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ABSTRACT

This thesis proposes a method to predict propagation path loss in buildings using Neuro-Fuzzy
for indoor mobile telephone system network designing. The salient feature of the proposed method is
to determine fuzzy set inputs which influence on wave propagation and train propagation data with a
Neuro-Fuzzy. These make the model provided high accuracy used for buildings without time-variant
effects. However in case of buildings with time-variant effects, this thesis proposes a path loss model
using Fuzzy linear regression. This model uses upper and lower bounds path loss model, which enables
path loss prediction in situation of time-variant effects from human moving in the office building or car
moving in the parking building. These influence reasonably on wave propagation. This thesis presents
the results of path loss prediction in the office building and the parking building at high traffic hours.

Comparing with conventional models is included in this thesis.
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Material Relative Conductivity Frequency
Permittivity €, G (s/m) {(MHz)
Poor Ground 4 0.001 100
Typical Ground 15 0.005 100
Good Ground 25 0.02 100
Sea Water 81 5.0 100
Fresh Water 81 0.001 100
Brick 4.44 0.001 4000
Limestone 751 0.028 4000
Glass, Coming 707 4 0.00000018 1
Glass, Corning 707 4 0.000027 100
Glass, Corning 707 4 0.005 10000
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Hog

P sin 0 Je, —cos 20, (2.10)
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Angle of mcidence (7]
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T (transmitter)

ELos EtoT =EL0s+Eg

R(receiver)
i -

he
0; 7 <« fp
/ 7

.

< d >

o 5 vy A a &
31]‘" 2.4 1YV DINTTAENOUWHAU D ILUINDOU



|l »l
| T d

1

' . ¥
57 2.5 FFun1FlumsmimanisvesszozmaduusInaunIde L)

o v dlv =Y d'l
224 LUUDIADINMITATNOUNUAY (2 HUINAU )
" i a Qs d 4 = 3 ¥ = ar
MSLUNINTZIWATUINGYBITZ U INsANIIAAD UMY AAUIZAUNIINIGS
A w " A ] A A a = d'i v W 3y d'! =
IN3095UNINAT 1 nuIRauaYe 15U 310317 2.4 AduINgInseas DIV AN 2 nuadu fe 1)
' ' " by ¥
adulunuimen (€., uaz 2) aduiiazieumaniiuau (€) auiumsinemssudyamnn
. ¥ '
anulumnameaiiivsenudsy Jneanuwiudl aniusdReamAausmEns (E,,) 90
HATIVDITUIMADY (E, o) 12 (E)
a = - 2 v 2 A ar Y ¥ P
WD15a3UN 2.5 h ABANUFIVDAATDIAI LA h, ABANUFIVOUATDITY MIH E, AD
awwaauoImaI (luniae Vim) N5zeen1ad1aoe d, mnniesds uaz d Avszuzniale q 9

1A3P3AT (d > d,) 1A MIUNINTTWATUBINANDIEUIY E Mrualas

Egd d
Efd,t)= Odocos(wc(!ﬁ?)) (2.17)

4 4 ) - ol b 4
e |E(di)= Epdp/d udeavoudyaImuesaiiy E N3zoz d a3 310n3 099 Waauunau
¥ ¥ ] . :

Maean) @umaniuniesnlaonaauass (B, HUNIRILIsesne d; uasaaudziou

a W 4
AUNNAITZOZN A" FUIWATUATI (E, ) W1 1donaums

r

d d
rO cos{oa(1 — T)) (2.18)

E
Eposcd'.t)=

AuauaduNNMIazHour 1danauns

"

Epd
Cdal cosf ('t ——C—)) (2.19)

o

[4

Eptd".t)=1



¥
= o by '

Y] 4 =1 F=y o 1]
nvanmimidznaunauvodladmnasnluiatensumini Mg

0, =0y (2.20)
nae
Eg=[Ei (2.21a)
Ei=(l+ 1 )Ei (2.22b)

2 A w a = 9/ d}‘ a 9 =D 2 el =] " v ow
(S113] rﬂﬂﬂhﬂi&’ﬁ‘ﬂﬁﬂ1§ﬁ$ﬂﬂuﬂlﬂﬂwu‘ﬁlu HAZDIYY 01UATUDY € ADUTTNDU ICUVUIANINUNU

2 v o o o A =g 3 Vv Af a
AauANNIZNULAR U ANy 180°  @NUUAaansvoIguIunau E (ﬁuyﬂﬁlﬁm‘iﬁwauwuﬂu

o
AUY5BIIUY W30 T = -1 1Az Et=0) ADHATINN1INADIU0Y (E, ) uaz (E) 130

LOS

| Erorl = |Ees tE,| (2.23)

aww i E, (dosunsegnudateglugdvenasinvesadums (2.18) naz (2.19) Al

TOT

Epdyp

r

Epdp d”
d

)
Eror(d.t)= cos(we(t "((_1,))"'(‘1) cos(we(t __C-)) (2.24)

"

o ad - o = =1 " ] ' as J w 1 " W
N9I5WIBN (image) 935107 2.5 azmn 1d1 drua1adfazndng d'iu d dawmny

AﬁTNjﬁﬂﬂ1ulﬁi}1ﬂﬁ1]ﬂ1'§

A:d'ud':\/m, +hy ) +d? f\/(ht —hy )7 +d? (2.25)

DITZHZNTEHNAUATOIAT LAZIATEITY, d WINNIIANWFIVDI ht 5INAD hr 17

¥
a

[ 3 o o o =1
TUNIT (2.25) ﬂuﬂ‘iﬂﬂﬂﬁﬂllﬂiﬂﬂﬂl'ﬁﬂ'lil]iziﬂiu@‘LgﬂiiJ!‘ﬂEJmE]i U

2!’1’!/?’.

d'l v aqaln ¥ o 1 [ ' dli usj Y p=1
WA INTNHINAA1ID 19 nasnImEas e oA 531’?’]1\3?[‘1411Jﬂauﬂ\1ﬁ6\3!,m'J]rlﬂ IIUDINTT

Usz3anan . r¢ seviaunaaunaged ldonaunis

2xA Awe
BA = i

e



U

Ao
d ¢ 2, (2.28)

ar [ 9 1 4 ] 4 r = v =] = T o q ¥V
ﬁlﬁ}’dﬂkﬂﬂ'ﬂ ﬂ’l'ixU:ﬁ‘I’l'Ni:ﬁﬂ’J’Nm?ﬂﬂﬁ&uﬁmﬂ?ﬂﬁ”IJ._ d UMD HAN1ID A %zumuaamlmum

Ed '
=) k4 w ' [ v oas o A
Y04 E uaz E, dvinalndmesnu uanaanumwizmamniu duae

LOsS

Eoda]_[Eode] _[Eads 29
| || | ]a |
A Eodo /d"
P
// Eror
2
Eodo 7 Oa
&« >
o Eo/d"

= 4 o < &
E’lj'ﬂ 2.6 LLNHﬂ']WLwﬁL"Ifﬂiuﬁﬂﬂﬂ'l‘ﬁ'HJﬂu ‘Uﬂdﬂﬂﬂﬂﬁa‘iﬂﬂﬂﬁu'ﬂ]ﬂau‘ﬂﬂﬁ'ﬂﬂ

' A 4 A4 o oA - A
MAUINAAY E,, MATBITUNNAT ¢ = d"/c 3INaUNT (2.24) AD

d" End, dar-d’ Egdp cos0°
ET()T(d,!:-—-):«-LO-cos(a)c( )= il -
¢ d c d
= Eody costy — Eody
o a"
- E()dd() [coSQA 71'] (2.30)

= o = & a A A Y
WQ15m1llﬂuﬂ1WlﬂﬂL‘Hﬂ§1uEﬂ1’I 2.6 GAATAINITIIUNUUDITUIUADUATILUDZ AU IUADUTENDY

irmnsomiaeny v (esee3u) Nszeznia d nwmseaaald

2

5
Egdg |~ Eqd v

[Bess (d)|:E0TdD,{2—2cose,_\ (2.32)



L

@ @ o =] aa !
1%?1'31%?1‘““11‘57]13 ﬂﬁiﬂullﬂ L AUNIT (2.32) ETWMW?HL“UEJNL‘?]M

(2.33)

E,d 0
|ET01~ (d)l E 2——0d 2 sin(TAJ

[ : 1 ' ¥ '
Funahaums (233) weglugiideiu e sin(0, /2) =~ 0, /2 Fwuiatwie 6, /2 oy

771 0.3 150eu Taoldaums (2.26) iay (2.27) fail

9y ~ % < 0.3rad (2.34)
d ad

207h,h,  20hh,
> =

d
3N l (2.35)

o i : & ' ¥
A9 AUWAAUE 1o Yuasoma lasdszanalavin

2Eody 2rhh, Kk

Eror(d)= T S Vm (2.36)

4 ' Aa W a o @ ' 4 1 o o
Wo & Apeasilmiduiusnual Eo, ANugeusaaionInidl 1azanuenag diuninives

LY o w P =1 v @ do o w “ @
dyapuisulanszezne ¢ Hanuduiusiusideaesvesaun i ilesaudasivnsues

s

Mo Mdwweadynunivldnizezne ¢ snnsesdanlann (1]

T (237)

NN =t CR y | o o
WeNTaNa@unsn (2.37) ammuNszezmalng Maieadann q (d>> k) fideues
a o F 4 = 1 VY] o o oA L% " "
dyananiuld swanaadoszozmaniuan ulsHnAUADMAIFUDITZEZNIAING1I W30 D19NAT)
i voo ow o q o 4 =~ " ~ adq dd“ ' g
lanmidsvesdnanuanadluons 40 dB/dec Fwzmunmagadoainlunsditiunniilu

PINANININ UONINHIZTFUNA N NIzozMa1IINATBId N ) Maveadyouinsuld uay



|6

msgaudoandne: auiunNudBndIs 191aNIDMAIN FUEIAIAYDUUTIA0T 2 11D

AaUT (52UDAs WeEVIA I8 IMA) Turiie dB Tdvinaunis
PL (dB) =40 log d — (10 log G, + 10 log G, + 20 log h, + 20 log h,) (2.38)

= .
2.3 Mstag Uy (Diffraction)
iy A a o o ay A w v @ Y Y am A - <
ﬂWSLﬁE]']LUNEUE]QﬂQU’J‘nE}uu “111’“?13ﬂ\iiﬂaﬁ]mﬂﬁﬂﬁulJﬁﬂlumuqmllﬂ LLJJ’J‘I’mﬂﬂm]:QﬂﬂWU’JNﬂ
o ‘: ﬁ' = 9 Y a 4:5 [ Y
120 ﬂfﬂﬂgfniﬂlﬂ'l'jlaU'JL'Uumﬂﬂﬂaua1n13ﬂaﬁﬂ1ﬂ‘lﬂﬂ'.]fJ‘HﬂﬂﬂTﬁ‘ﬂﬂq Huygen qNﬂEﬂ’Jul'J’J'] “T]Iﬂ
Y d:l ] = d' o [ = d'i ] dll ] 1 dy a A a 9
i}‘ﬁ‘ﬂu'ﬁuﬂlﬂaH%glﬂuﬂﬂﬂ—lluﬁﬂﬁuﬁ.lﬁiﬁNﬂﬂﬂﬂuiﬁﬁ] Llﬁ:ﬂﬁuﬂlﬂi‘llﬂﬁﬂluﬂzianﬂulw'ﬂwaﬁﬂu]

aaulny TuRaN19v0INITUNINTZIOAAU” NAANITVDY Huygen 1115005110 1AA5117 2.7

L
'
=

' ' ¥
ﬂsu']‘lflﬁlll.‘%lﬁﬂigﬂl1ﬂiﬂﬂuﬁﬂ1ﬂﬁu A lﬂui”u1u&ﬁuﬁ53ﬁdﬂ1ﬂﬁ‘Uﬂﬂ"ﬂNﬂﬁLlW‘iﬂ‘i“’il"]EJﬂfluﬂ@Tlﬂ
| i}ﬂ'ljuﬂu"lﬂau A i]“’Lﬂutlﬂﬁdﬂ"lmﬂﬂﬂu“b’&tlﬂiﬂi 1o llsou £ i]ﬂﬂ'lﬂ—!?l Tﬂflll‘ﬂﬂ“b’lﬁﬂl]ll 7

AagUln 2.7 ﬂmauwamﬂmaaﬂauiuwﬁmama aq 2l Taefianilu (1 + cos® ) rudnaui

uninszaween iy @ =0 azliuewnaga

winpau A windu B

AANMNTUNT

-
nIcIuUA/Y

sUN 2.7 WanM3v03 Huygen



duinnomyanand nszaouatmansly

1 [ y ' = [ 3 =) =
gagane UAWMINY 2 1aznInAauINI NIz TunAAT I (6 = 180) uauNAYA ¥ziin

o a1

Vo W A 1 clyc; 3 A a :€J Y A ' 9
iy 1idudu masamvesnaumaningasuiaae g vuiheau A ssinailuniinan g onh
A A oA .B o a A ¥y A ~ ¥
AaY B) FINAAIMINA UM AANYpITzuuaauvng e hlynielugin 2.7 naznn 9 yauunim
24 =1 3 o = 24 1 =t v E 24 o =Y 5 & = a Y
aau B Nwzttluyadniandu wwasInuwihaau A nazgszdnuaminauInigananiiaiu

A oA Wog o o q ¥ a YA oA A Y Ay A A
ynieveantiaau B lhiFes q milinaniaaulwiaaunvingroie ldvnie lilises o
-:tml =] = d‘! % 1-_; dl 7 d:l 1 o ]
winiidanavnamaduvoinauasaaalugli 2.8 Tuvaziinhaauegludwmi B
Y A ~ 2 o YA - '
wmrhaauB) aitlmvueadaiarnuundhaau B ailugaduianaudamsnsznelusou 2 9a
" Y ' ¥
futia uazeusounsnszoen1dunieasyld duiuudzidanavissuiuaioadiay

4 r 1 dy i a o 9 J 4 a a o 9/
1A3035Y uAvINMIsREIUNTRInaLINgh IinTosfua s udyan 14

4 v A v o4
nhnau A HUIAAU B HiAAL C

AANNTNTUNT

NIEANEARL

»

y

S 1 d .
@ A998
L AN\
ATENED /

FNATNIMIAAUTDIAAL

=7

T ¥ . i " '
sUR 2.8 MIBEVUVOIATUNNANANVDIFAAY T

2.4 MINIZIANTILY
as 1w as a A - o =t o ' d
mssudsdnanaluszunInsawinaeui laena llazianuussvesdaygrvuinniim
dyananiennuuniaeamsazieuazmsaenuuiioIod1he) neiiiluwisiznaauan
NTZNVAIIANNVTVTZNATIUIZDNUHDDN TUNNNAN 1L HI9INN1INILIANTE WD IN0A N 7

wu Tan Tuudesnuuuazdu hindludmamunsansznenasnuaau ldnniiamaruisiny

5 o v o e e e & e e & vy
'ﬂﬂuﬂﬁi’ﬁﬂﬂﬂﬁ$ﬂlEJ!Hﬂ?N‘LJ'H!FJJ”ﬂ11_1iﬂ'lﬂd‘ﬂm?EN‘EUTJ'ﬂ'ﬂ]J.U,‘N‘Uu}lﬂ


CLP10
Textbox


@ a a e " ] - g gM a Y A 1 r_']u a A

anraEsURTvINa IngaanueamniuAferazRouaau tamniluiufIfvgvse
Ay da A = = ' A o Y 9 A ] a 3) A
(HuRAIs suvARnnIANBEAIY) i limsazneuaduuana lUvinAaaz Aouniuan
as = :y a w0 Yo a o't . . . & o
ANANT UL NMINATEDANNYFVs VAN 1B INMAULITOE (Rayleigh criterion) i A

d Aa o o i v
INUNANNGA (h) VouluniIdmSuyuannIEnuRfUa 6, Tau

P A (2.39)
‘ 8 sin &i
A a = - D] da o = sy ' “a s {] a
‘wumimﬂuumlimmmmmmqwmﬂnwmmqamqu h UAIHDENI h, LA WUHNDUAT

o

yjuszinnugeuoaluiidailidunnnd h, mymamdulszantnazdeumusam ldunns

c " o = @ Ll
ATHUAR LLT‘]ﬂL@@iﬂﬁQﬂgLﬁUmﬂﬂﬁﬂ‘i?.ii]ﬂﬂﬁgiﬂﬂ, p, MNAUNITVD LBLUUN (Ament)

= 1.0 A
LT} 0.9 = Ideal smooth surface
‘,E . E — — — Gaussian rough surface //'
z 0.8 — [ Meusured data -
= [~ = = Gaussian reugh surface (w/Besscel fen) P
= 0.7 T / ’
E 06 [ o i

