7, 10 way 12 wageenwuuliiinistuiinnisfwmesiddey

asuuMinnieaud Weldiuieuiisuiudeyaniuivelasy

SD Card Module SMA Connector

GPS Antenna I ; - | z

GPS Module

Awdsenau 3-21 aUnsalaes) End Device lElunisnaaes

3.5.2 Gateway (GW)
NALg (Gateway) fio gunsainldTumdudyyuass1Nigndeuiain End

o

[

Device tnua1ganalululng 5995Un15aanTanssasdnad (Muti-channel) 311Uy

A
f =

deinyndoualiu Network Server eguuiasetnedulmnesiin W1y Internet Protocol (IP)
WINWsH TFNunandBem v naniusves UfiSpace [50] Asnmusznou 3-22
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AmUseneau 3-22 gunsalassnnandildlunsmaass

3.5.3 Network Server (NS)

Network Server shwiiudmsdnnisdeya Aldsuanannang Wy n1s
gudusinugunsal (Authentication) Nsassiadayalviiudiu Application wagn1sdsdaya
97189 (Downlink) Wudy Inednusl 14usmsiaiedeesuisn nam Insauuiny $189
(U19W) 6“?5&Li‘;luiﬂﬁu‘%miLﬂ‘%mhaaai"]Lnummimﬂuﬂsmmlma [51] fanindsenau 3-23

' K" I Logger Data
4 Timestomp Device Address  DevEUI Paoyload FPort FCntA  FCnt¥%  RSS SNR SubBond Channel LRRID
RO R ILE
A+ 25/10/2019 14:47:23 ED1AF974 AAQ1BBO2CC03DD04  6201d506118f1800000072 1 114 1 78000000 9000000 G1 Lc1 C00017
B  oevice wanacement
A 251062019 14:47:1 E01AFO74 AAQ1BBO2CCO3DD04 1 11 9.000¢ 0 Gl el 0001
& comnecimy
T ED1A 4 1 11 L1 1
+ ED1. a AAQ1BBO2CCO3DD04 1 111 1 C0001
+ D NLINK 4+ ED1AFO72 AA01BBO2CCO3DDO4 1 11 LC1 CO001
D - + ED1, 4 CO3DD04 111061 1 10 Lc1 1
T 251002019 14:46:53 EQ1AFO74 AAQIBBO2CCO3DD0O4 6156061 1 10 9000000  9.750000 1 Lc1 1

ANUIENBU 3-23 39388831k Network Server AL UNITNAADY

3.5.4 Application Server (AS)

Application Server i syUUMIoNTTUILNITNSHIURRlY (User) Tungii
foyaan Network Server unlduselonfluguuuudng 9 Inerinudi eanuuudiuves
Application Server vuin3osmanfiames adrudunietieuuy Local Server faen1sRnss
GoNAWIS Node-Red [52] FaiduipIaafiofifiuszansan feuldlunisiauiszuuves
w3ev1eleledl (Internet Of Things) Fenisasisudenmds ununiadeulusunsuluniw
Javascript fan nUsEnay 3-24 wanen13dud1deyaiann Network Server aaeluslnaea

MQTT (Message Queue Telemetry Transport) @319n130uiindeyaludnymzas Data
Logger WiouYY @51952UUNTTUANLFABUNIU LINE Application UadLATaaN 1561y
peluslnaaa HTTP (Hypertext Transfer Protocol) [53] flanwisgnau 3-20
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Q Pathloss_Thesis +
~ input =
§ L ] Test MQTT [ 0 lorapacket
‘ inject I#\ - @ connected
e 7
H
. . @ connected L -
‘4 matt |:l|_w o) Cutting_packet JSON |:>—1= ]
f 1
“ websocket 0
" tcp #\ T ] Decode_packet Siring |:>—<é Write_file CHE
P — [ hello c-\‘ 1 1 :
\ wp O : : ; — :
h I @l Decode_Line_Bot  ()~() Line_Notify URL O=0) http request [}—{E
~ output
O rReap b——§ | Read_ i Cﬁ"'
R — (O beiErEn (T, Delete e C'—'E.l
- - y y
O ink | =l
.
> |4
=||C

3
+ |1

AMUsENBU 3-24 NM3IANT3UeYaly Application Server AgwenAwIs Node-Red

M3 3-6 T18AzIBEANSNIMUAAIYeUNTAllATEYIEaRI I

wWs8Lmes

sN8azLden

End Device (ED)

STM32 LoRa Discovery kit (SX1276) [34]

WneLg (GW)

UfiSpace GPE810A-923U (SX1301) [50]

Yosdnyeya

923.2, 923.4, 924.6 Wy 924.8 MHz

UNARBSNNSNTENY (SF)

SF7, SF10 way SF12

ArmlLAIesy -125, -132 wag -137 dBm (@ %5u SF7,10,12)
LUNIAYILongan (BW) 125 kHz

Aaa9uds (Tx power) 12 dBm

Coding Rate a4/5

ANNGIEERINARS ED 2m

AUENENYRINATY GW 6.2m

a@rge1n1@ds (ED antennas)

d@1wa1nd A, B, C lag D

d@1991n71A5U (GW antenna)

ango1ndlululna, 1.5 dBi

AAANITANAULNNLIE

6.425481, 101.825112

luganiguen

Ublox NEO-6M GPS itag SD Card Module
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AT 3-6 a3UTI8aEBYANIAMUAAIYRINITIINES 9 duTuinTetig

aoTwauilddmiunismaas léun gunsal End Device Wdonltsmuainlulasaeulnsaians
Tuna STM32 Lilesann Lﬂuuaﬁmﬁﬁammusqq 1191 input/output LWEINDFBNITIHIU
Syuduluga GPS lawaa Ublox NEO-6M wagluganisaniiea31udi (SD Card Module)
uanant uAuBnUszn1svesuaiadengn Ae nisiakedn SX1276 Ssanunsnuonguan
Fuey10a837 UUTIAINNE 860 T4 930 MHz swegluvesaiediu Tuvnugdl gunsaiandd
nanad THudn SX1301 Feenwuuaantnenssy Wanunsadudyanalldvanevesdyao
(Multi-channel) glunanfieniu wiesudyaradidanuiieatu Uuézjaaéi’zgfgmﬁﬁﬂ'mju
Spreading Factor (SF) 3ududnwauzinuvesnaluladaosiwiu fuandrsainimalulad
nsdeansuuuldanedy o

3.6 A3UTeUn

Tuunid dnauenisadrsdusuuaisernialulasansd n1svagoudn
AudnwaE waznsiUSsufisunudnuuzyesaeeIAfitnaue fuaseiniadandyd
\eduduaussauzvasarsoiniaiiasitulnl 91ndu senuuuszuudniunisnsiain
Fyana luan mwndouvesaunsniined feiAsel18a83LIUTe0NLUY Lazindea3s
Tuan nwindaudidmua Tuundl 4 avinavenanismeassnisnsvindyain wWisuieu
sewineaneena 4 viln ierTeuifisuanssouy uazaiauuudtassnisgadsludumns

AUSUANINLINADULUUANNTATLADS N3DUNINAFDUAIULLUUSIVDILUUINADINAS19TY

<



unNa 4
NANISNAADILAZNITILATIZI

Tuineninusid PONLUUTTUUA IS UNITIATEAUANILTNE Y18 RSSI 99
\A3edn8aIILIY VUTY Physical Layer ¥aduuudnanslotodale (Open Systems Inter-
connection: OSI) vilafia15aisefun1sanneudyyiol vIoANTaqdsluldunis (Path
Loss) MAnTuluaninuindenaswesauninined fuandunmdsznou 3-19 Tuuni

ULaUeNTIATIZAMad g 1ua031 19529 3alaluan muinaeNas wWisuisusazsin
YDIAERINTA LeN1TATIUUTIARINMTadd mTuan mwIndetvesainsniiines

4.1 UszAnSarmnisaedyyiuasin
n1siiudeyananisnsivinauaindygyiuaesi wWisuiflsusening
a1891n1A 4 BUe TuanIMLINADUTRIENITATNDT AIRITD 3.4 HANITINTEAUAIILTLYD
Fyaurauladu (RSSI) wag SNR Aiduntenng q wansuuunufiningieaiifisrvedlusunsy
Google Earth Tunmuszneu 4-1 uansiuninsindannindusnaeuuen Fadugndn

vosnuumevdnluiufinaunadionsisig uasviinisnnaindyauiaeds Drive Test
lumaunanslifihvesauuisanuans feu 1 RSSI uay SNR finsiainldaintaudunis
wgnitansansIndy iedushunudeyanisgadeluiduma (Path Loss) vesaninuindey
yosansafines lufufwnidiomessunalng auingUszasdossenidol

4.1.1 92AUAMTNVBIAYIURITU (RSSI) waIzesNIN1saass
PINAINUTENBU 4-1 LAAIHANITIATZAU RSSI TULABZAILNUIVDINUT

naaeu Tnefarsanuusseau RSSI sandu 3 sedu ldun Hish, Medium wag Low [15] wie
Tlunsudddsuiiui arnsziuauduvesdynaasst luuwadadseu 9 tnand aanamw
wandlifiudn angennia A, B waz D IRdunisdedyaa dleiieudussdu RSS! Level f6n
IndiAeaiu Ao sedu High RSSI dun1sdedayayrauoglunag 0-0.4 km, Medium RSSI #ele
msdﬂé’agﬁmml,aﬁ'ﬂagﬂmm 0.4-1.2 km uag Low RSSI fifidensdsdayaionade uannin 1.2
km luvedl arweinie C AidonsdedyyianU3ouiivudusedu RSSI Level #1071
@180 A, B Uag D NnYeszauved RSSI Level

HANIINAGDUATTITIUATIVOEI80INA A, B, C taz D Tuan1miindenves
dunsained aaeuluiiuiiondlos vueietronsdoaisassiuan defesansvernsds
dyanailnaiign (Maximum Range) wuih angenia A annsadedyannldlnage Ussua
2.2 km, agonA B anunsadsdyaailalnagn Ussana 2.4 km, angenie C dszeynsds
Fyanasiigelumeeniafitunagoy svozUszana 1.6 km Lag @188701A D @11130

[

dedyaailalnagn Ussuna 2.4 km Tuanmwiedenvesaunsadiwes Mvinismagaau



> L »

e High RSSI (>-90 dBm)

& Medium RSSI (-90 to -110 dBm)
> Low RSSI(<-110 dBm)

€& Medium RSSI (-90 to -110 dBm) r %
> Low RSSI (<-110 dBm) ¢

(M) NaN1FINAINAIEBINA C

84
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3 ;KK > . LS
@ High RSSI (>-90 dBm)
& Medium RSSI (-90 to -110 dBm)
> Low RSSI (<-110 dBm) ’

) NAN1TINAINAYDINTA D

AMUsEnau 4-1 nan1TinAuANEa1Maes L USeUgUTilauasagaINTF

ety anran1svaaesi wandldidiuivaussourvesaseinid Aiuuy
sUASUHNEIuLUY Unidirectional (@880 A, B uag D) fmilenitaiseiniauuy
Omnidirectional (1881017 C) faen1snaaeuldauluaninuindenase wedl widl
a1we1ne A (@eenialulasaniuitiiaus) zisregnsdedynrugagn figaunin
d1801017 B war D wAszeznisdedyiadnawind fiftesmedmiunisldaueiely
anmundouresauinines idesnsliiinuiinaeunguunasuy (Community Area)
Feflvwaiuiivszana 1 km? vwesetemsaeansaoiiuau

4.1.2 dasndaunisdeyntoyadiia (Packet Delivery Ratio)
lunsdadeyavesgunsalassi End Device uanannisdadoyadiinsiumis
GPS w1 F1us39teyanas Counting Number d1uulddudtuaundsvasnisdaudiniia
ansaieuiisuduutudangn duduuuinifaiinandlésu ievsuenyszansam
voamsdeans fun shardunsdsyndeyadiisa (Packet Delivery Ratio: PDR) dadn PDR i
fusldnsmaaeuuszansnmussmaluladnsdeanslians dunaldainaunis [54]

Total packets reveived 5
Total packets sent

PDR (%) = 100 (4-1)
1 1Y Y o < [ 3 3
HANINARBINUT a@ga1n1e A anansadetoyaladisa wiiu 388 witniin
" 8 2 & | v Yo & ) < &
INNTAIINUA 646 WINLAR, @180INA B deynadaualadia winiu 415 witniin 9113
daVianun 605 wiinufin, @1ge1nia C dsgatoyaladniia windu 208 wiiniin 91001549
Vanue 508 wiiniin wavanee1nid D dedayalidisa 535 wiinfin 9ann1sdavianun 831
WiANLAR A9t @1U150AILIMN PDR HAvinfu 60.06, 68.60, 40.94 Lay 64.38% MU
YINAINY LUBNINTUILUITIIVDITLHLNIITENINUATDIAINULNALIE TASAINUANITHUS
J¥8ENMN 9 0.5 km @11150%7 PDR MIMUIRINTI95285M19 Uanedan1nlssnau 4-2
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100.00 == Antenna A (proposed)
90.00 Antenna B
80.00 e=de= Antenna C

—~ 70.00 === Antenna D
S 60.00
o 50.00
8 40.00
30.00
20.00
10.00
0.00

0-0.5km 0.5-1 km 1-1.5 km 1.5-2 km 2-2.5km
Distance

AmUszNeu 4-2 dnsmsdwadeyadise (PDR) lWisuieuuiasyassasnig

NnmUszNeu 4-2 uansdnsidunisdsndeyadisa (POR) wWisuieuly

WABLYITLYLNIG WU ©M51 PDR AzilANanad wlaseeen1asening End Device haginaLig
TAWANUUINTY ALLLDNINTIUITLAVDIAEBINTA NUIT NILUENI195EKIN 0-0.5 km
argeniAnnyia dA1 PDR @911nndn 90% N58¥n1e 0.5-1 km @180101A A Uag B
a a a 1 [} d‘d 1 a d‘ % = 1 [} 1
UUSLANTNINANTAIARY QY IUNANINFNWBINATUADU 91NBRST PDR AAININY 84% WagyId
szezlnagnuein1snnaes fiszey 2-2.5 km @1w01n1e A, B uaz D §aanunsadsloyaladnsa
Tudns1 PDR a1 wsignwenia C llaunsadsdygraulafissuznimina w3 PDR Ay
0% Asagulumsns n-5 89 11519 n-8 TuniAmuan n.

Aatiy 91nwan1sRasudnsInsdeyadeyad 1159 (PDR) 1041135051950

e awnsaduduanssausvesavenialulasansuniiiaus (@eeinie A) 113
¢ aa

Usvansnmlunisdsdyanmest menunndyaailndifeaiuaigeiniaganidiyg 1d
517NN Asasulunsn 3-5 egalsiniy dunuuaneenieiiiauedl gnasiaiiie

aaeuaNNAgIukaruUyn190991u3de SedounIzUIUNIITNAERY, NSUSUUTILAY
N394 ¥38NN1TATIININTFIUAN 9 FeRzaUTiBUIaIgINATI gAY A1

4.2 WUUTIBDINNANAAIENS
[ a [ 6 .. = [ a s
LUUDNADUTIUTEINY (Empirical Model) AB LUUINABINIAUAAIARNT
Feaseleanisnisgeuseaunisal arunsaussyndldaiiauuuitassnisgadeluidunis
lnelddoyanisgadsiilaainnisianaaeu luanimuindenass annnisAwialu (2-46)
a1unsauansdeyanisgaydsludunieilaainnisia vesudazatgeinia Wisuifisuiy
ITULNNITLTNINATOIAIAULNALIY TLAAIUULAY Log scale UBINTINNITNTZIANTZAE
(Scatter Plot) flan1wusznau 4-3 wudn deyansnuaininszatgludnuusiadu (Linear

Model) Feanunsaldipiosiionsadn 1éun Linear Regression Analysis a$19idu Fitting Line
VOIUUUTIADINNAUAPFENT Lﬁmﬂuﬁumwﬁazﬂamsqmﬁs"lmﬁumq YOI INFLADY
ia TUaNINLINAOUVDIAUITARLABS NITASIILUUINA0UTIUTEINY UAaENITRIAY
Fulszansnisannes (Regression Coefficients) Awaaildainaunisaaly [55]



Weo  Plgye
n

Y:;
d

dmq
d,
PLmi)

PLge = 10nlog,(d) + B+ 1,

Z.N, (dm(i) _i) (PLm(i) _P_Lm>

n=<

2
p=PL,-n-(d,)

(dmm —af

o (dB) = \/Z‘—l(PL”‘(” —PLs)

N -k

= AnsgyidemasludunisvediuuinaentaUsedny (dB)

Path Loss Exponent (laifiviag)

Path Loss Intercept (dB)
FTUTNNITNINLATOEAINUATOITU Tsumidla & (m)
NANISINTLUTNIITEINI AT DIAINULATBISU V89A208199 i (m)

ANRAYVDITLYLNINTENINATOIAINULATRISUN AN (M)

Ansgaydeiddudunientiainnisia veivegei i (dB)

AnRdRevaInNsgeydematludunieilaainnisia (dB)

UIUAUTNIMUA I URUUIIaDY TAWINAU 2 (FakUs PLeme wag d)
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(4-2)

(4-3)

(4-4)

(4-5)

% 1 ¢ Aa = [ G4
G]’JLLUS@@JGUENﬂ’]iﬂi%ﬁl’]EJLL‘U‘ULﬂ’]ﬂL%EJUV]iJﬂ’]LQaEJLUuﬂu‘EJ (Zero Mean

Gaussian Random Variable) wagilfdsauuninsgiu (o) luniiy dB Feandesuu

& o 1 See o . 1 = Y o
N1ATFIUY LUUMIVITOINANTENUIINNTYNTS (Shadowing Effect) LUULABINULUUIIABY Log-

normal Shadowing fiesueluide 2.4.4.4

(% LS

A1579 4-1 WANITANUINENUITZENTNNT0ANDEVBILUUTADUTIUTE

N
Path Loss Coefficient
LGRERRIARG]
n p (dB) O (dB)
A (Proposed) 2.95 34.27 5.79
B 3.11 37.94 6.71
C 2.45 52.88 5.95
D 3.28 27.36 8.51
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140 F T T T T T T T T

n=2.45, p=52.88, ¢

120 |- 6=5.95
n=3.11, f=37.94,

6=6.71

(=3
=]
T

=3
(=]
I

Antenna A
Antenna B
Antenna C 7

_ _ Antenna D
n=2.95, f=34.27, Fitting line A

40 - 0=5.79 — — —Fitting lineB ||

/".';"”‘ P O A I N R T T S S PP Fitting line C
-~ e .
20 7% n=3.28,p4=2736, ( |77~ Fitting lineD | |
6=8.51 — — —Okumura—Hata
n=397,p=159%9 | —/—F —™@ | Free Space

0

10° 10! 102 103
Distance (m)

Py

.
..
Py
_____
.
.

