goooon

HRN

guoouooboooouoooood
guodubobooooboobooooooobod

goog
ub ob oo

godg
oo og

ub 21020 160

ubobo booobobo obooon



gbo 2000 000000

goboboboboboboboo
gboboboboboboboboboboobooob

oo oo

gooo

gbobogobuooobooobooobuoobboobboobbooobboobobo
gbooboooboboboobooobobobooobooboooboooobooooobooooboo
gobooboobooboboobooboboobooboboboobooobooobooboo
goboobobooboboobooboooobobooboboobobobooobobo
gooobooobogoobooobooobooooboooboobooooboooboobooboooo
gbooboboooobooobobooboobobooobooboboobobo
gbooooboodobooboobooboboooobobooboboooboboooooboo
gboobooobooboboobooboboobobooobooboboobobo
gboobooboboobobobobobooobobbbooboboobobobo
gbobogbooooooobooboboboboboooooobooboboboobonDo
gbooboboboboobobooboboboboobobooboboobobo
gbooboboooboobooboboobobooobobooobobobooobooboo
gobooboooboboooboooboooboooboooboooboooboboooboobo
googo999ooobobooooooobobobooobobobooooboboooog
gbogbobooboboobobobobuoobobobobooboboobobo
gboobooboobobobobobuoobobooboboobuooboboooboo
gboobobooobobooboboobobooboboooboboboobobo
gbooboobobooobooboboooboobooobobobobooboobobo
goobooboooboooboboooboooobooboobooobooobooboobooon
goobooobooboboboooobobobobobooooobobUgoooObOon
gboboobooobooboboobobbobosobobooboobgo99noonoo
gbobobooboooooooooooooooooobobobobobo o0 10
gobooooooon



goog

gboboooobooooobogobooboobobobooooboooboobooboboooon



[

1

2

O

ugboog

gooooboobobooboooo
/700 I
22 000OO0OO0ODOOOOOODOOoOOOoODoOOoO oo oo

oboooooooogoog

3.1 00000000000 ..o e

3.2 0U00000D000000000 .. oo oo

3.3 10000000000000000000 + ..« ..o oo oo
331 O00000D00O0O0DO0OD00O0O0 .« ... oo,
3.3.2 0000000000 .. e

gbooooboobbooboobbooboobo

O I I I 1
411 0DO0D0O0O0O0DOO0O00D0O00O0 .00,
412 0OO000000O000D00O0000 ... oo,
413 DO0000000O00 ..

42 DUO00OOOOOODODODODODbDObDObDObDObDUObDObDObDODbDODbDO.
421 O00000OOOCOOOOOOODORFADOOOOOOOOOO .
422 000000000000O0000 ... 0o,
423 0000000O0O0O0D0OO0ODOO0O0O ...

gboboooooooooooooooooon

5.1 ODO0OOOOOOOOOOOOOLOOOOOOO @ ..o
5.2 UODOODDOOOOODDOONO ... oo
5.3 UODOODDOODOO ... e

gbboobodgboobbooboobbooboobbooooaonbobo

6.1 OOODOOD0ODO0O ... e
6.2 ACKOODOOODOOODOOOOOOODO ... .. oo,
63 ODUOOO0DOOOO0DbOObOobOobOobOOobOobOOoDbOooOO 0oL
64 DO0OO0O0DOD00ODODOODODO0O ... oo
6.0 UUOOOOODOO0OD0O ... e

10
10
11

12
12
13
19
20
20

24
24
24
24
25

28
29
29

34
34
34
36



v oooo

o

goog

50

51

52



0 00

© 00 N O Otk W N

T e S S
S O e W NN = O

17

18
19
20

21

22

23

24

25

26

PRCOOCOODOOODODOONO ... e e e e 14
gbbodgboobbogboobooboobooboog oo oo oo 15
I I 16
OOO000O0OO0PRCAS .« . oo o e e e e e 17
goboobogobobooboooooobooooobooooo oo 19
CSMA/CAODOOODOOOOO .. e e e e 21
10000000000000000 . ..o 00000 oo oo, 22
lgobooboobobooboooboobooonono oo 22
I e 25
100000000000 00b000bgg 20 .0 0000 n oo oo e e 26
o0o0ooo0o0obooOo0oooooO0ooooobooo0 00030 . ... . 26
10000000000000000080030 + .. ..o oo oo oo 27
000000000000 0000000o000BoOo000 .0 28
I 30
goboobogooboboobolobooboooboobooboong . 32
gboboooooooogoooil1ooooooooobooobobobobon

UODOO0 o e 33
uboobooboboobobooboolgbooboobooooooooaon

UO0D00O0 100000 .. 0000 33
gooooooobooooooooooobooboooboobooooooo oo 35
gbbodgbogbboobooboobooboooboobooooboog ... 36
ugbooodgboboobobognboginubobouonooobogounon

U000 25000 . ..o 38
gboooooboboobobgoDo9oboboooooboonon

OOD0O0O 100000 ... e 39
goboobooboobooobooobooooboooobooboooooo L. 42
ACKOOOOOOOBOOOOO0O .. ..ot h e 43
ACKOOODOOOOOOODOOO ...t 45
gobodbobooobuoobobooboooboooobooobooobo

P 48
I I 49



0 00

1 gboboobooooooooooooon



1 O0o0oon

goobooboogoboooboobooboooobooboobooboobooobooobo
gbobogoboboobobuooobbaoboobobobbooboboobooobobo
0000000O0000000 jboo0DoooO0o0o0DU0ooOoOOoOooDUoOoOoOoDOOooOn
gboobobooobobooobobooobobooobboobobooopoooboono
0000000000000 0oOo0o00o0O0oUoOO0o0oDoOOOoUoODO OO0
gbooboboooobooogoboobooooboobooooboboobooboboboDo
gbogbobooboboobobobobooboboobobooboboobobo
gbooboobooboboobobooboboobobooboooobobooboboo
gbooboboobooboobboooboboobobobooboooobooobooboboobobo
gbooboboooboobobooboooobobooboboobooboooboo
goboobooboobooooboobooobbooobooobooooboobobooobooon
gboobobobooboobbuooobooboboobooboouooboboobobo
gbooboboooboboobobooobooboobobooobobooboboobobo
gbooboobooooboboboooboooobooboobooobobobooobobo
goooboobobooobobobobobooboboboboboboboboobobo
gbooobooogoobobooobooboooboboooobooobobboooobooo
goboobooboooboooboo

gbobooobobooobboooboboobooboobooboooooboobooboboo
gboobbooooboboooboboobobooboboobobobooobobo
000000 [3,4,5,6,7/00000000000000O0O00O00O0DOOOOOOOO
gboobobooboobobuoobobuooooboboobobooboobobo
gboobobooboboobobuoooobobooboboobooboobobo
10000000000 oboooobobobooooobobooboooobboooDoboooo
gbooooooboooboobooboboooobobobobooooboooooboboo
goooboobooobooobooooobobooobooboobooooboboboobooo
gbogbobgbooboboobobobobooobuoobobooboboobobo
gbobobobooboboobooobobooobobobooboobobooooboboo
gbooooboboooboboooboobooboboooboobooobooobobo
gobodboobooobooboooboobooobuooboboooboooboo

gboooobobooobooboobooooobooboobooooboboboooboobDbo
gbgbobgboboooooobooouooooogbobobobobobobobo
gboogooooboooboboobobooobobooboobooboobobooooo



gboobobooboboobooobobooobobooboooooooboooobobo
gboobobooboboobooboonooogoboeeunoobobol1bobobooboonoo
000000000000 00 ®0ooo0oUoo0oo0oUoo0oooUooOoo
gbooobobbooboobooooboobooboboobooooobooboobooo
gbooboboobobooboboooobobooboboboboboobobo
gbooboboooboboobobooooboboboboobobooboboooboboo
gogboboobbooobooobobooobooobooobbuoobboooobooo
gobooboboobooobobobooboboobobooobuobobobobobo
gboobooboobobooboboboboboobobooobobooobon 0.9999
0000000000000 0000000U00DO0OLOOOOOooOoOoo (e, 70
gbooobooboooboobobooboobo1l1obol1oboboboooboboooobooboo
gbooboboobbobooboboobobooboboobobobooobobo
gboboooboooboboboooooobobobooooboobolgbobooooon
gboboooboboooobobobooooboolgboboooooboboboooon
gboboboobooboobooboo200booboobooobooooboobbobooboo
gbooboboboboboooboboobooboooboboobobbobooooboo
gboboboooboboobobooobbooboboobobooboboobobo
gboooobobooobooobooobooboboobobooobobooboobooon
gbogbobobobooboboobobooboboobobooboboobobo
goooooon
gboboboobobooboobooooboboboboobooboboooooboonoo
ggboooobooobooobooobboobbooobboobbooobboobbo
gboboobooooobol1boboooobobobooboooobobolgbobooooon
oooobooogoobooil1booooboboooboooboooboooboboobooo
gboobooooboooboboooboboooboboooooboobobobooobooboo
gboobobooboboooboboboooboboobobooboboobobo
gobooobobobooboobooboobobilobpboobobbobbobbooobo
goooboobooboobooobooboobobooobooobooobooobooboobooo
gbooboboobobooboobooboboooboboobobobooboboo
gbooobobooboobobooboobooboboooboobooooboobooobooooboboo
goboobooobooboooobooboooobooobo
gboo20000000000000DO00O00DOO0ODODODOOOODOODOOOOODO
gboooboboboooooobo3sbobobooooboobobooboooooboboooon
gbobooooboboboboobooooobobobooboboobo40b00 1000000



gboobobooboboobooboboobooobob sbobooboboobobo
gobooboooboboboobobooboobobeboobooboooboooboo
gbooobooboboobobooooboboobooboboboboboToboboo
gbobobobobobobobobobo