5 = — o)
= 0.5 = 9___.__———-———___/ - &
:'-}: 0.4 [ o s = /c

5 03 Fo 8 . ° P S

g 02 F_ : S ® g

R - A e’
;00—'lll_llllll—;l"’llll'llL'

: 0 19 20 30 40 50 60 70 80 90

Incident Angle (degrees)
Twa lsmdunuada

8 10
2 ~
= 09 |

2 b
o 0.8 =
£ 07 [ "

o B Ideal smooth surface
= 06 C - — —- Gaussian rough surface
= 05 kL o Measured data
< . I ch (w/Bessel fcn)
g 04 o T

£ | o
;En 0.3 I” & \

= 0.2 )
= = 5 o _ _ B _ _ _

01 2 - -0~ -
0.0 | ST (S R O [ WO IO SO VS WO - .2 1
0 10 20 30 40 50

Incident Angle (degrees)

Taan lssuauvuen

d. s - Q’ at ot =) :i
31]‘7] 29 ﬂ‘JJ‘LI'i%fTWﬁﬂ"l‘iﬁzﬁ'f)léﬂil‘}\‘lnﬂﬂﬂﬁz“ﬂ‘ll‘i}ﬂdﬂuGTiuﬂJEﬁJ‘iﬁﬂ'ﬂﬂﬂ 4 GHz



(2.40)

Ps = €xp

(7c p sin 0i) 2
A

1o o, A0 ANDEVUINATIIUVBIANUTIVOIHIVDIAURABAINGIVDIND AIA)
3
=1 a @ = 1o = s
Usynoumsgapdoainmianszianszae lagniennliianusiudwiniu Tas vesiiiva

(Boithius) fatl

2 2
Ry o sin: )2
s = exp| - 8 7o ) sin 6; Il 1oy, sin 6,
A /

(2.41)

4 ) o o o o o

e 1, fio Hendu wewa veesmanusnuas AUl

auuadudziou E dmsu h> h, dwmsuiiaziouvjuszn lanin

I rough = ps T (2.42)

-:; r! o ' s = r::f Y
JU% 2.9 M) uaz v) uaawanmINaaey 1Ay Landron lasmis iamdulssa@nimsazvioy
= o woa L @y = 3 a
nSsusuiuaums (2.41) uag (2.42) vewitHuugusesalmquauia lnsiaansn & =7.51,
o =0.028 Uaz 4 =0.95 MTHABIANNVIVIZINNY h = 12.7 ¥, 5, = 2.54 U WAL NAUMSI

Ed
NIADITWITONIAT 1ADE1YNADA

2.5 nUUdIABINaUaISId (Two-Ray Model)

h 1 d’

/I_1

d
Ground

= o A v A
3‘1]1‘1 2.10 LUVIDDINAUTDITIT



20

U 4 |l 1 Y o 4 @ A c{
gﬂ!L‘UU‘U@Qﬂ15l1W3ﬂﬁz"ﬂWUﬂauﬂU1QQ1mlﬁﬂ'ﬁulﬂﬂrJUlﬂnﬁ]']aﬂﬂﬂﬁllﬁaﬂﬁ\rlﬁ ?‘NEE].J:V] 2.10 h
ADANNGIVDITIRIMATIAL (Tx), h, 7B ANVFIVOINWNMAAITY (Rx),  d fiD T505H
STMINMYIMAR T WAL T80 INANITY, d, Ao ANNIIVEIDAAUAZ oW Az d, Ao AV
YDIINNAUAT
- ' | oe A aa A E W
Eﬂ"lﬂ?'ﬂqﬂ 2.10 Waﬁnﬂﬁgﬂ’:ﬂﬂ'ﬂﬂﬂﬁuﬂiQllag'ﬂﬂﬂﬂu’ﬂgﬂﬂuﬂ11@%1ﬂﬂ1|ﬂ13

1 l
Adk[(h1+h2)2+d2}2—{(h1+h2)2+d2}2 (2.43)

o Ad= d, -d, auns 2.43) ansadazl1dmniu

4hh
Ad = 1 12 ] (2.44)
d{{(hl +ho )/ d}? +1j 2 +d{{(h|_ —hy)/d}? +1}2
1iie (h, + hy)d << wasavesdaanulu (2.44) ang1l 181
Ad = 2h, h,/d (2.45)

2.6 HansznuINUAFresnel
Bl d'.:s d' ad g dy d'i =) d? d'l E Aﬁ =y 9
°luﬁm’;$umaauwmauwmmauu NI UHVDNAUILIAAVULIUDH UINA A UN TNV
A a £ a v o A o _ ' '
TINAVING “]ixifﬁlﬂ‘iﬂBﬁUWUll??I’?’I'JULL‘U‘Uﬂ'lﬂ'ENVIWﬁJu'ITﬂU Augus[m- Jean Fresnel [IO] Tﬂf)ﬂfﬂ'n’]
a 4 s o 1 [V [
NAAAVIN (cross-section) ﬂJ?NYfﬁ'lﬂﬁu‘t]8QﬂL!.‘1_]ﬁQ!ﬂutﬂﬂﬂ]ﬂﬁ?ﬂﬂﬂuﬂuﬂﬂﬂuﬂﬂﬁ?Qilllﬂu}ﬂmm

azARINaogHIALIIRD A /2 d9319 2.11 1l A fim Anwendau SallveuvaFresneln n gn

Arualae

R, = [nA(ddy A(d] +d7)]2 (2.46)

d, = 3TUENNTENINAGDITAZTINAVIN
dy = TZUZNNITTHINAATOIS VAL TINAVI
A - a’f

no— 1 15 UUA Fresnel 1050

no- 2 @S9 Fresnel Naod



Each Fresnel zone is )/2 apart

1st Fresnel zone 2nd Fresnel zone

Fresnel zone radius

(P | )

gﬂ‘ﬁ 2.11 1@ Fresnel

=4 1w A ' o oW 3 A =
10 (2.46) 1R UNTATUDIUA Fresnel iTudunduiusinfigesvesnnuduaasliiminld
71 MANUFIveId e INIARINIA) dyanunauinghinnudge qazunsnszae 1@ Tnan
. 3 ' 1 '
nouAFresnelusnazduAauAY Awdaalugln 2.12 (n) Tuvazh didmuaanudvesdyy o
' 1 1 £
ANLAIF R INIZUNI NTZ A INF W INIAN A 1A Inannouiua Fresnellin vz duRanuaY
' ¥ 1 ¥ 4 v
FauaaaaazgUi 2.12 (v) Mldimuimsinmeesdyauaauingiuivegiuanuduazanuge
YOI INIA
& Y aa A J A o A Y = 3 w I w u.):
WOAA1INAANIZHINATUIUIATINVAAUTNIMTIAT /2 udd MInmiargaga aaiu

AuMT (2.45) anaameouTén

Ad =2 hy hy d=22 (2.47)
do=d=4h h /X (2.48)

205NN d, 138031 91 A01IYAFresnel (Fresnel zone ‘breakpoint) ?qﬁuaéﬁummﬁuazmmqa
YasmweIma 9n3Ui 2.13 wuh ANUFUVDIN I YYAEAINTD (y) UAUALINUMITPadsnIuID
vpateaitemiaie Sawiiiy 2 Riduguifidesin madenuunazravendunainia
Tawi lilvziRandamniuaantdou ¢ Tiuds Fadarmsuueamsguideaiaeiannnn i 2

(Ll‘l-!g‘ljﬁ 2.13 RSL = Received signal strength)



P

2.7 MsNgNINguIvaFresnel

o

fivsanuuuiiaesniudeunadigli 2.0 Sidsdauaauiiyldndnn

42
P =PA /Jer)z[l + effJE’]

? : ;
=[P,(J./4er)" :L{Jsm2(¢l€/2} (2.49)
.
\ -
Frequency : f; > f» >f, hy, M Antenna height : h;,>h,
r. g
E ~
= § < -
~ - 5
~ fy h, B ™ -
™~ ~ -
% ~
h, . L 1
™ ~
=g ~
e ~
~ - =
0 d,' d_? d; 0 d; dp
Distance . Distance
(a) (b)

sUf 2.12 n) dganuanudgendumsnizaie ) IdszezmalnanhineunwaFresneluisn
s as ‘: = 1 d'q A 1 Y 1
Fudanudu ¥) maunsnszaeaauannasemangni il ldszezmalnani

' W
ADUNIVA Fresnel UsnduAanuaY

do

sUN 2.13 uaaagan)douua Fresnel



dli. = 1 ' ‘3'1 w d’! Y é = 9
we Ad ae Hﬂ@l’l\ﬁ!ﬂiwﬁii’ﬂﬁlWQﬂauﬁlu’JﬁﬁﬂﬂUﬂﬁuﬁ$ﬂﬂu mmnﬁmwﬂmﬂu

o ' Y= Rl 1
Wanﬁuummwamam‘lﬁm

AG = (2z/h)Ad
SAAUNIT (2.49) 1Az (2.50) St
P, = [Py (A/4 md)]- [4sin’(n/h) Ad)
way Ad=2h hy /d ﬁﬂfu
P, = [P (A/4 mdy'] [4sin’{(xr)-2 M hy/d}
qums (2.52) mgagaiiio
(m/AR2hh,y/d=(x/2)
do=d=4h h, /i

i ¥
molddeuludda l1)il

' L 4
I 5EUEH VDI INIATUNAZ ARG 1AUINILOMBUAUANINGIVDIA I INIATIITD1

W30 d>>h, 1DY A,
2. LifienaveauuannsznuvoINaY
0 ¥
3. Wan9uRIla( A )YpInauNIaeuIl ouuIn

TUNIT (2.52) mmsnaﬂgﬂaﬂu

P = I:PI(J. /-Jmfo)')]

(2.50)

(2.51)

(2.52)

(2.53)

(2.54)

(2.55)

& da ' A ' ™ o - y Y & g =
HINAD ﬂTm‘W‘iﬂ‘izﬂﬂﬂﬂﬂiWU@d@’JﬂWHNh@ﬂ IANILNUAT o AE docﬂﬂﬂﬂf]i!ﬁﬂﬂﬁﬂuyﬂﬂ

Fresnel U193 AdtiugmanbauznMIaanaudyg unisluszoznia 4 amniosdioziinm

a [ [ ' ' o s o o
AMANEUSNITAANDU ﬁiymﬂTmLWﬁEUﬂU:ﬁﬂﬂ'JWQﬂﬂﬂ"Iﬁ“dﬁiﬂﬁ@ﬂﬁﬁﬂﬂ@u ﬁagmuwmﬁ’wﬂgmmﬁm

' = [ . ’ =1 @ 4 ' S ' §
ata lanmudyaINAaLIZENAANDNDENNTIAG IMAIIA 4 Taanndulsznounaininniuaa



o ~ ~ e ' ' ~ = -—-;;‘1
uaAdadunIsh (2.52) uaznslugdi 2.14 wieerananldiimsaaneuiisiastiiiauman

A a [ ' A @
INTINAVINAN “lutmmumﬁ’au’uaamsumﬂﬁzﬁnafﬂauumaq

' A A
2.8 ﬂ]i!!ﬂ§ﬂ§$ﬁ1ﬂﬂau?ﬂfgﬂ1ﬂ1uﬂ1ﬂ1i
o wa A a o W A R A
nanmisuazauauiavesnauIngluidedirmumannsalyldnimsdemaniouanuaz
" ¥ ¥ ¥
molueims adnalsnaw msdeassmelusimsininnugudomnmisanndygiunauzgn
AANDUDEIININ (HDANMAUNIIFIUANUAZINITNIZIANT =z wvednaunielueials Ml

HUUTIADIVDINITUNINTZVIWAAUTANUFUTOULIN  AATUMTADITAN

Distance in Meters Distance in Meters
10 100 1000 10 100 1000
-10 4 ] r -10 4
-0 30t
-50 1 )
RSSI -70 RSSI -70 7
(dB) -% (dB) %0
-110 -10
130 4 130
-150 -150

3 v w { do 4 v o4 =1 = o w
3U% 2.4 szAudyanandaunsuld awszoznanninsesdsiuaaalimuganlaou d, ($id

o

A
INTD3EY 1W)

upurasamsgapdomslueimisiaeniiaisanesnilu 2 nsd Ae nsaifaTeadengniouen

91715 UazIATeIsVREMeTueIM3 HanIdiimiosduazinTeasuegnieluaimsnag

2.8.1  1N30300HNHUONDINS

'
v =

» 1 ¥
nouNdyaunaunng e IMaaIdIiognisuansInIsaz@umadinanielueiamsiu

AauIngeImRaNsaaneuazminzIanize lledanniteanindneaiesuunnisuen

¥
o

e [ Y 4 =] r o w =1 ’ %
2113 mauwaﬂﬂwﬂaumﬂummsu WU HUIN ‘ﬂd‘l‘lu@"l‘ﬂWﬁﬁ]Qﬂ’Jiﬂgﬂ“lUiumlﬂ Fresnelttan

~

A ¥ 4 - = =Y 4 = v - ' g
walimsunsnszneaamilu LOS Wa1sangalii 2.15 0115 1 89 1ua Fresnelusn 3o ognioly

£
#

szogmaantaon ¢ Tuvazh 0119 2 agnasyanldousidyapunauidumadigeinis 2 iu

b

N UNAILIN 1WBIINAAUYNAANBUBHIININ NEUARAUIZIAUMATIgo1MS Nisun lunde



[SS]
N

° ' = $ d o a o
nmsm1de1a15 2 agmiwluszezniaganlaou dandld Tasnisiiuanugauead 180 1IN AR
2 &
NTHEY
AIDE19 1L INIWD F =900 MHz b, = 10 m, 482 h,= 1.5 m, 320z mayalaou o =4 i,
. v . ' ’
h, /.= 180 m. azlioimaswaumiiaiiiuiognioluszeema 180 m. Faegluszozmaganlaon

1 =] = o ! ' = - oA y
2613 150t MIn A= 30 m, &, A1 540 m, Swauemsiegn e Tuganldouas N

282 InsesdanazInIessUagMalueIns
4 4 o Y ' A o A
winnIeadangniolueins annziadeuusanmsunsnszaenausznlaou i ndnde
A A a A =] oo A A 3/ cﬂy Y a A
HONIINAAUNAUIINAT DITIDITIDINARIFTULIINAAUIUIATY AAUAZNOUNINHULAITIT

A A £ o Y @ - 2
AAUNTENDUITININATUDNAIY ﬂ‘jllﬁﬂqclu:j'ﬂﬂ 2.16 140

H = ANUPIVBUNAIY
h, = ANUFIVBIA WD INIAA 1T
h, = ANNFIVDIAWDINAAITY
¥

d = STOTHITHINDUOINIANIND
D = JDRAUAT

== d’l Y d:,
d, = JnnauazNoUIINHY
d, = Jonauaziouninmain

" [l 3
IHRINNNAANAZNOUIIN 2 LU AD AZNOUTINHULAZIINNATTURED HAR19UDI7D
AaumaianInmuIngalaouue Fresnelusnla
' ] A ¥ w S S e o v A A ) ¥
pg19 lsna aduazRounmisioniunadn Idisutieaninaaunzarumina Iy

¥
o

NIZANHI DYDITLUIWOINANDUNILNAMTALNOUNFULINATEISY Aariude liAamsazNouan
NUIAINAIN

9IN3UN 2.16 HAANTIDITHINATUINIATIUAZATUAZNOUNITD AD
Ady= [{(H=h)+H(H-h)} + &) [WH=-hy) - (H- 1)) +d7 ] (2.57)

A
tHa

Ady=d-Duaz Ads=d> -D vagdlmildilu (2.