Path Loss (dB)
2
T

< o0 P> o

.
Y
.
.

AUsEneay 4-3 nansinAnisgadsludunadisuiisuisazsiinvedagoimannaaes

M1319 4-1 agunan1sAuINduUTEaANS Regression Coefficients ¥84U0ya
n1sgasdeludunig Tldannisiasigaisainia A B, C war D uaziiwiadiadudud
wanzauduteya (Fitting line) ladsnimyusenau 4-3 Laun Fitting line A, B, C uag D

o U ‘4! U a lQ‘dl o yn’lj a0 1 % a d‘
Auafy Feduuszansnaruialall daruenaedulumusinvesaigeinia 1egann
AuAINURIF I kazAnsgdsluiduniasiingainle Serduedivaudnvasues
a1891N1A NUANANAIY 1L WUUFUNISWEINESIY Sasvene anuninsdinau Wusiu

ANUIENDU 4-3 LEAINISIUSUTIBULUUINaRUTeUTEaNY VeuLdY Fitting

line Fufusunuvesdeyaaiserniausazein foaunaiandouditesdian (Least
Squares Method) anunsalduanauualiuvesdeyaiiinisnszaedldd anwanisiuam
WU Path Loss Exponent (PLE) ¥4 Fitting line D dAngagn dleweufuidu Fitting Havius
Aofidindu 3.28 FelndlAsadu PLE veudu Fitting line B Afld1iindy 3.11 Tuvmed
Fitting line A wag C AAWYINAY PLE windu 2.95 uay 2.45 auaeu

Path Loss Exponent (PLE) Ao wuniaviiinds YBITTHENIENINUN Tl
End Device wagzinmiig saaduduiusly (2-50) vn PLE fidngs JemnefeannuIndoud
nageUT finsadeindadeysyras Path Loss ﬁqqmuiﬂéf’m dlewSeudiauen PLE 7ilé
PINNMIFIUIA Freairluues PLE Tuaniwwindeuiwmiied (Urban) fidnsewing 2.7 8 3.5
AIM1319 2-7 WUIT AT PLE voaudu Fitting line A, B uar D HeAagluinueiuinsgiuves

annuinasitnilos Tuaue? 1du Fitting line C A1 PLE A1lAa1nn1sAWItd HA161AI1
Ay wansdansaideludumamihnegls daandnnaeimly
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Path Loss Intercept (PLI) TéifiouansAnisgatdsluidunis Adumis
spoznedadsle 9 Douldszezdnads wirdu 1 m euanafeadauny y vesnmuszney
4-3 PINNANISAILIR WU Fitting line A uaz B fien PLI Indwiesiuil 32.27 waz 37.94 dB
Fitting line C A1 PLI fiszdiuge ity 52.88 dB Tuvni Fitting line D @1 PLI Aiszsusi
winfu 27.36 dB TaewSeuiiisuann PLI Tumangud] Ssenansoldenisgapdeludums ves
WUUT1983N15a5)4d8 Free Space fiszornedradaientu fualdan (2-47) Fearlden
PLI winfu 31.75 dB @slndlAsaiu PLI veadu Fitting line A 1nfign fanmusznau 4-3

ﬁhl,ﬁaqwummg’m (Standard Deviation: SD) l¥uansnauuyUsusiuves
NIsanNOUAY I Lﬁaqmﬂmwmﬁ'ﬂLLmLﬁumwmiaﬁé’ﬁgmm%ﬁmqs{,m 9 Tuanmiandou
L'%&ﬂﬂimgmsaﬁdw Shadow fading 31NNANNSAIWIEL WaASlRLILIN Fitting line A, B uay
Cfid1 SD AU 5.79, 6.71 wag 5.95 dB a1ud1du JeiA1desninan SD alulu

'
1Y o

ANTNLINADULVALIDIN 8 dB AIRNSI9 2-8 T9AN SD NILAUAIN LTI NNANTNLINADUVD

aundafined Tdnwupdumemsdemsdining Wudussmununouy Adetuunnigiu
finsainld Sedosninuasgiuily vesiufiundios luvaed Fitting line D fid1 SD gentn
Al fie TAwiAy 8.51 dB enadianvnunain mslduundvesinatlsiodu wuulsnan
LazUULBady Feilvidanuresdyyaiiesu ianisuniawuugs é”mmwwﬁuﬁqd
iy anmsvageunsiatadaanalunded wudndu Fitting line A fidn SD Yfoufignain
wanslifiuie aussournsldauvesasernialulasaniy Siduniansdeasiifiaann
finsunisesdayarnilelu seuidy Fitting line sndnisldauanseniavindu fviun
G RIVRTREMIN I

wana N nmUszney 4-3 uannsieuifisunuusiaesondu Fitting

lines Tia¥1edulnal ﬁULLuuﬁwaQQﬂwig@LﬁaLLUU@?@L@@J laun 1) wuudiassnisagideves
Okumura-Hata Faadefl 2.4.4.5 Wuwuudraesiifentuldingedt wietienisdeans
swalng Tufiuianiios waz 2) WUUT1a09N15a8YAY Free Space favinte 2.4.4.1 el
AUTUNIT01999 miqﬁyﬁﬂuLﬁuma%’juﬁwaﬁwumi?iammwvl,%fmEJ nan1sUTUBY
wanslifindn wuusiaesnes Okumura-Hata SiAn PLE winfu 3.97 91001519 4-2 3aflan

11nN91 NaLvuSaesfitiuUIeuliiou wagidr PLIdvdian indu 15.99 dB Fedlyl
aeandosfiunamsiamnisaaudefiiatuluaninundeusss vesoyaiunanasenniaud
avyin Turued wuuIIaeensgeyde Free Space wansdnwuziludugiu (Baseline) 104
foyanisgadedldainnisinasaynaisennia 91nn151a 4-2 A1 PLE Wity 2 waz PLI

winfu 31.75 dB dshifiauaenadesiunanisingss luanmwindeyvesainsafines
dmfunuudnasendnaiansyaeidu Fitting line ﬁgﬂa%ﬁuiuﬁﬁgq 4

wuusraesd deldausadaluldauldtui s1dudewihnisaseutedidyniada

(Statistical Significance) titoBusuinuudiaesi fnrmgndes mmzanfunisiiunlda

nnteeiiedla Ineseaziduanisnegeutisdfy esuisluimtedaly
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A5 4-2 dudsednsresiuudnasinisaydeludunaluunasy

HUUT1899 n f (dB) O (dB)
Okumura-Hata 3.97 15.99 NA
Free space 2 31.75 NA

4.3 NISNAFIUNEEIAYNINEDA

nsvaaeufod1Ayvnead (Statistical Significance Test) 189uUUS A0
QNOONLUURIE Linear Regression Analysis funaun1siiastzideya anuldea
AmUsENeU 4-4 uanuedeslion1eadd Mwsnzanlunisiuldnaaeu 16ud 1) T-test Ao

o v 1

A3RsIadeUINAAei MseduUsEaninisanassiiviuniy ftedfysewuusiasciiaing
v3ely vnliflanunsasarafivusenlld: 2) Ftest fie miﬁgaﬂmwdmwﬁwaaaﬁ
ponLUULY ﬁmwmamﬂﬁlaﬂuﬂﬁﬁmammigmﬁﬂmﬁumﬂ (PL) Tuszsudianunsga
gausulausali: 3) AduUsyansuaninisandula (Coefficient of determination) #3e
R-squared (R?) 1duanauduiiudvosdeya PL iviunsfudeya PL #ldannnsin
Nianuduiusiulufrmeldluluimadeiiunseld way 4) Adjusted-R? fie nMsnageu
Lﬁaﬁué’uiwmmméf’;aeiwﬁlﬁm'fagamﬁ?u AUsuasnniiganednsulelunislaasn
WUUINBBINIARIRFAIERSUS B L [7], [55]

Y

Scatter plot nmsdawseuteya PL uway d

!

MAdUUIEENSNMSanaeY

Y

Least Square Method

n, fuazo

!

VNARUANLAFINGY N uag B = 0 visely

T-Test Method

mnluiidedfey Tidnosnaniuuinadla

|

VAgeUANNAFIUI wuuTnaelinn wasauy

Y

F-Test Method P Ulevhune PL undeeiivals Taafanson

AMNANNARIALAREY

l

8oU5U SoURHs WuuTa0s

Y

R, R*-Adjust uaz RMSE

AMUTENDU 4-4 TUABUNTIATIENURYAMIENITANBELTIEY
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#1374 4-3 @3Una Regression Statistics W3suWieulinuedansoInN1ANnaaed

Regression Statistics d1821n1A A #1891 B #1816 C d1891n16 D
Multiple-R 0.92 0.91 0.89 0.88
R-Square 0.84 0.84 0.79 0.77
Adjusted R-Square 0.84 0.84 0.79 0.77
Standard Error 5.79 6.71 5.95 8.51
Observations 388 415 208 535

A15719 4-4 N15ATIZI ANOVA LUSgULiBuIinve9a18e M ANNAa s

#1891 ANOVA df SS MS F P-value
A Regression 1 68100.67 68100.67 2032.19 0.00
Residual 386 12935.25 3351 NA NA
Total 387 81035.92 NA NA NA
B Regression 1 94577.78 94577.78 2098.69 0.00
Residual 413 18611.95 45.07 NA NA
Total 414 113189.73 NA NA NA
@ Regression 1 27466.61 27466.61 774.99 0.00
Residual 206 7300.88 35.44 NA NA
Total 207 34767.50 NA NA NA
D Regression 1 130746.22 130746.22 1805.44 0.00
Residual 533 38598.78 7242 NA NA
Total 534 169345.00 NA NA NA

M3 4-5 a3UNANTTIN T-statistic Uag P-value vastayaudazangeINIAvaaey

#18n1A | Parameter | Coefficients | Standard Error t Stat P-value Lower 95% | Upper 95%
A PLI 34.27 1.80 19.05 0.00 30.74 37.81
PLE 2.95 0.07 45.08 0.00 2.82 3.08
B PLI 37.94 1.87 20.27 0.00 34.26 41.62
PLE 3.11 0.07 4581 0.00 2.98 3.24
C PLI 52.88 2.19 24.13 0.00 48.56 57.20
PLE 2.45 0.09 27.84 0.00 2.28 2.62
D PLI 27.36 2.08 13.16 0.00 23.28 31.44
PLE 3.28 0.08 42.49 0.00 3.13 3.43

o w a

AT 4-3 f8 A5 4-5 aguRanInadeutsd Ay nsatfvesuuIngaes

<

Fitting line A, B, C waz D Wiafvuasziuiiad1fay (Significance level) Wiy 0.05 ¥ins
Ansrgndeyaniglusunsy SPSS (Statistical Package for the Social Sciences) Nan1s

v
=1

Wnswndeya anansaagulaned
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1) ANSNAEBU T-Test WAN5U191NAT P-value TumM1519 4-5 U3 LAY

o w

a1 Ardedndny 0.05 Hadudszand PLE waz PLITuynsdaaigoinia annsnaguléd
Adulszansnisannes veudu Fitting line A fis D ilusfifidudfny seuuusiaosiiaing
u lalanansasarduUsyavslaeenly

2) NMINAADU F-Test WA15131nAY P-value Tum1919 4-4 WU Artdouni

AtledAty 0.05 Tunnainatgeinie waziilafarsanmuasutunaulunindsenay 4-4

aansnaguliin mnuaamndeuiiinnsnmsvhueA nsgadsludunis (PL) vesud

azuUURIa0s dmnueaiandous oglunasifisensuld vidomnedauuudiaesiu e

wiugunnme fasiluldeuaie dnfumsvhwenisgadeluidunis vedusdazuuuInges
3) N1INAFBUAT R-squared TUA1999 4-5 LERINANITUIAT R-squared ¥4

WUUT1889 Fitting line A, B, C g D AALV1AU 0.84, 0.84, 0.79 wag 0.77 AMUAIAU
TaeialuAn R-squared ﬁagﬂummsﬁﬁ JuuRarsunfifiaiuinnit 0.8 suly [7], [55]
Fovanefs doya PL 7ilda1nn1sinads Snsnszanestfenannsou 9 1éu Fitting line vodus
AzLUUIADY I nUsEnaU 4-3

4) N1snAEau Adjusted-R? A N1INAADULNOEUEUIIAT R-squared 1947311

W daumunganiuituiuresiied1s Mivdeyauvseld Iaeviinisandnuiudiegs
Toya (Samples) atlU 1 679819 udIAwIUMAT R-squared TnaiBnase agudanisn 4-3

wandlifiudn Adjusted-R? idrurailmi wae R-squared Aounisandiedisdoya danlsl
LanAsAua 4 wuusiase 1dLA 0.84, 0.84, 0.79 wag 0.77 dmsuidu Fitting line A, B, C
wag D muaddy fatu anmnsoagulédn Suauvesdiegisteya PL Aldainnisinads
YufaraEeINIA Teaumniese dwmsunsaisuuuiasmademans eldly
nsvinesadeludunig

oty nuanIINAdeUTudANERf dhe 4 wneslefingniun awnse
guduladn wuudnaes Fitting line A, B, C war D wzaudwsuldlunsvinenisgaydelu
Funeldasaianue Fesziuauaaiaaidoudisn luanmuaindeuvesausaiines
VLLATETEARI WL YA 920-925 MHzZ

oealsA luinendmust sosmsfigaaugniioaves wuusiassnsgaude
Tudumsfiasatulng Fadusuusiasdiiléannisldiu aeernidlulasansuiiviaue
(e A) ey Tusidednly Tdagunanismnass nsldmunuusiasnisgnyded
Buaue (Fitting line A) ilevhunesn PL Mintuluanuiiou q Sefianmuindenlndies
fuanimundenvesszuvaniniines Mlinaasuivteya lnsnsivaouninuusiugives
wuu1aes fMeMsIUSEUTiBU Prediction Error seninsdeyaingaingds Aunanisvinne
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Site IIT

120 +

°o  Measurement
Proposed

— — —Okumura—Hata
---------- Free Space

®
S
T

Path Loss (dB)
3

a0t/

"/ [RmsE=9.15dB, "/ [RvsE=054B, "/ [RvsE=s.79.aB,

R?=0.72 R%*=0.75 R?*=0.72
20}’ 4 20 L/ 1 201,

102 10 10 10? 10°

Distance (m)

