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FILTERING AND CONTROL FOR
THE IEEE 802.15.4 BASED
NETWORKED CONTROL SYSTEM

ABSTRACT

Conventional control systems rely on wired connections to components such as
sensors, controllers and actuators. With the development of wireless communication
technologies, components of the control system can be connected using different
wireless networks, forming the so-called wireless networked control systems (WNCSs).
WNCSs integrate three elements of control, computing and wireless communication and
have the advantages of low cost, easy deployment, easy expansion, and remote
networking and thus are applied in home, industry, aerospace, agriculture, etc. However,
compared with the wired communication, the wireless communication has more
obvious communication constraints of network-induced delay and packet loss and
packet disorder, which not only affects the performance of the control system, but also
may cause instability of the control system in severe case; In addition, the introduction
of wireless communication brings about new issues like node energy-efficiency and
multi-packet transmission; these problems have attracted the attention of many
researchers.

As a specific wireless networked control system, IEEE 802.15.4 based networked
control system deserves particular attention. On the one hand, the IEEE 802.15.4
standard is widely used in wireless sensor and actuator networks; on the other hand, the
standard is the basis for the ZigBee protocol which is widely used in Internet of Things,
the ISA100.11a and WirelessHART protocols which are widely used in industrial
automation.

The IEEE 802.15.4 standard is a wireless standard defined to support low-cost,
low-data-rate communication between devices, these devices are usually powered by

batteries with limited capacity, so the energy efficiency problem becomes a hot issue in

I
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IEEE 802.15.4 networked control system. In addition, IEEE 802.15.4 networks support
contention channel-access and hybrid channel-access. The hybrid channel-access is a
big advantage of IEEE 802.15.4 network, how to use this advantage to make reasonable
resource scheduling is another issue worthy of attention. This thesis has studied these
problems and obtained the following results:

(1) Aiming at the tradeoff between filtering performance and energy efficiency in
the IEEE 802.15.4 networked control system with contention channel-access, an
adaptive CSMA/CA parameter tuning mechanism based on sensors’ critical arrival rates
is proposed for the first time. The difficulty in implementing this mechanism is to
calculate the critical arrival rates of the sensors. To deal with this difficulty, this thesis
presents two new linear matrix inequalities for solving the critical arrival rates of the
sensors, which avoids the problem that the dimension of the traditional linear matrix
inequality condition increases exponentially with the number of sensors causing the
difficulty of calculating the critical arrival rates of each sensors. This critical arrival
rates based adaptive CSMA/CA parameter tuning mechanism can increase the energy
efficiency of the overall system while maintaining satisfactory performance of the filter.

(2) Aiming at the tradeoff between system performance (including control
trajectory and system lifetime) and contention-free communication resources in the
IEEE 802.15.4 networked control systems with hybrid channel-access, a less
conservative self-triggering model is designed and then a new control structure based on
gain scheduler and network scheduler is proposed. Under the control structure, only the
sensing data of the system is transmitted through the wireless network, one-step sensing
data is used to calculate multi-step control inputs, and network scheduler implements
resource scheduling based on a designed hybrid scheduling algorithm. The control
structure optimizes the utilization efficiency of contention-free communication

resources under the premise of ensuring satisfactory system performance.

KEY WORDS: Wireless Networked Control System,IEEE 802.15.4,Energy-Efficiency,
Network Scheduling
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DA T DU o — AN RUBAT 00 EEA% R B LT R 2 T HEBA I SR o G5 I 2 b5 42
il R G0 2 A1 B A5 28 H S fRUF To 2k M 2 A i 1l R e e PR G R 25, SCHR[69]
W5 7 IEEE 802.15.4 FERI B CSMA/CA 1815 SiEH| 28 B A & i m i, HAHT
—FhBEARTHHELE . 5k, 45 IEEE 802.15.4 W48 () E AU ME R A IE IR 14> AR A,
R S B Il B A4 145 21 DA FE RN 2575 5 3R O 2B 1 45 1) H A R B0OR 32 )
RE AT AT X 2o