2 Joobbobuooooobobuoooa

gbooobooboobooobobobooboooogbooobooboooobooobo
gbogbobooboboobobuoboobobooboboobobobooobobo
gboobobooboboobobobooobobooboboobobooobobooboo
gbobooboboboobobooooobooboobobooobobooooboboo
goboobobooobooboooboobbooboobbooo

2.1 OOodobbboodoobboboooobbod

iU UuUU gy
gooobobbtooooobbooobbbooobboboooobbboooouboboboo
goooboobbooooboooboboooooooooboooboobooooobooo
goooobooobooboobooooobooogboooboboobbobooobooo
goooobboooooooooooobobbboooooooobbobbooooooa
gogbtbodooobtboooooooouoboboob bbb booobobo
goobobooobtooobbuooobboooboobooobbooobbooooboo
goboobooobooooooboboboooboobooooboboooobobooon
(9|0 000000 MEMSO Micro Electro Mechanical Systems0 00000000000
ggoooooobboooobobooobboooobbooobboooobbbooooobo
O00000oo00OoO0o0oU0oOoO0ooOo0oOoOoooOooooOoO 1o

oo boobobobbbbbbbbboboboboo0oooogoogo
gbooooboboooooboboboooboobooobooobooooboooobooon
gogoobbogoobboodouobooooobbobbbooobbboooobbooaa
ggoboooouoboodooooboooobbooobboooobboooobbbouoooa
gogbooooooboobtooouobbobbtboooobboooobboboobboooubobo
goooo0obooobbooobooobboobb0onbooboooboooboo
gooobobooboooboobooobooboboooobooboooboboobooboobooon
ggoobbooooboobbobbbooobbbooobbboooooouoboobo
ggoboobooobobooooboooobboooobboobbooubbooobbo
ggoobbooobobtboooobobtbooooooooob bbb bouoobo
gooooboboooooooooobbooooooogooooboobboboooooog
gboooboooboboooboooobooobooobobooobooooboobobooboobooo
gbogoboboogooboboooobobooooboboooobboobbooouobobo
gogooboboboooobbooooobboooobobboooboobbooob Lo

10



gbbooboooooboobobboobobooboobooboobobooboobooboon
gboobooboobooboboobobobobobobooboobobooobobo
gbooboooooobobooboboooobooooboobooboboobobo
0000000000000 o00O0U000L0O0UL0oO0o0oOoOoUOoOOOn 10,1100
gboobobgoboooboboobobooboboobobooboboboobobo
gooboboobooobobooboobboobooboboobooooboo

22 o0oOobooOobooooobobobooooobobod

goooboobooboogobooboobooboooooboobooboooboooDoo
gboboooboboboboboooboooboobobooooboboobooobobo
gobooobooooboobooooboobooobbooboobbooboobobon

gboooboboooobobobooooobobobobooobooboooboobobo
goobobbooobooboobbooooobobboooobobobooooobbbboooobo
gbobogbooooooobooboboboboboooooobobobobooboonDo
gboobobobooobobooboboboobuooboboooobooboboooboo
goboboooboboobobooobbooboboobbilioboooobooboooobooobooo
gbooboboobobooobobuoooobobooboboobobooboooboo
0000000000000 00000O00000DOO0OUO0 RooooUooUoo
gbodoboboboobuooobuoooboobobooboooboobooboboooboo
goboobooobboobooobooan

gboobooboboobooboooboobooboboooboooobobooooboobo
gboobobooboboobobooboboobooobobooboboobobo
gooobooooobooooboooooobooobogoboboooobobooboobooo
Ub2~1mO0000000000D00 20mO00000000000000O0 800000
obooooboobooooboorombb 100000000 DOOODOO300000000
obobobobo400b00b0oboobooooboobooboooooooooooooon
gboboobgoobobooobgooboboobobooboboobuobobboboo
gbobobobobobobobobobobobobobo

11



3 duuuboouoogoobon

0000000000000 000oO00DO0DDO0O0LOO0OoOOOooOOOO 3,6)000
gogbboggbuobbooobuoobobooooboooboooobbooobboobobo
gboobobooboobooobobobooobobooobooboboobobo
gbobooobobooooboboobobooooboobobboobooboboobobo
gobooboboooboobboooboobbooboon

gboooboooboobooooooobooobooboooboooboobooboooDo
gogbbogobbooobboodgbbooobboobbooobboobbooobboobobo
gobooobobooobooobooooboobobooboobbooa

3.1 DUgoobooogod

0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
000000000000000000000000000000(12. 00000000
[13)0000000000000000000000

NOOOOOO=0,,---,000000000 0,000 ¢;€[0,1]0000 7,000
010000010000000000000000000000000 % =/210000

00 ¢; 0100000000000 O0;00000000 0;,00000000000 0,0
goboooobogobobooboooo

¢j — ¢j + Ale)) (1)

0O (1) 000 A 0O0OPRCOPhase-Response CurveD 0000000000000 O00O0O
00000000 DOODODDOQIF (quadratic integrate-and-fire) 0 0 0 0 0O 0 AQIF(¢) =
—5-(1 —cos2m¢)0 RIC (radial isochron clock) 0 00000 ARIC(¢) = asin2r¢ 000
000 [13]0

0000000000 o;0000000 ¢;0000000000000 0;00000
0¢; 0000000 h(¢)0 h(¢)=¢+A(¢) 000000000 O,0000 0;000
0¢;,01000000000002000000000000000 h(¢;)0000DOO
h(h(¢;))0 30000000000000000RO000000000000000 0,0

12



000 ¢, =h"(¢;)00000000000000000000 0;000¢;,0000
00000000000 1(a)0QIF000000 1(h)ORICOOOOOOOO
000000 ¢=h(¢)0000000000000 0;000000000000000
000000000000 1(x) 000000000000000000000000 10
000000D00000000000 ;0000 0,0000000000000000
0000000000000000000 2000000 1(b)000000 0,0000
00 ¢; < ¢, 0000000000000000 h(¢)0000000000000 ¢;> ¢,
00000000000000000000000000000000000000000
0000000000000000 0;000 ¢;0 ¢00<¢.<10000000000
0000000000000 0;00000,000000000000000000000
000 0;00000001-¢,00000 0;0000000000000000000
0000000 2(b)00
0000000000000000000000000000000000000000
000000000000000000000000PRCOOOOO0O000000000
000000000000000000000000000000000000000

3.2 ODOOOodobbooogbob

gbooobooboboobobooooboooboobooobobooooboboobooboonboo
gbooboooobboooboboobobooboboobobooboboobobo
gbooboobobooobobobooboobooobobooboboboobobo
goboboboboboboboboboboboboboboboboboboob

gboooboobobooboooooboobobooboboobobaooboboboo
gbooobooobooboobobooboboobobooboboobobooboboo
gboobobobobooboboobooooboboobobooboboobobo
gooobooooboooboooogboooboboooboobooboobooobooon
gbogbobobobogbobooboboboboobobooboboobobo
gbboooboobooboboobooooboboobobobooboboobooboooobooboo
gooboboobooooooboobboooooobogooooobooboooooboooboooooboooo
gbooboooboobobooobooboboooboobooobobbobobobo
gooobooogoboooboobooboooooboobooboobobooboobooo
gbogbobooboooboboboobooboboooboobobuooboboobobo
goboooooooo

oooo300000BSOOOOOOO0ODOOO0ODOOOOOO0ODOOOOODOOODDO

13



AQIF

0.8

0.6

04 r
0.2
0

@)y

phase @

() 0000000000 0OQIFOODOO

ARIC

e
phase ¢

0.8

0.6

@)y

04 r

0.2
0

(hyDOOOODOoUOOoOOoORICOOODO

O 1. PRCOOCOOOOODOOOO

14



r:;‘% 0%o | &Y
¥ [no o 0
QQQ 050 QQ

firing firing

firing =,
(;){:L 0 O{}ﬁrmg O O Oy

O O[O 0fo s
0,0 0,0 040
(by0OOOO

U2 00b00b00b0oboboboboboboobooboob

gboooboobooobboboobooboobobooooboobuooboboon
gooobooogoobbooboooogobobooboobooobooboobobooobooon
gbol1oobooboobooboobob 200000000000 oo 3sbobobOobon
gbobodbobooboobobooboooboboboboosobooboooobobo
goboobooooboboob 200000000 obooboobobooboooboog 3
gbooboboobooboboobobooooboobobooboboobobo
gboooob20b000b00bo0oogbooooboobooobobooboboooon
gbob20b0000000b0bO0b0b00O0oboDoboooDoobobODobobobooon
gbooolobooboobobobooooobooboboboboboobobboooobooono
goboboooboooboobooboobooboobobo3sogbobooboonog 2
gobooboogboilgboobooooboobbooboboobobooboboo
goooboboobooobooogobooooobooooboboooobobooobooon
gbogboboobobooboboobuobooboobobooboboobobo
gobooooooooo
goboobooooboooboooobobboooooboboooooooboooooooo
goobooboooboobooobooboboobobooboboboboboobobo