AmUseneu 4-5 Mivegeuldnuaiwediuuiasinsgydeiiinaue

4.4 nsnagaulduuuudtaasiiviaue

QRENGEDE PR HBRELRERIER GuaaLLUUﬁ‘haaﬂﬂﬁi@@LﬁﬂiuLﬁuwwaﬁﬁwLaua
(Proposed model) %agﬂaamwuﬁ’m%’ui%’muiwﬁua’mmmﬁimimam‘%ﬂﬁﬁ’]Laua
luaninuandeuvesausniiines Mlalaennasinsiainnun ndyaia Lﬁammsqauu,ﬁsﬂu
g (Path Loss) luanmuiinaaeudu Afdnuuenssiuanmuindonvesamnsafines

nsRarsanfruafiufinimeaey Benanfiufiuvasury luammauia
FloausBa Sy 3 uvdsguu Tiud 1) guru o uas svualindu Site | Aadanmagi
fifpsunisazfgn 6.412402 apsdyn 101.816947; 2) gusuazinegiie dvualmiu Site I
afﬂé}gqLﬂm’géﬁﬂﬁ’mm,umazagm 6.026752 a943gn 101.811783 uaz 3) yuvuduenmnly
fvunaliidu Site Il Aadannadifidadiunisasfign 6.423585 aeadgn 101.824926
FreAugs 6.2 m wihtunuavsauiiu fndsgunssiiaiedisassiuau fenisiivua

a 5 1 o = v & = = Y} ° A o
WITNWEABIAN ¢ ANFEITN 3-6 LW@IWLUUVLU@']NNSU‘IGUL@IEJ'JﬂULLUUQWa@QV]U"ILaua

HANTINNTTEeYdsAINISEeydsludunIe vesusasiuinaaay wandnag
N3 MN1sNTEIANTEAY fanmusenay 4-5 Wisuiieuan PL flaainnisineseiu PL Aild

InN1sTIIERILUUSIaasfitiaue (Proposed model) warwuUINaeINIsaQLALLUY
s dun wuus1apsres Okumura-Hata wazLUUsIae Free space Litoldlun1sgnsda
ANLLEINISYUNe PL 9uuusiaesfithiaue 91nnnsdans wud kanisvine PL 284
wuuiaesiithiaue danuwmsnzas (Fitting) fudoyananisinads nnduuudiass Free
space 989TALIY Tuiluiinageuis 3 Sites luvas?i wuusiaeswes Okumura-Hata wans
wnliilufienns Alndidesiuaanisin PL 93¢ Wuiferfiuuuuiiasamsgaydeiiinaus 39
Tlansausnuerlddenisduna Tnsrededdindesiionsadd WeaSoufisunuudug
1AuA Root Mean Square Error (RMSE) Wag R-squared Feaunssielud [55]
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N
Zi:l (PLm(i) — F)Lp(i) )2

RMSE = (4-6)
N
N 2
" (PL,, —PL,,
RZ _1- SSE _ l—ZI_,\ll( m(i) p(|)) (4_7)
SST zizl(PLm(i) - PLm)Z

dle RMSE = Root Mean Square Error (dB)
R? = mduuszanduaninisdndula (Coefficient of determination)
SSE = Sum of Squares Error

SST = Total corrected sum of squares
PLmg) = ﬂ'ﬂmsqcyLﬁaﬁwé’ﬂuﬁumaﬁlﬁmﬂmﬁm 1036208197 i (dB)
PL, = fuadsvesmsgadoiadudumailiainnisin (dB)

N = 9wiuvesoyamegid

mﬁmswﬁmwmmué’wmaaquaﬁaaamiqﬁytﬁa‘lwﬁumaﬁﬁwLaua TRORFRIN
T§arnArmuaataadeu Tun1sviiutenadns (Prediction Errors) Witeusnauinmay
aanawadoulunsvhue PL veswsazwuusiant sensldiedesiennsadn 1éud R-squared
Fefinanuwaaluiideneuniin wazin3esdlovsnszdureininuaainAdou Root Mean
Square Error (RMSE) e Andesiuumasgiuvesnnuiianain vesan1svinneg dslinadns
luniheifeglfiutoya Saderon1sinunadnsTile nansiuSeuiivuaundugivesudas
wuuiaes agulddsmsng -6 uandiidfiuin wuudassiiiaue famuusiugilunisiune

PL 111171 WUUd1889983 Okumura-Hata Wagkuuinaed Free space lWaNIN LINABUATY
¥94 Site |, Il waz Il Adnwaradoivanmwindosvesamindimesfinaaeuiiudoya lne
wuudassmsgydeitiaue Suuinauaaiaadou RMSE winfu 9.15, 9.5 uay 8.79 dB
Tuituit Site |, 1l @y 1l 91uaIaU wazdlA R-squared AU 0.72, 0.75 Wag 0.72 AIUaIsU
fernmanil danueaiandeutiesnituuusianses Okumura-Hata uagkuusians Free
space iuﬁqﬂﬁuﬁmsmaau dlouszifinsing RMSE wae R-squared

A519 4-6 wanINan1IAILIMAIAINAAIRLAdeY Tunsvinunedeya

nsgudsluidunis vesfiufivaaeuiis 3 anufl wud wuudraesnisgadsiitiaus
(Proposed model) fif1 RMSE #infian lunnitufinisnaaeu Weidsuiisufuiuusiaes
LuUAaAL uananil A R-squared TesuUUTARsTIIALD fiAngaiian Tunnitufimsnaaeu
Mnuanneaesil wanddiifuisussdnsam nsiuiena vesuusiaesnsanyde
finaue SsanunsothlUldanuldata luanmuindesvosainindines auingusrasdves
midfondad
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A5 4-6 HaN1SUTEUIEUANUARIALAREUYBILUUTIARINT S deluLd UMY

Nufinagau (Site) wuudaeInsgeyde RMSE (dB) R-squared
I Proposed 9.15 0.72
Okumura-Hata 10.19 0.65
Free space 27.32 -1.52
I Proposed 9.50 0.75
Okumura-Hata 15.45 0.35
Free space 24.73 -0.67
" Proposed 8.79 0.72
Okumura-Hata 14.15 0.27
Free space 20.82 -0.59

INAINYTENBY 4-5 ULARIAUAIAAABUTBINANITVINUIENTEeyAeTY

LUN19 AiA1geluYIRuYeITTEENaNNSARANT SEndnamTesdaiunang Tunn o WunnIs

NAADU A1nANANTANILAaTAIUITNYBIAIARY (Beamwidth) MTBMUUFUNTUNNANY

(Radiation Pattern) vasanga1nialululna Fegnanasgeuniantnii Fedlaudus v

Iiangania asdu WainIasdseglndiuinmig auiudyyin RSSI FaiiAa dewalinig

goysdeludunie (PL) rgeluuiioni desugldanninusenay 4-6 wagaunssialuil

Weo  Apt
hrx

hrx

Router

Rinner

Ay = tan‘l(hTX;DhRXj (4-8)
R — th - th (4-9)
outer 0 -

tan — BW
(A=)

Rinner = hTX — hR; (4‘10)
tan(ADT - BZWJ

31 Downtilt ¥a9a1881NA (93A1)
ANgIATEIAS (1)

mmqméaa%’u (wns)
SPUENTEIINATISUNAZLASBIEY (ln3)

v o

StlinuuanvesiuNAToUARUN TSI (WA3)

v Y

SmienuluvesiunasouAquN TSy (Wns)
HUAMUNTNAIAAUATINGS 1150 HPBW (39a7)

3
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Gateway |’
i .

End Device

Router
AMUTENBU 4-6 NMTIATIEN Downtilt Way Coverage VD98 UUNTHDENT

1N MUIENBY 4-6 FiTsumnsifimesnisindegunsaliedotisasiiuiu
Tuiae 3.4 981A91 hrx AU 6.2 m, hrx WIAU 2 m, Apr WU 0 89A1 wag gy, va9
arwenAlululnanianged Wiy 45 831 KaN1SANINAIE (4-8) e (4-10) Wudn 1) Seee
D davinfvetiug 1ilesainlaiiinns Downtilt vesa1ee1ne: 2) $Ai Rouer dA1AnaU Ll
ausavensrgnshugald Ay 3) 3a Rimer DAY 10.6 m Saduszozvosdindu
wdn3e HPBW flangorniafimnuidunisusingaanugs e HaN15IANsgeyideluldunig
Tunmdsznou 4-5 azimeaaadeuluainaanising PL vesuuuiaesiiinaue luds

$28EMN9 0 m TUFTEEY Riner f3v8zUszan) 10.6 m 90y An1sgaydeludumediiald
wEudalndifestunanisiueieuuudaesiitnaue Tuyn o fuiineaey Tumau s
annsodassansoinialulasaniuiiviaue WiyuBesdu (Titt Up) Fludaiumisues
nang efinanuduvesrdudyyin vsamdgm iAnanuuusUMsLHNE s uYes
angonaviialalng vselululna luvinaldageiniaasla

4.5 a3uvineun

Tuunil IdeAUTenanIsaaes TATEH Lassouiiou NSNS TNd Y0
2091 Tuanmwindeuildnuass fewaannsuiouiivuaussauznisiauresagonie
wu31 @rwernielulasansuiioonuuuluund 3 awnsaldeuldedrefiuszdnsaim
Tuanimuwandendiivun uazanansaaiisuuuirassnisgapde ananeenniafana? dmsu
T uluanimwindeuvesaundnined luftuiiwaiios vesUsemdlne Tuundaly viinns
ayUnasAde Jgmuazguassainuseninnsiids uaziauouuguumislunsiauisde

ganuIdyluaunAn



unil 5
unagy

nisnilevinnisfnwiuazeenuuuszuunsiaainisindnsgads uay
afanuusiassnisagdeludunistuanlng wienaedeu Yseilinumaniuudugives
wuushaesdiendnada daiausluund 3 waz 4 dmduund 5 4 awnanfsunaglves
n93¥e dgmuazquassaiinunaenauife wiennausuusuuimidlumsiaudely
swazBuadeluil

5.1 unagd

[
o

Inendnusil tauensesnuuuasenialulasaniy Sefluuugunisus
ndsuRuUAianaies dnsuldauiinaud 920-925 MHz duwmaluladnisdeans
aodwu Mszgndlinufuaninives deindiegluanimuandeuvniiios (Urban Area)
Ye3UsEinAlng 31nHan13nTIaTRRUAMEYYIM aiTaasIsiuuItasIniTayLdy
Tuiduma (Path Loss Model) Suanlval dwsuldnvluanimuindeuvesssuvaunsaiines
MgTEN9 U sEdnY (Empirical Method) wagldnisiasgvideyan1eada menisanaee
a1 (Linear Regression Analysis) as1siuudnassadiaaans dmsuldviungnisande
Path Loss Tuaninwindexdifvue

NnuanIneass agoimalulasansuiiiaue fdonisdedyanalnage
2.2 km $i8n51nsdsyndeyadisa (POR) ladewwiniu 60.06% fiszanis 0 fa 2.2 km Fawa
nsvadeulsyansammsaeanst wansliiiuin areenmialilasanidiitiaue faussaus
Indipsiuasanialandediiunuioudiou luanmwindeuieadu il nsada
funuvasemialulasaniy Sduyunisadaiiiinit arsernimdsmndydfihumaaoy
wonand vuralaseasIevesaIee1ne \dutladeiignirunfiansan ilesainaiseinia
suduinsaumanlililh dusuldeuivannsaimes Seliuiinisingesin areenie
lulasansuiiiassadsuns dmdnu Seimnumunzauiumsldailuiuiignvassangn

wuudtassmsgadsludunisiiesnuuuln aannnsldauaisenia
Tulasansuiiiiaus fauusdudrlun1svitunenisgeyide Path Loss 11nnIuuudnges
ﬂﬂiqﬁyﬁmwuéﬁy’uﬁu laun wuudnasswes Okumura-Hata Layuuudnass Free space 210
nsUszfiainuAaInAAey RMSE wazfn R-squared wenaini a1nan1stuuusiansi
dnaveluldauase Tuagiufidu q #111508UFUAIULNUG1VDIUUUTIA0INTERLEe
Fnausld s mﬂi’f@mLLUUfS’maﬂmiqﬁyl,?wiutﬁumq‘ﬁﬁmmLLaJue]’w LAZLANIZANAY
anmungenil fusylemiognannlunsauny MseenLUUsEUUNSapaTvesEinlines
waglifiarsunmidumisnisfindsgunsaiassnnang eiuituiinsouagunisdoans
wdetneaniuau lufuiumilos vessumelng
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5.2 Ugymuasuuanieniswiby

521

522

523

ameomlulasaniuunndsuamdeniussansaosdnei dwalvisnsmensaie
yosengenel firi WeiSsuifisuiuasemedandedinaaeu nmsufly
o1afinnlivedamaiiuussansam 1 muﬁummqn%’ugmim vidoiiiu
Fuvpsderinerma Tumsiiuusyavsnmuagsnsaeeligsty
arwigslunsinganandgnirfnegliuuaslaiiiuset Wosmn Tun1side
afail 19350 ua Wi dulufnfegunsaiinmind Felalanunsadiuuuiansly
Fananld nmsudledyen onvldsanssdudnszualufindados Feaziniy
Uaoniguinndn Imaﬁmmgaﬁﬂmaamaﬂw% geusvanay 12 9 15 11A3 B3
Husziufiganimdsenthuiseulaeiinly
nMsideusedumesiinvessgunsalinand fieddafe Foudeusorunein
Ethernet ity Fafnaaliazmanlumsldauonanud dami fideudly
Tnglireuinmeslingn Wansuvsdumesidnity Ethemet ouseriuans
Ludanmad Fsaunsaldaiuls agrelsid Jagtugunsalinad Tadmunld
aunsaideusedumesidnlanaleiunay 1y Tluga 4G LTE, WiFi 138
Power on Ethernet (PoE) t{usiu

5.3 YoldUaLUTLAZLUININTHRAIUNGAD U

dnsuauided Anueaninkinaeulun1sasaindygyia lnisiuin

Wwailes Lo naiusasessvantindinesiuiunin Mazgninndldaiuasdusuinn

ae19l3Af n1saduuudiasinisgade Naunsonseunguanvuziuilanainnate axd

& | Y] & | o X 4 a & A a & & A
ﬂ’J']ﬂJEJ@WQUSLUﬂ’]{LGZN’]‘UNWﬂGUU LYY IDITUNUNLYATVIULUDY WUNUBNELUDY URIDWUNUDN

s s o [ A 1 a I ¥ dy o ] ¥
aunsansy dusuiasednsleledl Wuduw wenainil EJW?JU?UU?QLLUUQ’]@@Q Tvranunsa

