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Abstract 

Water level monitoring system using intelligent sensor based on Interdigital 

! 

capacitive electrode contained level sensor from printed circuit board (PCB) which was simple 

and inexpensive. It worked with intelligent water level processing which always adjusted water 

level calculation correctly and transmitted water level data through wireless sensor networks. The 

main objective of this research was to develop a system prototype for water level monitoring in 

agriculture or flood warning. The system was convenient for using and measures water levels in 

wide areas for replace imported water level system which was expensive. The water level sensor 

fabricated from a printed circuit board. The copper traces of a printed circuit board as periodic 

fingers and capacitance between parallel fingers varied according to the water level. The change 

of capacitance can be measured and converted to a water level by a microcontroller. The output 

signal of a water level from a microcontroller transmitted to a base station or other devices are 

compatible with the RS-232 standard through wireless sensor networks. The experimental results 

show that the water level sensor has linear relation with R
2 

= 0.9992 and maximum error is 2.3 

%FSO and this sensor need low energy 3.35 mW. The simulation results show that the copper 

traces of the sensor limited vertical electric field in the 2.5-3.0 mm. Moreover, the study shows 

that when connecting batteries in serial in the system. The excessive supply voltage can produce 

power loss in the device more than in necessary. In the experimental results, the lifetime of 

battery has been deducted by 13-60%. 
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' 0 QJ .c::t .Q.QJ 

' <=! 

1J'YI'YI 1 

1.1 fl1l'IHJ1fltl.l!!tl~'YI'J.Jl'Utl'lfll~1il~ 
u 

~dtnhj 1'\l f<Jti~ilrncti'ti T1~1~ ilu 'Uti 'I~ '111:1 1~ n ~ 1'11 u 1CJ'il ~'V'l1J i1 1 ~ mYTU 1 '11 qj~~ 'U 

ti-;r)~~ f<Jti ~ tJ t!fllJ 1bh'l1'f1J 1 ~1 'Ufll'fl'e,]~ -al'Y! m 1:1-H~'U '11 ~ fl ~'lf'U ti--.r)~u 1J1J Hydrostatic level 

QJQ.I QJ ~ 

measurement '1111~!!1J1J Ultrasonic level measurement '111!!1J1J Radar level measurement '111tl 

" tiT)~!!1J1J Capacitance level measurement il'lfll'V'l1h~fltl1J 1-1 tiT)~mriTWT;Jfltltlfl!!1J1JlJ11~n 
" ' ~ b1'GCJ1 m'V'lm1 ~1'11'U u~~n fl111Jul.Ju ih 1 u nn .:r~bY '~ u t~nu1nil ir-:Jnmu bYlJ'l'J~vhfl''l:J~ 1'~"1 ~vt tJ 

~ . 

11m CJ'lJ'U ~ 'Vl'U ~ t!fl11 n~ ni t!'U 'll -eN bYn ~fl n nfl 111JD ~ t~~il CJ~t!tll'Y! n iJ t!'l nu fl n 1 ~~ tl~ 'Y!jt! 

b1'11J 11tl ~~(Jfl~~CJ~1 ~ 11 i1'11 ~ilu'UtJ'I~ 11 ~1nuvlt1'11J'U ~1 1~ ~'~~11 ~ rr 11~1 ~i!1J'Utl'l~'l1 ~1~1 ~1 u 

tJ~m'l1m11Jn11fllb1' '~~11J 1 JJ~1CJ . ~ 

'j} I I 3) 

1 u m1~11u1'~1 ;;:;ilmhVi~~u m11 ~'~1'U l1'1 1 JJ t'liu m11'~1 ;;:;ilu,_'h 1 u 'l'iu ~ Telt~'l . 
' " " rl'111'fm1'Ul~CJ~1'U'lJ'~fl'1b1'~{il-:Jfll'V'lD1 ;;:;nmJ 1-2 vh~u fll) 1 ~'11'U 1 'W'lf1'1! TC11ir''U "1 !!~~n) ~ilm.J 1 

" " ' 
h!mmn '11jt~m11~1~ilut'hrl'1'11'fu1~1J1Jt~t~uilCJ'l-hvh:uil-:Jm'V'lD1 ~nt~u 1-3 Viti 11~n lumbY 

<u 

' " " 
1 ~'~1u 11Jnf1-f '~~t~Tiu~l'lt~'~m1 m1'lh 1 '1-f n11 1 t~ ~~ bY:u t~ 11 j t~m 1 11'1 1 ~ 1'1 m.J 11 u u JJ ~ 'lm'l:J ~ 111 j mit~ 

• <u 

'j) 3J I I 'j) 

t'V'l1~t~CJ'I irwh.J 1 Vi 1JJI'l tJ'I m1 f1 1l:uul.Ju ~11 u m11'1'1Vi 'Q 'llJlfl u~l'l D'lfl11 11'11 ~ ilm.J 111 mtJ"] ~ 1'1 
• 1 'j) • ' 

tVlD 1 ~m au f'l~lJ llT~'UVlfl11~ 1tfl'l:l~1 u1nl'l 1D~l'IVlflri 111Jl'il~ ~~ u 1~il 111m 1 l'l-11'11 11'~1 ~ilu . 
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" fll'WU'J~fHJ'lJ 1-2 fll'J 1 '*ri'J'~\Pl'J~\Plut-11 hni'W ~1rHJ~rl1'Vl~'lJHWl~tl~l'W'lH1fl'1b1'\9l{ [2] 
q 

! 

" " " fll'WU"J:;;mJu 1-3 m"J1'*r1--:r'J~'J~\Plut-11 ~1P11'1~1'Wml1u11Pl'J~\Plut-11vi'nJu'Wti'W'W [3] 

'il1fWIU! bY:lJ'U~~'Vl i:nfl'Vli:nti'1Jel~ri1-'J~'J~\Pl'U'\J'u~\ mn 1 'W tl\9lb1'1'Vl m 'J :JJ Vl111i'ri 1-'J~ 
q q 

" ' ' 
iJ"J 1f11b1' ~ 11!! 'Vl:JJ 1~ bY:JJfl'Ufll'J l-11m191 'J 1'il1~'J ~\Plul-11'Vl! ~'W fll'J 1 '*~ 1'W l1'11 tl 

'" 

l I :1) I I ')} 

i1e:Jb1'1'J 1 f mv'Vl~WJ'W 1~'W!tl~ ~~f) 11i'!~'W afl'Vl1~!i'i tlfl'VIU ~ 1 'W fll'J l-1111 TJ\91 'J:;; \Plut-111 tl1 '* ~1'W'Vl ~f) 
' " 

t-111 u~WJ'Wlt1i'~tl~~'W ~f) 1 tl 



j ! 

, 

3 

d ~ v 
1.2 'fi'U 't11'U 'J'j'at'IAfl'j'UJ'tU flti1'U8.:J 

1 'U f11'J'Yl1J'Yl1'U 1J'Ylf111:J.Ji>U'v~r·h'W m !¢11 li'f111~.JbYlflty! tJ~r·W'll'U i.Uv~t~tt1'li'u'l 

tl1J'J~1J1J'H~m111~"J~~1J'Uf.l'l!'rnn ~iJ1m 'l~~Nnl:l~'H~flm"J'I-11-:Jl'W~ !l-ii1J~f.l'U !~f.l 1 11' mm"Jtl 

...\ 
1.2.1 1J'Ylf111:JJ'Uf.l'l Stanley E. (2007) !'JfJ'l A wireless fluid-level measurement 

technique, Sensors and Actuators [4] !¢l'tll!~'UfJM11~'J~~1J'UfJ'l!'Hl:l1~iJ'H~flflll'i'11'll'U!!1J1Jfh 

f111:JJ ~ !vHh (capacitance) iJ'J~flfJ1J¢11Vri1'WB!~fl1191'J~~'l'i'11'HU1~!~litJ'U l'l1!01JiJ'J~ ~~!iJ~tJ'U 
'JI I f I 'JI 'JI 

rilf111:JJ'i1! vHh1911:JJ'J~~1J'll1 Hl:l~ri1'W 'Vit rl'W 1'11milv1'll1 ~'llf'l ~B'l ri1'W ill9iB'Il'W l'W tl'U 1~v !J-iiJ • 

Inductor----...... 

Positive electroplate -
Dielectric medium, 

E (Electric field) 

Negative electroplate 

Dielectric medium, 

-ldl--
fl1'\Ail1'j~fltl1J 1-4 M11~'J~~1J'IJD'l!'Hl:l1~Ul!~'Utl 1~v Stanley E. [4] 

'J) I I I I 

1'W f11'j ~l'Wril'j ~~1JU l'il~l'i'D-:JiJ\91 1f 1J-ri 'lfl ~'Ul'Ylti!WflDDfl:JJl~fl'lf~'H if 'l 'I-11'HU 1Vlri 'lfl11:JJ ~l'VW . . . 
tlDflliJ !!~11~fn1:JJ~l'Vltl~!!'IAI'im~'i11tlfl~1JDDfl:JJ1 fl~1tltl1J'J:;;1J1J RFID 11'1Vf111:JJ~~U'\AI'iml1J . 

'J) I 'J) I 

DDfl:JJl'il~u iJ"J v.m H'W nu"J~~uu 1 'li'mY'l!fll?lVll#l 'i11fl'l1'W i.Uvil ¥1 D '11 111'1 'J ~l'lu 'IJD'lm rn\1 iJml' flf11'J 

...\ 
1.2.2 1J'Ylfl11:JJ'IJD'l Kevin Sze (2008) t'JD'l Remote flood monitoring system 

" 
based on plastic optical fibres and wireless motes [5] U1W'UDl~1J1Jt~119l'J1'i111'l'J:;;~uuTVh:JJ 11'lv 

" 
1 oit 111 1 ~'~ 'j ~ 1'111 u 1 ! ~ u 1J 1 v 1 ~ n 1 u 1 ~ 1 ~ 'l '1-11 'l1 'U .;; 1 :JJ nu 'j :;; 1J u ~ fl ~ D '~~ 1 v ~ Clf 'U 1 Clf tJ 11 ~ ~ 1 v ~ 'l 

" . 
m'\AitJ 'J ~ flB1J 1-5 'i1 1'1!191 'W 'IJ B'l1J'Yl fl11:JJ {l ¥1B 1) m"J u 1t ~'U BM Tl\91 'J tJ l!U u 1 m.J q1 'l1 oi$11 ~ n m 'J '11 nm . ~ . " . 
'IJD'l!!~'lVlUI?lnl9i1-:Jtl'U'J~W:l1-:JU1tW:;;mmfl' 2) 1~1'1V11oif't11Bl~n1ml'lrnl#l~1V Ul:l~iJ1m'l~~1'l . 
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"bJiu~t~'W 3) D!~fl1\91'jl91b1'1m'j m1l1911l191m'jV\l~l'W 1~t~~l~'j 1~u~ 1 ~~'lf1vih~'l1 eJ191'VHl~~lwrlt~ 

191't~~vh~l'W'iTJJtltJ1mJ191'11r:ltJ (sleep mode) 

,j 
1.2.3 ti'Vl'fl111l'Utl~ Georgi Nikolov (2008) !'jtJ~ Virtual techniques for liquid 

level monitoring using differential pressure sensors [6] Ul!1:'1''WtltllHhth1'191'j~\Olu'UtJ~mm 1191V 

fll'j ih~ vnv11 ~·}h1191m ~\Olu ~~ 1191u 'j ~\OlurtJ1 VtJ!ViVtJ'j~'\1-:h~u 'j ~191 u 'illtl'fl11:Utll91tlltllfl' U'j ~\Olu . 

'11 r:lflfll'j Vll~l'W fttl U 'j ~\Ol'W tlltllfl'l 'Wll tl'il~U ih ir'W \91'j ~tltJ'j ~\OltJ'U tl~!'\1 i'l1W~l~U 'j ~\Ol'W 'illtl'fl11:Utll91 

tlltllfl' 1191VlJfll'jll91t!W '11 f1lJUi'l~~l'fl1l:U'11'W lU U 'W 'Utl~mm ('ill flU 'j ~\Ol'W ~'j ~\OltJ'Utl~!'Mi'!TeJ'l~D~) . " 
!vit~u lJJl'lf191! 'lf(J~l'fl 11:U~191'\Ali'!ll91 (compensation) ~!fll91 'illtl'fl11:U'I1'W l'Utl~! '11 m!iJ~ V'WUiJi'!~\91llJ 

' ' " 
t~w '11 f1lJ i1 ~Viu 11:'1'u 1 'il rll'\1~ u~lu1;ijvi'1ft't~ mm'j !:lu 1'1111'\91u HIOlu mmfl'miJ'j ~vnv11 ~~1u ~~ . " . 

" 
!i'IV 1191v 1lJ~t~~-n~ l~rhu 'Ut~~'I111\91~'W m 1 mJ !!i'!~b1'1m'j !:l~t~ 1 ~~lw1u1:u 1 m'flt~'W 1 'VJ'j mi'lt~{1~ 
1 ' a' , I "' 0 ;::li """" 
~\91V\91HNl'W'Wm\91!!1Ji'!~brtyqj1Wti'Wli'ltltl!1J'W\91'il\9ltli'! (Analog to Digital) 
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d. 
1.2.4 1J'VI'fl1ll.J'UfJ~ Guilin Zheng (2007) !~fJ~ Fast Dynamic Liquid Level 

o Q.l Q.l j) Q.l I 

Sensor Based on Liquid Resistance [7] 'Wl!ri''WfJt11~1\91~~\911J'UfJ~!lH11\911(J'!Hltlt11~'fll'fl1ll.J 

j) ~ '3) ~cl cl Q.l 0 ~ .d I Q.l 

\91l'W'VIl'W JJ 1'fl~ ~rl'~l~'llfJ~fJ!rlfl1191~\9l!U'W\911'Wlrl'fJ~'lf'W 'VIfJCJ 1 unl'VIHm~1JfJfl\9l~fll'W'I.h~nfJ1J 1-7 
'" '" 

!rlfJu~u 1'11il1u n~JJ r~ ~ 1 'll1 u 'llfJ ~m r11 'il ~ Yil111'fil'fi11JJ~ l'W 'VIl'W 1 vHh 'll~CJ'W u 'll r~ ~ \911JJ ~ ~~ 1J 
'" q 

I I I 3) 

'UfJ~! M r~1'Yibt'JJ N'rr iY ~'Vit-hrru 1 'il'll fJ~rhl'191i'HifJ ~!~n1191~ 191JJ 1m ~rr~ 1~ !:Ucif1J~fJ'W ur~~iJI'11mh~ 

1~'il~ m~~fJ 1 ~~l'W i1J.Jn1J LJJ 1m 'flfJ'W 1 'VI'~ rl!rlfJ{ 

1.2.5 1J'VI'fl1ll.J'1Hl~ A. Thomsen (2000) !~fJ~ Application of TDR to water level 

measurement [8] 

1 9~ o<V "''l~::ll I 1~"' _I reflectometry (TDR) \91CJ ~'l5rl1\9l'Wlrl'tlJtlJ1Wl.Jl\91\91 ~'H!u'Wri'1'W m\9l~fll'Wu~~flfJ1J 1-8 

" . 
fll'WD~~flfJ1J 1-8 ri1l\91~~~1Jillllill!ri''WfJ 1191CJ A. Thomsen [8] 

" . . 
fll~ell'WfllJ"~~1Jil1Yi1 t#i'1191CJ 1 ~!'fl~fJWIJ" 1'\l'H l'\l\9l'Ul\9l'UfJ~r!'ltJillbYUJUJ1WV11' fJ Tektronix -;i 'W 1502 

q u u q 

1 I 3) I 

Yi l'H 1! 1l1 rr~ 1~ bt'ww1w ~ r~GJici ~ fJfJ n 1 'll ~1u 'Vll~ r111911'11il1l1 mil u m mfl'u n~ il1 Utl1l\91 J" ~ CJ~n nlll 
u u '" 

bt'ww1w ri'~YJfJ'W m11Jm 119ltJfJlfttJMr:1nnn ~'fi11JJ! ~ 11 u mJ" !~'W 'Vll~'llfJ~bttutulwr,hu r111911'11il1~ 
u u u u 

'j) I I 'J) 

fJ~1 'Will ~lfl ilbYUIUilW ll!~ 'W 'Vll~ Nl'W r111911'11illll f) ~1 'W f)lfllfl' Yi 1111' fi l~J.Jfl !!\9l'W qf'IJfJ~ll ~£1'()~ 
'U u u <u 

" '\l\9l!~'W'UfJ~ri1l'191iJfifJ iJ1 m ~rl'~l~'UfJ~~!~n1ml91 !:Ucir1J~fJ'W 
q 



, 
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1.2.6 1J'Vlf111ll'IHJ'l A. Cataldo (2008) !~tl'l An evaluation of performance limits 

in continuous TDR monitoring of permittivity and levels of liquid materials [9] U1!'ff'Wtlf111'ff~1'l 

MT1'1P11~'P1u'tltl'l!'Yl~1~ihn1mnn11'11'WU1J1J Time domain reflectometry (TDR) ~'lii1m'l'ff~1'l 
" 

U 1J1J'V11 'lm ~Utlflfl ~1f.J'ff1!JU1~tjjtjj1UH! UU 1 f1Utlfl!;!J~'f1'lfl1'Vl1h~fltl1J 1-9 f111~1'W fi 11 ~'f1uu1 

'il~l'*'H~flf111!~f.J1tl1J1J'Vlfl11ll'\Jtl'l A. Thomsen U~U\9lfl~1'ltl'W~ A. Cataldo 1'*fltlll~1!19ltl{ 
. " 

1tm1~M~tutu1WU'Vl'W!fi~V'l:iJt~11Pl TDR ff1!~'il11l 'il\Pl!~'W'tlt!'IM1l1Pli1~v1fiH'ff~1'l'tlt!'l~!~fl11911\Pl 
u u qJ q 

iifi11:JJU~'IUH mm~ff111i'um11'1P11~'f1u'tlt~'lm~1~iim1 1 11~ t'lf'W f111l\Pl1~'P1u'tlt~'lmm l m1v 

opcn.cin:uiled 
probe. end 

I IIIII~ 

dt 
1.2.7 1J'Vlf111ll'\Jtl'l Hiiseyin Canbolat (2009) !Hl'l Novel Level Measurement 

Technique Using Three Capacitive Sensors for Liquids [10] U1!'ff'Wtl',fUU1J1JM1l\Pl1~'P1u'tltl'l!11~1 

uuufi1fi11:JJ 'iltvlvh 1~P~!Jl '*~~~n11911 IPI~ii 1m 'l'ff~ l'lu uuu~m1'1u1 11'1'\J'W l'W n'W ~l'W 1'W 3 'lfiPI . . 
1h~fltlU~'J!J 1) Air Sensor ff111i'ul'*11Plfi111Pl~!~fll911fl'tltl'ltllf11ft' 2) Reference Sensor rlmi'u 

l'*11Plfi111Pl~!~fll911fl'tltl'l!11~1 !W~ 3) Level Sensor ff111i'ul'*11Pl1~'P1u'tltl'l!'Yl~1'P1'lm'Vl1h~fltl1J 
. " . 

1-10 'il\Pl!~'Wlhil'ff'W l 'ilff111i'UU'Vlfl11lli1~fl fl11U'ff\Pl'l l 1i'!~'W~'IH~m~'V11J'il1flf11) !1l~!J'WU1l~'lf'i1 . . . " 
11Pl~!~fll911 fl'tleJ'lmmft'u~~'\JV'l m ~ 1111' t~'l'illfl N'W ~~VV'l'H~viY 'l!~t~ll'W l 'W 111 .Yh l 11' m1 11Pl 1 ~'P1u . 

'f1'1nri11 ~1!Jf111 !~ll~!~fl119111Plrl111i'U11Plfi1 11Pl~!~fl\9l~fl'tlt!'l!'Yl~1U~~mmft' 11Plm'N'Vl1~ l!~1~'1U1 

f'i1 1 \PI ~~~fl\91 ~ fl~ 1~til'lf1Pl! 'lWf'i1fl11ll ~\Pl'Vlnl\Pl 
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rii*"1 I 
~·i 

.-
Air .sensor 

Levd St.-n~mr 

I 
L 

/ 1 

I 
I L, 

I 
I 

L, . 

I I . I 
d l~ctcnmco 

Senwt' ~ 111¥ J '---

. .d 
1.2.8 1J'Vl'fl11:JJ'Ut:J.;J Armand Crab1t (2011) l1t:J.;J Soft Water Level Sensors for 

Characterizing the Hydrological Behaviour of Agricultural Catchments [11] t.Jmn.Jmhli'I1~1'11J 

Jl~ih1~tltl11lll.;Jl'l.Hl'l.J'l.Jrll'fl11:JJ'il hHh ~.;JU1'flH'ff-fN'lJt:J.;J~ll~fl119111'11'1-;Ji11'V·nh~nt:Ju 1-11 . 
~ . 

'ill'll~'W'lJt:J.;JM1ll'liJ ftt:J ri1'W~l~fl1\9111'1t1tl'l.J11'ilt:J~'lmrit:J PTFE 9'f.;Jl~'W'R'W1'Wt'Vh1hu~~iJt:J.;Jtl'Wtl11 
q qj q <:u 

~ 

nl'lnit:J'W 1f1~ ~,;Jtll'il~iJmvm1 'l ~.;)l'Wm1'W l'W ~nt1-;JM' 11'1'1 'l t1'fil'fl11:JJ'il 1 YlihB~'l'W'lf1.;)'W11 'Wlfll 
• • q) 

fl'l (nF) ~.;J~li'J~t:JtlUll'lfll'fl11:JJ'il tlflvhfl11'J'YI~tltl11 RC Time Constant ~.;J'ffl:JJ11tl 'l~ • 
t:JJ 1m'flt:J'W 1'V11m~t:J{~u1~1'J~nmmvth~'il~bl:JJV1''Wnnufil'fl11:JJ'il tlflV11 tfl . . 

l· b>J1ter; 
+ mf'mOI)' 

Copperwrr>:: 
lpl,:.tc::) 

slo~s 

~ . 

Cw~tit<.lm.cto 
flt.'<4<1t.'I10:.:Y <.Oil'it_'f\<:t 

mvnh~fleJ'l.J 1-11 M1l\911~1'11JtJl'VitJ1W'Wtl 11'11'J Am1and Crabit [11] 
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1.2.9 1J'Vlf1111J'lW~ J. Kim (2011) !~B~ Embedded implementation of image-

" 
based water-level measurement system [12] ~h!bY'WB'j"~1J1J1~'j"~~1JlJ1~1CJ'I1~f1f11'j"i.J'j"~lJ1'f!J:-H'l 

" ' " m'Ylcilm!~'Wthv1~'j"~~1JtJllll~'illnmi'B~1~'iJ'j"tl~~~m'Yli.J'j"~f1B1J 1-12 'il~!~'W'llB~~l'W1~vi'HiB • 
" ' ' 

b1"11Jl'j"t1 '[ .if~l'W 'i11Jtl1Jbl"t11tJ1~'j"~~1JtJlll~B~!!tl1 1~CJ t:J~B~~~lli.J'fl~f,Ji.Jf1'j" w'l~'l!VllJ!~lJ !!'ft~ 
' " !~'W f11'j" 1~l1t:J~'W min1J'If'W~'lJB~!'I1'ft1 

'" 

" " m'Yli.J'j"~f1B1J 1-12 f11'j"1~'j"~~1JtJ1~1CJ'I1~f1f11'j"i.J'j"~1J1'f!J:-l'ftm'YlcilCJ!!~'Wthv1~'j"~~1JtJ1 

~tJl!bl"'WB 1~CJ J. Kim [12] 

,.\ 
1.2.10 1J'Vlf1111J'lJB~ Ferran Reverter (2007) !'j"fl~ Liquid-level measurement 

" ' 
system based on a remote grounded capacitive sensor [13] tJl!bl"'WBM11'~'j"~~1JtJlll~'l1~f1f11'j" 

' " 
lll~l'W!!1J1Jfllf1111J'illvHh ~1f1Hb1"1'1~~~m'Yli.J'j"~f1B1J 1-13 'il~!~'WllfflflUJ'lJB~ri11~iJ;jB 'il:i.:~ 

• • u 

WJllJ~ l'Vh~l'lJB~I'l1!~'Wi.J'j":i.:~ (capacitor) fllfl~~fll'VId~nB'W (Cref) '111f1fl1~1~ l~l:J\9l'j" ~tl1Jfll'UB~ 
" ' 1'111~1Ji.J 'j" ~ 'il 11 bY~~ i11~ 'il 'j" 1~~ f1111J ~~Vl 'ftl~ 'ill n'!! 'W tJlN'ftl9il ~'j" :i.: '11 i1~ fi 1 'ilj ~ n1Jfi1l11'~ ~~~ tJ . 

Buffer - Active shielding 

J.1C 
Insulat<d el<ctrpde ,_ 

Relaxation 
Cv~T · oscillator 

Metallic container 
l .. ------··-·----··--- -·-
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1.2.11 ff'VlTilT\911'\Jtl'l Klaas Spaargaren (1985) W'IJ~ US 4553434 ~tl 

~'lth~~Eli Capacitive Level Gauge [14] umY'Ut~1t-;r)\911~19lu'IJB'I!'Hi:l1~'1JJtl~flf111YhHWU'JJU 
I lL.I-~ 1 I "' ~ 1 0 1 .J lJ] 31 ?I I "' 

m fl 11 :IJ ~ !1"1 rn \91 tH1'1 'U tl W fl \911\91 'I'll :IJ11llfl i:l '11 ~ CJf 'I\] fl! 111 ~ ~ !1! 1J 'U 'ff1'U "] (section) \91 'I 

_I '13111 ~I& o 9Jd~t~d1.::::!' .Jd ' 
f11Vl1J1~fltl1J 1-14a U i:l~ 'lH!H'U i:ltl ~ u\91 'VlU 'I'll '11 'U 1'1'1! 1J 'U tl!t'l fl \911\91 tlfl'ff1'U '11 Wl :IJ1 ~tl~tll'l 

1~Mll'ltl'U 5 fi-n~!:IJ\911 IPl'lm'WiJ1~nt~u l-14b 

8 

2 
9 

0 Q.l Q.l Q.l cl .:::::! r;v 0 I 

Capacitive Fluid Level Sensor [15] 'Ul!'ff'Utl'I111\911~\911J'Utl'I!'Hi:l1CJf'I:IJtli:lflf111'Vl1'11'UU1J1Jfllfi11:1J 

" 
11, vl~lH'ff:IJtlU 1 ~uu i:lfli:l Btl n ri1'U a!~ n11911\91 Yil :IJ1111flfl11.W'U -n 1\91'1'1 tl'l!!\91 'ltl11JU ltll 'l rr! ~ 'U 

q ~ 

' ' " t=:1 9J 9J 9J ' w ,..I ..-=::! Q.l o ~ ~ Q.J ~ & 

m-nm u-n1M:IJ\911tJfli:lt~'l\9l'lfl1'Wu1~flt~U 1-15 :1Jtli:lflfl11'Vll'll'Uflt~ !:1Jm~\91U'IJB'I!'I1-n1!VI:IJ'IJ'U -nn 
q ~ 

ntltl~ t~~l'l'l'U a1 'I'll~ !fl ~ tl'U \91l:IJ 1~1Pl'U'U tl'.l!'Hi:l1 ~'.I nflntltl'll~! fl~ tl'U ~ L iJu 'Vl 'U tllfllfi~ tl~flltl 'l 'U 
~ ~ ~ 

I I 'jl 'jl 

!n~t~1'1J\91m\91 Yi1 'l trfilrt1l:IJ'll 1 vl~TVi 11'1'rw:IJ~'U\911m ~~Plu'Ue:J'.lnn-ne:Jt~ u~iY'VlnlT\911 il hi!l'l'u l!'ff'Ue:J 
q ~ 
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1.2.13 il'YlTilJ\91)'1Jtl-:.l Andrew M. Matu1ak 
d A 

(2000) W'IJ'Yl US 6164132 'lftl 

~-:.J'lh~~fli Capacitive Liquid Level Indicator [16] tJl!bfWtJM':r)\91)~\PltJ'IJtl-:.I!'IHlTViihnl'mn:i 

YJl-:.ll'W!!tltl~lfl':ll:JJ~t'VlVh 1V1viH)t~f111911\91YJl:JJl'illf1!!~'W1-:.J'iJ')Vl:!Jl{ (print circuit board : PCB) 

!!b'l ~JJ'J-:.1 'iJ ') l\91 ~lfl 11:JJ 'iJ t 'Vlvhn:JJtJ~tl'W 1-:.1 'iJ ') !~ EJ'Jrl'W \Pl-:.~m'Vl'lh ~ f1tltl 1-16 M 'Jl\91 JJ f11') YJ Nl'W 
q "' 

o Q.) ~I Q.l r:l d Q.l <::::! Q.l ... 1 
'W l:JJ111:1Jf1'W! lJ'W {1'UJUJ1W!tll\9l'Vl\91!! tltl!!tl'W ~b'l tlflbHUilllW!\91 EJ1\91-:.Ifll'VllJ)~f1tltJ 1-17 

u u q u u 
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~thiY'WeJ1~tl Andrew M. Matulak [16] 

'illflfll'J'V11J'Vl1'U vffl-!ll'U1~tl~l~t11tl1Jf1l'J 1~'J~\Ol1J'Ue:l-!ll'Yil:'l1 Yll l ri'Vl1 lU';h '\11-:J~ 

'J~\Olu~ihHlflfl11't11-:Jl'Ul!1J1J TDR !!l:'l~!!UU~lflll:l.Hl t vJVh 'iJ:dJlm -!!i1'~1-!l'\Jel-!l~!~fl1~1~~tJJ 
q 

" Q..l ')) I QJ I I Q.l 0 Q.l Q.l .<:::! Q.l 9} I Q.l Q.l I 

CJfUCJfel'U !!~'Yi l:'lflfll'J ell'U fll'J~~U'U 1'\Jel-!l'Yi 11~!! 1J1J TDR 'il~:IJfl1l:IJCJf1JCJfel'U fl1l'Yi 11~!! 1J Ufllfl 1l:IJ 

" ' " 
'il! vHh -:Jl'U 1.U t111~-:J 'l r1 f111:1Jrlll'lru! tJVi m1 1~'J~\Olml1~1t1'11 T1~u uu~lf11l:IJ 'il !vHh 1~mtieJn 
q u q 

' " 
1 tJ 11 u u 'U eJ -:J ~ 1 ~ n1 ~ 1 ~ u u u ~ 'U 1 ~ eJ { ~~ ~ eJ 1:'1 1 {1 eJ -:J 'ill n ii 1 f1 1 -:J i1' ~ 1-:J 1 Vl ti-:J ~ 'U 1 ~ t1 111 1:'1 ~ '1-11 'ill n 
"' 

' " " 
tVIeJiY~ 1-:JJl'Ult uu1 ~ uut~l~ 1 1'il1~ 1 ~\Olml1 'l 'U fll:'le:J-!1 tll~ 1 ~ t1 'l ~'11 11'~1 ~\Olml1 

" " 
1) Jlwt u u 1 ~uut~l~ 1 1'il1~ 1 ~ \Oluth iYl:IJl 1 t~1~ 1 ~ \Oluth ttl:'l ~ ri-!! 'l!'eJ:u mh'W 

"' 
' " 

tfl~ eJ~ lti!CJf'U!CJfeJ{! ~ iYltl ! tJ ~-!It f1 ~ eJ-:JfleJ:IJ~1!~ eJ{mJ'lhmil'Yi ~ u u iY~-:Jfll 1 ~ \Olu u1 

"' ' 
2) '1111~1~191'utllViii1m-:JiY~Httuu~'Wt~eJ{~~~eJl:'l~t~n1~1~ 'lllm'illfl 

"' "' "' !!~'U 1-!l'il'J'Vl:IJ~ fld1Jf1:1Jfl11't1Nl'UYJ-!l'Yi:IJ~~ 1tl t:IJ 1 fi'Jfl el'U 1 'Vl1 l:'l!l:'le:J{ i1'1:1Jl1t11'~1 ~\Oluu ll~~-!1!!~ 
q 
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0 ~~ 30 !CJf'W~!1J\9l'j" ij~lfr:mJtl~'V'Hll~'l'Wfll'j"i'~tlitn'W 3 !CJf'W~!1J\9l'j"\9l~tl~~l'Wi'~ um::'l'*'I"Hl·Nl'W 

ff~ff~ !litnu 10 iJ~~-1'191~ (mw) "' . 
" 3) 'l11i'~'j"~~mllffl:JJl'j"tJU~ 'IJrr:mJt1tll91't:J~ 'l u fll'j" 1~ ~~~1vl'i1m~ 

"' 
I 'JI I 3) 

4) 'l'*tCJf'WtCJft:J1il1u~ Unode Yi~~J>JJ'Wl~'Wm~ tflul'i1t~t:J:IJ~t:J'l11i'~'J~~'IJumrln'IJ 
"'! I a'liJ ~ 

lfl'Jtl"lllVICJf'W!CJftl'J l'JfflV 

t:t .c::::t..l::l~ Q..l 

1.5 l~!'lUJ'lJ1li1iltJ 

1) tltltll!'IJ'IJ i'fl'j"~ff~l~"lltl~~'W!\9lt:J{~~\9ltl~~~~tl il9l'J~ U~~'JH'j"'fi'J'IJ'fi:IJtlU . 
'l'll~l'W 

" 2) t:Jt:Jtl!t'IJ'IJlTifll'j" 'l 'lf'111i'~'j"~~'IJU lffl:JJl'j"tJU~'IJWJl:IJt1tll91't:J~ 'lu fll'j" 1~ ~~~-:w 
"' I 'j} I 'JI I 

l'i1m~ i~v~~H~m~'YI'IJ"llt:J~t:Jw t1 flllti~t:Jff ~~~t:J 'l uu lYl'l'll 'l 'lf~1 ~~~~~tl\91 ~ tl"llt:J~u ltu~vuuu~~ . "' 
'J) I 'JI I 

Ill" I " I I "' 
0 

"" "' Ill ~ ~""' 0 "" "'! !lJ U~~ffl:JJl'JtJlJ'j"~:JJlW'fll'J~~'IJ'Wl'YI1~ !~ U:IJH1'Wl'il~:1Jfll'Jtl'J~l'Wtl:IJ 
. " . 

3) 'YI~fft:J'IJnn ~~t:J:IJ~t:JI'l'uu '1J'IJ'l11i'~'j"~~1Ju 1 ~~ln'IJtCJf'WICJft:J{i 11u ~Yint:J~u~1 

(Unode) 

2553 2554 2555 

6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 

(1) I 
I . (2) I (5) Journal & Full Report 

I (3) 
I (4) 

Water Level Sensor 

Water Level Sensor 

_,/A~, I 

~ f'C Gateway I 

[~ , ~) (Aoutet) : 

"~· : IEEE80211 

~ !))5)r ~ 
~--------) \. _________ / 

" 
fll'W'lh:;;nt:J'IJ 1-18 t~t:J:;;umm~'IJ'1Jt~l\ii'J1'ili'm~~'IJU1 

i ~v 'l '*'111-1'~ e) 'il<U ~ v~u 'IJ'IJ B'Wt\9lt:J{~~\91 t:J~mu1cl1Yi~ ~l!~ n i \91 'J ~ 
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l 

~ I .d d ~ 4'~..:::::. 3) & ~I 
2) tll'HfHHJ'U!!N'U PCB 'l'l:IJl:llf.J1-:j'iJ'H!1J1Jf.l'U!\9lf.l'l\9l'il\9leH'l\911f.J LPSM CJf,;j!lJ'U 

~ ~ 

uu1uh1Vh ur--lu PCB il~e'J,;jf1-:j111'~1m1:JJ'illvlvhrth~u\911m~IP1m11 
Q 

' ' ~ 

3) f111:1J'l1'U1'Uf.l,;jQ'U1'U!fl~f.l1J PCB ~!~:IJ~'U 'il~bl,;jVJt'J11i'~1f111:JJ'illvJVJ1'Uf.l,;j 
Q 

d C:! ..::::. tl~at. .ci ' dt c.:! d 
PCB 'l1 :1J 1:11 f.J1-:j 'il 'l!! 1J1J f.l 'U !\91 f.l'l \91 'il \91 f.lt'l :1J fl1 t'l \91 t'l ,;j !! t'l~ !:IJ f.l f111 :IJ '11 'U 1'U f.l,;j u 'U 1'U! f1 t'l f.l 'U PCB 'l1 

d, ,! dl ,J I IIJ _5j d IIJ 9) IIJ I <V <V : 

!'W:JJ'U'Uf:l,;j'il\91'11'U,;j fllf111:JJ'il ~vl'Yl1'l'l ~\91'\l~ ~:JJmhN'U\911ll'l~\911J'U1 
Q Q 

~ 

4) 'ff'U 1:JJ 1 vJVl1'U f.l,;j ~ 'U !\91 t1 {~~ \91 f.lt'l ~! ~ n1 \91 'l \91 iJ 'U f.l'U! 'U\91 ~ 1 n \91 1\91 f.JJJ'U ~ 'U f.l~tl'U 
3) ' d 

f111:1Jtl11-:j !!t'l~'l~f.J~'J11-:jC]f 

5) !'l1'ff1:JJn t~1 ~l:JJ 1m flf.l'U 1 'l'l'l t'l!t'l t~{1\91~ 1f111:JJ 'ill vJVl1'U tJ,;j~'U!\9ltJ{~~\9lf.lt'l 
Q 

• 
3J 'J) 3J I I 'J) I 

6) '1111\9l'l~IPlm11uiJ Nt'l\91 m.J 'ff'U tJ,;j 1 u m'l1\91 'l ~IPI'Ut-1 1~'l1\91!11!llt~1\9l'l ~IPI'Ut-1 1~ 

~ ~ 

1J u '1111\91 !!JJ' i 1'l ~IPI'Ut-1 1 'il~ ,;j 'il~ t'l\91 t1 ,;j 111'11 :JJ\91!! ~ 1 '1111\91 'l ~IP11J t-1 1 u 1J 'U~'U !\91 t~{~~ \91 f.lt'! ~ ,;j 11-i m m~ 
' ~ 

tl1Jf11'l tJ 1l111 ~1\9l~tl'hl W~'lJf.l,;jfl~'U'U'U ~bt.J 1 
~ ' ~ 

7) u JJ' ~ 11\91 ~! ~ n \91 ~ n 'U t~ ~ t-1 1 'il ~! 11 ~ v u u 11 t1 ,;j 111 u 191'1111 \91 'l ~ IPI1J t-1 1 ~ iJ ,;j f1 ,;j iJ 
~ 

f111:JJ~:JJVl'U 1h ~'11l1-:j~1f111:JJ 'ill vJVl1tl1J'l~IPI'Ut-1 1!~'U!9f ,;j! £¥u ul91~1f111:JJ'il~t'l\9Jt'l,;j\911:JJ~ 1l\9l~!~tl 
Q 

8) !'l1'ffl:IJl'lf:lYJ1111''1111\9l'l~IPlmf1if 1\9l'l~IP11JJ11#lf.l~1-:jf:ltl~f.l,;j 1#1 uJJ'~1l\9l~!~n 
'" 

~ ' ' 

\91~ tl'lJf.l,;jtJ 1 'il ~ !11~ vuu 11 t1 ,;j 111 1 \9lf.Jf11'l !Vl:JJ ~!~ n1 \91 'l \91 5' 1-:j ~ ,;j u n~ tll'l 'fl1u 1w #11v11 ~ nm'l 'U f.l,;j 

m:JJm ~f.J:JJf1~1f.J !v1f.l11~'Uf11'lfl1'U1W'1Jf.l,;j'l111\91 111'mm~'ff:JJtl'U~ll\9l~!~tl\9l~tl~!1l~vuu11n,;j 111 

<V 9 9) <V ,fl IIJ I IIJ 9} d I,! I <V <V 

9) f.l\9l'l1f11'l ~'lfWn,;j,;j1'U'Uf.l,;j!CJf'U!CJff.l'l ~'11'U\91 Unode ~:IJ !\9Jf1-:j'fl U\9l'U'Uf.l~tl'U'l~\9l'U 

u 'l ,;j~P~ u 1 vJ Vl1'U f.l,;j u 'U \91 !\91 f.l ~ #11v 1 \9lf.Jm ,;j~P~ u 1 vJvh ~ ,;j 'ff ,;j B' \91 'l1 m 11 ~'W~ ,;j ,;j 1'U 'U f.l ,;j! CJf'U! C]ff.l{1 11 u \91 ~ 
'" 

, 

'W~,;j ,;j 1'U bl1'U 11d ,;j'lJ f.l,;j!! 'UI'U\91 f.l~ 'il~ 'ffUH fff.J l U! ~'U f111:1J ~ f.l'Ufllf.J 1 'U 1-:j 'il'l n\9l'l~IPI'UU 'l ,;jiPI'U Un ~ 'il1tl 
'" u 

' ~ 

f111 :JJ ~ 1'U m u mv 1 u 'U f.l ,m 'U \91 !\91 f.l ~ !f.l,;j u f.l m1 nil eJ,;j 'ffUH ff m ~ u 'W ~ ,;j,;j 1 u u 'ff ,;j 'U f.l,;j 11 n f.l \9ll vJ u 'ff\91 ,;j 
'" u 

'ff f:l1 u ~ n1'l Y11 ,;j 1 u ~ 'ffl1 ,;j :IJ 1 n! n u f111 :IJ ~ 1! ~ u 
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' «=! lJ'YI'YI 2 

'1111~'J~~uJlulJu~hu\?led~~\?lel~flnh9i'fifHhiifl1\?l'J~ 

~ ' 

~1rnhv'il~'V'11d1 ihi Tl~)~l91u'UtJ~~ '11 ~ '11Jflfl~fl'W ~'W m1 'W~'l.Ju uu~l~"l mnmv'Yl mm~uu u~dj tJ 

'l'llfll) ~ 1u 'W n tJ) ~~.fl 'Vl'U tl~ rr T1~ I'll :JJ'Yl a flfll) '1'11~ l'W rr T1~) ~ 191 u'U tl~ ~ '11 ~ 1 'il~ tJ) ~ n tJ u c11 1 v'Yl an n1) 
~ 

""' QJ ""' 'V'I'Wjll'W 4 'Yl~flfll) THl 

2.1.1 'Jii'~flfll'jl~'j~~'UH'U'U Float System 

~ Q.l .& ~ d Q.l Q.l 

Float System ~ 'IJ'W fll) '1~) ~V~ 'Vll~'U tl~ ~fl~ tlel91~~'fl ~tl'W 'Vll'llm ~ ~'IJ 'Utl~!'Yl ~ '1 ~ ~ 

m'V'I tJ) ~fltJ u 2-1 iJ.u' tJ~fl tJ iJ 'fl '11:JJ uli w'h 1 'W fll) 1~~H ~'VI) 1~ ~lj 'W m) 1~ ~) ~ 191 u N'1'UtJ~ m ~ '1 
'U 

I 'j} I I I 

JJl) ~-r flf:ll ~i'I tJ~'illfllJ<j'f'W ri'J'W 'Vll~fl~~lj'W ri'1'W 'l.J) ~fltl'IJ'Yl an '111fl'Ul~fl1)'11 citJtl'W Vi~~ lVi 1~ 1 c1l 'il ~iJ 
q 

'fl'11:JJN~'V'Im~ [17] 

Pulley & Counter.verght Sprrng.toaded 

m'V'I'l.J)~fltJ'lJ 2-1 M'11~)~191'lJ'UtJ~!'I1muuu Float System [17] 

2.1.2 'H~flflnl~'j~~'lJ!!'lJ'lJ Detecting Electrical Properties 

Detecting Electrical Properties ~lj'Wfl1)1~f]U! bl':JJU~'Vll~ 1 vh~l~ft:JJVl''W'Il fl'IJ)~I91u 

'Utl~!'l1~'1 ~'li'W fl1)1~~1'fl'11:JJ~lvlVh (capacitance) 191~m'V'I'l.J)~fltJ'lJ 2-2 fl1)1~~1'fl'11:JJI'll'W'Vll'W 
9) iJ I I 

hiY11 (resistance) '!1annwwiJ'li'tJ~fltJ 1:JiJ<jf'Wri'1'W 'Vll~n~Vil'lD~JJl) ~fmnut:Jv u~~i'ID~'illfl!lj'W 
q 

fll) 1~~1'1D~ 1lh1'11~nm:fbl'nu'UD~mm 1~v\9l) ~ m'il'l'l11 ti~n~m) n~n~D'W~rl''11~ 1c11 

14 
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fll'V'l'U'a~flfJ'U 2-2 '11-:r!JI9l'a~~'U'UfJ-:!l'l1fi1U'U'U capacitance [18] 