-2
wn
oo
—

Ady = [(Ih+hyY+d]"" -[(h-h) +d " (2.56)



26

Building-1

ERP

hy

Building-2

d >4hh, /&

h;

2t m ' —

w

Ui 2.15 SaiimsIdusmsszuudeasmelueimsiegmeluuaz neusniuaFresnelsn

St

D 2.1 H-ho

Ground

s 2.16 vundmeanauamnumelueins



4,
Ad, = - j
dl{(h + ) a¥ w1} + i - )i a) +1f (2.59)
Ad, = 4(H—h])](H—h3) l .
dl{@H - h - k)i df +1} +dll(n, - 1)1 d} +1] (2.60)
A (h, = b)) ld<<1 1@z 2H - h, - hy<<1. (2.59) uaz (2.60) an31 1Ay
Ad, =2h h /ld (2.61)
Ady  =2(H-h YH-h)ld (2.62)
iHipanndoams I ras i dvesnauasdouisaeiiammrus s s mualy
Adi=Adr=Ad (2.63)
Wi
H = h] +hg (264)
FuNanII0 TN 1an
A d = 2(H = hg) hg/'d (265)

é 3 1o - 1 o a L}
"Hﬂﬁuﬂgﬂ‘]_lﬂ'Zl111q&“U’ElfllWﬂTuLm::ﬂ’ﬂllilﬁ‘ilﬂ&fﬂﬂ@’lﬂ']ﬁﬂ’)ﬂ& MHIUUAFresnelilin WA

v
L=

and‘ & o Y dy ar 3 - = Y
ANYN A./'Z cmmlmﬂﬂmsmmmuqaqﬂ AIUUDINTAUNIG (2.65) asoiou 1an

2(H - h) hofd =% 12 (2.66)

do=d=4(H - ) h/ (2.67)

¥

y o <-.- s [ Vo ' [/ 4 -
WIDA0IN A, =H-h, HATU TUDIMAVDIRIAINITNIBGAIN TN NLTIUTZEZ Ay 11D by R0

o w R o q ¥ " 5
ANUTIVDIT WD IMAAITY vz lvimsvm o, 14



r

UNN 3

v = = o % d. a
mMslimgeissnunuuIIaeInITaanoUa YA IMAANINY

z-s' Y 2 U =1 s dl( 1 d'l :.5‘ Y
Tuuninar ldnanng vanmanugiumsunsnsznenau Moluoins suihunlylums
v
afruvuieeamagadoniuii Swdudeyamsasniadyninuingniolueins Joyamaii
= = a ad = = % a2 a
ANIATIEHNATIAM AATAIBITNITDADDBTUFY (Linear regression), I5N130A00UIFUT U
= ad a o A Y ¥ o A o a a & A
W (Fuzzy Linear regression) 1223512 15#ad min 14 lauuudaesminaus luinodwusatiud
Y o.l: dyd Y a J o = ;a 1 8 Ao =) 9/
gatuluuniiveldesuenugiumssinuuuilasd do1niuIzna1I0ITMINADDUT AT UAL
o =1 =] 7 Y o a ) a s =1 ) o T 9/ d't 9
nmsimguilasunlszgnalénumsaaoenrudunaziilsiad niensnatedisteyame 1yl

a o 9
N1IIUATIZHAY

g =

3.1 nsathan vazsaman (Crisp set and Fuzzy sets)
A a o o ) s A . A @
DI INABLWIADI I Al FasINAAAT§ 14D (Binary Logic) 0 39 1 an¥Mens
v ¥ ' [
unudSandmamndndiu o uaz 1 Ao 2 M s1Soninzdluaidae naadegdi 3.1 #
a d S o S 1 A = 1 @ =

uasdmsavesnunogluionarau szimuldn auitiony 35 1 egluaasnarauluvuznau

q'.:g = 1 L= ar Y w 9/ =2
Nnuoly 34 ﬂ E]chuL"Uﬂ‘ijﬂ\“lﬂuWHN%Q@W%N@LLUJﬂUﬂ’HMEHﬂ

E]

Grade
A

Young _ Middle : Old

35 45 55 Age (years)

é a o
3UN 3.1 Ao igunanuis

1 I=1 ~ r P | = 4 =1 = d
drudFFaa 1UANUIANA 1 INEABITUAT HToasdira de Tuszuuasdila o
) 3 = ' = 0 =Y [ = )
von'lduaiiioa x HumnFnuoasa A (M101Zd¥n = 1) 150 x lniduamndnuousa A (71

¥
AzmNFn =0) udluieFiuezamsosensumnFniidnsuzgnasuisanadiu ywiona

MBIV EIU NATIAD UILAVANIZAVITN (L) 5210 DI 1 18



29

HadXx) =——=w[G 1] (3.1)

s on R Funz aFn (Membership function) 1 1039 (grade) ¥9aM 13t uauI¥n
(membership) Wuilassuiaeniosiinuldoumlassznsie o uay |

fretrailadmanaasfagi 3-2 iuiladimavosorgau axiuldhauiiion 451 aglu
wajnanaudaiinga vosiladdunnzamdngagaiiu | duauiiiong 35 1 ogluaavesis
naneaw ual insaveailatFunzmndniu o dudu satumsveninia vosnuiumndmiu

4 '
w1 IimsiiaraaumgausanINIuIIDa

Grade
L S
1
Young Old
Middle
age
0 - =
35 45 55 Age (years)

JUN 3.2 AwFamvoipigaus,

1] =3 o ﬂdé ' =1 o
MIUAAIAINIIZALIFNAINTONIZN TAN a1 FI9zna 1D unes 4 3570
5
3.1 gemoen
™ & o a M P a Y “aq ¥
msiimuadandunzandn laolygdamumaon dJonlsduunluszuuaiuquinly
& o o o Y a A a VAl W A A e & 8
Fuzzy sets imouyaniivua laoflaingutiszdeslimmmmnzduigaogiiioannao)iim Iiainiie
=~ A A o ] " qy d? o ar " A 3 o Vv
anFnanaasor 9 WotavINAILMNINIY Awdailudiediagdn 3.3 didmuali a <b <c
A o a o a a - o w ¥
1119 a, b, ¢ W uuesala 9 aumivoalanyunzanynvesgdamumasuanninmnua la

3
o A
AU

( x, —a ,
P Ma<x<buazatb
A (x) = < E'=X; ] :ﬁ]be‘Sclmz bic (3.2)
c—b
L 0 M UNTAIOU 9



T

d ar a -~
MangFunzmningilaumaoy

(Triangular membership function)

L

a 4
3UN 3.3 vaaanswlgilanumaoy

312 ylmvasunany

X

30

=Y Y a [ 9 ' — o o a o ¥
nowlHmruny uasznudesnNUmumaoy Manrvunnzan¥nnazimuanlvaumsiy

- ' VoA — v A Ao
AWM AOUN1INYIZADINFIVBIMAMINZAUNINNABYNUN LN 11

P
¥
'

.
=]

NNIEFNIFNVDUNDY

0‘: IS ’ as A g ’ - y a " U —
FEAUH ) UANNINUHUR uan%mum:ﬁmﬂnzﬂmmnﬁ’aumﬁau 9 LIJFJU\‘IW'N:I]'Iﬂ%ﬂM“ﬁﬂQIJUﬁﬂﬂ

a o : o a o o
3101 3.4 Srdmualia <b <c < diiip a, b, ¢, vaz dihuaviuousiala q aunsveailandu

MzanFnvosgd@masuaanyansaiimua ldaail

ta(x) =

De

:51a§x|§bilﬁ$a7fb

De
-
(=
VAN
=
(VAN
o

1e<x, <duazc#d

STV 9

(3.3)



Hy o Mddunmzandngil@mdaumany
(Trapezoidal membership function)

¥ $ » X
a b € d
5UM 3.4 vamansmlgd@mdouniany
313 wWuldasdia s
o =) { o i . 3 o 3|
Handunzaundninimuadiodulfegal s ( S-curve, Sigmoid 130 Logistic) 113
° v o ' B v A n o2 a Y w ~ -
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0 for  0Sx<30
K, (x) = (x-30)/15  for  30=x<45 (3.7

(60-x)/15 for  45<x<60
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Fuzzy Rules Base
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Crisp sets
—®  Fuzzifier Defuzzifier [—»
xinU yinV
Crisp sets y
Fuzzy Inference
S
Fuzzy sets Engine Fuzzy sets
inU inV
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Defuzzifier ilumsuilasnaninminnzamdni laninduneui 2 1oy lusiuen output
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Tudude lvzilunstszgnale Fuzzy lumsaaneodadu daez ldndnmsimdsaenion

fig@ (Method of Least Squares) (e1i1 1111111681 path loss voadyam Insfwviilodia

3.3 M) !ﬂﬁ]”ﬂﬂ]'ﬁﬂﬂﬂﬂﬂwdlﬂu
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B‘J%aﬂvlﬂﬂ'lﬂﬂ'lﬁﬂﬁ"ﬁlﬂﬁu’]‘ﬂtlu‘Ll mﬁu%mmmmwmﬁmmmﬂau (Received signal
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TumsSnszrmsnanestiu Aundoues RSL Wudansusaduvoszozma d vie
RSL = RSL( - yd/dg (3.9)

Tuanauvuuasmsny aunsoveulanly
_ 3.10
RSL (dB) = RSL ((dB) — 10y log(d /d ) (3.10)
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niliduasanidludumuvesdoyaiimua 18 dniurasiumaiissuuvesdlsquonsidedes
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EADUNMNUAUINTO
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Taumsudaunis (3.17) uag (3.18) 15192 1850A1 RSL, oz ¥ ganlaoumlanind, = 4h,

h, /A 1310 h, 182 h, AD ANVFIVOITIWINAAIAWATAITUANAIAY

3.4 MINMIBVOYAAIBBIINNMMTIU (Confidence interval)
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- A w 1 r-‘s ° Y 1 7 o A w
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— 2
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oN2m . o -
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FaAnunaon1 1aan
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aAuINTOYN
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z D
Flz)=—m I erp{f MHMW d(RsL.) (3.22)
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We RSL=0u0z o=1 udaunlsgu (RSL) mlavinandoauuuuinigiuilnd (Normal

standard deviation)

1o o Ao ANToUUULIATTININNITIA
[RSL ~ RSL ]
z=| ———

RSL = oz + RSL (3.23)
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3.5 MsoaavenF uauuu U (Fuzzy Linear Regression, FLR)
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Tustenud 151 1dna1I0 1M s IATIZHNIADAAI8IBNTOANDOE ITY HAZFIIANUFD I
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y=ZA (3.24)
0 g ¥ »
=1 = s = - A = o 1 @ =y =y a ) s at o
We Z A amlsoasy uaz A fo wainagvesaauilszansveadnnlsmiaiiu aaiu

Yi(Z)=3,+3 Zy+38: Zo+ ...+ 4 Za i=1.2,....n (3.25)
A M o o ) a A o 9
o k Ao mmumﬂummamuﬂsamz Lag n ﬂammuﬂmga

o =1 =% o r; _ o ;{
THuuuiaos FLR gnuaaidie Hadmisiiimes upuaummaouauuias a= [ a, a] A3 3.14
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7

Ux) 1

sUn 3.4 Suilaaluginsamumaoy

Yi (Z) = [6e, 2] + [216.81] Zay+ ...+ [Ake. 2y] Zix (3.26)
Yic (Z) = toe + a1eZit ... ¥ 2 Zi (3.27)
Yir (Zy=a,ta, Zy+ ..t a,Zy (3.28)

3 a s o o oo o a
B Y, 1ag a_in W5aes 3aguinanvosi niled nlendungmnn, p=1
' ° -2 a ' = &

Y uay a dlursvonsueainouiladaa Taen limiduanuenins aniiwenueginees

P =S o - o s o o £ q ¥V
AWHEENWITIADT 3, VO NAABS A AT UuDUTIa0d FLR gnimualaons1¥Tsunsumi
ATAMAAI NYDI MHUAMIIFUAY (Linear Programming) H30 30080 9 31 LP d1M5UNIHI
A1MOVVDIANMITNUNITHIAT maximize H39  minimize VOIWNFY Tunths 1% Lp luniam

o ' . ) = & gk
A1MOVNMT minimize B1VO Yir (Z) VOI@NFNUDI DAADS ¥ A3 Tandd sy LP Ao
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c= Yr@Z)+Yr(Z)+...+ Yr(Z) — Minimum (3.29)
yieY(Z;) i=1,2,..,n (3.30)
a; > o, 1=1,2, ...k (3.31)

INLUVTI09 FLR (3.26) 014 (3.28) uaz Tandvoa LP Tu (3.29) 3 3.31) srawnisamowiiuauns
18

n

Zi!|+---+akr|sz|] —» Minimum (3.32)

[“or +djr

i=1

k k
voc+ D ey v aor + 3 (a2l < i=1,2,.n (3.33)
j=1 j=1
k k )
Qoo + Z(ﬁm:y)+ dor + Z(aﬁ-|Z,-j| )>_v,‘ = 1 21 ceen 1 (334)
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=Y L4 d - o o : ] o
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° A YA
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#106131U D193 FLR 1 1A01nd0309an1aaan1519n 3.1 voaauls (x, y) 3119w 12
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ar

Youa a31Y LUUS1809 FLR daewilu

u

Y = [80c 2] + [aic ai] X (3.35)
A o W o ¥ o del YA
wothdeyalumsne 3.1 mmidwmeuads LP HAANWSN lAne

Y =[9.25.2.25] +[0.0625, 0.0625] x (3.36)

UV (upper bound) A0

Y = [9.25+2.25] + [0.0625+0.0625] x

11.5 + 0.125x (3.37)
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L’c?f"l-‘!“llﬂ‘!.}ﬁ.w (Lower bound) o

Y = [9.25-2.25]+[0.0625 - 0.0625]x
= 7+ (0)x (3.38)
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a . : 2 . 2
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o a s = 4 a = 9/ o as q’: =) :v‘z ar
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( 0,x € «a !
x_a,anSb
b—c
O,; =pAi(x)=1f(x.a,b,c)= < >
€72 p2nte
c—b
L 0,c <

¥

=& A a o ¢ w a = o W Y
¥4 a, b, ¢ AeANT MRS TaRTuAzaNFn ULV umaoy dunsadagluun I ladal

f(x,a,b,c)=max{min(x—a/b—a)—(c—x/c-b),o0}
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az TuAuuaAIna Firing strength  ¥03ng) A4l
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1) NMIAANOUFDINIDINA (Free space attenuation along the path)
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2) MaagadonIniiuwa (Wall loss)

P
Lw= ZWAF([))/COS dp (4.7)
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¥ .
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Abstract

This paper proposes a method to predict line-of-sight (LOS) path loss in buildings. We performed measurements in two
different types of buildings at a frequency of 1.8 GHz and propose a new path loss model with its upper and lower bounds.
The upper and lower bounds depend on max and min values of sampled path loss data. This makes our model limit path loss
within the boundary lines. The model includes time-variant effects from the object movement from people in the building
and cars in parking areas. These influence reasonably on wave propagation. The results have shown that the proposed model

will be useful for the design of the indoor wireless communication systems.

@ 2007 Elsevier GmbH. All rights reserved.

Keywords: Indoor LOS path loss; Upper and lower bounds: Time variant effects

1. Introduction

Indoor wireless communication is widely used in differ-
ent types of buildings therefore it needs appropriate network
planning to provide the best services. This makes it nec-
essary to have a way to predict the propagation in indoor
environments in order to determine the best location of the
base stations to provide efficient services. Furthermore, it
can be employed to limit the received signal level in order
to comply with public health regulations.

For indoor communication system design, the line-of-
sight (LOS) path loss characteristics have to be clarified be-
cause the transmitter is generally installed in sections of a
corridor. Therefore, a path loss model for LOS is still needed.
Previously, there were three different approaches, both LOS
and non-line-of-sight (NLOS), for the prediction of the field
strength inside buildings. Firstly, there are empirical mod-
els. based on the regression of measurement data [1.2].

“ Corresponding author, Tel: +668 1625 2098 faxn. +66 2441 0941,
L-mail uddress: egspb@mahidolac.th (8 Phaiboon)

1434-Bd 1 1/S - see tront matter € 2007 Elsevier GimbH. All nights reserved
doi 101016/ aeue. 2007.03.021

Secondly, deterministic models like ray tracing are employed
[3-5]. Finally, there are semi-deterministic models based on
the regression of measurement data and/or some of the uni-
form theory of diffraction (UTD) [6]. These models do not
include time-variant effects from object movement such as
from people in the building, cars in parking areas and doors
or windows opening. Their influences on wave propagation
are very high, because the dimensions of the windows, doors,
people or cars are nearly equal to those of time-invariant
walls and columns. Compared with the influences in out-
door environments, time-variant effects are often negligible
because their dimensions are small compared with those of
time-invariant buildings.

In deterministic models, it is impossible to include these
tume-variant effects in the data base, including with the ig-
norance of the wave scattering. Although the authors of [7]
have shown that the human body affects the indoor propa-
gation. They have. however. neither shown the building data
base in details nor considered the nature of people in the
building.

Please cite this article as: Phaiboon S. et al. New upper and lower bounds line of sight path loss model for mobile propagation in
buildings Int I Electron Commun (AEL (2007), doi: 10.1016/).aeue.2007.03.021
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To solve this problem, we propose a new LOS model that
lakes upper and lower bounds into account for consideration
of the time-variant effects. including breakpoint distance the
distance from the transmitter to a point where wave propa-
gation is still LOS and propagation beyond the distance is
highly attenuated. The spread of upper and lower bounds
depend on the maximum and minimum values of the path
loss data. Therefore. the model would provide accurate pre-
diction within its boundaries, which still respected with the
least squarc crror. Although upper- and lower-bound esti-
mations have been performed for outdoor communications
in UHF band [8] and microwave band [9], they cannot be
applied for indoor communications because of the different
environment. In our model, we also consider the breakpoint
distance to separate the propagation region into two zones
for our calculation. We found that the breakpoint distance
depends on the ceiling height only, but not on the corridor
width, because there are only three dominant reflections: the
first from the direct path, the second one coming from the
floor, and the third one from the ceiling. However, the re-
flection from side walls in the studied buildings is affected
insignificantly since it mostly penetrates through the glass
and porous materials.