15



U3 0bbooboobooooboobooaonobo

000ONDOOOODOOOS; ={S,,...,Sy}000000000 §00000 0000
D00000000000000000000 §000000 ¢lé; €[0,1)0% =10
0000000000 0000000000000 10000010000000000
$00000000000000000000 ¢0000007,[0]0000000000
0000000000000000000000000000000000 §;01000
0000000000 S04, =,-100000000004600<46<1/30000000

00000 PRCOODOOOOOOODOOO [6)0

0<A(p)<d—0 (0<¢<0)
A(¢) =0 (¢ =9) (2)
d—d<A(p) <0 (b<op<1)

00000000 PRCODOODOOOOOOOOOOO
As(¢) = —asin (7(¢ — §)) — b(¢ — 0) (3)

PRC Ai(p) 000000 0000000 DOO0OOOODOODOOOOOOODODOODODO
ooboooobobooooobooooboooooooD4D0b0000 a=0.100b6=0.5

16



0.4 T T T

02 k. -

A(@=0

AN (0}

02t AN .

wal |
A@=T¢

-0.6 1 1 1 N
0 0.2 0.4 0.6 0.8 1

phase @

0 4. 0000000 PRC As

000000000046 000000000000000000000000000000
000

00000 S000000000000000000 S00000001000000
00000000000000000000000000000000000000000
000000 ,;0000000000000000000000000000000000
00000000000000000000000000000000000000000
0000000 [14)0

00000 S0000,0000000000000000000000000000
0000 ,000000L=4L+10000000000000000000000000
00000000000000000000000000000000000000000
0000000000000000000000 1000000000000000000
00000000000000200000000000000020000000000
00000000000000000000000000000000000000000
0000000000

0000000000000000000000000000000000000000
00000000000000000000000000000 §000000 8,000
0000000000000000000,=L+10000000005,000000
;000 10000000000000000000000000000000000 §;
000000 S00000000000000000000,;=,000000000 S
0000000000000000000000000 §;00000000000000
00000, =4-1000000000 §00000000000000000000

17



gooooooobgooo ;—100000b0bO0oo000obOO0oobDOooDoobobooboog
00+t0o0dbOooOooooDo++46000000L—-10000000000DODOO
oooo

goooooobooboooboobooboogboboooDobuooooboooobog
gooobObOo0ooOoboobOOoboooDoboO0bOoOOobOOobOoOOobOooooOOobooo
00000 MACO Medium Access Control0 0 0000000000000 O00ODOOOO
J0o0ooodopDobooooOooooOoooDo s; 00000 [—100000000000
0doDdo0odbDO00oo0oddoooooooooooooooDoooooooooon
goooboboboooboooogoooboooDobooobUoboobUoobDobUubooo
ooooD s;0b0b00oboobooboob0o00o0ooboobobobOobobOooboooDon
0dooooobOobooooooDon ;—100000000000DO00bO0bO0O00O0ono
0000000000000 0bOOO00DO00o0DO0DOO00DoDO0DODOoDbOOoOooDOoDOOoO0n
goooboooboobooooooooboobooboooDUbUoobbOboUbDUoboooo
o01gdoob0oboooooooobDoboobobooooooobDoboboboOoooo
0oo0obdobooo1boob0obo0oooOobo0ooOoboooDobOoobooOobooo
Udooddnd promiscuous U0 O00OOOOOOOOO

000000000000 000O00DO0000oDo00ooDo0oooDOooDOoooOooDoo
goooboobdoooobooboobobobUoboobobobobUobDbUobDoobUoo
o0oob0o0obdooboboobOooObobOoobOOoobOoOobUobDbOUOobDoobDOoo
Joo0oooOodooOobo0ooOOobOo0oboooOobOoooOOooOOobOoOOooDOoboooo
;0000 1-00000000000000DO000O0O0ODOODOOODOODOODOOO0OO
000O0DO00O0020000000000 ¢, =000000000000100000
gooobobbooooboooobobooboooooboobDobUoobDOobbooo
goo0oboobO0oooOooOobooOo0bOo0obDooOooOobOobOoOOoboooDOoboooo
0o00DOOoDOOo0gs0bd0obobOooooonoooDo T, 0000003000000
0000000 00DO00DO0000d0O00DO00DOO00DO00DOOD0O0ODODoOOn
d0o0o0ooDooO0oooooboOooo1gooobooosnooooooobooooog
0000o0oo00oooo0oooooooooé00000ODOO0O00DOOO0O00o0n
0oodbdobobOoboboboboboboooo

0000oO0oo00bOOooDooDOdooooOooooooooboooooooooDo
0000000 DO000O0000DO00bO00ODbO0ODOD00DO0O0DOO0O0O0ODODbDODDOOn
goooboooboobooboobooooobUoobogbobooboobobooUobo
goooboobooboobooboobOoboooboooOUbboooDoboboOobUooo
gooobboooO10oooob0oooOgbOoooD0oboOooDOobOoOooOOobOoOOobOooon

18



S,
S,
S,

T B

_
.
»
-
—
Y=
N
»
-
pre

egessaw
ofessow
adessaw

uodeaq

WO Oy s " OLON see [ O L0y ik
o 12 Mo @y (LARJL1)

s L O fF0 g sieee L 0 0 4F s gk
7y 1 ! 4 1 ' o (LAJL2)

dessaw
Bessow

123y anc o

Q,
—T=
Q,
g
I

+ 1B3L49N0 O
JBOYIONO O

_SLEEP éi t‘/‘?‘ﬁﬁ'ﬁ*
{18 & (l//\)l/3>

7, [s] «— EUYER e —- R

U5 000000000000000000000000O0000ODO

gbooboboobobooboboobooboboobobooboboobobo
gbobolgooooooboboooboboobooooboooboooboboboboooboboo
goog

3.3 10000000ogooboooobon

00000000ooooooooooooolooooooooooooo0ogoog
0000000000000 0O000O0O0O00OODOOoOOCSMA/CADDODOOOOOOO
000000DO0000000O000OFECO Forward Error Correctiond 0000000
O00ACKOODODODODODODODOODODODOODOOO0O0ODO ACKOOOOoDOOoooo
0000000 0o0oO000o0ooooDoooOoooD s0b000DOooooooogn s
00000 10000000000000000000000000000<S¢; <4600
ooooooboboooboon s;00b g0 10b000000ob0obOobOooOoOon
00O0DOO0OOo0Ooo0oo000oO0bOOobOoDooooDoDO ¢gs060000D00O0O0ODO
O00000o0o0ooOooooU0ooo =0T, [0)00000OOOODOO

1000000000000000 7, 000000000000000000 kOO
oo0ooooooooooo

Topp = kT (4)

gboogboobooobobooobooogobooboooooboobooobooooDoo
gboboboooooobobbobobooboboboooobobobobobobo
00000 4000000000000 00000000O00OO00DUoLOOoOOUOo

19



gboboooboobobobboboobooboolooboooboobooobooobooboo
goboobooobpobooboooboooog

3.3.1 0D000OO0OOO0OOOOOOOOO0OO0

0000020mO000000200020m0000000000000000000
000000000000000000000000000000000 13000000
00000000000000000000000010000000000000000
00000000000

0000000MACOOOOOOOO0OOIEEES02.15.40 0000000000 CSMA/CAQ
000000000000000CSMA/CAODODOOOOOOOOO 6000 [15000
00000000 -00000000000000000000000000 MOO000
O0O0O0OO0O00IEEES2.1540 ACKOOOOOOOOOO0O0000000000O0OO0OO
00000000000000000000000000000000é00000000
00000000000000000000000000000000000000e000
000000«0000000000000000000000000000000000
00000010000000000000000000000000000000001
0000000 backeff mit0 0000000000000 0000000O0O0O000O00O
OO0O0IEEES02.1540000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000100000000000000000
000000000