2.1.3 't'iilnnT:rr~n~~'l.H!'U'lJ Hydrostatic Pressure 

Hydrostatic Pressure !~'U fll'a!J.l~ tl'U!Yltl'Um -:!~'U'UfJ-:!l'l1fl1tl'Um -:!~'U 'U'a'a eJlfllft' 

Q./ d 'j} d ~ ~ ~ I .:::! I <lJ ;J} ..:!:!, 9) 'j) 9) ~ ':J} I 

\91-:!fll'Yill)~fleJ'U 2-3 l.l'UeJI'lfleJ l'll'll'l-:!-:!1tJ W.J1'W11'll'YitfleJfl1'11-:~1'Ufl11-:! ufl~l'l1t~1lmw'Wt~tJ u\91 
q 

1m-:~ fl'~ 1-:!'UeJ-:1 1-'h!JI'lfiw .. l'W! \91 eJ~ 1 ~'a l.l 'U'U 1\91 !~fl ~-:~1 tYtJ'Y11tJ! 191'~1 tJ'Y!l fl!fl\91 fll'a m ~VI u m ~!'Vi eJ'U li 

" "' "' 9) CJ1'Ufl11l.J'I1'U\911tl (desiccant) 

fll'Yill)~flfJ'U 2-3 '11T!J\9l)~~'U'UfJ-:!l'!1r!Jl!'U'U Hydrostatic Pressure [17] 

2.1.4 't'iilnm-a1191-a~~'l.J!!'U'l.J Time of Flight 

Time of Flight !~'Ufll)l\91) ;;;~'U'UfJ-:!l'l1r!J tl'ltl l tfll) ~'U!Jfllfll) !~'U Vll-:!'UfJ-:I!tYtJ-:~ 
I I I I 

c:! ..:!:!, ..:!:!,~ d .:::::1<::::::'1 I ~ Q.JO 9) 

f111l.l1l~-:! (Ultrasonic) 'Y!)fJflfi'U1Vl~m1l.l1l~-:! (Radar) Vl!\9l'UV11-:!v..l1'UfJlfllft''Y!)fJr!J\91\911'U1 mn 

!fll'lfll) fi'~Ylt~'Wni:l utrit~'I1'W nu N1'Ut~-:~mfl1~-:~m'YI1l) ;;;nt~u 2-4 li~t~~¥le:~ !li~ t~-:~ll1H f mnD eJtJ 
q 

!'VI) 1~ !l..ili-ffTW lwirl.l ~fl'tl'U'UfJ-:!!'Y!fl J !lfl ~l\91);;; ~'U'U el-:!!'Y! {j'J !191' Vi flltl'I1U\91 !!~ 'Y!lfl N1'UfJ-:!!'Y1 mli 

fll)fl1~l~eJl.l'Vi~eJli~e:~-:~mmrr 'il~vh 1Mfl1)~~u~11'ltl9i'lim1l.!NI'l'Yifll\91 'Vi~eJ 1limm)t:ll191ll91'mv 
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fll'V'lth~mJu 2-4 11-r11'l'J~IPlmnJ-:J!'I-Hl1!!UU Radar [19] 

fl1111'11~1Pl'm.Jt~-:Jl11'fl1~1tl11 ~f1fll'J11'1ril'fl11ll~ tvHh (Capacitance level sensor) 

1rl'W 11inn 11'1 ~ ii11 ~nmn11-:J l'W 1:Jiu91't~'U mft'vm1 11'1ri 1 tl'l il1~ n191j n~ lll91nl'i1-:J n'W 1 ~11 i1 -:J 

'1.1 t~-:J m 'f! 1 nu mm fl' ri1'W '1.1 t~ -:J il1~ n1 \911 1'1 mm1 tll 'fl i1 t~ mrn il t~-:J n'W m 1 ill'! n i t~'W 1¢1 ul'i 1 d t~-:J 'ill n 

1m -:J'fl'~1-:J'Ut~-:JM'111'11~1Plulluurilml:IJ'il 1 vJVh 11'1vri1'W 'l mu JJ'nii~n'Elw~1rlwl~'U 11~m1 vi-:JI'11l-1 1 
q u 

" llt1-:Jt~t~nlrl'U 2 ri1'W1H'U'Ul'Ufl'U [4J,[1o],[11],[13J vhhi'ii'U'Wll'l'l11qj ~1'11'1-:JCJln lw~iifl11:1J 
" ' 

iu"11't~'W 'l'W m1 VJtil91 om1-:Jrilml:IJ~ ivHhYi 1¢1t~~'l 'W'lh~VI1 flvhi'l'l (pF) ~-:Jiim'lm~'Vlu 'il1nri1m1:1J 

'il ivHhuvl-:Jmn ~1 'l Mfl1111'1rilml:IJ'il tvlYhl'i't~-:JJJm1JJiu91't~'U\911:1J 1 tl¢11CJ 
q q 

il'Wl\91t~{~~\91tl'flill~f1119111'1 (Interdigital Electrode) lrl'Will~f111911WtY111i'UM111'1 

ri 1'fl1l:IJ 'il 1 vl~ 11 DllU u11 i!-:J ~'l '*nn 11-:Jll~'U 1'111.1 1 'l 'U ll 'U 11 ~'W lUll 'Vl 'W m 1 11-:JllUU 'U'W l'W ll~'W 
q "' 

' " " 
1'111.1 1ii ~ n'El w~'fllll vCJ111 1'fl'~u 1 tl:IJ 11 ~ 11 i1-:J'Il 1u 1m1 t'i~'ll 1t'lu fllll CJilu m1 l-1 11'111nu tl1 ~'il :1J 11'1 t~ 

q 

'U'Wlw'l'W ~1 'l li'iiril'fi11:1J 'il 1 vl~1mn 'il'U mm1t1t'l~lt'ICJVlt'lm~'Vlu'Ut~-:Jril'fl1l:IJ'il 1 vl~111vl-:J 1¢1 llt'l~ 
q q 

" ' ' 
¢11tJ 1 'i'IH'fl'~Nlrl'U<)5'Ul~tl1 ~-:J'fl'l:IJ11t1Vliii9111'1CJ'l '*ll~'U1-:J'il1Yl:IJ'YfY\iJmh~1J 1 tJt¢1 

"' " " ' 
U'VltJ 1 rl'W m 11.1 ll'fl''W t~ Vl t'l m1 1 ;ij till t'l ~ 'WWJ 'W 11'1''W llU uM' 111'1 1 ~ ~Plul-1 1Yi 'fl'~ 1 -:J 'illf1 

' " " 
m1 'l '*~l'W Yillm~I'I\91-:JM' 111'11 g;~Pluu 1 ~l'W 1'W :IJ 1n ul'l'l '* -:J l'W i:J tJ t~ CJ ll t'l~ 1 :J\9)' t~ ~ m 1 m1:1J u:J'U ih 'l 'W 

" ' 
m 1 11'1 'f!' -:J 11'1 t1 'l '*~ wn 'W m 1 t~ t~ flllU u 'ill n 1m~ 'f!' ~ 1 -:J 'U t~ ~ il 'U 1\91 t~ { ~~ \91 t~ t'l il1 ~ n 1\91 1 1'1 Gti -:J iJ fl 11 :IJ 

"' "' 
" 1'1 CJU~ 1 tJ11 ~ n m 1 ~ 1 ~l'W 1:J iu "11't~ 'W 1:J 11 t~ -:J 'l '*m ~ u 1'W m 1 VJti\91 'lJ'U 'fl' -:J 'fl'l m Hl VJti \91 1¢1w ~ 

"' 
I I ~ I 'j) 

mCJ'l 'WD1~l'Vlfl' 1~t~ 'l Mlfl'hl\911m11~t~u'flflt'lrt1 1 tliJ'Vl1-:Jli1t~n 'l 'Wfl11 'l '*11111'11:;;1Pluu 1mn~-:J~'W 
q 



• 

,. 

17 

~ {/t:::::~,a, a. cl 1 ~I a. ~ 1 I 

tl'W!\9ltl'Hl'il\9ltl~tH~f1 \911\91 (Interdigital Electrode) !u'Wtl!~f1 \911\91U1J1J'fll'fl11:JJ~ 

1 'Vl~1em 11u1J1J'H d <J ~'l ~m1 11<Jw .. Jui91Tw 1 'l uu u 11:i.:'W 11Ju 'Vl'W m111'ltH·lul911'11 1 'l u u u 1'\J'W 1u 
'" " . . rh 'l 'l1'iJ1 m <J~f1<J!~'W~'W!~I:J1 f1r:h Interdigital :IJl'il1f1'fl11:JJ'H:IJlVViu11~11~1:JJ'H~t:JCJ$ ~tl\Ol'fl~tl'l 

. . " 
tl1J~f1fJ W:i.:'U tl'lM T)\91 Vi !fl\91 'il1f1f11 1 11'l !!~'W 191 1'11 1 ~~ 1J t 11:u 1 1 :i.: 'H l1'l !l~'W 191 1'11 1Vi iJ '11' 11J 1f1U~:i.:~ 1J 

" 
Yi1 'l 'l1'iJ~f1'1:lW:i.:'fl~1(J'H1~t:J<JiJ'W 11'l'Vl11Jtl'W B'W!\9\t:J{~~\9\tl~B!~f) 1\911 \Oltlf)U 1:1J1!N(J!! 'Vl~ 'flf 'l !! 1 f) 

'" 
1191V Lord Rayleigh [20] 'lu'il 'fl.ft'. 1885 'l'W~'flU1f1ir'W\)f1~f1<J~'W:IJl!~tl!~'W~11u1J1J'Hd'l'Utl'l 
piezoelectric rl1'Hf1J 'l~'l'Wf111 ri'l~1'WU~:i.:f11t:J<Jb1'tyty1W 'l 'W 'Q11m w ~t1m1 1191v'l ~'H~f1f111 t11~v'W 

rl'ruunw !'Vl~1~~uu 1 <Jiu ~~~VIt~u u~11 11~vuu 1 <Jiu ~:i.:tVit~u n~1J 1 11t ~u rl'ruru1w 1 'Vl~1 'l MJ-ien 
u u u u 

'j} I 'j) r I I I 

'flf <J m <J rl'u 'il:i.: mn'H ~ m! t~v~u min1J'fl11:JJ ()'[ u m 1 rl'u 6'1rl'ruru1w 1 'Vl~ 1Vii1 t:J'Wt ~ 11 11iJ'fl 11:u () !J-i 
'" u u 

Q.l 11] -~ r:l d 11] 9) d Q.l J' ' d 

~tlltll1W ~'Vl'Yj1!t:J1'Vl'Vl\9lf1'il:i.::IJlf1\911:JJ ~111911(] !1(Jf1'H~f1f111'W11 surface acoustic wave (SAW) :JJ 
u u q 

mYi1!~'WMT1191 \9ll:JJff'VllllJ\911m'll~ 464667 lJ;tll1 Electrical Condenser 'l'W11(J~:i.:!B(J\91 L~tlll'Ul(J 

ii<Jn11 ii 1B'Wt\91B{~~\91B~Bt~n 1\911\91111 ~:u 'l 'W'IJB<Jt 'H~ 1~ 1111111 'Vl~1 ~~~1Yi1 'l 'l1'1~fi1'fl11:JJ 'il 1 'Vl~1 
q q 

u 111 N'u \911m :i.:~1J'IltJ'l!'H~1 ~Bm 'l u'il 1923 u1Ju ~1~ B'l'Vl1'l'flW\9lftl~\9l{ ~1'Hf1J 'l ~'l u m1 1'11u 1w 

fi1'fl11:1J'ilt'VJ~1'UtJ'lU~'WI911'111~tJ'lU~'W~11'li'WU'W11:i.:'W1'1Jnt1f1Ul!~'WtJ hw A.E.H. Love [22] ~'l 
q '" 

" 
tllu Ylu ~ 1u 'l u n11 BBntt 1J1J'I1 11'19ltt1J'IJB'Wt\9l B{~~\91 Br~ 'l ut 1r11~ t1:u1 

'il1fltl~\9l 'il'W if <Jtl 'il 'ilD'W m1 1>ij v~ 1~v1oU' tJ<Jnu '11 11'~H! u 'IJB'Wt\91 e:J{~~\91 tJrl cJ<J'fl <J 
q 

. " 
1 ~fum 1 'W \9JJ u 1m miN~ mw t1 'l '11 'l 'l u ~ 1 u m 1111 :i.: vn\9l' 'l1 u u r~ :i.: m 1 ii 11 ~'W tJU u 1J ~ 1 r~ tl'l m 'l 

q 

. " . 
'flW\9lfl'1~\9l{'l'Hli"l lJfll':ifl1'H'W1919'fmitJ~l'Hf'IJ'l~t'1CJflM11'19l'liU\91U ~tl IDT VicitJ:IJl'il1fl Interdigital 
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"' .J, 0 "'""1~"" Transducer '11'Hl IDC 9f'lf.Jtl:JJ1'illtl Interdigital Capacitor 'illtltll':ibl'l':i'J'ilU'Yl'fl'Jl:IJ'J'ilf.J 'Wu'il~U'W 

yj 1J i1 l ~ mh'W 1 'YitU'il~! 1J'U tll':itJ 111' T)fJU UU fl'W !l'ltJ{~~I'l tl i'l:IJ 11 '*1f1 !yt tl'l11~1'fl W bl':JJ1J~'Utl'l1bl'f1 
" q q 

'Ylflbl'tlU'I11tJ~!~f.Jtl'".h "Material Under Test" (MUT) !'l1'W tll':itJ1:JJ11h~vnl'11'*1f1'fl'Jl:IJ4'W1'W 
q 

" 
tlltllfl' [23] tlll'1f1'fl'Jl:IJ<);'W1'W'fltl'Wtl~l'l [24] m-:i1f1U~:JJ1Wbl'U~'l:I1'Wtl1'11U'Yl~!i'l [25] tll':i1f1 

" . 
U~:JJlW! 'UlJ'W 1 'W!Utl{YI'll [26] fl1-:i1~'fl'Jl:IJU ~'lvi'J'U tl'ltll'J [27] '111tlfll':itJ 1:JJ11f1!VitJ 1 '*flfl!Wtl 

'UtJ'lm i'l'J'lfU f1 [28] ! il'W Jl'W 'ilfl !~'W 'ff1 fl'ru~ l11 1 ~ 11 11f1u uu B 'W!I'ltl {~~ l'ltli'l! ¢1 fu'fl'Jl:JJU v:u 'W 1m 
q " 

" .. 
bl'l:JJTHlU':i~ ~n\91'1 '*1 'W 'll'W I'll' 1 'il1f1 !¢! '11 mn'l1 i'll f.J'lftJ f1 li'Ylt]'l:l ~Vi'W~l'W li !tiv1'li' tJ'l nu'Y! ~nm':i 

" 0 "" "' I'll 'll'WU i'l~ tll':i tltltl!! 1J 1J fl'l 'W 

2.2.1 ~'W!l'Wfll'I&ihnh~<iJlv.Jih 
!dtl!':iltJlW,l'W vi'JU lbl'tl'l!!H'W 'Jl'l'U'W l'W tl'W 1 'W bl'UJUJltllfl' U~'Jiltl'WU l 'l~'W hHh 

q " " 
'j/ I 'j/ I 

1 ~ tlUUH'Wvi'JtJ 1i1''lbl'tl'l Yli'lll!tlfl~'W fltl !flfltll':i bY~ bl':IJU':i~ 'il! vJihli Ul'ltll'i 1'1 tl'W U'WUN'W vi'JU l!!l'il'l~ 
q 

: +Q -Q 

..... 

~d· 
I~ 
I! 

a) b) 

a) ~n'l:IW~'Utl'l!!N'Wvl 1'W 1~e'J'~ !:Jlim-:ibY~bY:uu-:i ~ 'il 
q . " 

b) ~tl'l:l W~'Utl'l!!H'W vi 'JU lllli tll'J bY~ bl'mh:::; 'il !! n:::;li bl''W l:IJ, vJvhn~~'W) ~'11 il'l UH'W vi 'JU 1 
q 

(capacitance) Ut'l:::;U':i 'l~'W !vJvh-:i~liil,:JUN'Wvi'JtJl ( 6 V) ~'lbl':Utll':i~ (2-1) 

,. Q=C0 L1V (2-1) 
. " 

1 'WtllWll!iJ'Wml'Vi'ill':iW 11 'W bl'fll'J:::;bl'ruUJltllfl' ~l'fl'Jl:IJ 'il 1 vJ~l'il~~'W tJCJtlU~tl'l:IW~ l m 'lbl'fl'l'Utl'l 
q u u q qj 

"" ol 'I ~I "" l "" G 'I I "' 

l'l'J!tlUu':i~~ (capacitor) !u'Wlii'ltl ~fltJ\911ltl1Ju':i:::;~uUU!!Yl'W'U'Wl'W (parallel plate capacitor) 'il~:IJ 

~l'fl'Jl:U ~ 1 vJ~1 ( C0) iY:u~ mf nu~lb\'fll'VjtJtJ:U 1 ~!flflU-:i:::; ~ 1 vJ~ 1'1Jtl'li!t1Jt1Jltllfl' (permittivity of 
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' " ' e:f$ d I I Q.l ~ .::::!.<::::lo I Q.l 0 I I I 

free space) & 0 Glf.:Jll'fll!'Yilf11J 8.85 (pF/m) Vl'U'YIN1'Utl.:JUN'U1911'U1 (A) u~~'J~ti~'111-:J'J~'I111-:JUN'U 

(1..1 0 Ql d 

1911'\.Jl (d) \Pl.:Jffllf11'J'YI (2-2) 

' " 
r:-m 111f1f11'J ff~fflli.J 'J ~ 111 vl.YhViu\91 n\911-:Jtl'W 'J ~'11 iN!H·l'W ~ TU 1'¥1-:J fftJ.:J V\1 1 11'd1~P~ 

q 

ff'Wlll1'Ylfll'J~ld1-:JW·l'U~1tJ1 (Electric field between plates) ~.:JlJVlft''Yil.:Jtltlf1111f1UH'UiJ'J~~'lJ1f1 

1i.JmuH'UiJ'J~~~'lJ 1~P~t1lJf111llblll'W'Wnn'lJ~l'W 1'Ui.J'J~~ 1 vlfl1 (Q) 'J~t1~'Yi 1-:J'J~'I1i1-:JUH'W~1tJ1 (d) 

U~~rllfl11ll~ 1vlfl1 ( C0) ~.:Jffllf1U~ (2-3) 

£ = _g_ (2-3) 
C0d 

~ Hl'Wlll!~'W m'J ~ 111'J w 1! Q Vll~ 1 'W m w ~UH'W ~ 1'!.1 lfftJ.:JUH'W 11-:J t1 ~~ 'U fftUUJ1f11ft' 
q,J q u u 

ri lfl 11ll11 1 vi Vll ~ 1 Jl~.:J ~ 'U tJ ~tl'lJ ~ f1'1:J w~ 1 fl 'j .:j ff~ 1-:J 'U tl.:J ~ 1! n'lJ iJ 'j ~ 11! ~ 'U '11 ~ f1 !!l91'111f1! 'j 1! iJ ~ ti'U 
q ~ q 

'!ftJnl.:J 'J ~ '11 i1-:J UH'W ~ 1'!.1 1111f1ffUJUJ1f11rY1 i.J! ~'W 1ff~P~ ~'W ~iiflw ffllU~ !~ 'U Q 'W 1'\.J 1 v!Vl1 '11~ tJ~ 
q u u q q 

I ~ f 'j) I 

{1 vni1 "1ff1Pl 1\Pl ~h~ n\91 ~ n" v-~~ Vi !tl\Pl~ 'U f1 tJ rllfl11ll11 1 v~Vl1'U tl.:J ~ 1!n1Ji.J 'j ~ 11!~ll ~ 'U n'1 tl.:Jll1111 n 
q q q 

u H'Utl.:Jff'U lll 1 vlfll~~\Pl Hl'U 1ff1Pl 1 \Pl~ll~f1\91~ f1 1JI1 i.J'rltlltllll!Wf1~!~ f1\9l'J tl'UU~~ 1 i.J'J \91 tl'U 'UtJ.:J1ffiPI 
q q 

fl 11ll'rl til tllll~ .:J f1 ri 11Vlll11'! tl\Pl ff'U lll 1 'Ylfllflltl ~ 'U tl~ \91 tlll 'IJ tl.:J 1'ff1PJ 1 \PI ~!~f) \91 ~ f1 (Ediclcctri) !~ tlf1i1 

"ff'Ulll1'Ylfl1!'11~t1Tth" (induced electric field) ~.:Jfl1VliJ'J~f1tl'lJ 2-7 

d 1· ~1 

+Oo 
,, 

-Oo --+::J 
--+ >d 

--+>& 
--+>;: 

--+ 

--+ 
___ .,. --+ 

Eo & --+ 

£dielectric 
' " 

m'rli.J'J ~ f1tJ'lJ 2-7 VJrl''Yil.:J'U tJ.:J ff'W lll 1 vlVl1miJ v1'!.1 1 ( ~ nft''J; 1 i.J'Yil.:J~ltl) 
~ 

" 
iiVIrY'Yil.:J\91 'J .:J.flllltl'Uff'W lll 1 v!Vl1!~ll ( nf1ft''J;1 i.J'Yil.:J'IJ 11) 

~ 



; 

.. 
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" u~h.JvlTW1~~V~fl~ijfi1~'1'h~~:u (Q0) fi''Wlll 1r+M1'J~rd1~U~'Wvl1ih~~V~fl~ijfiwvh~~:u (E0) vl'~il''W 
'J/ ' 'J/ ' 

r--~m 1ll'U'tl~ fl'm:u 1 vlvhr1~'11:u~ ~~~~~~ <ruB~ ~1nfl'm:u 1 vlvhr1~fi'B~nYifl'm~Yil'lH'li'1:unu) .Yh l ~ 
' 'J/ ' ' 'J/ 

fl1A11ll~1v1Vl1'UB~vl'-;nfhnh~~~Vi:u~'W (~1tlfl'lltll'J 2-3) l~tlfl1A11ll~1vlVJ1Yi~Vi:u~uij 
q q q 

fl11ll ~ll'W'W £ tl'U ~1'W 1'W 'lh ~ ~ 1 vlVJ1~~ll (Q0) 'J ~tl~1"h~ 1 ~'11 -;h~ U~'W vl TW 1 (d) ~~~ ~ r--1~ 'J 1ll'U 'tl~ 

fi''WllllvlVl1 (Etotai=Eo + EdielectriJ vl~fl'lltll'J~ (2-4) 

cd. I . = - Po (2-4) 
teectnc (E +E. . )d 

0 dtelectnc 

l 'W mill ~vl'1~~u1h ~~~t~nuu Mri~ ~1v1 vl fi''W 1111 vlVl1m~t11U1~~Y11l ~ ~1'W1'W 

+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

q 

d 

+Qplate --+ -Qplate 

--+ --+ 
--+ 

+++++++ ----------
-+ ,-- -----., 
--+ 
--+ 
--+ 

- "E:nelectric Eplate 

I. 
+ + + + + + + + + + + Ia! ---------------

(Qp!utc= Q{}+Qdiclcctriu) 'j~ti~'Yll~'J~'I-·r11~U~'Wvl'JU1 (d) u~~fl1fi''Wl:JJ1v1Vl1l~ll (Eo) ~~fl'lltll'J 

C = QO + Qdie/ectric (2-5) 
dielectric E d 

0 
I I l I 'J/ I 

d'ier~ 'ilwru WQ vn~mw Yil~'W ~1l~mh~~u uuu~u 'U u 1'W fi1m1:u ~ 1 vlVl1Yi lVlll~'l..m1 a~ ~1n1'fl'~ 
q q q 

~~~l~nl'l~n 'il~nm1:u~:u'Wu£nufi1A~~ 1~~l~nl'l~n < s,) tl'ufilfl'Jlll ~ 1 vlvh l u b!t1Jt1J1mfl' < C0 ) 

~~fl'lltll'JYi (2-6) 

(2-6) 



• 

• 
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'illfHHJfll'j~ (2-6) 'il~cr-:Jm\91!~-;h ~ll'l~~t\9lo~~f1\9l~f1'1J'B-:J1~~t\9l"l (s,.) 'il~t:Jihnl-;w ul91!'*m'j 

~u1 vu~Yimmuucrl!~'l'nf (Relative) tl'u~l~fll'YlV'Bll! 11'~n\91U1~~! vltll'IJ'B~~tytylmrr ( &0 ) ~~iJ 
" . . 

~'l'hnu 8.85 (pF/m) ~~l1u!umwYi!\9lD~~f1\9l~mtlu~tytylmrr ~ll'l~Yit\91D~~f1\9l~f1 (&,.) 'il~il~1 

rvhtl'u 1 

~~UUHH'W'IJ'W l'W ~iJiJ1~~ t vltl11?11~tl'W lll~Wf1'B'Bf1'illf1tl'W! 'W!!'W11~'WlU~~fll'YlU1 ~f1'BU 2-9 ~ ~~ 
" ~n\9l~'WA'B fl'~m~n\9lm1~~~11U1~'il! vlYllu~~~'Wlll !vlYl11~11--,h~uHui'1Twl ul91~11'111ll'il !v!Yl1'il~ 

q q . . " 
~\9l'illm ~V~'rh~Yi~~ll~'W l'l~ 'illf1fl11 ~wm~H'WI'11Ul'B'Bf1'illf1nm11 t 11'~11~1ll11t111~1~\9l t\91D~~f1 

q 

\9l~f1 t~'YlmV'Il'Wl\911\9lvt:J~'eJ~~u~vu 11'11 ~~~l~'IJ'B~I'11~~uu1~'il !11:J 1Uuuutf~~JJI'l11ll!'Yllll~~ll 
q " 

~'il~JJ'I'll~tlm111\9l 

+ 

!i) I 3} I 31 

.U1u1f1u~~~u l'l~Yi~n\9l~uf!'B 'il~ !~~11'111ll'il! v!Yll~~llmf1~'W\9llllcr\9l {hu ~~:n'Bu m1u11'11~~u 
q 

" U1~~mi91'B'IJ'Wl'Wtl'W ~1vf1~Uuuui:l-:h "D'W~\9l'eJ{~~\9l'eJ~Dl~f1 1\911\91" ( Interdigital Electrode ) ~~ 

m'\AIU:i~f1'BU 2-10 

+ 
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~rlm':iTt.h!ff~ !~~~~n1'11fl11~1J'W ~h.mru1~~1'lm'l~~~n11'11~ ff'W1:W hlvh111n 
q 

~~~n11911~~1'l~~·h'W1ff~ !~~~~nl'l1n vh 1 M'~1f111:w11! 'IAIYh'lla~~~~n11'11~~u~CJ'Wmhn! u1911:w 
q q 

' ~ 

~1fl~-Yl !~ ~~~fl\911 fl'll a~1ff~ 111nt1 ~fl m 1 iJ1 1 1~~ m:wu t1 u 11m~ fff 1~'ll a~ ~'W~\91 a{~~l'ltJCI 
q 

~~~n11'11 ~mYi1~~'W 1-h1~~vtau1~ ~nl'11 ~1 'W m':i\911 1111~~1~1~"1 1 ~ CJmrYCJf:Jtw ff:w'JJ~~H\91 n~1~n'W 

'lltJ~~1m~ !~~~~fll'l1fl 1'1f'W m1 1~fl11:W'I1'W 1~1tl 'W'llt1~1ff~ m11~1~CJ~1'h~'lla~1ff~ fll':i'Vl~fftJ'lJ 
q q 

~ 

m1m11J!~CJ1J'llt1~1ff~ '111am11~fl11:W~'W 'l'W1ff~ IPI~I'l1mh~ 1 'Wfll'I"'U':i~fltJ'lJ 2-12 
q q 

3en~ing D~nsity ~ensmg Dtstance 
~----~----_.------ -----..... 

// '---- ---- ~-. .,. r "-, "·..,. 

(,Jf;;;;_;;;~~;::£~J 
I 

Sensing Texture Scnzi119 Mobhuc 

I 'J} 3J I 

fl11:W !!19lfl~1~ tl'W 1 ~l1l1~fl1fl~Vi !~~~~fl\911 fl'lla~u 1un~mmrr (u 1iJ~ 1fl~ Vi!~~ 
"' "" cl ' ,; If] "" "' "" = w Jdl If] 3)dl .::!1 If] te~n\911flU1~mru 80 mmrr:wmfl~'Vlll'lme~n\911flU1~mru o ~1'W111CJ'W11~ ll'lfl'fl111m1:wt1J'W lU 

.. ~ 

H11 'W m1 u 1 ~'W!\91 a{~~ \91 an~~~ n1 \911\91 mu 1 ~ CJnl'11 ~~ 'W m1l'1911 ~ IP11Ju 1 \PI~ m'VIu 1 ~ nu'lJ 2-13 
q 

I l 'J} 'j) 

11'1 CJiJff:w:w ~ :u 1'W Vi 11 t:l'lu1 ~IP11J 1J 1bl'm'hrn1J~t~n11'11 l'lmfl~'W ~ 1fl 11:w 11! 'IAI~ 1'll a~ i)~~ n119l1 1'111 ~ 
q ~ q 

I 'J} 3J I 'J} 

tVl :w ~ 'W 1911 :w 1 ~ IPI1Ju 1~ 1CJ 91 ~ l11flfl 11:w bl':w-Yr 'W 1h ~ '1111 ~ 1 ~\PI 'Uu 1 n'lJ ~ 1fl 11 :w 11! 'IAI~ 11 ~ 'W! u 'l 'W 
q 

I 'J} I I 

~fl}Jtw~ViiJt!mhrltu ~11~U1! urim1'W\9lJ'W 1'11111'11~\Pl'Uu 1~m uu 'lJ'lJ'YIU ~ U\9lfl~1~111flVitflt'JlJlJ1 
" "' "' 
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" fll'W'lh~nBu 2-13 fll'j1'*~hH191tJ{~~\91B~B!~n119ll~l'1~l~~m11 
" ' 

1 ~£J 1 '*flw ff'JJU~'U tJ,:Jf"ll 1~ B!~fl\911 fl'UtJ,:JUlYimnw.hmmrr . 

l1] <>G "'> dt ·~ 11]_,,_~ 'J}I dll]'J}dt W "'> 'J} "' <J' 
!~tl!~fl\91'jfl!lWB~ !'Wff'W1'JJ mvn w:n'JJt1911,:J"']'Vl !~!'JJtl11'JJfl'lJWJ1'JJfl~ff'j1,:Jff'j'jU~~lJJ~ff'lJfllJW 

'il~'lf1£J1 M!Jlff1'JJ1Jt:1tJ11u~tJ£JtJ~!~'W'W1191mJ'JJ1 t-ni"']~B 1 'I.J1 'WB'W1fl\91 

" ~ ~ eft::::.~ Q d' ~ 

2.2.2 't'I'U!UH)'U!~el'a VI'\Wielil~Hil fl! ~'a VI 

1 'W fll'j BBm! uu'\111'~!! uuB'W!\91 B{~~\91B~ 1m,:] ff~ 1,:]'1JtJ,:JB!~n1191J ~ 'il~!~'W\9l 1 

nTH 'W~fl1fl 11'JJ 'iJ 1 vJ~ 1~ m 'JJ 1~ ffm'lu n1l1 '*,:] 1'\.J 1u -h:h'il ~! ~'W 'U'W 1~u~ ~ 'j ~ £)~ ri 1,:] l ~ 'Yi il,:]~'U tJ,:j • 

' ' ' ld 9) .::::! ~ Q 

l ~ £J~ 'Yi 1n ~ 'Yi 11,:]"15 f111:JJ fl11,:J 'U tJ,:J"lf f1 11'JJ'Yi 'W 1'U tJ,:J m £J1,:J 'ill u ~~fl 11'JJ'Yi 'W l'll tJ,:J ffn !fl ~ B'lJ r--~1 

!fl~tJ'lJ'UtJ,:JB'W!\91tJ{~~\91 B~B!~n1m ~ iif111'JJ bl'm:rmh ~ 'Yi i1,:Jfl1WJ1'JJ 'il 1 vJ ~ 1n 'Ufl 1l'JJ 'Yi 'W 1'U B-:J m £J . 



! 

... 

'a -0 

50~----------------------------~ 

40 

30 
Eledrode width: 10 f111\ 

Electrode spocif19: 10 fll'll 
Electrode overtop: 1446 1!1'11 

Number of fingers: 80 
lAyer 1: 0.5 fll'll thick. & = 280 
lAyer 2: 500 !11'11 thick, c = 24.5 

~+---~--~~====~==~ 
10-2 10"1 10° 101 

Electrode thickness (J.llll) 

ilTI"fU1~nou 2-14 fi11:J.J'ff'lJ'W'u1f1~lrh~f1wl11'lJ1l tl'lYbl'ufl11'lJ't'i'W1'liD·H'llt.J1-:!1l1 [29] • 

24 

1l1f1ill'W1l~!~'Wt~11 triDfi'J1'lJ't'i'W1'liD-:!mt.J'J-:!1J1{l!~n11'11~1D~1~'t'l11-:~ 10 run~-:~ 1 J..L m fl1fiJ1'lJ~ 
I I I j/ 

! l'l<fh11~ !:llilm1!tH~t.J'W!! U~Nmn ul'idJDfl11'lJ't'i'W1llAl!'W'lJ<liumnn11 1 J..L m fl1fl11'lJ~! l'lfl1'liD-:! 

' " {l!~n11'11~ilf11!'w'lJ<li'WI'l1'lJtU~'Jt.J 1~t.Jfi'J1'lJ't'i'W1'liD-:!mt.J'J-:!1l1llfl1!'Yhilu 100 J..L m fl1fl11'lJ~tl'lfl1 
' " " 1l~!Vl'lJ<li'W 1l1f1!~'lJ 20 % \91-:~u 'W fi'J1'lJ't'i'W 1'1JD-:!a!~f111'11 ~ 1l~ri-:! HCI hi' fl1fi'J1'lJ ~ t l'lfl1'1JD-:!M T1~iJ 

Q.J ~eJa d'3J 
Dl'l 1 1! 'W 'lJ 'll 'W! 'W t.J-:1! Cl f1'W D tJ 

i 'W bY'J'W fl 'J1'lJ-ff''lJ'W' 'W ,j 1 ~Vi 11-:11 ~ t.J~ 11 H'll D-:1 ;fl'!Jfl1fl 11 'lJ ~ t l'lfl1 1J ~ll ~f1fl W~ 

fi'JlmYm~'W 1f\91-:~m'W U 1 ~ f1D'IJ 2-15 ~-:! 11~! ~ 'W 111 ~ t.J~ 11 H'U o-:~;ri-:! HC!I'i Dfllfl 'Jl'lJ ~ t l'lfl1 

f1ou<U'1-:~mn1~t.Jllfl11'lJ1ltl'lflluU1~'WI'l1'lJ (1~t.J~111-:~) a 1~t.J~ a< 1 trio1~t.J~111-:~1~M11-:~; . 
' " 

t.W'lJ<liu Alfi'Jl'lJ1J !l'lfll'llo-:~at~n11'11~'il~ner~"~11CI~CI-:~ocl1-:~11m~'J • 
~~----------------------------~ 

150 

'a -1oo 
(.) 

50 

/ 
/ 

/ 
Co: (spacing)·o~ 

Electrode width: lO f!l1\ 

Electrode overlap: 1440 fll'll 
Number of fingers: 80 
Layer 1: 0.5 IJlTI thick, • = 280 
Layer 2: 500 11t11 thick, £ : 24.5 

0.1 1 10 100 

Electrode spacing (flm) 

m'WU1 ~nou 2-15 fl11'lJ-ff''lJ'W'u£1~M11-:~f1lml'lJ'il! l'lfl1ilu1~t.J~111-:~'Uo-:~; [29] 
q 
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~1'111' 'Ufl11:1.fi~'Yl.rw\J 1f) ~'l-rh~fi11:JJf1~ N 'll eJ ~ CJ}fi'U ~ 1fl11 :u 'il! 'Vl-M 1~ ~ mvnh ~ n eJ 'lJ • 
2-16 1l~tihrj1trleJfl11:un~1~'lleJ~C}}t~:u~'W 'il~vh t ,r~1fi11:JJ1l! 'Vl~1iiVI9l-:i1t~:u~'W~eJ'W 'li'1~mn ~~ • 
~1fl11:u~!'Vl-M11l~ii~1mhv'r'Wt111911:JJ (fi11:JJf1~1~),B hw~ ,B << 1 tt~~t'W~if ,B::::; 0.095 

60~~==========~------~ 
Electrode spacing: 10 ~ 

~ 
-40 
0 

Electrode overlap: 1446 J.>m 
Number of fingers: 80 
Layer 1: 0.5 11m thick.£ ~ 280 
Layer 2: 500 ~thick. t ,. 24.5 

C oc (width)0095 

0.1 1 10 100 1000 

Electrode width (~m) 
m'W11':i~f1eJ'U 2-16 fi11:JJ~:u'Vl'wh~·rd1~~1m1:JJ'il !'Vl~1tl'mn1:JJf1~1~'lleJ~C}} [29] • 

N~f11':i ftf1EJ1fi11:JJbl:JJ'Vl''W1f1 ~'11':ll~~1fi11:JJ '\1 L 'VJ-M1 tl'Ufi11:JJ'Vl 'W 11:1'1-:i !fl~eJ'Uth~ • 
~1 !~~t~n\9l~n~1~"l iifl11:u~:u'Vl''W fi~~m'W'lh~neJ'U 2-n ~~~'li'W !#l·:il~'Yiil'W~'il1nfl11:u'Vl'W 1'lltl~ 

{1'1 -:i tfl ~ eJ'U 1l ~ t! 11 -:i! 11 \911:u fl w {Y:JJ '11~ 'lJ eJ ~ {1'1 -:i tfl ~ eJ'U H1!tl ~ () 1~ 1fl ~ ~ !~ ~t~ n\91 ~ n'U eJ ~ {1'1) 1 fl ~ eJ 'lJ • 
l I j} I 

1.! tltlf1i1!ijeJti1ti'Utl'lJ1{1'~'ij 1'W) tl~ ~1fi11:JJ'il, 'Vl-M11l ~~.w :JJ~'W \911:JJfi11:JJ'Vl 'W 1 eJ ~1~! ll'Wt ~~ t ~'W tt~tij eJ 
.~ . 

I ')) T I 

~1 !~~t~n\91 ~ f1'U eJ~ 1:1'1-:i !fl ~ eJ'U iim nni11'{1'~'ij 1'W ':i eJ~ fi11:JJ 'il! 'Vl-M 1 'il ~! Yl:l.l~'W eJ ~1~ u~ tl1~ !ijflfi11:JJ 

' " "" ~ 
'Vl'W1!'W:JJ'lJ'W 

.~ . 
~~============~--~----~ Elect rod~ width: 10 11m 

Electro~ spacing: 10 J.lm 
Eledrode overlap: 1446 J.lrn 
Numt>e,. of fingers: 80 

200 Layer 2: 500 I'm thick, r. = 24.5 

100 -+- ·=1000 
-'f'- Es30Q 

-·- ~=50 

10"1 10° 

Film thickness (f.lm) 

m'W11'l~fleJ'U 2-17 wn:u~m~''Wn':i~'Vl1N~1fi11:JJ'il 1lvh~1'lleJ~Bl~fl119l'l~ . 
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'"I "'.1 "i <II "i !V 
vH'lflll"fl'f1£J1'Utl~ Y. Wang et al. 'lJIJl":t W'JJ''W\91tlflll"tltlf1!t1J1J !f'IH'ffl"1~'Utl~ 

~'Wll9ltl{~~\9ltl~~~~f1 1m~'lJlf1 ll"ll"1:tll1 i'\1'tl"1Yll"11J':hiJ'il~V i~~ri ~~~~tl~1fll1'lJ'il lvJ~1'lJlf1 !W:t . 
lJ 'il~V imj'1~~ri ~~~~tl~1fll1:JJ~ I vl~Tt! t~v 

Rui Igreja [30] ~~ll1flll"ftf1£Jll~'il'J'ff'lJlq!~'Uti~~'Wl\9ltl{~~\9ltl~~~~fl11'll"~rlTrl'f1J 
'I !VGJ • I I II] •• 1-~ "i "" c:l "i ~I "' QJ c:l • I QJ 0 I 

! 'lJ' ! 'W flll" 1J l" :t 'lJltu fllfll1'lJ ~ !l"f\"11 ! ~V'lJtl~tll~ f1 ! \91 l" ~! 1J 'WI t'Y'lJtl'W \9lllf1 1J 1J l" :t ~'Vim£!"] \91l'W 1 'lJl\91 tJ 

" 'il 1f1 u 'W '11 1~ 1 fll1:JJ 'il I vl~ 1~ lv1n m l" ri ~fl ~ l" iJ (comformal . ~ 

"i "' • I ~ <I"' "" "" <I """" 'I mapping) !~Vtllfl'Vflll"!tlJ~~1"1~f1'lJ''Wl'lJ'~llfll"1:t'Yi 2 'lJ\91 (two dimentional analytical function) !'W 

1~t:JJ'Wt~~~ti'W ~~'il1f1flll" ri~fl~l" iJ'il:tuiJ~~fll1:JJ'il I vl~1l":tw.h~~~~n 119ll"~ I iJtr!u fll1:JJ'il lvl~1 
~ . . 

Md. Nazmul Alam [24] ~~lt'Y'W tlflll"iJl" :t'lJltu ~1fll1'lJ'il lvJ~1'Utl~~'Wl\9ltJ{~~\9ltJ~ . 
. " " 

~~~n 119ll" ~ tVitJ 'l '*1 u flll" e:Je:Jnu 1J1J~t~n 1\91 l" ~ rl1'11 1'1J 'l '*tr!u ti T1~ ~1fll1:JJ9fu 'l u t UtJfl e:J'W nj \91 1 ~ v 

i'*~lflll:JJ~Ivl~l~e:J'Hthv ecru) ~liml:JJ~m/ru.fi~~n:JJm'J~ (2-7) 

C = &. (&"' + &,) K[ ~1-(a!b Y J + & !!_ (2-7) 
PUc 0 2 K[a!b] E1J a a 

1~v~ E0 Em &
5 

!!~:t Ea t1:J'U~lfl~~~~~~~f)\91~f)'IJtJ-:jtJ1fllfl";ll~ 1't119JYl~t'YtJ1J 1't119J~l'W'Jtl~ U~:t 

tllfllfl'\911'lJill~1J a t1:J'W'U'WWlflll'lJfl11~'1JtJ~~ b t1:J'U'IJ'Wl~'lftJ~l1-:j'J:tWJ1~~ U~:t h tr!'U'U'Wl~flll'lJ 

'Yi'Wl'Utl~~~~m'W11l":tfltl1J 2-19 1~v K[alb] tr!uiJ~Yru.fit~~l~j'UtJ~'lJtJ~~n (elliptic integrals of 

modulus) !~tl 'l t'l11~1flll'lJ ~~t'Y~l!t'Y'lJtJ'IJtJ-:jtl'W l:JJ I vl~1 rde:J~ 'illfl!!'W l'Utl~ tl'W l:JJ I'Yl~llJ~flEJU!:t 

ml'1v1~j trlmtN'W~Tw ltiflll~ 1 utt'W ll":t'W 11J~-:jfll'WiJ'J:tfltJ1J 2-20 
~ 
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m'Yith~mJ11 2-19191'1mh~1'*'hunnh~mwrhf111lHJ !'Vlvh'llt~'ltJtH\91tJ{~~\91t~~t1l~n1\91~191 . 
--~. -. --~-- ~-~---. 
--- ----- - ----- -- ----- --~ 

-- ----- ----- ----- ·---

(2-8) 

~ ' 

~1f111JJ~ tvJli1nm1'l'YIJJ\9l'UtJ'lti11191U111Jtl'Ul\91tl{~~\91tl~ Celectrode 'Vi1 l¢i'il1fl'ffJJflWVi (2-9) 

ce/ectride = NLCPUc (2-9) 

.d ~ 0 =.d ~ d .d I 

l191t1Vl N llJ'U'il1'U1'U'Utl'ltll~fl1\91~\91Vl'l'YiJJ\9l L l'U'Uf111JJti11'Utl'lmtl"lf u~~ CPUc UVl'Ufllf111JJ~ 

! 'Vlliwit~M'l-1 1v~! ¢i 'il1fl'ffJJ m~ ~ (2-7) 

Mohd Syaifudin [25] !¢i'L11l 'ff'U tlfll~ Vi 1~ lf111JJ ~ l vlli 1'Utl'ltl'Ul\91tl{~~\91tl~ 

tll~fll\91~\9ll\9ltlfll~'ff!1'lU1111~1~tl'll'UfltlJJ¥i1l\91tl{ (Simulation) ¢i1tl hhumJJ COMSOL 

Multiphysics ~'liJm1flfll~fl1'U1WU1111 Finite element l191tlfl1~¥i'il1~W1U~~~ri1'U~tltl (Mesh) 
I 1 3) I 

llll 1'Yi 1~ 1'YI rl' '~'~ 1'U! 'Vlli 1~ ~ t~'l 1 '*1 u n1~ l f1 ~ B u v1 vtJ ~ ~ ~ 'ill flu u '111~ l'YI rl' '~'~ l'U ( ~) ~! ¢i 'ill nn1 ~ 

~l~tJ'l¢i1tll tJ~ umJJ COMSOL l iJf11'U1tu 'Vil~lmlJJ'il l 'Vllil'illflf111JJ.aJJ~'UTI . 
(2-1 0) 
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'IJ'Wl11'il~ ~ u~~~~Nfll'H'W11'l1U 11'\JtJ~lbY11 n~~flw mn!~'lli''lmi'L~t:J~tl1Jlb111~1 '*'il~ ~mn~b111 nl'i 
q q q q 

' " l11tJ~'illtl hJ':mm:w COMSOL ~tl~ 1 '*'1'1'J'VWltl':i'illtlfltJ:IJiA!';H~ltl{1 'W tll'J'I.J:i~:IJ1~HI'i~~fl'f ~bY~lJltl 
'" 

111t:J~tl~lh1U1t:Jf11l:IJ~l Ram 

'lh~iY'Vl~fll't'I'WtlbY:IJfld'J 

" " ' 
1 'W ~ l'W 1.0 t:JUl rl'W tll'J tltltlll1J1Jri 1l11 'J~~1J u lll1J 1J ~'Wl\91 tJ{~~\91 tJ ~ LVi tJ 'J tl~ 'f 1J tll 'J 

'l '*~l'W'i1:1Jtl1J 1:1J11~lfl~tl~lt:JlCli'WlCJitJ{t ~ bllt:J ~~~tl~tll':iflW bY:IJ'!J'~'UtJ~ri1l11~fl'W'Wr1~~l'W~l ll~~ '" . 
"' ,I"' o qil "' ii ll]ilil "' "" 
m lfllfltl ffl:IJl':i f:llJ':i1Jfll':i'Vll~ l'W tm 'VIlJl~bY:IJtl1J blm'Wu 111~t1:1J t1111 1t:J\911W~ u 'W 1f111'1J tJ~m':i 

'" 
tJtJtlU1J1J'il~~11tl1J'VIr1nm'J 3 ri1'W fitJ 1) ~t~n11'l'l11~tJ~Vll'illtllbY11~m1~~lt:Jn~dhwmltl 2) . '" 

3)nri1'WD':i~:IJ1~H~5'il~~v~ 
I 'j) 3) 1 

~ G) 3) Q.J Q.l 0 li} 'J) I 9) 'j}c::. o ~ 

(Intelligent processing system) l'Wtl l'VIb11:1Jl':ifl111':i~111J'Wll11tlt:JN\)tl\9ltl~ U:IJH'd'Wl'il~tl':i~!'Wtl:IJ 
3) I I I 

'VI~ tJ bY fll 'W U l 'IJ W ~ Vl l tl1 'J l11 'il ~I D ~ t:J 'W U D ~ ~ l D ~ 'W U 1J 1J ri 1 l11 Vi l ~ 'il ~ fl tl 'Vl11 bY tJ 1J I VJ tJ '111 fl1 
'" 

fJW bYm!~l'i1~'l IY1'VIi'1Ju 1t'I.Jttl'W'lJmqJ~'I.J':i~nt11Jm':i 1 '*~l'W'VI~tJ't-1 1t 'I.J~nwwW~'W 11'itJ 1 'I.J 

2.3.1 ~hu~tJ{~~~em~'h~n 1~':iV~ 

lbYIPJff1'VIi'1JU1:1JlVl1~'WI\9ltJ{~~\9ltl~~l~tl1\9l'l11 fit~ UN'W'd~'il'JiA!:IJvf (print circuit 

l ~ tJ~ 'il1tl!rl'W lb111~ '111l~~1t:J blllJl'J flVl 1 'lso1'ttJ~ 'VI~tJi~ Hil\91 \911:1JU 1J1J ~~ 'il1tl 1'J ~~l'W . board) 

' " 
f11t:J 'l 'W D'J :;;I 'Vlfi 95~ 'J tJ~i'1Jm':i Hil191191'~ul'i tJDtl'J W~'W!I1J1J 'il 'W 0~ 'j":;;~1J Hill'lll w cn111t:J lllfl1'VI'W 11 • 

fj} I l 3) I 

~1'W1'W'lJ'W\911'l'Wfll'Jbt~Hil\91 fll'JHil\9l'il1tl 1'J~~1'WVl1'lli't~~'W~1'WVi'l1111~1 U~:;;nm\9l':i~1'W 

bY~llbY:IJtJtl'W'Vltl~'W UN'W1~'il'liAI:wvf~~~tJn1'*1um':ibY~1~~h~n11'l'l11 lrlWIN'W1~'il':i'l1tJ11 FR-4 'VI'W1 . 