2. Measurement procedure and location
2.1. Measurement procedure

The equipment for propagation measurement consisted
of a fixed transmitter and a portable spectrum. We set a
resolution bandwidth of 300kHz with a span of 10 MHz
at a frequency of 1.8 GHz. This equipment with the small
bandwidth could be employed to assess 200 kHz bandwidth
of the typical GSM channel. The fixed transmitter consisted
of a signal generator (with 18 dBm power output) and 2/4
omni-directional antenna with 10 x 10cm?® ground plane
(2.2 dBi gain). We also used the same type antenna for signal
strength measurement via recorder as shown in Fig. 1.

To receive propagation data for modelling, the samples of
the actual field at a frequency of 1.8 GHz were acquired by
moving the mobile unit along LOS corridors in the building
arcas. To detect the fast fading effect, we took the sample
data every distance of £/4 since the standing waves repeat
every +/2. The velocity of the mobile unit is about 8.3 cm/s,
then the effective sampling rate is approximately two sam-
ples/s at the frequency of 1.8 GHz.

To characterize the time-variant objects along the LOS
way, we selected days and times with high traffic in the build-
ings for recording. That is at midday for a school building
and a Saturday afternoon in the car park inside the shopping
mall building.

2.2. Measurement location

The stationary transmitter was placed at the cnd of a
corridor of the building to determine the effects of wave
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propagation. For measurement, the mobile receiver was
moved thoroughly away [rom the transmitter along the
LOS corridors in the building. Two different buildings were
considered for modelling as follows:

1. The concrete school building: The concrele building of
the Faculty ol Engineering, Mahidol University was built
in 1993, It consists ol five floors with dimensions of
100 x 270m” as shown in Fig. 2. The construction of
the building is concrete block, plaster board, and mirror
walls. The floor to ceiling height is 3.5 m, and the light
plasterboard suspended ceiling, covering all air condi-
tioning and service ducts, is 2.6 m above the floor. The
material of walls in corridor are 60 of concrete block.
The building capacity is an average 490 people per floor.

2. The car park inside the shopping mall building: The park-
ing lot in the shopping mall building of Future Park Cen-
ter was completed in 1990. It consists of eight floors with
dimensions of 130 x 260 m> as shown in Fig. 3. The con-
struction of the car park building is of concrete column
and flat ceiling. The floor to ceiling height is 2.25 m. The
ceilings are mostly hard concrete. The building capacity
is about 300 cars per floor.

3. Single regression line models

The mean LOS path loss is a function of distance to the
power n as below:

d n
dU

where L g is the path loss at distance 4 from the transmitter,
and L(dy) is the path loss at the reference distance. dy from
the transmitter. Because of the first Fresnel zone region,
propagation loss as a function of distance has two distinct
regions as follows:

J \"
Lppa + ]Olog,o(%) for d < dpp.

. Abp
Pth(d) = (2)
/ na
Lpp2+ 10 Iugm(i-) for d > dhp,
dhp

where dpp is the distance at the end of the first region
from the transmitter, defined as breakpoint distance. The
Lypy and Ly, 2 are path loss at breakpoint distance on
either side of the breakpoint, and n, and 5> are the path-
loss exponents on the first region and the sccond region,
respectively.

The breakpoint distance dyp. for the wavelength 2, can be
calculated by Zy = \Tlhp [6] where Zy is the diameter of
the first Fresnel zone. However. for the wide corridor. which
has a width much more than cetling height, we found that the
first Fresnel zone is affected by only the reflection from the
ceiling, and the reflections from side walls can be ignored.

‘ Please cite this article as: Phaiboon S. et al. New upper and lower bounds line of sight path loss model for mobile propagation in
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Therefore, the breakpoint distance can be calculated using
the three-ray model [10] as illustrated in Fig. 4 by

dop = 4(H — ha)ha /4. (3)

v

7 Ceiling i

eflected path
Tx

Direct palh

h1

T
4

Fig. 4. The three-ray model.

where H and hy are the ceiling height and receiving an-
tenna height, respectively. For a ceiling height of 3m and a
receiving antenna height of 1.5m. the dy,, is at distance of
54 m from the transmitter for the concrete school building as
shown in Fig. 5. The path loss-distance characteristics of the
second floor (no people moving) and first floor (with people
moving) of concrete school building are shown in Fig. 5(a)
and (b), respectively. We found that the breakpoint distance
in Fig. 5(a) was the same as in Fig. 5(b), although the num-
ber of walls on both floors is different. This confirms that
there are only three dominant ray paths travelling from the
transmitter to the receiver. Fig. 5(b) shows that a lot of fast
fading and path loss exponents changed when people moved
between the transmitter and the receiver. It is observed that
there is disconnection in the scattering plots. This would be
caused by the building gap situated only on the first floor.
Fig. 6 shows the scatter plot and regression line of the path
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Fig. 5. The path loss measurement and the regression lines in the concrete school building. (a) Second floor (no people moving) (b) First

floor (with people moving).
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Table 1. Estimation of path loss exponents and correlation coetficients

Building type No time-variant effect

With time-variant effect

ni 13 Rf R; n na }i’l2 R
Concrete school
First floor 13 2:1 0.71 0.78 1.2 25 0.66 0.28
Second floor 1.6 2.7 0.68 0.86 - - - -
Car park 1.4 1.7 0.43 0.68 13 2.0 04 0.65
4. The new upper and lower bound models o (x) A
¥
The upper and lower bound evaluations for linear regres-
sion analysis have been done using fuzzy liner regression
model (FLR model) [11]. We applied those evaluations to L e
the mobile propagation path-loss characteristics as follows: :
The general regression model Y is written in the form |
I
Y =ZA |
Y=2A, (4) § | | [ N
- [
where Z obtains the independent variables and A is the S T— %

matrix of the coefficient of variables. It may be expanded as
the equation

Yilzj) =do + arziy + @aziz + - - - + GxZik,

(5)

F=1;2; 0005

where k is the total number of the independent variables, and
n is the number of the data. The FLR model is represented
using symmetric triangular fuzzy parameters a = [ac. ar] as
shown in Fig. 8 by

¥i(zi) = [age, aor] + laye. ey dzin + - -

+ [etrc. @y )Ziks (6)

Fig. 8. Triangular form of tuzzy number.

(N
(8)

,“Iir'(t-l') = D¢ + 12 + -4 AreZiks
Yir(2i) = apr + avpziy + - + dpr Ziks

where ye and ac are center parameters of fuzzy numbers at
membership function y=1, y, and a, are the spreads of fuzzy
numbers, geometrically, equal to a half of the triangular base.

The parameters &;’s of the vector A for the FLR model
are determined by a solution of linecar programming, LP,
problem which is to minimize the sum of spreads v;,(g;)

Please cite this article as: Phaiboon S, et al. New upper and lower bounds line of sight path loss model for mobile propagation in
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Fig. 9. The path loss measurement and the proposed models in different building. (a) Car park inside the shopping mall building (b)

Concerete school building.

30.2 and 46 m for path loss models in Fig. 9(a) and (b),
respectively. Therefore, the proposed upper and lower bound
model agrees with the measured path loss data for both
locations.

5. Conclusion

The new upper and lower bound models were proposed
for mobile communications in the business butldings. These
models were based on FLR of the measured data, and also
taking the time-varying object movement into account. The
path loss measurements were performed at a frequency of
1.8 GHz in the LOS corridor in several buildings. We found
that the breakpoint-distance characteristics depend on the
ceiling height and the height of the antennas. These models
agree with the measured data at a frequency in the mobile
communication band.

The proposed model can predict the path loss with accu-
racy within the boundaries. This could be useful for the cell
and system design of the indoor wireless communications in
realistic propagation environments. This includes prediction
of the limitations of the signal levels received for compli-
ance with public health regulations and immunity of medical
cquipment, cle.
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Abstract

This paper presents the propagation modeling for 800-
MHz cellular mobile system for design of the coverage
areas. The model was modified from models of Lee and
Hata for appropriate use in Bangkok area. Having
measured the filed strengths at overall 52 locations
around Bangkok, we found that the propagation-path loss
at 1 mile, Ly, is 72.7dB, and the slope of the path loss, v, is
approximately 36.0dB/dec. The measurements are based
on a reference regarding with the antenna heights of the
base station and receiver at 30 and 3 mters, and with the
antenna gains of the base station and receiver at 6 dBy
and 0 dB; respectively.

1. INTRODUCTION

In cellular communication system we usually
use the propagation-path losses to characterize
the quality of the cellular communication
territory. The factor can also be utilized in the
cellular base station design e.g. the distance
between the base stations, the optimum power of
transmitter, the height and gain of antenna used
in a base station. There have been many
researchers mainly in U.S.A and Japan
proposing models to characterize the
propagation-path losses with a simple equation
up to a complicated equation. These
relationships could be are similarly considered
by all the relevant factors such as the
modulating frequency, the heights of
transmitter’s antenna and user’s antenna, the
humidity, the numbers of obstructions and
buildings in the area [1-4].

II. METHODS
Propagation-path loss was modeled by several
groups in mobile communication research [1-5].
Individual models was developed by
determining specific parameters, such as the
height of the transmitter and receiver antenna,
the carrier frequency and etc. Conventionally,
the path losses could be determined by Eq. (1)

and (2), which quoted from Lee [3] and Hata
[4], respectively. The Lee model is expressed in
Eq. (1):

L, = L, +ylog(D)+F, (1)

where L,(dB), ®dB/decade), Fy and D is an
initial attenuation at a unit distance, slope of
attenuation, an offsetting factor for the height
and the properties of the used antenna, and the
distance of transmission, respectively.

Another model was proposed by Hata[4]. It is
similar to Lee model, but including the effect of
the antenna of the user’s receiver into account.
The relationship of the path losses is:

L, = Ly+k log (ff)"‘ k, ng(H,)ng(D) (2)
—kylog H, — k,H_

where kj-ks are arbitrary constants, fc is the
carrier frequency, Hp is the height of the
transmitting antenna, Hyp, is the height of the
receiver antenna and D is the distance from the
base station.

In a communication system, most parameters in
operation are usually fixed to certain values, e.g.
the carrier frequency, the height of atennas, and
laves only the distance to affect the path loss.
By this fact, both of the proposed models can be
modified into a simple relationship of the
propagation-path loss:

L, = Ln+rlog(D) (3)

So, we can determine the path loss due to the
distance, and all the other parameters have been
known, assumed to be constants. So the
propagation-path losses will linearly vary with
the logarithm of the distance, with a slope of y
and an offset initial loss Lo at unit distance.
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I1I. RESULTS
The field strength was measured by Spectrum
Analyzer, Textronic model 2716, and tunable
dipole antenna from 52 sites on streets around
Bangkok, as illustrated in Figure 1. Then it was
converted into conditioned values to the
reference parameters in Table 1 by the
parameters from the nearby base stations of the
Communication Authority of Thailand (CAT).
The referable results was eventually obtained,
and plotted in Figure 2. Then, the yand Lo can
be found at the values of 35.95dB/decade and
72.7dB, respectively, using statistical method by
the correlation of 90%. Then, at the reference

condition as in Table 1, we can characterize the

propagation path loss in Bangkok by eq. (4).
The obtained data has yrelatively similar to that
in Tokyo, which is less that in New York [3],
and Lo less than those in Tokyo and in New
York [3], as illustrated in Figure 3.

L, = 72.7+35.95log(D) 4)

Table 1 The Reference conditions for the trans-
mitter and receiver

Standard Condition Correction Factor

Conditions at Transmitter

ransmitted power P=10 W (40 dBy,) oc,;=10 log A
10

ntenna height h; =30 m “oc=20 log &
30

ntenna gain g, = 6 dB/dipole 3= Gy — 6

Conditions at Receiver

Antenna height, h; =3 m ocq =10 logh,
3

Antenna gain g, = 0 dB/dipole 5= G

Where Py’ is the transmitted power (dBy,)

P.’is the received power (dBy,)

G, is power gain of the transmitter antenna (dBq)
Gm is power gain of the receiver antenna (dBg)

IV. CONCLUSIONS

A simplified model for the propagation-path loss
has been proposed by a linear combination of
the logarithm of distance and the initial losses.
The parameters of the model can be found
statistically by fitting the measured signal
strengths to the model. These parameters could
efficiently be utilized to describe the
environmental characterization of Thailand.
Furthermore, they could be used to design and
optimize the base station network in the
800MHz cellular communication system in
Bangkok area, and most big towns in Thailand.
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Abstract

This paper present two indoor path loss models which are
considered, 1) Linear regression model and 2) Neural
network model. These models have been developed based
on the number of floors, concrete and mirror walls
between the transmitter and the receiver, and provide
simple prediction rules which relate signal strength to the
log of distance. The comparison berween the two path loss
models shown that the neural network provide high
accuracy prediction when learning with the specify data
set.

Keywords

-

Indoor Path Loss Models, Linear Regression, Neural
Network

Introduction

To predict the radio communication channel of an indoor is
very important for designing a mobile communication
system in the building. Although it may be possible to
analyze efficiency of the communication by the path loss
models in [1]-[2], but they are not used for different indoor
areas, also because of predicting path loss with linear
regression model use a linear curve fitting, it may not
provides high accuracy prediction for the indoor areas with
a lot of walls and floors. So a neural network for non linear
system is introduced. Training data for the neural network is
defined as a set of data messured such as distance between
transmitter and receiver, a number of walls and floors, and
their attenuation values. The neural network ir trained with
the training data and provide output pathloss data.

This paper, first present statistical analyses of 1800 MHz
narrow-band path loss measurements inside a laboratory
building of faculty of engineering, Mahidol university. A
statistical model of the simple form d" is used to relate
average path loss to the log of distance where d is the
distance between the transmitter and receiver measured in
three dimensions. And n is the mean path loss exponent,

which indicates how fast path loss increases with distance,
[3]-[4]. Values of the mean path loss exponent n are found
each floor and it is found that more accurate prediction is
possible when the parameter n is viewed as a function of the
number of floors between transmitter and receiver. The
predictions are used for medium size building (1 — 5 floors)
and rectangular block shape (~50 x 50 m).

Section Il describes the measurement procedure and the
measured building used to produce the models in this paper.
Section III presents the linear regression models. Section
IV presents the neural network models., Section V the
results, and finally Section VI conclude with a summary.

Measurement Procedure and Locations
Measurement Procedure

Narrow-band (CW) signal strength measurement were made
at frequency 1800 MHz. A CW signal was transmitted by
an omnidirectional quarter-wave monopole antenna with
ground plane at a height of 1.5 m above the floor. The
mobile receiver omindirectional antenna was 1.5 m above
the floor too. The receive can instantaneously measure
signals between 0 and —-90 dBm over 15 kHz bandwidth.
With +30 dBm transmitter power, the maximum system
path loss is 120 dB. This is on the order of the maximum
dynamic range expected for emerging personal
communications network (PCT)

Measurement Locations

The stationary transmitter was placed at a room on the fitth

_floor to determine the effects of walls and floors between

the transmitter and receiver. For measurement locations,
the mobile receiver thoroughly canvassed the building at
transmitter-receiver (T-R) separations that ranged between
2 and 90 m.

Linear Regression Models

The mean path loss is a function of distance to the n power



in (1)

n

PL(d) e ji (1)

o

where P is mean path loss, n is the mean path loss
exponent which indicates how fast path loss increases with
distance, d, is a reference distance, and d is the transmitter
raceiver separation distance. When plotted on a log-log
scale, this power-distance relationship is a straight line.
Absolute mean path loss, in decibels, is defined as the path
loss from the transmitter to the reference distance d;, plus
the additional path loss described by (1) in decibels

PL()[dB) = PLE, )dB] +10<n-log,o| <= | @

0

For these data. a | m reference distance was chosen and we
assume PL(d,) is due to free space propagation from the
transmitter to a | m reference distance. Assuming antenna
gains equal system cable losses, which is valid for.our
svstem, this leads to 34.7 dB path loss at 1800 MHz over a |
m free space path loss.