0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
(40000000

3.3.2 000O0O0OO0OODOO

obooboooboobgoob 1oboobooboobobobooborbooobOo
gobooooboobboobobogb 2000000000000 0000ODO0OODOO
ggboooobobooobooobooobboobboobbooobbooobboobobo
000000000 RypOooo9000000o00000000000000 35000
obooboooobovsnooooboboboobob 1250000000000000
goo

20



|  NB=0, BE=BE,,,

v
_|delay for random 28E-1
unit backoff periods

v

| perform CCA |

NB=NB+1
BE=min(BE+1, BE, ;)

A 4

( success )

0 6: CSMA/CAODOUOOOOOOOO

0 1. 0000000000000000000

oooo 100 kbps
gooodn 127 bytes
dooooooooooo 10.16 ms
ACKOOOOO 30 bytes
ACKODOODDOOOOOOo 2.40 ms
SIFS (short interframe spacing) | 0.48 ms
LIFS (long interframe spacing) 2.40 ms
backoff unit 240 ms
TX to.RX = RX toTX 0.12 ms
ackWaitTime 2.40 ms
0000000000 BEmn 3
O000ooonoOoO0 BEme )
oooooooono M 00
oooooooood a 4
gooadsd 0.2

21




ratio of missing data

data gathering delay [s]

1 P, | | | T T
01 [ Rapp™09 ]
o v, ]
0.01 |- -
0.001 - -
[ Rypp=0.9999
0.0001 |- 2P T
F T 4
1e-05 ] ] ] ] ] ]
0 2 4 6 8 10 12 14
transmission period [s]
O 7100000000000 00000
R,,,=0.9999 R,pp=0.9
g (S e
160 | “,, ]
140 4
120 ‘ .
100 - . .
.,
sor T -
oor .
-
oF 4
oy
20 - "
4
3
O M| L L P | L P | L L M| L L L
0.0001 0.001 0.01 0.1 1

ratio of missing data

U8 1d00o0gooogoobogobobobobobon

22



gsbuooobooboonooobobouooboboboobooboobooboogbono
obooooo400b0b0ooooooooe9oonoonoooogileobonb4000m
gooboboboooooboobooooooboobo sooooooboooobobboooooobobo
gboooboboooooobooobooooboooboobooobooboobbobooboobooon
gboobobooboboooooboooboboboobobooboboobobo
gboobooooooobobooboboooboboboooboobooobooobooboo
gbobooboobobooboboobobooboboobooooobooboboobobo
gobooooooooon

23



4 UJUO0bogooobbbboooobobbuooooad

gboogbooobooooooooboooogobobooobboooobooobooboobo
gbbod-rbooboobgboobgbbodgbuobboboobobobbooobobo
goobbooooobooboooooboobtoooooooboboooooboooooo
gobooobooooboobooobooboobooobooboboobdg

4.1 0O0d0OoOdOobObOOO0OoOoobobboOooooobooboa

gbgobodgbobuoobobobooboboobobobooboboobobobo
gbobobobooboobobooobooboboobooboobobooobobo
gbooboooboooboooobobooboboboobooboboooobobo
gbooboobooboboboooboboobobobobobobooboobobo
gbobobobobobobobo

4.1.1 00O0OO0OO0DOOODOOOOOOO0

00 [|000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
000000000000000000000000000000000000 S;000
00000 %00<y<60000000000

00000 $;0000 ¢; =1-600000000000000000000 0
0<~<460000000000000000000 ¢;0~000000000000 S;
00000000000000000000000000000000000000000
$;0 6000000IEEES02.15.4 CSMA/CAODOD ACKOOOOOOOOOO0O 900

4.1.2 00000OOO0OOOODOOO0O0

gbobobooooooooooob s3i1boooooooooobobooboobgnbo
OO000O0000O0O00oO0oO0b0 100000000 synchronizeJ00OOO0O0O0OOOO
00000000000 00D0OO0 200000000 randomizeO00OO0D0O0O

e 10 100D00DUODLUDOLDODLOULODLOLDONOsynchronizel

24



ik
B YRS LR | o , R

| 0< i< SITEIERA ¥ T MO (LA L)
| | | e
|1—§ 1|0 7 |é‘ s (LANJLL)

«— UHIER

09 00000000000000000000000000 ~

lgboooooooobbooouoobbo g0 1oobooooobooobooobbooooDo
gbobobobobobobobobobobobo

ob2000000000000000000 00 randomizeld

0000000000000 0D0O00D0O00 wO00<y<00000000000 ¢;0 v
gbobobobobobobobooboob

4.1.3 00OO0OO0O0OOOO0OO0OO

b 1oob200000000000000000DOOOOOOOOOO 0DODOO
gbodoobobo1gooboybooobobobo0o ooboobobooobooo
gboboooboboooboobobooboobooboobobo 20000 10000
gbooboobobobooobobooboobobobooboboboobobo
googbooboboobobobobobobobobobobobobobobobobo
cooooOoOo0o0oooooOoOoOoOOOdo0O0OOOOOOoOoOoOoOoOoOoOoOoOoOoOOoO
gbobooboboboboooobobooboboobooooboobooboboo
gobodobooooboobooobobooboobboobooboboo3goboooon

go300obobooooonoooooooooobooooooonbnbnnOndrestrict ran-
dom0O

0000000 ywO00<y<coOODOOODOOODOOODODOODOODOOOOO<L <1
ooobbo cOboboboobobUobobboobobDobDoLD ps0yyOOODOOOD
ooooo s, 0000oooooooooooooooooooooooOooooDooboOoO
000000000000 ¢;06000000IEEES02.15.4 CSMA/CADUOO ACKO
gbobooobooboilinguooobobooboooboboboboobobooobooooboboo
gobooboobooobooobboooboobbooboonbobo

25



1 T T T T T T
T T 41 R..=09
m 0.1 ¢ 1_ : app
g ‘
o
2 001 F 3
- .
o
S 0.001 F -
| synchronize st Cw ] -
0.0001 | randomize | | | i Rapp=0.9999
0 2 4 6 8 10 12 14
T[s]
010: 10000000000000000000 20
| o ERS EISSU A LR | -~ , TR
0< Fi< c SITEISHAA & s (LAJL/-1)
I YR
|1—o‘ io 7. led o s (LAILL)
c K@ik I — U ER
THHTHLEEILATHE

0 1l: Jgoo0o0o0o0o0ooopooooooooooooooo wo0o0O 30

26



1§ . . . —
% synchronize - PR
SRRREII Mo reremnanannns randomize
redfrict random Tc=0:8) %~ F
restrict random (c=0.6) —8—
0.1r restrict random (c=0.4) ==&~ Rapp:0-9
g N e restrict random (c=0.2) ---&---
3 \\o
8 l'\\\
g 0.01 » '\(\\'\- .
E S
© X
§e) r \\:\
o 0.001 N ‘ __
"\.""'"—'—-—--'f-.!’-' __________________ il
e,
0.0001 | ., - Rapp=0.9999
. ! | | | |
0 2 4 6 8 10 12 14
T [s]

0 12: 10000000000000000000 30

gooobobooooboboboooliboobobooboooobobooobooono
gboooi1200000 1200000000000000000000000000000
gogoobooooboboobbooobooobobooobobo200b00b0bo0o0oobooo
gboobooboboobooboboobobooobobo20b0obboboobon
gooogoboooboobooboboooobooobooboooboobooboobooobooon
gbogboboobobbooouoobobooboboobobooboboobobo
gbooooobooboob-LOO00b0oboobobouoobooboboobobo20nO
goboobooooboobooooboobooobbooboobbooboobbon

gooobobooo3gbooboboobobuooboboooobooooboobo
gbooboobooooboooooboboobu e 1oboboboooboOobOoOon
gbooboboobooboboobooobooboboooboboobboobobo
gboooboooobobob1boboobooooboobobooboooboboooooboboo
oo0oo0d0oboOo0oéb0O0obbOPRCOODDOODOOODOOODODOOODOOOO
gooooboooboooooooboo wBoooooo pbbooooooboboooo
01000000000 000000000000 OOO0O0 gy 0O OOOOOO
gotwoooboooobooboooboobbobbuo0agboobbooboabo
gobooopoboobyOooboobboob aobbgooobooboboooooooog
oodbpbOobooooboob OOOooooOOooobOOoobOooooooobobPUODOO

27



P ) )
[N BN [PRCN P SSEN
al [0 + o 8 ¢ E i FHbs
Lo Loy N IR Rt
| T, B (LA
L 48 6 DT .
o 10— | o .0 ¥ U HiRERDb
1o 11— s (LA)L2)
" 7, I" ST BRIRICH Dt iRab