• 
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~ 0::::::. .<:::! 'j) d .:::1 I~ 

1.6 JHHH'lJI'l'l lHllfJ'VlB\lU~\l'Yi'W1!~HJ1 'lJf111'lJ'Yi'W1'UB\l'VlB\lU~\l 0.05 mHH'lJI'l'l U\9l!'WB\l'il1fl 
J ' 3) 31 

'Vlo'lu~'ltrlu 1'ff~l1'W 11 vJ~1uJ:~~ tn~bYu'lJ 1 J:~ Vi~ 1~~1mijoif'lJ H''ffn'IJu1uJ:~~mmrr ~'~t! u 'il~l'i'v'l • 
I 3) !JJ J 

tf'l~vm1'1J~ 1fJ'H u 1'W l1ilv'ltl'WU 1 1~ l u \l1'W1.ijfJiJ 'il~ l ~1ff~'lfU~!~fJ1tl'IJl1l ~l 'W mn11 solder • 
' 'J} 'J} ' 'j) !ll 

mask !fl~B'IJJ:Il(J1\l'il'lbY1'Wl11'i'v'lif'lJHfftl'IJU1'1'1'1Yi'lJ~ rwv l rrm~'IJ1'W fll'l Nill'l'i'1'l'Yi'lJ~!ff~ 'iliY'W 'il1fl 

1'l 'l\l1'WNilmt~u1'l'il'l 

lubY1'W'UV\li:llfJ1\l'il'l ~\ltrJu\9l1fll'Yi'W~fltlHY'lJ1J~'UB\l~hHI'lB{~~\91Bi:l~!~fl11'l'l~ • 
G) 'J) l 'J) ~ 9) 9) ' 0 ..:::::. c!".d li1 9) 0 

'il~ ! 'lffll'l BBflU'IJ'IJ ! fl Hff'l1\l!'IJB\l\9l'W~1(Jfll'l'l.h ~ 'lJltu fl1 'il1fll! 'IJ'IJ 'il1i:l 0\lfltu l'lfl'l ff\91 'l'Vl ! ~'Wl! ff'W V 

lu'IJ'Vlf11l'lJ'UV\l Md. Nazmul Alam [24] 1~fJfll'Yi'W~~ll9l'1m.hl9il'l"l\9ll'lJlffiOJ~'il~l~'ll'W'il1'l fiv 
. " . 

1ff~iil'W'lv\lu~u1\l'il'lVi'lJvr'lfn~ FR-4 n~lfl'll11~~t~nl'l1nrvhn'IJ 4.5 uJ:~~uln~lfl\ll11~~t~n ... . " 
l'l1m'Viltl'IJ 80 bY1'Wfltuff'lJ1J~'UB\l~!~fl119l'l~l11'i'v'lfll'l fiv nrhu1~ 0-30 !Glf'W~!'lJI'l'l ni'l'l 3 U1 . . " 
tijo-J~'l~~'IJUlt~mhu l~'il~l'i'v'll tr~lf11l'lJ'il lv~~11h~'lJltu 5 nF Ni:l'illflfll'll!'Vl'W~l\9l1U'lhl9il'l"l • 
luu'IJ'IJ~li:IV\lf!WI'lfl'1ffl'l{lu'ff'lJfll'l~ (2-7)- (2-9) 'il~l~'U'Wl~'UB\li:llfJ1\l'il'l~\lm~1h~flB'IJ 2-22 

" . 
u i:l ~n l'i' u u 'IJ '1Jti11'~ 'l ~ ~ 'IJ u 1u 'IJ 'IJ ~u !\91 v 1~~ \91 v i:tl1'i'll'lJ 1 'ill n u~u 1\l 'il 'l VI 'lJvr ~ '~ fll~ 11 'l ~ n o'IJ 2-23 

FR-4 
substrate 

-1.6mm 

Copper traces 

mm 
mm 
mm 
mm 
mm 



TOP 

0 

85mmJ 

25.4mmx 
30pinlrow 

" mV~'lh::;neJ'U 2-23 l'i'wt'U'Ul1T11'l':i::;\9lm'hH'U'U~'Wt\9leJ{~~\9l e:Jl'l 

30 



• 

• 

flflfH!'IJ'IJr!lCJ1-:.J'il)I01·unvnh~nflu 2-24a u~~ 2-24b \911JJihl01u 

2.1-5 Volt 

(\._ 
,-{==J--i Port1 PortS 
~ Port4 

PIC 16F887 

1-[==t-n_---t Port2 - Port3 

TX-UART 

RX-UART 

U-Node 
PSU 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

<11/. d31 9319 0 

a) m.Jmtul'I'W~l'W'Vl\9lfl-:.J !'lf !'W1-:.l'il';if11'1JfiJJtll';i'Vl1-:.Jl'W b) vH'ttll';if!BnuuumCJ1-:.l'il';i . ., . 
ml'l'l.h~nf!u 2-24 1-:.J'il)fi1'1JfiJJtll)YJ1-:.Jl'Wbll'l·rfu1191~1fi11JJ'il h!Yh~ 1Jl'illnt'h~n119l';i\91 . . 

31 

" ' 
tll';i Yll-:.ll'W 'U B -:.11-:.1 'iJ ';i Yl-:.1 '11 JJ \91 'il~ tl fl fl 1'1J fl JJ Jl 1CJ t JJ 1 fll fl fJ 'W 1 'Vl) ~! ~ fJ { qf -:.1 lJ fhl01 '!Jtll';i Yl H 1 'W 3 "' . 
;; "' ;; cl lit .3-i lit .3-i ;; I 31 <Oi <V d 9 31 
'U'W\9lfl'W fiB 'U'W\9lfl'Wtll';i!fl'IJ'l.h~'il rw~1 mmJ1~'il rw~1 u~~'U'W\91B'Wtl11b1'-:.J'UBJJ~ JJbrtutultu'Vl !'lf 

q q ~ u u 
'J} I 'j) 'J) 

1 u tll';ifi1'1JfiJJtll)YJ1-:.Jl'W Yl-:.~ '11 JJ\91101-:.Jml'l'l.h ~flB'IJ 2-25 9f~iJ.U'W 19lfl'W m1 Y11~1'W 101-:.~.W . 
Velectrode 

' ' I 

! VrH = 0.375Vcc 

----- (Port 1) 
-(Port 2) 

~-----

-It 
~~--~------~----~~-------Time Charge Discharge 

TX-,UART (Port 5) 1 

~---------------~:~~--------s_e_nd __ D_a_ta _________ ~ 

' " 
mYnh~nflu 2-25 ~ruru1ru V\1 ~1um1fld'UfiJJfl11YJ1-:.Jl'WYJ~'I1JJ\91Jl1CJ tJJ 1 mfiB'W 1 m~!~B{ 

u u • 
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~hw Rd u ~ 1 ri -:J ~ B hJ m ~-H 'il 'J 9}1J 1fl 'U B -:J uv-lu Bt ~ n11'1 Hl ri1u 9}i:1 11\1 n ~ B t 'li' 1n11 'U 1'\J B-:J 

~~ 1fi'Jf"W'W lYl'Ji:1ll:1B{~~~tll'W~l~'Wi:1B~fl~1 (Logic low) ~-:Jfll'W'lh~flBlJ 2-25 triBBl~fl11'l'J~ 

l~lJ'lh~'\l l vJVh'il'Wl~~ ~~ 1 fl'JflB'W lmmi:1B{'\l~11 ~~fll'JiJB'W atutu1tu'Wi:1ctlll~1l'l.J~~'W ~tll'W~l~'W 
q q u u 

i:1B~fl~1 l~B 1l1'11'J~~ tvJvh~~~~~1uuv-i'WBl~fl11'l'J~m~11'J~~~B'Wfl~1JBBflm v-i1'W Rd fl~1Jl'li'1 

~~ 1 mf!B'W 1 'Yl'Ji:1ll:1B{ ll H~'W l'lflfli B~Bl~fl11'l'J~ 1 'W 'J~W.i1-:J~m~11'J~ '\l '\l~ t1fl1~¢)' 1~1-:l '\l 'J 
q "' 

l 11~ ~ 1J l ~ ~ 1Jtl H ~ 'W fl1 ~ 1 'W l ~ 1 fl 'J f1 B 'W 1 'Yl 'J i:1 l i:1 B { 1 ~ ~ ~ R 'f1111 U 1 ~ ~ 1 tl ~ fl 'J ~ U ~ l 11 i:1 l .ij' 1 
I 

,; ' ' 

'J~~~nm\9l-:JU~l1~~'Wm~11'J~'il'il'Wm~i1-:Jll'J-:J~'WI'lflfliB~Bl~fl11'l'J~i:1~i:1-:l!M~B 37.5% 'UB-:l 
q 

umi-:J~1~ 'il~tlfl~tJnm¢1'1~~~ 1mf1B'W 1'Yl'Jml:1B1~f111~a~'Wml'~-:J~~m'J~ (2-11)-(2-12) 
"' 

-[ 

V/t\=V eR"Cd,umd' (2-11) 
c{ j/ cc 

'il1fl1-:J'\J'j~-:Jm'W11'J~flBtJ 2-24 trlB Rd = 1 OOKn tli:1~n111u~ 1l1' ~~ 1mf1B'W 1 'Yl'Jml:1B1t~~~tJ 
~ I.Q r;j d 'J} ~ ~ Q.l I I Q.l 9} 

'J~~~nmm~11'J~'il\91-:Jlll'ltlll:1fl11'l'J~l'J~\9l'Wm~11'J~'il 'il'Wm~'Yl-:J!Mi:1Bll 'J -:J~'WI'lflm B~lmfltJ'JB~i:1~ 
q q 

37.5 'UB-:Jtmci-:J~1~ ~fl11~a~'Wml'ntJ~1m1~'\l 1vJvh~-:Jj;1'~fll'j~ (2-12) 
q 

t = 98,083· celectrode (2-12) 

'il1flJ;1'~fll'J~ (2-12) triB~1f111~'\l tvl~1'UB-:JB!~fl11'l'J~l~~~'W 'J~~~nmm'Jm~ 
q 

Q ~ 'J) Q.l Cl.l cl I I C1.l d 
111~'\lfl'il~mfl'llhl\911~ 111~1~ 1~~m1~1;1'~'W'W 'li'J~1111-:Jmf111~ 'il 1 vJ~1fl1J'J ~~~nmm~111~ 'iltllu 

q q q 

l~-:Jt-ff'u 'J~~~nmm~11'J~'\l~l¢1' 'il~t1fll11~~hll~'WHY'i;1'!!Bi;1'ff (ASCII Code) ll~1bY-:JBBflv-i1U'Yl1-:l 
q "' 

d. Q.l Q.J Q.l : .<::::\ ci.Qe::. c! Q.l 0 d 9) Q.l d 
l'W D-:J '\l1fl1111~'J ~~1J'W 1ll1J1J B'Wl\91 B 'J ~ '\l \91 Bi:1 ~11 i:1 flfl1'J 'Yl1-:l1hl 'Yl\91 B-:J B 1l'Wfl1 'J lfllJ 

111~'\l tvl~1li;1'lJBUI91'1!~1J11'J~'il\9l1mj-:J u Bfl'\l1fl'U'W1~ 1m ,W~1-:J'UB-:JB!~fl11'l'J~ll~1 ~1 ~~Bl~fl 
q q 

,; ' 

1'11fl'UB-:JU1 ~~~UlJ'ilcDVbY1fltu~Bm1~mm'Jt~1unn!~tJ11'J~'il tvl~1'UB-:JB!~fl11'l'J~ !lJBfl1 ~~B!~fl u q 

'3J I I I 3J 

1'11 fl'U B-:JU1t11 ~ ~u u11l:1-:J 111 -5w lJD-:J 'il1flBtu 11 fl il11 ~m1-:Jt~B11 u 1 u 111 VB~ ri -:J v.~~ m ~ 'YltJ~ Bf111~ 
q "' 

mJuih 1 u m'J1~'UB-:J'l111~¢1'1~ fll'J ~~~B!~ n11'1 'J ~ bh11 ~tJ1~f111~! 11~~'Wll 11 l:1-:J~ 1 ~~ Bl~ fl\911 n 

" ' " 'UB-:J1111~ ~m 'W 1~ ~~B111m 1 ~~ ~'W~1eJ1-:J~-:J 1 u fll'J 11 ~ 1JJ;1'\9l'J nn ~1u 1ru 1 ti'mm~ 1;1'~tl1JJ;1'fll'W 111 
"' 

" 
1u111l:1-:Jt¢1' 1~~U11~flfll'J~-:Jm'W11'J~flD1J 2-26 
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Sensing Electrode 

Reference Electrode 

'il1fllll'Y'I1l:i~fHJ'lJ 2-26 ~l~fl 1Vll'\9leJ\;J~~ (Reference Electrode) 'il~trltHY'J'U~\jfll~:JJt.u'1mt~Ell~ 
"' 

trl 'U ~ 1-6'1~ ~~ ltJ flll' tJ ~ 'lJ ~Vll' flll' ~ 1'U lW 'IJ EJ~ ~l~ f1 1 \9ll'l'l'J\9ll'~l'l 'lJth (Sensing Electrode) 1\91 Ll 
• "' "' ' ~l~fl 1Vll'\91-6'1~~~U'il~~~mJW~t'lf'Ut~Lilfl'lJ~l~fl 1Vll'\9ll\9ll'~\9l'lJ l~LI~U~'il~~'IJ'Ul\9lff'UWJ1 cJ1~tl'111oi' 

I I 'j) 'j) 

n11HJ\9l'U'Ul\9lfll1:JJ v11~ml 'U B'U 11 ~t~n 1Vll' \91-6'N~~~tl'1'Vll'1'lJ'Il'Ul\91 'il~tln ~:ur~ ~ hnhn~11 :u\91 
"' q 

'j) ':J} f I 

\9l~Ut-! ~1l' ~l'l'l.Jih~l\91 11oi' 'il1fl~l~fl 1Vll' \91-6'1~~~ 'il~~El~tYhfl'lJfl l1:JJ Llld'IJ B~ ~l~ f1 1 Vll' \91-6'1~ ~~ cJ1 ~ '111 f1 

"' ' "' 
l' ~l'l'lJu 1~ 1\91 11oi'tl\91 1 tJ 'il1flfll1 :u L11l'll B ~ ~t~ n 1 19ll' \91-6'1~~~ u ~\91 ~-:h~ 11\91 ~t ~n\911 n'U B ~u 1~ n n 

' ' "' 
tt.l~vtJu t.lr~~ 1 D'il1m~:u ~1fll1:JJ H\9l'Y'Im\9lil!n\9l~t-! n'lJ~!~fl 119ll' \91-6'1~~~ 'il~ t~nu 11 t.lt.l ~'lJ ~19ll' ml' 

"' "' "' ' 
rl1'UlW'UB~~~~fl 1Vll'\9llm~l'lm11 cl1~iJ'I1~nml'l'l~m'Y'It.ll'~flB'lJ 2-27 
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Level (em) 

6 Lsensing 

6 tsensing 

fll'W1l:i~fleJ'lJ 2-27 fll'J1lfum'JrlTW1'ill'UB~ Sensing Electrode cJl1v Reference Electrode !~ml\01~1 
' " ' 

'fl1TIJ ~\Pl'W miPl'Vitn\01 'illfl~l 11Pl ~h~n~1 fl'U B~'l-1 1ilm 'J! JJ~ CJl-l u JJ1;1~ 

,I ,_,j -"'1 I <> d 1 9) "" -"'1 I 

'illfl fll'W U 'J ~ fl eJ 'lJ 2-27 !J.J eJ Mref ! U 1-J 'fl1 'fl1l:IJ CJ11'U B~ eJ !1;1 fl ~ 'J \01 Bl~eJ~ U 1;1 ~ Mref ! U 1-J 'fl1 

,I "" d 1 9J "" .dli] 9l "' 9l o "' 
'J~CJ~!JJ;ll'fllCJu'J~'il'UeJ~eJ!J;lfl ~'J\PleJHB~'Vl !\Pl'illflfll'J1\Pl\Pl1CJ1H'J'fl1'lJ'fl:IJfll'J'VlH11-J :IJ 

q q 

Q.J Q.l if Q.l d. 
'fl1l:IJ~:IJ'W1-J1i\Pl~~:IJfll'J'Vl (2-13) 

L\~·ef 
tan()=--· (2-13) 

Litre( 
I I 3J I 

!'WB~ 'illfl~lt~fl 1~'J \PltJN B~lJi:Y\01 ~hl-l 'Vi !'VllJBWl'lJB!~fl 1~ 'J \Pll\01 'J ~~'lJtJ 1 !!1;l~cJl1CJ'fl11:1Ji:Y:JJ'Wl-l TIYl 

" ' " 
! ~ 1-J! .jf~! ~1-J 'J ~ 1111~ ~ l'fl1UJ 'il 1 vlf11'1J B~B!~ fl 1~ 'J \01 rl'lJ 'J ~~'lJtJ lYl 1cJl 'ill flflfll 'J 'Vl\011;1 B~ ~~ '!11-l 

q 

" ' 
ml:J.Ji:Y:JJ~l-lTI"J~1111~Bt~n 1~11P1l1P1'J~~u'l-11nuBt~n 1~'JIPltJl~B~~~rvilnl-l~~~:J.Jm'JYi (2-14) 

tan () = Ll~·ef = LILsensin g 

Litre( L\tsensin g 

(2-14) 

" ~~mm'Jt1'11l~l'J :;;~ut-1 l'IJB~B!~fl 119l'J\Pll\Pl'J ~~u 1cJl'illfl 

Ll~ensing =[sensing tan() (2-15) 

' " 
11-l'Vll~llu'll~ m"Jl'1P1filml:JJ~1viV11Yi1cJl'illflB!~ni\9l'J\Pll\Pl'J~~u'l-11 nuB!~ni~'J\01 

tJ'1~B~ 1:Jmm'Jt1Yllfll'Jl1Pl'W~B:J.Jnl-l 1cJl !'W'Jl~'il:;;tniPlm'J'JUml-l'Vll.:J~l-l l:JJ 1 v!V11'J ~'111l.:Jn't.uriBmi 
"' " ' " 

11-l'l-1 1 ! iJB~ 'illflfl'J 111Pl''lm~B!~ n 119l'J IPl rl.:J ~D.:J~ D~ 1:1Jrl1-J ~ 1!~1-l ~ D~ HiTil fll'J ~i\'unl-l l\01 1 IPl CJ 1 ~ 
" ~ !1;1UU1;l~'W D { ~ 'U D.:] 1 :IJ 1 'fl 'J 'flDl-J 1 'Vl 'J 1;1!1;1 D { Yll'fi 111 ~il'l.Jrll-J l\01 'J:;; l111.:J B! ~ fll\91 'J \Pll\01 'J:;; ~'lJ t-1 lrl'lJ 

B!~fl 1miPltJl~B.:J iJ1~'il'J~.:Jm'WJ.l'J~flD'lJ 2-28 
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OM~SH-1050 

R1 

R2 

RCOJT10SOfT1CKI 
RC11T10SVCCP2 

RC21P1AICCP1 
RC31SCVJSCL 
RC4/SOIISDA 

RA1/AN11C121N1-
RAl/AN2NREF-ICVREF/C2IN• 
PA31AN3NREF•/C11N• 
RA4ffOCKtiC 1 OUT 
RA5/AN4/SS/C20UT 
RA610SC21CLKOUT 
RA710SC1/CLKIN 

RC5JSDO 

RC6fTXJCK ~== 
RC7/RXJOT I-

RDO 

r--!tt1---+-c:::::J--%!-1RBOIAN12RNT 
RD1 
RD2J---\-i----, 

02 
8YW98 

RB1/AN101C121N3-
R821AN8 
RB31AN91PGWC 121N2-
R641AN11 
R85JAN131TlG 
R86JICSPCLK 
R87KSPDAT 

PIC16::887 

RD3 
RD4 

ROS!P1B 
R06!P1C 
RD7!P10 

REOJANS 
RE11AN6 
RE2/AN7 

" 1~·wh:J~h~n hn~rr~1~~1J'll1 o1J~'h~n11911~~1~o~ 
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'j} I 'j} 'j} I 

1 ~ vlln~nn 1~ 1~ ~ 1J u 1 ViiJ~ n'EI w~ !lJ't-m '11 ri ~'11 111!~ ~1'11 111~iJ m 1m~ !.Wt:J:lJ 

. " 
191Cit!~mn rwt!~:lJ1111f1l1CllCJb1'1mi91!'!1'W ltl~111f1CI:lJ m:itl1CI'Ilt!~U1l1~t!111f1l~t! "1CI"1 .Yh'h1'111t:U . 
b1'1:lJ1':itlB1'W fi11~~1JJ1~!! Yi'111 ~ 111n'l111'~ 1Jl ~ vhumm1 wi'i1 tul11~ ~ nri 11 '11 CJ:lJ 'l ~nu1~1Jfi1 

" 
QJ : I & 'j} 0 I d 'j}O.d I d 9) Q.l tf d I ~ I d '}) 

1~~1J'W 1 'l 'W 'lf1~nml1'W ~UCITV11f111'111fllll! Cl CJ ~t:lJ11if111 l11fllll! CICJ11~ '1'11 vWCI'Ylli 'Vl'W 11 'lftl u\91 n\91 t:J~ 

'l ~':i~CJ~nm 'l 'Wm':i ~~1JUCI~1h~:lJ1CI~CI.o't:J:lJCI d ~ ~CI 'l ri'fi n~~1JJ1~1'~ 1Jlt:U!lJ'W .o'mm 'ill nm 
~ ~ 

i111~U'W (Real Time) 111f1f111fff1EI11J'Vlfl11:lJl1l'CJ'IJtl~ Edin Terzic [31] ~tJl!bl'Wt:llnm':iC~~fi1fl11:lJ 
f 'j} 'j} I I 

~~'Ylm~Vi~n~ 111nm11'~ll1mwl ~m'Yl il ~ 'l u il~u 1JJ'u 1 t1 vu 191 'llw~ 1 mfl ~ t:Ju Vi ri ~ ~[l 'l r1'1:U m:lJ u t1 

11'11~~1CJll-:i~b1'1'Vl!ViCJ:lJ!t1J1Jlt'Yl~f1~1J (Feed forward backpropagation neural network) b1'1:lJ1':itiCI~ 
" fi11'111:lJ~~'Ylm~111f1m11~1l1ml911 111m~:lJ 68% m~m~CJ~ 0.11% ~1u1\lvi1~~~~t:Jn 'l~11im1 

1m ~~1CJ1l 1 ~ bll'Vll Vi CJ:lJ (Neural Network) Vi! bl'W t:J1 ~ CJ Edin. Terzic mll 1 ~ vnl'l'l ~tl1J'i111~ 1~ ~ 1J • 
'j} I I I 'j} I 

u 1!!1J1J ou!\91 t:J{~~\9lt~CI t.Wt~C~~fi1fl11:lJ ~~'YlCI1~Vi~n~ 111nn11 n1 ~~.wtl:lJ'\Jtl~u 1Viiln 111 '11 [l 1 ~ viJ N'~ 

f111Vl1~1'W~~fll'Ylll:i~f)tJ1J 2-29 
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• 

OMI-SH-1050 

R1 
r--c::::::J---+-1 RAQJANOJULP'V'JUIC121NO

RCM10SO!T1CKI 
RC1!T10SVCCP2 

RC21P1AICCP1 
RC3/SCf"JSCL 
RC4/SDVSOA 

RA11AN1/C121N1-
RA21AN2NREF-ICVREFIC21N+ 
RA3JAN3NPEF +IC 11~J+ 
RA4/TOCKIIC10UT 
RA51AN41SSIC20UT 
RA6JOSC21CLKOUT 
RA7JOSC11CLKIN 

,---ftt1----+-C:::::J--fi-l RBOiAN12J1NT 
RB11AN1CVC121N3 
RB21AN8 
RB3/AN91PGMJC 121N2-
RB41AN11 
RB5iil-N13ffiG
R86!1CSPCLK 
RB7KSPDAT 

PIC1 F887 

RCSJSOO 

RC61TXJCK ~== 
RC71RXIDT t-

RDO 
RD1 
RD2 !-+';----., 
RD3 
RD4 

RD5JP18 
RD6JP1C 
RD7/P1D 

REOIAN5 
RE1/AN6 
RE2/AN7 

" 1~'11-:h-:Jfl!~fl1~1~im~~Phrw1 tl'IJfl!~fl1~1~~Nfl~ 

' ' g/ ' 
' .c:::.. ate::::.'), ~ 0 ~.c::S \1) 

2.3.4 fll'H1VIfllfl1lliNVI'VH1Wifl!f1YI'illflfll'Hl~~!'VHlli'Uel-:J'Wlflllfll~ nm 

35 

'J) I 'J) 'J) I 

1 ~ I'Ju n~ m1 1'~ 1 ~ IP!'IJ '111~ li~ n'l:l ru~t ~hi u 11 ri~'l11ttl~ ~1'111 \1 ~lim 1m ~til D u 

' " 
~-nD~nm !u D~m \11fl11 mmnm19.1 !'Jfh! !n~ \1 1n-nu m1 1 11-n'lm~'111 11~ D\11m~D <1-n<1 vh '111'!1 1tl-i 

£Y1:1J11t1ri1hl fi 11~1Plmf1~m1' \!~ ~ \11fl'l111'~ 1 #! ~ ~1h! mm1 ufi'i1ty1111Pi'~ nri11 iJ I'J:IJ 'l ~m1 !~'Uri 1 

iJt\l~Uh! (Real Time) \11flfll';jftfl'l:ll'IJ'flf111:1Ji~I'J'Utl~ Edin Terzic [31] ~lJl!£Yhltli~fll';i-n~fil'fl11:1J 
I 'J) 'J) J J 

~~vm1~~!n~'il1flfll';ji~'ll~mru!~m~i1~ 'l hi t1~'111irhl1t11'lhl 1'1'llru::::1t1!fl~Dhl~ ri~~-m 'l11'!1imm1t1 

" 111'll~ mru! ~m ~ i1 ~ 'l h! tl'-:J!~ 'IJ 1 #! tJ ~ 1 ~ t1 n ~ tJ ~ 1 ~ I'J ~-n m 1 'fl ~ -n tJ ~ 1#1 VI £Y'\l u'l11'! 11 h! -:h i~ m1 'l ~ 
~ ~ 

1fl1~~11'JU';i~£11'fl!~I'J:IJU'IJ'IJU~~fl~'IJ (Feed forward backpropagation neural network) £Yl:IJ11t1-n~ 
" fi1fl11:1J~~~m1Pl'il1flfl111'1Pl'll~m~1 'il1fl!~:IJ 68% m~m'Vll'l~ 0.11% ~1hli~l'li1~~!~tlfl 'l~i~m1 

1flH~11'JU1~£Yl'fl!~I'J:IJ (Neural Network) ~!ffh!tl 11Pll'l Edin. Terzic :IJ1U1::::1'lfll'1'l~n'IJ'I111~1~1Pi''IJ • 
jl I I I 3) I 

'111!! 'IJ'IJ ~hit~ D{~~~Dn !flD-niPlfi1fl11ll~IPl~-n11Pl~!n1P1 \11flfl1';i n1 ::::!flDll'llD~'I11~lin11 1 11-n 1 1P11'll1 N'~ 

m1 Y11~1h! \Pl~m~'ll1~fltJ'IJ 2-29 
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' ' " 
fll'Vlih·~ mn.J 2-29 N'~m1 ~1 ~ l'W 'U m 1 ~ uu fl11l:l~~lfi11:JJ N~'Vlm~l {1 eN 'illf1fl11 f11~l~ eJ:JJ'UtNt'll 

" ' ' 
1 ~l'lut'llvhn~ 'illnm1 ~l r~ e:1~ m1tt1l:lu uu l tJ~ tJ'W u iJl:l ~ oJt1! 'W 11~l1l ~'UeJ~mf11'lfl1rr1m 1:JJ 1mn 

~ I 9J I 

1~tJ!oJ5'1111~1~1'lut'lluuu~'Wl~eJ{~~~eJl:l cJi~nll1'W~m11~1~1'lut'llHYi 4 1~1'lu ~eJ 4, 6, s ul:l~ 
" " 10 lCJi'W~l:JJ~111'1tJ~:JJl~u~n~l'lut'll'Utu~t'llllil:l'VJf1""1 so Dl:l~1mYi rti'WnmtJ1~mw 30 1mYi iJ 

Nl:lfl11'Vll'll:leJ~I'l~m'Vll.h~neJu 2-30 
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A 

h_ .... n .. .. n nn .,., • I 

~ 

0 

"" 

5 10 15 

Time (Sec) 

20 

3J I I I 

25 30 

ill'Vl1h~mJu 2-30 rJ[lfll':i11Pl':i~~uthViihn:im~!Vio:JJrihJ~'illflfll':i! 'li[l 

" ' 
'li'o:JJm~~'IJthVi ~~ 'il~ont-1 1! 111 '*'CI'D'W 1m ~~l£J!.l':i~'CI'l'vHVirm 11Pl£JlTifll':i {j £J'W ~ 

~ ~ ~ 

U'IJ'IJU'W~ml'IJ iJ1m~'CI'~l~U'IJ'IJ 1.3.1 (1 input-3 cells-1 output) 11Pl£J1'* Neural Network Toolbox 

ill£Jl'W 1J.Jmm:JJ MATLAB iJ'Ii'mqJ[ll'Wfll':i'CI'D'W (Input data) ~l'W1'W 4000 '![IPl'li'D~[l !W~~l 
' " ' 

!tnl'l\1'1'l!l1lli:JJ1£J (Target data) Vi1~~'1J 4, 6, 8 !![!~ 10 !CJ1'W~!:JJI'l':il'll:JJ~l':i~~'IJUl'ilj~Vj!~'illflfll':i 
"' liJ ~ .d ~ ~ II] ~1 ~ 1 , -I "' "' 

'Vl\P\[10~ 'li[l~'illfl ~\P\H[lfll':i'CI'D'WI'll:JJ'Vll'lD~fll':i!![l'J 'il~ ~\Pl flH'CI'':il~'UD~ fiH'Ul£JlJ':i~'CI'l'Vl!'Vl£J:JJ\Pl~ 

ill'W!.l':i~fleJ'IJ 2-31 

3 

Weight to layer I from input 1 = [32.299 .38.9353 26.324] 

Bias to layer 1 = [.20.9732 .1.3485 17.0 168] 

Weight to layer 2 = [0.33333 .0.33333 0.33333] 

Bias to layer 1 = [.4.547e.011] 
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~ ' 

11 ~~ 'illfHHJfH! uuli 11'~ ':i ~~u u 1u u u ~'W!\9ltJ{~~\91 tJ ~ 'il u 1¢lflw bl':IJU~\9ll:IJ Vi • 
~ ' ' 9) 9) & 0 9) ')) Q.J Ql Q.l 0 .:::ill} 9) l.r] 9) 9) ,:::!lfJ 'J) 0 

19ltJ~m':imn 'il~'Vllf11':ibl'':il~\9l'WUUU'I111~':i~~uulm:IJ'Vl ~~tJtJnuuu n 19l'W!!UU'Vl ~~'il~t1f1'Wl:IJ1 
"' ' ~ 

'Vl~ bl'tlu! ~ tl'Mlfl 1l:IJ a:IJ'W u £ vhl' ~ nu V11~ 1u u ~ ~ nu 'l '*'V'l ~~~ 1u 1 ~tim 'j 'Vl ~ ~ t)~ r1 ~ 'M:IJ ~ V11 
' ~ 

fl1 t1 l mi' tl~ iJ fi1J~m':i fii'if.;JW '11 fJlJ'I.I tl~U l'UW~Vllf11':i 'Vl~~ tl~tl ~':i ~ '11 i1~ 25 - 30 tl~ fl'WlfmCJ1tJbl' l '* 
~ ~ 

u 1iJ':i ~'!J1 'l u m1 'Vl~~tJ~iJn~ i'im-:i'Vl~~tJ~u~~ N~f11':i'Vl~~tl~~~il 

' " ~ QJ QJ t! ' QJ 0 QJ ' lll .... l-~ 
2.4.1 tn';i'fi~H'Iel~ft'Ul't'ilfi1UJiJti'W'I-!ti';i~'t'i1H';i~VI'lJ'I-!lfl'l.Jfllfl11'!.1<il rrrrn • 

~ ~ ~ 

Vllm':i'Vl~~tJ~ 1~t~'l '*11'11'~1 ~~uu 1u uu~w\91tJ{~~\91tJ~ 1~-:i~~ut.J w1~ul'i o-30 
' ~ ~ 

!9f'W~!:IJ\9l':i 1~mV!m~~1JUlfli' ~~~ 1 !9f'W~!:IJ\9l':i U~11~filfl1l:IJ'il 1vh~l'l.ltl~~!~f1119l':i~ (electrode • 
9J ~ d 9J .:::! Q.l ... I 

capacitance) ~1tl!f1Jtl~ LRC Meter ti'Mtl HIOKI :1JN~f11':i'Vl~~tl~~~fll'V'l1J':i~f1tl1J 2-32 

12 

CL 10 R2 = 0.9998 c 
<ll 
(.) 

8 c 

" 2 
"(3 
Cll 

6 Cl. 
Cll 
0 
<ll 
"0 4 e 
t5 
<ll w 2 

0 
0 5 10 15 20 25 30 

Actual water level (em) 

" m'V'liJ':i~nt:Ju 2-32 ml:IJa:IJ'Wun1~'11il~':i~~uulnufilfl1l:IJ'i) hh~1 . 
" N~f111 'Vl~~ tl~U bl'\91~ l ti'! ~'W rJl fi11:1Ja:IJ'W'W n1 ~ '11 iN1 ~~ut.J 1nufi lfl1l:IJ 'il 1 vhJh . 

' " 
R

2 
= 0.9998 u~~iJiJI9l':ilf11':i!iJ~tJ'WUiJ~~'I.ItJ~filfl1l:IJ'il hHhiJ-:i:;;mw 0.3 nF \9im:;;~uul 1 • 
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12 

CL 10 c 
~ 

--+-Experiment 
Q) 
(.) 

8 c 
2 

-e-Estimation 

"(3 
(1) 
0.. 6 
(1) 
(.) 

Q) 
"0 4 2 
t5 
Q) 

w 2 

0 

0 5 10 15 20 25 30 

Water level (em) 

fll'WU':i ~ flt:J'U 2-33 ~tl~ tJ'U~ Vi tJ'U~lf111ll~ 1 vHhut:J'lfl~~n1 \91 ':i \91~ Hi' 'illflfll':iYl~HHJ'l 

ii 
3) 3) I 'jl 3) 

~1fll':iYl\9l~D'l1\9l':i~l'lm1w1'lu~ 0-30 ~'li'W~~ll\9l':i 119ltJ~~ll':i~l'l'UU1fl'f'l~~ 1 

~'li'W~~ll\9l':i l'l'lm'Vltl':i~flD'U 2-34 'illfl1191~1':i~tJ~nmmutl':i ~ 'il'llD'lfl~~n1\9l':i\91~1tJ1'l'il':if11'Uflllfll':i . . 
l 3) 'j) I 

~l'll'W (electrode discharge time) Vit~'illfll':iDDflU'U'U '1'11fll':iYl\9l~e:J'lCJ11 10 flf'lU~1111~1ll1~tl 

'J) 1 :;/ 3J 

m'Vltl':i~nDu 2-341~m':iYJ\9l~D'l119l':i~l'luul~--w}f"J1191119lm~m~l'luulrJ'f'l~~ Il'li'W~lll\9l':i 



.. 

(\._ 
r-C::J---1 Pottl -

' ~ 

fll'W'lh::;mJ1J 2-35 ~,m£r\91-;Jf111!~enJ~m1-;r)\911::;~ut.h !~1tl1J'fHJ:JJTI1!1Wfl{ 

1200.-----------------------------------------~ 

u 
t5 1000 

::::1 
R2 = 0,9997 

~ 

(!) 

E 800 
:;::; 
(!) 

2' 
600 (1) 

_c 
() 
Cf) 

'6 400 (!) 
"0 e 
0 200 (!) 

w 
0 

0 2 3 4 5 6 7 8 9 10 

Electrode capacitance (nF) 

~ 

m'W'lh ::;mJ1J 2-36 ml:JJ~:JJ'Wu £1 ::;'rd1-;J)::;~m'hn1J~11::;CJ::;nmmCJ'lh::; 'il 
q 

40 
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" ~1:'1m1YI~1:'1t~.:Ju 1:'1'~-:J 1 M'rH u -·.h fl 11lJ -«lJ.Wu £1 ~1111-:j 'j~~'U111n'U~1'j ~ t1~t 1mmt1 

1h~ 'il'Ut~.:J~It~n 1~ 1 ~ ~I tl 'i11nm1 1~tl1t~1-:J 'iJ'jfl'J'UfllJf11'j VI1-:J1u iifl 11lJ-«lJ.Wu -fit~ u t~'Jt ~u tt1:'1~iJ • • 
' " 

tJ~11f111!U~tJ'W!!U1:'1-:J~11~tJ~nmf11tJ1h~~1h~mru 34 Jl Sec l'im~~'UtJ1 1 !CJf'W~!lJ~'J 

2.4.3 tn1't1YJ~t1-3t.rlenn f'i lf11lllNm"mlYJ1u f1T;rl'YJ1~~'UJ 1 

" VJ1f111YI~ 1:'1 t:J.:J 1 ~ t1 1 '*f111l.lf111lJ -«l.l.Wu £1 ~1111-:J 1 ~~'UtJ1 tl'U 1 ~ tJ~nmm C.JU 1 ~ ~ 
' ' " 

'Ut:J.:Jli11~Vi!tl'i11flf111YI~1:'1ti.:JVi 2.4.2 lJlrl1'W1'ill111~11~~'UtJ1 (measurement water level) !!~1 
" ' ' 

!U~ C.J'UtViC.J'Utl'U1~~'UtJ1'il~ .:JVi ttl'il1flf111~1'Wtl1C.Jbntl~1 (actual water level) tJ1~1:'1Vi ttl'il1fl1:'1't:J.:J11i 

lJl!U~C.J'U!VitJ'U !~tl111~1f111lJ~~ 1 'WflU1~'Ut:J.:Jli11~ (measurement error) 1~tJ1 '*~11~~'U~~1'W 
" " ' 

tl 1t1ff1C.J~1t~u ~16'1-:J B.:J Vl1m1 Y1~1:'1t~.:Jcif1 10 fli' .:Jtt~1111~m~ ~ t1 iJ ~1:'1m1YI~ 1:'1 t~.:J ~.:Jm'Ylu1 ~nt~'U 

2-37 

35 

E' 3o 
~ 

~ 25 
~ .._ 
2 20 
C1l 
3: 
c 15 QJ 

E 
~ 10 :J 
en 
C1l 
QJ 

~ 5 

0 

~-----------------------------------------.1.0 

---Level 

-+-Error 

Minimum error : -0.1 em 
Maximum error: +0.7 em l 

I 

~~ 

0.8 

0.6 ~ 
E 
(.) 

0.4 ~ 
g 
QJ 

0.2 Q) 
> 
QJ 

0.0 _J 

-0.2 

~----~------.------.-------r------~-----+-0.4 

0 5 10 15 20 
Actual water level (em) 

25 30 

" ' " 
m'Ylu1~flt~'U 2-37 ~1:'1tu~ t~'UtVit~'U1~1111-:J~1'j~~'U111Vi ttl'il1nm11~tl1t~li11~n'U~1'j~~'U111'il~ .:J 

Q.l aJ ~ rfc:::.c:::. .:::::! I c:::. c:::. .d w -: c:::. ~ 
1111~!!'U'UtJ'W!~tJ'j~'iJ~tJ1:'1lJfllf111lJ ~~'Yl1:'11~'Q -3~~ +0. 7 !CJf'W~!lJ~'j'YI'j~~'U'U 1 27 !CJf'U ~~lJ~'j 111 tJ 

I Q.l .::::!1 Q ~ Q d Q..1: =. ~ =. 