Assuming the distribution of large-scale path loss about (2)
is log-normal for the collected data. To determine the
mean path loss exponent n and standard deviation o (in
decibels), which are viewed as parameters that are a
function of building type, number of walls and floors
between transmitter and receiver.  Even though the
measured data show the distribution is not always strictly
log-normal, the standard deviation provides a quantitative
measure of the accuracy of the model used t6 predict the
path loss for a given environment. Further, when a
measurement database is large, the distribution of path loss
values over a wide range of distances tends to a log-normal
distribution. The path loss at a T-R separation of d meters
is then given by

PL(d)[dB] = PL(d)[dB]+ X ,[dB] (3

where X, is a zero mean log-normally distributed random
variable with standard deviation o in decibels. Linear
regression was used to compute values cf the parameters »
and o in a minimum mean square error (MMSE) sense for
the measured data. The data have been grouped by the
number of floors between the transmitter and receiver to
provide smaller standard deviation. As is  shown
subsequently, this model more accurately predicts path loss
as a function of distance when the model parameters » and
o are determined as a function of the general surroundings.

Table [ summarizes the mean path loss exponents, standard

Rd

IS

deviations about the mean for diferent floors, and the
number of measurement locations (20 A track segments)
used to compute the satistics for each floors. From Table 1,
it can be seen that the parameters for path loss prediction
for entire data set are n = 5.02 and a large standard
deviation of 10.0 dB. This large value of ¢ is typical for
data collected from different building floors, and indicates
that only 68% of actual measurements will be within
+10.0 dB of the predicted mean path loss. These parameters
may be used in the model for a first-order prediction of
mean signal strength when only T-R separation but no
specific building floor information is known.

Table 1: The Parameters Mean Path Loss Exponent V And Standard Deviation

O For Use In The Distance-Dependant Path Loss Mobile In (2) Based On
Measurements At A Carrier Frequency Of 1800 Mhz

n o(dB) Number of Locations
All Locations 5.0 10.0 175
Same Floor 4.5 8.7 109
Through 1 Floor 5.3 2:9 30
Through 2 Floor 5.6 3.0 20
Through 3 Floor 6.3 4.7 13

In multifloor environments, (4) is used to describe the mean
path loss as a function of distance. Equation (4) is identical
to (2) and emphasizes that the mean path loss exponent is a
function of the number of floors between transmitter and
receiver. The values of n(multifloor) are given in Table I
for use in (4) B

PL(d)[dB] = PL(d,)[dB)

+10.0 « n(multifloor) « log,, (i (4)

k dn
- Floor Attenuation Factor (FAF) Path Loss Model

The path loss in multifloored environments was predicted
by a mean path loss exponent that was a function of the
number of floors between transmitter and receiver,
Alternatively, a constant floor attenuation factor (in
decibels), which is a function of the number of floors and
building type, may be added to the mean path loss predicted
by a path loss model which uses the same floor path loss
exponent for the particular building type ((5)).

PL(d)[dB) - PL(d,)[dB)+10.0n(same floor)

!
.log 4 ;— . FAF[dB] (5

o

where d is in meters and PL(d,)[dB]=34.7dB at 1800
MHz



Scatter plots of path loss versus T — R scparation for the
building measurement is given in Fig.l. The dotted lines
indicate the distance-dependent mean path loss model ((2))
for n=1 through n =6 and a | m reference distance. The
dashed line indicates the best mean path loss model in a

A EE N BN

Path Loss (dB)

‘__al::l'zn-:-l_

Figure | Satter plote of CW path loss as a function of
distance

MMSE sense for the data presented in the scatter plote.
Different symbols are used to indicate data from different
environments, and overall n and o are given on the left side
of the graph. Multifloor measurements wre possible in the
building, and nearly all measurements had multiple
obstructions such as concrete walls and floors, windows and
doors between the transmitter and receiver. From Fig. 1,
mean path loss increases with distance to the 5.0 power with
a large standard deviation of 10.0 dB. The simple path loss
model in Fig. 1. Does not use knowledge of the number of
floors and walls between the transmitter and receiver.
Transmission between more obstructions leads to higher
path loss.

Table 2 give the floor attenuation factors, the standard
deviations (in decibels) of the difference between the
measured and predicted path loss, and the number of
discrete measurement locations used to compute the
statistics. Values for the floor attenuation factor in Table II
are an average (in decibels) of the difference between the
path loss observed at multifloor locations and the mean path
loss predicted by the simple &' model ((2)) where » is the
same floor exponent given in Table I for the particular
building structure and 4 is the shortest distance measured in
three” dimensions, between the transmitter and receiver.
This is similar to the procedure used in [9], [14] to
determine the attenuation caused by floors between
transmitter and receiver.

Table 2: Avcrape Flaor Attenuation Pactor In Dechels Far One Twe Table And

Four Fioors Between The Transmitter And Receiver In The Two Ofﬁce‘%ﬁildingi
Also Presented Are The Standard Daviation In Declbels And The Number Of
Locations Used To Compute The Statistics

FAF
(dB) o(dB) Number of Locations

Through 1 Floor 16.0 3.4 30
Through 2 Floor 212 4.0 20
Through 3 Floor 234 2.3 13

Neural Network Models.

Another method for predicting path loss is a neural
network. Training data for neural network is defined as a set
of data measured such as distance between the transmitter
and the receiver, number of walls and floors and the
attenuation values of these walls and floors and also
enviroment factors. The neural network is trained with
training data. Fig.2 shows structure of multi-layer
perceptron which has one-input, one-hidden and one-output
layers. Input,hidden and output layers have three, seven and
six nodes respectively. All nodes are perfectly connected
each other.

OUTPUT 1

INPUT 1

INPUT 2 OUTPUT 2

OUTPUT LAYER

HIDDEN LAYER

Figure 2. Structure of multi-layer perceptron (MLF)

The * three input nodes consist of the distance between the
transmitter and the receiver, number of walls and floors and
the attenuation values of the walls and floors. And the six
output nodes are binary path loss values which vary from 0
1o 63 dBm. Sigmoid function is used as activation function
between input and hidden layers. MPL is trained by using
back propagation algorithm.

Results

For each floor, measured path loss were compared to
predicted path losses from (4) and (5). Only 5" floor, the
path loss model with (4) equal the path loss model with (5)
since the mean path loss exponent, n (multi floor) is the
mean path loss exponent, n ( same floor).

Figure 3 ~ 5 show the path loss (dBm) between
measurements and predictions for through | — 3 floor



respectively and indicate that the path loss model with (4)
can predict the path loss with improved accuracy for only
same floor and through 1 floor while the path loss model
with FAF in (3) provide high accuracy in every floors.
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For the neural network prediction, it provides high accuracy
path losses specifically in-some interval” of distances.
However the total prediction have still provided high
accuracy path losses

Conclusion

Path loss predictions based on measured data at 1800 MHz
have been presented for the laboratory building using linear
regression and neural network. The linear regression models
based on a simple d" exponent path loss vs. distance
relationship and provide path loss prediction with a standard
deviation of 8.7 dB. The neural network provides high
accuracy path losses with a standard deviation of 8.2 dB. So
it can be used for designing the mobile communication in
the building.
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STATISTICAL INDOOR PATH LOSS MODELS USING FUZZY REGRESSION AND
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An essential point in correct location of base station for mobile communication systems is a
proper evaluation of path loss modeling. The acquisition of path loss data is complex because of a
large number of soft partitions and concrete walls between transmitter and receiver, including the
random character of other obstruct and user locations inside the building. These objects effect to
the receive signal power. The theory which enables efficient description of unreliable and
inaccurate data, and relation ship between them, 1s the fuzzy set theory. This paper present
possibilities of application of the fuzzy set theory to path loss calculations. Input data were
modeling by means of fuzzy numbers. A model of the simple distance-dependent path loss is used
to relate average path loss to the log of distance where d is the distance between the transmitter

and the receiver. The fuzzy set approach and standard regression method are compared.

Keywords: Indoor Path Loss Models, Linear Regression, Fuzzy Linear Regression

1. Introduction

The performance of in-building high capacity
wireless communications is limited by the
propagation characteristics which are effected by
objects that surround transmitters and receivers.
Thus, it is important to predict the path loss for
designing the base station location in the
building. Several researchers have measured
radio waves and statistically modeled their
results [1]—[16]

The main difficulties in the modeling of path
loss for accuracy prediction result from the
random nature of phases at a receiving point,
complication of the indoor building construction
that consists of a large number of soft partitions
and concrete walls (or concrete building support
columns) between transmitter and receiver, and
the deficiency of measured data. The random
nature of object location in the building cause
the random multipath fading at a receiving point.

In this paper, the most renowned mecthod for
expressing the uncertainty in path loss models is
fuzzy sets theory. Two approaches, fuzzy linear
regression (FLR) model and least squares linear
regression (LSLR) model are compared.

2. Fuzzy Regression Method

The use of statistical methods is not always
possible due to occurrence of a large deficit of
measurements. The fuzzy set theory is a
convenient mathematical tool that allows us to
partially eliminate unreliability from input
information and to limit the influence of deficit
of measurements.

Two cases can be discriminated in dependence
on kind of output variable. The first when the
output variable y 1s the real number and the
second when the output value 1s an interval y €

< YL YR>



u(x)

Fig. 1. Triangular from of fuzzy number

The first case will be presented in this section.
it can be represented in the from

Y=12A (1)

Where:

Vi(z)) = 8p+a,z; . .. +azik, i=1.2,...n  (2)
The fuzzy linear regression model (2) is
represented using symmetric triangular fuzzy
parameters 3, - [aca,] (fig. 1) [17]-[21] as
follows:

Vi (z) = [aocao]HaicairJzi +... Hakcak Jzie (3)
Yic(Zi) = 8pc+1cZi1+. +2kcZik 4)
YilZi) = Aore@11Zi1+. +81:Zik (5)

where: y. a.— center parameters of fuzzy
numbers (membership function p = 1),
y:, a,— spreads of fuzzy numbers
(geometrically the spread is a half of the
base of the triangular).

The parameters 3, of the vector A of the FLR
model are determined by a solution of a linear
programming (LP) problem which 1is to
minimize the sum of spreads y.(z,) of elements
of vector ¥ [22] Therefore the following LP
problem is formulated.

C =y (z)tysu(z)t. . tya(z,)—>Minimum  (6)

Subjectto ye ?(Z, ). i=12..0 (7)
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a; =0, i=0,1.2,..k (8)
from (3) - (5), the LP problem (6) - (8) can be
written as follows:

n
Y (0r+@1r] Zit |+, +8k| Zik| ) = Minimum  (9)

1=l

k k
age+ 2 (ajeZij)-20c- T (3jrlZij|) <¥ii=1,2,..,n (10)

=i =l

15 k
Age+ Z (ajczlj)-a0f+ 2 (ajr|zij|) EYI.i: ],2,..,1’! (1 1)

= =l

The parameters a; = [a,, a;,] of vector A are
determined as the optimal solution of the LP
problem (9) — (11). Since the LP problem
always has feasible solutions, the fuzzy
parameters are obtained from the LP problem,
for any data.

3. Numerical Example

The FLR model (2) and LSLR  were
determined. Each model was calculated from
measured data for same floor in a building. For
the fuzzy model presented in from:

Pathloss = [aq, a0 + [a)c, aiJlog (d) (12)
Where: d = distance between transmitter and
receiver.

The LP problem corresponding to the given data
was The LP problem corresponding to the given

data was formulated from (6) — (8). By solving
this one, the following FLR model was obtained:

Path loss =[41.67, 9.52] + [41.36, O]log(d) (13)

Standard regression models for the same types
of floors were built for the same data. LSLR
method was used for rising following models:
Path loss = 38.89 +43.72 log (d) (14)
With standard deviation of 7.4 dB

On the basic simple distance-dependent path
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TABLE | COMPARISON OF FLR AND LSLR ERRORS

Number of

measurements 1 2 3 4 5 6 7 8 9 10
Distance (m) 6 8.5 10 12 14.14 | 1697 | 18.44 20 22.36 | 28.64
Path loss 79 77.58 | 85.7 | 80.36 | 90.05 | 87.86 | 88.46 | 91.58 | 99.2 |100.12

Error FLR | 6.52% | 3.26% [3.12%]|-7.39%| 0.89% [-5.31%|-6.28%|-4.26%| 1.73% |-1.81%

Error LSLR | 7.70% |-2.51%/3.60%{-7.11% | 0.95% |-5.46%|-6.53%|-4.58%| 1.31% [-2.47%

measurements data.

ns ——rrrrr —
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— LSLR hne X
- Configence inlenal fo-soeconnn - 3
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transmitter - Recewar Segaralion (m)

Fig. 3 LSLR path loss model

loss models  (13) — (14) for indoor path loss
prediction were estimated. The results are shown
in Table 1. and Fig. 3 — 5 together with the
corresponding measurements data.

4. Conclusions

Path loss models based on measured
data have been presented using the least square
regression and the fuzzy regression. The models
are based on a simple d" exponential path loss
vs. distance relationship. It 1s seen from the
considerations and relations shown above that
the fuzzy set approach to path loss prediction
puts a new quality into the indoor
communication  analysis in  complexity
conditions. Owing to adequacy and simplicity it
can be easily adapted to practical algorithms
based on available data which may contain
different types of errors.

The proposed methed of application of

measurements data.
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Fig. 4 FLR path loss model

FLR model allows us to predict path loss for
indoor communication. Average errors in fuzzy
regression analysis and standard linear
regression are similar. The spread of the fuzzy
models depends on max and min value of a
given data. It does not depend on sample size. In
LSLR model the width of confidence intervals
depends on sample size, standard deviation and
significance level. However, the use of fuzzy
regression is flexible by changing the weights of
the objective function (9)-(11), thus allows an
analyst to predict in various angles. It 1s
especially effective to deal with data containing
outliers which occure from some things such as
shadowing, scattering, reflection or ditfraction
from some objects in the building. These outliers
will be correct by the correcting factors in the
next step of our research

We have seen usefulness of applying of fuzzy
regression method to problems of path loss
prediction model in mobile communication.
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A. Distance Dependence path loss Ly

We define the path loss as the function of the distance
between the transmitter and the receiver, @ for the dominant
path. This propagation loss has two distinct regions [6]. In the
first region, within 0-15 m of the transmitter, the propagation
loss is similar to that occurring in free space. This is because
the obstructions, such as walls and doors, do not interact
significantly with propagation waves at proximal ranges. On
the other hand for the distal region, the propagation loss
increases significantly as the electromagnetic waves become
obstructed by the walls and doors of the rooms in the building.
The distance at which this transition in propagation occurs is
referred to here as the breakpoint. The distance dependence
path loss then follows:

al
L, =10 Iog[:—] Ulde - d)

.\ Iﬂ[log[%:-]nl 3 |og[:T]“JU(-d,)

P
+ ¥ WAF (p)/cos 0p (2)
pr=rl

Where do is the reference distance which is taken here as 1 m
from the transmitter, dy, is the distance of the breakpoint from
the transmitter, n, and n, are the path-loss exponents on either
side of the breakpoint, and U(-) is the unit step function
defined as

(3)
0, d=<0
Sia {1, d=0

WAF(p) is the value of the wall attenuation factor at normal
incidence and the 6, is the angle between the pth wall and
straight-line path joining the transmitter to receiver.

The parameters d,,,, n; and n; can be obtained from the used
of Fresnel zones. By considering the size of the first Fresnel
zone, a distance 4 from the transmitter and determining at
what distance it will become obstructed the breakpoint d},,, can
be calculated by d), = 4(H-h:)hy/A [9]. Consequently, in a
ceiling 2.5 m height and receiving antenna 1.5 m height, the
breakpoint dy, is determined at 36 m for frequency 1800
MHz.

The exponent n; generally should be about the free-space
value of 2.0 once antenna effects are removed.The parameter
ny we have found value of 1.7 for propagation along the
corridor [9].

B. Diffraction path loss Ly

In general, wave propagation guided by a corridor will
sometime provide an indirect path, which may be significantly
greater than the propagation loss from the straight-line path
between the transmutter and the receiver. Therefore, the
indirect paths are needed to be the dominant paths and
determined from diffraction from corners (including door and
window frames) in the building. The ditfraction path loss is
given by

04

Lowe =~101og| £(5,(0 )35(d,)

xlo(dm,¢m,d;,¢;1)|z} @

Where M is the number of the comers in the building data
base, the subscript m refer to m th corner, and &p(-) is the
dimensionless quantity 107"

3. PREDICTION OF PROPAGATION PATH LOSS

For computation of path loss with ANFIS, the parameters
of the minimum loss dominant path in Section 1I must be
determined. Because the dominant paths represent a group of
nearly similar rays between the transmitter and the receiver,
all relevant parameters of these rays governing propagation
should be considered in the description of the dominant path.
The parameters of the dominant path will be grouped into
fuzzy sets for the ANFIS inputs.

A. Parameters of the dominant path

The prediction with accuracy results have been obtained with
the following parameters

1). Free space artenuation along the path Lys

f d’
L. = —-27.56 + 20logl —— | + 20log —
" + Og( MHZJ +20 Og( mJ

(5)
Where d is the distance of the dominant path
2). Wall loss Ly
P
Ly = X WAF(p)/cosbp (6)

p=1

Where WAF(p) is the value of the wall attenuation factor at
normal incidence and the 8, is the angle between the p 7/ wall
and the dominant path.