0 13: 0000000000000000000000D0ODODODOO

oobi1oooboooooboyO0O0oDOOOOODOOObOOOOOOO0ODOODDbPOOOO
gobobooobbod0gobooobboobbooboobooobboobboooboobo
gboboooboobooboboooooooboobobooboboobooobooboo
gboooboobooobooboooboobobooobooboooboooobobooobooon
googogo

4.2 0ODO0d0o0dOooObOOoooobobboooobobbooooboboboooon

00000000000000000000000000000000000000000
000000000000000000000000 Reachback Firefly Algorithmd RFAD
00000 [16)0

4.21 000O0O00OO0OOO0OOOOOODOORFAOOODOOOOOOOD

O000000O0O0OD0O0ODODOODODODODO Mirollo and StrogatzO MO SOOO0O [12] 000
gooboboobooooooobbooooobobooooooboooboooboooooboooo
good0ooOooOoO0oDO0o0oO0o0ooOOooOo0oOo0oDOOoOoMO SODOOooOooooo
gooooooopoOoOopOoOopooOoODDboODODO MACODODODODOODOODODOOO
gbooboouobbooooboobobogbobooboboooboobobooboo
0000000000000 00O000000000 D000 RFAODOOOOODO
MACOOODOOOODOOOODOOODOOODOOODOOOODOOODOOODO
0000000000000 0oO0o0ooOoUoooooO 160

28



O0O0OO0ORFAOOOOOMACOOOOOOOOOOOODOOODONOOOOOODOOO
000000000000000000000000 §;00000000000000000
0 Tatamp = i+ TMAC(v) 0000000000+ 0000000000<~ <600000
Tmvac () DOMACOOOOOOOOO0O0O0O0O0D0000000000000001000
00000 S;000 ¢, 0000000000000000MACOO00O0OOOOOOO
0000000000000000000000 8000 ¢;0 ¢1—Teampy 0000000
0000000000000000000000000000 ¢1 — Tsamp + As(¢1 — Tstamp)
0000000000000000000000000000000 Tyam000000
00000000 ¢; 0061 + As(¢pr — Twamp) 0000000000000 0000OO
0000000000000000000

4.2.2 0J00000OOO0OOOODOOOOO

gboobogoboboboooboboboboooooboboboobboobbobo
gboooggbobooobobooobuonoooboboboboobobbobobo
gbo3bbooboooboooboooboosuoobonobobbooboooboobboboonboo
gboogoboooboboboobooboboboboooboo10oboboobobo
gboooboboobooobooooobooboobooboobobooooboobooon
gobogdgbooobooan

4.2.3 U000O00DOOOOOODODOOOOOO

U1M40ogoobogobobgobobgobobobobobobobobobobobo
O000000000000000 4000000000 4(b)DOODO0DC0ODOO0OOOOO
gobooboogbbobbez0b000b0bOo0bo0obooobooboobooboobybo
gboobooboobooboooboo1boobooobooboboobooooboboo
gbooboobobooboobooboooooboobobooobooboboooo
gobobobobobobobobobobobobobobobbo 400000 1400
OO00000000ooooooooooDoDoDooD ¢, =0000000000 ¢;=946
gbooboboooooboboooboboobobooobooboobooboboooboooboo
000000000000000000000000 14(a)00000 10000 14(b) O
ugobo 1 B3obbooboobobooboobboooboobbooobooboboobg
gbooobooogobooobogboooobooboobooboboobooboooo
oboboobooboobobob1100b0o0boobooboboobo0obOoobOon
gbobooboboobooooboboooooboobooboboobooboooobobogooboo

29



sensor identifier

sensor identifier

100

N - = I = Z
SR T S I £
glezd A 4 3.3 3 E:
0 5 10 15 20
time [s]
() 00000000
W~ =7 = . TF = & I 3
80 ';'E':'-;;':'-?_:_;E__ EE -:: := -: :'
0 -, 2,2 % %2 % £ 5 % 3

=
o

time [s]

() DOOODOOO

O

30

[N
(&)

14: 0000000ooooooooog

N
o



gbobgobooboboboobooboobooooooboooboboobobooobooboo
goobooboooé0bOOOODODODOOODODOOODOOOUODODOOODO
0000000000 000RFAOOODODOODODOOODOOODOOOODOOOODODOO
gboboboboboboboob

0000 15(d)0 000 10002000 2000000000000000C0O 30000
gbobooboogogoubo sggnoooboobbooosnobooboooooonoo
00000000000000000000000 15(2)00000000000000O0O
gooboboboobooboboobooooboboo3sgobobooboobobo
0000000000000 000000000300000000000 150000
U12db0boooboobbodbbooboobbooooboobboobboooo
gobooobooooboooooonooo

O15b)00000000000O0O00O0O0O0O0O200000000000000 130
gbobgoboooooooboboboboooovybooobooooobobobon
gboo4000o0600000000006000DO00O0O0O0OOOOOOOODOODOODO
000000000 (400072000003320000000000 160000000
gobooboogobboobooboobboobs2oboobooobooboobooonoo
goooboobbooooboooboobooboobboooDoboobDooboO0400 mO O
gobgioooogboobooboobogoboobooboooboooboooo1von
gobooooobo210000000000o099%900b0bo0ooooooobo 2000000
obooob42000000000000040000000000000DO060000OO
goo

31



’*‘ <& & o
r .*' ) “, . - T
01 - + 1 Rapp=0.9
o |
o
©
g ooty ]
E . +
5 ’
je
© 0.001 . .
‘synchronize -
randomize
randomize (RFA)
L restrict random (¢=0.8) —e— . | -
0.0001 | restrictI randoml(c:0.8, FI‘{FA) e | T Rapp=0-9999
0 2 4 6 8 10 12 14
T[s]
(a) 00000000 100000000000O0O0O0DOO
1 T T ) T
synchronize -
randomize
restrict random (c=0.8) ---%---
restrict random (c=0.6) —8—
01¢ restrict random(c=0:4)-=-=s=~=-—- Ryp,=0.9
o restrictrandom (c=0.2) ---6--- |
3
(@]
£
g 0.01 N -
5 ’
R
s 0.001 | .
g V ’.‘ "».i"" ) _
0.0001 ¢ N\ W R Rapp=0.9999
A L 1 1
8 10 12 14
T[s]

(pyOOUOOUDOUOOODOUOOOOUOOD 10O0O0OUOUOOODOUDO

U 1:000bbooboooboob1oboobbooooanboo

32



T T T
synchronize - o

randomize
restrict random (c=0.8) ---%:--
restrict random (c=0.6) —8—
restrict random (c=0.4) - & -
restrict random-(¢=0.2)_-,-© -

0.1 ¢

0.01

ratio of missing data

0.001

0.0001 |

- Rapp=0.9

- Rgpp=0.9999

80 100 120 140 160
Tapp [s]

180

016 Jbgoooobobooboob1oboboboobobooboobobobobobon

g

lw T T T L
syncrhonize e
randomize
restrict random (¢=0.8) —8—
restrict random (c=0.6) ---# - _
01rp -, restrict random (c=0.4) ---6:=""7 Rapp=0-9
% ., restrict random (c=0.2) -- -e-- -
o N *.
S N
£
2 0.01 |
(S
©
R
IS 0.001 |
0.0001 |- e MR ,pp=0.9999
1 1 1 NN 1
0 5 10 15 20 25 30

T[s]

Ul 0bbooobooobbbooobbol1lgbbooobbooobooooboobag

gogd 100000

33



5 Uudbbobbuoooobbuouoooon

gbobooboobooboobooooogoboooboobooobooboobooboooDo
gbliogbobobobooooooobooboooooooooboobooboooooon
gbboobooboooboboobuooboboboobooboboboboobonooon
gobooboooobooboooboobbooboobbooboooobooobooo

gboooobobooobobo-~0O0bo0oboboboboobobooboobobo
gooobooboboooobooooboooboooboooboobooboooboboboooon
gobodgbooobuoobooobooboobodg

5.1 U0ogooboobouoooobboooooboo

gbooobgobobooobobooboboobobooboboobobooobobo
goooboobooooboooboobooboboobobooobooobooboobooon
gbogboboobobooboboooboooboobobooboboobobo
gboobooooboobooboboooboooboboooboboobobooboboo
gbooboooboboooboobooboobobuoobobobooboboboooobooboo
gboobooboooboboooboobobooboboobobooboboboobobo
gboooboboooboobooboooobooogoboobooboobobooboboon
gbogbobuooboboobobuooboboboboobobooboboobobo
gbooboboooobobooboboooobooobooobobooboboooboboo
gbooboobobobobobooboboobobooboooooboooboooboobo
gboobobooboboobooboooobbooobobooboboobooobobo
gbooobobooboooboobooobooboooobboobooobobobooboboooo
goboodgboboooboobooobooboboooboobboobuoobobon