!YI1fl'U 2.33 %FSO !!1:'1~lJfllf111lJ~~'Ylm~~1~~ -0.1 !CJf'W\9HlJ~1YI1~~'U'Ul 12 !CJf'U~!lJ~'J 111tlf1~ 

t1J'W 0.33 %FSO 

' ~ ' Q Q ..::::!=. 
2 .4 .4 fll 'j 'fl Vli:Hl ·U 'V'Hl 'Yi 1 fll fl 'J lll H Vl 'V'Hn Vl H 'lJ 'lJ I'J in 'fl fl 'j 91 tl 

'1) 'j) ' '1) '1) 

Vllfl11YI~1:'1tJ.:J1~1~~'UtJ1\9l.:Jt!l'i 0-30 !CJf'W~!lJ~'J 1~CJ!YllJ1~~'UtJlf1'f.:J1:'1~ 1 
'1) 'j) ' 'j) 

tCJf'U~tlJ~'j u1:'1~'f1~'j~~'Uu11:'1-.:Jf1i'-.:J1:'1~ 1 tCJf'U~tlJ~'j u~1111~1:'1Vittl'il1n'I1-.:J1:'1'tJ-.:J'l51-.:J mtu~t~'UtVit~'U 
I 'j) 'j) I 

~ I .:::::, c:::. c:\C:.. 0 o Q.l ']} I .c! d 

t'Ylt:J111fllm1l.l ~~'Yl m~U'UWJm 'Vlm CJf1:'1' mm1 Yl~1:'1ti-.:JCJf1 1 o m -.:JU1:'11111mm 1:'1C.J l.l~1:'1f111 Yl\911:'1ti-.:J 

~-.:Jm'Ylu'J~f)tJ'jJ 2-38 
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42 

30 

jl I 'J} I jl 

Nrtf1l'J'Vl~HHJ-:JUbl'~-:J 1li'!~tr:h ~1'J~~1J'I.ATnl~l9)'1t'Jli'J'J~ 1 'W GJf1-:Jt'h!~ll~'W fl1JGJf1-:J 
~ ' ~ 

U1 rt ~ rt -:JJJ 'fl 11ll 1 f)"~!~ t'J-:J fl'W 1 ~ t'JJJ 'fl 11ll U\91 f)~ 1-:J fl'W b1'-:) bl'~! 'Vllfl1J 0.54 ! GJ1'W &1 !ll \9\'J ih ~ ~ 1J U1 15 '" . 
!GJ1h!&l!ll\9l'J M1tJfl~l~'W~1'fl11llN~'Wm~ 1.8 %FSO 

2.4.5 m~'YIVI~MA~el't'i1rllfl1lll,llm.iuem1um~1VI~~~'IJJ1 
jl 'j/ I jl jl 

V11m'J 'Vl~rt tJ-:Jl~'J~~1Jt.11191'1t'l11'1l'~v1'-:Jtl~ o-30 lGJ1'W &l!ll\9\'J 1~ m~m~~1JUl'fli' -:J 
I jl 'j} I 

rt~ 1 lGJ1h!&ltlll'l'J Yl1f11'J'Vl~rttl-:J~h~~1Jl~t'l1flh!911nh! 10 'fli'-:J ll~1U1Nrtf11'J'Vl~rttJ-:J'Vit\9i'm 

fl1 'W 1 'ill Vi 1 ~ 1 'fl 1 1ll t :J U U 'W tl 'W f1 1 'J l ~ (uncertainty 

fll'W'lh~f1tl1J 2-39 

0.0030 ..-----------------------, 

E 
~I 0.0025 

c 
c 0.0020 

·c:o 
t 
(!) 

g 0.0015 
::J 

c 
~ 0.0010 
~ 
::J 

gj 0.0005 
(!) 

:2: 

• 

• 

• • 
• • 

• • • • • 
0. 0000 ~~-+-...-.~-+-...-.......--+--.-+--+----+--1~---.--+-+-----l 

0 5 10 15 20 25 30 

Actual water level (em) 

fll'W'lh~f1tl1J 2-39 ~1'fl11lllUll'W'Wtl'Wf11'Jl~'Utl-:J11'1l~ (uncertainty measurement) 
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I I 3) I 

~Hltlll 'Yl~ ~HJ~ttbl'~~ 1 trt11'W -;h 'fl11:U !lJu u 'W e:J'Wtlll1~ \l~t~:urw:u~'WllJeJ1~l~\Pl'U 
" " ' 

• t11mntY:h 15 t9f'W~h:u~l tW~l~IPl'Ut11Yiiifil'fl11:u!lJuu'W'Wtl'Wtlll1~bl'~b1'~¥leJ + o.oo25 "' . 
' " 

t"lf'W~t:u~l Yil~\Pl'Uul 23 t"lf'W~t:JJ~'j 

I I 'j} 3) 

1. ullh1~t'flileJ'WYi~~~u1'Wu1 30 t9f'W~t:JJ~'jmh~'11'WYi'I1'W1~ u~~-r~l~\Pl'Uul 
9) "'"' 1 99J"' I<:$ 9) "' .I 
~1tl'l111~ !~tl !'}j"tl~ll'q:J.Jm'U'Utllqj~ 20 sample/sec ~~m'Y'Iul~tltl'U 2-40 

" m'Y'I1h~ne:J'U 2-40 mltl1'1111'~~:u~~ 1 'W111'11'WYi'I1'W 'l~ . 
3) I I j/ 'j} 'j/ 

2. mr~\11nl1'W111'1111~t'flile:J'W Yi~'W \11ntl1mh~'I1'WYi'I1'W 'l~ '1"11e:J:u1~Pn ~\Pl'Uu11Pi'1tJ 

'1111'~\Pl~m'Y'Iul~tle:J'U 2-41 

.Wdl_,,. '~ ' $ J ,.~.~ 

m'Y'IUl ~ tltJ'U 2-41 tlllU1'1111~t'fl ile:J 'W Yi~'W \1 ltl'l11mh~'11'W Yi'I1'W 'l \91 
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' ~ 

3. u 1~1'Vi 1~:uTVHHWif11 1vlu b1'~~fi11:U-ff':u~\nfl ~Vi -hn ~~'Uu 1tl'Ul~ tJ~! 1mii v-H'l 

f11l'Yl~r!B.:J~.:Jfll'V'I1h~f1B'U 2-42 

35 -E 
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Q) 
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::J 
en 
Cll 5 (j) 

~ 
0 
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Time (Sec) 

' ~ ' 

!:0m~~'Uu1iimlnJ~tJ'WUDf1.:JBch~l1m~1 

'j} I 'j} I 

Vlfl flll 'Vl~ fl B.:JU bY~ .:J hi'n~ 'W l1 1 'W '1f1.:J 1:;; ~'U U l!'YJ lJqj'W '11 11~ iJ Vlfl \9lB'U b1''W B.:J 'Vi 
'j} I 'J) 'j} 

l1~!~1 AB b1'1:1Jll111~l~~'Uu1!fi:uqj'WI'l.:Ju~ o ~~ 3o !'1J'W~!:U\9llfllt11'Wl~tl:;;hhn'W soo ilr~i'l1'W1'Vi 
I 3) 'j} 'j} 

u~1 'W '111-:J 'Viu 1[1-:J '1111~f1 ~'U ii Vlrl\91 B'U b1''W B.:J~B'W oll1.:J ~1 AB 1~) ~~ 'UU 1[1~ ri.:J 1'1~ 30 !'1J'W ~!:U\9ll 

' v v "' 
2.4.7 fll~'YIYI~fl~f-HIYI-ei'U~'I-!fl~fl1~1Vl'a~YI'Ufl~'l-! 

' ~ 

Vi 1 f11l 'Vl~ rl B.:J ~1[1 B~ b1'Jl 11~ f11l !0\91 fl ~'W 1 'W) 1-:JU 1!U \91 1 'W 11' B.:Ji.Jfi1T~ f11l J) 1fl1'lf1 
'J) 3) 'J) 'J) 

l'rr1ml:u 1t~1i1 11'lt~~l'll'l~'l1 111'll~~'Uu 11 'W l1~u 1!111'1 !!r1'1 111''1-J 1t Vi m·h'W '1111~ ~.:Jm'V'ID1~f1B'U 
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lfl I Q.l lil3J ~ 0-1 ~ L:::i ..:::-. & ..:::::::. ~ ~ ~ ~ I 

llJ {1'1JJl'J tl!! {1'\Pl,:jl;lfl'EJ ill~ l \91!'11 :tJB'W fl'IJ 1;1 fl'fll;l'W sine 'Vllfl\91'\J'W 'il 'J ,:j l 'W fl,:j 'illfl!:tJ B'fi1;1W'fi1;1B'W Nl'W 
'U 

~ ~ 

'111l\Pll '!Ju~1 'j ~\PlmJ l'il~l;l\911;1-:j Bell,:j'J 1\Pll~ 1 ll~cJ,:jfi,:jlJ'l-1 l'IJl,:jblJ'Wlf1l~'IJ'W ~~~ fll\9l'J\Pl vh 111 'j ~\Pl'IJ 
~ ' ~ 

0 d Q.J 'J} I Q.J 0 .::::::,. 

'Wl'Yn\911;1\P]l;l,:j'Jilfldl'J~\Pl'IJ'Wl'iJ'J,:j 

" ' " .<:::::). 0 cJ c5: 
2.4.8 Jll'j't1vH'IO.;J~Hifl';i~'fl1Hllflf.IWltflll'llf.l.:.l'kll't1tl'.:.l'li'W 

• 'lJ 'lJ 

'3J I I '3J 

Vllf11'J'Vl\Pl1;1fl,:j l\PltJl~'!11l\Pll\Pl'J~\Pl'IJ'tJl'fl,:jlfi 10 !GJ5'W~l:tJ\9l'J !!~1!f:i:tJBill11fliJ'lJB,:j'tJ1 
• 'U 

~ 

\Pl,:j!!~ 30-60 rNfl'llGJ51;1!9$tJ{1' JJ'W'fifl~l'Vlfl'l 1 l'Wllfi lJN1;1f11'J'Vl\Pl1;1tJ,:j\Pl,:jfll'V'!'iJ'J~fltl'IJ 2-45 
q 
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m~ 1h ~ ntJu 2-45 tJtu 11 fl ihhVi !'Vl :JJ~h.J ri ,;j Hrl ~ tJ fi TJ ~ ~ mhVi lfl ~ 1CJ'Ii -:r)f1 
q '" 

3) I I 'j/ 

Hfltll'J'VlflfltJ,;jU 'i:lfl,;j lli'tth.r.il 1~ ~mhVil'f1~1CJt1'1lf1 iifi l!'Vl:JJ~'U \911:JJ tJtu 11 fl il 
q '" 

I 'J) '3J I I I 'j/ 

Url~tlJtJtJtu 11 flil'UtJ-HJ 1:JJ1nn-:l1 40 tJ,;jfl'WlimCJfCJ'i:l 1 ~~m4 1'il~iim1 tJJ~ CJ'Wlt l.Jfl,;jYi!'~:JJ~'U mh,;j 
q <u 

':J} 3J I I 'JJ I 

1. YlflfltJ,;jn1J'u1l.J'J~JJ1 Url~thViiifi1 PH 1~1111-:j 4 ~ 9 tfJtJ~1fltJ,;j'i:li1l~thVit~'U 

mfl-~1-:j~,:jm~J.J'J~tltJU 2-46 

" ' " 
2. YlflfltJ,;jn1JlJ1 500 :iJr1i1i1\91'J H'i:l:JJtntlmtm 1 i'tJ'U Hl~tfJtJ~1fltJ,;j'i:li11~1.Jlt~:JJ 

~,;jm~JJ'J~tltJU 2-47 
'j/ I 'j} I 'j/ 

Q.l 0 <:V ~ 0 0 d.d f 0 c:Y Q.l 

3. Yl fl r1 tJ,;j tl1J'U 1 tJfl rl:JJ (Coke) ~~ tJ 'il 1r1 tJ~'U 1Yl :JJ 'i:l1'U H'i:l:JJ '\JtJ,;j 'U 1\911 r1 U rl~ tll"li f1 ~ 

m~1h~ntJu 2-48 
3) I I 3) 

4. Ylflrl tJ,;j nul.J 1iJ 'U JJ 1~:JJ tfJtJYJfl'i:ltJU'U tJ~ !11 mVi tlJl 'lfl.J 1~ ,;ji)l~JJ 'J ~ tltJU 2-49 
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160 

46 

20 
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14:; 
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QJ 
_J 
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10 
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ll TVnh ~ tl eJ 1J 2-4 5 eJ U! '11ll lJ tJ l Vi l'VhJ ~hHY ·H·Hl ~ eJ fi l 1 ~ ~ mhn l \91 ~ 1 (J li·;r1 \91 
q '" 

3J I I 'J) 

~i:l m 1 'Vl\91 i:l eJ .:~u {1'\Pl.:J 111'! {f u i1 1 ~ ~ 1J u 1Vi l\91 ~ 1 vl111'191 iJ fi l!'W'lJ ~ u I'll 'lJ e:J tu 11ll iJ 
q '" 

I 'iJ 3) 1 1 1 3) 

u i:l ~ !lJ e:Je:Jtu 11ll iJ 'IJ e:J .:~ u l'lJl nn i1 40 e:J.:J f!'Wlii:l !ClftJ {1' 1 ~ ~ 1J u 1 'il ~ iJ m 1! 11~ V'W!! 11 i:l.:J Vi rw 'lJ ~ u mil.:~ 
q '" 

3J 3J I I '3J I 

1. 'Vl\Pli:le:J'l01JtJ1111~11l Ui:l~tJ1ViiJfi1 PH 1~11i1.:1 4-9 !~e:J~li:le:J.:J{Yfll'\AitJlfi!~'W 

tl';i\Pl-~l.:J~.:Jfll'\AI1I1~tle:J1J 2-46 

" ' " 
2. 'Vl\Pli:le:J.:Jn1Jul 5oo ilrli'li'l\911 ~{Y'lJ!tl~m!m 1 oMe:J'W ur~!~e:J~l[le:J.:j{Yfll'\AitJl!~'lJ 

~.:Jfll'\AI111~tle:J1J 2-47 
3) I 3) I 3J 

Q..l 0 Q.l d! 0 0 dd ' 0 ~ Q.l 

3. 'Vl\Pli:le:J.:JtllJ'Wle:J\Pli:l'lJ (Coke) !'\Aie:J'illi:le:J.:J'Wl'VJ'lJ{1'1'1.J~{Y'lJ'IJe:J.:J'Wl\9lli:lUi:l~tll"li \91.:! 

fll'\AI1I1~tle:J1J 2-48 
3) I I 'J) 

4. 'Vl\Pli:le:J.:J01JtJliru11l~'lJ !~e:J'VJ\91{1'e:J1J'IJe:J.:JmmVi1ll1i'Wl~.:Jm'\AI1h~ne:J1J 2-49 
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\ 

'J) 

mvaJJ":;:;mJ'lJ 2-48 fll':il\PlJ":;:;~'lJtJlB\Pl[l:tJ~--;w'M--r'riPl 

j} I I 

sut:J,mn11PlJ":;:;~'lJtJl'lftJIPl~l-1'l'YlJ:;:;~'lJ 5 !9i'W~!:tJ\91':i ~-1\91l':il-1ll2-l 
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thPH4 5 4.8 0.2 

th PH 4.5 5 4.8 0.2 

Ul PH 5 5 5.0 0.0 

Ul PH 5.5 5 4.8 0.2 

Ul PH 6 5 5.0 0.0 

Ul PH 6.5 5 4.8 0.2 

Ul PH 7 5 4.8 0.2 

Ul PH 7.5 5 4.8 0.2 

Ul PH 8 5 4.8 0.2 

Ul PH 8.5 5 5.0 0.0 

Ul PH 9 5 4.8 0.2 

'lllhHil·Hn1JUl 5 4.8 0.2 

UTB~Hl:IJ (Coke) 5 4.8 0.2 

0 "" " i"" 'Wl~ft:l.JlfH'It:l 1 '15t:l'W \91::; 5 5.0 0.0 

'll1l!mhlf:JJ 5 0.2 4.8 

" . 
rH'Itl11'Vl?J~tJ~llf1'\0l~hi'n1uil 'llTYii'iri1 PH mh::;rdl~ 4-9 'h.iri~~~l'imi11::;\Plu 

"' 3J I I 3) 'J) 'j/ 5j} 

'll1'Vi1\0li~(JtJ'I1T1?Jli1J1JBh!l\91tl{~~l'ltJ~ 1 h!'Uu.t~'Viu11 u ~l~l~'IJU 1 u ltl\Ol~:JJ u~::;u llfli'itJ ~ 1l.iri ~~~ 
'j/ I I 'j/ 

191 mi 11::; IPl u u 1 'Vi 1 ?JIP1' -w'l1 11'\0l 1 'lfu nu ul'i li'l a1 '*'11 1 1\0l 1::; IPl uu 1l1u 1h rl' :JJ n ~ u 1l.i m m1 o1\0l 1 ~ IPl u 
'j/ I 3) I 'j} 

'UtJ~u 1l1 u iJ1rl':JJ 11P1' !tJ a~ 'ill flU 1JJ'u iJ 1rl':JJ ~~ 11?~ Bl~ fl\91~ nl'11ni1u 1 27 rvil 

2.4.1 o m-:i.U Htel~ m nh~ 1'1-m~elft Tl'M 1 r--mm::;'t11.Hl1 nm-:i1~ -:i::;vl''UJ 1~il ri 11~ ~ 
« "' mn~-:ill1-100 

"""" Tlitl11'Vl\Ol~tl~ 

Vlltl11 ~1~tl~tl11Vl1~1h!'Utl~tl!~fl11'11?11P1' 1tJ 1 iJ1 llfl1:JJ COM SOL 1?JmlTVih!\Oltli' 
'j} I 'j/ I 

'1111\0l1\0l1::;\Pluu1'Vi 10 tCJfU~!:JJ\911 ~~~~111'~11\0lBI~fll'l~n'lla~u1tiJ~tJuuiJ~~a~1u'lf1~ 1 - 100 
'j} I I 'j} I 

1 ?J tJ~ 11::; IPl uu 1'Vi ~ 11 ?J B!~ n\91 ~ m vilnu 80 1 ~ u ~ 1~ 1~ B ~ 1 VI at '!J~ tJu 1 'Vi tJu n u~ 11 ::;\Pl uu 1 'Vi 1 )01 Bt~ n 

l'l~fll'iW'l ~N~tl11~l~tJ~\Pl~m'WiJ1::;fltJ'IJ 2-50 
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I 'J) I 'J) I 

'illflfll'Y'lD1~fltJ1J 2-50 !iJ't:Jfilt~~h~n\91jfl'lltJ~thft:w fll1~1Plm11Vil'~#i'1t~li1l'~ 
I 'J) I 'J) 'J) I 

'\ldJfll!ft:JJ~'W U!;l~!iJ't:Jfilt~~h~fl\91jfl'1JtJ~U l];l~];j~fl11~1Pl'1JU 1Vil'~IOi'1tJli 1l~~'j)~JJfll];l~];l\91 eJ\9111 

" filml:JJ~\91'\Al m~'llt:J~fi 11~\Pl1Ju l~t:Jfllt~~h~n\91jfl JJf111:w~m:r'W TI!~'W!~~! ~'W 

~ 

l.J.. 
c 
Q) 
() 
c 
l9 ·u 
C'il 
a. 
C'il 
0 

2.4.11 fll1'YIV'Iilt:J~m'lfl1~'YI'I.J 'il 1 nm1 !U~£J'tu!Uil~1~~1H!1~~'U, 'Yl'llo~!!'tHl~~ 1£.1 

VJ1fll'.i'Vl191];lt:J~ 1 191tJ 1 ri' 'N 'il':if111Jfl:JJfll':iYh~l'W 1~filfl 11:w 'il 1 vh~ 1 'il 1nl'l 1!~1JD 1 ~ 'il ~ 
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fll'V'lD1~fltJ1J 2-51 filml:JJ'\1 1vHh~l'~#i'1tJ1~'\l1f111Jfl:JJf111Yll~l'W!rlmm~~~ltJJJm ~\Pl'W 2.1-5 v 
q q 
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m~~'Wt'VlvhnJ~v'Wu11~~vv1'W'Jh:j 2.1- s v 1~'il'Hn1JflJJm':il'11~1'WcJ~fl~11Pl~lfl11JJ'il1vlvh1~ 
"' q q 

" !'vil!~lJ ~~U'W':i~~1Jm ~~'W 1 vJvh'IJV~!!11ci~~1V11-i-ff~ ~~~Vfll':i11Pl~lfl11lJ'il 1 'Ylf11'1JV~1~'il':ifl11JfllJ 
q q 