3). Angle loss at the corner to the transmitter Ly

L =Ai $ AT(m) ™

1
" m=1

Where Ak, AT(m) 1s the normalized factor and angle of
changing in the direction of the dominant path along the
corridor since corner chffraction relative to the transmitter. M
is the number of comers in the building database and m refer
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Abstract: A new model for the propagation prediction for mobile communication network inside building is presented in this
paper. The model is based on the determination of the dominant paths between the transmitter and the receiver. The field strength 1s
predicted with adaptive neuro — fuzzy inference systems (ANFIS), trained with measurements. The advantage of the ANFIS with
hybrid least squares and gradient descent algorithms is fast convergence compared with original neural network. The K-means
algorithm for selection of training patterns is also used. Comparison of our predicted results to measurements indicate that
improvements in accuracy over conventional empirical model are achieved.
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1. INTRODUCTION

N OWADAY, there are two different approaches for the

prediction of the field strength inside buildings. On the
first hand there are empirical models, based on the regression
of measurement data [1]-[2]. These models are very fast and
easy to apply in computing the prediction model. However,
they would rather suffer with poor accuracy. On the other
hand, there are deterministic models like ray tracing [3]-[5].
However, these models are sacrificed with excessive
computation time and the requirement of detailed databases.
Cheung et al [6] have proposed a new empirical model that is
based on the uniform theory of diffraction (UTD) shown the
superior accuracy of its prediction. However, the model has
problem of accuracy for highly reflective environments
because it did not take account of waveguiding effect from the
reflected rays. G. Walfle et al. [7] demonstrated that a
neural-based propagation loss model for indoor environment
train by a back-propagation algorithms showed the superior
accuracy of its prediction. However, the MLP has problem of
slow convergence and unpredictable solutions during training.

To solve these problems, this paper presents a means to
approximate the indoor propagation loss based on adaptive
neuro-fuzzy inference systems (ANFIS) [8]. ANFIS consist of
fuzzy rules which are local mappings (which are called local
experts) instead of global ones. These local mappings facilitate
the minimal disturbance principle, which states that the
adaptation should not only reduce the output error for the
current training pattern but also minmimize disturbance to
response already leamed. This is particularly important in on-
line learning. The ANFIS also use the least-squares method to
determine the output of each local mapping is of particular
importance. As the results, the prediction with high accuracy
and fast convergence can be obtained.

One major advantage of the ANFIS is that hybrid learning
algorithm, which can be divided into two pass, like redial
basis function (RBF) neural network i which the fast
convergence has been guaranteed [S]. In the first pass, the
consequent parameters are identified by the least square

method under the condition that the premise parameters are
fixed. Accordingly, the hybrid approach converges much
faster since it reduces the searching space dimensions of the
original MLP. In the second pass, the error signals propagate
backward and the premise parameters are updated by gradient
descent under the condition that the consequent parameters are
fixed. As the results, the prediction with high accuracy and
fast convergence can be obtained.

In this paper, we propose a new formulation for applying
the adaptive network based fuzzy inference system in order to
improve convergence performance of this hybrid algorithm.

Section 11 describes the determination of the dominant
path.  Section IIl presents the new procedure for the
approximation of propagation loss model in indoor
environment using the ANFIS. Section IV describes the
measurement procedure in the building used to the training
and checking data. Section V presents the prediction results
and the effectiveness of the ANFIS model. Finally, the paper
1s concluded in Section V1.

2. PREDICTION OF PROPAGATION PATH LOSS

The first step of the proposed model is to determine the
and/or diffracted ray paths going to the receiver would be
combined to a dominant path. This dominant path contains
only information about the direction of the path, diffraction at
the comner and the passed rooms. The algorithm determining
of the dominant paths sometime leads to more than one
solution. But in most cases only one solution with the smallest
path loss is necessary for an accurate prediction and chosen by
the minimum of Ly defined as

Ls =min[|-or|-n[r] bl

Where Lt is the total attenuation along the dominant path. L,
and L, are distance dependence path loss and diffraction
path loss respectively.
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Fig. 1. Fuzzy sets of the input parameters
to the m th corner.

4). Angle loss at the corner to the receiver Ly

o=

AR (8)
s (m)

1

SES

Where Ak, AR(m) is the normalized factor and angle of
changing in the direction of the dominant path along the
corridor since corner diffraction relative to the receiver, M is
the number of corners in the building database and m refers to
the mth corner.

B. ANFIS architecture for the prediction

The fuzzy inference system under consideration has four
inputs and one output The inputs consist of four parameters
as considered in part A, each parameter is fuzzified in to
three fuzzy sets ( for a good model,[8]) namely, L = low, M =
medium and H = high, as shown i Fig. 1 We use the
generalized bell function for the membership function of the
fuzzy sets, which 1s given by

fLglR] me————ar (9)

Where pf-) s membership function.{a, b, ¢) is the
parameter set.
The common rule set for first-order Sugeno fuzzy model
with four fuzzy if-then rules is the following

Rule i: If Lygis 4;and Ly is B, and Ly is Coand L is D,
thenf; = pLys +g.Ly +rilo+ silg +1.

Where 4, B, C,. and D, are fuzzy sets of Lys, Ly, Ly.and Ly
respectively, subscript i=1, 2, 3.....,n, n 1s the number of rules
and subscript j represent fuzzy set L, M. and H for /=1, 2. and
3 respectively. /, 1s the path loss output of the fuzzy rule |,

The corresponding equivalent ANFIS architecture is shown
in Fig. 2, where nodes of the same laver have similar
functions, as following. (we define the output of the j th node
in layeras O, )

1) daver 1
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Fig. 2. The equivalent ANFIS architecture

Every node i th this layer is an adaptive node with a node
function as follows

fori=1, 2,3, or
fori=4,5,6, or
fori=7,8,9, or
fori=10,11,12 (10)

O = ailLrs),

Oy = ugialLy),
01 = Heirlly),
O1;= WpisolLr)

The parameters in this layer are called as premise
parameiers.

2) layer 2
Every node in this layer is a fixed node labeled I1, whose
output is the product of all the incoming signal as follows

Os = Wi =p (L pgpgl Lyl Lo)upiLe), i=1,2,3 (11)
Each node output represents the firing strength of the rule.

3) laver 3

Every node in this layer is a fixed node labeled N, The i th
node calculates the ratio of the i th rule’s firing strength to the
sum of all rule’s fining strengths as follows

e w, . 2
O3, =w; =———,i=12,3 (12)
Wy + W,

The output of this layer are called normalized firing strengths.
4) laver 4

Every node i in this layer is an adaptive node with a node
function

Oy =w,f, =w (Pl +@.Ly +7 L, + 5L, +£) (3

'

Where w, is a normalized firing strength from layer 3 and |{p,
¢ 1 8,1 18 the parameter set of this node. Parameters in this
layer are referred to as consequent parameters.

3) laver s
The single node n this later is a fixed node labeled I,
which computes the overall output as the summation of all

Signal Strength
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incoming signals as follows

- W f
Osj:zw';ff=—z-":m“_‘— (14)

C. Hybrid learning algorithm

The ANFIS architecture consists of 35 layers. The
parameters in first layer are premise parameters and in layer 4
are consequent parameters [8]. When the values of the premise
parameters are fixed, the overall output can be expressed as a
linear combination of the consequent parameters, pi, qi, ri, si,
and ti, i=1, 2, 3,....n, n is the number of rules. From this
observation, we have three set of parameters, that are 1) Set of
the total parameters, 2) Set of premise (nonlinear) parameters,
and 3) Set of consequent (linear) parameters. In the forward
pass of the hybrid learning algorithm. node output go forward
until layer 4 and the consequent parameters are identified by
the least squares method. In the backward pass, the error
signals propagation backward and the premise parameters are
updated by gradient. The consequent parameters which are
optimal under the condition that the premise parameters are
fixed. At the result, the hybrid approach converges much
faster since it reduces the search space dimensions of the
original pure back propagation method.

4. TRAINING PATTERNS

A. Measurement procedure and locations

The equipment for propagation measurement consisted
of a fixed transmitter and a narrow-band (20KHz) portable
receiver with a notebook computer. The fixed transmitter
consisted of a network analyzer (with 20 dBm power output)
and A/4 omnidirectional (2.2 dBi gain) at a height 1.5 m. We
used a spectrum analyzer and /4 ommdirectional (2.2 dBi
gain) at a height 1.5 m for signal strength measurement.

To receive propagation data for traiming and prediction,
about 431 samples of the actual field at frequency 1800 MHz
were acquired on uniform grid (with a grid size of 1 m* ) ina
laboratory building area for the training data the checking
data. We removed the eftects of fast fading at each sample
point by the mean value of at least 25 measurcment in a 400
cm” area centered around the sample poimt.

The laboratory building of Mahidol University was
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completed in 1993 and consists of five floors and a dimension
of 50 x 50 m® . The construction of the building is of concrete
block, plaster board, and mirror walls, the floor to floor height
is 4 m a suspended ceiling containing air conditioning and
service ducts 2.5 m above the floor. The general environment
has furniture primarily constructed from wood or metal in
office and laboratory spaces.

B. Selection of training patterns

Since the statistical distribution of each input parameter of the
ANFIS combination of the different input parameters is
distributed in a homogeneous way. So the training sometime
can not convergence. To avoid this event, an algorithm for the
selection of representative training patterns has been used. The
method for classification  is developed from K-means
algorithm.[10] in appendix.

5. PREDICTION RESULTS

In order to compare our method with the conventional
empirical model in (2), a set of 431 measurement points taken
in the laboratory building was divided into 101 training
patterns and 59 checking patterns. By inputting 101 training
patterns into the ANFIS network, the training mean-squared
error can be found as 0.008 after 5,000 epochs of training
while the original MLP training was not converged by the
same training patterns. Fig. 2 illustrates the membership
functions after training. It is interesting to observe that the
curve of the membership functions of Lgg are significantly
changed since the effect of the free space loss along the
corridor. It is fact that if the free space loss is low. the received
signal strength is high. But in case of diffraction at the comer
along the cornidor, the received signal strength has been sull
high although the free space loss is increased. Accordingly.
the membership after training was adjusted in order that the
free space loss fall in fuzzy set L.

Next, we would like to verity the approximation capability
of the ANFIS-based propagation prediction model by a set of
59 checking patterns. A comparison of curves shown in Fig. 3.
The standard deviation in error for the ANFIS model (14) 1s
6.6 dB while that tor the conventional model (2)1s 12.1 dB.

It can be observed that the convention model (2)
predictions overestimate the actual signal strength by up to 40
dB as shown in Fig. 3. The reason the conventional model
performs poorly in this region 1s because the direct path



becomes blocked by the large attenuation of walls between the
transmitter and the receiver making the conventional model
prediction a small signal strength. The ANFIS model,
however, finds that the actual signal strength is high because
there is a diffracted path from the corners along the corridors

6. CONCLUSION

In this paper, we have provide a new model for propagation
prediction inside the building. It is based on the determination
of the defined dominant path between the transmitter and the
receiver. The parameters of these paths are then used as input
values for ANFIS ,which is trained with measured data. We
have also demonstrated that the model has improved accuracy
compare to the conventional model in a laboratory building.
This is achieved by a proper selection of the training patterns
of the ANFIS and a validation of the training progress.

Because of the very small computation time of this
approach nearly similar to the empirical models, it is suggests
that it is would be really suited for planning the base station
position within buildings [11]-[12].
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Appendix

Algorithms of group classification

1) Select m patterns from training set, use as the initial
centers for each group.

2) Distribute the sample x among the m groups.

3) Find distance between pattern and mean of each group.

training patterns

m group classification

Group 1 Group m

Figure Al. Diagram of the group classification

dis tan ce(x, g, ) = i(x(i) - M)’

i=1

Where x(-). M(-) and n are the value of pattern, the mean value
of the pattemn in group, and the number of pattern in group
respectively

4) If min(dis tan ce(x, g, )) larger than threshold

value (here we used 0.06) then we created new group

5) Therefore, the new cluster center are computed.
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ABSTRACT

Breakpoint distance LOS model for indoor wireless
communication is presented in this paper. The model is
based on the determination of the breakpoint distance and
% of wall area between the transmitter and the receiver.
The propagation path losses are predicted with adaptive
neuro — fuzzy inference systems (ANFIS), trained with
measurements at the frequency of 1.8 GHz. The
advantage of the ANFIS with hybrid least squares and
gradient descent algorithms is fast convergence
compared with original neural network. Comparison of
our predicted results to measurements indicate that
improvements in accuracy over conventional empirical
models are achieved.

KEYWORDS
Indoor wireless communication, breakpoint distance,
wall area, ANFIS.

1. INTRODUCTION

There are three different approaches for the prediction of
the field strength inside buildings. On the one hand there
are empirical models, based on the regression of
measurement data [1]-[2]. These models are very fast and
easy to apply in computing the propagation prediction.
However, they suffer from poor accuracy. On the other
hand, there are deterministic models like ray tracing [3]-
[4). These models are sacrificed with excessive
computation time and the requirement of detailed
databases. However, sometimes it is not convenient to
provide complete 2.5D or 3D detailed databases for
modeling. Therefore semi-deterministic models that use
some part of the detailed databases for computation are
selected. Because the models provide higher accuracy
than the empirical models, as they are fast in computing
the propagation prediction. Thus they are suitable for
practical wireless network planning. Many researchers
have tried to develop semi-deterministic models such as

Thailand Email: kssuripofekmitl.ac.th

G. Wolfle et al., [S] who demonstrated that a neural-based
propagation loss model for indoor environment trained by
a back-propagation algorithms showed the superior
accuracy of its prediction. However, the MLP has a
problem of slow convergence. Cheung et al [7] have
proposed a new empirical model that is based on the
uniform theory of diffraction (UTD) shown the superior
accuracy of its prediction. However, the model has a
problem of accuracy for some building environments
because it does not take account of wave-guiding effects
from the reflected rays from walls in corridors.

To solve these problems, this paper presents a means to
approximate the indoor LOS propagation loss based on
adaptive neuro-fuzzy inference systems (ANFIS) [9].
ANFIS consist of fuzzy rules which are local mappings
(which are called local experts) instead of global ones.
These local mappings facilitate the minimal disturbance
principle, which states that the adaptation should not only
reduce the output error for the current training pattern but
also minimize disturbance to response already learned.
This 1s particularly important in on-line learning. The
ANFIS also use the least-squares method to determine the
output of each local mapping is of particular importance.
As the results, the prediction with high accuracy and fast
convergence can be obtained.

One major advantage of the ANFIS is that hybnd
learning algorithm, which can be divided into two pass,
like redial basis function (RBF) neural network in which
the fast convergence has been guaranteed [9]. In the first
pass, the consequent parameters are identified by the least
square method under the condition that the premise
parameters are fixed. Accordingly. the hybrid approach
converges much faster since it reduces the searching
space dimensions of the original MLP. In the second
pass, the error signals propagate backward and the
premise parameters are updated by gradient descent under
the condition that the consequent parameters are fixed. As
the results, the prediction with high accuracy and fast
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Fig.1 Measurement system

convergence can be obtained.

In this paper, we propose a new formulation for
applying the adaptive network based fuzzy inference
system in order to improve convergence performance of
this hybrid algorithm and model LOS path losses in the
building environments.

Section Il describes the measurement procedure and
the measured building used to produce the models in this
paper. Section III presents the measured data and shows
the best fit for log-distance path loss models. Section IV
presents the comparison between measured and predicted
path loss and finally, Section V and VI conclude with a
summary of results.

2. MEASUREMENT PROCEDURE AND
LOCATIONS

2.1 Measurement Procedure

The equipment for propagation measurement consisted of
a fixed transmitter and a narrow-band (20KHz) portable
receiver with a notebook computer. The fixed transmitter
consisted of a network analyzer (with 18 dBm power
output) and A/4 omni-directional (2.2 dBi gain) at a
height 1.5 m. We used a spectrum analyzer and A/4 omni-
directional (2.2 dBi gain) at a height 1.5 m for signal
strength measurement as shown in Fig. |

To receive propagation data for modeling and
validation, about 2500 samples of the actual field at
frequency 1800 MHz in each building were acquired on
the corridors in the building areas. We removed the
effects of fast fading at each sample point by the mean
value of 0.8 X sample point measurement in a interval of
20 A.