YFuiUaeu v3elansaniiuusnng o Wi 1y ANEIYesEgeINIALATedwaLLATeasY,
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v 1
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M5 N-1 Mswlaednsdunauils msgadedoundu Masnudauwazagiaundu (46]
VSWR Retum Reﬂe‘ct-ion Mismatch | Reflected | Transmitted | VSWR Retum Refle;tjon Mismatch | Reflected | Transmitted
(:1) Loss | Coeficient loss (dB) | Power (%) | Power (%) | (:1) Loss | Coeficient loss (dB) | Power (%) | Power (%)
(dB) (r) (dB) (r)
1.001 | 66.025 0.0005 0 0 99.99998 1.32 |17.207 0.1379 0.08338 1.9016 98.09836
1.33 [16.977 0.1416 0.08796 2.0051 97.99494
1.136 | 23.921 0.0637 0.01766 0.4058 99.59423 1.34 |16.755 0.1453 0.09267 2.1112 97.88879
1.138 | 23.803 0.0645 0.01811 0.416 99.58398 1.35 | 16.54 0.1489 0.09737 22171 97.78288
1.14 | 23.686 0.0654 0.01862 0.4277 99.57228 1.36 |16.322 0.1527 0.10247 2.3317 97.66827
1.142 | 23.571 0.0663 0.01913 0.4396 99.56043 1.37 |16.131 0.1561 0.10714 2.4367 97.56328
1.144 | 23.457 0.0672 0.01966 0.4516 99.54842 1.38 | 15.936 0.1597 0.1122 2.5504 97.44959
1.146 | 23.346 0.068 0.02013 0.4624 99.5376 1.39 | 15.747 0.1632 0.11724 2.6634 97.33658
1.148 | 23.235 0.0689 0.02067 0.4747 99.52528 1.4 15563 0.1667 0.12239 2.7789 97.22111
1.15 | 23.127 0.0698 0.02121 0.4872 99.5128 1.41 |15.385 0.1701 0.12751 2.8934 97.1066
1.152 | 23.02 0.0706 0.0217 0.4984 99.50156 1.42 |15.211 0.1736 0.1329 32.0137 96.9863
1.154 | 22914 0.0715 0.02226 0.5112 99.48878 1.43 |15.043 0.1769 0.13808 3.1294 96.87064
1.156 | 22.81 0.0724 0.02282 0.5242 99.47582 1.44 |14.879 0.1803 0.14353 3.2508 96.74919
1.158 | 22.708 0.0732 0.02333 0.5358 99.46418 1.45 |14.719 0.1837 0.14909 3.3746 96.62543
1.16 |22.607 0.0741 0.02391 0.5491 99.45092 1.46 |14.564 0.187 0.15459 3.4969 96.5031
1.162 | 22.507 0.0749 0.02443 0.561 99.439 1.47 |14.412 0.1903 0.16019 36214 96.37859
1.164 | 22.408 0.0758 0.02502 0.5746 99.42544 1.48 |14.264 0.1936 0.16591 3.7481 96.2519
1.166 | 22.311 0.0766 0.02556 0.5868 99.41324 1.49 | 1412 0.1968 0.17155 3.873 96.12698
1.168 | 22.215 0.0775 0.02616 0.6006 99.39938 1.5 [13.979 0.2 0.17729 q 96
1.17 | 22.12 0.0783 0.02671 0.6131 99.38691 1.52 | 13.708 0.2063 0.18888 4.256 95.74403
1.172 | 22.027 0.0792 0.02733 0.6273 99.37274 1.54 |13.449 0.2126 0.20087 45199 95.48012
1.174 | 21.934 0.08 0.02788 0.64 99.36 1.56 |13.201 0.2188 0.21305 47873 95.21266
1.176 | 21.843 0.0809 0.02852 0.6545 99.34552 1.58 |12.964 0.2248 0.22521 5.0535 94.9465
1.178 | 21.753 0.0817 0.02909 0.6675 99.33251 1.6 |12.736 0.2308 0.23773 5.3269 94.67314
1.18 | 21.664 0.0826 0.02973 0.6823 99.31772 1.62 |12.518 0.2366 0.25019 5.598 94.40204
1.182 | 21.576 0.0834 0.03031 0.6956 99.30444 1.64 |12.308 0.2424 0.26299 5.8758 94.12422
1.184 | 21.489 0.0842 0.0309 0.709 99.29104 1.66 |12.107 0.2481 0.27591 6.1554 93.84464
1.186 | 21.403 0.0851 0.03157 0.7242 99.2758 1.68 [11.913 0.2537 0.28893 6.4364 93.56363
1.188 | 21.318 0.0859 0.03216 0.7379 99.26212 1.7 |[11.725 0.2593 0.30228 6.7236 93.27635
1.19 | 21.234 0.0868 0.03284 0.7534 99.24658 1.72 | 11.545 0.2647 0.31548 7.0066 92.99339
1.192 | 21.151 0.0876 0.03346 0.7674 99.23262 1.74 | 11.37 0.2701 0.32899 7.2954 92.7046
1.194 | 21.069 0.0884 0.03407 0.7815 99.21854 1.76 |11.202 0.2754 0.34255 7.5845 92.41548
1.196 | 20.988 0.0892 0.03469 0.7957 99.20434 1.78 [ 11.039 0.2806 0.35616 7.8736 92.12636
1.198 | 20.907 0.0901 0.0354 0.8118 99.1882 1.8 [10.881 0.2857 0.3698 8.1624 91.83755
1.2 |20.828 0.0909 0.03603 0.8263 99.17372 1.82 |10.279 0.3062 0.42756 9.3758 90.62416
1.21 |20.443 0.095 0.03937 0.9025 99.0975 1.84 |10.581 0.2958 0.39766 8.7498 91.25024
1.22 |20.079 0.0991 0.04286 0.9821 99.01792 1.86 |10.437 0.3007 0.41159 9.042 90.95795
1.23 [19.732 0.1031 0.04641 1.063 98.93704 1.88 |10.298 0.3056 0.4258 9.3391 90.66086
1.24 {19.401 0.1071 0.0501 1.147 98.85296 1.9 [10.163 0.3103 0.43969 9.6286 90.37139
1.25 |19.085 0.1111 0.05394 1.2343 98.76568 1.92 |10.032 0.3151 0.45414 9.9288 90.0712
1.26 |18.783 0.115 0.05782 1.3225 98.6775 1.94 | 9.904 0.3197 0.46824 10.2208 89.77919
1.27 |18.493 0.1189 0.06184 1.4137 98.58628 1.96 9.78 0.3243 0.4826 10.517 89.48295
1.28 |18.216 0.1228 0.06599 1.508 98.49202 1.98 9.66 0.3289 0.4972 10.8175 89.18248
1.29 [17.949 0.1266 0.07017 1.6028 98.39724 2 9.542 0.3333 0.51142 11.1089 88.89111
1.3 |17.692 0.1304 0.07448 1.7004 98.29958
1.31 | 17.445 0.1342 0.07893 1.801 98.19904 100 | 0.174 0.9802 14.06626 | 96.0792 3.9208
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M54 N-2 ToyaniumealiavedageniFunsgunldianageu [44]

Technical Specs

Frequency Range (MHz)
Polarization

Gain (dBi)

F/B Ratio

Horizontal Beamwidth (°)
Impedance (Q)

VSWR 698-2700

Max Input Power (W)
Connector

Cable Length

Cable Type

Dimensions {in)

Antenna Weight
Materials

Color

Operating Temperature {°C)
Operational Humidity

Country of Origin

698-2700

Horizontal, Vertical, Cross
8.2

20 dB

80

50 Ohm

1.5:1 AVG

50

Your Choice (See Above)
4 Inches

RG-58

11.1”x8.27"x2.56”

13 0z

ABS - UV Stable, Aluminum
White

-55 to +60

<95

Made In U.S.A. with Imported Parts
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f1579 N-3 MydanuuUnsuind vt eaIMalilasansuntiiaue (@eeina A)

Angle E-plane H-plane
(degree) S21 (dB) Normalize S21 (dB) Normalize
0 -31.81 -0.13 -31.42 -0.59

10 -31.68 0 -30.83 0
20 -32.09 -0.41 -31.6 -0.77
30 -33.66 -1.98 -32.4 -1.57
40 -34.86 -3.18 -33.58 -2.75
50 -36.72 -5.04 -35.5 -4.67
60 -38.09 -6.41 -36.88 -6.05
70 -39.81 -8.13 -38.42 -7.59
80 -40.7 -9.02 -41.04 -10.21
90 -41.71 -10.03 -45.5 -14.67
100 -41.96 -10.28 -41.95 -11.12
110 -43.17 -11.49 -43.23 -12.4
120 -43.45 -11.77 -44.73 -13.9
130 -47.08 -15.4 -44.44 -13.61
140 -56.8 -25.12 -44.29 -13.46
150 -48.27 -16.59 -43.71 -12.88
160 -43.53 -11.85 -43.82 -12.99
170 -41.97 -10.29 -44.24 -13.41
180 -43.01 -11.33 -44.09 -13.26
190 -45.79 -14.11 -44.04 -13.21
200 -56.67 -24.99 -46.69 -15.86
210 -52.27 -20.59 -48.92 -18.09
220 -50.11 -18.43 -48.32 -17.49
230 -55.22 -23.54 -49.15 -18.32
240 -61.24 -29.56 -50.1 -19.27
250 -51.95 -20.27 -53.41 -22.58
260 -47.06 -15.38 -50.05 -19.22
270 -42.84 -11.16 -51.24 -20.41
280 -40.13 -8.45 -43.23 -12.4
290 -38.05 -6.37 -41.4 -10.57
300 -36.06 -4.38 -38.38 -7.55
310 -35.44 -3.76 -36.37 -5.54
320 -34.23 -2.55 -34.76 -3.93
330 -33.28 -1.6 -33.03 -2.2
340 -32.75 -1.07 -31.69 -0.86
350 -31.9 -0.22 -31.3 -0.47
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A1519 N-4 MFIALUUTUNMSURNAIWTDIEM B INATINIAYY (A18e1nA B uag O)

#188101A Log-periodic (18107 B)

dneanidlaululna (61881076 C)

Angle (degree) E-plane H-plane E-plane H-plane
S21 (dB) | Normalize | S21 (dB) |Normalize | S21 (dB) |Normalize| S21 (dB) |Normalize

0 -30.82 0 -31.42 -0.59 -39.75 -12.02 -34.97 -6.04
10 -31.1 -0.28 -30.83 0 -39.92 -12.19 -34.51 -5.58
20 -32.14 -1.32 -31.6 -0.77 -42.2 -14.47 -33.73 -4.8
30 -33.93 -3.11 -32.4 -1.57 -38.2 -10.47 -33.8 -4.87
40 -36.44 -5.62 -33.58 -2.75 -35.31 -7.58 -33.88 -4.95
50 -39.43 -8.61 -35.5 -4.67 -33.14 -5.41 -33.85 -4.92
60 -42.74 -11.92 -36.88 -6.05 -32.01 -4.28 -33.65 -4.72
70 -46.94 -16.12 -38.42 -7.59 -31.24 -3.51 -34.42 -5.49
80 -52.12 -21.3 -41.04 -10.21 -31.47 -3.74 -35.41 -6.48
90 -58.62 -27.8 -45.5 -14.67 -32.17 -4.44 -35.42 -6.49
100 -57.45 -26.63 -41.95 -11.12 -33.72 -5.99 -35.28 -6.35
110 -57.1 -26.28 -43.23 -12.4 -35.36 -7.63 -34.7 -5.77
120 -56.68 -25.86 -44.73 -13.9 -38.08 -10.35 -33.83 -4.9
130 -57.5 -26.68 -44.44 -13.61 -36.66 -8.93 -33.11 -4.18
140 -56.9 -26.08 -44.29 -13.46 -35.94 -8.21 -31.67 -2.74
150 -59.45 -28.63 -43.71 -12.88 -35.5 -7.77 -30.66 -1.73
160 -57.9 -27.08 -43.82 -12.99 -35.62 -7.89 -30.1 -1.17
170 -58.29 -27.47 -44.24 -13.41 -36.77 -9.04 -29.49 -0.56
180 -58.31 -27.49 -44.09 -13.26 -38.61 -10.88 -29.25 -0.32
190 -60.05 -29.23 -44.04 -13.21 -39.8 -12.07 -29.06 -0.13
200 -66.5 -35.68 -46.69 -15.86 -42.16 -14.43 -28.95 -0.02
210 -73.31 -42.49 -48.92 -18.09 -38.85 -11.12 -28.93 0
220 -65.71 -34.89 -48.32 -17.49 -35.42 -7.69 -29.02 -0.09
230 -63.34 -32.52 -49.15 -18.32 -30.35 -2.62 -29.34 -0.41
240 -58.57 -27.75 -50.1 -19.27 -30.44 -2.71 -29.65 -0.72
250 -52.33 -21.51 -53.41 -22.58 -30.14 -2.41 -29.84 -0.91
260 -51.6 -20.78 -50.05 -19.22 -29.7 -1.97 -30.28 -1.35
270 -50.62 -19.8 -51.24 -20.41 -28.16 -0.43 -30.75 -1.82
280 -52.29 -21.47 -43.23 -12.4 -27.73 0 -31.12 -2.19
290 -48.82 -18 -41.4 -10.57 -28.87 -1.14 -31.5 -2.57
300 -43.5 -12.68 -38.38 -7.55 -28.49 -0.76 -31.9 -2.97
310 -39.61 -8.79 -36.37 -5.54 -28.78 -1.05 -31.96 -3.03
320 -36.58 -5.76 -34.76 -3.93 -29.67 -1.94 -32.42 -3.49
330 -33.76 -2.94 -33.03 -2.2 -30.98 -3.25 -32.8 -3.87
340 -32.3 -1.48 -31.69 -0.86 -33.02 -5.29 -33.44 -4.51
350 -31.04 -0.22 -31.3 -0.47 -35.61 -7.88 -33.95 -5.02
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M54 A-5 @FUNANTINAUNNTYY VBN EBINTA A

111

Aady RSSI | Ade SNR | RSSIAgA | SNR g |dwauuiniin | studuuiinifia | PDR
T @m) (dB) (dBm) (dB) #5uld s (%)
0-0.5 km -89.26 6.07 -114.00 7.25 137 140 97.86
051km|  -110.38 2.32 -117.00 -14.25 144 170 84.71
1-15km|  -113.35 -7.46 -117.00 -18.25 69 222 31.08
152km|  -114.35 7.61 -117.00 -16.75 34 56 60.71
225km|  -115.75 -17.38 -119.00 -19.25 4 58 6.90
0-25km|  -103.86 -0.89 -119.00 -19.25 388 646 60.06
M54 N-6 agunanIsinAuN Y IveE8INe B
Aady RSSI | AaAe SNR | RSSIAgA | SNR g |swauuiiniin | studuuinifin | PDR
T @m (dB) (dBm) (dB) 5l s (%)
0-0.5 km -83.82 8.88 -115.00 -6.25 146 148 98.65
051km| -107.74 1.46 -117.00 -16.00 147 173 84.97
115km |  -11331 -6.29 -117.00 -18.50 62 117 52.99
1.5-2 km -113.53 -6.08 -117.00 -18.25 53 101 52.48
225km|  -117.29 -13.32 -119.00 -17.75 7 66 10.61
025km|  -101.06 1.70 -119.00 -18.50 415 605 68.60
M99 N-7 @UNANTINAMNNERY R UYBIEEDINA C
Atade RSSI | Al SNR | RSSIdgn | SNR f1ge |Stusuwitniin | Stuauwiiniin | PDR
T @m) (dB) (dBm) (dB) 5uld s (%)
0-0.5 km -96.04 5.82 -115.00 -12.50 130 140 92.86
051km| -111.24 -5.39 -115.00 -17.25 63 141 44.68
1-15km | -11245 -11.68 -115.00 -19.25 11 26 42.31
152km | -114.75 -15.88 -115.00 -18.50 4 136 2.94
2-2.5 km NA NA NA NA 0 65 0.00
0-2.5 km -101.87 1.08 -115.00 -19.25 208 508 40.94
M1314 N-8 AFUNANTINAMNNE YY1 VBIENEDINTA D
Auads RSSI | Aade SNR | RSSIdga | SNRega |dwouwinifia | Sausuudindia | PDR
EE @em) (dB) (dBm) (dB) 5uld s (%)
0-0.5 km -83.30 9.22 -119.00 -3.75 240 255 94.12
051km|  -10853 0.17 -119.00 -15.25 178 212 65.44
1-15km | -114.27 -5.81 -119.00 -16.25 52 113 46.02
152km | -112.02 -4.20 -119.00 -16.00 62 184 33.70
2-2.5 km -113.00 -12.08 -115.00 -16.25 3 7 42.86
0-2.5 km -98.20 3.07 -119.00 -16.25 535 831 66.38
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/\\\\ PEACON

. &INNOVATION

NuUssENITINS uasudanssu nin. U 2561
“PEA4.0 : Road to Digital Utility”

24 - 25 fupwu 2561
a quiussgunging quisnmafimeafiosd wdedug

nsilieuiisuussans nmva swaluladnisdednsszndng LoRa uaz NB-loT

PYT-4 saa
wonmadt Asardaf, wanns agnadas
angdmnssumans maaiemnssului wininedvasmaruniuns
6010120121@psu.ac.th, chalakorn.s@psu.ac.th

UNAnga

wildlunsiindseAnsnmuas Smare Meter (SM)
#o nasdanmaliladinisdeansivnzar  unarwil
drauensisudisulszandssnitnamalilat LoRa
(Long Range} uag NB-loT (Narrow Band Internet of
Things) tilauszgndlianuiy sM TesnFouiiivudnu
sggmdsdyyal uasdnsn g duyataya (Packet
Loss Rate: PLR) Tuanmituiiunnsinaiunanisneaas &
1) NB-loT #18m31¥aya (Data Rate: DR) i 15 Kbps ssey
msaiqﬁtycywm%uaéﬁ’uﬁuﬁ'lﬁu%miLﬂ%a'ziw'lwid'wv?
wiouiiynii 4 (Long Term Evolution: LTE) Toeanm
wisdauiiuiinismeassiuunmmuies (suburban) mu
LUUS1a99989 Okumura-Hata HANISNAABIAILUBN
87013 PLR Winfu 9.62 % fisvte 415 iR Laznaass
meluerens PLR Wity 2-3% fissegliiiu 235 was
2) LoRa i Spreading Factor (SF) winfy 12 i DR i 0.29
Kbps seegdadyaanioandl 500 gs Tuituiineasy
\Wieaiuiiu NB-loT nsneaasuane g PLR dfngeniu
sysmaiiiuty fefisses 100 wes PLR windu 3.77%
wagdiszey 415 wms PLR winfu 21.57% luvassiineass
MeTue1ans PLR Windu 92.86% fissaenia 130 was
3) Tudunsussendldens wallag LoRa finudaneu
amnsavannszuulfies wasviandlughunud dl
#oaveau M 619U NB-oT dliiuimaedaviglnadmi
mﬁlauﬁl.i'ﬂu@ﬁﬂﬁ"’ﬁwu imsSeniivailduianssed
wingiinasuiuisdanisssuuiadadnalviiiadosnaw
agUlidin Muititlinseunquae e LTE n1sld LoRa
[wimnzan esendunuatsiaunssuuding
Tumnanduiu ﬁWLﬁquuﬁﬁﬂiaUﬂquﬁiy(yﬂm LTE uag
anmwndauiuidudisavuuiu fusumnsiuds
fayags welilad NB-oT Wumadeniiinin sl
DR &3, Latency #h