0 .de ~ ~ 9) ' Q.l 9) Q.l 

'ill~ tl ~ fll':i! {l'tJlJ {!' fll'W'Q 'W 1'W! fl ~ V1J ~1'Yltl ~ U\Pl~\Pl1Vfll ':i\91 V\911\911'W 'Vll'W 'IJ'W 1 'W f1 1J 

~~~n 1m1Pl~~m'Wl1':i~f1V1J 2-52 

' " ' 
t\PlVlJfllfl11lJ\9)'1'W'Yll'WVi1~1'Wfll':i'Yl\Pl~ti~VV':i~'Yil1~ 0- 10 M Q l'llfll':i'Yl\Pl~V~11Pl':i~~mJ1Vi 30 

"' " ' 
!t:J1'W ~!lJ\91':i u~~ 1 ~':i ~l'lm.hVifl11JJI91' l'W 'Yll'W 'IJV~'Q 'W 1'W!Yiln1J 1 oo M Q d~h..1 ~ 101~~~ iJ ~~fll':i 

'Yl\Pl~m~~m'Wl1':i~f1V1J 2-53 
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" ' ' 
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"""' 11if11':i'Yl\91r!B'J 

1. nTH'W191'U'W119l'UB-:Jil!~n1~':i191-6'1-:JiJ-:JiJr-hrvhn'lJ 2 !GJf'W~!lJ~':i 1'1-:Jmvrih:;:;nB'lJ 

2-54 

" ' " 
2. n1l1'W191fin:;:;I'Jmhu1-:J~H'1'Wm':i'Vl191r!B-:JlJfil!'viln'lJ 10 !GJf'W~!lJ~':i 'il1flU'W 

I 3J 3J 3/ I 

~ ..::::::.-.. oQ.J 1 .-=:i wil!!l1 Q Q.Jodl 

!'VWBWl1fllJ'UB'J'W1~'J!!~ 30 - 60 B'Jf1'1!9fri!GJftlrl 'lJ'W'YlflfllBWlifllJ!!r!:;:;';i:;:;\91'lJ'W1'VlN1'Wfll':i 
q qj q qJ 

" 1h :;:;].J 1r1 Nm! 'lJ'lJeJ 'il'H 1 v:;:;u~ 1 !~'Ufin:;:; l'l'Uu 1ur~:;:; ~w mJil'YJ WJ 1 l'W 1~ !ll~ ti'U! ~tl'lJ Nrl m':il\91 

" ' 
':i:;:; l'f 'lJ U 1':i:;:; '1111-:J ri 'dl\91 ~ iJ fl1 ':i '15191! 'l5tl~ 1 fl 11lJ ~191'1"1 rl1\91 (Auto calibration) tl'lJ ri 'dl\91!! 'lJ 'lJ JJ fl ~ 

(Normal) Jl'dtil~ f11':i '111~1! ~ ti'J!'lJ'W m~ ':i :q1'W lJ Nrlf11':i 'Vl\91rlt!-:JI'f-:Jm'V'IJ.l ':i:;:; fle)'lJ 2-55 

3.5 

• 3.0 +Auto calibration 

•Normal 
i3 2.5 • 
"" (\) 

·~ 2.0 • "0 

12 1.5 ~ 
c: • 2 

(/) 1.0 • 1111 

• ••• 0.5 • • ,,. ' .. • • •••••••••••••••• ,. 
0.0 

30 35 40 45 50 55 60 

Temperature (Celsious) 

' " ' 

fl'UriT!I9l!!'lJ'lJJ.lfl~ !lJtll\91U1~lJt!Wl1fliJ 30-60 tJ.:Jf1'1!9fr!!CJ1tir!' 
q 'U 
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' " 
vH'lfl11'1'l~J;JB~Hbl'~~1~rH'\.J':h dJt~BW'YlfliJ'IJt~~l.'hm.i1'W'lfJ~ 30-45 B~fl'WlfJ;J!Clif.Jbl' 

q ~ ~ 

' 
" ' ' 

~11~~mhYi1~~1CJli':r'J~-vilim1'lf~!'lWThf111:1J~~'V'IJ;J1~ (Auto calibration) fl'lJli11'~!!'lJ'lJUfl~ 
I I I I 'j) 

(Normal) ~~ll~1!Df.J~!'lJ'\.J :IJ1~ 1 ~ 1'\.J -vi 1 nlt!fi f.J~ fl'\.J!!J;J~~ B'W sfi1~f1~.yj !!~!iJB~W 'Yl J:JiJ 'IJ B~ tJ 1:1J1flfll1 

45 t~~fl'1 li11~~lim1'lf~!'lff.J~1f111:W ~~'V'Im~ ~~li~1!~CJ~!'lJ'W:IJ1~1 ~1'\.J u mm11li11~u'lJ'lJUfl~ 
1 'j/ I I 

!W~~11fl11!Vl:Wl~fl11'lf~!'lff.J~1f111:W ~~'V'Im~ 1 ~il'Ul111'~ ~~'lf1CJfmn~11~~'lJu 1-vi1'~ 1~1 ~fl~-vi 
3J ;j} I I 1 

uJJ' t~w 'Yl fl iJ 'IJ t~ ~'\.J 1 ~~ bl' ~~'W t~V1~ h ~~ 1:w ~ 1! ti CJ~! 'lJ 'W m~H 1'\.J -vi 1~ n ~ 'lJ mn n-:!1~ 1! ti CJ~! 'lJ 'W 
q q,J cu <1,9 

9J I I 'j) 

:IJ1~1il1'\.J'IJB~fl11l~1~~'lJtJ11'W'lf1~BW'YlfliJ 30-45 B~fl'WlfmCJ1CJbl' bl'l!'Yl~~!1:1t~~:IJ1~1fl !iJBU1ll 
cJ,9 q cu q 

" ' 
BW'YlfliJ:IJlflfll145 B~fl'1 ~~!n~1t~un~!'YICJ1U!fll~'lJ'\.JB!~fl1~j~~~fll'V'IU1~fltl'lJ 2-56 91~1~fllj 

q ~ 

' " " 'lf~!'lff.J~1f111:w~~'V'Im~ 1lim:w 11 t~'lf~!'lf(Jv.JJ;Jm ~'l'l'lJ-Yi!n~ ~1n1 t~u 11~ ~11~~'lJu 1 ~~lim1 un1~ 
91 - I"" 1 : d "" ~ 1 

'IJB~'IJB:IJJ;l~1:1JIJ1:1Jlll! tl'\.J1'1'l!fll~'lJ'\.JB!J;lfl ~~1~ 
~ 

" " " 
'1'11m1 'l'l~i:lt~~ 1 'W G'~u1 1 ~(J 1 'l11~~'lJu 1 10 !CJf'W ~t:w~ 1 t~'\.J 1~~'Uu 1~1~B~ 1 m111 

W 'j) 'iJ I j) 

'l'l~J;lt)~ ui:l~ 1 'l11l:wu1'l'T'lJ~'\.Ju1t~B~1J;ltl~bl'm'V'Im1 1 'YIJ;l~~m'V'Iu);;;flt~'lJ 2-57 ui:l;;; Ni:l ~1n'l'T'lJ~'\.J u 1 
I I 3J 'J) 

'1'111 ~tn~m ;;;t~D:w-vi ~1'UD~u 1~ ~ 1 'Wi11'V'IU1 ~flD'lJ 2-58 fi1'Y1 'W ~ 1 ~ t1 TJ~1 ~~'lJu 1lJ fl"l 1 l'W 1-vi 
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I I ~ 9) 

m'V'ILI'J~ne:Ju 2-ss m1m~tV!mJ'lle:J'lt'hl0tn~'il1nm1 ~1[1-e:J'lm'J 1 11[1~-:wll:~-rw 1 

' " ' 
N[lf11'J 'Vl~[l e:J'lll 11'1' 'il 1nm 'J 1~ 1 ~ l'l1n'h 1 u b'ff111~ll ~ 1 [I e:J'l m 1 'l11 [I u b'f~'l 1~1'l'l1 u 

I l ';V f 

m'WLI'J~ne:Ju 2-59 t:i'lm11m'Jm'fi1m~tJ'Ue:J'l'J~I'lm'hl01~ \~mmi11'~ h.1'li1'lnm 10 1u1l0 60 

l'Wlll U[l~ 600 lt.llll Ub'f~'ll~l'l'l1'Wm'WLI'J~f1e:JU 2-60,2-61 U[l~ 2-62 \911:J-Ji1119)U 



• 
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~ ' ~ 

m'WU1:;;no1J 2-59 Nrtm111P1':i:;;~mh~{lCJli':rJIP1 hHYmldiiJm1~1rtO\If111t'Y'irt'UO\IU1 
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12 

~ 11 
E 
~ 
Qj 10 
> 
Q) 

...J 9 
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300 
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m'WU':i:;;nou 2-60 Nrtf11':itu~CJ~11~~1J'ilTn11P1t~1llf1lil11P1'Vlf1 10 1mVi 
q 

54 



14 

13 

12 

~ 11 
E 
~ 
Qi 10 
> 
Q) 

..J 9 

8 

7 

Max Error 1.5 em (15%) 
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I 'j} I o 

N r1 n 11 'Vl ~ r1 e:1 ~ u {;'{ ~ ~ 1 rr l 11 u 11 11l '111 f1 1l Q ~ v 'iJ 1 n 1 ~ ~P~ u 1-11 Yi iJ n 11 n 1 ~ l t1 e:1 1J 

l~m 'illf1fl11 1 'VIr1fflll11flrl~Al'fl111l N~'Wm~ 1¢1 ur1~t~iJm1 1 oJf~1'W 1'W~1e:J~1~ 1 'W fl11fl1'W1W '111 
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"'""' l'li fl1 1 'Vl ~ ~HN 

1. U1ll'lH~1m.h~{1'1'Vl!lltJ:U~!~1l1tlfl11{1'tJ'WhJ hhum:u MATLAB !tJ!ri!'W 
' ~ 

1 iJ1um:u Labview !~tJ!!{1'~~~11~~'lJU1'Yl~~~1'Wflln'l~~1m1lJN~'VHn~~ltJ 1m ~~1tJiJ1~{1'1'Vl 

tlltJlJ ~~m'WiJ1~tltJ'lJ 2-63 

MA TLAB script 

)oad ('D:\Temp\Work_Neurall'); • 
!JV=sim(net, W); tr. 1----------

3) jJ 3) ' 'j) ' 'J) 

2. ~ ~ (9) ~ 'l111' ~ ') ~ ~ 'lJ U 1 l 'W ') H U 1 'Vl ~ {1' tJ 'lJ ll lJ f11 1! 'Yll:'l 'U tJ ~ U 1 ll 1 ~ ~ 'lJ U 1 4 

t'li'W~!:U\911 l'l~m'WiJ1~f1tJ'lJ 2-64 un~ 2-65 



• 
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' " ' 
fll'Yflh~fHJ1J 2-65 ~f1'hltw~f111m ~li'J tllJ'UtJ-:J't.JTVl l '11 !;'H·ll'U '11 'Jl~ 

I 'j) I 'j) I 

l~mu~ tJ1JlYJtJ1J1~~1JtJ1YJl~'il1-:J tl1J1 ~~1JU 1YJ~1'U 1 fiH~1tJU1 ~-n'TVHYJtJ:JJ i:if:-H'l 

m1 '\ll~[lfj-:J~-:Jm'Vlu 1~ nB1J 2-66 

Water Level Sl(cm) 

_ ,,.~+1'216~~$, t7?(1 :zns vOO n8s 2m z19s, _zWo 23hs 2siO~ ie'l$,~}~ . ~s ze® ~ ~ 
~._ .... .;;,~~~-~~-~~•·_:;_;_"5.f;_,:;¥L' :.,.,:.:.6:. '·'· •-~mw ••••• ,.~ .. ,~w"·'·"· ~ ·'··· '· ··'··~•••• •• ·- • -·····'·····~-·•:·--· •• ~-. """ ...• :" -~"' ~-~~·•·•··•.,.•·· - • .,_ 

m'Vlu1~nB1J 2-66 1~~1Jl11Yll'~'il1-:JI'i'1t~'l11l'~ (1J'U) lu~tJ1JlYJt~1Jn1J 
" ' 

fi11~~1Jl11Y1~1'U 1fi1-:J~1t~u1~m'\lllYJmJ Cri1-:J) 

'j) I I 'j) 'j) 'j) 
cv Q./od...::::::.clw 1 cl ~ Q.IQ..I 1 

3. '\ll~rlfln~1~~1J'Ul'\lll'Vl:IJ'U'U\9l-:JU\9l 0 tl-:J 12.5 lGJ$'U\9ll:IJ\911 Url~rl~1~~1J\9l-:JU\9l 
'j/ I 'j) I 

12.5 ~-:J o lGJ$'U~l:IJ\911lu~t~1JlYJtJ1J1~~1Ju1Y1l'~ tl'i''il1-:J'il1n'l11l'~ n1J1~~1Jl11Y1N1'U 1m-:J~1tJ 

u'J~-nl'\lllYJtJ:IJU~J n~[lf111'\ll~[ltJ-:J~-:Jm'Vlu1~neJ1J 2-67 

Water Level Sl(cm) 

" . 

Neur,af jA~ 
rt~ ';;.r:..;: 

m'Vlu1~nB1J 2-67 1~~1Jl11Yll'r1'il1-:JI'i'1t~'l11l'r1 (1J'U) lU~tJ1JlYJCJ1Jn1J 
" . 

fi11~~1Jl11Y1N1'U 1m -:J~ltJU1~m'\lllYJtJ:IJ 
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Hrlfll':i'Vl~rlel'I'Vl1Ji1 fll':i1oH1'flH'IilCJ'lh~'ffl'Vl!YiCJ1J (Neural Network) bY11Jl':ifl 

(1~~1m':im~ t'VteJu'IJeJ'IJ1 '1~ 'il1 '~ ~'lm'Vl'lh~ neJ1J 2-66 ttl9inl'i'eJ'~1;!tlJ!ilCJ'fl111J(l~!B(J~ h.~ m':i 1~ 
'\Jil'IM 11~ '11l~1CJ (Resolution) ~'~ mw1h~neJ1J 2-67 ttieJ'I 'il1tl hJ fll':i bYeJ'W 1m 'I~ 1CJ 1 ':i 11'i'eJ'I1 oM' 

. . 
o' e:!lfl 3J 1 I 0 Q.l .d. Q.l .Qo 'j) 1 Q.l 

tfll'Vl'Vj'Vl'Vl ~~'il1tl 'flH'IJ1CJ'il~\Jtl'il1tl~'Vl':i~~1J 4, 6, 8 tm~ 10 t9f'Wm1J~':i~1m'll''Wtl'W 

<!i ..... 1:1.1 ..... 
2.4.16 tn';i'YIVI~tl'I!'Y'nl'Hlt'IVI';iltn';i 'lf'Vt~'l'll'kl 

~1fll':i'Vl~rleJ'I1~CJ1~m~ttbY'l '1"1~1~ '1 'Y!rl ~1'WMTJ~ trleJ~1CJm 'I~'W '1 '1"1~1':i~'Yl i1'1 

2.2-3.5 1 1rll91' 1~CJ~1fll':i 1~ 1u 1 'Y!:IJ~fll':i ~1'11'W 'lleJ'I1'1'il':i 'fl11JfJ1Jfll':i~1'11'W 3 1 'Yl:IJ~ ~eJ 1 'Y! u~ 

~1'11'W1ltl~ (Operating mode) , 1 'Yl:IJ~ri '!.o'mqjrl(TX mode) !!rl~ 1 'Yl:IJ~'Yl ~~Yltl (Sleep mode) ij 
~ ~ . 

':i~~m.J 1 'il1 'I'll w~ 'Vl~rlfl'l t'Vi1n1J 30 !CJf'W ~!:IJ\91 ':i 'il1tlU m.h~ 1m ~u bYu rl~u H~'W '1 '1"1~ 1Yi '1~ 1J 1 

fl1'W 1W 'Y!1~1tl1~'1 L 'l"l1~h 1 'WUI9irl~ 1 'Yl:IJ~ ijHrlfll':i'Vl~rl el'l~'lfil'Vl'lh ~tlel1J 2-68 

6~-----------------------------------------. 

5 

--Operating mode 
--Tx mode 
--Sleep mode 

o~~~~=====:_j 
2.1 2.3 2.5 2.7 2.9 

Vcc(V) 

3.1 3.3 3.5 

m'Vl'lh~tlfl1J 2-68 D\9111fll':i 19i'I'II~'I'I1'W'Ufl'IM11~ 1uul9irl~ 1Mu~ ~':i~~1Jm 'I~'W 'lvHh19iw"] 

Hrl fll':i'Vl~rleJ'IUbYI'l'11 'lin~ u 11 rh11'lijD\91':i 1fll':i 19i'Vl~'I'~1'W ~bYeJI'l'fl~eJ'Itl1J':i~~1J 

tt ':i '~ ~ u 'IJ eJ '~ u 'Yl ri '~ ~ 1 CJ ~ eJ 5\91 ':i 1m ':i 1oM '\'II~'~ '~1 u 'IJ eJ '~ 111 11'1 mh r1 u \91 "J '~ n 11 tt 'Yl ri '~ ~ 1 CJ u l9i ij 

'fl111J ~ufru £~ '1 :Ut lJut ~'~ 1 A'u 11'1 CJ~ "J ~ ~ 1J u "J '~ ~ u 3.5 1 1rll91' ~ '~ 1 lJu u 1 '~ ~'W bY'~ bYI'l ~l'Y! f 1J m "J 
<u q 

~ 

'Vll'lrlel'IU M111'11 oH'\'11~'1'11'W 1 'W 1 'Yl:IJI'l~1'11'W Utl~ (Operating mode) !!rl~ 1 'Y!lJI'lbY 'l~il1qjrl (TX mode) 

1n~!~CJ'Irl'W ~eJU"J~lJlW 4.7 mJ/Sec Url~i'Wl'Yl:IJI'l'Yl~l'lfltl (Sleep mode) M111'119f'Vl~'l'll'W 0.805 
I I I 'J} 

mJ/Sec bY1'WYi"J~~1J!!H~'W 2.2l11;1191'Glf'l!lJ'Wm'I~'WfllbY~~1'Ylf1Jfll':i'Vl~mnil M111'11oH'I'II~'I'Il'W 
q 
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0.198 mJ/Sec 

2.4.17 m·Hh~fl~ fll'j'th:nl-u~fl't'il'llfl'lH'llVI iJ'Wll.I,'VJrh 1uuu 1~ ~u1 n 

m1 ftfl'l:l 1if il11911lth ~bY ~fl!~eJ11l'lleJ'lH'll\91'lleJ~bl'W l:JJ! 'VJ~ 1~u ~ cJ m ~'ill uoonm 
q 

" 
'illflB'W!\91 o{~~\91e.Jr:'l~l!~ n1 \911\91 'illflfl1l:JJff:JJ~'Wll 1 ~ 11 il~~lfl1l:JJ 'il! 'VJ~ lfl'Ufl1l:JJ11 'W 1 'll o~ '111 1\91 u 

q 

1i'hhum:JJ COMSOL Multiphysics ~lr:'ltl~f111YlNl'W!~D11l~lfl1l:JJ~t'VJ~l'UD~B!~f111911\91 ~~ 
~ I ~ ~ ~ 

t-11 11 'W 1911 '11' fl 1l:JJ 11 'W l'Utl~ ul!'w:JJ ~'W 191 ~ u~ o-10 11 (;! il !:JJ \91 'j, n ~l 1\91 B!~ fl\91 ~ fl'U o~ul!'vhnu 80. n 
'll'W l\91!!r:'l~1bl\91ffl11 i'u 1 i'~lr:'ID~ m1 Yll~l'W 101~m~th~ fleJ'lJ 2-69 !!r:'l~ 2-70 

q 

Water 
(Thick 0- 10 mm) 

F< ~ f<i>t ()ptl~~~ 'le'~ 

FR-4 substrate 
(Thick 1.6 mm) 

Copper traces 
(Thick 0.5 mm) 

; -;.I>I<:,I:±:JQLJ "'-"fi"c...L.I--'-'-"'-"-""'-"'"-"~"-'-== 
">' ::d'~~q,,_, 

i 
I u 

fl113-lvnt 11.1 fl-n.b 
fl~;!-J~?tnuih~n1~1<n 

E 
E 

fll~th~flD'lJ 2-70 f111 ~lr:'ID~fll1Yll~l'W!~D'Yil~lml:JJ 'il !'VJ~l'UD~B!~f111911\91 
q 

' " " 
!:iJoml:JJ11'Wl'UD~UliJ~Wl~!!~ 0-10 iJ!:'lil!:JJ\911 1191CJl~1thum:JJ COMSOL 

mm 
mm 
mm 
mm 
mm 
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" 
• 'Y!'W 1'UV,n1w1-:Jm'Vlth~ml'IJ 2-71 

250 

u:-
a. 
~ 200 
G: 
(so 

G: 

~ 
150 ll~ 

4(il .,. 
(QI .. 

100 r 
.;;:::: 
'1= r;. 
ri 50 r 
C" 
(;;: 
r 

"(;;: 

0 
0 2 4 6 8 10 

v 

Fl'l13J'Vi'U1'lJ'fl,:l'll1 (mm) 

fll'VlUj~fl'fl'lJ 2-71 ~1'fl11:i.J'ilhlVh'llv.:J~h~n1191Hl • 
I 'iJ I I 'j) 

dJ'vm1:1J'Y!'Wl'U'fl.:JlhViff'm1'~~h~n11'lj~l~:IJ~'W 0-1 o ilr~~t:IJ\911 

I 'j) I 9) 

Nrtfl1)~1rt'fl'Jfll)YJ1'l1'Wll~~'llli'l~'Wi1li'1'fl'fl11:1J'Y!'Wl'U'fl'JU1l~:IJ~h-~)~'Y!i1-:J 0 ii.:J 2,75 ilrt~l:IJ\91) 
I 'j) I ':J} 

~ 1'fl1l:IJ 'ill vi~ 1'\J v.:J Bt~ nt\9lj ~ '\l~t ~:IJ ~u \911:1J 1 tl#l 1 v tt~ ti'1v'fl11:1JM u 1 'U v .:J u 1:1J 1 nni 1 2.75 • 
I I I 'j) I 

ilr~ ~l:IJ\911 ~1'fl11:1J'ill vl~1fl~'IJ r~~rt'lllrt~l~ :IJ'fl.:JYi 1llt~:IJ\911:1J'fl11:1J'Y! 'Wl'U'fl.:JU TYi irm'r~Bl~ n1 \911 ~ ~fl . 
' ' " 

1~v'il~Yi~1m1:1J'illvl~1m~~fiv'il~Yil11~'fl11:1J'Y!'W1t'vhn'IJ 2,75 ilr~~t:IJ\91) ur~~~lfn1:1J'illvl~l'il~ 
q q qj q q q 

I I I 'j} 'j/ 

~~:IJ'fl.:JYitiJ'vul~ml:IJM'Wll'l.:Ju~ 3 ilr~~t:IJ\91) ~~u~u 1 tl 

'illflf11'VlU1:;;fl'fl'lJ 2-71 '\l:;;t~u1#1iltrlv'fl1l:IJ'Y!'Wl'U'fl.:JJll~:IJ~'Wii.:J'il~'Y!ct.:J (lu~iffiv 3 . 
iJ ni1m \911) ~ l'fl1l:IJ 'ill vi~ 1'\J'fl.:J B'Wl\91 v{~~ l'l'fln B l~fl1 \911 ~ 'il ~ l~:IJ'fl .:J ~ u ~~ .:J i1'U 'fl'IJ 1 'U \91 'U v .:J 

q 

' " ~u 1:1J 1 vi~1Yi u '~"~~ m:;; 'illvvvnm 'illnBut\91 vHi~l'lv r~ Bt~nt\91) 'Prw ~'Uvu !'UI'llil.:J 'illflBt~ nt\91 1 ~ 

tl1:;;mru 2,75-3 ilr~i1t:IJ\911\9)-:Jm'Vlth:;;nv'IJ 2-72 

2,75-3 mm 
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I I 'j} 'j} j/ 

! i'1 tl'l 'i) 1f1~'W !\91 tl {~~ \91 t!~'l11 '*1\91 ';j ~ ~ 'lJ U1U ~ tl'l! fl tl tl'lJ ~ 1 tJ 'V1 tl'l U\9l'lr1'l '11 :IJ \91$11 tJ 
. " . 

u 'W 1'W 1 'Yl1l1t~m~t~.:Jn'W m':i n\91 f1'i t1 'W ~~~~nu ~\911-:J 'i.l ';j m':i f1n£J 1u~ .:JiJ1\91 o tJ ';j ~bY .:j f1't~t~'l11 • 
" fl11:1Jff:IJ~'W n':i ~'1111'lfl11:1JbY1m-:io1 'W m':i 1\91-:i ~~uil1'1lt~'l~'Wt\9lt~{~~ \91 t~~ ~~~n 1 \91-:i \9ltl'l.Jfl11:1J'I1 'W 1 

'IJ tJ.:j'ij 'W 1'W!fltltJ'lJ 1 \9ltl 1 '*i1i ~1~tl'lf11-:i'i'11.:J1'W 
" . . 

1 'W m-:i ~ 1~t!.:J m-:i '1'11.:J1'W n1M'W \91111' m1:1J'11'W 1'1l t~.:Jil111 ff':IJ ~bY~~~ n 1 \91-:i \91 iJfi1fl.:J 11 
'j} 'j} ' 'j) 

rvhnu 5 iJ ~ ~~:IJ \91 -:i iJfi1t\91 ~~~ n\91~ n'llt~.:Jil mrhnu so u~ ~ iJfl11:1J M 'W 1 'llt!.:J i''W ~htfl tl t~ut Vi:IJ ~ 'W 

" " 1 191-:Ju~ o-5 iJ~~!:IJ\91-:i 1bl'\9l'Ut!.:Ji''Wtfltlt~uP:h¥it~ FR-4 clf.:JiJfi1t\9l~t~n\9l~nrvhnu 4.5 iJ~nmw~ • 
'j) a. d ~ Q.l 

1m .:Jbl'':i1.:J'Ilmm~n 1\91-:i \9l'Vl.:J'I1 :IJ\91\9l.:Jfll'V'l1J-:i ~f1t!'lJ 2-73 

f"l'd1l-JVI'W.1'li'El'l 
,_, 

oTI'W.~'dbf"l~'ElU FR-4 

" ' 
~''" m 

.,,~ .. ,;~•-\ll',irto!m'""""':'"J~•s 

H~ 'i.l1f1f11 ':i ~ 1~ tl'l f11':i 'i'1H1'W 'i.l ~ t$lfl11:1J ff:IJ~'W TI ':i ~'11l1'llllfl11 :IJ 'i.l l vjyjl'IJ tl'l ~'W. !\91 tJ{~~ \91 tl~ 
q 

" ' 
~~ ~ n 1\91 -:i \91 nufl1l:IJ '11 'W 1'll t~.:Ji''W ~ht 'fl tlt~u ~ .:Jm'V'l tJ -:i ~ nt~u 2-7 4 u 1l ~ t:iJ t~illm M1lll'fl11:1J mm-:i o 

" " 1 'W m':i 1\91-:i ~~ 'lJU1'1Jtl'l ~~~n 1 \91-:i \91 'i)~lJfl11:1J a:IJ~'W £ numl:IJ'I1 'W 1 'IJ tl'l i''W ~11 'fl t~ tl'lJ ~ 'lfl1'\Al tJ) ~ f)tJ'lJ 

2-75 
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0.00 1.00 2.00 3.00 4.00 5.00 

~'J1a.J'VI1J1'll'el~'a\..~~'Jb~~'elu FR4 (mm) 
I !)/ I 'j} 

flll"jth·~mnJ 2-74 filfi'Jl:JJ'il t'Vlth'UB~fh~n ll'l)l'lrll'lrl~t:WBml:JJ'M'Wl'UB~iutl'Jtfl~mHVI:JJ~'W 
q 

100 
~ 0 

•·S 90 
c 

80 4Cro 
(;;; 

c 
70 ~~ 

4(.0] 
(;;; 60 ,...... 

-~ 50 (to 
r 
c 40 ;t 

~ 30 (to 
r 
;;:<; 

20 r 
~ 
;;:<; 

10 r 
C" 
(;;: 

0 

0 2 4 5 

" flll"jth~nBlJ 2-75 ~t~n ll'lHllJ'fnl:JJm:JJl)tll um)ll'l tl'l~t~nl'l~n'UB~tJlrll'lrl~ 
I j} I 'j) 
~ Q.) e:. ~ .:::::::, .::!l 

t:JJBfl 'Jl:JJ'M u l'UB~'lf'W N'Jt fin BlJ t'V'I:JJ'U u 

. " . 
Nnf1l) ~ln B~m'j rh~l'W H n'l'l~ 1 tit~ u 11 t:WBml:JJ'M u l'U B~iu N'Jtfl ~BlJ fh ~ u ln'l'l 

q 

I ';j} 'j) I 'j} 

FR -4 tVj:JJ~'W fi'Jl:JJm:JJl)tll u f1l)ll'l)~\9l1J'Ul'UB~~t~n tml'l'il~nl'l r1~ Hrl~t:Wmnl:JJ'M'Wl'UB~iu tl1 

Q<O\ o o 91 1, I j liJ 91 , I cl "" 
11if1l)1llntl~f1WY1l~l'WI'l1tl nmtm:JJ COMSOL Multiphysics m:JJl)tlfl'~l ll'l 2 U)~ll'l'W fltl 
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1) ff'W 1 :w 1 YHh ~If)~ 111 n B 'W !\WtJ {~~ \91 B ~ B 1 ~ n1 \91 "J ~ iJ 'U B u 1 'U \91 ~ 1n ~ tl ri rJ;i B 

Bl~n1191'J~~iJ~'UeJ.:Jmt11-:J11m~1-:J 1.25 n~~l:IJ\91'j u~~n'J~ti~l'i1-:J'J~r-dl.:J~ 1.25 n~~l:IJ\91'j 11~ii 

m"J !l'V'lim~111t1'UB.:Jff'W 1:11 i 'Vl~ 1l'rrwBmt11-:J 11'J i:Utn'W 3 iJ~~l:IJI91'J 
. . " 

2) tll'J tf1i1Bur:hl'l1'W Wl1t11'ff~YiiJrh i~Bl~tl\91~ nl'l1tllTt'h 11 ~ l'11 l t1' f1 11:11 ffl:IJl'J t1 • 
" " 'l 'W tll'J 1~"J ~101 u 'W l'U B.:JB!~ n1191 1 ~~~ ~.:J 1 ~ 'W mh~ mn 11 ~~ i:J ff1:1J11 t~-1'~ "J~\Ol u 'W 11 #i'w tl'l11 tlfl 11:11 

" '11 'W l'U B.:JGJf'W r:bt f1 i1 B'IJ mnni1 1 ~ tl~ u 'V'l i m ~ 11 1ti'U B.:J ff'W 1:111 'Vl ~1 



' <:! 

'U'YI'YI 3 

9 if dt Ql d lj) Q..l jJ 

~ 'W fl'W lfl \91 :IJ'lfl:H'JU{;l ~ lfl 1 tl~ 'il m (Human and machine) 'il ~ :IJ fl1l :IJ \91 eJ ~ fll 1 TlJ ~ 
. " . 

b1'fll1~U1~~fl:IJ)eJ'IJI9i11'WnJmJ'lHTrtl'il~ ~ (Real time) l'W:IJ:IJlfl<li'W l~fl 1 ,r b1'1:1Jl1tl u'ful'i1 1~ mh ~ 
'" 

m :IJ l~ br:IJ tl'IJ b1'fll1~ u 1~ ~ tl:IJ ~l u~ I'J'W u U{;l ~ 1 u {;1~ fl1l:IJ b1'UH .fft~9"11191 u {;1 ~ 'Vl -r~ Vff'W l ~:IJ 
'" u 

u 1~ ~eJ:u1 eJul'i 1 u~11l~UN'Wfl eJ~n'W mJ'~m \91 1~mh~u:Jw'h '111m~ uufl eJ~ n'W ft\91 1~'lf1 'W . . '" 
' 3) 'j} y 

m1 lfl'l:l \911 Vi m:u n t:l\91 1 1'il ~u nn d1~ h fiU{;l~ U:IJ{;l ~ 1 ~ l'i~ul9i lij eJ~I91''W u ~ 1u cim.1m 1 l fiJJ fru fr ~ 

neJ'W ~ 'il~ln~m1 u~~ 1 ~ul~eJeJn 1 uu~ l1ru ~'W ~~'111t~{;l~fll) 1 i'brnlfiJJ 1~l~'Wmh~mn 
.:::! Q.l 1 cv j) 'J) lfJ 'J) 1 C:., ~ o ~~ 9) d 9) 

m1 'Vl 1 ~ uu~ ~nm1 'il ~ 1 u ~ b1' m1~ u 1~ {;1 eJ:IJ ~ ~ eJI'.Il~'Vl1t:l~ 'il lllJ 'W \91 eJ ~:u'l.l fllJ{;l 'I'll~ 

mtlm~~ 1~'illflfll11~~1m95'Wl95eJ{~~t:lfl~~~~ 1 ~mtJ'IJfl{;l:IJ~1~'W~l~li:Y ~lfl\91 1 'W m Wl~'W~'W~ '" . 
m t1 1 'W mm 1 m 11 i'l95'Wl95eJ {l ~eJ :ul9it~ ~eJ b1'11 ~l 'W b1'ltlfJ~fl~ JJfl1l:IJl.i ll ~eJi'i mw ~ \91 ti'IJ br'W eJ~fl1l:IJ 
9) "' I II] 9) ~I I "' I ~I 9 9) .J "' = 9) II] I"' 

\9ltl~fll1 ~ ~nm1 ~~llJ'W fltll~~ U\9l'YllmD'W m1 ~'If~ l'Wfllti'Wtlflfllfll195~:1J'IJ1 nru fl1l~ ~:um ~uu 

1 vl~lU{;l~U'Y!ci~~~~~l'W'Vl~U'Vl'W~'W"'] lGJf'W fll11 i'~l'W 1 'W'l
1

h1fl.yj'IJ '111flfll11 i'~l'W 1\9)''Vl~W~fll1ri ~ 

~eJ:IJ{;lU{;l~~ltl~~~~l'W 1 ,r tl'IJl95'Wl95eJ{ ~l'W'Vll~mm~'W ~ ~~Yl1 1¢lmnih'IJlmf~ 1 'W ¢ll'Wl'VlfiUfiU{;l~ 
'" " . . 

m1:ufl':u~11 'W fll1{;l~'Vl'W 191~'\J'W ~~1Jnnftnm1~m~t~b1'~ l~l95'Wl95eJ!H mt~Vi1 i'~1'W~ltl 'l.l'Wl~l~fl . . 

tlli'Jfll11 i'~l'W [32] . 
1 'W fll11 i' ~ l'W l95'W l95tl {1 ~ b1'ltl 'il~ tl fl ~ ~ ~ ~ 1 'W ~'W ~l ~'W ~ l'W 1'W :IJ l fl 'il'W b1'l:IJ 11 tl 

'" 
b1'1' 1~ l fl1 eJ'li 1tl~fl b1'1 1 'U 'W 1 ~ 1 '11 tY ~'W :IJll ~'W'U tl ~ \91 'Wl tl~ 1 ~ l~ tlfll fl ~ eJ 'li 11'.1 ~fl b1'11 tf:h "lfl ~ t~'li 11'.1 

. " 
l95'Wl95eJ!Hmtl (Wireless sensor networks)" U{;l~l~tlflt!UmruHmt~Virh~1'W 1 'Wlfl~eJ'li1t1iJ 11 • 
"l95'\.H95tJ{1ww~ (Sensor node)" 

1:u~ {;ll95'W l95eJ{H b1'1tl Uno de flflflU 'IJ 'IJU {;l~TIWJ 'W 11 ~tl,r fl~U~ 11~ fll1l~ 1'.1~ 1:1J 

" 
lfl ~eJ'li1m95'Wl95tJ{H b1'11'.1 fllfll'li1lf1'1m 1:u fleJ:U'W'1l\91 eJ{ :U'Y!ll'Vltl1 ~!'.I bY ~'l.l m'W fl ~'W 'Vl { JJ~'W~ 1'W 

f111TIWI'W1:1Jl'il1fl Tmote sky [32] 'l.lel~:IJ'Ylll'Vltll~tl Berkeley 1Jri1'WQUmru'Y!~flU1~fleJ'IJ~1t11eJ91 

64 
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CC2420 ~.:jYJl'Y!l!l~'l'Wff1'W~1J-ff.:j'li'tJ:wmhwfl~'W1'YHJchwrr;n:w~ 2.4 GHz :Wl\91l1il'W IEEE '" . "" 

802.15.4 tr~~ff1'Wf111JfJ:Wf1l1YJl.:jl'W 1~w'l ~~:IJ 1 mflti'W 1 'VlHH~tJ{ MSP430fl611 'l 'Wff1'W 'UtJ.:jf1l1 

ut1'\o).:j~tll'W~ f1l1YJl.:jl'W 'il~1h~f1tJ1J¢J1CJ11~ti~Utl~~~~l'W 1'W 2 11~t1~'ff111~ 1JU ~~ .:j~tll'W~'UtJ.:j 
~ ' 

u 11 ~ .:j ~ 1 CJ! ~ u~~ ~m'W~f1l1 ri .:j 'li'mJ~ 'W tlf1'\llni4 eJ.:jn rpJm ill! t~9hh ~f1ti1J ~'W 'l t 'lf'W Isolating 

USB form mieroeontroller , USB to mieroeontroller , USB flash memory, Code Flash memory 

Unode Version 2 

2.4 GHZ 

lmW 

IEEE 802.15.4 

Q.l Q.J I 9) 

tl~11f11111J-~.:j'UtJ:IJ~tltJf)tJlf)lft 
'" 

250 kps 

Operating Mode: 63.58 mJ/See @Vee 3 V 

TX Mode: 80.35 mJ/See @Vee 3 V 
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3.2 flTl~ ron..nhn ln fl ~Hl m -a ~enn ·mu u, 1' llUJ 

1l'l11 'Vl fl t1 ~ ~! ¢1 ere:~ fH! 'lJ 'lJ u ~ :;::~ ~?:~n.n ii 'fi11:JJ 1:Y1m1 1l h.J m1 l'i\..1 '111! ff'u m ~ n n 

~~ ~ tJ~tJ 1:1'11 t!ll1Yl1n11 i' 'lJ ri ~.lJ tJ:JJ ~ \9111~ 'fftJ'lJ! ff'u 'Vl1~u~:;:: 1l11 ~-r fl'hl1! ff'u 'V11~ 1 u fl11 ~~ ~ tJ 
~ . 

~tJ'ffU 1 rr 'ff1l.l11 1l 1 ~~ 1 'U t ¢1 1Yl11 'Vl'fltl~~tltlfH! 'lJ'lJ ~:;:: ii nJu 'lJ 'lJ'U tl~!!VifH~\91 tJV¢11Vtl'U 4 nJu 'lJ 'lJ 
~ ~ ~ 

"! GG GG GG GG 
'fltl !!l'lfHfl\91 Route Request (RREQ) Ul'lfl!fl\91 Route Reply (RREP) !!Ylfl!fl\91 DATA U~:i::Ul'lfl!fl\91 

ACK 1 ~1'Ufl11\91tJ'lJi''lJfl11 !¢1-f'lJ!!Vim~\91 DATA 

m1Yl1~1'U'UtJ~ 1l'l11 'Vl'fltJm~:JJ~1fl1 'Y1 u ~~'U'Vll~~'ffmil~ 1'U ~:;:: Yl1m1 ri ~u Vi m~\91 

RREQ t 1J1 rr1 'YI'U~ 1 'U!'fl~tl'lhtJ !~tl!~ :JJm :i::'lJ1'U fl11ft'Ul·ll!ff''U 'Vl1~ trltl 1 'YI'U~ 1~ !¢!-f'lJt!VifH~\91 
9) 0 I d d .c! Q.l Q.l ~ i I ") ll) 'j/QJ d d 

RREQ !!m~:i::'Vl1fl11'ff~Ul'lfl!fl\91 RREP !'VW\91tl'lJfl];'l'lJ 'Y1~~~1fl'U'U !'YI'U~U\91];'1:i:: !'YI'U~ !~1'lJ!!YlfHfl\91 

'J) 0 1 ,j 'J) liJ 'JIG) ' I O 1 1 I 1 
RREP U];'l1~~~1lQl'l1:i:: !'YI'U~!l'ltl'U1Jl'U !1 !'U'YI'U1tJ'fi11:1J~1'Utl~ !'YI'U~ !'YI'U~!!\91];'1:;:: !'YI'U~~:i::'Vl11'lJ 

' ~ 

i1~tff'u'Vl1~~~~t~i1~'ffmil~ 1w·hu 1 'Y1 u ~Yi ri ~ l! Vlm~\91 RREP \91 tJ'lJfl~'lJ! 1J 1 u m1 tiit~m ff'u m~tT u 
"! 'J) "' 1 ,A <5I "' G 'I liJ 'J)w G G 'J) 

~:i::!];'ltlfl~1fl!'ff'U'Vl1~\91~\91tl'fftl'ff11 1l~'ffm'U fjj' 1'U ~1fl'fi11:1Jl11 ! 'U fl11 !~ 1'lJ!!Ylfl!fl\91 RREQ l 'U1:1J1 
"' 

-• .. .. 3.2.1 l'UH'U'U'l.I8-:!Hl'lfl!fWI 

d liJ 'J) I liJ 'li'J 'J) 'J) G G 'I 1 1 "' - I I "' 

\911:JJ'Vl !~flm1 n !'U'U1~\91'Ulll'lfHfl\91 !'U !'VI1 !'Vl'fltJ];'l:JJ 4 1uU'lJ'lJ !!\91'ffl:JJU1l~~ 
~ 

'J) I I d 0 liJ 'J) 0 I ~~ o'l!J 'J) "> liJ 'JIG) 
'Utl:IJ];'l~:i::U\91fl\911~\911:1Jfl];l:IJ'Vl'il1ll'Ufl! 1 'fi11:1J'Y!l.Jl(Jll];'l:i::fl11'Vl1~1'U'Utl~U\91];'1:i::l'~];'l~ !~tl'fi'l.Jl(J !1! 'U 

~ q 

\91111~Yi 3-2 

+---2 Byte·--+-...._-2 Byte--+-+! Byte~+---2 Byte--++---2 Byte--+-+! Byte~ 

Des tiD Src!D I Type I Next!D Seq I hop I 
" " ' (A) !!VIfl!!Wltl()l.l Control 

+---2 Byte--++--2 Byte--+-+! Byte~+---2 Byte--++--2 Byte--+-+! Byte~+---N Byte~ 

DestiD SrciD NextlD Seq Payload 

d " ' (B) !!VItl!tll'ltl()l.l DATA 

Des tiD SrciD I Type I Seq 

d d ' 
(C) !!VIIltlll'ltl()l.l ACK 



.. . 

Des tiD 

SrciD 

NextiD 

seq 

hop 

Payload 

2 

2 

2 

2 

N 

OxOl: RREQ 

Ox02: RREP 

Ox03: DATA 

Ox04: ACK 

'Vl'lJle.Jl"'IJ 1ww~nJmtJ'V11.:J (tl1'Vll.JIPI OxFFFF 11-Jmw 

'ti.:JU1J1Jm~\11tl (broadcast)) 
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9) d 11] if ~I rl9) & 0 Q.l d d I d d I 

\911-J'\111-:J 1J'IJU1\PI 2 !lJ\91 u"~l'~"\PI'UD1J" "seq" 1Je:Jtlti.:JmiPI1J'\Je:J.:J'Vl'lJle.Jl"'IJU'VH1ltl\91 U\91U'Wtllt1\91U\91"~ 

' " 
n~1JiJYl"IPI~e:J1J "11-J m') l11.:J11.Jl119i 1-:J nl.J ~.:Jil . "' 

uVJm~\91t1~1J CONTROL l1.Jfll'W1h~t1e:J1J 3-2 (A) lJ'Vl~1~ll1.:J11.J 2 'Vl~1~fle:J 
0 9Jd::v 9) 0 9Jd Q.l 

Route Requests (RREQ) 'Vll'Vll.J1'Vlf11.J'Vl1lb1'1.J'V11.:J U"~ Route Reply (RREP) 'Vll'Vl1.Jl'V1\91e:J1J')1Jt11') 

'JJ 'JJ 1 ~ ~I ri'3J di & o d d ~I ri'V 
fll.J 'Vl1l b1'1.J 'Vll.:J \PI tl'W \11 ') ru 1\1 1tll'~ "\PI 'IJ D1J" Type l 'W e:J 1J e:J tlti.:J m ') 'Vll.:J 11-J 'IJ m u 'W m t1 \91 ~"\PI 'IJ e:J 1J" 

Type iJ fi l!'Vll n 1J OxO 1 mn tJD.:J U VJ m~\91 RREQ ul'i t)' 1YJ" IPf oU e:J 1J" Type iJ fi l!'Yl1 n U Ox02 'Vi :JJ1 t1 

cl cl , 9 _I "' 'JJ ci , 'JJ 1 
ll'Wtllt1\91tlnlJ DATA !W1l'W1J')~tle:JU 3-2 (B) 1J'Vll.J1'V1£1'-:J'\Je:J1Jne:Je:Jt1\11t1 'Vll.J\PI . "' 

9 'JJ w 1 'JJ "" 1 _I , I cl cl "'~I <I 'JJ ~ 
!'Vlt11J 'Vll.J\PI')e:J1J'\Jl.:J 'Vl')e:J 'Vll.J\PI1Jnltl'V11.:J ~1JU1J1JU'Wtl!tl\91 DATA lJ~n\PI'UD1Jn Payload l'WlJ 
'J} 'J} 'J} J 

:Ul.Jm 1~P~tJ'IJ1.J 1\PI'\J D.:JYl n~Pl''ll'e:JJJnil:Ul.J e:J~nu'llmiPI'\Je:J.:JoUe:JlJn 'ffllJl'j t~i.l of UliJ~ tll.J 1#1 '\Jl.J 1\PioU e:JJJniJ 
qj qj qj <'U 



• 
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' 
0 ' ~ v 

3.2.2 fll'lfll't'iUVIfll~'UJVIU (initial setup) 

f)l'j tl1'11 'U fl fi 1!~ :IJ ~ 'U 'tJ t:J'l1 'W 'j 1 'Vl fl tll:'l ff1:1Jl'j tl tl~ 1J 1 tl, ~ 191 'l fll'W 'lh ~f) tl1J 3-3 

i ' cl cl 'I 31"' i 'I "' ' d i II] 31"' cl cl 
!'Vi'Ufl gateway ff'lf11~'ll1ti!!'Wf1!f1\91 RREQ !'Vif11J !'Vi'Ufl !'U!fl1tl'tl1tl !:IJtJ !'Vi'Ufl !f!11J!!'Wf1!f1\91 

0 cl cl 31 : 31 "' I 31 cl cl ~ 31"-' 31 0 

'lf':Wl 'U f111\9111'llfft11J!! 'Wf1!f1\9l'llt11Jl:'l9l'19l'ti'U '111 t1 l:IJ tll!!'Wf1!f1\91 RREQ 'U'U!fltl lfi11J!!l:'l1 'll~'Vll 
cl cl cl ~ 31 I 31"-' cl cl "-' di 31 31 

f111fl1t:J'l.Ju'Wf1!f1\91 RREQ 'Vl'l tlll:IJ!fltllfi11J!!'Wf1!f1\91 RREQ 1'VI'Wfi1J'U'Vlf1'llt11Jl:'l'llt:J'l1'Vi'Wfl\9l'U'Vl1'l 

11]31 0 I cl cl '131"-'j 31 d1 cl cl '131 0 0 

!1 !!l:'l~'Vllf1Uff'l!!'Wf1!f1\91 RREP !'Vif11J !'Vi'Ufl\9l'U'Vl1'l'Vlff'l!!'Wf1!f1\91 RREQ :IJl !'Vi !!l:'l~'Vllf111ff'l 

cl cl 'I 31 "' i 31 i "' 3111] cl cl 'I ~I <1 31 o 
m~'ll1ti!!'Wf1!f1\91 RREQ !'Vif11J !'Vi'Ufl1t11J'tl1'l !f!ti:IJf111!!f1 !'IH!'Wf1!f1\91 !'Ul"'l:'lfi'lltllJl:'l hop 'll~'Vl1f111 

' " 
l:'lflfi1l:'l'l 1 rVit~'Jhvflt~-:Jn'WuVim~\91 d -:Jcl11mli 'U!fl~ t:J'lilv 

'" 

gateway intermediate node sensor node 

RREQ 

- RREP -

RREQ 

+ - RREP 

-+--- broadcast .,_ - -unicast 

' " 
m1 Yi 1 'Vi 'W fll ~ j 1J u Vim~ \91 RREP \91 t11J j 1J nrl'1Jmu fffl 'l -:h 1 ~til t1 n 1 'Vi 'U fltJ 1 ~ 'U 

" ' 
! ~'U 'Vll'll 'U f11 1 ~ fl ~tiD 'l1 'Vi 'U fl gateway 191 'l tl 'U 'iJ ~ iJ f11 1 U 'U ll f1'Vi :IJl tl!l:'l 'U 'U tJ 'l1 'Vi 'U fl 1 D 1J .U 1 'l Yi \91 D 1J 

" RREP m11JmH1'Wm..iJtlf111:1J~1'UD'l1'Vi'Wflll'W'l 

1'11mil-:J1'Wm'W'lh~nt:J1J 3-4 1'VI'Ufi'Vi:IJltl!l:'l'U 2 ~~j1JuVim~\91 RREQ 'lllf1 1'VI'W\9l 

'Vi:IJltlln'U 11rlt~ 1'VI'W\9l 2 ff-:JuVlm~\91 RREP 1ti'nrl'1J1'Vi'Wfi'Vi:IJltlll:'l'U 1 !W\91-:J',h 1'VI'W\9l'Vi:IJltlln'U 2 

"'1 ~~ 31 'I ""'"'~] '))do c:lcl 
lntlf1 !'Vi'Ufi'Vi:IJltlll:'l'U 1 l1J'Ulff'U'Vll'l !'Uf111\9lfl\9ltltl'l !'Vi'U\91 gateway !!n1'll'l'Vl1f111f11~'ll1tiU'Wf1!f1\91 

RREQ 1ti'n1J 1'VI'W\911D1JoUNl'U!fl~tl~1tl!rltl 1'VI'Wfi'Vi:IJltlln'U 3 ff-mVim~\91 RREP 1ti'm11J 1'VI'W\9l 2 



7 

4 

5 

QJ ' v 3.2.3 tn'l'l'Utl~'Uf>\Jt'l (data collection) 

Ell gateway 

0 sensor node 

----;. RREQ 

---- i> RREP 

~ gateway 

0 sensor node 

<C----i> route 
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f11'j" of 'lJ bi ~ .u' fl:l-H'l '\l~ ~~:JJ VJH1'W 'Y1 ~ ~ '\l 1fl f1l'j" f\nnJ \91 ~ 1t~:JJ vl''W rl1t ~ '\l trlt~ 1 'Y1 'W \91 
"' . ~ ~ 

gateway 1?1-fmn 1WbY'W 'Yl1~fll'j" t9ft~:JJ ~fl'U fl~tfl~ fl~1m1~ 'Y!:JJ\91U~1 <iJ'W \91 fl'W~ fl '1 iJ~flfll'j" bi ~.u' fl~n 

\911:JJ!bY'W 'Yl1~~, ?lt~ flflfl ~'lJ:JJlcJ~ 1 'Y!'W \91 gateway 1\91 Ll'\l~!~ :JJ\9l'W mn1 'Y!'W l'l~!fl'lJoll f) ~[I'\) 1fll'l1\91 'j" 1 '\) l\91 

1 o 'JJ cJ cJ .-.i ' 'JJ 11L 19 'JJ"' 1 9 cJ cJ 
(sensor) 'Y1'W\9l'Yl1f11Hl''j"1~U'\Aifllfl\91 DATA t'\Aifl£H'Ufl~n ilJ i'Y!fl'lJ 'Y!'W\91 gateway i'WU'\Aifllfl\91 

DATA '\l~ Vi 1fll ':i ':i ~1J 'Y1 mmn 'U 1 'Y1 'W \91 ~ 'lhv! 'W fl1 'j" bi ~ lti fl'lJ 1 'Y1 'W \91 gateway '\l 1 flfll 'j" tl1'!1 'W \91 ~ 1 
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gateway intermediate node sensor node 

+- DATA -

- • ACK -

- DATA 

- I ACK -

+--- broadcast .,_ - -unicast 

0 QJ 'V • 
3.2.4 fll'J'l.Jll:l'Jfl't:ll!'tl'U'fiH (mamtenance) 

" " ' 'l 'W 'lJ 'W \9Hl 'l..,llJ 'il ~ d~J'W f11~ i' tl'hll! ~'W 'VIl.;J f11 ~! <}fe:J:JJ ~ tn ~ 1111.;) 111 'W \91 gateway tl 'IJ 

1 m.J \91 ~ 1.;) 'l 'l 'W! fl j eJ 'lh tJ 111 'W \91 gateway 'il ~Vi lf11 ~ \91 ~ 1 'il {Ye:J 'IJ! ~'W 'VIl.;) 11! f) \91 fl 11:JJ! fftl111 tl11 j eJ 1 lJ 

1\91 tli1'1:JJ1~ tl I'll 1'il £1'e:J'Ufl 11:JJ! fft1111ti'U e:J.;J! ~'W 'VI N 1 ~'ill fl'lfl.;J nm ~ 111 'W \91 YJ 1 fll~ ri .;)!! fl fl!n\91 ~e:llqj rl 

'Ue:J.;Jvl1\91~1'illl'ln~umiJ'.;J 111'WI'l gateway 11'ltJYJlfl1~\91~1'il£Ye:J'IJ'illfl!!Ylmn\91 DATA ~111'WI'lri.;J!~l 

m\Ol.;Jfll'W'lh~ne:Ju 3-6 

mn~e:Jlqjri~111'WI'lri.;J~.;J 111'WI'l gateway 1~i'uutlmn\91 ACK \9le:J'Ufl~'Um!WI'l.;J11 
I '3) if 13) .<::::!. I li'J I ifQ.I ... 1 l I d d 

m~m'Ue:J:JJri£1':JJ'IJ~W !!\9ltll!tl\9lfl1~£1'.;J !:JJi1':JJ'IJ~W\9l.;Jfll'WlJ~~fle:J'IJ 3-7 !11'W\9l'il~£1'.;J!!'Wfl!fl\91 DATA 
~ ~ ~ 

u~111J1~i'uutlmn\91 ACK n~um~e:Ju~ 1 l11'WI'l'il~ri-mtlmn\91Jl~e:Ju~ 2 u~iJ',;j1lJ1~i'uutlmn\91 
ACK fl ~ 'IJ :JJ 1 l11 'W \91 Yi 1 fll ~! iJ ~ t1 'W 11 :JJ 1 t1! rl 'U 111 'W \91 iJ rll t1 'VIl .;J! tJ 'W OxFFFF ! ~ eJ ri .;J fl ~~'ill t1 

9 'll) 'J} I I c;l c;l 9 'J) "-' ) 

(broadcast) !11 !11'W\9l~e:J'IJ'Ul.;J (intermediate node) 'lf1CJ£1'.;J!!'Wfl!fl\91 DATA !11fl'IJ !'M'W\91 gateway 

...\ ) 'J} II] 'J}O-' c;l c;l I c;l c;l 9 'J} 0-' ) 'J} 0-' 

!:JJe:J !11'W\9l~e:J'IJ'Ul.;J !l'l~'IJ!!'Wfl!fl\91 DATA 'il~£1'.;J!!'Wfl!fl\91 ACK !11fl'IJ !11'W\9l\9l'W'VIl.;J~'IJ'VI~l'IJ !!rl~ 

) 'J} I c;l c;l dli] 'J}O-' 9 'J}O-' ) ...\ ) I 

!11'W\9l~e:J'IJ'Ul.;J'il~£1'.;J!!'Wfl!fl\91 DATA 'VI !l'l~'IJ:JJl !11fl'IJ !'M'W\91 gateway !:!Jtl !11'W\9l gateway 'W'IJ11 

ufln!n\91 DATA ~!~1miJ11mtl!ri'U l11'WI'liJmtJ'VIl.;J OxFFFF Yi1 hH 1l!~'W'VIl.;Jf11~ !~tllJ~tl'Ue:J.;J 
~ 
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t ~ u 11m t:.Jt~'ll hn.J ~tlmt:.JI'lH tdtJ 111 u ~ !~f 1Ju ~n tn\91 RREQ ~ lim'J 'J ~ 'l.J'Yl mm ~'ll 111 u ~ 

tlmt:.Jm'lt~umJlm~'ll'lltJ'II'l1 1 'Yl'W~m'~ 1 'Yl'W~'\l~Yllm'Jri'lu~mn\91 RREP 1 li'n1J 1 'Yl'W~~ri'lu~n 
cl '1~.,\ ~I "" ~ 'I .,\ , "'1 lr]~ 

!tl\91 RREQ :lJl !'Yl!'V'ltJ!u'Wtll'J!~tJtl!{Y'WI'll'l !'Wtll'J!'lftJ:U\9ltJtl1J !'Yl'W~ gateway ~~ 

gateway intermediate node sensor node 

+ - DATA - send failed 
+ - DATA -

DATA broadcast packet 

ACK -DATA 
gateway received 

ACK -
RREO: s~::ecif'/ Des~lnaticn! D 

RREQ 

RREQ 

- RREP -

+--- broadcast ....- - - unicast 

m'V'ltl'J~tltJ1J 3-7 'JtlU1J1Jtll'JUl'J 'lfm:ll!~'WI'll'l'lltJ'I1vn 111rW~ 
'" q 

1'11tJ~l'll'Wfll'V'l1h~ntJ1J 3-8 t~'W'Vll'lt~:u 1'Yl'W~'Yl:IJ1CJ!~'ll 7 ~~m.JI9itJn1J 1 'Y!'W~ 

'Yl:IJlt:.J!~'U 3 trltJ1'Yl'W~'Yll.Jlt:.J!~'U 7 Ylltll'JbY'IU~tl!n\91 DATA lMfl1J1'Yl'WI'l'Y!:IJlt:.J!~'U 3 uvi1'Yl'WI'l 

mnCJt~'ll 7 1111~f1Ju~mn\91 ACK m1mnmCJl'W'lh-:~nm~fil'Yl'WI'l H 1'Yl'W~'Ylmm~'ll 7 '\l::;YJl 

" tll'JbY'IU~tl!n\91 DATA clfl Uvl1'Yl'WI'l'Yll.JlCJW'll 7 eJ'It~t~f1Ju~mn\91 ACK '\lltl1'Yl'WI'l'Yll.Jlt:.JW'll 3 

1 'Yl'W ~'Yll.Jlt:.J!~'ll 7 YJltll'Htl~CJ'W 'Yl:lJlCJ!~'ll 1 'Y1 'W l'ltlmCJ'Vll'l! ~'W OxFFFF ~'I!~'W 'J '11 {1'1J tltll M1 'Yl'W ~ 

gateway 'Vl 'J 11Jiltfll'ltll'J! trCJ'Yllt:.J'U e.J-:1! ~'W 'Vll'll 'W !1'1 ~ e.J~ lCJ 
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~ EJl gateway 

0 sensor node 

~ 
+---+ route -- broadcast 

' ' " 
m·n~fl:JJ~fln'tJ~~rrh:j 1rru~n'U 1'11u~ gateway t!u!ilCJmCJ ~-:jt!U 1'11u~ gateway 'il~Yllm~wi"l'U 

~~u'VlN~!iYCJ'I11tJ 1~CJm~ri-:juVlmn\91 RREQ Bflfl 1 tJhi'nJJ 1 11u~ 1~CJY11mn:;;1J 11mmf1'U 1 11u~ 

tJ f11 CJ 'Vl H! lJ U 1 '11 U ~ '11 :lJ1 CJ! f1 'U 7 '11 ~ -:j 'iJ 1 fl ~ 1 '11 U ~ gateway ri -:j!! fl fl! n \91 RREQ l ti' n 'U 1 '11 U ~ 

'11:JJlCJ!f1'U 7 !rifl 1'11hl~'\1:JJlCJ!f1'\J 7 1#Jf'U'il~ri-:j!!flfl!n\91 RREP !ti'n'U 1'11u~~ri-:j!!flfl!n\91 RREQ !~fl 

!ilfln1 '11h!~Ju!llh!!~h!'Vll-:j 1 um~ !~fl:JJ~fl~-:j 1 '11h!~ gateway Yll 1 ri'!'fl1'fl'lilCJJJf11~CJffl:JJ!!CJ1:JJ!~h!'Vll-:j 
' " ' 

m-:jri1u Y11 1 ri'1n~m~ ~~fl:JJ ~fl 1 mJ~n'flf -:j~ -:jfll'WlJ~ :;;nBJJ 3-9 ~~U'Vll-:jJJm~ 11.J~CJuu 1.Jf1-:j 1 tJ 'illfl 

!~U'Vll-:j!~:JJflfl 1-2-3-7 1llu 1-2-3-6-7 

ElJ gateway 

Q sensornode 
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3.2.5 fll';i'l¥~l!l1l'J';i 1rmeHI'I.Jl!';i:::'I.J'I.JU~llilm';i TinyOS 

" 
'illflfll'WD1:::flt:J'!J 3-10 !~'W 1 fl';j ·H1'~ 1-!ltiw1'!J'l1'W'Ut:J-!l!fl~ t:J~ltJ'!J'W 1 ~uutl filr~fll':i 

d"" ' .J OJ) ~ OJ) ' ' OJ) 
TinyOS2.0 'Vl!ltlfl'Jl modular network layer CJ1-!lt:Jtlfl!!'!J'!J!'W'W !'Vi{Y~~nfl -!11tl\9lt:Jf11'j{Y'j1-!J!!~~ 

Yri'JJm1 'Wl1 'Vlflt:J~\91'1 'l 'Vi:U 1~tJ~{1'11Jl'jtl 'l..rnmlU111'i'~n~mn 'l'*'l 'Vi:U (code reuse) u~~ 'l '*111~~ 

!~11~nt:J~'l 'W f11'j"Yr\PJJ'W wit:J '!f'JtJ 'l..r~~ l~ tl~! J~ 1'1Jtl-!Jf11'j"Yr\PJJ'W l'j~'!J'!J 
'" " 

{Ytlltl\91 tJm l11'1l t:J-!1 !fl~t:J~ 1 t1 'l 'W i''W Network ! ~'W ri1'W f11l Dl ~111~ N~ 'Vi~ fl'U t:J -!1 

'l 'l 'l 0 OJ) d OJ) _J o:l o:l d OJ) ~ 'l dl "" ' ,; 
!'Wl !'Vlfltl~ !~tl'Vll'Vi'Wl'\fl{Y'j1-!J!!~~Ul~11'1~Nm!'Wf1!fl\9l'Vl!'IJ11Jl !'W !'Vi'W~ l'111tl-!Jf11'j\91~\91€J{Yt:J{1'1'j 

'j} 'j} 3) 3J 

nu 1 'Vi'W ~ 'l 'W! fl ~ t:J~ltl !!~ ~ ri1'W f11l.ij'~ f11l -lJt:J11 ~ i''W Network umJ-!1 t:Jt:Jf1!~'W 2 i''W ~t:Jtlflt:Ji''W f11l 
'" 

" QJ QJ OJ) 

fi'1'UfJ11 (control plane) !!~~'lf'W'Ut:J-!Jf11'j'iJ~f11'j'IJ€J~~ (data plane) 

... 
QJ 
> ro ..... 
~ ... 
0 
~ 
Qj 
z 

Transport layer 

Data Link Layer 

.. Data Packets c:::::> Control Packets ~ Control info 

" fll'WDl~flt:J'lJ 3-10 1m-!1{1'~1-!lti11Pl''!Ji''W network 'lJ'W1~'lJ'!JDfi1T~fll'J TinyOS2.0 

'j} I I l 

/l) 
c: 
ro 
c.. 
0 
L 
~ 

c: 
0 
u 

ro ..... 
ro 
0 

i''W~r_wY\Vll'Vit!l'nfi'J'UfJ11Dl~flt:J'lJIOl''1tJ 2 111~~'Vi~flYl~1flt1Jfl'O 111~~ Routing 
' ' " 

Engine (RE) u~~ 111~~ Routing Topology (RT) CJi.:J 111~rt RE VJ1-:J1'W\91111eJrtfl'O~ll11YlYri'JJ'W14J'W 

!~DI'i''W'Vi1!i¥'W'Vl1-:J~'111nu111~~ Routing Topology (RT) WJ'!JfJ11flllri.:J~1'WoU'O~n'U'O.:J111~~ 

Forwarding Engine (FE) !!~~fiJ'Ufj1111'1~~ Output Queue 

" ' " i' 'W ~ fJ tJ 'U fJ -!1 fl11 .U 1'1 flll oU fJ 11 ~! ~ 'W fl1ll 'Vi ~ 'U fJ .:J oU fJ 11 ~ Y\ ~ 1 'W 111 iJ .:J i' 'W Network 
'" '" 

I 'J) 'j) T I 

c! Q..JQ.I ow ~0 Q 

fl1 U fJ 11 'Vl111 'iJ 1 fl Network 'Vl.:J 'lf'W Transport !! ~ ~ Data Link \91111 [Ill'! 'lJ !11 fJ 'Vl1 fl11 !'W 11 header 
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"" 'J) 'J) "' I 'J) I ~I ~ "'"' di .d'l 'J) "" l l 0 

!'HJ'U1'0tiU-n11l~1l~H'Y-Will'i;l 2) Forwarding Engine !IJ'Wl"'~fl'lf'W'Y!'W-!l'Yl !'Y!'U1fll1'U'O-!l ~ 'W1 ~ 'Vlfl'OJ;l 'Yll 
I I I I j) j) 

'VI U 1 Vi 1 'W fll 1 ! ~ lJ header ti '0 'W Vi 1:1 ~ ri -!l ~ 1 'W .ff '0 lqJ J;J '0 '0 n!'ll 'VI~ '0 till 'VI U 1 Vi ri -!l .ff '0 lqJ J;J ~ 'W I'll if -!l i' 'W 

G) .ad d d & .d '3) 9) .d ~ I ~ lJ19J 
Transport ~ 'W m W 'Yl !! 'WfHfl\91 T:l-!ltlmtJ'Yll-!l! 1 V'U 1 'OtiU J;J'"J 11 tJJ;J~!'Otl~f111! 'WlJ 'ff1'W header 'W 'W ~ ~ lJl 

' ' 'JI 

1llflri1'W 'Utl-!l RE 3) 1:w~J;J Output Queue 1J~till'YIU lll:U~ill~'Ufll1 ri -!JU~fH~\911llfl1 'VI 'W ~ 1 'W ViiJ 
0 Q.l ~& 0 rl 9) d 

ffllJ11tl'Wlf!J;lfltl1'YllJfll1'Yll scheduling m'll1~~fl\911 'lf1 'W 1:w~J;J'W 

~ cf_l A. A o 

3.3 fl1~1!fl~l~'Yiu~~tl'flfi.fll'W fl1 ~'fiNl'U ~~'U'U 

3.3.1 tl~~if'flfl.fll'Wfll~'fh.:Jl'U'lJij.:J l'W~ 1 'flflt:Hl 

fll1 'Vl~'ff'O'Utl1~i1'Yl~fll'W'Utl-!l 1 'W1 1 'Ylflf!J;J1J~!!'ff~~~-!lfl1llJ'ffllJ11 tl!!J;l~ flW 'ff:W1J~ 
q 

' ' 'JI 

'U'O-!l 1TI1 1 'Ylfl'OJ;lll !l'i'tiilf111 'OflfH!'U'lJUJ;J~~\PJJ'W 11 'W Vii11:1~ 1i'm11~ 'll1 ~iY'Yl~ m'WI'i'1tJfil Packet 

PDR=#RX xlOO 
#TX 

(3-1) 

1~v~ #RX ;Je ~l'W1'WU~fH~\91~lloi'i''lJUJ;J~ #TX ;}'0 ~l'W1'W!!~fH~\91~ri-!l'Oflfl ~-!l 

Packet Delivery Ratio ~ iJ ~ llJ lfl1l ~'VI lJl()~ -!l 1 'W 11 'Yl fl fl J;J ~'Of! flU 'lJ 'UU J;J~fr~PJJ 'W l'ffllJ 11 t1 till-!l l'W iJ 
'JI ' ' 

111 ~ iY'Yl ~ fll'W ~ m1 'Yl ~ 'ff'O'U 'll'W vl''W fiem1 1~ 111 ~ iY'Yl ~ mTI 'lW-!l 1 'llu 'lJ 'lJ 1 fl ~ '0~ 1 tJllU\91fl~ 1-!l il'W !Vl t1 
"' 

' 'JI 

11lu'U'U'U'O-!lfll1 :U~11-!l!fl~tJ~lmVJ'O 1 ~1 'W m1 'Yl~'ff'O'U'll1 ~iY'Yl~ fll'W'Ufl-!l 1 'W1 1 'Vlfl'Om! 'W ih'YI'W ~ 111' 
"' 

~,d§ d. 9}..:::::! ~ 
\91~\91'0'ff'O'ffU!'WV-!JW'W!~t.l1 flfl S<--> 1 <-->2<-->3<-->D 

s 1 2 3 D 
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5I & ll]5/<V "' .I .,; I llj5/<V,! 
m'W'Vll~'11'W~ ~~11Jfl11lJ!bH.l'l11tl ~1uf11':i!'lHllJ~tl ~~~~'W S<--> 1 <-->D !W~ S<-->2<-->D • 

s D 

2 

.I 1 3J ~ 1 d. t::!t • 3) do 

fll'Wu1~f1tl1J 3-12 fiH~11~!fl':itl'UltiU1J1JlJ 2 'Vll~Wtlf1U~CI~!~'W'Vll~lJ'ill'W1'W 2 hop 

'j/ 'j/ I 'j/ 

!fl ~tl ~1 tiU u 1J iJ Q f111~ qj'W !'W Bl'i' tl~ f111 'Vl ~~tJU m11'uri ~'1]' tllqj Cl 3 hop 'W ~ Bll 11 ~ hi'tn\91 f111 ~~ 1J 

' ' ,; 
'3) ~ ~ d. 9) 1 .... 1 ~ I li1 '3)QJ .<:::! 

m'W'Vll~!lltl!f1~fi111J!~t1'111tl'Utl~!~'W'Vll~ l'ltlmlJ11fl~1uf11WlftllJ~tl ~l'l~~'W S<-->R <--> 1 <-->D . 
UCI~ S<-->R<-->2<-->D 

1 

s R D 

2 

"I 1 9.1 "" I fll'Wu1~f1tl1J 3-13 m~~'Jl~!fl':itl'Ul(J!l1J1J 3 hop lollipop 

" 'JUU1J1Jf11'J'Vll'l~tl1J'I11~1 Packet Delivery Ratio ~1'1'1tlfl'W 3 ~fll'Wf111Wfl~tJ 
OJ 

1. 1'11'WI'l s ri~'li'BllC~tuET~1'11'WI'l D r¥;v~~1l~tJ1t~(Jf1111UHUUf111'Vll'l~tJu~ 1 
OJ OJ 

3. 1 '11'W l'l'Vlf1~1vhm!1~ri ~'li'BllC~t uEJ'~ 1 '11'WI'l D lll'W~emn'W 11'lv 111'i'll'W1Wf111 
• OJ 

' ,; ' 

t1ll ri ~ '1i' en.J C~'U tJ~ H~ C~:;; 111 'W 1'1 'illf1~1J nn 191' l'W ~1~iJ t~ vn'i11 u llUUm'J 'Vll'l ~tJu Vi 3 
OJ OJ 
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tstart = (5)x (#hop) (3-2) 
!II ' 

iM'IHl s 11~'1'11m'Jri~uflm~191'1i'mJ~h1'n1limHl D 100 'fli'~ hwYi'll'W1\91'UB~ 
"' 

' !II 

'li'm.!~'I1~B Payload Yi'l'*ri~'I1'Wil'll'W1\91!'Yhn1J 4 Byte tll'J'Yl\91£YB1J'I11~1 PDR lilt~n'l'*im~£1'~1~ 
!II 

l'fl~B'lhtJ'¥1~ 3 U1J1Jfltl i'flH£1'~1~l'fl~B'li1tJU1J1Jl~tl~~tltl'W~1'W'd'W 4 hop im~£1'~1~l'fl~e:J'li1tlll1J1JiJ 
9) ' 9) ..:::::! i 9) ~ ' ... 1 

fftl~lff'W'Y11~U\91~~lff'W'Y11~:JJ 2 hop U~~ 'flH£1''J1~l'fl'jtJ'IJ1tiU1J1J 3 hop lollipop \911:JJ~1JU1J1Jtll'J 

'Yl\91£1'B1J~ 1 ~~ 3 l~N~~~\911'J1~~ 3-3 'Vl1Jil'JDU1J1Jtll'J'Yl\91£1'tJ1J~ 1 fltl iM'W\91 S ri~'ti'e:J:JJ~ttJ~~ 
"' "' 

d d .I.,..~ .,.. ')) i ')) at I d .I.,..~ .,.. 
PDR 'Ylb),'\91'Yl 99.2 l1JtJ'JlGJ1'W\91 \911:JJ\91'dtl 'flH£1''J1~lmB'll1tiU1J1J 3 hop lollipop 'Yl 98.4 l1Jtl'HGJ1'W\91 

u~~ im~£1'~1~l'fl~B'li1tJU1l1ll~ti~~Btl'W~1'W'd'W 4 hop iJ~TWe:Jtl~b),'\91~ 97.7 lDe:J{l~ml111flN~fl1'J 
' !II 

'Yl\91~e:J~'Vl1l i 'Vl'J i 'Y1 'fl e:J~ YiVi'WJ'Wl~'W mmn1'1'11~1'W ~~ e:J~1~ iltl 'J ~ ir'Yl n fll'Vl 'l 'W £Ym'W tll'J w tl fl~ hi iJ 

i '11'W\91'11mtJI'11ri~'li'e:J:JJ~ !tl~~ i '11'W\91DmtJ'Yl1~ hu1ml~tl'dtl'W 
"' 

\911'J1~~ 3-3 ~1 Packet Delivery Ratio 'UB~~tlu1J1Jfl1'J'Yl\91£1'e:J1J~ 1, 2 U~~ 3 

. .. , Packet Delivery Ratio (%) 

..::::! ' Q,l 0 

l'Jtl~\91tlfl'W111'W'd'W 4 hop 97.7 84.5 94.5 

99.2 81.2 95.2 

3 hop lollipop 98.4 80.7 94.6 

1~o i 9) dl ci 9) '9) d i ')) 
\91tlfl'W111'W'd'W 4 hop 'fl'j~fl'J1~l'fl'jtJ'lJ1CJU1J1J:IJ£1'tJ~lff'W'Y11~U\91~~lff'W'Y11~:JJ 2 hop lW~ 'fl'j~£1')1~ 

at I ~I • I .,.. ~ .,.. • I .,.. ~ .,.. • I .,.. ~ .,.. 0 ~ 

lme:J'U1tJU1l1l 3 hop lollipop l1J'W 84.5 l1Jtl'HGJ1'W\91 81.2 l1Jtl'JlGJ1'W\91 u~~ 80.7 !1JB'J!GJ1'W\91 \911:JJm\911l 

di "''l ,d • I <£~ • I "' ~ "' ,; ~I 
GJ1~~\91~~'il1fl£Ytn'Wtll'JW 'Wtll'J'Yl\91£Ye:J1JU1l1l'Yl 1 1J1~mw 13m 18 l1JtJ1lGJ1'W\91 t'We:J~'il1fl!1J'W 

fftn'W fll'J w ~ i 11 'W l'l'Yl n\91 1~ 1 ~ ri ~<[] e:J:JJ ~ t1 e:Jfl:JJl'Vl ~ e:J:JJfl'W 'l 'W l 1m l~ tJ'drl'W 1 tl ~ ~ i 11 'W \91 tlm tJ'Yl1 ~ 11 ~ t1 
q "' 

!II ' 

i 11 'W \91 D m \91 m 'J w1 'li'W Uln \91 :JJ1111flfl11 'l5'W n'W 'U e:J~<U' t1 :IJ l:1 1 'Vl 1 1~ 1 'fl ~ eJ '1i 1 t~il m1 :JJflll f1 ~'U eJ ~ u ill m ~\91 
q "' 

e:Je:Jnu 11 lltm~VI WJ'W 1l:l\91m 1!1flflm'W m1 w m1 'Yl\91 ffe:Jll ~ 2 ~ i 11 'W \91 ~ 1~ ri ~<[] e:J:JJ l:1 e:Je:Jfl:JJl'Vl ~ e:J:JJ rl'W 1 'W 
"' 

!II ' ' 

nmt~tl1rl1l 1'1~'11'W~~~\91fl11'Yl\91£YeJ1lU1l1lYi 3 'l1i'i'11'WI'IU~l:l~l'11ilm1ri~<U'm-w w nmYiu\91fl~1~ 
"' 
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~I d IQ.IO .<::i 9) I 9) d 

!fi'Hl'IJ1CJ!!1J1Jl'HJ~\91Vfl'W'il1'W'J'W 4 hop !!1J1J:WbYV~!bY'W'YI1~!!\91Il~!bY'W'YI1~:1J 2 hop !!I1~!!1J1J 3 hop 

• "' • ~ .I <1 cl <1 .I <1 cl <1 .I <1 cl <1 o "' .J • 
lollipop 'W1J11:1Jfi1!1J'W 94.5 !lJV'HCJf'W\91, 95.2 !lJV'HCJf'W\91 !W~94.6 !lJV'HCJf'W\91 \911:1JI11\9l1J CJf~fl1 

I 'j/ I I 

PDR Yi ~~~~u 'il'W!no1J'il~rvhn1Jm'J'YI~Ilv~ 1 u 'J 1lu1J1JYi 1 ~~mm'Jt~br'J'Llt~11~1 PDR Yiil~Il~ 
~ q 

I 'J} I I 'j/ 

1 'Wbrtll'Wfll'J w fll'J'YibYV1JYi 2 iru !fl~'il1flfll'J'lf'Wn'W 'IJV~~v:wm)'W!UV~:IJl'il1flYi1 'Vi'W ~Yi'~'Vi:w~~1~ 
~ 

' " 
'il1fl11 t!J 'Vi 1 Yi '1"1 1J ii ~'W' WI 'W 1 ~ ~ t ~ Yl1 fl1 'J 'W' WI 'W 1 if I1 fl V ~Vi :IJ fl1 'J Yl1 ~ 1 'W Scheduling 

' ' " 
tl~1~~1m~1:1Jl'Jhmfi:w'Ll'J ~~'Yin fll'WflHYl1~1'W'Iltl~ 1 'W'J 1 'YifltJI1Yi'W'W~'W1~'W 1~ml1'11 u~ 1..r!!~rt~ 

1 'Vi'W ~~~mil 1~! 1mnt1'W ~'il~ .u~ri~uflm~\9l~m.Jrttltlfl t:Wrvhnu ~~br1:1Jl'Jtltl1'11'W~~1'11U 1~ ~~ 

'il1flHrtfltu'lltl~~1fl~~n1J'Vi:W1mrt'll'llV~ 1'11'W~!'lf'W 1'11'W~'Vimmil'll 1 'il~~~1'11i11~nm~ 5 '11U1CJ 
~ 

nm 1'11'W~'Vi:IJ1CJ!Il'll 2 'il~~~1'11U'J~nm~ 10 '11U1m1m !l'l'W~'W 

fll'J'YI~brtl1J 1'W'J 1'Yifltlrt!!1J1J~ Scheduling tl~1~~1CJ 1~CJfll'J!vi:W~1'11U'J~'Utl~fll'J 
• cl cl :V .,j ~ cl cl "'.J "' 'l • o'l 

br~!!'Wfl!fl\91'1Jtl1qjrt !'Wtlrt~l1t!J'Vi1'1Jtl~!!'Wfl!fl\9l'lf'Wfl'W CJf~fll'J'WWI'W1 'Wbr'J'W'Utl~ Scheduling 'il~'YI1 'W 

1 "' .I .J o ' ' 1 
:w~ rt OutputQueue ~ ~fll'W11'J ~ fl tl1J 3·10 CJf~ 'YI1fl'J ~ 1J 'J'W fl n Scheduling tl CJ1 ~ ~ 1 CJ 191 CJfll'J W 1 

'Vi :IJlCJ!rt 'IJ 1 'Vi 'W \Plfllll fl1J 1 OOms !ft tl!l'l'W ~ 1'11 tl 1~'\J tl~ fll'J ri ~~ tl:IJiltltlfl'lltl~!!~ rt ~ 1 'Vi 'W \91 Yl1 'l..r~m 'J 
~ ~ 

'VIU'J~!Jrtltltl'W ri ~~tl1qjri'Utl~!!~rt~ 1 'Vi'W\91 t:W191Hfl'W ~flEllll~'Utl~ 1m ~bY~ N!fl~tl~1CJ!! 1J1J\9111 (star 

topology) 

' " " 
1 'Vi'W \Pl!~CJ'Jfl'W!'Vl:IJ~'W (many·to·one) 'il~ 'lhCJ~HI9lfi11:1Jffl:IJl'Jtl'Utl~ 1 'W 'J 1 'Yifltlrt11ffl:IJ1'J t~-il\Plfll'J 

fl1J fl1 'J 'lf'W fl 1J 'IJ tl~ ~ tl :IJ rt t ~~ tl ~1~ lJ 1\91 CJ t ~Yl1fl1 'J! ~tl:IJ ~ tl!fl ~ tl~ 1 CJU 1J 1J star ! vi:w ~HJ TW fl 1'J 
~ 

I I I I 'J} 

'J1191!~1'il'Wfn~Yl~!i1tl~~1'W1'Wfll'J!;tl:w~ml'Ju 51'11'W\91~1 PDR iJ~11'11n-J1 50 !Utl{!cJi'W~ \9l~ir'W 
' " 