5.2 U0O00ObOOOOOoOoOobbOoOOo

OO00000D0OOMACOOOODOOOODOO 33.100000000000

googoboobooboobogoboobooboobooobobobooobooboooboooDo
gbooboboobobobooboobobdobobobobobooboboobobo
gobobobobobobobobobobobobobobo I, 00DOob0OobDOobDOon
oooooog s;000 ;010000000 o0DOO00DOO0O0ODOO0O0OODDOOOO
gooobooboobooobooobooobooobooboooooboobobooobooon
gbooboboboobooobobobooboboobooobuooboboobobo

34



1
0.1 {Rapp=0.9
m ]
p
©
> 0.01
£
(%))
0
£
S 0.001
)
T
0.0001 ~{Rapp=0.9999

waves

018 o0ogoboobooobbooboobbooboobbooboo

gbogboobooboboobobuoboodobobobobooboboboobobo
gboobooboobobooobobooboboobobooboboobobooboboo
oooood0ooOOo0oO0oOooOoOoOoOo0obOOoOo0UobODbOOoOoDboOoOobDdsboboOo0.20
goooooo 171, 0000000 rO0D0OO0OOOQOOODOOODOOOT,=%00
gboooboobooobooboboooboooooboooooboooobooooDoo
gbbogboboobuobbdwbhooboboobobooboboobooooobo
gboooboboboobobdoobobobooboobooobobouoobooog rg
obobo 1,000 w0000 kOO0 boobDoDbOoo

Topp = k7 + (w — )T, (5)

gobooooboogovyyyubbooboboobboonooboobobooboboooooo
gobboobboogoboboobboeubboopoboobbooobooobo
gooobgo

35



w=50 w=10 w=5
250 ‘v T T T T T T
" // ,/ L
1 // //
] / //
1 ,/ / .;"F'n
200 | i / // x"" -
! / , ] wel
| // // ,\"‘ ‘o, .'
| / / .
/ / Q
I / 7 o
I / e
I' I/ / /‘,f
—. 150 || / : .
D, ! / o
> ! ! g
«© | ,’/ S ol
g S
100 ! / S e T
1’ / S et A+ el
I-]‘ + ‘. T
prett / '
T
e / / "
so ¥/ ]
{ ;S ey
H // J/ P //’
Rapp=0-9999 -t
li e
'/://;f,/// EzappZO.Q
0 2 1 1 | 1 1 | ]
0 2 4 6 8 10 12 14
T[s]

019 0000b000bo0booobooboobboobooobon

5.3 UUOoouououoon
gboogobooboobooobooobogobooil1boobogooooobooooboooDoo

goboboboboboboboboboooooobooooo 1 sgbgoboobgoooon
gooyooobooooooooboboboboooooboob 2000 YbO0b0OD
gboooooosboogb3ecobonoooonooboboobooboobobooboboo
gbooboboobobooobobooboooobobooobooboooobobo
gboobgoonooo99noooooboobooboboobonootsbobobobon
gbgobgiliogboscong2y00ooobOobOobDOnO 2000 3500200 700
ooooooo4000 27002000 8000000000 000000DO000O000OO
goboooboooobooooo
01800 (5)0000000000O0 0999000 090000000000O0O0O0O0O
gooobovoooooobooboboob 4000bo0ob100b0ooo0obooon
obo0999900000boooobOog 120000000000 00ob0o02000000
gooobooogobooooboooobobooobrooooboooboboboobooo
gbooboboboopooobooboboooobobooboboobooboobobo
goboooobooboobobbooboobobboooo20b0obbooboobOobo
gboooboobobooooogobboooobr bbb obooooboooobooon

36



gboobooobobooobooboboboboobobobooooboboobooobooboo
goboooboooobbooboobbooboobobooobooo
gooooo9oooobboooobboooobbooooboooob o203
000000000000 20a) 00000 20b)0 0000000 2000000000
oboboooobobbgo 200000300 4200000000000000000
gbooboboooobobooboboobobooobobooobobobooobooboo
goboboooboobboboo0o1l10booboo 2000 30booboooobooooo
gobodoboooobooboobboobbobooboobo2boo30boobn
gbooobooogoobobooooobooooboooobobooobobooobooo
gbobooboooooob3oubgobob2b000bo0oboobooboobooooon 30
gbooboboooobobooboboobobooobobooobobooboooobooboo
gbobgoboobobooboobobooboboooboobobooboobobo
gbobobobo
gboobobooboobobobooboboobooboobooboboobobo
gbobobooboobbo20bbobuoobuoobobuooboobobbobobooboo
gobooobooooboobooboooboobboo20000b00oooooboooo
00000000000 0O0o0o0ooOo0ooD20() 0000000000000 2500
gbooboobooooogbo200bobOobobooool10ooooboooon
100o0bo40000000000DOODOOGODODODDODLOOOOODOOOOODO
gboobooobooboboboooobobooobobooboobobobooobooboo
go2000boobooobobobobopboboobooboobobbobooboo
gobodboooobooboooboobobobobuooboooboboob 120000
gbobbobo1l10bobob 23000b00b0bobobobobobOobobOon
gbooboboobooobobooboboboboobobooboboobobo
gboboooboobooboobdoboobboooboboooboboooboobobooooboo
goboobooooobo »hobboobob 4036000000000 0000O0O0O00OO
gboooboooboboboovbooboboobobooo oboboobobo
gboobooobooboooboobooobooboboobobobooobobooooobobo
gobodboooboobooobboobuoobbooboobooboboobooo
O00ooOoOoloo0000doo0oO2100000 21(b)000100000000000
gboobooooboboooboboobobo20b0obo0obobobobooooobo
gbobgobooooooooboobobobobooobooobobobobobobo
gboboooogoboo20b0b0oboobo0oboboboOoo200b00b0b0ooboDbo
gbooboboboobooboboobobobobobooobooboobobooobooo

37



020 0000000000000000O o099 0000000000000 DO0ODOO

025000

Tapp [s]

Tapp [8]

w=50 w=10 w=5 w=2
250 T T T T — | :
o“‘
200 ~ . :
.*. ‘‘‘‘‘‘
150
100§ e
""""""""" syncrhonize
randomize ---%---
50 restrict random (c=0.8) —8—
restrict random (c=0.6) - -
restrict random (c=0.4) ---6--:
| resltrict randlom (c=0|.2) - -o--I .
0
0 2 4 6 8 10 12 14
T [s]
() JOO0DO0OUDOODOOD 099990000000 0OUOOO
w=50 w=10
70 —= T —— |
lor
G *
1% o ’*_-
'.,.Fu‘ .
50 H1i% e .
i .- .-
1
Q0 P
40 _-‘.- T @ e e L L@ T "“, _______________
syncrhonize - g
i randomize -:-%:--
30 il - restrict random (c=0.8) —&—
' restrict random (¢=0.6) --=-
restrict random (c=0.4) ---G:--
restrict random (c=0.2) = -e-- -
20 1 1 |
0 0.5 1 1.5
T[s]

(b) 0 20(2) 0000

38

w=1

w=2

w=1



700
-------------- /l w=1
600 7
e
500 _
w 400 _
s \ s ST
&
= 300 _
200 [ e g syncrhonize e
L randomize
restrict random (c=0.8) —8—
100 restrict random (c=0.6) - —#-- -
restrict random (c=0.4) ---6--
| | rlestrict randlom (c:0.2)I R TE
0
0 5 10 15 20 25 30
T[s]
() JOO0DO0OUDOODOOD 099990000000 0OUOOO
200 w=50 w=10
BOF e
............... =
160
140 |- 1o * @
a ‘ - .. P L .
8 120 pmo Pty
=2
100 w
syncrhonize
randomize w=1
80 restrict random (c=0.8) —8—
restrict random (c=0.6) = -&--
60 L restrict random (c=0.4) ---6--- |
| | | rlestrict ralmdom (920.2) e

0 0.5 1 15 2 2.5 3 35 4
T[s]

(b) 0 21(a) DO OO
02 0000000000000000o09%% 000000000000 0o00oooa
0 10000 0O

39



gboobooobobooboboobooobuobooooboobobobooooboooboo
gbooboboobooboobobooboboobobooooobooboobboobobo
gboobooboboobobobuoboboooboobooboboboobobo
gbooobooooboobooobooooboobooboboooooboobobooobooo
goog