AdAeY: Smart Meter, LoRa, LoRaWAN, LPWAN, NB-lot

1. unih

Smart Meter (SM} WugUnsaliandseulwihaile
Tl ?iq-v'w’lﬁmmmﬁﬂmuﬁa:‘J‘amﬂ-ﬁ'wﬁamu"Lwﬁﬂﬁ
athasiailas waziimstuiintayadngn Lﬁa@’l'ﬁaﬂmm
muaunslindsuededudr nsdenmelulaiinig
Foarsiimnzanaszareinsldomn sm fiussandam
Wi [1] sasdulaseny Smart Grid Tuaunam

LPWAN (Low-Power Wide-Area Network) [2] #8
walulagnnsdeansiiuiunislindeeud wdausa
Homslélna mmudamsasdyanud vngiuaudu
Intermet of Things (IoT) ¥38f1u Sensor Network Ll
szuukdadiougnndty, ssuumsnduwindulv, auensa
SeaSey it sv sy wehdal LPWAN il§Sumny
Tevegaunsviany @9 LoRa uas NBoT Wassmaluladi
annsanseudioulsaanslumsdi 1

m3d 1 wisuiiouamauti LoRa way NB-loT (2], [5]

AuANUR LoRa NB-loT
Spectrum Unlicensed Licensed
Frequency 923.2 MHz 900 MHz (Band 8)
Modulation css UL: SC-FDMA

DL: OFDMA
Bandwidth 125 KHz 200 KHz
Data Rate SF7: 5.468 Kbps DL: 24 Kbps
SF12: 0.293 Kbps UL: 15.625 Kbps
Tx Power 25 mW 200 mW

1. LoRa (Long Range) [3], [5] #a wieluladdaans
wuul§meiignianndu Tneu3sn semtech ¥homitgu
AuE 920-925 MHz Unlicensed Band Tutsemeilng
13 Modulation deyau1aduuu Chirp-Spead Spectrum
(€sS) [10] #sl4 Frequency Modulation (FM) futaya
wuuRinea ilansadedyaraldlng, Thnuludes
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prmiiiidasumulds waglindeeusa ¢ss i
910 2 # A8 1.1) Chirp (Compressed High Inten5|ty
Radar Pulse} \Wudiya o Linear FM Pulses dlanui
L\Jaaumnmqmmgqqm Fonin Up-chirp wagdwas
ngegnlusingn 138011 Down-chip  1.2) Spread
Spectrum #8 msni:mwsﬁaﬁaqa’hﬂu-&am’nuﬁﬁm 9
fvuelaedsznaunsunen sy (Spreading Factor:
SF)  wiu SF7 vaneiia finnsnssanedayaluly 7 4eg
PP ‘ﬁ'emﬂuL%’nmseiq-iiau"amuwan%'Uﬂ'w'Lﬁ HIANNTS
(1 waz (2) Wuanuduiusseving SF, Bandwidth (BW)
LagansIN15L59a (Code Rate: CR) [2]

R, SF*—Rat; Code g @
o]

Rate Code = L o
4+CR

i) R,=Bit Rate (bit/s}, SF=Spreading Factor (7...12)
CR=Code Rate(1..4}, BW=Modulation Bandwidth (Hz}

2.NBHoT (Narrow Band Internet of Things) [4], [5]
Juwmeallagnsdeasiitmudesanainmalulad
nsémitadouiilugadi 4 (Long Term Evolution: LTE)
dialigunsaling 4 ansadeusalimidusinulasade
wodaainsdmiadaud Tuzuuuu M2m - (Machine
to Machine) ¥auiinui 900 MHz Licensed Band
Tudszimelng dvueuiasgles 3GPP (The  3rd
Generation Partnership Project) ¥%38nguannsg
gramnssulnsanuien walulad NB-oT — Tdnns
Modulation 2 wuu fa 2.1) wuu OFDMA (Orthogonal
Frequency-Division Multiple Access) dwiuiutoya
(Downlink: DL) &4l4 12 subcarriers 41 15 KHz tone
spacing 'Lﬁé’mm%ﬁ'lumﬁaﬁﬁgq 2.2) wuu SCFDMA
(Single-Carrier Frequency Division Multiple Access}
dwiudstoya (Uplink: UL) 19 3.75 KHz w38 15 KHz
tone spacing a8 SC-FDMA Qnﬁ'wmtﬁawmmumi
Aom5uuu OFDMA (@1 1n312n13 UL WUU OFDMA #aq
THiednsddingiifiindsdeas Sdhimuneiugunsaldaansii
flounaudn Tee SC-FDMA ansadnassiasdyaioniia
anfainTsas wazvinlisedudygasunivanas

unerwiiiauensiUSeudisuUssanssewing
wiAluladl LoRa uay NB-oT Lilaussyndldanuiy sm
Tuwanmuwindauiumyuiles suburban) dwiunizuen
81719 (Outdoor) waznelueias (Indoor} muuuy

$1a99v93 Okumura-Hata TnanSuuiisuaussesnnsa
dyayrau wagdnansgeyduynieya (Packet Loss Rate:
PLR) uuenuiligadunelnseadsanilmenssuvasssuy
wiatgluhdan 2, mssenuuunisneasshuhidief 3,
¥atait 4 vauanan smaans, ¥ataii 5 asunanis
naaas wasated 6 wunisddiueluewan

Bandwidth ——]|

N {,‘ ““ n *‘ ‘v‘\uhlm‘ ml“l[m

of | ‘H‘(

» \f VYL mnNn”lllLlu

0 1 2 3 5

Time (ms)

Frequency (kHz)

3\]7‘/1 1 Spectrogram ‘uaoa"mrmm 1 Up-chirp (8]

2. aantdnenssuvasszuunsetiy
2.1 LoRa Architecture

LoRaWAN (Long Rang Wide Area Network) #9
Tasaainawesssuy Network Protocol guwuuwils uudu
MAC Layer (Medium Access Control) fmusiiny

" - ¥ ab X & o -

LoRa Alliance mLﬂuaaﬂnwmwma‘uun,ﬂaau wag
munnssunelulad LoRawAN

Appllcation Server

='—' — s

LoRa Gateway Network LoRa Gateway

Server
LoRa RF LoRa RF

End Device#1 End Device#2 End Device#3
U7 2 amifmunssu LoRaWAN

anntnongsu LoRaWAN wialu 4 du s
1. End-Device (Node) A gunsalifliudsoya
910 sensor Wdawitng (Server) wusliiu 3 Class
1.1 Class A sddiaya TX w198 2 RX slot i
Gateway anunsadetaya DL Iflawglugng RX slot Ua
windu fidaffslindsnushan will Latency go
1.2 Class B fiufinann Class A faiinisudas
beacon frame iasa $e RX slot aufidviasnuly

429
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1.3 Class C amniasatayain Gateway 887
saiila i lWldndaamannitan witl Latency shitan
2. Gateway (GW) vwithiidiean Protocol fiwnnsing
581313 LoRa RF Protocol Wag IP (Internet Protocol)
uandsa packet rinugaednans LAN, WiFi, via 36/4G
Wailanail Gateway 1A 1 ﬁdﬁmﬂﬁuﬁm&mﬁmﬁu
Fansdpuendayacsliis Activation vianstudusny
VU Network Server
3. Network Server ﬁwﬁﬁﬁ%’uﬁaz‘]‘amn Gateway
wsganana 198i3391nNT Authenticate  §28 key
awiildametiouly Sanassiu LoRaWAN  dvug
813 Activation 1l 2 guiuu #a
3.1 Over-The-Air Activation (OTAA) 92131970
Node 1 DEV EUI, APP EUI, APPK KEY Saileliluusiay
gunsaflulFssuuiinnefudu snfumsssuuasds
Network Address nduan 38nnsifasil delay Tutasusn
¥93In7s join ASevnenauzls AppSKey uag NwSKey
wigliRasiartu Application Server sialy
3.2 Activation by Personalization (ABP} 13
awnﬁuuqdnszﬁﬁv'mvimn $he AppSKey, NwSKey, Dev
Address Aaumsiiausiairiatne
4. Application Server #a a":uif‘immiaﬁqﬁauvamn
Network Server 1nUsginanaluguLuusg 4 muﬁ';‘;“lﬁ
20NV LU Mativasgudaya, viiviswansa sy

2.2 NB-loT Architecture

CSGN S5
gﬂﬁ 3 aninenIsy NB-loT [9]

-

anUnenssa NB-loT Wausiaganu1ain LTE
Juuuuhisugau Lﬁaaﬂﬂiym-ﬁagawﬁwmﬂul.ﬂ‘%miw
wazaaiuaunslinuussinm P Ifegnuduguuuy
gunsaivan « i 3 d2u 1) eNB (eNodeB) %38 CloT RAN
MR LEdI, 2) SAE Gateway (SGW), 3) MME
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Abstrac—Smart Meter (SM) is a device that measures
electrical energy and reports power consumption to the control
center via communication systems, such as LoRaWAN (Long
Range Wide Area Network). The is a key ponent of
wireless ication impro Moreover, unidirectional
antenna radiates most power in desired direction. Design of
wireless communication system requires accurate Path Loss (PL)
model, which predicts the losses in channels. In this paper, we
propose a new PL model using the empirical method in an urban
area of Thailand. Also, PL. model is designed to SM scenario via
LoRaWAN at frequency of 920-925 MHz. That model can
estimate real measured PL accurately. Likewise, proposed model
is more correctly than the OKkumura-Hata model, which was
evaluated by the Root Mean Square Error (RMSE) and the
R-square.

Keywords—Lora, LoRaWAN, smart meter, path loss model,
empirical model, unidirectional antenna, linear regression

1. INTRODUCTION

The Smart Meter (SM) is an electronic device that records
power consumption and reports to the control center for
monitoring and billing via communication systems. The
LoRaWAN (Long Range Wide Area Network) can be applied
for SM systems since the property of LoRa is Long Range,
low power consumption, support for many devices and secure
data transmission, but the data rate is low and the duty cycle is
limited [1], [2]. However, this data rate and 1% duty cycle are
enough to SM data communication. Because the SMs are fixed
on electric poles, the unidirectional antenna can be improved
link quality by increased signal strength and decreased radio
interference [3]. In addition, the Path Loss (PL) models are
important tools in wireless communication for predicting the
behavior of propagation links between Transmitter (Tx) and
Receiver (RX) in channels. The PL models are useful for
planning and designing the wireless network.

Currently, the PL model was invented to many models,
each model is based on different conditions and a particular
environments [4]. Similarly, In [5] and [6] designed the PL
model using an empirical method for the LoRa network,
operating at frequency of 868 MHz in an urban area, and the
end device used an omnidirectional antnenna. Also, in [7]
reported the evalution of the LoRa performance and a proposed
PL model using an empirical method with the linear regression
analysis. The proposed model can be deployed to smart city
scenario based on LoRaWAN at frequency of 433 MHz and
868 MHz. Although many researchers may have designed the
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Department of Electrical Engineering
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PL models for many environments or different systems, there
is no report that has designed the PL model for SM systems via
LoRaWAN at frequrncy of 920-925 MHz, and the end device
uses unidirectional antenna.

This paper is presented a new PL model for the SM
scenario via LoRaWAN in an urban area of Thailand. The
accuracy of the proposed model is more than the Okumura
Hata model when evaluated by the Root Mean Square Error
(RMSE) and the R-squared. Moreover, the antenna of each
SMs was designed by the microstrip antenna due to features
consist of light weight, low profile, compact size and low cost
[8]. Thus, the LoRa link quality is improved by increasing the
signal strength and decreasing unwanted interference when the
microstrip antenna is used. The rest of a paper is organized as
follows. In section II, we present the background. Section III
discusses the system design and experimental setup. Section IV
presents the results. Section V concludes the paper.

II. BACKGROUND
A. Overview of LoRa

The LoRa is a physical layer of wireless communication
systems which is low power consumption and robust against
some noise using the Chirp Spread Spectrum (CSS) modulation
[2]. In Thailand, the LoRa network or LoRaWAN is operating
at frequency of 920-925 MHz with 125 kHz of bandwidth [2].
For CSS modulation, it has an important parameter called
Spreading Factor (SF), which represents the number of bits per
symbol on 7 to 12 range. Moreover, the SF is used to control
Data Rates (DR), coverage and sensitivity. For example, SF7
can transmit data with 5,470 bps of data rate, low sensitivity as
-126.5 dBm, so the coverage is low. While the sensitivity of
SF12 is -139.5 dBm, so a higher SF can increase range, but the
speed 1s low approximately 250 bps [2]. Therefore, if the
available SFs are suitable for the specific environment, the
LoRa link efficiency can be increased.

B. Path Loss and Path Loss Model

Path loss (PL) is the reduction of radio energy in the
wireless communication channels. Hence, the signals are
obstructed by some objects in the environment. The path loss
measurement (L) is calculated using the Friis equation [4] as

Ln = P:—RSSI+ G+ G (1)

where P; is the Tx power in dBm. RSST is the Received Signal
Strength Indicator in dBm. G. and G, are antenna gain in dBi.
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TABLE L EXPERIMENTAL SETUP PARAMETERS - -
Parameters Values ol
End Device (ED) STM32 LoRa Discovery kit (SX1276) * L
Gateway (GW) UfiSpace GPES10A-923U (SX1301) — E @ S
Frequency 923.2-924.6 MHz (CHO-CH7) z
Bandwidth 125 MHz ’
Transmit power 12 dBm (16 mW)
Spreading Factor SF7-SF12 € J
Coding Rate 4/5 5
ED antenna Microstrip antenna, -2.6 dBi (l. Y g
GW antenna Monopole antenna, 1.5 dBi e E
ED antenna high 2m g g
GW antenna high 6.2,6.7,64m (Site A, B and C) () b
Extension module Ublox NEO-6M GPS Module A
Path loss model is mathematical model that is designed to % 20-40m ﬁ

predict the PL in channels or particular environments. For
example, the free space model is a lower bound of possible PL
when Tx and Rx are within Line-of-Sight (LOS), so it is
commonly used as the reference model. Besides, the Okumura
Hata model was developed based on the free space model by
extension factors, such as antenna height and categories of
environment: open area, suburban area and urban area [4]. For
this paper, we considered the urban environment that have
many houses and buildings with 2*¢ or more floors, or the
average height of the building is around 10 to 15 m. Therefore,
the urban areas are suitable for the SM scenario in Thailand.

TII. SYSTEM DESIGN AND EXPERIMENTAL SETUP

A. System Design

An overview of our system design based on LoRaWAN
architecture, which consists of four components as follows and
shows the configured parameters in TABLE I.

e End Device (ED) is designed on the STM32 LoRa
Discovery Kit with a microstrip antenna [8], which is
designed to operate at frequency of 920-925 MHz
Moreover, the ED periodically transmits 7 bytes per
packet of the Global Positioning System (GPS) data
every 10 seconds, and each packet is switched the
spreading factor between SF7 to SF12 and random 8
channels from 923.2 MHz to 924.6 MHz.

e Gateway (GW) is equipped to the UfiSpace GPES10 A-
923U gateway with 1.5 dBi monopole antenna, which
radiates equally radio powers in all directions. The GW
can be received data from the EDs, and it sending data
to the server via the Internet Protocol (IP).

e Network Server (NS) manages the entire packets from
gateway such as handling device authentication, joining
requests, and forwarding data to our application server.

e Application Server (AS) is designed in laptop to record
the data. MQTT (Message Queue Telemetry Transport)
protocol is used to get packets from the NS. Also, LINE
application program notify via an HTTP protocol is
utilized to create notification on smart phone.