~~~~Yl1flWW11'W'J 1'YifltlrtYi'W'W~'W1U1J1J~fll'JYl1 scheduling tl~1-:J~1ti'W1:1Jl'l~ 'W'IJ11~1 PDR b,!-:J~'W 
, 'l;v1 1 .dll] '"' ,,;_I "" .I o'cl "''l , o fl11 fll'J 'lf 'W'J 'Yifltlrt!!'IJ1J'YI ~:w:w scheduling tl~'YilJ'J:;;mru 12m lS!lJtl'J!CJf'W\91 'W!!\9lrt:;;'ill'W'J'W 
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\91TH~~ 3-4 f-.ll:lfl11'Yl\91'fft!mh PDR fl'UhW1'Wfl11!~m.JI9im~trh;J l'W':i l'Yl'fltll:l~~ scheduling fl'JJ 

l'W':i l'Ylfltll:l~l~~ scheduling 

100 100 0 

2 81.5 93.86 12.36 

3 67.6 85.19 17.59 

4 56.25 74.21 17.96 

5 49.4 64.15 14.75 

. " ~ ' QJ Q..l QJ 0 Q J~~ v QJ ..:!!I ' ~ v 
3.4 tll'H'lHltiVI0't'i111'l';i~l'l1JU1!!1J1J0'W!V10';il'l'l!VI0~U'Ulfl1J!fl';i0'UU.J!C)I'W!C)I0';i !';ii;Tl£.1 

" . 
11'11'191 1 ~ ~ 1Ju1u 'JJ'JJ ~'Wt\91 t~1~~191 t1 ~ \! n t1 t~mt 'lJ u :JJ 11.W t1 "j t~-31 'lJ m 11 '*-31 'W ~ 1:JJ il'JJ 

!1'11 m.htl!9f'W!GJ$tJ{i ~ 'ff1tl ~-3~tl-3fl11fltw 'ff:JJU~'Ut!-311'1-J'191~'lh ~'11 cJ191'Wi:l'-3-31'W!!~~~1 11'11tl f1 'ffl:JJ11 t1 . ~ 

"' . . 
111 i Lli'*-31'\..1 i~~1t1l191t~Ni '*i~~t~-3~19119l-31~'JJ'JJ ivlvhu~~'j~u'Uilt~m1 !VJJJ!~JJ t'lf'W m1u1 hli '*1191 

~ 

31 3J 3) 31 31 

1~~1Ju1 1 'W!! Ll~-3!f1£J1911 nn 1'191 1 ~~1Jl11 1 'W JJ m'W 1~ ~~ t~-3-ff'1911111 M1 t1m1 1'191 1 ~~'lJU1thM1 'lJ "j ~ 'JJ'JJ 
'3) T I I 

~~ t~'Wfi vuwhJJ ~ :u191 !~'W lhhrl' OJ'IJ t!-3 tfl1 t1 ~ 1 t119f'W!9ft! {U 'ff1t1fl t1 dJ'W 1 ~ 'JJ'JJ 1 1'11 t1~ 1 vilt~ 'ffnli 1 '* 
• u 

"' . 
'ff1m1 t1 1 '*-31'\..1 i ~mri 'W 'JJ~ ntw u'W i~~'j~'JJ'Utfl1 D~ 1vilt~'ff1'j 1191 t~tim v 

'" . " . 
t.Wt~tlJ'Wn11 Y1191 'fft!'Ufl 11JJ t.U 1il'W i ~ 1 ~'1111-311' 11'191 "j ~~'JJ 11111 'JJ'JJ~'W t\91 t~{~~ 191t!~ '11 

. " l ~ 'l11f1fl11 t!t!f1!!'JJ'Ufl'JJ l:JJ191~!9f'W!9ftl{i ~ 'ff1tl ~-3 i '*m':i 'Yl191~tl-3! <11DJJ \9i t111' 11'191 1 ~ ~ 'lJUl ! .lJ lfl'JJ lJJ191~ 
~ ~ 

! 9f 'W! 9f tl {i ~ 'ff 1 t1 Unode ~ tl tl f)!! 'lJ 'lJ!! ~ ~ ~ I'JJ 'W ll 191 tl fl1 I'll 'lf ll fl' 1 f1 1 ";i JJ 1'1 tl JJ Vi 1! \91 tl { 1'1 'tW ~ 
. " 

1fl'1m 1 JJ fl'1'ff\91{ JJ'Yill'Yl mr:l tJ'ff -3'1J m'W 1'1 ~'W 'Vl { 1191 vnn t<11DJJ l9i t111' 11'~ "j ~~u U11.U lfl'U lJJ ~ ~ 
~ 
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2.1-3.6 Volt 

R; 1k f\.. 
......-(==1---1 Portl UART TX - UARTRX 

Port3 

' ~ 

f1TVfU':i::::ntJ1J 3-14 tll'J!9fm.JI9ie:Jrf-r'J\Pl'J::::I'lmh'li'1n\/i:JJ~HWlf't.HCJftl'fHmCJ Unode 
"' 

'll 

m'W'lh::::ne:J1J 3-15 mnh::::ne:JurfT1\Pl'J::::I'lmh'li'1nu l:JJ\Pl~Wlf't.HCJfeJ{HmCJ 
"' 

' " ' 

d1m11m':i ~'W!\9le:J{nr~-nrf-:r1\Pl'J ::::l'lm'lwu1nu l:JJ\Pl~HCJf'W!CJft~{HmCJ Unode !~'W'Yl 
"' " ' ' 

-ff 1 'W il11 "i CJf 'W l CJf eJ {1 11 'W \91" 1\91 CJ ir ~ 11 'll:;:: ~1m 'J fi mn 

dl ~ 1 9) ~ "' "' 1 9) 1 9) ~ 2. fll'JfiilEneJ\91'J1fll'J 'lf'W[I~~1'W'UeJ~!CJf'W!CJfe:J'J !li'W\Pl!'We:J li'Vl'J1'lJtll'J 'lf'W[I~~1'W 

'llm!CJfWCJfeJ{lli'W \91 ~hMf 'lJU 1lUl1~UN'W fll'J 1 ~~1'W 1 'limm:;::br:J.Jfl'lJ'U'W 1\Pl'Ue:J~U 'lJ\91!\9leJ~ 
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b'hti'f1Jf111'Vll'lCla-:J'il~1'*~9f'W~"lHJ{trnJI'l~l'W1'W 6 '111'1 (tld-.Jlt.I!Cl'U #1 i)-:l #6) ll'l . 
'"JJ I 'j} 'j/ 'j/ 

1~~1Jt.h1ml-:J'V'lmb't'~n9f-:Jfi':i~~1J'Wl 10 ~9f'W~~:JJ\911~-:Jfll'Vn.h~na1J 3-16 11'lt:Jtl-:J1hl~-:Jti:JJI'l'il~11-:J 
<v G) 9) de! 9) <v ... 1 .::::::So 1 

m~'ill!Jfl'Wfll!J !'Wt'ia-:J'Vl:JJ'U'Wll'lf11N 25 ~:JJ\911 !J11 38 ~:JJ\911 l'l-:Jfll'V'lu1~f1a1J 3-17 :JJ\911Uti'W-:lf111 

" .UI'l11-:J~9f'W~9fa{1 t'i'W l'lU~Cl~I'11~-:Jm'V'lll1~na1J 3-18 nlt'i'W 1'11 ~~9f'W~9fa{1 t'i'W l'ld -:J.u'a:JJCl1~~m11 
"' 

' ' ' 9) ..::::::! ..::::! .c:! ) G] 9) Q.l .c! .<:::::1 ..:::::! 9) I 

~ 'lJ l:JJl'Vl b't'tll'W ~ l'W 'YJ W] 10 'W l'Vl ! 1'1 !J ! '11'\"l Cl -:l -:l l'W 'ill flU 1J\91 ~\91 a 1 'lf'W 1'1 Alkaline !Jt'i a Panasonic ~ 'W 

Pro power LR6PPG 'U'Wll'l AA UH~'WtvJVh 1.5 11Cl\9l' ~l'W1'W 2 na'W~aa'4fl':i:JJfl'W iJ~Clf111 

fll'V'lD1~f1a1J 3-16 f111 ~1Cla-:Jf111ll'l1~~1JU ll 'Wtl-:J'V'l[llb'J'~f) ~-:J.U\'111-:J HI 'W\?llUt'iU-:J~l-:l'l 
fll!Jl 'W~a-:J'Vll'lCla-:J 



~ ~ ~ ~ ~ 
'- '-

#2,P9,36) 

35-

#1,?(22.5,30.5) 

#4,P5,29) 3D-

25-

#3,?(25,21) 

2G-

15-

to-

5-

Base,P(7,5) 

~--------------------------------~o-

f11~1h~fH)'IJ 3-18 ~1U'VIU~fl11ll\l!CJf'W!"lHJ{hn.J l'lt 'Wfl11'Yll'l1'ltl~ 

VJ11 1~~ 3-5 vH'Ifl11 'VI 1'11'ltl~fl1 1 ~ ~.u t!Jqj 1'l'Utl~ !CJf'W!CJft~51 'VI 'W l'l~~l!!'VI u ~l'i l~'l trit~'Jh~m 1 ~ ~.u m.J [l 

'l'Jfl'l 10 'WlVi 

QJ ' ;v y.j[lfll'j 'j'IJ-tl!J'UtJlJ[l 1h~ tt'VIil m~ m1 i' u-~ ~.UmJa 
Sensor No. 'U "' 

0 d ~ 1li~lt1'il (flf-!1) 'ffl!'j'iJ (1'11~) (%) 

#1 184 178 51 

#2 174 119 59 

#3 178 183 49 

#4 183 178 51 

#5 174 118 60 

#6 176 117 60 
' "' flll'Q[l(J 55 

81 
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" ~H'lf11':i'YI~H'ltl~U 'Ml~ 'l M'!li 'W 1.h ~ ff'YI~fll'Wf11':i ff ~~tllJ~'Utl~!9f'W!9HJ{1 'H'W ~.y)~ 6 
'" 

'l£~ihilm~vm':iri~~mqJmh!~\l~ 55% ~~tl~':i~t:J~nmYi1~1'Wm~v 54.5 i'1 1:u~ (!9f'W!9feJ{L'H'W~ 

'l '*'W~~ ~l'W \llfH! 1J~!~ tl~ \I'W '11 :u~) u~~arlmJ 1~t1:u~~ I ¢1m~ 1lnw 11h ~ ff'YI ~ fll'W m':i ri ~~eJ:u~ 'l 'W 
'" '" 

. " 
1h~ff'YI~fll'Wf11':ifft1Lll':i'l1~'11:U~~~~~ 

120.0 ...-------------------------., 
~ 

~ 

~100.0 
0 ·en 
CJ) 

.E 80.0 

~ v 
~ 
l9 60.0 
(1) 
-o 

0 40.0 
~ 
c 
Q) 

·u 20.0 
~ 
w 

0 24 48 
Time (Hour) 

-#1,18m 
-#2,18m 

#3,13.8m 
#4,13.8m 

-#5,10.2m 
-#6,10.2m 
-AVG 

fll'W1h~ fltl1J 3-19 1h~ ff'YI~ fll'Wfll':i ri ~~ tl:U ~'Utl~!9f'W!9feJ{1 'H'W ~ 
'" 

72 

. . " 
'l 'W fll':i 'YI~ ~tl~!~tl'I11U ':i ~ff'YI~ fl1'W ri ~ ~eJ:u l:l'U tl~ t9f'W!9ftl 1111 'W ~ d'J mil~ l:l'fl1 1~ u 1 

'" 
I 3J I 'j) 

I 111:111 mn trl'W m':i 'YI~l:leJ~!~eJ~11:le:J~rrm'W m':iw!n~u Tvh:u1! 1J'W~'W-e'J'Wti7e:J~ 1l1n'l1Tth I 111:111mn 
. " . 

Yi 1 'l r1'!9f'W t9fe:J{1 M'W ~vi' e:J~u -r mh~ 'Ue:J~m':i ri ~.u' e:J:u 1:1 'l M't ~ 1mn v~~'W ~ 1:u-e'J~ 1 1m':i t u ~ cJ'W u u 1:1~ 
'" 'j) I I I 

':i~IP11J'l11111m~:uvhrl'Wm':iri~.u'm.Jl:l'VJW1 10 'W1Yi lutrl'Wm':iri~.u'm.Jl:l'VJfl'l I1mYi <11~Nl:lm~'YI1JYi 
" . " 

tn~~'WdJm9f'W!9fe:J{1 11 'W ~ii'lh~m':i ri ~.u'e:J:ul:l rr ~~'W~e:J fll':i1J~'I11':i <U~m':i mv'l 'W!fl~e:J~1mn~fl 11:u 
'" '" 

~~ v1 n:u 1 n t~ ~ 'W Yi 1 'l 11'1 e:J n1 rr~ ~ e:J :u1:1 \1 ~ t n ~ n1 ':i rrw 111 vii rr ~ ~ 'W ~ 1:u I u ¢11 v n1 ':i 'YI ~ 1:1 e:J~ if~~ t 1J 'W 
q cu qj u <lJ 
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" " 
rl'1ti i' u f)1 'j 'Vl \91 ~tl'l 'i)~ 'l ~!GJf'\..Wlftl {1 'Y1 'W \91 ~ l'W 1'W 4 'lf\91 ~\91 ~ 'lilltl 'l 'W 'j 1'l U1 ~ 1~ tl 'l 

q 

" " 
fffll'VH111 1 t1 ~ 1 \9\tl~ \91~ 'l!GJf'W !GJftJ{1 t1 u \91 !~ tl'l~ ml'u \9ll:JJ u u 111 -:J'l11ih ~ tl~tl1'l 1 ~ w:i1-:J ilu 120 

!GJf'W~!:JJ\911 ~'lflTI,nh~ntJu 3-20 u~~ 3-21 

" " " fll'Vnh~fl'BU 3-20 f111~\91~'l!GJf'W!GJftl{1ti'W\91Vl'l 4 'lf\91 l'W'Jl'lUl~l~tl'lffflTV-IflUlti~ 
q 

E __ 
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t9f'Wt9feJ{hn.J f1U~~~I'11~tl rll'M'W f1111' ri ~ .U fllJ ~YJtl'l 1 1u 1Vi 1 u 'lf1~nm~ "bJ'Vl f mJnu ~~nu 

<U'fl ~ 1\Pl 'lJ tl11 ri ~.u mJ ~ eJ fltlfll tl1 fl''il ~ t1 tl 'lJ j '1111 <U'fl tl u 1 f1 tJ 1 'Vl1Vl f1 eJ Mll tJ 1 'W Unode .U mJ ~ 'illtl 
~ ~ ~ 

" ' 
t9f'Wt9feJ{1 'M'W fl'l-1 ~ 4 'll'fl 'il~ tltl ri ~ "h.W~ ffm'('j '\l" l'W Vi eJ~M l~eJeJtl hJ ii~ mJtu~'IJ eJ~ffm'('j '\l" l'W \Pl~ 

q <lJ 6.9 <lJ 6.9 

I 'j) I 'j) 

t:iJ'm11m-:i~f11'1~t9f'Wt9feJ11 '11'Wf1tW~ffm'('j~l'Wt~uVit~tJ'lJfeJmttl'1 ~~ucieJtJu 11 '11~ 111' rhw9fW9feJ{ 
(V ~ d 0 cv ..dt 9) <j)Q.J rl .c:\ 

1 '11 u f1 fl~ m'Vlu1 ~ tleJ'lJ 3-23 'ill n u u ffmu '\)" 1u 'il ~ 'Vll m1 'lJ u 'Vl n'IJ B:JJ ~ 1 f1 1 'lJ 'ill m9fw9fm 1 '11 u f1 :JJ "' ~ 
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10 

9 • #1 

8 • #2 

~ 7 •#3 
E ... 
~ 6 . •#4 
Cii . u 
> . . -
CD 5 ........... -- ..... _ ... 

_J 

,.~&.- -·· -- .. •} : ..... 
4 2 • ~ - • .& AA ................. .t. 

ro .... • • s 3 rl' .. 
t .. 

2 • 
• . . . 
tl • 

0 

0 200 400 600 800 1000 1200 
Time (sec) 

" 
m'Vl'l.J':J ~mJ1J 3-24 vH'lfiT~d' 1J-ci -:J,J'e:nJm~~1Jthu fl-:J!91'W!91t!{hrw ~ 1 'WU~~~'lf-:Fu-:Jm 

'" 

d! 0 31 .d11]3} 0 ~ cl ~ ... 1 ~ ~ Q.l l :v 
!llfl'W 1'1Jflll~'Vl !~ 'il1flfl n 'Vl~~ t!-:Jlll'V11fl1 ':J 1!fl ':J 1~ 11 !'Vl em 1u ':J ~ ff'V11i fll'Vl fl1 ':J ':J 1J-ff -:J 'IJ flll ~ 'IJ fl -:J 

'" '" " . 
!91'W!91tJ{i '11'W~u~~~'lf~ 1 'W ffm1~'l-11! 11~11mn iJv.mm'l.J~-:J\911':J1-:JYi 3-6 • • 

. " . 
\911':J 1-:JYi 3-6 H~fll':J'Vl~~fl-:Jfll':J ci ~oUflll~'Ufl-:J!91'W!91tJ{i 11 'W~ 1 'W fffll-:J~'l-11 I 11~11mn d.'lt!'lf1-:Jfll':J ci -:J 

'" 

Ql I V 1h :di'Vli m'Wm ':J i' u~ ri -:J .U 'ell!~ 
Sensor No. 

y.,Jftfl111'U-ff~'IJ'el:IJ~ 
"' 

• <:$ ~ I !liiht~'il (filf-:J) ff1t)'il (fil'i-:J) {%) 

#1 245 930 21 

#2 124 1017 11 

#3 163 959 15 

#4 147 935 14 
I .d 

mmmJ 15 

I I 3) r 

oUfl:IJ~'VJfl'l 1 1'W1Yi 'il~iJ'l.J':J~ir'Vlim'VlmTr1J-ci~.Um,~~m~tJrwtJ-:J 15% qi-:J!limm':Jt:r1~':J~~1J'l-11Yi 
1 ';I) I I 

lim ':J! 'l.J~ tJ'W u 1.J o-:J mh ~ 1 1~! ~ 1 !Jl m 1 tJ1!91'W!91fl {1 11 'W ~ m1 ~1~ 1 ~ ~ 1J 'l-11Yi! 'l.J~ tJ'W u 1.J ~ -:J 5~1-:J 
d .-<1 "' lr] ' ~ d o d V c1 "' ~ • 1 1 ' lr] .,\ V ':J1~!11'il~tJ~ !ll!'Yilll~ffll !'W'UW~'W 'il1!U'W\9lt!~llm11.J11J'l.J1~ !'Wff1'W'Ut!-:J 'l.J':J \9\fle:J~\9\e:J 1'l.J !'Vlt!l11 . 
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"' .! o v lJLJ.~ <01 .!<; 
3.7 m~1!fl~l~'t'iflltl.:J mvtl\lty!IUJ'U~N!CU'U!9Hl~ mu~ (Unode) 

_3j '1 y;J a'li)YJJ dy;) ']YiJ_::ll a'.dqYJJ ' 
'll1 m u 111m v ! u m j bY'H~ A CU'I-H cum ! j m v 'Vl \91 t1 'I m j ! m u u! cuu! cum 'Vl l '11 '11 u '11 v 

'IJ'U119H~tl u~dh1mt1n bYll.Jljfl 1 oM''!1'U 1¢l''Vlnb1'm'U ~hw!li~tJ'IU1H'fmn 11~mu~ ti'U'\Aii:l'l'l1'U '" . . . ~ 

1 111-i\91 ~ tJ \91 m vn u 1oM' '11 'U Y11 1 ~ 'Vl1'1! ii tJ tl'IJ tJ 'I !m ci n'li:l 'I 'l1'U Yi m m~ mJ 1 u 'IJ tu~ iHi tJ n u 1oM' • 
U U\91 !\91 tl~ 'IJ 'U 1\91 !~ tl U ~~! vftJ 1 ~U 1J \91!\9ltl~ b1'1 JJlj fl ~ 1ti'\AIJ:l 'I'll 'U 1 ~ nll!CU'U !CUtJ{! ¢I' tll'.l'U l'U tll j 

tl'U -r nEl' '\Aii:l '~ '11'U ~111-f u !1'1 ~ tl~1 v!cuu!cutJ {! ~ b1'1 v ~ '~! iJ u 11'1.fi tl11 cl '~ ~ iJn1 j ¥fn111i ~ vnu tl~1 '~ • 
y;J 1 "' _3j ..\ '1 y;J "' .-., '1 y;J <'!! y;J .d 

tl11'l'IJ11'1 !\91ti:J.HU111JJlti!'\Aitl~\91tlU !'!1'\AI~'l'l1'U'Utl'l!CU'U!CUtJj! 11'U\91! 11!11~tl'Utlti'Vlb1'\91 'll1tltlU • . ~ 

~1j1'llvW'l1'Ul~tlfi~TWl.Jl b1'1l.Jljfl!!oU'll~flljtJ'U'ftlEJ'WJ:l'l'l1'U !¢!' 3 l~ [33] 191'ltJ • 
1) i~flljfl111'UI911'!]~mmn11'11'U (Duty Cycling) !vftJ 1 ~!CU'U!cutJ{1 11'U 191!.fi1~ 

1mJI9111i:l'U (Sleep mode) !rltJ!li!¢!'1oM''l1'U 

.C:..:::i Q.l 9) 9) G) ~ I d. G) 3/G) 'j) QJ 

2) 11ifllj 'll\91tlU'Utllqj~U~~!b1''U'V11'1 ! 'U!fljtJ'IJ1tl (Data-driven) !'\Aitl l 11 ! '11'\AI~'l'l1'U 

'lunn~l!U'UnwW'tJv~~\91 

3) l~fllj~\9111'1~1U11U'l11~tl!fl~tl'U ~!CU'U!CUtl{i 11'U \91tl~1'1!11l.ll~b1':JJ (Mobility-
I I 3J I I 

base) !.vltJ 'l ~m tJUI'l~:JJrl1Vl'U Yi 1 \91tl 'l oM'~l'U1'U'Utl'l!CU'U!CUtJ{1 11 'U\91!!~~'\Aii:l''l 'll'U U tJ t~YibY\91 . . 
mnnri111191tlbY~Llm1'11~mj~1'l"'J ~ !¢l'iJmjftmnm 'll~ 1 ~m1:JJ~1flt1J! Ll~fllj 

111 'll \91111 m~ bY:JJ 1 u ¢1' 1 u fllj u 111 n ~\91 m j m:JJbYfll'U fllj w ! vi t1 ~\91 nmY11'11'U 'U t1 'I !CU'U !CUtJ {1 11 u \91 . 
(Operating time) 1 ~miitJUtltl~~\91 u~V'l'U1\91 Vl~flljftfl1!1~!~t11.fitJ'lnU'\Aii:l'l'll'U ~t1J!~tl 'll1flfllj 

1 oM''\AIJ:l'l'l1'U~ !liiJLJj ~ff'Vltlfll'\AI'Utl'l!CU'U!CUtJ{1 11 'U\91!tl'l 

Ut1J11111cl'l~!n\91~'U!rlmj11oM'uu\91!\9ltJ~'IJ'U1\91!~tl ('U'U1\91 AA 11~tJ AAA) ~1v 
'\Aii:l'l'l1h! t ~ nU!CU'U!CUtJ{1 11'U \91 ;Jtl !! U\91!\91 tl~ ~ iJ ~ 111 Ult11 \91 tltlJ'U t 11 t1i 'll~ iJj ~191 um 'I 191 h!, vHhr¥1 tl'l 

L5 11~1'1 ~'1~1tll11'111:1J~tl'lfllj'IJtJ'l!CU'U!CUtJ{111'U\91 ~~tl'lfllj!!j'ii91'U!YHh'ilj~:JJ1U! 2 G'l 5 
I I I 'J} 

11~1'1 'lumj 'l oM''11u ~'luv:JJ'I11uu\91!\9ltl~m~tJtJ'Um:JJnw-vlmvJ:JJm '1191u hHh 'l ~bY '~~utilu 3 11~1'1 . '" 

1d. o .<:fl 9) .... 1 if.a:.cl ~ dd~~ I ,.I cl 
U\9l!:JJtJ'Vlltln fl'tl'Ell'UtJ:JJ ~tJIJm ru tJ! ~ tl'Vl j tJ'U tlbY'Vl! lJ 'U b1'1h! lJ j ~ n tJU 'IJ tJ'l !CU'U!CUtJ j '" . 

~ . . 
1 11u 191ni:l'mm11 B'ilmwmri1il mmj fiYJl'll'U !¢!'Vim '!191u hHh !¢1'1'11n11 3 lnw11191m'Qvn~ 1 u . . ~ . 
tlJ'U fi! iJu fl1Hl1'11h! u u U ~~ 191 tl~ h! t1 tl'llltltJ 1'1 'lJj UN tY1'U fl !li !¢1'1 oM'u HI91'U hHhfi m 'Ill tl 

UU\91!\9ltl~ 1191t1\9lj 'I U~'ll~ 1 oM'u HI91'U! vJvh~ ~lh! 1'1 'lJj 'fn11 n~l91um '!191umu~1 (Voltage Regulator) 
1 I I I I 3) I I 

! 'lfu bY1'U Yi Yl1 11 u 1 Yi !0 tl1 n 1J fl1 j -r 1J-ci 'I 1'1 ~ 'U l'l'ltl Yi! iJ 'U! 'lfu iJ fl! Vl tJ 11 tl'l nu 11-i 'l ~f) li:l' 'I ci 'I 1'1 ~ h! l'Vl (J 
• q 

'Ue:l'l!CU'U!CUtJ{1 11'U \91 un1'1 !Llmm:JJm '!191'U'UtJ'l!!U\91!\9ltJ~ u~ VJ~m~'Vlu 'lllflfllj 1 oM'1'1 'lJj-f n11 n ~191u 
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"" o! 0 .... lJL.f_:H <:! o!<; 
3.7 tll~'J&i'l~l~'t'itll~H mnl~tyUT~'Ufl~&CJf'J.UCJffl~ mu~ (Unode) 

-~ 'I '}) a'l!J'J) d'J) 'l'J)~ a'dGj'J) ' 
~lfl!U1'11l.Jl(J !'Ufll'Hl'';il'I&CJf'U&CJfeJ'j !';i'ffl(J 'Yl\9lel'lfll'j !'t'i!lJ'U!CJf'U!CJfel'j'Yl !'lf'll'U'Il(J 

'U'UWH~fl !!(ldhlflltlfl 'ffl:Ulltl 1 '*'ll'U 1¢i''Ylfl'fftll'U ~1~w11.i~eJ'IUlH'fmn '11~eJ!iJ~V'Ul"'~'l'll'U '" . . 
' ~ 

t 11 1-i\91 ('I e1 \91 m vn u t '*'~l u Yi 1 t tr 'Yll'~! i1 e1 n'U e1 '~ !m ri '~l"' ~ '~ 'll'U Yi m m~ bY:u t u 'U tu~ t:H1 e1 nut'* . 
!! 1J \91 !\91 el~ 'U 'U l\91 !~ fl !!('~~! viB 1 1Xu 1J \91!\9lel ~ 'ffl :IJl'j tl ~ ltll"' ~'I'll 'U 1 1X fl'lJ!CJf'U !CJfB{1 ¢j' (Jl 1'U l'U fl1 ';i 

el'U i' flEJ l"'~ 'I 'll'U ffl'11 i' lJ!fl ~el~l (J!CJf'U!CJfel {1 ~ 'ffl (J ~'I! 1j'U 11 1oi1 el'l1 d'l ~lJfll 'j ftfl1111 ~ (Jfl'U el~l 'I • 
'}) l "' -~ ..!\ 'I '}) "' .. , 'I '}) <'!! '}) .d 

fl1l'l 'U 11 'I ! \91 vm u 1 '11m m l"' eJ ('I \91 nn ! 'lfl"' ('I 'I'll 'U 'U eJ'I!CJf'Ul CJfeJ 'j ! '11 u \91 ! m '11 ('I eJ u eJ tJ 'Yl 'ff\91 ~ 1 flfl u • 
' ~ 

ffl'j1~N(l'll'W1~tJYiHl'Wln 'ffll.ll';itl!!~'l1~m'jeJ'Wi'nf1'W~'I'Il'W 1¢i' 3 1~ [33] IOl.::JiJ • 
1) 1~ fll'j tll'l1 'U WJ{) ~ m f1l Hll'll'U (Duty Cycling) !vi el 1 1X! CJf'Ul CJfel {1 '11 'U \91! .jJ l ~ 

1'11:U\91'11~1J (Sleep mode) !riB11-i1¢i'1'*'1l'U 

.a:..cs Q.l lj} 9) G) C!' ~G)3/G)Ij}QJ 
2) 11ifll'j~\9Jfll'j'IJeJ~(l!!(l~!'ff'U'Yll'l !'U!mel'Ultl (Data-driven) !l"'el !'11 !'lf'W(l'l'll'U 

lunn~wuunwt!eJv~~\91 

3) 1~m'j~\911l'l~l!!'I1U'I'I1~mfl~el'W ~!CJf'U!CJfel{1 '11'1-! \9lel~l'l!'l1 m~ bY:u (Mobility

base) !viB 1 1X m el1Jfl~:IJ~1~'U ~ 1 \91(1 1 '*~l'U 1'U'Uel'I!CJf'U!CJfeJ{1 '11 'U\9l!!(l~l"' ~'I 'll'U U el (J~~\91 
111nnri 111 \91V'ffl tlu~1 1~ fll'j ~ N"l ~ 1 ¢i'iJm'jftfl1llm ~~ t 1X m1:u rl1fl' t1J 1 iJ~m 1 

'111 ~ \91! '11 :IJ 1 ~bY :IJ t 'U ¢i' l 'U fll 'j 1J ~ '111 'j ~ \91 fll 'j \911 :IJ bY til 'U fll 'j w ! vi el ('I \91! 1 l:ll Yi l '11 'U 'IJ el 'I! CJf'U! C)f el {1 '11 'U \91 . 
(Operating time) 1 1XmileJUeltl~~\91 !!~V'I'Ul\91 fi(lfll'jftflEll~!~tJ1oi1eJ'Ifl1Jl"'~'l'll'U ~l,1J!fftl ~lflfll'j 

t '*l"'~'l'll'U ~ 11-iiJiJ'j ~ir'Yl1iilll"''Uel'I!CJf'U!CJfel{1 '11 'U \9l!el'l 

Ut1J'I11'11d'~~!n\9l~u!rlm111'*uu\91!\9leJ~'U'Wl\9l!~fl ('U'Wl\91 AA 11~e1 AAA) ~1v 
l"'~'~'~l'W 11Xnu!CJf'W!CJfeJ{1 '11'1-!\91 fiB uu\91!\9leJ~~iJ~l'I1U 1v 119lv~1'W t mli~~iJn\Olum '1\0lu 1 vJ.Vh~ tJ'I 

1.5 111;1~ ~'~~lflllf11l:IJ~el'~fll'j'IJeJ'I!CJf'U!CJfeJ11'11'W\91 ~~el'lfll';i!l';i'!\Olu1vJV1lu'J~mtu 2 i1'~ 5 
I I I 3) 

1 11;1~ l'Wfll'j t '*'ll'U ~-;jlJ(J:IJlJl!l1J\91!\9lel'1m~elel'Ufl'j:IJfl'W!'Wel!Vi:uu HIOl'U 1 vlV11 t rr bY 'I~'W!1j'W 3 1 11;1~ . '" 

u Ul:l'lm .::JIOlu 1 vJV11 1 \91"1 !vi:u!~:u 

!!~!rlBYi lfll'J ftflEJ1.f1eJ:u l:l eJiJm W~lL~ fl'Yl 'J ellJ mf~! 1j 'W ~1'W U 'J ~ fl ellJ 'IJ el'l !CJf'U!CJfel { '" . 
~ ' ' 

1 '11'1-! \9ln~u'Wu1l Bilmwmri1iJ mm1 oYil'll'W 1¢i'Viu HIOlu 1 vJV11 1¢i'l'lln11 3 1 11;1~ 119lm~vn~ t u • 
' ~ ' 

~1'W fi! 1j'U flU Yll'll'W!! 1J1J ~~ \91 ell:l 'W elfl~ lfl lJ 1'1 ~'j lJH ~1'W fl 11-i 1¢i't '*u H\OJ'U 1 vJV11fi :IJl ~ 1 fl 

U1J\91!\9lel~ l\9ltJ\9l';i 'I !!~~~ 1 '*m '1\0l'U 1 vJV11~ H1'U 1'1 ~'J i'n11 n~\Olum '!IOl'WmU~1 (Voltage Regulator) 
1 I I I I 3J I I 

! GJf'W ~1'W Vi Yi 1'11 '!! l Vi !0 (J1 n 1J fl1 'j i' 1J -~'I f1 ilu 1vw Vi! 1j 'Ul GJf'W iJ fl! ~ el i1 el'l fl'W 11-i, rr fi l rl 'I~ 'I f1 i1 'W 1'Yl (J . . 
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U1 -!l~'W ;io 'I'll L M'lf)~f11~-!l1 'Vh~lbl'ttHiYCHrJ'Wt1111J~tJ'W ~-!Juth il'W\91Htl'IJt1111JU\9lfl~N1~'WJN 
"' " 

Q.l dQJ QJ f/ Q..l Q.l Q..l ~ I I 

U 1 -!l ~'W 'lJ tJ -!JU 'IJ\91!\91 tJ'.i fl'IJU 1 -!l~ 'WWl\91'\"l\91 'lJD-!l1-!l 'il1 1fl'hll'.i ~~'IJ U 1 -!l~ 'W tl-!l t1111JU\91 fl\911-!l 1 ~ '1111-!l • 
~ . ~ 

u 1 -!l~'W'l1-!lbl'D-!llJ~lmn 'Vl~-!l-!ll'W bl'ttHilmrlu m11.1~ ou ~~-!lmfl~'W\9111.1 111~1tl 
"' " 

ri 1 'W u bl' ~ -!l bl' tll 'W ~ fll 1 '1'11-!ll 'W ! 1:1 'W ri 1 'W '11 ~ -!l ~ 'lf 1 tJ t M' ~t off -!ll 'W \91 1 1 'il bl' tJ 'IJ 

bl'tll'W~fl11 '1'11-!ll'W 'lJDW!f'W!CJfD{1 '11'W~ 1~D~l-!lbl'~~1fl !olf'W bl'tll'W~fl11 !~01J~D!!'I1ci-!l ~ ltl 1 'VJ U~~ 

bl'tll'W~fl11 f'IJri -!l'li'DlJ~ ~-!lUtllJ l oifmm bl'~-!lVl~~1tl'I1~D~ 1 i'J'!fiJ~ LED ~f'IJU H~'W 1 i'Jvhm'illfl 
"' 

. ~ 

U 'IJ\91!\91 D~lJU 1 -!l~ 'W 1 i'Jvhbl' -!lt1111J bl'iN'lJD-!l'l1 ~0~ LED ~ 'il~1Jlfl 'il'W 'IJl-!ltlf -!l Dl'il1Jlfl!fl'Wt1111J 
"' 

'illfl!'11 \91 Vl~ ~ nci nm'li' H ~'W ~ -!l iJ bl':IJ 1.1 ~ 11 l'W ~! 1:1 'W hJ 1~ i1 nu ~ oou m 1.1 
q q "'-9 q 

u 'IJ\91!\91 o~ t ~o~ 1 tl'Vl~ -!l-!ll'W 1 'Vl~ 1 t M' t1 'IJ!CJf'W!CJfo11 11u ~ m 'il '1'11 t M'tn~u 1 -!l~ u 1 'Vl~ 1~ -!lnilt1111J 

~o-!l m1 l oif-!ll'W 'il~ -!l '1'11 l M'u 'IJ\91!\91 o ~ ~o-!l bl'tu!iltJ'Vl ~-!l-!ll'W ri1u '11~-!l11.1t rlu t1111J ~ oumtJ l 'W 1-!l 'il 1 
"' " 

f fl'hll'.i ~~ 'IJU 1 -!l~'W U~~U bl' -!lbl'il-!l'lJD-!l'l1~0~ 1 i'Ju bl'~-!lbl'tll'W ~ fl11 '1'11-!ll'W ~ bl'il-!l 1Jlfl!fl'W t1111J ~ 1! rJu 

bY -!JVl~ L M' Dltlfl11 L oif-!ll'W'lJD-!JU'IJ\91!\910~~~~-!l . 
~ . 