40



6 UJUougubbooubboobnboooubooubboouboa
Joooo

gboobobooooboobooooobooboooboboooooboobooboooooonoooboo
gbooboboobooboooboboobobooboboobobobooobobo
gooobooooobboboogobboooobobooobooooboooobooon
gbogbouoouoobobuoobobooboboobobooboboboobobo
gbobooboobooobooliboobooobuooboooboobboobooboan
gooboobooooooboobbooooobobbooooobooobooooooboooo
goo
gboooboooboboogoboooooboooboobobooobooooboooDo
guoobbbooooboobboodooboboooobobboooobobboboooboobooo
gbooobooboooboboooobooooboobobbobooobooobooobooboo
gobooboooooboos20boobooooboobooooboobooonoboooo
099900 0000b0oboobOooboOoboobo20bUobbl1IObbOobLOoODbOon
20000000000DO0DODO0OODOOD 1DO0O0O0ODODODOODObObO0ODbO
goboodgboboooboobboobuoobboobuoobbooi1sbooaoboboooo
O QRO0O0O0000O0O0OooYgU0000lD0o0nuoogm 00000 nooonoo
0000000000000 0DO0O0O0
gbooooboooboboooboboobobooboboobobbooooboobobo
goooboobobooobooobooboobobooobooobooobooobooboobooo
gbobgobooobobooboboobobooboboobobooboboobobo
gboboboobooboobliobooboobooooboboooobbobboboooboo
goboobooboooboobboooboobbooboobboo 2000000000
oooodooooooooduoooddon Teye 000000 weyge DO OOOO0OO0
Ubobobooboobodbuil weaiwe BUODOOODOODODOODOOOOOOOO0OO
U0 weyele — wactive 00O OOO0O0O0O0O0O0O0OOO0O0O0OOO0O0OOO0OO0O0O
gboobobooobobooobobooooboboooboooboboboobobo
gbobgobooobboooboooobuooboboobobooboboboooobobo
goooboboooboobobooobooooboooboobooobooboobobooobooon
Oo000oo0o0o0OoooooooooooooOOOCOOOO0O0OMACODO ACKOOODO
gooooo
OO0000DOO0000bOOoOo00oDOOoUACKOODOOODOoOoDoOooooooooo
gbooboboobooooboobobobobooboboobobobobobo

41



Wil
'Vl:l u’lzz W;=3 cer Wi Waetive (PV,lecyC/P'f'l)u’,:Z W1:3

R
ST 17 177

777 177

Lo — REE—F — — FIURE—

0 22:.000000000000000000000000000000OO

gbodgboboobobboobuoobobuooboboobobuoouobbobobobo
goog

6.1 OOUOOo4oooOO

oo0ooOo s;00b0o00poooboo0oobooooooDoboOooon

w;0O04gog

gbooboboobobooobobuoooobooobobooboobooboooboobo
ocooooooooooooo s;0oooo00oooooooooooooooOoooo
goo

w;,0d 000000000000 000o0o0aoa0o

ooooo s; oo w,0ooooboooobboooooooooboooooo
ooobooboooDOoooO0o0 ww=100000000 5;,000000D000DO0ODO
ooooooboo ¢g;01-600000000 1000000

weyce OO0 OO0O0O00O00OOO0O0OOOO

0000000 Ty (0]000000000 7, [0]0000000 Teyle DOOODOO
O000000000000000000 weyeled Teyele/T, 0000000000000
0o0o00boooobD0 w;O0weyele+10000000000000000O000O0DO0O0OO
goog

42



Whe=1 é‘ 5' 5' > Eﬂﬂ%b
o w2t 11 11J0 w=34 [ 1 (1] fdfl o .

[#FLLRY—T R RERE | [ f#81- 6 TwE EPT |

|
I
117 |1
vl % O Ny, wo4iEFa
w2 T ¥ 1lo o

T 1] IS : ' w3l 1 T (LRILT)
ACKIZ&3 ¢ . . —— |
RU—THEEROEE ,K [AER TR TR | | .
ET . / > 14, Ui ERD
o 1 : 1 253 =3 I‘| ' T (LRIL2)
| | |
| 1|1 1! .
by Oy, RO el e, R
! o ' Jow=3 " '; T (LRILY)

«— EUHIEHR <« —-ACK A= = R —THIEMERODEHEE

U 23: ACKOOOOOOOOOOOoOooOoO

o wactive U O OO DOODOODODOODOODODOODO

100000000000 0000bOoo000oooooobooOog s;0oooOoOooo
oboboobDooool<w; <wactive 10 0000000D00OO0DOODOOOODOOODOO
Ubbooboobuodoboobudibiodibodl wactive <w; <weyle HUODOOOONO
goboooboobooobboobuoobobooboooo

gboooboboooboboooooboboobobuoobywoooobonoonoo
U0 w; 010000000 weyele UO0DOO0O000D0 wactive 00000000000

6.2 ACKOOOODODOODOOODOODOD

gbooboboooboobooboobobuoobobooboooobobooobobo
gboooboobooboboooboooooboooboboobobobobooboboo
gbooboobobobooobobooobooooboobooboboooboboboooooboo
100000000000 000000O00ODOO00O00O000O00 MACOO ACKOOO
gbooobobogo2300boogboobooooboobooboooobobooboboobooon
gbooboboobobooboboooboboobobooboboobobooobogao
OO0 ACKOOOOOooDoooOoooooooOoooooOooooooooooooooo
gboobooooboooboboobobooboboooboooboboooooobobo
U0o00bo0boboooobOonDUOnl wpDODOOODODOD weyclep, DOODOODOO

43



O0000000opoooO0oDoDO0O ACKOOODOOOOOO 1000000 OooACKDO
Ub0ooobooboobooibdbw 000000000000 00000 0ups > u;
goobooboboboboboobooooooobobobobobobuobooobobo
ogoo20000000000000000000O0OOOOODO ACKOOOOOOODOO
oboooboboogooboobobogo2000b0booobooboooooboboooboon
O000O000000oooooogo ACKOoooooooooooooooooooo
goboobooboooboobbooboob 23000booobooboooonoboooo
gobooboob1l1ooboooboobooboboobobobobbooboobooboboo
o0 s(k00D00Fk-100000000DOO00O0DOO0OODOOODOOODOODODOOOD
00o0o0o0000ooUoooooO0o00UOgU ACKooooogooooooooo
gboobooboobooboooboobobooooboboobooobobooooooboooboo
goboboobooboboobooobobooobo

6.3 UDOO00bOOO0ObOOoObOOobObOObOObOoO0bOo0ng

gboobobooouoobobooboboboboobobooboboobobo
gobooobooooboobooobboobuoo wobbooooooobooobooooo
gbooboboobobooboboobobooboboooooobooobobo
goooboobooooboboooboooooboobobooobooobooboobooon
oooboooobo2400ooooo+t«toboo0oobD SyooooosbooobDboOoon
obooOoooooooooooosos;oooio400000000000000000
t00o0oO00b00o0o0 Syoooboo0oboO0oooOobooOooD s;0pboOoOooDooo
00000000 ACKOOOOooOooooooooooooooooooooooooo
gbobobobobobobwO0ogbOooooobooboooooooooobooon
oo00000000000003000000000000000000 5;00000
Oo0o0ooooooooo0oO0oooooooooOooooACKOOOoooooooo
goobobobobobobobob r,0obogobooboooooboooooboooboooDoo
000D00ACKOOOODOOOOOODODODOOOoO0ODODOOoOooooOooooooooooo
000000 w;04000000000000000 S5, 000000000000000O
gobodgbbooobuogobooobooboooboaboon

gbooobobooooboobobobooooooobobobooooboboonoboooboooboo
goboobooooboobo i sgoboobooooboobooooboobobooobg
gbooboboobobooobooobbooboboobobooboboobobo
gbooboobooboooboooooboboooboobooobooobooboobooo

44



Ui:4

W=
cho|ai=30
Wactive=15

u=o

wi=4
Weyelei=00
Wactive i=1 0

Weyele, =00
Wactivey— 10

®

u=4

t+At

u=5
Wk:3

N
ACK

w;=8
ch::lej=30 chclai=50
Wactivej':1 5 Wactive;=10

u=5
Wk=4
Weycley =00

chclaj=30
Wactive;=15

t+T,+At

u=5
wi=4
Weyelei=00
Wactive;— 10

Weyele, =00
Wactivep— 10

node j failed in
transmission

Uj:4
w;=8
w:.-yclej=30
Wactive; =15
w=5
wi=4
Weycley =00
Wactive,=10
[
ACK
Uj=5
WJ':‘q-
Weyclej=50
Wactive;= 10

O 24: ACKOODOOODOODOOOODOO

45




gbooboooooboobooboboobobooobobooboboobobooobooboo
gbooboooboboboboooboooobobobsbobobooboobooobobobo
gboboooboboobooobobooboobobooboboobooobobo
gooobooogoobooooboooobooogboobobboobobooobooo
gboboboboobobobobooooobooboboboibDOl weetiwe BOOOOO
O0000000ooooOo0o0o000U00ooDooooOO00OoUoooODoOOOD ACK
gboobooooboobobooboobobooobooobooboboobobo
goboobobooboboobobuooooboboobbooboboboboobobo
gboooboobogoboooboooboobooobobooobooooboobobooboobooo
goood