B. Experimental Setup

The most of energy meter installations in Thailand are
based on the Provincial Electricity Authority (PEA) standards,

Fig. 1. LoRaWAN experimental setup on SM scenario

which requires the meters installed on the electric poles at 1.7
m height of the ground. Also, the range between electric poles
is around 20 m to 40 m arranged along the road as shown in
Fig. 1. During the measurement, the GW is fixed on an electric
pole, whereas the position of the ED is moved out of the GW
with constant height of 2 m above the ground which is the
average height of meter position. Therefore, we defined this
specific environment as the SM scenario, which is conducted
in Narathiwat city of Thailand consisting of site A, B and C.
Each site is different characteristic, and the desired area is less
than 1 km? in practice because the area is divided into groups
to reduce management issues and high reliability. In site A the
GW is fixed in the center of straight road with 6.2 m of height
on the electric pole in community area. In site B, the location
of the GW is at the crossroads and height of 6.7 m. In site C,
this area is a small housing village, and the height of the GW
as 6.4 m. So, the three site locations are represented the sample
of SM scenario in an urban areas of Thailand.

IV. EXPERIMENTAL RESULT

All of received packets, we saved the RSSI level at each
distance as shown in Fig. 2, and used it to calculate the PL
measurement by (1). The average RSSI is divided to three
levels, namely high, medium and low. For site A and B, most
of the path between the ED and the GW is LOS, but the ED to
GW path is mixed between LOS and NLOS at site C.

A. Mathematical model

The empirical model is a method to create a new path loss
model using measured data [S]-[7]. Also, the linear regression
analysis can be applied to find the mathematical model for SM
scenario. The simple equation of the empirical model and the
regression coefficients are as follows

Lage = 100 logio(d) + B 2)

n= ZZ](dmm _Z).(l:(:; —[:) (3)
T, -d.)

B=L,-n(d,) )
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Fig. 2. The RSSI measurement in three locations

where Lgyp is the empirical path loss in dB. d is the distance
between ED to GW in meters.  is the path loss exponent. B is
the path loss intercept in dB. dy) is the measured distance of
each samples. L, is the measured path loss of each samples.
d, and L, are the mean of measured distance and measured
path loss. Finally, N is the number of the samples.

Using the empirical model with the linear regression
analysis, we calculated the regression coefficients by (3) and
(4). Thus, the proposed model (Lz) in dB as follows

Lr = 23.82 logio(d) + 49.59 5)

Figure 3 shows the scatter plot of measured data containing
site A, B and C at different distances in log scale axis. By
observing, the pattern of all data are similar to a linear model,
s0 we can use linear regression analysis to design a new model
as shown in (5). Moreover, the proposed model is compared
with the free space model and the Okumura-Hata model. The
result shows that the free space model (dotted line) is the
baseline of all measured data. For the Okumura-Hata model
(dashed line) is highest slope and lowest PL intercept.
Therefore, the proposed model can be fitted to the measured
data with more accuracy compared to other models such as the
summary in TABLE II.

B. Model Evaluation

To accurately evaluate the proposed model, two statistical
parameters consisting of the Root Mean Square Error (RMSE)
and the R-squared are applied [4]. The RMSE is a good
measure of how accurately the new model predicts the
observed data, so lower values of RMSE indicate better fit.
Likewise, the R-squared has useful property that represents
the proportion of the variance for the measured PL points can
be explained by the proposed model. The R-squared values
range from O to 1, and the acceptable values are normally
greater than 0.6. Moreover, we compare the accuracy of the
proposed model with the free space model and the Okumura-
Hata model.

The proposed model shows the RMSE as 9.69 dB and R-
squared as 0.70 that are more accurate than traditional model.
Due to the Okumura-Hata model has RMSE as 14.39 dB and
R-squared as 0.34.The free space model has RMSE as 30.98
dB and R-squared is O that there is no correlation between the
measured data and the predicted values as shown in TABLE II.

V. CONCLUSION

In this paper, we present a new PL model for SM scenario
in an urban area of Thailand based on the empirical method
and linear regression analysis. Besides, each SM communicates

140 u U
L, =23.82log, (d) +49.59
120
100
§, 80
] ol
Ry
5 i MessuredSieA |
w0 /"‘f; *  Measured Site B 1
g +  Measured Site C
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el — — —Okumura-Hata (Urban) | |
.......... Free Space
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Fig. 3. Scatter plot of PL measurement compared with difference PL models

TABLEIIL REGRESSION COFFFICIENTS AND EVALUATION PARAMETERS
Path loss model n B (dB) | RMSE (dB) | R-Squared
Proposed 2382 | 49.59 9.695 0.70
Okumura-Hata 3.961 | 16.089 14.388 0.34
Free space 2 31.747 30.977 0

in LoRaWAN AS923 MHz with the microstrip antenna for
improved signal quality and decreased interference. Therefore,
the proposed model is useful to predict the PL. measurement of
LoRaWAN communication. The evaluated result shows that
the predicted error of our proposed model is less than the
Okumura-Hata model. It is the most used in an urban
environment. Thus, this accurate PL. model can be utilized to
planning and optimization of the SM communication in the
similar environments.
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Empirical Path Loss Model on Microstrip
Antenna for LoORaWAN Communication
in Urban Area of Thailand

Akekapong Kongsavat, Phairote Wounchoum and Chalakorn Karupongsiri

Abstract— LoRaW AN (Long Range Wide Area Network) has
been widely used for sensor network included Smart Meter (SM).
The SM can report power consumption to control center via

ication link ically. Antenna is a key componence
to indicate an effective communication system. A MicroStrip (MS)
antenna works based on unidirectional radiation pattern.
Advantages of the MS antenna are light weight, small size, and
easily etched on any print circuit board. Those advantages are
needed for the SM ion that is installed at electric poll.
In this paper, we imp the MS for the SM
communication via the LoRaWAN technology which operates at
frequency of 920-925 MHz in Thailand. The MS antenna is used
to design a new Path Loss (PL) model for LoRaWAN in urban
areas. The rect: lar MS patch and PL model are
designed by Empirical method. The result shows that
unidirectional MS antenna is more effictive than omnidirectional
antenna in range 2.2 km and Packet Delivery Ratio (PDR) is
52.93%. Those performances are close to commercial antennas.
Moreover, we analyze the results by mathematical model that
includes Free space model, Okumura- Hata model, Root Mean
Square Error (RMSE), and Coefficient of Determination or R-
Squared.

Index Terms—1.oRa, LoRaWAN, smart meter, path loss model,
empirical model, microstrip antenna, unidirectional, linear
regression

I. INTRODUCTION

HE Smart Meter (SM) is an electronic device that can

measure the electric energy and record power consumption.
Those parameters can be monitored and transmitted to control
center for billing proposes via communication link [1]. A
LoRaWAN (Long Range Wide Area Network) technology is
invoked for SM communication because of coverage area, huge
number of clients, low energy consumption, and noise tolerance
[2]. The disadvantages of LoRaWAN technology are low data
rate and duty cycle of transmitting data is also low [3].
However, lowest data rate 0.3 kbps and 1% of duty cycle on the
LoRaWAN are sufficient for the SM communication [2] [4].In
practice, the SM is installed at an electric poll which is limited
of area. Thus, rectangular MicroStrip (MS) antenna is selected

This work was supported by the Provincial Electricity Authority (PEA)
in Thailand.

The authors are with the Electrical Engineering Department, Faculty of
Engineering, Prince of Songkla University, Hat Yai, Songkhla, 90110,
Thailand (e-mail: 6010120121@psu.acth; wphairote@eng psu.ac.th;
chalakom.s@psu.ac.th).

for implementation with size issue. The MS antenna works
based on a unidirectional pattern that releases a radio pattern on
one direction. It can reduce interference to another transmission
sources when compares with an Omni directional pattern [5].
So, the advantage of the MS antenna for SM communication is
light weight, small size, and low cost [6].

Performance analysis on wireless communication wants Path
Loss (PL) model to predict loss on a link between Transmitter
(Tx) and Receiver (Rx). Each PL model has been implemented
under condition and environments. In [7] proposed PL model at
the frequency of 868 MHz on LoRaW AN technology in urban
areas by Empirical Method and Linear Polynomial Fit are
applied in order to find the coefficient of the PL model such as
PL Exponent (PLE) and PL Intercept (PLI). This proposed
model can predict the PL accurately. In 8] also designed a PL
model for Smart City at the frequency of 433 MHz and 868
MHz on LoRaWAN in urban areas. Its gateway height is 30 m
and End Device (ED) on the roof of a car is high 1.7 m. Both of
gateway and ED height are close with our proposed model.
Linear Regression analysis is applied to create mathematical
model each frequency. The model can predict PL more
correctly than traditional model. In [9]-[10] a PL model is
developed by using the Empirical method. It is high precisely
under the similar condition of frequency, Tx and Rx height,
environments, and radio pattern. Most of PL model are
implemented to predict more accurately in scenario.

In this research, we implement a rectangular MS antenna
operating at the frequency of 920-925 MHz which used in the
LoRaWAN technology in Thailand. Our proposed MS antenna
is used to develop a new PL model for SM communication
scenario. The results is compared with two commercial
antennas. The proposed MS antenna performance is more
effective than monopole antenna. However, our MS antenna is
suffer than log periodic antenna [11] [12], but it is lower cost,
smaller size and easier to install at electric poll than log periodic
antenna. Moreover, proposed PL model is more accurately than
Okumura-Hata model which estimate by Root Mean Square
Error (RMSE) and R-squared.

The rest of the paper is organized as follows. In the section
II, we introduce the background. Section III describes the
MicroStrip antenna design.  Section IV discusses the
measurement setup. Section V analysis the experimental result
and Section VI concludes the paper.
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Fig. 1. Comparison of unidirectional and omnidirectional antennas
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Fig. 2. Proposed MS antenna: (a) antenna structure; (b) top view; and
{c) bottom view of the antenna prototype

II. BACKGROUND

A.  Unidirectional Antenna

Unidirectional antenna is one direction of a main lope of the
antenna in order to transmit radio frequency such as Yagi-Uda,
Horn, and MS antenna [13]. The unidirectional antenna is used
to increase the performance of communication system.
Especially, transmitter and receiver are fixed, the radio
frequency can move directly from the transmitter to the receiver
and low interference each other [5]. So, the unidirectional
antenna is designed for fixed node. On the other hand, the radio
pattern of the omnidirectional antenna is transmitted around
itself [ 14]. It is used for a moving nodes such as mobile phone
antenna.

Figure 1 shows the installation of SM at electric poll along
the road. The SM scenario is compared between unidirectional
and omnidirectional radio pattern. Energy of the
omnidirectional antennas are overlapped each other. This is
because many SMs are installed in range 100 m or every 20-40
m. Therefore, all nodes are interference each other including the
gateway. On the other hand, the unidirectional antenna is the
one direction of radio pattern that can reduce interference more
than the omnidirectional antenna.

B. Overview of LoRa

Long Range (LoRa) communication technology is designed
for long distance (up tol5 km), low energy consumption (less
than 50 mW) [3] and noise tolerance with Chirp Spread
Spectrum (CSS) technique. The LoRa operates at the frequency
of 920-925 MHz in Thailand. The key operation of the CSS
technique is Spreading Factor ( SF) that represents a bit in
symbol. The SF can be vary from 7 to 12. This is a data rate on
LoRa communication. The data rate on LoRa also depends on
sensitivity level at receiver. For example, SF7 can communicate
the maximum data rate at 5.470 kbps with the sensitivity level
-126.5 dBm. This is the maximum sensitivity on LoRa
communication, but lower coverage. On the other hand, the
sensitivity is -139.5 dBm on SF12 can cover longer distance
than SF7, but lower DR. It is lower than 250 bps [1S5].
Therefore, selection of the SF is importance for LoRaWAN
performance.

LoRa architecture consists of: End Device, Gateway,
Network Server, and Application Server [16]. It can be called
LoRaWAN. The LoRaWAN can be applied for wireless sensor
network [17], Internet of Things (IoT) [18], smart grid network
including SM communication [2].

C. Path Loss Model

Path Loss is a predication of radio propagation loss over
distance between Tx and Rx depending on environments. The
PL is defined by transmitted power - received power. In order
to measure the PL in Decibel (dB) in real environment, the Friis
Transmission Equation can be applied [19].

PL, =P, —RSSI+G,+G,-L, L, (€]

where PL,, is the measured in dB. P; is the Tx power in dBm.
RSSI is the Received Signal Strength Indicator in dBm. G. and
G, are antenna gain in dBi. Finally, L and L, are transmission
line loss in dB.

Path Loss model is a mathematical model to estimate the
radio frequency loss in dB depending on distance and
environments. The PL model is useful for prediction the radio
signaling for planning and designing propose [20]. Each PL
model is created for specific area and operating frequency. Free
space model is a reference model on the communication
system. Okumura-Hata model is used at the frequency range of
200 MHz to 2 GHz in urban areas [21]. Tx and Rx antenna
height are considered on the Okumura-Hata model. In this
paper, we develop a new path loss model for SM
communication via LoRaWAN in urban area in Thailand.
Those locations are a residential area which two stories
building. The proposed PL model is useful for SM installed at
the electric poll around this area.

III. MICROSTRIP ANTENNA DESIGN

Rectangular Microstrip patch antenna is employed to a SM
antenna because of unidirectional beaming, light weight, and
low cost [22]-[23]. Those key properties are needed to
implement for SM scenario at the electric poll as described
above. The MS prototype consists of: 1) patch is used to release
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PROPOSED MICROSTRIP ANTENNA STRUCTURE

Parameter w i A I W, Yo h 1
Dimension (mm) 972 795 170 3.083 162 16 0035

the electromagnetic wave on the air; 2) substrate is a layer of
dielectric that used to separate the conductors; and 3) ground
plane is an opposite size of the dielectric substrate. Figure 2
illustrates the MS with patch width (W), patch length (L), width
of the MS line feed (W), position of the feed from the edge
along the direction of the patch length (yo), patch width inset
(W), length of square ground plane (L;). The MS model is
created by Printed Circuit Board (PCB) which is low cost and
easy to make it as seen in Fig.2 (b),(c). Those parameters are
also used in equation (2)-(5)

Glass Epoxy substrate (FR-4) of PCB is used to build the MS
antenna. Assume that the resonant frequency (f;) of the MS
antenna is at 922.5 MHz. This is an operation frequency for
LoRaWAN AS923 standard [ 15]. Define a property of the
antenna as: 1) Antenna impedance is 50 ohm; 2) Dielectric
constant (g;) of the substrate is 4.4; 3) Loss tangent (tan &) is
0.02; 4) Coper plate thickness (7) is 0.035 mm; and 5) Substrate
height (#) is 1.6 mm. Microstrip line feed is employed to
connect with a Sub Miniature version A (SMA) connector.
Thus, we can calculate the size of the rectangular MS patch
antenna as seen below [13], [22].

e [e+1T"
W:_[r } @

27| 2

e +1 g -1 IR

= = — 1+12— 3
Err > + B |:+ W} 3)

(s,eﬁ+o.3)(_’£~+o.264j

AL=0412h— 7 7 @

. w
(&g — 0‘258)(7 + 0.8}

Inpractice, these calculated characteristics from the equation
(2) — (5) may not be accuracy. This is because the dielectric
constant on the FR-4 of PCB might not be as the parameter on
data sheet exactly. Therefore, a new MS patch antenna is
optimized by considering a return loss more than 10 dB of
operating frequency as seen in Fig. 3 [24]. The square marker
illustrates that power from Tx is efficiency transmitted via the
MS antenna at the frequency of 909 to 931 MHz. Table I shows
anew parameter of the MS antenna after the return loss has been
applied.

In order to verify our proposed antenna A, two commercial
antennas are compared. Antenna B is a Log-Periodic antenna
type that works based on unidirectional beam [11]. Antenna C
is a Monopole antenna that operates based on omnidirectional
beam [12]. All of them are linear polarization which transmit a
radio frequency to a LoRa gateway. The LoRa gateway uses a
monopole antenna that can sense all LoRa EDs.

Figure 3 demonstrates Return Loss (RL) of all antennas with
network analyzer [25]. The RL is a critical parameter to
consider the antenna performance that should be more than 10
dB. This is because transmitted power is 97 % or reflected
power is 3% [22], [26]. The RL of the antenna A is more than
10 dB at the frequency of 909 to 931 MHz. It is 21.54 dB at 923
MHz. For the antenna B, it is 12.88 dB at the frequency of 752
to 2700 MHz. On the other hand, the RL on antenna C is more
than 10 dB at the frequency of 800 to 825 MHz that is not match
with the operating frequency for LoRaWAN. It also loss
approximately 60% of the transmitted power on the air [26].