2.2 Measurement Locations

The stationary transmitter was placed at the end of a
corridor on the fifth floor of three buildings to determine
the effects of wave-guiding effect and the floor
attenuation factor between the transmitter and receiver.
For measurement locations, the mobile receiver
thoroughly canvassed the building at transmitter-receiver
(T-R) separations that ranged between | and 90-120 m.
The first laboratory building of the Faculty of
Engineering, Mahidol University was completed in 1993
and consists of five floors with dimension of 80 x 120
m® as shown in Fig 2 a). The construction of the building
is of concrete block, plaster board. and mirror walls, the
floor to floor height is 3 m with suspended ceiling
containing air conditioning and service ducts 2.5 m above
the floor. The general environment has furniture primarily
constructed from wood or metal in otfice and laboratory
spaces. The material of walls in corridor are 60% of
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Fig. 2 There buildings a) first laboratory b) office
and c¢) second laboratory.

mirror and 40% of concrete block.

The office building of the Faculty of Engineering
Mahidol University was also completed in 1993 and
consists of five floors with dimension of 50 x 120 m" as
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shown in Fig 2 b). The construction of the building is the
same as the first laboratory building.

For the last building, the second laboratory building of
the Faculty of Engineering Mahidol University was
completed in 1999 and consists of five floors with
dimension of 60 x 120 m’ as shown in Fig 2 c). The
construction of the building 1s of metal material and
concrete block, the floor to floor height i1s 3 m with
suspended ceiling containing air conditioning and service
ducts 2.5 m above the floor. The general environment has
furniture primarily constructed from wood or metal in
office and laboratory spaces. The material of walls in
corridor are 60% of metal and 40% of concrete block. The
ceiling are mostly metal grid.

3. EMPIRICAL PATH LOSS MODELS

The path loss characteristic as a function of distance can

be written in (1)
PL(d)[dB]=10log P«(do) - 10log P«(d) (1

where Pr(d) is the received power at distance d from the
transmitter. The reference distance do at 1 m from
the transmitter. Empirical model then take the form.

PL(d) [dB] =10 Iog[di} + gwAF (p). cps)
u # ]
+ FAF (dB)

where P is the number of walls between the
transmitter and the receiver respectively [3]. The
parameters n, WAF(p), 8, and FAF(dB) are path loss
exponent, wall attenuation factor, the angle between the
pth wall and straight-line path joining the transmitter to
receiver and floor attenuation factor, respectively.

It is observed that propagation loss as a function of
distance has two distinct regions [6],[[7],[8]. In the first
region, the propagation loss is similar to that occurring in
the free space. At distances further away in the next
region, however, the propagation loss increases by the
ceilings and floors in the building. The distance at which
this transition in propagation loss occurs 1s referred to
here as the breakpoint. Therefore, this phenomena is

PL - 10|og(%J U(dhy - d)

+ 1{10{%)"} ¥ |og{dip)m}u(d ~ )

P
+ YWAHRp)/cosgp +FARdB) (3)
p=1
incorporated into (2) by modifying the equation to
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Fig. 3. The membership function of input
parameters before breakpoint a) before training and b)
after training.

transmitter, 17, and », are the path-loss exponents on
either side of the breakpoint, and U(-) is the unit step

the used of Fresnel zones. By considering the size of the
first Fresnel zone, a distance d from the transmitter, and
determining at what distance it will become obstructed the
breakpoint oy, can be calculated [7]. The diameter of the
first Fresnel zone, a distance d from the transmitter in a
corridor, is approximately given by Z; = \f?_xgj [6].
However, for the large corridor, which has a width
much more than ceiling height | the first Fresnel zone
effect from the ceiling can be calculated from [§]

= 4(H-h)hy/A 4)

Where H and h, are the ceiling height and receiving
antenna height respectively. For this study. we used the
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corridor width of 1.8 m and ceiling height of 2.5 m.

e

Fig.4. The equivalent ANFIS architecture
4. ANFIS-BASED PREDICTION

4.1 ANFIS architecture for the prediction

The fuzzy inference system under consideration has
two inputs and one output. The inputs consist of

x; is Distance between receiver and break point and xs 1s
% of wall area between transmitter and receiver. The
input parameters are then fuzzified in to five fuzzy sets (
for a good model,[8]) namely, NZ: Nearly zero, §: Small,
M: Medium, L: Large and VL: Very large, as shown in

Fig. 3 We use the generalized bell function f (5;

membership function of the fuzzy sets, which is giv. 7,
1
ﬂm(x) = h
X —-C;
14X =%
a.

/
Where g14(-) 15 membership function, {a, b, ¢;) are the
parameter sets.
The common rule set for first-order Sugeno fuzzy
model with four fuzzy if-then rules is the following,

Rule1:ifx;is 4; and x, 18 B;  then f; = pi, +gaxa +1, (6)

Where 4, and , B, are fuzzy sets of x, and x
respectively, subscript i=1, 2, 3,....,n, n is the number of
rules and subscript j represent fuzzy set NZ, S, M. V.and
VL for j=1, 2, 3, 4 and 5 respectively, f; is the path loss



output of the fuzzy rule i,

The corresponding equivalent ANFIS architecture 1s
shown in Fig. 4, where nodes of the same layer have
similar functions, as following. (we define the output of
the j th node in layer as O, )

1) laver ]

Every node i th this layer is an adaptive node with a node
function as follows

Oy = paifx, ), fori=1,2,3,4,50r
Oy = Hpigfa )fori=6,7,8,9,10 (7

The parameters in this layer are called as premise
paramelers.

2) layer 2

Every node in this layer is a fixed node labeled
I1, whose output is the product of all the incoming signal
as follows

0s;= Wi =pilx ) ppi(x2), i=1,2,3,4,5 (8)
Each node output represents the firing strength of the rule.

3) layer 3

Every node in this layer is a fixed node labeled
N, The i th node calculates the ratio of the 7 th rule’s
firing strength to the sum of all rule’s firing strengths as
follows

— w,
Oy, =W, =——,i=12345 ©)
' w, + W,

The output of this layer are called normalized firing
strengths.

4) layer 4
Every node i in this layer is an adaptive node
with a node function

0 (10)

=W =W (px, 4q,x, +1,)
Where w; is a normalized firing strength from layer 3
and {p; g;} is the parameter set of this node. Parameters
in this layer are referred to as consequent parameters.

5) layver 5
The single node in this later is a fixed node
labeled X, which computes the overall output as the
summation of all incoming signals as follows

. _ Tty
05,.'*? .lff‘f e (1

104

(10y

o N = M 3
508 iy 1
gua

4
=04 o 8
kaz
o - e S “ -
& of —t T ke R e e 4

N L P L s
10 20 [0 an 50 a) 70
[hstanna nElween moRRer and bmak poink

= E S
£
i
20
:
k=]
@
2
&
&

Degree of membarship

10 20 PO an s &0 70

Degree ol mamoership

Fig. 5. The membership function of input parameters
after breakpoint a) before training and b) after training.

4.2 Hybrid Learning Algorithm

The ANFIS architecture consists of 5 layers. The
parameters in first layer are premise parameters and in
layer 4 are consequent parameters [8]. When the  values
of the premise parameters are fixed,

The overall output can be expressed as a
linear combination of the consequent parameters, pi,

qi, and ti, i=1, 2, 3,....,n, where n is the number of rules.
From this observation, we have three set of parameters,
that are 1) Set of the total parameters, 2) Set of premise
(nonlinear) parameters, and 3) Set of consequent (linear)
parameters. In the forward  pass

of the hybrid learning algorithm, node output go forward
until layer 4 and the consequent parameters are identified
by the least squares method. In the backward pass, the
error signals propagation backward and the premise
parameters are updated by gradient. The consequent
parameters which are optimal under the condition that the
premise parameters are fixed. At the result, the hybrid



approach converges much faster since it reduces the
search space dimensions of the original pure back
propagation method.
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Fig. 6. Comparison of path losses

5. PREDICTION RESULTS

The membership for the inputs after training are shown in
Fig.3 b) and Fig. 5 b). To compare our predictions to
measurements, about 1,100 samples of the actual fields
were acquired in the first laboratory.
The comparison with the predictions are presented in
Fig. 6 shows that the ANFIS-based path loss prediction
curve along the path profile (I< d < 100 m) is much
closer to the measurement curve achieved by 1, 100
checking pattern than the breakpoint model (3). The
deviations between the breakpoint model (3) approach
and the measurement curve, in particular, become
extremely large when & > breakpoint distance. However,
the ANFIS approach provides a uniform approximation to
path loss over a wider range of path profile. The mean-
squared error achieved by the ANFIS-based prediction
model over the checking patterns is 3.1 dB. For the same
checking patterns, the mean-squared error for breakpoint
model (3) 1s 18.3 dB.

6. CONCLUSION

In this paper, we have presented a new path loss
prediction model based on ANFIS that is capable of
predicting the field strength for indoor environment. In
particular, the advance of this approach is that a particular
propagation prediction model can be constructed to take
account of various type of building environments based
on measurement data taken in the desired environment.
This approach enhances the flexibility of the ANFIS-
based prediction model to adapt to database of building
environment, Comparison results have shown that the
ANFIS approach provides more accurate predictions of
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field strength loss than that of breakpoint model (3). This
verifies the effectiveness of the ANFIS-based propagation
path loss model.
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A. Distance Dependence path loss Ly

We detine the path loss as the function of the distance
between the transmitter and the receiver. o for the dominant
path. This propagation loss has two distinct regions [6]. In the
first region, within 0-15 m of the transmitter, the propagation
loss 1s similar to that occurring in free space. This 1s because
the obstructions, such as walls and doors, do not interact
significantly with propagation waves at proximal ranges. On
the other hand for the distal region, the propagation loss
increases significantly as the electromagnetic waves become
obstructed by the walls and doors of the rooms in the building.
The distance at which this transition in propagation occurs is
referred to here as the breakpoint, The distance dependence
path loss then follows:

L, =10 Iog[.g—ﬂ}“u(dw - d)

o

.10 |og[%]nl . Iog[ L J”]U(ga...)

WAF (p) /[ cos 0p (2)
1

Where cfo is the reference distance which is taken here as I m
from the transmitter, d,, is the distance of the breakpoint from
the transmutter, n, and n, are the path-loss exponents on either
side of the breakpoint, and U(-) is the unit step function
defined as

(3)
0, d

ud)=4_"
@ 1, d=

<0
0
WAF(p) is the value of the wall attenuation factor at normal
incidence and the 0, is the angle between the prh wall and
straight-line path joining the transmitter to receiver.

The parameters d},, n, and n- can be obtained from the used
of Fresnel zones. By considering the size of the first Fresnel
zone, a distance o from the transmitter and determining at
what distance it will become obstructed the breakpoint d,,, can
be calculated by ), = 4(H-hy)ho/A [9]. Consequently. in a
ceiling 2.5 m height and receiving antenna 1.5 m height, the
breakpoint dy, is determined at 36 m for frequency 1800
MHz.

The exponent n; generally should be about the free-space
value of 2.0 once antenna effects are removed. The parameter
n- we have found wvalue of 1.7 for propagation along the
corridor [9].

B. Diffraction path loss Ly,

In general. wave propagation guided by a corridor will
sometime provide an indirect path. which may be significantly
greater than the propagation loss from the strmght-hne path
between the transmitter and the receiver. Therefore. the
indirect paths are needed to be the dominant paths and
determined from diffraction from corners (including door and
window frames) in the building. The ditfraction path loss is
given by
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Lo = ~101og £(6,(dp )0 ,(d)

Mo At |

Where M is the number of the comers m the building data
base, the subscript m refer to m th corner, and &p(-) is the
dimensionless quantity 107, "

3. PREDICTION OF PROPAGATION PATH LOSS

For computation of path loss with ANFIS, the parameters
of the minimum loss dominant path in Section Il must be
determined. Because the dominant paths represent a group of
nearly similar rays between the transmitter and the receiver,
all relevant parameters of these rays governing propagation
should be considered in the description of the dominant path.
The parameters of the dominant path will be grouped into
fuzzy sets for the ANFIS inputs.

A. Parameters of the dominant parh

The prediction with accuracy results have been obtained with
the following parameters

1). Free space attenuation along the path L

L, = —27.56 + 20|og[L + 20Iog[-d—J
MHz m (3)

Where d 1s the distance of the dominant path

2) Wall loss Ly

L, = X WAF(p)/cos6p (6)
p=1

nMwo

Where WAF(p) is the value of the wall attenuation factor at
normal incidence and the 6, is the angle between the p rh wall
and the dominant path.

3). Angle loss at the corner to the transmitier Ly

L, = Ai 5 AT(m) (7)

Kk m=1

Where Ak, AT(m) is the normalized tactor and angle of
changing in the direction of the dominant path along the
corridor since corner diffraction relative to the transnutter. M
1s the number of comers mn the building database and m refer
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Fig. 1. Fuzzy sets of the input parameters
to the m th corner,

4). Angle loss ar the corner to the receiver L

L, - = §AR(m) (8)

A, m=1

Where Ak, AR(m) is the normalized factor and angle of
changing in the direction of the dominant path along the
corridor since corner diffraction relative to the receiver, M is
the number of corners in the building database and m refers to
the mth corner.

B. ANFIS architecture for the prediction
The fuzzy inference system under consideration has four
inputs and one output The inputs consist of four parameters
as considered in part A, each parameter 1s fuzzified in to
three fuzzy sets ( for a good model,[8]) namely, L = low, M =
medium and H = high, as shown in Fig. 1 We use the
generalized bell tunction for the membership function of the
fuzzy sets, which is given by
1
Ha(X) = ﬁ (9)
1+ ——t
a;
Where () is membership function e, b, ¢,) 1s the
parameter set.
The common rule set for first-order Sugeno fuzzy model
with four fuzzy if-then rules is the following

Rulew: 1t Lysis 4, and Ly 1s B, and Ly 1s C,and Ly is D,
[hEnf, = ,(),Lr_q ""q,Lu ‘H',L:r+ J:,L;g +f,.

Where 4, B, C,. and D, are fuzzy sets of Lys, Ly, Ly.and Ly
respectively. subscripti=1, 2, 3,.....n, n is the number of rules
and subscript j represent fuzzy set L, M, and H for j=1, 2. and
3 respectively. /; is the path loss output of the fuzzy rule /,

The corresponding equivalent ANFIS architecture 15 shown
i Fig. 2, where nodes of the same layer have similar
tunctions, as following. (we define the output of the j th node
in layeras Oy, )

1) ﬁ'{(l't’l‘ /
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Fig. 2. The equivalent ANFIS architecture

Every node i th this layer is an adaptive node with a node
function as follows

fori=1,2,3, or
fori=4,5,6,0r
fori=7,8,9, or
fori=10,11,12 (10

O = palLs),
Oy = HaralLy),
Oy, = neiafly),
01 = RoilLg)

The parameters in this layer are called as premise
paramelers.

2) laver 2
Every node in this layer is a fixed node labeled T1, whose
output is the product of all the incoming signal as follows

O, = wi =g (LshuglLy)nalLpppifle), i=1.2.3 (11)
Each node output represents the firing strength of the rule.

3) laver 3

Every node in this layer is a fixed node labeled N, The i th
node calculates the ratio of the i th rule’s firing strength to the
sum of all rule’s finng strengths as follows

w B 2
Oy =w; =———,i=1.2.3 (12
! Wy + W,

The output of this layer are called normalized firing strengths.

4) laver 4
Every node i in this layer is an adaptive node with a node
function

O., =W f =W (P Ly +q.Ly +rl, +5L,+t) (3

Where v, 1s a normalized tiring strength from layer 3 and |p,
g,. . s;1 1s the parameter set of this node. Parameters in this
layer are referred to as consequent parameters.

3) laver s
The single node in this later 1s a fixed node labeled X,
which computes the overall output as the summation of all

Signal Strength
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incoming signals as follows

s Tl (14)

C. Hvbrid learning algorithm

The ANFIS architecture consists of 5 layers. The
parameters in first layer are premise parameters and in layer 4
are consequent parameters [8]. When the values of the premise
parameters are fixed, the overall output can be expressed as a
linear combination of the consequent parameters, pi. qi, ri, si,
and ti. i=1. 2, 3,....n, n is the number of rules. From this
observation, we have three set of parameters, that are 1) Set of
the total parameters. 2) Set of premise (nonlinear) parameters,
and 3) Set of consequent (linear) parameters. In the forward
pass of the hybrid learning algorithm, node output go forward
until layer 4 and the consequent parameters are identified by
the least squares method. In the backward pass, the error
signals propagation backward and the premise parameters are
updated by gradient. The consequent parameters which are
optimal under the condition that the premise parameters are
fixed. At the result, the hybrid approach converges much
faster since it reduces the search space dimensions of the
original pure back propagation method.

4. TRAINING PATTERNS

A. Measurement procedure and locations

The equipment for propagation measurement consisted
ot a fixed transmitter and a narrow-band (20KHz) portable
receiver with a notebook computer. The fixed transmitter
consisted of a network analyzer (with 20 dBm power output)
and 7/4 ommdirectional (2.2 dBi gain) at a height 1.5 m. We
used a spectrum analyzer and /4 omnidirectional (2.2 dBi
gain) at a height 1.5 m for signal strength measurement.