'IJ'Vlt1111JU~-!l! rlu fl11 u 1! bl''W o Vl~fll 1 fffl'hll'Vl ~ -!l-!ll'W bl'tu! ilt~'lJ o -!l!CJf'W!CJfo{1 '11'W~ ~ 
"' " 

Gjj/ <>' Gjj/ I Gjj/ d ~ <>' d ~ 
~'lf'Vl~-!l-!ll'WU~~Dltlfl11 ~'lf-!ll'W 1~'1111-!lfl11 ~'lfU'IJ\91!\9ltl'.i'lf'W~ Ni-MH fl'IJU'IJ\91!\9ltl'.i'lf'W~ Alkaline . 

"""" 3. 7.1 11ifll':i'YIVI~Hl'i 

"" "' 'l jl "' _::ll ~ 'l y "' m1 'Vl~~D-!l!'VlD'I11D\911 1m1 ~ 'lf'Vl~-!l-!ll'W !ll'W m1 'Vl 'il11 ru 1m 'V'Il~ m1 ~ 'lf'V'I~ -!l-!ll'W 'lHJ-!l 

,::l1 0' d/ 11] I Q 'l Y) n I l 'l "" n I 'l j} j} d 
Hardware !ll'W'I1~fl 'il-!l ~1J1Jfl11 !'If ~ll1 !\9lt10~ ~~'l!'V'ID~~fl11~'1JD-!lfl11ll1~1J1~N~ ~'11'WDtl'Vlbl'~ 

0 G]Y_::ll ,j "' _::ll"' 1 G]Y _::l1 
fl1'11'W~ ~'11!ll'Wfl11bl'Dbl'l1U'IJ'IJ Single -hop flO Unode !ll'W\911bl'-!l (source node) U~~ ~'If Tmote !ll'W 

' . ~ 

~1f'IJ~ -!l~DD~tl'IJ!fljD-!lt1D1J~1!\9lO{ (Destination node) 1 '11 'W ~ vt-!lbl'D-!llJ1~tl~Ml-!ltl'W 111~ mru 1 
"' 

i'J\91 Unode loifnl~-!lbY-!ltl~'W1'VlCJfl-!l~ lmW 'i'llfl11'Vl~~D-!l1~CJl~UH~'WU~~fl'.i~Ubl'1i'J~1~1'11~ . . 
~ ~ 

rll'W Unode cii1 10 fli'-!l lu 21'111J~fl11'1'1Nl'W ;io 1'111J~fll'.i'i'll-!ll'WiJfl&'i (Operating mode) u~~ 

1 '111J~fll'.i ri -!l'li'o1.1~ (TX mode) 1~CJ 1 '111J~fl11'1'11-!ll'W 11n~'il~'l1mCJ~-!l !CJf'W!CJfD{1 '11 'W ~o~l 'W olf1-!l1D 
"' "' 



88 

' ' 'j) 

!!~~'V'I~tn .. J'n'il~fu-ri~~tnJ~~l'W'flil't..!i'VlCJ h..! hnJ~U LED !!i1'~~bl'tll'W~fllll'iB!!'YHi~~1CJhJ'il~~~ 
~ . 

£1'il~!~CJ~ 1 Wl~ ri1u lrnJ~fll'jri~~mJ~'il~'Y'i:IJlCJG~ !Clf'W!CJm11Mu~nli:l~ri~~mJ~BBnmmf1~1'W 
~ ~ 

' 'j) ' 

'Vll~'fltlui'VlCJ iu 1mJ~u LED !!i1'~~i1'm'W~fll'jri~~mJ~'il~~~i1'il~!Vl:lJBfl 1 ~1~ l1:Ut1:iu 2 ~1~ . ~ 

~ I ~ I 

'il1nl!m.h~1u HIOluu ~~m~u i1'L vlfhVi !¢1 'illflfll'j i~ 10 'fli' ~:IJl'Y'i 1~1m ~ CJ u~1fll'W1wt1:1 u ~ 1 

n11:l'~ !vHhm~vi uul?i~~ 1 'Y'i:IJ~ 

'j) 

'fiB:lJVl1!\9W{ ri1u Unode 'il~i'uhl'illfl!!mi~~lCJI'l~ul?i 2.2 ()~ 3.511~191' ('illflfll'j'Vl~~B~ti'luHIOl'W 
'j) 'j) ' 

!J/ 1 <0! lJj I I !J/ lJj !J/ I <0! <0! l -~ "-' C> 

'WBCJfl11'W Unode !:lJi1'1:1J1Hli1'~'1JB'lq!~ ~~ !!~~'Y'ilfl:IJ1flfl11'W Unode 'il~!i1'CJ'Y'i1CJ) !~CJu'j1J!'V'I:lJ 

u 'j ~\Olu i vlfJ1'flf~~~ 0.1 11~1'1 !!~1U'W Yinu 'j ~\Oluu~~m~u bl'tvlfJ1~ !¢l'illflfll'j i~¢11CJ MultiMate 

~~B Fluke iu 1171nm'ji~i:ii~B~um:u\Ol~m'V'I'l.h~nBu 3-25 • 

Amp meter,........ ____ "'"'~ 

+ 

U-Node 
Supply 
Reg. 2.2-3.5 Volt 

' 'j) 

Ni-MH u~~uuum~\Olu!vHh 1.5 11~1'1'illm1:iwtum\91Bj'lfiJ~ Alkaline \Ol~iruiumnntJjmw 

'lJ(l~ fl1J:l ~ i vJ~ 1bl'tU! ffCJ~! fl~ 'il1fl fll'j U 1!! 1J \91!\91 B~ m\?iB B 'W m :lJ n'W !! ~ ~ fll'j! 'l.Jj CJU! ll ti1JtJ1 tlfll'j i ~ 
qJ u q q 

' 'j) 

~1u 'i):;;V~ 'il u w 1 'il1nu 'j ~\Olu! vJ~ 1'U B~u um\91Bj 2 'lfil~u 

3. 7.2 f-l~fll'jftfl'lll!!~~m'jtJfliJ·;m.J 

VJ~ ~ !¢1 'illflfl n i~ u 'j ~191 u u~ ~ m ~ u £1' i vl~ 1 'i!:;; 11 nf11u 1w t ~ u ~ 1 n11:l' ~ i vl~ 1 i:i 
~ 

'Y'i t.h CJ! ~ 'W :iJ ~ i) 'il ~ \9i Bi 'W 1 Vi (mJ/Sec) ~ ~ iJ 'fl11 :lJ ~ :lJ fr 'W TIl~ 'l·d 1 ~ fl1J:l ~ i vJ ~ 1 'IJ B ~ Uno de nu 
~ 

m~\Olu!vl~1~~1t1i~nu Unode IOl~flWlU'j~flBU 3-26 
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. . " 
U[l~'V'lft1JJll'il~fu--ff.:J'ti'mJ[l~1'WfiB'Wl'Vlf.J iu hm~u LED Uff~.:Jfffll'W~fll':i~t1mHi.:J~1f.Jtvl'il~~~ 

~ . 
ffi1-:J!'Wf.J.:J 1 WJ.:J bl1'W 1 'Hl.J~fll'jff .:J'ti't'JJJ[l 'il~'Hl.Jlf.J~.;j !Clf'W!Clft1{1 'H'W ~fh;;l.:J Li .:J'ti' t'Jl.J[lt'Jt'Jf1t11fllfl'~1'W 

~ ~ . " . 
'Vll.:JfiB'Wl'Vlf.J iu 1'HJJ~i1 LED uff~.:Jffmu~m':ibi.:J'ti'vJJ[l'il~~~ffi1-:J!~l.lflf1 1 ~1-:J ':i1mi:lu 2 ~1-:J . ~ 

'lJ I 'lJ I 

'il1nl!m.h~1u H~'W!![l~m~!! fft vl·~hli HI 'il1f1fll':i 1~ 1 o fl f .:Jl.ll'H 1~1m ~v u ~1f11u 1tw1i:lu ~ 1 

rh".:J1vlvhu~v1uu~[l~ 1'HJJ~ 

" flt1l.J~1!191t1{ Ll1'W Unode 'il~i'utvl'il1f1ll'Hrl.:J~1f.JI'1-:Ju~ 2.2 ~.:J 3.511[11'1' ('il1f1fll':i'Vl~[lt1-:J~1UH~'W 
" " . 9) 1 d 11) 1 I 'j} lfJ 9) I d .::::! i .... IQI ~ 

'Wt1f.Jf111'W Unode !l.lff1l.J1Hlff.:J'Ut1lq![l !~ U[l~'H1f1l.Jlf1f111'W Unode 'il~!ffCJ'H1f.J) !~f.Ju':iU!'V'll.J 

UH~utvJvhflf.:J[l~ 0.1 11[11'1' U~1U'Wfif1!!H~'WU[l~f1';i~!!fftvl~1~t~'il1f1fll':i1~~1CJ MultiMate 

~~v Fluke 'iu 1171nm':i1~1i1~v~umJJ~.:Jm'V'l'tJ':i~nvu 3-25 • 

Amp meter,....... ____ ""'"~ 

Supply 
Reg. 2.2- 3. 5 Volt 

U-Node 

!dt1-:J'il1f1iJ'il'ilU'W !!'U\91!19lt1~'U'Wl~!~n~li~1'HU1CJ~111J ('U'Wl~ AA 'H~t1 AAA) 1i • 
m.:J~utvl~11~!BeJn1t.:J1'W!ViCJ.:J 2 !!'U'U fleJ !!'U'U!!H~u!vl~1 1.2 11[11'1''il1mi:luuu\91!\91t1~'!fiJ~ 

. " 
Ni-MH !![l~!!'U'UU':i.:J~u1vl~1 1.5 11[11'1''il1mi:luuu\91!\9lt1~'lfiJ~ Alkaline ~.:Juu1um':im'l1~mw 

'U v.:J rh;;l.:J 1 vl~ 1 ffw! iYCJ~! n~ 'il1nm':i 11111 u 191!\91 t1 ~ m~v vu m J.Jn u u [I~ m':i 1 11~ CJu 1 VIvum CJm':i 1 t 
'U u q q . " 

.:J1'W 'il~~'il1ltw1'il1f1ll':i.:J~u1vlvh'Ut1-:J!!'U191!191t1~ 2 '!fiJ~i1 

3. 7.2 w~m';jflfl'l:l1!l~~m';jeJfl'tJ·nt~ 

rl[l ~ L~ 'il1f1fl1 ':i 1~ !! ':i .:J~ 'W !![! ~ m ~ !! ff L vJ~ 1 'il~ 11 f1fll'W 1W! {j 'W ~ 1 tll ".:J L vJvh ij 
~ 

'HU 1CJ!i:lu il [li)'iJ[l~t'Jl'W lll (mJ/Sec) ~.:Jlifl1ll.J~l.J~'W1j ':i~1·"1il.:J tll".:J 1 vlvh'Ut'l~ Unode tl'u 
~ 

!!H~'Wtvl~l~~lCJi~tl'u Unode ~~m'V'l'l1':i~f1t1'U 3-26 
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' ' " 
l!CI~'V'l~tll .. J'n'il~fu-d~.u't~:UCI~l'Wflil'Wi'VH'J 1 'W hnJ~U LED l!Cl'~~Cl'tll'W~flll"~mmrl~~lCJ L vl'il~~~ 

~ . 
ffil~!TICJ~ 1 WN ff1'W 1 '11 :U~flllff ~.u't~:UCI'il~'H:lJlCJ~~ !9f'W!9ft~{1 'H'W ~fll~~ ri ~.ij' tl:UCI tltlfltllfllfl'~l'W 

~ ~ 

' " ' 
'Vll~flil'Wi'VH'J 1u 1'H:u~u LED l!Cl'~~Cl'tll'W~flll"LY~.u'mJCI'il~~~Cl'il~!.W:u~n 1 ~1~ l"1:UtlJ'W 2 ~1~ . ~ 

'j) ' 'J) I 

'illflU'W th~1a H ~'Wl!C~~m~a Cl't vlthYi !~ 'illflflll" 1~ 1 o fl f ~:lJl'H 1~1m ~CJ a ~11'11u 1tutlJu ~ 1 

fil~~!vl<fhm~CJ1ua~C~~ 111:u~ 

Tmote 

" flt~:U.W1t~m{ LY1'W Unode 'il~futvl'illmmrl~~lCJI'l~a~ 2.2 ~~ 3.511C~I91' ('illflflll"'Vl~Cit~~llll!H~'W 
" " ' 'J) 1 d \1) I I 'j) \1) 'j) I d d 1 ,I"' <> 

'WtlCJfl1l'W Unode !:UCI'l:lJl1tlCI'~'Utl~C1 !~ l!CI~'Hlfl:lJlflfl1l'W Unode 'il~WCJ'HlCJ) ~CJul"U!'V'l:U 

m~~u!vlthflf~CI~ 0.1 11C~I'l' l!~1U'Wiimtl"~~'Wl!CI~m~afftvl<fh~!~'illflflll"1~~1CJ MultiMate 

~11t~ Fluke ~'W 1171nml"1~ii!~t~~am:u~~m'V'lul"~nt~u 3-25 • 

Amp meter ,.......----""'1 

Supply 
Reg. 2.2- 3. 5 Volt 

U-Node 

' " 
Ni-MH l!CI~!!UUl!l"~~'Wtvlvh 1.5 11C~I'l''illmlJuaU~!~tl~'l5'U~ Alkaline ~~u'W1'Wflll"'HlU~:lJltu 

'Uti~ fll~ ~ L vlV11Cl'UJ!ilCJ~!fl~ 'illflflWW ll! U~!~tl~:lJl~tltl'W m :utl'W UCI~flll"! U~ CJU!VlCJUtllCJflll" 1 cif 
'U u q q 

' " 
~l'W 'il~.W'illl"tul'illflUH~'WtvlY11'lltl~UU~!~tl~ 2 'l5U~U 

3.7.2 Ntltn-aflrnmm~m·aelihhlt~ 

VJCI ~! ~ 'illfl nn 1~ u l" ~~ u uC~ ~ m ~ u C1' I vlV11 'il~ t1 flrll'W 1ru t iJ u ~ 1 fi1 ~~! vlV11 i:i 
"' 

'Htl1CJ!lJ'W iJC~i)'ilCI~tJi'WlVl (mJ/Sec) ~~iifl11:UbY:U~'W1fl"~'Hil~fll~~~vlV11'lltl~ Unode flU 
~ 

UH~'WlvlV1l~~lCJ1MflU Unode ~~fll'V'lUl"~fltlU 3-26 
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_.Operating mode 

+TXmode 

2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 

Vcc(Volt) 

fll'WU':i::;flBU 3-26 fi11J..ra':wr~'tJ1f1::;'1"'rh~th~"~!vlV11'UB~ Unode 

num~~u!vlvh~~1tJ1'!1'nu Unode 

' " 

89 

'il1fl.fll'WU1::;nBu 3-26 ii1~~!vlvh'UB~ unode !.W:w~ul'n:wuH~u!vlvhu'l1ci~~1tJ 1~wi:i 

ii1~~!vlV11~Tff~ 43.4 mJ/Sec ~m~~u!vlvh 2.211~1'1'1u 1'11:w~m1'1'11~1'WUfl~ u~::;i:in1~~!vlvh 
q 

' " ' 
l:H~~ 108.6 mJ/Sec ~!!H~'Wtvlvh 3.5 11~\9l'1u1'11:JJ~fl11ff~.,j'B:JJ~ 'We:Jfl'il1flii!!H~'Wtvlvh~ 
"' q "' 

I ~ 3J !J/ I 

!.W:JJ~'WV~ff~PW 1 Mfl1~~, vlV11'UB~l1~~B~ 1 '11:JJ~JJfi11:JJ!!\91flvi1~tl'W:JJlfl~'W 1~(]~!! H~'W 2.4 11~1'1' 

1u 1'11:w~m-:id~.u'eJ:JJ~'il::;1'*n1~~!vlV11!~:JJ~'W'il1fl1'11:w~m1'1'11~1'WUfl~ 5.3 mJ/Sec '11~B¥l~!~'W 
"' 

' ' " 
11% 1 u 'Uw::;~u':i ~~u 1 vlV11 3 11~1'1' 1 'J!l:w~m1 d~.u'e:J:w~ 'i)::; 1 '*t11~~ 1 vlV11!.W:w~u 'il1n1 'J!!:w~m1 

"' 
o ... 1 .<:::::i .et ~ ?1 
l11~1'WIJfl\91 16.7 mJ/Sec 'J!l':i'Bfi~!IJ'W 26% 

'il1flfl11'Vl~~B~ !!H~u!vlV112.2 11~1'l'!~'W1::;~uuH~'WLvlV11~1~~~ Unode 
q 

'3J I 3J 'J} 

V~ fl ~ '1'1 N 1'W L~ \911 :JJ U fl ~ (l1 ~ ff1'W ~~ \91 B ~ ~'W !\91 B {!vJ ~!! ~::; ff1'W .fl1 fl f U ff ~ fl i'lu 1'Vl tl) l1 ~ij n 
q 

!dB~:JJl'il1flfllflfU-ff~fi~'W1'VltJflltll'W CC2420 l'iB~fl11!!1~~'WlvlV111'*~1'W'il~~!~tl~ 1.811~191' ~~ 
q 

L~:JJl'il1flfl11~~!!1~~'WLvlV11'UeJ~!!U\91!\91B~~1tl1~'il1 Low Drop Out Regulator (LDO) ~B~flltJ1'W 

CC2420 W~ u~::; L:JJ 1 mfle:J'W 1 'Vl':in!~e:J{ MSP430f1611 n\9l'e:J~fl11!! H~'W !vJvh~1~~!~tl~ 1.8 
q 

'J} I I 'J) I 

11~1'l'!GJf'W tl'W ~~t! 'W fl1 ~ ~ L vJV11~!.W:JJ~'WdJeJ ~ 1(]!! 1 ~~'W L vJf111 M tlU!CJ5'W!CJ5eJ{1 '11 'W ~ :JJ1flfli1 2.2 

11~1'1' ~~w·-mm'il1flii1~~! vl¥11~ru!irtJ~~i:ifim·hnu 
'U " 

P, =[P-Py_ 2v)·100 (3-3) 
loss p 

22V 

~~m'WU':i::;ne:Ju 3-27 
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•operating mode 
+TXmode 

2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 

Vcc(Volt) 

90 

m~1h ~fHJ'lJ 3-27 ~rJCJ~~'UrJ-:Jfh~'-:J I vHhblrut ilCJ~ln~Hnnm"Ji1m.Ju "J -:J~'W I vHhbY -:Jlfl'W n11fl11:lJ 
~ u ~ 

;J) ~ ,d 1 <I 
\91'U'Jfll"J\911Ml'U'U'J Unode 'Vl 2.2 !J~\91 

q 

1 1~1'1~ l¢11l1flfll"J~rJrJ'Wm:lJtl'lJ\91l\91rJ~ Alkaline 1l~tlf'W 1¢111 ih~-:J !vHhblrutiltJm ~mr-:JblrJ-:J 1 'YI:lJ\91 
q ~ u 

' ' :v 

'U'U'J Ni-MH nrill'Vlltl'lJ 13% 1'W'UW~llfil~-:J~'!flV11bl'UJlilCJ!'Q~CJ'Il'Jbl'U'J l'\1:lJ\91'U'U'J Alkaline bl-:Jii-:J 
~ u ~ 

9 ;J) ,d <!I 0 9 ;J) "" 0 "' 1'L.U-t "' 9 I 9 ;J) ,d 
60% fll"J !'lfll'lJ\91l\91'U"J Alkaline 1l'J'Vl1 !'11lfl\91fll~'J !l''ff'l1bl''illlbltJ !'W Unode :lJ1flfl11fll"J !'lfU'lJ\91l\91'U"J 

~ u 

Ni-MH l~"J1~nuH~'W l'lflV1TI;J-:Jfl11 

l~rl'J1l1fl Unode n1'11:lJ\91fll"JYl1-:J1'W 21'11:lJ\91 ~rl 1'11:lJ\91fll"JYl1-:J1'W'lln~ ll~~ 1'11:lJ\91 

fll"Jri-:J~mqJ~ ~191ri1'Wfll"JYJ1-:J1'W"J~'I111-:J 2 1'11:lJ\91ljCJfl11 ""JD'lJfll"Jri-:J~mqJ~ (Transmit Duty

Cycle)" ~'J 1l~ \] flfl1'11 'W 1911191 tJl'\1\9:] fll"J ru '11 ~ 'Ufll"J ~-:J!Jm trl 'U ~1 'W 'JW!J.Jj CJ'lJ Ill CJ'lJ fll"J 1 ~~~ 'J'J 1'W 
' ' ' 

I 'YlV11 'U () 'J Unode 1 'W "J ~ tJ~ nm 1 oJf'J 1 :lJ'J "J ~ '1111-:J fl1 "J 1 ~u 'lJ \91!\91 () j Ni-MH tl 'lJ Alkaline elf 'J n 

" fl11:lJ~:lJ~'WTitl'lJ"JD'lJfll"Jri-:J~mqj~\91-:J!l~ 0-100% nN~fll"J~1'W'JW~'Jfll'JAIJ.1"J~fl'U'lJ 3-28 
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w +Ni-MH 2.4 v 
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0 10 20 30 40 50 60 70 80 90 100 

Transmit Duty-Cycle(%) 

m'W'lh~nfi'U 3-28 tl11lU~tJ'Uti1tJ'UtJ~111~'W~~-nwlw 1 i'1 1lJ~1~Yr:h~m11~u'U~l~fl~ Ni-MH 
' ~ 

Q..l ~ .<:::::! ' 91 QJ ' 

tl'U Alkaline llJfl Unode lJlfi'Utl111H'UfllJfl~~u~ 0-100% 
"' 

' ~ ' 

ultlf11'WU1~tlfi'U 3-28 t~ar'lnntuulma'Um1ri~~alJniJ~11'1~u~ 0-100% 1u1~tJ~nm 1 i1 1lJ~ 
"' 

93-' .d "' 93-'"-' '93-' .d .d 
tl11 ~'lHl'U~l~a1 Alkaline tl'U Unode 'il~ ~'li'Wfl~~l'UlJltltl'11tl11 ~'liU'U~l~m Ni-MH mntJ 76 ~fl 

~ ' ' 

'H~ afi~H~'U 42% 'U atl'illtllJ fl'11lJi'W 'U a~m 1'\'JU'U~l~a~ Ni-MH iJ~iJfl'11lJi'Ut! at~n11U 'U~l\91 a~ 
I I 3) I I 

1 .<:::::! .c!Q.I 991 Q.l .:::::. & G) .:::::! .:::::i 

Alkaline \9ltJU'U\9\l\9la1 Ni-MH lJ'eJ\9111tl11 ~'li'Wfl~~l'Ul'WlJ'U'U 0.2 J/Duty-Cycle !'U'Utu~'YlU'U\9ll\91D1 

' ~ ' 

Alkaline iJ-5~11tl111~'W~~~l'Ul~lJ~'U 0.6 J/Duty-Cycle mt~1'W1~tJ~nm 1 i1 1m 

¥1a 20o,ooo u r~ u r~ ~ tll'H u 1911 ,ru 1 ~ 191 u 1 'VJV11'U a~ u 'U\9\l\91 a~ fl ~~ \91 r~ a\9lm1 ~ 1 tJ'W ~~ ~ l'W t ~a 1 ,r 
"' ' ~ 

'W~~~ l'U 'Ua~u 'U\9\l\9\a~ Yl ~bl'a~'liU \911ltl1 ~~l'U 'il 'U 'H lJ\91 lJ Nfltl11 rll'U '1tu Dltltl111 ~ ~ l'U illJfr'W £ fl'U 
"' q 

~ 

1a'Um1ri~ollalJnl91'~u~ o- 100% l'l~m'WU1~na'U 3-29 
"' 
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Transmit Duty-Cycle(%) 

-I _I"' "' '1 31 .d "' fll'V'hJJ:::fHJ'U 3-29 fll'j!lJ'jtJ'lJ!'VW'UtlltJfll'j !'lf'll'W!!'U\91!\We:J'j Ni-MH f1'U Alkaline . . . . 
..::9 .c:!d Q.l ' Q,l d. 

!lJ e:J!! 'lJ \91!\91 m lJfl1llJ ~ 'VHl 'I '11 'W !'Yllf1 'W '¥1 200,000 ~ 'fl 

.d .d "' ']31 "' ~ 1 1 ']31 .d 
'Utu:::'Vl!!'UI'I!I'Im Alkaline :JJtlltJfll'j !'lf'll'W!'VW'l 691-874 'lf1 :JJ'l fltltlltJfll'j !'lf'll'W'Uel'l Unode '¥1 

"' "' ~I 'VI'jflfll'l!lJ'W 42% 

. . 

~'flfll'j'Vli'J'fle:J'l~ Hl'WlJl'il:::nl'W !l'i'i1 t'l! 'j 1 ~1t1m 'lfl'W! vJvh 1 t1 n'U Unode l'll'fl 'I 

Bl'l'j lfll'j 1 i''W~'l'll'Wn'il:::'fll'l'fl'll'll:JJ! 111'1'1v u~1 'W fll'j 1 i''ll'W 'il~ '!Unode l'i'€1'11 i'u 11 ri'l ~ltJ'W~'l'll'W 

'illf1!!'UI'I!I'IeJ~~iJ~l'VIUltlrt1 l 11 ~'!iJm 'lfl'W l vl~1~1ni1~ Unode l'i'e~'lnn !rn:::tdmJl!!'UI'I!I'Ifl~lJl 

~€Jel'Wf1l:JJO'W niJ!!Hfl'W l vJ~ lff 'lf1ilml:JJI'i'e!'lfll'j'lJ€J'l Unode vh hit~'UI'I!I'Ifl~l'i'fl'l'fi'UJ!ffti'W~'l'll'W 
q ~ ~ u 

hJ11'lm11ri111'j::: 1v'lfu 

fll'j 1 i'1'1 'iJ'j 11-f'lJ!!'j 'lfl'W l vJ~1 (Convertor) !~'W Df1'Yll'l!i1'fln'VId'l ~'il:::'lhtJ 1 rifll'j 

. " . 
1 i''W~ 'l'll'W 'illnu 'U\91!1'1 €11 iJ11'j::: ff'Vln m'Wmn~ 'W $11tJfll'j 11 f 'U!! 'j 'll'l'W! vl~l'U e:J'l!! 'U\91!1'1 €111 r1 ml 

q) 

1'W'lf1'l!!Hfl'W 1 i''ll'W~mlJl:::ff:JJ 1'11miN!'!f'W Unode ffllJlHlVll'll'W !$111n~~m 'll'l'W !vl~l~lff~Pl . 
'iJ I I I 

2.2 11'fll'l fl''l'l!'WuHI'l'Wtvl~TYimm:::ff:JJfle! 2.2 11'fll'l (v'11i't~'j'll'l'Wtvl~ll'llm'j1i''W~'~'~l'W'Ue!'l 

Unode nt'!Ufltlm) 11'ltJffll11Hlff~l'IUl'lfl'Wlvl~l 2.211nl'111'i''illf)fll'jUl!!'U\91!\91eJ~~iJ!!'j'lfl'W 1.2 

'VI~el 1.5 11'fll'll11~el'U'Wl'Wfl'W !!~1CJf1l:::fl'U!!HI'l'Wt'Vl~l (Boost convertor) 111~ 2.2 11'fll'l tdtl 

fl 1 'W 1 W ! 111 tJ 'lJ ! 'ifi tJ 'lJ tll tJ f1 1 l 1 i' '11 'W 'j :;: 'VI i 1 'I f1 1 l 1 i'!! 'j 'I fl 'W l vJ ~ 1 'ill f1 f1 1 'j ~ D D 'W f1 l lJ ! ! 'lJ \91 ! \91 D ~ 
• q 



93 

hw101':i -:J tl'um':i 1'*1-:J'il':i1Hum -:J\Plu !vlvh~1h~il'Yl~mrm1':illUfl-:J'VI~-:J-:J1ulvhtl'u 90% 1'1fu m':i 1 '* 
ttl9f MCP16301 iiNflfll':irl1'W1tu\Pl-:J\011':i1-:J~ 3-7 

.d -I"' "' , 'J) I , 'J) .d , 'J) 
\011':i1-:J'Vl 3-7 fll':il1J':if.J1Jl'Ylf.J1Jtllf.Jfll':i 'lf-:J1'W':i~1111-:Jfll':i 'lfU1J\Oll\Oltl':i Ni-MH, Alkaline Ufl~fll':i 'lf • 
1-:J'il':iUi'uuHIPlu! vlvh 

Ni-MH I 2.4 VI 200,000 J 1,094 

Alkaline I 3.0 VI 200,000 J 772 

Ni-MH I 1.2 VI 200,000 J Boost I 1.2 to 2.2 1 '115 

Alkaline I 1.5 V I 200,000 J Boost I 1.5 to 2.2 1,115 

Nfl fl1 ':i 'Yl ~ fl tJ 'J U fl'~ 'J l 11'1 {f 'W 11 fl1 ':i l '*1-:J 'il ':i U i' 1JU ':i -:J \Pl 'W l vlf11 ~ ij U ':i ~ il'Yl ~in 'VI fl1 ':i U U fl-:J'VI ~ -:J-:J 1 'W 

90% 'il~'lf1m~lltllf.Jfll':il'*-:J1'W'lJti-:JU1J\Oll\Oltl~'lfU~ Ni-MH ~ii'fi1UJ'il'VI~-:J-:J1'W 200,000 'ilfll~m~v . . '" 

21 i'1 ill-:J'Mj'tlf!~~~'W 2% Ufl~l~lltllf.Jfll':il'*-:J1'W'lJti-:JU1J\Oll\Oltl~'lfU~ Alkaline ~ii'fl11ll'il'VI~-:J-:J1'W . . 
' ' " 

rvhnu !~m ~v 343 'lh ill-:J'Mj'vf!~~~u 44% IPI-:Jirum':i 1 '*1-:J'il':iUi'uu HIPlu I vlf11 f!'1m':it1V~m~ 

fll':i 1 '*-:J 1'W 'llti-:JU1J\Oll\Oltl~ t~tJfl! u ~~ ri1u fll':i 191~ ilu 1 'il 1 '*'Mjtl hi 1 ~uE -:J~Jlv-:Jiifll':ifrf1'tnl~ll~~ll 

3. 7.3 ~rnJ~~fll'lftmn 
Q 

" . 
m ':i ~ 1 vu ':i -:J\Pl 'W t vlf11 fl' -:J n11'fl 111JJl tl-:J m ':i .U u I'11'1J tJ-:J l 91'Wl 91tl {1 11 u ~ 'il ~'1'11 i 11'1n~ 

'" 

l I I I 

C! , 3) Q.l I .::::.\ .::::.\ Q.J .c::\ 

U1J\Oll\Oltl':i Alkaline 'il~ 'lf'VIrl'J-:J1'WlllflflJ1 Ni-MH l'i-"!rlf.J 42'Yo Url~'Yl'fl11ll'il'VIrl-:J-:Jl'W'Utl-:JU1J\Oll\91tl':i . 
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,J dl "' "'-1 1 "'0 "' _I .,.,j d 'J) 'I 'J) "' dq 'J)d 
'U'eJfl1llfl'UJ:-H'lfl1HYfl'l:nti.:J1J1J'j ~ tl'lf'U 'ffTin 1J~1Jfl'jtlH:J'U "1 'Vl\9lfl.:Jfll'j t "lf'VH'l.:J.:Jl'U 1llfl!A 1J\91!\9lfl'j t '111J 

! 
tl'j~ff'Vln.flTVfff .:Jff\91 !~fll lf'l9l'j~11'11 nii.:Jfl111J 'tYl~tu'llfl.:Jfll~.:J 1 vl~ lfftu!fftl~!fl\911llflfll'j ~flfl'U m1J 

cu ~ u 'U u q 

U1J\91!\9lfl~ l'J1l lf''V'l~.:J.:Jl'U 1 'VJ~l1Jl.:J ff1'U'IJ fl.:JU 1J\91!\9lfl~ ~fl.:JflJ;'llti!~'Utll~.:J 1 'VJ~lfftll!fftl 1 tJ 1 \9lti!tl~l '" .. 
tl'j~ 1v'lfu 



' <=! 

U'YI'YI 4 

" fl1)1~m~mH~l\91)1'irJ~)~~1J'W1 i~v'l'*l1TJ~B1l~~ti~U'lJ'lJ~'W!\9leJ{~~\9ltlrlfl11h 
" c]f't1vl~!~f1 il'l) ~ 1h~f1tl'lJ~1tlfll)tltlf1!! 'lJ'lJ!!rl~'VlWffeJ'lJ'f1TJ~)~~'lJ111U 'lJ'lJ~'W!I'leJ{~~I'ltlrl !!rl~ 

. " " 
m) 1 ~mJ~ t1 '1111~) ~~ 'lJU1! <D'1 n'lJ 1 fl ~ t1 ~1m CJf'W! CJfeJ fl ~ b1'1tl iJ Nrl 'ff) tJ m) 1 ~ t1 I~~-:) tl • 

., 
3.1 cv QJ QJ 0 £:!to c!~~ 

4.1.1 ~lW'I.J'I.J'l'i11VI';i~VI'I.J'J.!1!!'U'I.JeJ'J.!!~e:l';iV11l~eJ~ 

9) Q.l Q.l Q.l : .o:::::t, r:lt:::::.a:. 
N rl1!1f1 f1 1) tl tl f1!! 'lJ 'lJ !! rl ~ 'Vl ~ rl eJ-:) \91 'W !! 'lJ'lJ '1111~) ~ ~ 'lJ 'W 1!! 'lJ 'lJ e:J'W !\91 tl) ~ 11\91 tl rl 

b1'1:1J1)1lb1'1iJmu bY:J-J'U~'lJeJ-:)'1111~ ~~~-:)\911)1-:)~ 4-1 • • . " .<::i Q.l~ Q.l Q.l Q.l 0 a:. r:la:.a:. 

\911)1-:)'Vl 4-1 fltlW:J-J'lJ\9l'lJtl-:)'1111~)~~'lJ'W1!!'lJ'lJtl'W!\9ltl1~11\9le:Jrl • 

I 

fl11:1-J'I1 'W 1'lJtl-:)!!N'W 'Vltl-:)!1~~ 

Liquid photoimageable solder mask (LPSM) 

85 X 381 X 15 (f1. X tJ. X bY.) :i'J[]~!:I-J\91) 

R-C Time constant 

!!'lJ'lJtl'Wm:J-J:IJ1\9l)'l!1'W UART 
q "" 

95 
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2.1-5lH'l\91' 

dl d 

20 tH 40 f.J'lfl'l!9HH9J'f.J~ 

lMQ 

Operating Mode: 3.35 mJ/See @Vee 3.0 V 

TXMode: 

Sleep Mode 

2.33 %FSO 

0.33 %FSO 

1.80 %FSO 

3.35 mJ/See @Vee 3.0 V 

0.50 mJ/See @Vee 3.0 V 

+ 0.0025 !9J''W~!lJ\9ll' 

~ I Q.l 0.1 Q.l : .<::::::!. if~.:::::t. 9) Q.l ~ I 

vH'l 'ill flflll' 'Vl \PH'l f.J'l! 'lff.J:JJ \91 f.J'Vi 'J 1\Pll' ~ \Pl'U 'W 1!! 'U 'U f.J'W !\91 fJ l' 1'1 'il\91 tlrl! 'Ulfl'U !I'll' tl'Ul fJ 

!9J''W!9J't~i'H~lf.l iiv·m~nM'.:J1911l'l.:J~ 4-2 . 
' ' " 

\9lll'l.:J~ 4-2 Hr~~l'1lml'!~t~:u~m1T11'll'~l'lm.Jwulnu!l'l!t~~lm9J'u!9J't~i'Hmu . 