Table IT compares the antenna specification of all antennas at
the frequency of 922.5 MHz which is a center frequency of 920
to 925 MHz. The realized gain of antenna A is equal to -2.61
dBi that is in a negative value because of FR-4 of the PCB. The
negative value also show that the realized gain of antenna C do
not match at the frequency of 922.5 MHz. Both of them can
operate within 1 km? coverage which responses our design for
SM communication. The antenna A and C are low cost,
approximately $5. On the other hand, the antenna B is more

a a L4 1
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0 . TABLEIL
1 | ANTENNA SPECIFICATION
s I R Parameter Antenna A Antenna B [11]  Antenna C [12]
i Pyl : 347 B Type Microstrip Log-Periodic Monopole
! (Proposed) (Commercial) (Commercial)
@ 15 V\ Frequency 909-931 MHz ~ 752-2700 MHz  800-825 MHz
3 Radiation pattemn Unidirectional ~ Unidirectional ~ Omnidirectional
» 923 MHz, Realized Gain -2.61 dBi 8.2dBi -2.58 dBi
RIMHz, 1288 dB
g i S VSWR 117 1.58 51
Retum loss (S7;) 2154 dB 12.88 dB 347dB
30 i e Amtmna A HPBW (E, H-plane) 85°, 80° 60°, 85° 100°, 180°
! —a— Antenna B ‘ Cable loss (L) 048 dB 041 dB 0 dB (Directed)
. ! TR Anem G Weight 02kg 0.6kg 001kg
s 1oy e [== -LaRaWANAS92) | S , :
Py L L L " L imensions (mm”) 170x170x10 282x210x65 10x10x50
750 800 850 900 950 mom)lw 1100 1150 1200 Cost (USD) $5 $40 $5
Fig. 3. Return loss measurement is compared with the operating frequency
L = i ~DAT, )
TABLE I 2/, ey
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Fig 5. LoRaW AN measurement setup in SM scenario

expensive than antenna A and C, around $40 and its dimension
is too big which is not suitable to install at the electric poll.
Figure 4 demonstrates a unidirectional radiation pattern on
E-plane and H-plane. The maximum energy of antenna A and
B are released at zero degree that follow our design.
Conversely, the maximum energy of antenna C is at 280 degree
of the E-plane. The radiation pattern at -3 dB is called Half
Power Beam Width (HPBW). This is a key identify of antenna
efficiency that shows the polarization of all antennas. The
HPBW of antenna A, B, and C are approximately 85°, 60°, and
100° respectively. The small value of HPBW means the
direction of energy to the font of antenna and low interference
each other for SM scenario as described in Fig.1 section II.

IV. MEASUREMENT SETUP

In order to create a new PL model for SM communication on
LoRaWAN technology, Fig. 5 demonstrates a SM scenario in
Thailand. The proposed MS antenna is applied to investigate a
new PL model by using an Empirical Method. Following by
LoRaWAN setup indicates four main devices of LoRa
communication.

A. Sampling Environment

Meter installing in Thailand controlled by Provincial
Electricity Authority (PEA) that defines a meter height at least
1.7m from ground. A gab of each electric poll is range 20 to 40

--#-E-lme (measured) -4 - H-plane (measured)

i
!,ué—i-v‘“.‘ o

~- E-plme (measured) -4~ H-plane (measured)

.y

| 590

Py
T ety

7 120° 120°

2

150°

180°

©

Fig. 4. Radiation pattem of (a) proposed MS antenna; (b) log-periodic commercial antenna; and (c) monopole commercial antenna

TABLE IIT
LORAWAN SETUP PARAMETERS
Parameter Value

End Device (ED) STM32 LoRa Discovery kit (SX1276) [12]
Gateway (GW) UfiSpace GPE810A-923U (SX1301) [31]
Frequency 923.2 MHz, 923.4 MHz, 924.6 MHz
Spreading Factor (SF) ~ SF7, SF10, SF12
LoRa Bandwidth 125 MHz
Transmit Power 12 dBm
Coding Rate 4/5
ED antenna high 2m
RX antenna high 62m

ED Extension Module ~ Ublox NEO-6M GPS & SD Card Module

m along roadside as seen in Fig. 5. The sampling environment
is as an urban area in Thailand. Residential area covers
approximately 7.5 km? with 13,000 meters. The residential area
is classified to 35 communities. Each community size is around
1 km? [27]. These information are useful for planning and
implement the SM. LoRa gateway is installed at an electric poll
at latitude 6.425481 and longitude 101.825112. This location
is on the corner of main road and back road. For ED, it is also
installed at the electric poll at height 2 m as described in
Background Section. During finding radio signaling, the ED is
move out from the gateway along electric poll. Position of the
ED is record by their latitude and longitude to calculate a
distance between ED and gateway. Signal to Noise Ratio (SNR)
and RSSI are also collect to calculate its PL each position. All
parameters are used for analysis a link quality on system.

B. LoRaWAN Setup

System diagram of LoRaWAN communication consists of
four components. The LoRaWAN setup indicates key
parameters of each system that affected to PL model as follow
below.
1) End Device

A ED is used to connection with the SM and sends data to
gateway via microcontroller board model STM32 [12]. As
described in Section III, three antenna types are used in this
research. Antenna A, B, and C operate at the frequency of
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Fig. 6. Map of urban environment showing received RSSI level in Narathiwat province, Thailand.
(a) real environment from Google Earth; (b) antenna A: (c) antenna B; (d) antenna C measurement

TABLE IV
LINK QUALITY, PATH 0SS REGRESSION COEFFICIENTS AND STATISTICAL RESULTS
Link Quality Path Loss Coefficient Statistical Parameter
Antenna
Max Range (m)  PDR (%) n  p@B) o(dB) F-critical ~ F-statistic  P-value ~ R*  Adjusted-R?
A (Proposed) 2,233.77 5293 295 3227 579 387 2,032.19 0 0.84 0.84
B 2,459.07 56.62 311 3794 6.71 386 2,098.69 0 0.84 0.84
c 1,667.63 2838 245 52.88 595 389 77499 0 0.79 0.79

923.2,923.4, and 924.6 MHz. The ED gets its position by using
a Global Positioning System (GPS). The GPS packet size is 11
bytes that sent to gateway at 5 seconds interval time.
Transmission power of the ED is 12 dBm with code rate is 4/5.
The data rate of the ED can be very by SF that is configured as
7, 10, and 12. All parameters in the ED are recorded into
memory card in order to compare with received data at network
server (NS) as seen in Table I11.
2) Gateway

Gateway is employed to collect data from the ED with
monopole antenna. The gateway uses a commercial product
model UfiSpace [28]. It operates on the Internet Protocol (IP)
to send the ED data to N'S.
3) Network Server (NS)

An NS is applied for user authentication in order to verify
and charging on Telecom Public Company Limited, Thailand.
4) Application Server (4S)

User can monitor or check the result form the ED via AS. In
this research, Message Queue Telemetry Transport is used to
select data and display on a Line application program via a
smart phone on Hypertext Transfer Protocol [29].

V. RESULT AND DISCUSSION

LoRaWAN communicates on underlying of the Open
Systems Interconnection (OSI) model. This paper focus on a
RSSI level on the physical layer of the OSI model. It operates
at frequency of 920-925 MHz in Thailand. We consider a PL of
the radio frequency on real environment of the SM scenario.
The results show a LoRa link quality, PL coefficient and
statistical ~parameter. Mathematical analysis, statistical
evaluation, and model implementation are discussed to validate
our proposed PL model.

A. LoRa Link Quality

The performance of LoRa link quality describes a Packet
Delivery Ratio (PDR) and a RSSI parameter. The PDR is
collected by sending 733 packets to antenna A, B, and C. The
antenna A, B, and C can receive 388, 415, and 208 packets
respectively. Thus, the PDR can be rewritten as 52.93%,
56.62%, and 28.38% as seen in TABLE IV. Distance of
transmission signal of three antennas are also investigated. The
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Fig. 7. PL measurement and proposed PL model of three antennas

coverage area of each antenna is antenna A (2.2 km); antenna
B (2.5 km); and antenna C (2.1 km). Although the antenna A is
lower performance than the antenna B, the coverage area is
enough for the SM communication which implemented in
community area (approximately 1 km?).

The RSSI level of antenna A, B, and C can be classified as
high, medium, and low as seen in Fig. 6 [7]. The antenna A and
B are high RSSI at distance 0-0.4 km, medium RSSI at distance
0.4-1.2 km, and low RSSI of distance more than 1.2 km. For the
antenna C, it is lower RSSI level than the antenna A and B all
positions. Moreover, the sensitivity of the antenna A and B are
more than -90 dBm which the maximum required on the LoRa
is -126.5 dBm. This sensitivity value offers data rate up 5.470
kbps on the LoRaWAN communication [15]. However, a
gateway device is installed at the electric poll at height 6.2 m
which is lower than two stores house. Those building may block
the radio signal between the ED and gateway. It leads to the
radio signaling dropping at lower than 2.2 km. Furthermore, a
curve of roadside makes a Non Line Of Sight (NLOS) as seen
inFig. 6 (b). The gateway height and NLOS issues degrade the
RSSI level on the LoRaWAN communication. From the
experiment, the propose MS patch antenna performance is close
to commercial product.

B. Mathematical Analysis

The Empirical model is used to verify our PL model by
collecting data from the PL [8], [19], [30]-[31]. Equation (1)
shows the PL of each antenna depending on distance between
the ED and gateway. Tt indicates in the Log scale by Scatter plot
as seen in Fig. 7. All data are in linear. Thus, we can use the
linear regression analysis to build a Fitting line of each antenna.
It also includes predication the PL from SM scenario. The
empirical model and regression coefficients can be calculated
by [32], [33]

PLye = 10nlog o (d)+ B+ 7, (6)

Z:’il(d’ﬂ(l) _dm )'(PL,,(,) —E)
Zfil (dm(x) _Z)z

n= (7

B=PL-n(a,) ®

where PLgye is the empirical PL in dB. d is distance between
ED to GATEWAY in meters. » is the PL Exponent (PLE). B is
the PL Intercept (PLI) in dB. z, is a random errors of zero

mean Gaussian random variable with standard deviation (o),
which describes the shadowing effects. d is the measured
distance each samples. PL,, is the measured PL each samples.
d, and PL, are the mean of measured distance and measured

PL. N is the number of samples. Finally, the standard deviation
(o) describes a deviation between the measured PL (PL,) and
the predicted PL (PL,) when expressed in dB. Thus, the
standard deviation or the standard error is calculated as [30].

N 2
PL:s—PL,
o (@B) = o 2Pl 0 20)

©

Table IV shows regression coefficients of the PL
measurement on antenna A, B, and C. It represents by fitting
line A (solid line), B (dash line), and C (dot line) as seen in Fig.
7. Each fitting line demonstrates the trend of data by Least
Squares method. PLE shows loss on distance between ED and
gateway. The PLE of fitting line A, B, and C are around 2.95
3.11, and 2.45, respectively. So, all fitting line antennas are in
the range of 2.7-3.5 under urban area as mention by [34]. PLI
is used to shows the PL at 1 m distance between Tx and Rx. The
PLI can be calculated as a fitting line A (32.27 dB) and B (37.94
dB). The PLI of fitting line A is close with the PLI of Free space
model as seen in Fig.7.

Standard Deviation (SD) is used to illustrate a fluctuation of
loss signal because of shadow fading. As refer in [35], the SD
in urban Macrocell is 8 dB. So, the SD of fitting line A, B, and
Care 5.79,6.71, and 5.95 dB, respectively. Those SD are less
than SD of Urban Macrocell. It is show that our proposed mode
is better than commercial product.

C. Statistical Evaluation

Statistical significance test of linear regression analysis tools
are used: 1) F-test is a tool to prove our PL model accuracy: 2)
Coefficient of determination or R-Squared (R?) is used to
identify the relationship between measured and predicted PL
and 3) Adjusted-R? is applied to verify the number of sampling
data [30], [33].

Table IV illustrates the statistical significance test result of
fitting line A, B, and C which significance level is 0.05. The
results consist of; 1) F-Test is investigated by F-critical. It is
less than F-statistic or P-value is lower than 0.05. Thun, error
on prediction PL model of each fitting line are accepted; 2) R-
Squared of Fitting line A, B, and C are 0.84, 0.84, and 0.79
respectively. Normally, the R-Squared should be more than 0.8.
That means the data from measured PL is less distribute around
the fitting lines as seen in Fig. 7 [33]; and 3) Adjusted-R? isused
to validate the R-Squared. The Adjusted-R? fitting line A, B,
and Care 0.84, 0.84, and 0.79 respectively. This value is similar
with R-Squared. So, our samples is good enough to create a
mathematical model.
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TABLEV
PREDICTION ERRORS OF THE PROPOSED MODELS, OKUMURA-HATA MODEL
AND FREE SPACE MODEL IN THREE SITE LOCATIONS

Testing Site Path Loss Model RMSE (dB) R?

1 Proposed 9.15 0.72
Okumura-Hata 10.19 065
Free space 27.32 -1.52

s Proposed 9.50 0.75
Okumura-Hata 15.45 035
Free space 24.73 -0.67

i Proposed 879 0.72
Okumura-Hata 14.15 027 °F - % 7 °5 7
Free space 20.82 -0.59 Distance (m)

[+ Measuwea Proposed, = = = Okumura-Hata, Free Space |

D. Model Implementation

In order to investigate our proposed PL model in the SM
scenario, the proposed model is applied to three sites: Site I,
Site II, and Site III which is close to previous experimental
environment. All of them use a gateway height 6.2 m and all
parameters are taken from the first experimental configuration
on LoRaWAN as seen in Table III.

Figure 8 compared the PL of Site I, II, and III by Scatter plot
with our proposed model and Okumura-Hata model. The results
show our proposed PL model is close to measured raw data than
Free space model. Moreover, the Okumura-Hata model
illustrates a trend of PL that are close to value from practice.
Therefore, Root Mean Square Error (RMSE) and R-Squared
are used to validate the PL model accuracy that consider the
Prediction Errors by R-Squared and Root Mean Square Error
(RMSE) [30]. Our proposed model can predict the PL. more
accurately than Okumura-Hata model in SM scenario by
comparing with site I, II, and III as seen in Table V.

VI. CONCLUSION

The rectangular patch MS antenna is implemented on the
frequency of 920 to 925 MHz for LoRaWAN in order to apply
as the MS antenna in urban area, Thailand. The MS antenna has
been taken to find a new Path loss model for SM scenario by
using Empirical method. Measuring the path loss in real
environment and Linear Regression analysis are used to create
a new path loss model. The proposed MS is validated with
commercial antennas at distance covering 2.2 km. Its quality of
signal on the LoRa frequency as good as commercial products.
However, our proposed antenna is lower cost than commercial
antennas approximately ten times and smaller size which is
suitable for installation at the electric poll.

Furthermore, the new PL model is developed by our
proposed MS antenna that is more accurately than Okumura-
Hata by RMSE and R-Squared verification. Therefore, our PL
model and MS antenna are useful for SM communication on
LoRaWAN technology in urban area of Thailand.
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Fig. 8. Testing of the proposed model compares with the Okumura-Hata
model and free space model in three locations

REFERENCES

Q. Sun, H. Li, Z. Ma, C. Wang, J. Campillo, Q. Zhang, ef al., "A
Comprehensive Review of Smart Energy Meters in Intelligent Energy
Networks,” JEEE Internet of Things Journal, vol. 3, pp. 464-479, 2016.
G. Wibisono, S. G. Permata, A. Awaludin, and P. Suhasfan,
"Development of advanced metering infrastructure based on LoRa WAN
in PLN Bali toward Bali Eco smart grid,” in 2017 Saudi Arabia Smart
Grid (SASG), 2017, pp. 1-4.

F. Adelantado, X. Vilajosana, P. Tuset-Peiro, B. Martinez, I. Melia-
Segui, and T. Watteyne, "Understanding the limits of LoORaWAN," JEEE
Communications magazine, vol. 55, pp. 34-40, 2017.

J. Laveyne, G. Van Eetvelde, and L. Vandevelde, "Application of
LoRaWAN for smart metering: an experimental verification,” Int. J.
Contemp. Energy, vol. 4, pp. 61-67, 2018.

E. Anderson, G. Yee, C. Phillips, D. Sicker, and D. Grunwald, "The
impact of directional antenna models on simulation accuracy,” in 2009
7th I ional Symposium on Modeling and Optimization in Mobile,
Ad Hoc, and Wireless Networks, 2009, pp. 1-7.

V. Bankey and N. A. Kumar, "Design and performance issues of
Microstrip Antennas,"” International Journal of Scientific & Engineering
Research, vol. 6, pp. 1572-1580, 2015.

J. Petajajarvi, K. Mikhaylov, A. Roivainen, T. Hanninen, and M.
Pettissalo, "On the coverage of LPWANS: range evaluation and channel
attenuation model for LoRa technology." in 2015 14th International
Conf on ITS Tele ications (ITST), 2015, pp. 55-59.