6.4 ODUO0OO0OO0OODOOOOOODOOO

0000000000000 000000000000000000000000000
000000010000000000000000000000000000000000
00000000 7,0200000000000000000000000000000
0D0000000000000000000000000 200000000 w0 100
00000000 w0 000000000000000000 weyeeD 100000000
weetive 1 30 0000000000000 ACKODOOODOOOOOOOOOOOOOOO
00000 Teyete 0 Ty X eyqe = 20000 000000000000000000000
0080000000000 0D0D0D w020000000000 w0 0000000
00000000000 weyee D 80000000 Waetiwe D 5000000000000
00 ACKODOODODOOOOODOOOOOOOOOOO0000020000 1600000000
0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
000000000000 00000000000000000000000000000
00000000000000000000000000000000000000000
0000000000000000 Tuyw 015000 050000000000 0.9999
000000000000000020000000020000000020000000
0000000000000 Ty [0]J000000 R, 000000000000000
000 wD0OO0O0OO0O000-0000010000000000000000000000
00030027 [0)00000000000000000000000000

2Tw

(6)

Tcy cle

46



gboboobobooobooboobooboooboboboboooboobooboooboboo
gboooboooboboboobooboboooobobooboobobbobooooo
00o0o0o0oDoogo2=040000

6.5 UOUOO4OOOOOOd

ooboOoDOoOo0oO0oOooDooOoOoOoOobOoboOoOoOooo200ooooon s;oooooo
bodb ;01000000000

0000000000 000O00D0ODO00 25(x)00000 2000000000000
gboboooogobobo3obobobooobooboobobooo soooouoboboooon
0000000 0D0ob0o0oobD0ob0b0o00ooDODODUO0D waeetive D 30000
gooboobooooobooboooo3boboooooobooooooobooooo 100
D00 300000000000 weyee — Waetive = 710 00000000000000
gboboobobo40b0oobobooboobobooboobooboobobo
gboooboobooooboboobogobobob110obob30bboobOob 2000
O00o00000oooooooooooooD 400000000 ACKOOOOOOoOOo
gbooboooboboooboboooooboboobooboboobobobobooobooboo
gbooooboobobobobooboobooboooobobooboboooboonoo
00008UODUOODUDOODUDOOUOOUDOOUDOOUOOO 25(b)000O00OOOODO
gboooboooboobooooobooobobooooboooboobooboob1booo
gbobobobooboboobuooobobooboobooboobobobooboaon
gbooboooooooboboobobooboboobooboobooboboooboboo
gobooboobpboobooboon

gboogobooobobooobooobooobooboooboboooboooobooobo
ggbobodgbbobbodgbboobbooobboobboobbuoobboooboo
0(6)00002000000000000000000OOOOO0OOOOOODOOOO
oboboboboooooooobooooooobooboo oo 1obgooooboooDoo
O0o000o0o00oO00oOoUo0ooOo0oOo0oOoUoOOoUoOoUoOOoUO (6)ooboOo
gbooooobooooboboogobooooboboobooboboooobobooobooo
gobodgbooobobooon

47



sensor identifier

sensor identifier

time [s]

(byOOUOUOUDOOODOOUOOOUDOOOOOO

U 25:00dboooobogboboooboobooobobooobbooboobbon

48



duty cycle

1¢ T 1 T L T ] T T
E with proposal sleep control method -
without proposal sleep control method
0.1 a
..... +++..+_++++
0.01 T
0.001 t—1— — — e
0.0001 0.001 0.01 0.1

ratio of missing data

026 000000000000000040n

49




v Uogg

gbooobooboooboobooobogoboooooobbobooooobboboobooDbo
gboggbuooboboobobooboboobobooboooboboobobo
gbboobooboobooboobobbobooboobooboboboboboboon
gbooboobgoobooooobobbobooobobobooboooboboobooooboboo
gboobobooboboobobobooboboobobooboboobooobobo
goooboobooobobobooobooboooboooboobooboboobooobooon
gbobobgoooboboobobogbobooboboobobobooobobo
00000000000 0ORFAOCOCOOOOUOOOODOOOODOODODO 09999000
obobobobobooleobobogooooooboobooooboooooooooon
ggboboobobooobooobooobboobboobobooobboobbooo
l100b00oboooooobobooboobooboboooobobobooooobooon
golooooboboooooboobobobooooooboboboboo099Y9000n
obobobob 4200000 8000000000000000O0O0O0O0OOOO0O0OOO
gobooboooboobooooboobooobooowobi1boooboo

50



HEN

gboogbooobogobboboooobooooboooobooooboooboobooobo
gbooboobooboobobuooouogoobooboboobuooboboobobo
gboobooboobooboboobobooobobobobooooboboooboo
gbooobooobobobooobooboboobobobooboooboboobooobooo
gboobobobooboboobooboboooboboooobobooboboobo
gboooboooboboooobooboobobooooboobooobooboboooo
gobodboobobooboobbooboobbooo

51



godad

1]

2]

T. Arampatzis, J. Lygeros, and S. Manesis, “A survey of applications of wireless
sensors and wireless sensor networks,” in Proceedings of the 13th Mediterranean Con-

ference on Control and Automation, pp. 719-724, June 2005.

I. Akyildiz, W. Su, Y. Sankarasubramaniam, and E. Cayirci, “Wireless sensor net-
works: a survey,” Computer Networks (Elsevier) journal, vol. 38, pp. 393-422, Mar.
2002.

N. Wakamiya and M. Murata, “Synchronization-based data gathering scheme for
sensor networks,” IEICE Transactions on Communications, vol. E88-B, pp. 873-881,
Mar. 2005.

Y. Taniguchi, N. Wakamiya, and M. Murata, “A traveling wave based communication
mechanism for wireless sensor networks,” Journal of Networks, vol. 2, pp. 24-32, Sept.

2007.

S. Kashihara, N. Wakamiya, and M. Murata, “Implementation and evaluation of a
synchronization-based data gathering scheme for sensor networks,” in Proceedings
of IEEE International Conference on Communications, Wireless Networking (ICC
2005), vol. 105, pp. 19-24, May 2005.

OO0 00,00 00,00 OO0, “00000000000OOCO0OOODOODOODOOO
000d00DoOo0Oo00,, 000000000000 0000NS2007-400, vol. 107,
pp- 1-6, Sept. 2007.

00 000,00 00,00 00,0000000000000000000000
0000000000000 00000000000, 0000000000000
00 0 IN2005-1590 , vol. 105, pp. 19-24, May 2006.

I. B. C. Services, “00000000000O00DOOOODO-0D000000O00OO
O000000-” available at http: //www. meti. go. jp/ committee/materials/
downloadfiles/ g71101c047. pdf, Nov. 2007.

ooooooooOoOoooooOoOoooooOoOooooO, “oobobboooooDoood
O0O0DOD0O0000),) available at http: //www. soumu. go. jp/ s—news/ 2004/
040806 _4 _b2. html, July 2007.

52



[10]

[11]

[12]

[13]

[14]

[15]

[16]

I. F. Akyildiz, T. Melodia, and K. R. Chowdhury, “A survey on wireless multimedia
sensor networks,” Computer Networks, vol. 51, no. 4, pp. 921-960, 2007.

J. N. Al-Karaki and A. E. Kamal, “Routing techniques in wireless sensor networks: a
survey,” in Proceedings of IEEFE International Conference on Communications, Wire-

less Networking, vol. 11, pp. 6-28, Dec. 2004.

R. E. Mirollo and S. H. Strogatz, “Synchronization of pulse-coupled biological oscil-
lators,” Journal on Applied Mathematics, vol. 50, pp. 1645-1662, Dec. 1990.

P. Goel and B. Ermentrout, “Synchrony, stability, and firing patterns in pulse-coupled
oscillators,” Physica D, pp. 191-216, Mar. 2002.

W. R. Heinzelman, A. Chandrakasan, and H. Balakrishnan, “Energy-efficient com-
munication protocol for wireless microsensor networks,” in Proceedings of Wireless

Communication and Networking Conference, pp. 3005-3014, Jan. 2000.

IEEE Std. 802.15.4 - 2003, “Standard for telecommunications and information ex-
change between systems - local area metropolitan area networks - specific require-
ments - wireless medium access control (mac) and physical layer (phy) specifications

for low rate wireless personal area networks (wpan).”

G. Werner-Allen, G. Tewari, A. Patel, M. Welsh, and R. Nagpal, “Firefly-inspired
sensor network synchronicity with realistic radio effects,” in Proceedings of the 3rd
ACM International Conference on Embedded Networked Sensor Systems (SenSys '05),
pp. 142-153, Jan. 2005.

53