To receive propagation data for training and prediction,
about 431 samples of the actual field at trequency 1800 MHz
were acquired on unitorm gnd (with a grid size of | m)ina
laboratory building area for the traiming data the checking
data. We removed the effects of fast fading at each sample
point by the mean value of at least 25 measurement in a 400
cm” area centered around the sample point

The laboratory building of Mahidol University was
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Fig 3. Curve plots of prediction versus measured signal
strength

completed in 1993 and consists of five floors and a dimension
of 50 x 50 m* . The construction of the building is of concrete
block. plaster board, and mirror walls, the floor to floor height
is 4 m a suspended ceiling containing air conditioning and
service ducts 2.5 m above the floor. The general environment
has fumiture primarily constructed from wood or metal in
office and laboratory spaces.

B Selection of training patterns

Since the statistical distribution of each input parameter of the
ANFIS combination of the different input parameters is
distributed in a homogeneous way. So the training sometime
can not convergence. To avoid this event. an algorithm for the
selection of representative training patterns has been used. The
method for classification is developed from K-means
algorithm.[10] in appendix.

5. PREDICTION RESULTS

In order to compare our method with the conventional
empirical model in (2), a set of 431 measurement points taken
in the laboratory building was divided into 101 training
patterns and 59 checking patterns. By inputting 101 training
patterns into the ANFIS network, the training mean-squared
error can be found as 0.008 after 5,000 epochs of training
while the original MLP training was not converged by the
same training patterns. Fig. 2 illustrates the membership
functions after training. It is interesting to observe that the
curve of the membership tunctions of Lgs are significantly
changed since the effect of the free space loss along the
corridor. It is fact that if the free space loss is low, the received
signal strength is high. But in case of diffraction at the comer
along the corridor, the received signal strength has been still
high although the free space loss is increased. Accordingly,
the membership after training was adjusted in order that the
tree space loss fall in fuzzy set L.

Next. we would like to verify the approximation capability
of the ANFIS-based propagation prediction model by a set of
39 checking patterns. A comparison of curves shown in Fig. 3.
The standard deviation in error for the ANFIS model (14) 1s
6.6 dB while that for the conventional model (2) 1s 12.1 dB.

It can be observed that the convention model (2)
predictions overestimate the actual signal strength by up to 40
dB as shown in Fig. 3. The reason the conventional model
performs poorly in this region s because the direct path



becomes blocked by the large attenuation of walls between the
transmitter and the receiver making the conventional model
prediction a small signal strength. The ANFIS model,
however. finds that the actual signal strength is high because
there is a diffracted path from the corners along the corridors

6. CONCLUSION

In this paper, we have provide a new model for propagation
prediction inside the building. It is based on the determination
of the defined dominant path between the transmitter and the
receiver. The parameters of these paths are then used as input
values for ANFIS ,which is trained with measured data. We
have also demonstrated that the model has improved accuracy
compare to the conventional model in a laberatory building.
This is achieved by a proper selection of the training patterns
of the ANFIS and a validation of the training progress.

Because of the very small computation time of this
approach nearly similar to the empirical models, it is suggests
that it is would be really suited for planning the base station
position within buildings [11]-[12].
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Appendix

Algorithms of group classification

1) Select m patterns from training set, use as the initial
centers for each group.

2) Distribute the sample ¥ among the m groups.

3) Find distance between pattern and mean of each group.

training patterns

m group classification

Group | Group 2 Group m

Figure Al. Diagram of the group classification

distance(x, g, ) = i: (x(i) - M (i)
i=1

Where x(-), M(-) and n are the value of pattern, the mean value
of the pattern in group. and the number of pattern in group
respectively

4) If min(distance(x, g, )) larger than threshold

value (here we used 0.06) then we created new group.

5) Therefore. the new cluster center are computed.
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Abstract— This paper proposes a method to predict line-of-sight
(LOS) path loss in buildings. We performed measurements in
two different type of buildings at a frequency of 1.8 GHz and
propose  upper-and-lower bounds path loss models which
depend on max and min values of sample path loss data. This
makes our models limit path loss within the boundary lines. The
models include time-variant effects such as people moving and
cars in parking areas with their influence on ‘wave propagation
that is very high. The results have shown that the proposed
models will be vseful for the system and cell design of indoor
wireless communication systems.

Index Terms—Indoor LOS path loss, upper and lower bounds,
time-variant effects

[.  INTRODUCTION

NDOOR wireless communication is widely used in different

type of buildings therefore it needs  suitable network
planning to provide the best service. This makes it necessary
to have a way to predict the propagation in indoor
environments in order to determine the best location of the
base stations to provide an efficient service. Another objective
in the network designs is the limiting of the received signal
level in order to comply with public health regulations.

For indoor communication system design, the line-
of-sight (LOS) path loss characteristics have to be clarified
because the transmitter is generally installed in section of a
corridor. Therefore, a path loss model for LOS is still needed.
Previously, there were three different approaches for the
prediction of the field strength, both LOS and non line-of-
sight (NLOS), inside buildings. On the one hand there are
empirical models, based on the regression of measurcment
data[1]-[2]. There are also deterministic models like ray
tracing[3]-[5]. On the other hand, there are semi-deterministic

0-7803-9433-X/05/520.00 ©2005 |[EEE.

models, based on the regression of measurement data and/or
some of the uniform theory of diffraction (UTD) [6]. These
models do not include time-variant effects such as people
moving, cars in parking arecas and door or window opening.
Their influence on wave propagation are very high, because
dimensions of windows, doors. people or cars are nearly
equal to dimensions of time-invariant walls and columns,
while in outdoor environments, time-variant eftects are often
negligible because tieir dimensions are very small compared
with dimensions of time-invariant buildings.

In deterministic models, it is not possible to include
these time-variant effects in the data base and scattering is
ignored. Although the authors [7] have shown the effect of the
human body in indoor environments, but they have not
considered the nature of people in the building nor shown the
building data base in details.

To solve this problem, we propose a new upper-and
lower-bound LOS model that takes into consideration the
time-variant effects, including breakpoint distance. The spread
of upper- and lower-bounds depend on max and min value of
a sample path loss data, therefore they provide accurate
prediction while they still maintained least square error.
Although upper-and lower-bound estimations have been
performed for outdoor communication in UHF band [8] and
microwave band [9]. they can not be applied for indoor
communication because of the different environment. We
found that the breakpomt distance depends on ceiling height
and is independent from cornidor width. Because there are
only three dominant reflections, one from the direct path, two
from the floor, and another from the ceiling, the reflections
from side walls within the studied buildings sulfer (rom
numerous losses due to penetration through glass, porous
materials, etc., before reflection.

APMC2005 Proceedings
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Figure 3 Shows path loss measurement and the proposed models
in other concrete building.

Lios = [27.5,2.5]+[28.5,6.5)log(d) ; ford> dy, (21)

From above results, the average path loss exponents nl and n2
were (15.4+12.3)/2 = 13.9 and ((35.5 - 7.1)+(28.5 - 6.5))2 =
25.2. Since the maximum fading depth indoor propagation
was about 30 dB, we modified the boundary indoor path loss

models as
14|ug"{i} for d < dyy (22)
"’bp
LLoSy = Lop + p
25logyy| — | Jor d > dp,
dpp
and
d
14log,, — Jor d < dpp (23)
dbp

Lrosi =pr+3{)+

bp
when Ly, is propagation loss at dy,. According to the three-ray
model in Fig.1, the received power Pr is

n
A
P. = P,(—A J sin? 2 (24)

2 2
Where Pt is the transmitted power, and A the phase difference
between the direct and reflected waves. A lower bound occurs
when A/2 = W2, By using dj,= 4(H-h:)ho/A  and above
equation, setting d = dj,, and sin® (A/2) =1, Ly, can be defined

as
A JJ (25)
|

2Sl0gm[~;;} Jor d > dpy

L,= ’20 Iogm{sn(H )k,

To validate the proposed model, we performed path loss
measurements for different locations at high traffic hours in
the buildings. Comparisons between proposed models and
measured path loss are shown in Figure 3. Estimated path loss
bounds are shown by the solid lines in the figure. The upper-
and lower-bound models agree with the measured data at the
other concrete building with ceiling height of 2.77 m.

V. CONCLUSION

New upper and lower bound models were proposed for
mobile communication in the business building. These models
were based on fuzzy linear regression of the measured data.
The path loss measurements were performed at a frequency of
1.8 GHz in LOS corridor of the buildings. We found that the
breakpoint characteristics influenced from ceiling height and
antenna height. These models agree with the measured data in
mobile communication band. The boundary model predicts
path loss accuracy within the boundary that will be useful for
the system and cell design of indoor wireless communication
systems in the realistic propagation environments including
for limiting of the received signal level in order to comply
with public health regulations.
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Figure 2 shows path loss measurement and the regression lines in
hwo buildings.

changed when cars move between the transmitter and the
receiver. The dot lines in the figures show the regression lines
before and after breakpoints.

The estimation for the path loss exponents » and
coefficients of determination R’ regressing by one straight line
are summarized in Table I, where subscript 1 and 2 denote the
case for before and after breakpoint distances respectively.

TABLE 1|
ESTIMATION OF PATH LOSS EXPONENT AND COEFFICIENTS OF
DETERMINATION

with time-variant
Building Type no time-variant effect effect
ny "> R, ! R"_\ "y n R:, R,
Concrete school
- First floor 131171068072 1221|067 | 037
- Second floor 1.6 | 2.6 | 0.69 | 0.83 - - - -
Future Park 1.0 1 1.7 1052 07 14|21 | 040 | 0.58

IV. NEW UPPER AND LOWER BOUND MODELS
Upper-and lower-bound evaluations for linear regression
analysis have been done using fuzzy liner regression model
(FLR model)'". We applied those evaluations to the mobile
propagation path loss characteristics. The general regression
model is written in the form

Y = ZA (4)
where:

WZ)=8+d3z,+..442, i=1,2,...n (5)
The FLR model in (5) is represented using symmetric
triangular fuzzy parameters 4, - [a,.a,] as shown in [11] by:

yi(z) =& a,1+8,,3,1z,+...#[8,, 3,12, (6)

vdz)=a,+8.2,+...4+8,2; 0

Vi{Z)=a +a .z +..+a.Z (8)
where: y. a. are center parameters of fuzzy numbers at
membership function L = 1, y,,a, are spreads of fuzzy numbers,
geometrically the spread is a half of the base of the triangular.
The parameters 3, of the vector A of the FLR model are
determined by a solution of a linear programming, LP problem
which is to minimize the sum of spreads y,(z;) of elements of
vector y Therefore the following LP problem is formulated.

C = Y, (2) + Yo (2) + ot (2,)—— Minimum  (9)
vy, eY(z,) =120 (10)
a, =20, 1=0,1,2,....k (11)
from (6) - (8), the LP problem (9) - (11) can be written as
follows:

n
3 (0, +a,
i=1

k k
e +Z(§rag) —dy — Z(ajr
7= J=

Subject to

2|+t 8|2, | ) —— Minimum  (12)

z) <y, i=12..0 (13)

& k
G+ (@)t a +D (3l 2y, i =120 (1D)
7 A

The parameters a; = [a;. a;] of vector A are determined as
the optimal solution of the LP problem (12) — (14). The FLR
models for propagation path loss are presented in form

Ligs = [3oc180,1+ 8y, 8, ]l00(d) (15)
Where upper bound can be written as

‘,'LOS,U = [alk + aOr] + [alc & alr]]og(d) (;6)
and lower bound can be written as
Lios, = [0 —3o,]1+[ay —a,,]log(d) (17)

and d = distance between transmitter and receiver. The LP
problem corresponding to the given data was formulated from
(15) = (17). By solving this LP problem, the following FLR
models are obtained:
A. Concrete school building

Lios = [49.6,11.5]+[15.4,0]log(d) . for d < dy, (18)

Lips = [10.8,01+[35.5,7. 1]log(d) . ford > dy, (19)

B. Future park building

Lios = [44.5,10.81+[12.3.0]log(d) ; ford < dy, (20)



II. MEASUREMENT PROCEDURE AND LOCATION

A Measurement Procedure

The equipment for propagation measurement consisted of
a fixed transmitter and a narrow- band (20KHz) portable
spectrum interfaced with a microcomputer at a frequency of
1.8 GHz. The fixed transmitter consisted of  a network
analyzer (with 18 dBm power output) and A4 omni-
directional antenna with 10x10 cm’ ground plane (2.2 dBi
gain). We also used the same type antenna for signal strength
measurement via a recorder.

To receive propagation data for modeling, the samples of
the actual field at a frequency of 1800 MHz in the building
were acquired by moving the mobile unit along LOS
corridors in the building areas. Since the standing waves
repeat every 0.5, we took the sample data every distance of
0.25X\. The velocity of the mobile is about 8.3 cm/s, then the
effective sampling rate is about 2 samples/s at the frequency
of 1.8 GHz.

To characterize the time-variant objects along the LOS
way, we selected days and times with high traffic in the
buildings for recording. That is at midday for a school
building and a Saturday aftenoon for a Future park building.

B Measurement Location

The stationary transmitter was placed at the end of a
corridor  of the building to determine the effects of wave
propagation. For measurement locations, the mobile receiver
thoroughly moved the building at transmitter-receiver (T-R)
separations in LOS corridors. For modeling, two different
buildings were considered as follows:

1) Concrete school building

The concrete building of the Faculty of Engineering,
Mahidol University was completed in 1993. It consists of five
floors with dimensions of 100 x 270 m". The construction of
the building is of concrete block, plaster board, and mirror
walls, the floor to ceiling height is 3.5 m with a light
plasterboard suspended ceiling containing air conditioning and
service ducts 2.6 m above the floor. The material of walls in
corridor are 60% of glass and 40% of concrete block. The
building capacity is an average 490 people per floor.

2) The Future car park building
The parking building of Future park center was completed
in 1990. It consists of eight floors with dimensions of 130 x
270 m* . The construction of the car park building is of
concrete column and flat ceiling, the floor to ceiling height is
2.25 m. The ceilings are mostly hard concrete. The building
capacity 1s about 300 cars per floor.

I1l.  SINGLE REGRESSION LINE MODELS
The mean LOS path loss is a function of distance to the n

power as

115

Ceiling ~

ha2

DN

Distance : d

Figure. | Three-ray model

a) (H
Lios = L(d,) +10 IOgm(F‘]

[+
where L. 1s the path loss at distance d from the transmitter
and L(d,) 1s the path loss at the reference distance, d,, from the
transmitter. Because of first Fresnel zone region, propagation
loss as a function of distance has two distinct regions as follow

"
Lj,p']-v-lﬂlogw[%l . Jord sdpy, (2)
Plpp(d) = P

d

1,
Lpp2 + ]Oioglo{ } . Jord>dpp

dhp

Where dy, is the distance of the breakpoint from the
transmitter, Ly and L » are path loss at breakpoint distance
on either side of the breakpoint, and 7, and n- are the path-
loss exponents on either side of the breakpoint.

The breakpoint distance dj, can be calculated by using
the diameter of the first Fresnel zone, a distance ¢ from the
transmitter in a corridor, is approximately given by Z;
= Jid [6]. However, for the large corridor which has a
width much more than ceiling height or where the reflections
from side walls suffer from numerous losses due to
penetration through glass, porous materials, etc., before
reflection, we found that the first Fresnel zone effect then
depended on only reflecting from ceiling and floor and was
calculated by using a three-ray model [10] in Fig. | from

dﬁp,: 4(H—h:)h2/’l (3)

Where H and h; are the ceiling height and receiving antenna
height respectively. The path loss-distance characteristics of
the concrete school building are shown in Figure 2 a). We
found that there are a lot of fast fading and path loss
exponents changed when people move between the
transmitter and the receiver. It i1s observed that the
disconnected scatter plots are caused by two sub-building

Figure 2 b) shows scatter plot and regression line of
path loss-distance characteristics in the Future Park building.
We also found that there are a lot of fast fading and path loss
exponent
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R 3% Regression(Semi-log plot)-----------

-----------Standard Error for Linear Regression(Semi-log plot)-----------

Stand Error 1s 2.603611
-=---------Standard Error for Linear Regression-----------

Optimization terminated successfully.
-——--——-—-Fuzzy Regression(Semi-log plot)-----------

------—--—-Fuzzy Regression-----------

-—--—------Linear Regression-----------
>>

slope is 8.596915
yintersect is 37.922627

a0 1s 40.152785

c01is 1.346323
al is 18.416049

cl1s 1.335010
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a0 1s 44.930356
cO1is 11.331317
al is 18.838827
cl 1s 0.000000

a0 1s 23.015103
c0is 5.651162
al 15 26.294030
¢l is 0.000000

Fuzzy Regression model(Semi-Log)
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