P. Jorke, S. Bocker, F. Liedmann, and C. Wietfeld, "Urban channel
models for smart city IoT-networks based on empirical measurements of
LoRa-links at 433 and 868 MHz," in 2017 IEEE 28th Annual
International Symposium on Personal, Indoor, and Mobile Radio
Communications (PIMRC), 2017, pp. 1-6.

N. Elfadil, "Impact of Using Modified Open Area Okumura-Hata
Propagation Model in Determination of Path-loss: Malaysia as Case
Study," International Jowrnal of Modern Engineering Research, vol. 7,
pp. 1-6,2017.

S.I. Popoola, A. A. Atayero, N. Faruk, C. T. Calafate, E. Adetiba, and
V. O. Matthews, "Calibrating the standard path loss model for urban
environments using field measurements and geospatial data,” 2017.
TechnicalAntennas. Wide Band Cellular Log Periodic Yagi 08 dBi.
Available:
https://technicalantennas.com/collections/yagi/products/wide-band-
cellular-log-periodic-yagi-08-dbi

Semtech. (2019). B-L072Z-LRWANI. Available:
https://Awww.st.com/resource/en/data_brief/b-1072z-Irwan1 pdf

C. A. Balanis, Antenna theory: analysis and design, 3th ed.: John wiley
& sons, 2005.

M. Rademacher and K. Jonas, "Interference of simulated IEEE 802.11
links with directional antennas,” in 2017 Wireless Days, 2017, pp. 27-
32.

LoRaWAN™ 1.0.2 Regional Parameters, LoRa Alliance, 2017.




130

a a 3 1
AANUIN V. ATIANUNLNYLLNINGITU
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 8
[16] R. Sanchez-Iborra, J. Sanchez-Gomez, 1. Ballesta-Vifias, M.-D. Cano, Akekapong Kongsavat received the

171

[s)

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]
[27]
[28]

[29]
[30]

[31]

321
33]
(34]

[35]

and A. Skarmeta, "Performance evaluation of LoRa considering scenario
conditions,” Sensors, vol. 18, p. 772, 2018.

M. E. E. Alahi, N. Pereira-Ishak, S. C. Mukhopadhyay, and L. Burkitt,
"An intemet-of-things enabled smart sensing system for nitrate
monitoring,” JEEE Interet of Things Journal, vol. 5, pp. 4409-4417,
2018.

A. Mdhaffar, T. Chaari, K. Larbi, M. Jmaiel, and B. Freisleben, "loT-
based health monitoring via LoRaWAN.," in JEEE EUROCON 2017-
17th Intemational Conference on Smart Technologies, 2017, pp. 519-

524.

R. El Chall, S. Lahoud, and M. El Helou, "LoRaW AN Network: Radio

Propagation Models and Performance Evaluation in Various

Environments in Lebanon,” IEEE Internet of Things Journal, vol. 6, pp.

2366-2378, 2019.

H. K. Hoomod, I. Al-Mgjibli, and A. 1. Jabboory, "Analyzing Study of

Path loss Propagation Models in Wireless Communications at 0.8 GHz."

in Journal of Physics: Conference Series, 2018, p. 012028.

1. Milanovic, S. Rimac-Drlje, and K. Bejuk, Comparison of propagation

models accuracy for WIMAX on 3.5 GHz," in 2007 14th IEEE
on El ics, Circuits and Systems, 2007, pp.

111-114.

H. Werfelli, K. Tayari, M. Chaoui, M. Lahiani, and H. Ghariani, "Design

of rectangular mlcrostnp pﬂtch anlanna," in 2016 2nd International
on Ady dTe I for Signal and Image Processing

(ATSIP) 2016, pp. 798-803.

L. Trinh, T. Q. K. Nguyen, D. Phan, V. Tran, V. Bui, N. Truong, et al.,

"Miniature antenna for IoT devices using LoRa technology,” in 2017

I ional i on  Adv d  Technologi Jor

Communications (ATC), 2017, pp. 170-173.

A. Alami, S. D. Bennani, M. Bekkali, and A. Benbassou, "Design,

analysis and optimization of a microstrip patch antenna at frequency 3.55

GHZ for WiMAX application," Jowrnal of Theoretical and Applied

Information Technology, vol. 53, 2013.

Keysigh. N9912-90006. Available:

http:/literature.cdn keysight.com/litweb/pdf/N9912-90006.pdf

F. M. Inc. VSWR/RETURN LOSS vs. TRANSMITTED POWER.

Available: https://www.dhwebsites.com/fsm/ ing/vswr.html

Wikipedia. Mueang Narathiwat District. Available:

https://en.wikipedia.org/wiki/Mueang_Narathiwat_District

L. Hon Hai Precision Industrial Co. Indoor LoRa Gateway (GPESIOU).

Available: https:/fccid.io/MCLGPES10U/User-Manual/Users-Manual-

3393820.pdf

LINE. (2019). LINE Notify API. Available: https:/notify-bot.line.me/th

M. Cheffena and M. Mohamed, "Empirical Path Loss Models for

Wireless Sensor Network Deployment in Snowy Environments,” JEEE

Antennas and Wireless Propagation Letters, pp. 1-1, 2017.

O.P. Omolaye, G. A. Igatewayue, and G. A. Akpakwu, "Okumura-Hata:

A Perfect Model for Driving Route UHF Investigation,” American

Joumal of Engineering Research (AJER), vol. 4, pp. 2320-0847.

S. R. Saunders and A. Aragén-Zavala, Antennas and propagation for

wireless communication systems: John Wiley & Sons, 2007,

1. O. Rawlings, S. G. Pantula, and D. A. Dickey, Applied regression

analysis: a research tool: Springer Suence & Busmess Media, 2001.

T. S. Rappaport, Wireless iples and practice:

Prentice Hall PTR, Upper Saddle River, New J:rscy 2002.

F. I. Casadevall Palacio, R. Agusti Comes, J. Pérez Romero, M. Lépez

Benitez, S. Grimoud, B. Sayrac, ef al., "Radio environmental maps:

information models and reference model. Document number D4. 1,"

2011.

B.Eng. degree in electrical engineering
from the Faculty of Engineering, Kasetsart
University, Bangkok, Thailand, in 2014.

Since 2015, he is an electrical engineer
at meter department of the Provincial
Electricity Authority (PEA) in Narathiwat,
Thailand. He joined the Prince of Songkla
University (PSU), Songkhla, Thailand, as a
M.Eng. degree student of electrical engineering in 2018, during
which time he was involved with wireless communication for
the smart meter. His current research interests include wireless
communication, LoRaWAN network, path loss model and
smart meter systems.

Phairote Wounchoum received the
B.Eng. degree in electrical engineering
from  Mahanakorn  University — of
Technology, Bangkok, Thailand, in 1997,
and the MEng. and PhD. degree in

electrical  engineering  from  King
Mongkut’s  Institute of Technology
Ladkrabang (KMITL), Bangkok,

Thailand, in 2004 and 2010, respectively.
He is currently a lecturer at the Department
of Electrical Engineering, Faculty of Engineering, Prince of
Songkla University. His research interests are in the area of
antennas and microwave for wireless communication and

Agronomic.

Chalakorn rupongsiri  (S'13)
received BInd. Tech. degree in
electronics engineering from South-East
Asia University, Bangkok, Thailand in
1998, the MEng. degree in electrical
engineering from Prince of Songkla
University, Songkhla, Thailand, in 2006,
the M.Eng. degree in telecommunication
engineering from the University of
Wollongong, Wollongong, N.S.W., Australia, in 2011, and the
Ph.D. degree in electrical and information engineering from the
University of Sydney, Sydney, N.S.W., Australia, in 2017.

Dr. Chalakorn is a lecturer in the Department of Electrical
Engineering, Prince of Songkla University, Thailand. His
current research interests include smart meter communication,
smart grid, LTE network, and wireless network.



131

UseIRgLusu
%o @na WLBNIA  ASEIAR
suaUszanaltindne 6010120121
AN15ANE
2l yosa1Uu Wdnsamsdnun
APNIIUAIANTU TN URINERUNUATANERS 2557

(emnssuluin)

=
NUNISANEI

1. yulAsin1sAusmden1aivinssendng nstiihdugiinie duminerdvasvan
uASUN3
2. uganyuMTItedieIneidnus Junninedy unive1duaaiuaiums

AU ENTUNIY
3AINT 5EAU 5 wUNTLmS mﬂmlﬂwehugﬁmﬂ%’wi’mum%ma 900D JIUIAUIITIE

NITANUNLHELNINAIY

1. 1enmad paatad uay vans ATNeAas, “nmsTeuiiisulssaviawveameluladnig
foan358m319 LoRa waz NB-oT,” Tu wiutszanioinis uasuinngsy nwn. T 2561
PEA4.0 : Road to Digital Utility, N34 NNURIUAT, Usendlne, nueiey 24-25, 2561,
Uu. 428-433

2. A. Kongsavat and C. Karupongsiri, “Path Loss Model for Smart Meter on LoRaWAN
Technology with Unidirectional Antenna in an Urban Area of Thailand,” presented
at the 2020 IEEE International Conference on Computational Electromagnetics

(ICCEM), Marina Square, Singapore, Mar. 25-27, 2020. (Accepted Paper)

3. A Kongsavat, P. Wounchoum and C. Karupongsiri, “Empirical Path Loss Model on
Microstrip Antenna for LoRaWAN Communication in Urban Area of Thailand,” /EEE
Internet of Things Journal, 2020. (Submitted Paper)



	บทคัดย่อ
	ABSTRACT
	กิตติกรรมประกาศ
	สารบัญ
	รายการตาราง
	รายการภาพประกอบ
	สัญลักษณ์คำย่อและตัวย่อ
	บทที่ 1  บทนำ
	1.1 ความสำคัญและที่มาของหัวข้องานวิจัย
	1.2 การทบทวนวรรณกรรม
	1.2.1 เทคโนโลยีการสื่อสารของสมาร์ตมิเตอร์
	1.2.2 สายอากาศแบบทิศทางเดียว
	1.2.3 แบบจำลองการสูญเสียในเส้นทางการแพร่กระจายสัญญาณ
	1.2.4 สรุปประเด็นช่องว่างของการวิจัย

	1.3 วัตถุประสงค์ของงานวิจัย
	1.4 ประโยชน์ที่คาดว่าจะได้รับจากงานวิจัย
	1.5 ขอบเขตของงานวิจัย
	1.6 วิธีการดำเนินงานวิจัย
	1.7 สถานที่ทำการวิจัยและเก็บข้อมูล
	1.8 แผนการดำเนินงานวิจัย
	1.9 สรุปท้ายบท

	บทที่ 2   ทฤษฎีและหลักการ
	2.1 สมาร์ตมิเตอร์ (Smart Meter)
	2.1.1 โครงสร้างของสมาร์ตมิเตอร์
	2.1.2 ประโยชน์ของสมาร์ตมิเตอร์
	2.1.3 ชุดข้อมูลของสมาร์ตมิเตอร์ (Smart Meter Packet)
	2.1.4 ตัวอย่างของสมาร์ตมิเตอร์ที่ใช้งานจริงในประเทศไทย

	2.2 เทคโนโลยีเครือข่ายการสื่อสารลอร่า
	2.2.1 การมอดูเลตสัญญาณลอร่า
	2.2.2 การดีมอดูเลตสัญญาณลอร่า
	2.2.3 สถาปัตยกรรมลอร่าแวน
	2.2.4 ข้อกำหนดด้านการใช้งานย่านความถี่ของลอร่าแวน

	2.3 ทฤษฎีสายอากาศไมโครสตริป
	2.3.1 โครงสร้างของสายอากาศไมโครสตริป
	2.3.2 การออกแบบสายอากาศไมโครสตริป
	2.3.2.1 คุณสมบัติของคลื่นบนสายอากาศไมโครสตริป
	2.3.2.2 สตริปสายนำสัญญาณ (Microstrip Line Feed)
	2.3.2.3 แพตช์รูปสี่เหลี่ยม (Rectangular Patch)
	2.3.2.4 ระนาบกราวด์ (Ground Plane)
	2.3.2.5 อิมพีแดนซ์ด้านเข้า และวงจรสมมูลของแพตช์รูปสี่เหลี่ยม
	2.3.2.6 การป้อนสัญญาณแบบอินเซ็ต (Inset Feed)

	2.3.3 พารามิเตอร์สายอากาศ
	2.3.3.1 อิมพีแดนซ์ด้านเข้า (Input Impedance)
	2.3.3.2 สัมประสิทธิ์การสะท้อน (Reflection Coefficient)
	2.3.3.3 การสูญเสียย้อนกลับ (Return Loss)
	2.3.3.4 อัตราส่วนคลื่นนิ่ง (Standing Wave Ratio)
	2.3.3.5 แบนด์วิดท์ (Bandwidth)
	2.3.3.6 แบบรูปการแผ่พลังงาน (Radiation Pattern)
	2.3.3.7 พูคลื่นการแผ่พลังงาน (Radiation Lobe)
	2.3.3.8 ความกว้างลำคลื่นครึ่งกำลัง (Half Power Beamwidth)
	2.3.3.9 ประสิทธิภาพสายอากาศ (Antenna Efficiency)
	2.3.3.10 สภาพเจาะจงทิศทาง (Directivity)
	2.3.3.11 อัตราขยาย (Gain)
	2.3.3.12 โพลาไรเซชัน (Polarization)
	2.3.3.13 บริเวณสนามไกล (Far-Field Region)


	2.4 ทฤษฎีการแพร่กระจายสัญญาณวิทยุ
	2.4.1 กลไกการแพร่กระจายสัญญาณ (Propagation Mechanisms)
	2.4.2 การสูญเสียในเส้นทาง (Path Loss)
	2.4.3 การจางหายของสัญญาณ (Fading)
	2.4.3.1 การจางหายสเกลเล็ก
	2.4.3.2 การจางหายสเกลใหญ่

	2.4.4 แบบจำลองการสูญเสียในเส้นทาง (Path Loss Model)
	2.4.4.1 แบบจำลองการสูญเสียในช่องว่างอิสระ
	2.4.4.2 แบบจำลองการสูญเสียแบบสะท้อนพื้นผิว
	2.4.4.3 แบบจำลองการสูญเสียแบบ Log-distance
	2.4.4.4 แบบจำลองการสูญเสียแบบ Log-normal Shadowing
	2.4.4.5 แบบจำลองการสูญเสียของโอคูมูระ-ฮาตะ


	2.5 สรุปท้ายบท

	บทที่ 3   การออกแบบและการติดตั้งอุปกรณ์
	3.1 บทนำ
	3.2 ต้นแบบสายอากาศไมโครสตริปที่นำเสนอ
	3.2.1 คำนวณโครงสร้างสายอากาศไมโครสตริป
	3.2.2 จำลองการทำงานของสายอากาศไมโครสตริป
	3.2.3 การหาขนาดโครงสร้างที่เหมาะสม
	3.2.3.1 การปรับปรุงโครงสร้างด้วยการจำลองแบบ
	3.2.3.2 การปรับปรุงโครงสร้างทางกายภาพ

	3.2.4 การวัดคุณลักษณะของต้นแบบสายอากาศ

	3.3 การทดสอบสมรรถนะของต้นแบบสายอากาศ
	3.4 สภาพแวดล้อมของสมาร์ตมิเตอร์
	3.5 อุปกรณ์เครือข่ายลอร่าแวน
	3.5.1 End Device (ED)
	3.5.2 Gateway (GW)
	3.5.3 Network Server (NS)
	3.5.4 Application Server (AS)

	3.6 สรุปท้ายบท

	บทที่ 4  ผลการทดลองและการวิเคราะห์
	4.1 ประสิทธิภาพการส่งสัญญาณลอร่า
	4.1.1 ระดับความเข้มของสัญญาณฝั่งรับ (RSSI) และระยะทางการสื่อสาร
	4.1.2 อัตราส่วนการส่งชุดข้อมูลสำเร็จ (Packet Delivery Ratio)

	4.2 แบบจำลองทางคณิตศาสตร์
	4.3 การทดสอบนัยสำคัญทางสถิติ
	4.4 การทดสอบใช้งานแบบจำลองที่นำเสนอ
	4.5 สรุปท้ายบท

	บทที่ 5   บทสรุป
	5.1 บทสรุป
	5.2 ปัญหาและแนวทางการแก้ไข
	5.3 ข้อเสนอแนะและแนวทางการพัฒนาต่อไป
	บรรณานุกรม
	ภาคผนวก
	ภาคผนวก ก.  ตารางมาตรฐาน และข้อมูลผลการทดลอง
	ภาคผนวก ข.  การตีพิมพ์เผยแพร่ผลงาน

	ประวัติผู้เขียน