U-node Ver.2 

IEEE 802.15.4 

lmW 

Operating Mode: 63.58 mJ/See @Vee 3.0 V 

TX Mode: 80.35 mJ/See @Vee 3.0 V 
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II 
4.2 'U~Htf'IUH!'l-!~ 

' ' " 
1) tll':i l:l~fllfl 11ll N~'VHll~Vi!n~ 'illtltll'H 11~ti'W rh! ~~~~ tl~ 1 tl'lJ fl-:jU 1 ~ 1tlin tll':i 

!~ll ~~~ n1~':i ~~1-:j~-:j uD''il~Jj'l1 ~ nm':i ~ 'ffllll':i tll:l~fllfl11llN~'Vlm~ 1:1-:j ~~ u~i 'W 'VJ1-:j11 ijil'&l!rlD 
SJ I J 3) 

u lllrJ~':i~\PliJ u1Viljmu '11 i1il'ff -:j n~ iJm:lw'111Vi1n~ 'illtl! Dun~ m mm~iJ 'W ~~~ n1 ~':i~ 'lh i ~ fi 1 
Q cu cu u 

SJ I 3) 3) I 3) 

':i ~\PliJu 1Vi1'~ ~~ 'ff -:jflilfl11ll!rl'W 'il1-:j M' 11'~'lfiJ~t1~-:j !:Jmm~'ffllniJm':i 1~':i ~\PliJu 1Viij! Du 1 
"' 

I 1 SJ I 

2) tll':i 1:1 ~ fi lfl 11ll N~'Vl m~ Vi 1n ~'ill nm':i m ~~ YJ Dll '1Jfl-:j u 1Vi Jj nu! '111:1 ~ 1 t1 

in tll':i i ~1 fl':i -:j~l t111':i ~ 'ffl'Vl! Vi till (Neural Network) uD' 'il~'ffllll':i tll:l~fl lfl 11ll N~'Vlm~ 'illtltll':i 1~ 
Q.l : d ~ 11] 3) rd 9} e1 ' d i ., II] 31 

':i~~iJ'Wl'Vltl':i~!'Vlflll ~~ !!~tl~fl-:j'ffUJ!'fftlfllf111lll:l~!fltl~ 'Wtll':i1~ (resolution) '1Jfl-:jM1l~ 111~1t1 
"' u 

~-:j~fl-:jUl !11wi'! 'll~D! 11 
9) I 'J) I 

3) M'11~c)-:j~fliJ'ff'WD-:jm':i1~':i~\PliJu1Vil:l~l:l-:jmil-:j':i 1~1~1 ~~~:J~'t! n !'Vl':il~u 1Vi 

fl 1':i '111l'ffi?J ~ Jj rlJlll ~'W lll!fl ~ D iJ ~~ ~ tll ~ ':i ~!! 'Vl 'W LPSM 

!'11lll ~ 'ff lJ ~ fl ! 11 

4) i'Wm':iul'l111~ !11i~-:jl'W'il1-:j m'ilm:lwm'illtlfl11llfl-:j'VJ'W'1JD-:jl'ff~lfi~DiJN1 
u • 

d; I 11]31,; ,31 31 <!j 31 I li : G i31<V 
LPSM CJf-:jfll'il'l1~~':iD'W !~!llfl 'lf-:jl'Wfll:ll-:j!!'iJ-:j '11':iD~fl-:j!!'lfD~ 'W'Wl!U'W!Jl:ll'Wl'W"l nn 'lf1'ffi?J 

1 fl ~ DiJ~ Jj fl 11ll'Vl 'W 'Vll'W ~ D 'ff m'Vl 11 1~ -!J Dll u 'Vl 'W tll ':i i ~1 'ff~ LPSM 'il ~ 'lfJtiV~ Dl tltll ':i i ~ -:j l'W '1l fl-:j • • 

' " 
5) tll':i !~Dll~DM1l~':i~\PliJu wU'lniJ!fi~D'lhti!CJf'W!CJfD{lf 'ffltl c'J-:jlj1hdr'Vlii m'Vl 

tll':i f iJbY -:j.tJ'fllll:l~ t:J~ ~fl-:jljtll':i 11f m.h -:jbY1'W '1Jfl-:j Hardware !! 1:1~ Protocol '1Jfl-:j Unode i ~Jj "' . 
' ' " 

l'ffGtl':i m'Vltll':illNl'WVi~v-:j~'W~D hJ 
6) M' 11' 1P1 u iJ iJ ~'W t\91 D {&1~ \91 eJ 1:1 1 tl'W M' 1 11'1 ~ Jj nl':i l11-:j l'W ':i ~ '11 i1-:j m -:j 'fffl-:j 'lfil ~ ft D 

m -:j'iJltl'ff'Wl:IJ !vHh~m'illtl~!~tl1\91':il'l !!1:1~!! H':i~'l1ivn1'W 1i ~ i 'W D~\91D:IJ'I1~D1:JJ!l:ltlrl'llfl-:jl'ffl'l ll'l~ . . 
~~n\911n\Pl-:j~ l~Diimt~i'W M'1'11'D 2.1.1 l'ffl'l ll'l~!~tl\911 n~~l-:j'lftJI'lO'W'I1~DJjri1'WN'ff:IJ~l-:jO'W flij!! 1 -:j . 
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n r11 n n ~ 1J.J 1 'i'Cl H-:~1u1~'VI n~ mu~tc;) tJ1dJ ~'fl'l 

~ q 

U1NfnM1 VIT'fllU~tJ1.J'll1~-:~-:~1u1VIdJ~~'flc;)'fl1tJm'i'H' 
q q 

-:~1u 'Y1111X'VI1'1 l~'fln'JJ'fl'l bb Vl~'l'\11~-:~-:~1u~ bVIJ.J1:;~J.J1u 
" ' ' 

'JJru:;il~'fl m'i'Hll1J~l~'fl1'1Ju1c;)l~n ll~:;l~'fl11X 

bbu ~ l[;l'fli~ 1J.J1 1nr.l1 tJ'\11~-:~-:~1u1 1Xnu l'lltJl'll'flfL~ 
cvcrcv o Go~ ..::!:11 

tJ1'J1.J 11.J n 1 'i''fl 1.pnM'll1 ~'1'111.J~ 1Vi'i'1J lA 'i''fl '1J 1tl 

l'l!1.Jl'll'flflT~1tJ 9-:~lD1.J~'l-ir'flVI~'I~~m'i'~nM1'fj~tJnu 
mh-:~nll1-:J'JJ'l1'1 t~tJ~ lU1VIJ.J1tlb ~'fl~ ~n11H 
'\11~'1'111.J'lJ'fl'll'l!1.Jl'llm1VIu~11Xm~'flu'fltJ~~~ "l1nm'i' 

' 0 """" fV .::::j I I .:::. ..::::1 

~1'i''l9~~'111.J'l"ltJV1~11.JJ.J1 ~1J.J1'i'Cl~1J'I'lfin1'i' 

'fl'4fm;'li1~'1'111.J 1~ 3 tjfi [2] ~-:~11 

1) 1fimd'n1Vi1.J~tJ!]~n'i'm'i''Vl1'111.J (Duty 

Cycling) l ~ 'fl1 1X l'l!1.J l '11 'fl ft'!.-11.Jc;) l -iJ 1 ~tV! l..l c;) VI ~u 
(Sleep mode) l~'fl1dJ1~i'I11.J [3-4] 

2) tjfin1'i'~!?ln1'J-ir'fll..l~ll~:;l~1.J'VI1-:J1u . 
lAT'fl'li1tJ (Data-driven) l~'fl11XH'li1~-.1'111.J11.Jm'i' 
~1luum'i'u'flt~'Vl~c;) [5-7] 

q 

' ' 
3){jfin1d'~c;)'l1-.1~1UV!ti-:JVI1'fllrl~'fl1.JVl 

l'l!1.Jl'll'flft VI1.Jc;)'flth'l l VIJ.J1:;~l..l (Mobility-base) 

l~'fl1 1Xm'flur~~J.J~'l~1.J~ lc;)tJH~11.J'l1.J'11'fl'll'li1.Jl'll'flf 
tV!uc;) bb~:;'\11~-.1-.11uu'fltJ~~c;) [8-9] 

'!.-11n n~11 tr;m~ tthlfl'l 1fim1l'i1-.11~1~~ 
m 1~mr1 l..l1 9 :;1 1X wn J.J~ 1 Ab1JLU~ n1d'Vi1, c;) 

l Vil..J 1:;~)..) 11.J~11.Jn 1 'J1J1'V11 d'~ !71 n1 d'J?11 l..ll'l Cl11.Jn 1 HW 
l~il~ lil l'"l~1Vl1..:111.J'JJ'fl'l l'li1.Jl'll'flfi:VI1.Jlil (Operating 

time) 11XlVI~'flU'fltJ~~!?I lll'iii-:~'111lil~~n1d'~nM1~ 
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l~m-if'El-:n1ur~i.:J.:J1'W~rul~r.J r.nnm1H'~i.:J.:J1'W~hJ 
'II ~ 

I I 'V I I 
.. co.r .dl. .:::::1 ..::. d: .:::!,1 'l 'V ..::::l 
u '1JVI1VI'W.:JVHn (;1'11 'Wl~ '1:! 6 J'1 b 'l! 661J f'l bl?l '1:! J' 

'li'W1(;1l~n ('11'W1(;1 AA V11'El AAA) rol1r.J~~.:J.:J1'W1~nu 

l'l!'Wl'll'ElflVI'W(;1 ~'1:! 661Jf'llf'I'Eli~iJ~1VIU1r.JL(;1r.J~'l'W1VIb1J 
-,:;iJJ':;~UllN~'W1~Vl1li'lr.J.:J 1.5 L'l'Cllil ~.:J~1n~1 
r1'l1~r,if'El.:Jn1J''li'El.:Jl'l!'Wl'l!'1:lf'i:VI'W(;1 ~r,if'1:l.:Jn1J' 
llN~u1~Vl11h:;~1ru 2 ~.:J 5 L'lt'llil1um1H'.:J1'W~.:J 

' ' ' .:::. o .:::::11 cvd..:::. 

'W r.J ~ 'W 1 66 u f'l 6 f'l '1:! 1 ~ 1 f'l '1:! '1:! tt n 1 ~ n 'W 6 ~ 'El 6 ~ ~ 

UN~'W1~Vl11~~.:J~'WblJ'W 3 L'l'Cllil 6d'El.:J91nbU'W'lfi~ 
'II 

~1r.J~~ (;1~ 6J'1~1~1J'tl 6~~ 66N ~'Wl 'rJVl1'11'1:l.:J 661J f'l lf'I'Eli 
q 

1~1(;1 r.J1:JJ r,iJ '1:!-:J 'El 1 ~ r.J'l.:J-, 1 ll u 'Cl.:J ll 1-:J ~u1 vJ Vl11r;11 

by;~b~~ 

ll iii l rl mh n 1 1 ~ n ~ 1 -if '1:! ~ t'l '1:! u n nu 
'II q 

~ 6~ nVl Hlilni~ lU'W~h'WuJ':;n'E!U'li'El.:J 6 'l!'Wl'l!'El fl VI'W(;1 

n iu~u ~ 1 '1l u n HUl Vl~h n~ 1 ~ 1 J'tl~ 1-:J 1 u1r,il~ 
llJ'.:J~u1vJVl11Ji'~1n~1 3 L'lt'llii"L(;1m'!l.~1:;1u~'l'W~ 
lU'Wn1d'~1'11'W661J1J~~f'I'El'Cl 'W'Eln'"l1n0 'l'19J'1JI.:J~'l'W 
fi1:JJ1Ji1-ifllN~'WL~Yh~~191ml1Jf'llf'I'EliL(;1r.Jf'IN llfii 

9 :;1-if u d''l ~u1 ~ Vl1~ r-1 1 'W'l.:J9 11'n~1 1:; ~u 66 J''l ~'W 
' ' 

~1U~'l (Voltage Regulator) l'li'W ~'l'WVlvhmhv\ 

l~m num11'u-~'~ rl~'W'lVltJ ~ 6uu6'1iu0fi l~'Elil'El'l nu 
1:JJ1 ~r'h~'l~'l r1~'W'lVltj'li'El.:J l'l!'Wl'll'Elfl VI'W(;1 lln~.:J1u~1 
f'I1~66N~'W'li'El.:J661Jf'l lf'I'Eli llfii ~t'lm:;VlU91nmJ'H' 
'l'I9J'1'n~1J':;~wln ~'WA'El Vi 11 ~b/'1 r;1rh~.:J1 ~.Yh 

'i'lrul~muur1'l1~~'El'W ~'luunruf'INnum1~llf'lnfii1'1 
'II ~ ' 

I Q./ .c:::l Cl.o' cv (f' 

J':;VI'l1'1 66N(;1'W'1J'El'l 661J f'l lf'I~J'nlJ 66N (;1'Wl'Ellf'l'lj f'l'li'El'l 

'l-.19J'1'n~1J':;~1Jb6N ~'W ~.:J fl'l1~Uf'lnfii1.:JJ':;VI~1-.1 

llJ'-J~'W~-J~'El-Jilfi1mn ~~-J-.11'W'i'lrul~muur~'l1~~'El'W 
'II ~ 

fi~-J~1n~uf'l1~1uJi''lr.J 

~'l'Wll~ (;1-:J~ rnu:;mJ'Vl1.:J1'W lU'W~'l'WV!d-.1~ 
'li'lr.J1~~1-if-J1'Wf'ld''l9'i'l'El1J~tl1'W:;n1J'Vi1-JI'W'li'El-.1 

l'l!Ub'l!!l:f'i:VI'W(;1LJ\'!ltlr-J'i'l:;(;1'ln l'li'W ~rnu:;n11 

6~'El~fii'Ellb'VI~-Jr.i1r.JL~ ll'Cl:;'i'lmu:;mJ'fu~.:Joli!ll;J'Cl ~-.1 

' 
iJr.J~1-ifmn6M'I-.1~'Cl~'lr.JVI'Cl'El(;1L~'l!iJ(;1 LED V1fu 

llN ~'WL ~Vl1~191 nbllJ f'l lf'I'EliLr?1r.J f'IN J':;~u A'l1~ 
~~1-.1~-.lLLUHU~ r.J'Wf'I1~J':;~u LlN ~'W'li'El.:J LLlJ f'l Lf'I'Eli 

Ji''lr.J Vl1nbl1Jf'l lf'I'Eliil llN ~u1vJ~1~.:Jfl'l1~'i'l~1-.1'11'1:l-.1 
VI'Cl'El(;1 LED n'"l:;mn '"l'W1J1-.1rlf-.1'El19~1nd'\ur~'l1~ 

~1 LU'W b/'1 r?1 6U'W~~.:J.:J1'W'i'l ru 6~ r.J1 'WJ'U lllJU'li'El.:J ll~.:J1Ji' 
'II ~ 'II 

' .c::J t i/ i.l d =:1 

91nLVIf?J~'ClVln'tl1'l~1'111-.1f'I'W 9-:J~ 

~~~ ~~1'W~ LU'W1u1Ji'~1 mJ'fii'El'El'WnJ'WLlJf'l b[il'Elil~'El 
q .. q 

r.i1r.J~i-.1.:J1'W1 vJv-h 1~nu l'l!'Wl'll'Elfl VI'W(;1 'El19Vi11~Ln (;1 

Lln ~utvJvh~-.1n~1 A'l1~ r,if'El-.1mJ'H'-.11'W91.:J Vi11 ~ 

LllJ f'!Lf'I'Elir,if'El-.l~ru L~r.J~~-.1-.11'W~'l'WVId-.1LU 6U'Wfl'l1~ 
'II ~ 

~'El'Wmr.J1'W'l-.19J'fnM1J':;~UllN~'W ll'Cl:;66~.:J~~1.:J'li'El.:J 

VI'Cl'El (;11 vJ 66~ (;1-:J~ t11u:;n11~ 1 '11'W~ ~rJ1'1 ~ 1 n lfl'W 

r1'l1~~1 lU'W ~.:Je.J'Cl1 ~'1:!1tjn1J'H'-.11'W'li'El'l lLlJ (11 Lf'I'Eli 

'Cl(;1'Cl.:J 

1JVlfl'l1~0~-:JLU'Wnrn'hl'i'l'W'El~'ClnrJ'~mn 
~i.:J.:J1'W'i'l ru L~r.J'li'El'l 6'l!'Wl'll'ElflVI'W(;1 ~ ln r;191n 

'II ~ 

66N~'Wl 'rJVl1~'l'Wlfl'W91n n1J'fii'Eltlttm~ 6L1J f'l Lf'I'Eli ~'I 
~-Je.~'Cl1~mtJm1H'.:J1'W'li'El-.1lluf'! lf'I'Eli'l'l (?)'(l-.1 e.~'ClmJ' 
Vl (;1'Cl!l'!9:;6L'i'l (;1'11 ~ 61A'Wm~1ru'li'El'lrl1~'11 vJVl1~ ru l~ r.J 

'II ~ 

6L'Cl:;mmrtr.JU6Vlr.J1J'Elf'IJ'1n111-if~~-.1'11'Wll'Cl:;mtJmd' 

H-.11u J':;VI~1'1n111-ifll1Jf'llf'I'Eli'l!il(;1 Ni-MH nu 

661Jf'llf'I'Eli'l!ilr?1 Alkaline ~'lilllN~'W1'rJVl1fii1'1rl'W e.J'Cl 

ntJ'~nM19:;"Ji'lr.J1 ~~~1 l'l!'Wl'll'Elfl VI'W(;1LU1-if'I1'W VI1'El 

~~ n 1 ~-.19 :;'1)'1) mluw'l!'Wl'l!'El :f'i:VI'W(;1 1Jl ~ 1'W'I i:'l-:J 
'II 

e.~ 'Cl n J':;Vl1J91 n m J'U 'El'Wbl n r;lu1 vJVl1 ~.:J lnuwn ~ 

~ 1 lU'W Vi11 ~ llu r;nf'I'Elir,lf'El.:J~ ru l~ r.J~ ~-<.:J1u1u'i:r?1 r.J 
'll ~ 

lU~1uJ':;'i:mn1 ~-<9:;6u'Wll'W'lV11-<~r1u~nrn~'Eln 1-if 

1'19d'ufu llNr;lu1 vJ.Yh~ mm:;~:w lii'El1u 

2. ';jfim':l 

lwmJ'~ntn9:;1-ifl'll'Wl'll'tlflVI'W(;1 Unode r;l-.1 

LLM'IL'WJ'U~ 1 LU'WL'l!'WL'l!<tl'ftVI'Wr?1~1VIfuHbmJ' 
'II 
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'Vl!il~'El'l ~'11~fum1'El'Eln LLUULL~::::~~t.n LV~Wnrt~'ll1 
~~'"lmnJrt'EllcJYl'"lLffi'Elf mn~'Vltn~t.J~'I'll~Ttm1'W'Vlf 

~~'Wfi1'Wn11~~'W1m"'1n Tmote sky ~mJmru 
~ q 

~~nu1::::n'Elu~'"lt.JLlcJLrt1rt'El'WL'Vl1~L~'Elf 

MSP430f1611 LL~::::~'"l'WflJ~'Iif'Ell;j~e.l1'Wrt~'W~'VlS) 
tl1'Wrt'"l1lcJ~ 2.4 GHz lcJ1ffl1fl1'W IEEE 802.15.4 L~t.J 

~ 

H"t'El; CC2420 mvhL~~'I~m'W::::mn11'11'W 3 Vl'"l'l 

1'El-:Jfu'li'"l'ILLNril'WHf'I1'W 2.1-3.6 t1~l'l u~::::~n~~'~~'~ 
' ' 

rt~'W~'Vlt.J~'I~V1Vl1 ~fl~fffll'f (mW) 
q. q 

n11'Vl~fl'El'IL~'El~1'flffiJ1n11Hf~~'I'I1'W LlJ'W 

n1JY1"11Jill1b'u~1::::mdHf~~'I'I1'W'll'El'l Hardware 

LU'W~~ n ~-:JhJilmdHhh Lffl rt'Elfl1V11 L~'El fl V~mJ:::: 
~'El'lmnh::::lcJ'"lfl ~fl11Ai.i'Elt.J~~ ~ n1~'WV~11A LU'Wn1J 

~'El~11LL1J1J Single -hop ~'El Unode LU'Wtil'"l~'l 

(source node) LLfl::::Hf Tmote LU'Wtil'dflJ~-:JJ?i'El'El~rllJ 
Lrt1'El'lrt'EllcJY11Lffi'Elf (Destination node) L~'W~~'I~'El'l 
ilJ::::t.J::::vh-:Jn'Wth::::lcJ1ru 1 ~ffl unode Hn1~'~~'~ 

rt~'W~'VlS)rt'l~ 1 mW vhn1J'Vl!ilfl'El'ILVIt.JfVILLNfil'WLLfl:::: 

m::::LL~1~v11~1~fle.l1'W Unode ~1 10 Af'I1'W 2 

t~lcJ~n1Hll..:J1'W ~'El t~lcJAn1JVh-11'Wun~ 

(Operating mode) LLfl::::L~lcJAn1J~'Iir'Eld;jfl (TX 

mode) t~tJL~lcJ~md'¥11-.11'WUn ~"l::::~mt.Jel'l 

L 'li'WL 'li'El fl: ~'WC'I 'Elr.J1 'W'li'd'l J'El LLfl ::::~ hl lcJ~"'l ::::fu -~'lif 'EllcJ fl . . 
e.l1'Wrt~'W:'l'V1S) 1'WL~lcJC?1d LED LL1:1!il'll'Hl1'W::::n1JJ?i'El 

LLW1~'1'-ht.JL~"'l::::~C?11:1~1'1V~t.J'I 1 {?)'J-.1 l'h'WL~lcJC?1n1Jli'l 

ir'EllcJ fl"'l ::::~ lcJ1 t.J n..:J L'li'WL'li'El n~'W{?) n1~'1li'lir'EllcJfl . . 

'El'Elnmm~e.l1'W'Vl1'1A~'W~'VlS) 1'WL~lcJ!ild LED LLMl'l 

~m'W::::md~'lir'EllcJfl"'::::~C?1~~1'1L~lcJ~n 1 C?11'1 J".llcJ . 
LU'W 2 A"l'l "'l1mX'Wth•hLLNril'WLLfl::::m::::LL~1vJvh~1~ 
"11nmJ1V~ 1 o r~f..:JlcJ1~1fl1L'il~t.J u~'"lA1'W'"lruLU'Wfl1 
rl1~'1L vJvh L'U~t.J1'WLLJ?ifl:::: L ~lcJC?1 

1'Wn1J'Vle?1fl'El'l Tmote ~'ILU'Wtil'"lfu"'l::::H1~ 
"11n~'Elfffl USB 'll'El'ILA1'-'El'IA'EllcJY1'JLffi'Elf li'"l'W Unode 

"'::::fu1'VJ"'1mm~.-Jr.i1t.J;'ILLJ?i 2.2 n--1 3.5 L'"lfll'l ("'l1n 

n1J'VlC?1fl'El'lil1LLNfil'WU'Elt.Jn~1d Unode hJ~1mn1 
~'lir'EllcJflL~ LLt1::::~1nlcJ1nn~1d Unode "l::::L~t.J~1t.J) . 
tAt.JufuL~lcJLLNril'W1vJY:hrtf-:Jfl:::: o.1 t1fll'l ~~~'"luuVin 
UJ'Iril'WUfl::::nd::::u~1~~~~1~"11nn1J1A~'"lt.J 

' 
Mutimeter u1A'1.l Fluke t'W 117 

LV~'1.l::::LLmlcJril'ILL1:1C?1'11'W~U~ 2 

Amp meter.------. 

+ 
Supply 
Reg. 2.2-3.5 Volt U-Node 

':IU.yj 2 :'JfimJfC?1L~'1.l~1rl1~'1L~~1''11'1J'IL'li'WL'li'Elf 
"' 
t~'WC?1~J::::riluLLJ'Iril'W1vJ~1 2.2 n--1 3.5 L'"lfll'l 

L d'1.l-.191 nU"''1U'W LLlJ ffl Lffl'1.l~'ll'W 1 VI~~ n~iJ 
91m,hm~·'JLU ('ll'W1C?1 AA ~1'-'1.1 AAA) iJLLNfil'WL'VJ~1 
11AL~'ElnHf'I1'WLYJt.J..:J 2 LLUU ~'1.1 LL1JlJLLNfil'WL'VJ~1 1.2 

t 1 t1l'l "11m tl 'WLL u ffl Lffl'1.l ~'ll U!il Ni-MH LLfl:::: u u u 

bbd'lril'W1'VJ~1 1.5 L'dfl'Vi'"'1nLU'WLL1JffiLffi'1J~'llU!il 
Alkaline ril..:JcX'W1 'Wn1J~1illmru'll'1.l'lrl1~'11 vJ~1 

' ' .:::;,1 .::::j 0::::. 0 ..::::1 I oV 

1:1 ru Ll:1 t.J'Vl Ln C?1"'l1 nn 1 J'W1 LLU ffl Lffl'1.l JlcJ1 ffl'1.l'1.l'WnJlcJn'W 
• ~ q 

LLfl::::mmnt.JuLVit.JumS)m1Hf'I1'W "'::::Y1"11Jrw1"11n 

LLNfil'WL'VJYh'll'El'ILLl.JffiLffi'El~ 2 '11UC?1d 

~r1~L~"'l1nn111 C?1 LLJ--1 ril'WLLfl::::m::::LL~L ~~1 
ril'ILL1:1C?1'11'W~U~ 2 "'::::~nA1'W1bWLUw•hn1~..:JL'VJ~1 iJ 
m.h tJ L tl 'W ~ fl ~ ~ fl J?i '1.l :'l 'W 1 V1 (mJ/Sec) ~'I il 



• 
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rl'l1d-J~d-J~'Wfi~:::VI'h-:Jrh~-:J1'i'Jvh'll'il-:J Unode nu L'l!'WL'l!'ilflVI'Wi?ld-J1nn~1 2.2 L'l~r;] d~w:.J~d-J1"l1n 

20 

22 23 24 25 26 27 28 29 JO 31 32 JJ 34 35 

Vee (Volt} 

-a'!Jvl 3 rl'l1:w~:w~wh:::VI~1-:Jrh~-:J1'i'Jvh'll'il-:J Unode .. 
nuLLNIPiu1'tJY11~~~tJ11Xnu Unode 

"l1n~lJ~ 3 LL~i?I-:J11XLM'W~1 fll~-:J1'i'JY11'll'il'l 
Unode L~d-J~'W(;l1d-JLLNIPi'W1'i'JY11LLVIrl-:J~1tl Li?IU~ 
rh~..:~1'i'JY11~1~1?1 43.4 mJ/Sec ~LLN~Pi'W1'i'JY11 2.2 

'i:'l~(;l1u'i:VI:wi?lmn11..:~1ulln~ LL~:::~r1~~..:~1'1'Jvh~..:~~i?l 
~ ' 

108.6 mJ/Sec ~LLN~Pi'W1'\"JY11 3.5 L'l~~1'WLV1d-Ji?ln1~ 
?l..:~if'il:w~ 'W'iln"lrnCLLN !Piu1 'V'JY11~ L~:w~uu..:~?i-:J [;J~ 1 ,X 

~ 

n1~-:J1 'i'JY11'll'il-:J.J-:J~'il-:J 'i: Vld-J 1?1 ~ r!'l1d-J LL~n 1?11..:~ nu:w 1n 

~'W Li?ltJ~LLNIPi'W 2.4 L'l~r;l1utVI:wi?lm~?i-:Jif'ill;J'I'l"l:::H' 
rl 1~..:11 'i'JY11 L ~ d-J~'W"l1 n L Vld-J 1?1 n1 n11-:J 1'W lJ n ~ 5.3 

mJ/Sec Vl1'il~i?l LU'W 11% 1u'llru:::~ LLNIPiw1'tJY11 3 

L'l~ r;l t 111:w i?lm~?i-:Jif'il:w~"l::: 1 -ifn1~-:J1 'tJV11 L~ :w~'W"l1n 
~ 

"l1nm~'Vli?l~'il..:J LLN~Piw1'\"JY11 2.2 L'l~r;]Ltlw 

~:::!Pi'ULLN!Pi~1'\"Jf11~1~1?1~ Unode U'lrl'lvl1'11W1~ 
~1:w1Jn ~ (.1..:J?i'l'W~~ ~'il'l'l~WL~'ilfL'tJ~ LL'I'!:::?irJWmA 

I i,.< i,.< I 

f U ?i 'I A ~ W ';J 'Vl tj ) ;1 'I U rl L U 'il-:J :1-J 1 "l1 n 111 r1 f U -?i 'I 

A~'W';'j'Vltjll1U1W CC2420 ~'il'ln1dLLNIPi'W1'i'Jf111oif 
..:~1u"l1-:JLY1tJ..:~ 1.8 L'l'l'lr;l ;..:~1~:w1"l1nnr~'l'li?l 
LLN!Piw1'i'Jf11'll'il'ILLU~L~'il1~'ltl'N"l~ Low Drop Out 

Regulator (LDO) ~'il~mu1w CC2420 L'il'l LL'I'l::: 

1:w'i:r~~rl'ilWL'Vlr'l'l L'l'l'ilf MSP430f1611 n ~'il-:JWl~ 
LL~..:J!Pi'W1'i'JY11~1~C'ILY1tJ..:J 1.8 h;~r;fL~'WrlW !Pi..:~Jw 
rl1<5..:~1 'V'JY11~ L ~ :1-J~ W L~ 'il~ 1 tJ LL N !Piw1 'i'JVJ11 ,X rlU 

P =(P-P,,. J·IOO 
ion ?,_2! . 

(1) 

.::,1 Q..o" CV ~ I !.o-

d-Jrl'l1:1-J~:W~Wfi~:::VI'l1-:J~'iltl~:::'ll'il-:J 

n1<5-:J 1 'tJY11~ ru L~ tJnu LLN !Piw1 '\"JVlr?i'luLnu~1~"l1n 
~ ~ 

m~~1'W'lrul'i-:J~lJ~ 4 
~ 

760,-----------------, 

740 

~ 120 

Q 700 

~ 80 

& 50 

40 

20 

•operating mode 
+TXmodc 

2.2 2.3 24 25 26 2.7 2.8 2.9 3.0 3.1 32 3.3 3.4 3.5 

Vee (Volt) 

-auvl4 1'iltJ~:::'ll'il..:Jrh<5-:J1'V'JV11~ruL~tJ~Lni?l"l1nm~ .. ~ ~ 

U'ilWLLNIPiw1'\"JVl1MLnun~1A'l1l-l~'il..:~m~~~~i?l'll'il..:J 
~ ' 

Unode ~ 2.2 L'l'l'lr;] 

' ' olq <!/ olq q "' 
"l1n~u'Vl 4 L:W'ilLu~tJUL'VltJU~'iltJ'I'l:::'ll'il'l 

rl1<5'1 1 'i'JVJ1~ ru L~ tJ ~::;VI~ 1'1n1dL~'iln 1 -if LLN !Piw1 '\"Jf11 
~ ~ 

LLN~Piw1'\"JY11 2.4 L'l~r;J~1~"l1nm~l?i'il'il'Wm:w 
' 

LLU~L~'il1 Ni-MH numn~'ilnH'LLNIPiw1'\"JY11 3 L'l~r;] 
' ' ""12/ I .::,1 Ci 1"' 'Vl i?l"l1nm~~'ilm~m:wuu(;JL~m Alkaline "l:::mu 1?1 

~1 rl1<5..:~1'tJY11~b)dL~UL'U~tl.J-:J~'il'ILVI:WC'I'll'il'l Ni-MH 

ilri1Lvhnu 13% 1w'llru:::~n1~..:~1'tJY11~ruL~m'il~tJ 
~ ~ 

0'-:J~'il-:JLVI:WC'I'll'il..:J Alkaline ~..:1~-:J 60% nr~H 
~ 

LLU~L~'il1 Alkaline 9..:~v1111XLnr~n1<5-:J1'i'JV11~ruL~tJ1w 
~ ~ 

Unode d-J1nn~1n1'l'1-ifLLU~L~'il1 Ni-MH L~n:::iJ 
LLN~Piw1 'V'JY11~..:1nrh 

~ 

Ld'il..:J"l1n Unode il'i:VI:Wi?ln1'l'vl1..:JTW 2 

LVI:WC'I A'ilLVI:wr~nr~vl1'11Wlln~ LL'I'!:::'i:VI:wr~n1'l'?i-:J 

if'ill;J'I'l ilr~?i'lwm~v11nw~:::VI~1..:J 2 LVId-Ji?IL1unr.h 
' 

"'l''ilUnr'l'?i-:Jif'ill;jf1 (Transmit Duty-Cycle)" ;'l"l:::\)n 

rl1VIWC'ILC'ImVIC9Jn1HW Vl1'ilm~vr..:~L'l'1'11 L~'il~1W'dru 
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Li.JrtJULVltJum~Hvur.:~.nw1vHh'llt!'l Unode lw 

~~tJ~L"l~11 .ft'"lh.J'I ~~td1..:in1~1-ifLLUfi1Lfi1t!i Ni-MH 
' OJ' ..::! q ov Q..l tjo.,< I i.J' 

nu Alkaline 'l!'ll..lr'i"l1l-HUJYl'Wfinu~t!Un1~~'1'llt!l;J~ 

~'ILL~?! 0-100% ~~~m~A1'W"lru~..:~~t.J~ 5 

"' 250 

" "-
~ 200 

~ 
~ *AikalmeJ.O V • 750 
~ +Ni-MH 24V 

700~~~--------------------~ 
o w m m w m w m oo oo ~ 

Transmit Duty-Cycle{%) 

"atlfi 5 mmntJULVltJUtlfi1n1-ifYl~'I'11'WL'W 1 i"JLl..l'l 
"' ' ' 
~~vd1'1n1~1-ifLLUfi1Lfi1t!'T Ni-MH rlU Alkaline Lnt! 

" Unode ~~t!Unl~~'I.Jit!l..lrll'i''ILLi?l 0-1 00% 
~ 

r.nmt.J~ 5 LLM1'11~L~'Wrl1 L~t!dt!Unl~~'l 
~ 

-lit!l..l~~rh~'ILLI?l 0-100% 1u~~tJ~L"l~11 i'"lLl..l'lm~ 
~ 

1-ifLLUfi1Lfi1t!i Alkaline nu Unode "l~1-ifl'l~'I'I1'W 
mnnr:l1m~1-ifLLUfi1Lfi1t!i Ni-MH L1l~tl 76 "l~ vi1t!AI?l 

~ 

LU'W 42% 'Wt!n"l1nCA':n~i'W'llt!'lnnv1LLufi1Lfi1t!i Ni-, 
MH tT..:~~ A"l1~i'WUt!tJnr:l1 LLUfi1 Ll?lt!'T Alkaline Ll?ltJ 

LLUfi1Lfi1tli Ni-MH ~flfi1d1n1~1-ifl'l~'I'I1'WL~~~'W 0.2 

J/Duty-Cycle 1u'llru~~LLUI?lLI?l'Eli Alkaline ~tll?l~1 
m~HfYl~'I'I1'WL~~~'W 0.6 J/Duty-Cycle mtJ1'W 

' 
~~tl~L'd~1 1 i"l L~'l 

' 
"' • I"" ""' ~"' ' L Yl t! Lu ~tJUL 'V1 tJU !!1 tj n 1 :i' b 'll '11'W ~~VI"l1'1 

LLUI?lLI?lt!i 2 'llU!ilC "l~1-ifm:rf11'W'druL~t!LmtJULVltJU 
mtJm~H''I1'W'llt!'l Unode L!iltJ~l-.IJ.J~1~LLUI?lLI?lt!i~..:~ 

' ' 
~t!'l'llU!il~A"l1l-.1'1Yl~'1'11'WLVhnui'1t! 200,000 ~~ 

LL~~rl1VI'W!il 1 ~LLN ~'W1 ~Yh'llt!'l LLU fi1 Ll?l'EliA..:~~ l?l'i.'lt!l?l 

n1:i'rol1tJYl~'I'I1'W L~t!1 ~Yl~'I'I1'W'li'El'l LLUI?l Lfi1t! i~'I~'El'l 
'llU!ilbinH'..:~1'W"l'WVIJ.JI?l ~ ~'i.'lm:rA1'W"lrumtJm:rH 

~ ,_. ' 
'11'Wil-.1'14''WlfrlUdt!Un1~~'1.Jit!l;j'i.'ll'J..:iLLi?l 0 ~ 100% ~'I 

LL~I?l'llW~tJ~ 6 

~ 
;£ 

~ 
~ 
"' .;j 

7400 

7200 

7000 

000 

600 

400 

200 

+Ni-MH 2.4 V ZOOJXJOJ 
•Aikaline3 0 V 200.()()()) 

Transmit Duty-Cycle{%) 

' "atJfi 6 mnmtJULVltJUt!1tln1~1-if'I1'WLLUfi1LI?lt!'T Ni-
cu I q 1 

<V .::!1 -=:!.c:l <V 

MH nu Alkaline Ll-Jt!LLUfi1Lfi1tldl-JA"l1l.J'1Yl~'I'I1'W 
' 

LVhrl'WVl200,000 ':j'i.'l 

•nmt.J~ 6 LL~V1'11~L~'Wrl1 L~t! Unode 1-if 
~ 

'' ' 
LLUI?JLI?lt!'TVl~A"l1l-J"lYl~'1'11'WLVhrl'WVl200,000 "l~ ' ~ 

tl1tln1~1-if'I1'W'llt!'l Unode ~1-ifLLUfi1Lfi1t!i Ni-MH "l~ 
~t!~tJm~H'..:~1'Wmh~V1r:l1..:~ 1 ,040 ~ 1,155 i'"l Ll-.1'1 . 

'I I '!II 

1'W'lln.l~VlLLUfi1Lfi1t!'1 Alkaline ~mtJm~Hf'I1'WLY1tJ..:~ 
' 

691 ~ 874 i'"lLl-.I'IL!iltJtlltJm~H'..:~1'W'llt!'l Unode ~H' 
' ' <=:I .::::1 6} ~ I 

LLUfi1Lfi1t!~ Ni-MH "l~l-Jt!1tjn1~ b'll'I1'W~1nn"J1 

Unode ~1-ifLLUfi1LI?lt!i Alkaline L1l~tl 322 .ft'':!Ll-.I'IVI1t! 

~!ilLU'W 42% 

~'i.'l"l1nm:r'Vll?l'i.'lt!..:J~~1'Wl..l1'"l~L~'W1~r:l1 ~..:~ 
L~191mLN~u1~vh1~nu unode ~1~..:~ 'ilfi1~1m~H' 
Yl~'I'I1'Wfl"l~'i.'ll?l~'ll?l1l-.11t.l ~"ltJ LLI?l1 'Wn1~1-if..:~1'W"l1..:~ 

Unode ~t!..:~1-if LLVItl'lrol1tJYl~'I'I1'W"l1nLLU fi1 Lfi1t!i~~ 
r.hmhmf'CJ1t.l ;..:~i:ILLN~u1~vh~1nr:l1~ unode 
2/ .d 0 d 1 cv Go:=:! 

l?lt!'ln1~ LL'i.'l~Ll-Jt!'W1LLUI?1Lfi1t!~l-.111?l'El'El't.~ml-.ln'W nl-.1 

LLN~'W1~vh~'lnrl1A'd1l-J~t!'ln1~'llt!'l Unode vh1~ 
~ 

LLU 1?1 Ll?ltli~tl'l~ blJ L~tJYl~'I'I1'W1tltV1 tJ Lt.l '1'i 1t.l~~ LtJ'llU 

m~Hf"l..:~"l:rt.lfuLLN~'W1~vh (Convertor) 

LU'W~ n'\111..:1 L~t! nVI~'I ~"l~'li"ltJ1 ~m:r H'Yl~'I'I1'W"l1 n 

LL 1J fi1 L 1?1 '1l i iJ tJ :i' ~ ~ 'V1 fi Jl1 Yll-.1 1 n ~ 'W ~'I tJ n 1 :rt.J f 1J 

U:i''l ~'W1 ~f11'llt!'l LLU 1?1 L(?]t!i 1 ~!!~1 'W'li"l'l LL~'I ~'WHf'I1'W 
~LVIl-.11~~l-.l l'i'"lmh:a'liu Unode ~1l-.11~blvl1'11'W1~ 
t.ln~~u:r..:~~u1~Y11~1~1?l 2.2 L'd'i.'llil ~..:~Ju 
LLN~'W1 v1Y11~ LVIl-.11~~l-JAtl 2.2 t'd'r.'llil (~..:~H 
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LLNt?J'W1vJvh~1n1d'Hf'W~'I·n'W'll'fhl Unode rl~'l 
u!lt.J~'I) L(;)t.J~1l-.11d'Cl~¥1'1LLNt?T'W1vJvh 2.2 t'"J~(i]1~ 

r.nnmd'U1LLU(i]L(i]'fl~~ilLLNt?l'W 1.2 ~1'El 1.5 L'"l~vll-.11 
!il!l'li'W1'Wrl'W LL~'"lt.Jm:::t?luLLNt?l'W1vJvh (Boost 

convertor) hJ~ 2.2 L'"J~vl L~'El~1'W'"JCWLllt.JULVlt.JU 
'El1tJm1Hnw d':::~~1'1md'H'LLNt?l"W1vJvhnnmd'!il'El 

'El~nd'l-JLLU(i]L(i]'fl~L(?It.J(i]J'I nun1d'H''"l'l"lnJfu 

LL N t?J'W 1 vJVl1~U d':::~VIfi ll1'W mmtJ ~'I'W~'I'I1'Wb vi 1rlU 

90% L'li'W mr1-nl'El; MCP16301 ilt:..~~n1d'~1'W'"Jrut?l'l 

LL~(;)'I1'1J(i]1J'1'1~ 1 

d .f.'! ... 1"' ' (;11i1-:I'Vl 1 n1d'bud't.JULVIt.JU'El1tln1d' 'll'11'Wd':::~'"J1'1 
q 

md'1•ifbLUiilLiil'El~ Ni-MH, Alkaline LL~::;mr1if'"l'1Ufu 
LLNt?J'W 

'i11£J 
.J 

'l.:J"l1UfU LLNvlU Hf.:J1U LLUiilWl'il1 

('l!UiiliLLr.:Jvi'W~~-mu) ('l!Uiil IV," to V0 ,,) 

.J 
L'\lfltl 

('l!.l-J.) 

Ni-MHI2.4VI200,000J hliJ 1,094 

Alkalinei3.0VI200,000J hliJ 772 

Ni-MHI1.2 VI200,000J Boost I 1.2 to 2.2 1,115 

Alkalinei1.5V/200,000J Boost I 1.5 to 2.2 1 '115 

"l1n(i]1J'1'1~ 1 LL~(;)'I11~hih.d1 md'Hf'"l'l"ld' 

tJfu LL J''l t?Ju1 vJYl1~ iJ1.Jd':::~VIfill1'Wn1d'LLU ~'I'W~'I'11'W 
90% "l:::'Ji'"Jm~l-.I'El1tjn111if'I1'W'li'El'ILLU(i]L(i]'fl~'JliJ(;) Ni

MH ~iJA'"J1l-.1'1'W~'I'I1'W 200,000 -:J~1~b'!l~t.l 21 

.fi'CJLl-.1'1~1'fli'i(;)LU'W 2% LL~:::L~l-.I'El11:Jn11H'-.11'W'li'El'l 
LLU(i] Llil'El~'JliJ(;) Alkaline ~iJV'l'"J1l-.1'1'W~'I'I1'WLvl1rl'W1~ 
vu~u 343 .fi''"l'll-.1'1~'1'fli'i(;)LU'W 44% t?T-.1J'WmrH 

'"l'l"lJ'U fu LLJ''I t?Ju1 vJYl1 l'l1l-.11d'Cl~ (;)'fl11:Jn11 1if'I1'W'li'El'l 

LLU(i]L(i]'fl~'El'Eln11..l1~ -ri'"lumr!ilC'l~'W1"lH~'1'ElhJ LU'W 
' ' 
~'I~'El'lilmd'Mm11 b'Rl-.1 L~l-.1 b'Wd'1:::~'El'l ~1U..:J~..:Jd':::t?lu 

LLd''lt?l'W1vJYl1~ mm::;~l-.1 b~'El11X Unode tJ'IV'l'IVJ1'11'W 

L~l-J'"J'I"ld'Ufu LLN t?J'W1 vJ¥11 ~'I~'El'l~1'1(?1 ~l-.1 rh 1 'Wn1d' 

1if'I1'W!il'El11..l 

n1d'rol 1 tJ LLN t?J'W1 vJVl1~'1n~1 A'J1l-J ~'El'l n1d' 
~ 

.fr'W~1'li'El'l L'll'Wb'll'Elfl ~'IJ(?I "l:::VJ11 ,X Lfl C'lrl1~'1l'l ru L~tl 
~ ~ 

t:.J~"l1nn1d'VIC'l~'El'l~'"lm'll'WL'll'Elfl~'WC'l Unode LLM1'1 

11XL~'W~1 n1d'HfLLlJ(i]Liil'El~'JliJ(?I Alkaline l-J1!il'El 

'El~nd'l-Jrl'W L~'El11XLLNt?l'W1vJY11 3 L'"J~vl LLlJ(i]L(i]'fl~"l::; 
~C].JL~tl'W~'I'I1'W1UL'!l~t.l 60% LL~::;md'1ifUU(i]L(i]'fl~ 
'JliJ(;) Ni-MH l-J1!il'El'El'Wnd'l-Jrl'W L~'El11XLLNt?J'W1vJYl1 2.4 

q 

L'J~vl LLU(i]L(i]'fl~"l:::~Cj.JL~tl'W~'I'I1'W11..lL'!l~tl 13% L~'El 
LlltlULVlt.JlJJ'::;~~1'1n1d'1•ifbLU(i]L(i]'fl~ Alkaline rlU Ni

MH LLlJ(i]L(i]'fl~ Alkaline "l:::Hf'W~'I'I1'Wl-.11nn~1 Ni-
' ' ' 

MH L'!l~tl 42% LL~:::VJA'J1l-J"l'W~-.1'11'W'li'El'ILLU(i]L(i]'fl'1 
q 

Lvl1rl'W 'El1tln1d'Hf'I1'W'li'El'ILLUI?lLI?l'El~ Alkaline 9::;):1 
q 

'El1tjn1d'Hf'I1'WU'Elt.Jn~1LLU(i]Li?l'El~ Ni-MH L'!l~tl 42% 

md'Hf'"l'l"ld'UTU UN t?J'W1 vJVl1~iJUJ':::~V1fim'W 90% 

"l:::'Ji'Jm~l-.I'El1l:Jn1d'Hf'I1'W'li'El-.lbbUI?lLI?l'El~'lliJ(?I Ni-MH 

LL~:::'lliJC'l Alkaline Hi'L'!l~t.J 2% LL~::; 44% l?l1:J..J~1t?lu 

'W'El n"l1 n~e.J ~ n 11M n 111 tr'~ il 1..l 1:::t u'Jlu 

~ 1~fu flU nd'ru~'W1 ~ ~'El'l n1d'1-if'W~'I'I1'W"l1 n 

Lbu 1?1 Ll?l'El~1 1Xill.l d':::~VIfim'W~'Il'l (?! L ~'El1 1X l?ld':::mrni:i'l 
~ ' 

V'l'"l1:J..J~ 1ri' CJ.J'li'El'lrl1~'11 vJ¥11~ t1J L~t.l~ Ln C'l"l1nmr!il'El 

'El~nd':J..J LLlJ 1?1 Ll?l'El~ Vl11 1X'W~'I-.11'W1 vJYl1U1'1'6'i'J'W'li'El-.l 

LLU 1?1 Ll?l'El~~'El..:Jn ~1t.l LU'Wn 1~-.11 vJYl1l'l ru L~ t.JLUL(?I tJ 
~ ~ 

LUthUd':::Lt.J'llU 
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