(3) JRAEEREN. 24 [EEE 802.15.4 M4 TAE(EE i fe 46 1E NI, MZ& 1)
A5 TN CAP M CFP, XFHRE AN NGA TR TR MBI ANET
WRERNBIR A, RIBENUEE NS bR T BEFN [R5 (R JT40, T 8 B2 4 A\ Ji I Vi B
NV LIRS AT s il SR MR IR 55 BT X 2 IRBRIR A 3 NI R 48 B %
TRIRBE I, SCRR[7018R H T AR AN R I 308 2% 73 ic CAP FI CFP [T &, —4
RETEESER GETEEE , A RETRESE B E A a2 6] 5
Z= (ETFEHE) . SHYECAHEE, i am iy Zim T /R a e
i, A, BETEGZEN T ZE T A TEEREN T RE SRR E. X
BR[7173E 4 7 —MH ) IEEE 802.15.4 4% 5 W 28 A0 45 1) 2R Ge ff b [B) 4 17 v, 36t
TP IR % 1) E Al R CR R AR T R T IS ) B & NN, TR ORI T R R4
J) — B A S [R5 R AR AL S (BRI S 0T T THI R e BT #E . STHR[72]
PRALT —FhEh G T AR I RRE . L MAC P SURII B S i Wit I ik, %t
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FELRUE T 421t BE A [R) B £ w5 1 P 28 BE R R R, SR 0T VR 22 SR 1224 TEEE
802.15.4 1] MAC Whil. SCHR[45]78 1 22 FA Ba4a il A o 7 1A B KA 150 vt [l
et T — PR AR AR i, R 2R A T — o R AR
(RO B2 B SCRR[7314E 1 T —FhRh G 1 B R SRR RS fid SR R T R SRAE L
i, AZMLHIZE TR DRI ) RGN A R — B AT 1) R I 1 TG 2 A% T 2% I 2% 1) i
BRI AR T B Rl RAE AT A fid A SR B R R K TIE 4 A% SR 2 Y 245
(R AETE BRI B0 D B ik AR A 5 AR I PR 51 1% « STHR[4318F 98 7 - 1EEE 802.15.4
IR 286 VR 5 2 N (1) VR P 5 S o) I i ol PR e s el R A0 ARA TG IR B s 2 1 — Uk
HH bR RS T 255 75 R 3E B NFEE T G B N IR 3 1) 2% - B 2R IC & 1T 3
%o

3

Eibly

1.3 IEEE 802.15.4 N [&RIENE

IEEE 802.15.4 FinifE e Jy SEIARHE 3 (1) o Ze AN T 1) € 5 b iz M T
TEAL DS . PAT AW P tbah, ZbRAE R EPI N 32 NI ZigBee X
75Tl A B4k A5 DK ISA100.11a Fl WirelessHART i3 (¥ 565tk o 3 37 F 3 5 .45 -
FE. L] MEEMENMESEE 24, @R, RREFmPWN; LA,
Wk . WP A7 T SER ERER AR,

HRAE TR 48 HH% (Open System Interconnect, OSI) Z#% %%, IEEE 802.15.4
PR S TR Z R ELE (PHY) A2 A #2512 (Medium Access Control,
MAC) , EEWHFFREESLH. HAN N R T EARhUERE GL(E
T8 AT AR, W o 4 28 Ak 45 1) 3 St i B AR B B AT UK IR 52 . TEEE 802.15.4
WHERIN BN ZE SR G FIEEAMZE S EEREARM TR, AR SO AA
[FSTERENTT AN MBS REEHAT TR, T ORI RS E AT 2
BTN
13.1 SREREEAN

IEEE 802.15.4 i &l LU B P FPAS A 0 AR, A SO FE A5 bl e
(Beacon-enabled) iz, EZBIT, W& LUREE ESHT SBE PR, 1S5
Mt & TR EBEEE (B 1-2) , KREKEHZMZ B RS WREEIRERE R E
RS E TR TR, AT SC I B U 28 0 BEAS X 2 i g i A R P . Hodd &
B 2 A FH R ot 25 g R B S AR o M — AMEFRMIUT A6 B —ME AR
BIEE R, Erl DA e AE & JETE BRI BE (Inactive period) (& 1-3) , XN
FRMTE RIS B (Active period B{# Superframe duration, SD) F{E#R[AIfE (Beacon
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Bytes: 2 1 4/10 variable 2 variable | variable | variable 2/4
Frame Sequence | Addressing %gzqi:]my Superframe GTS Pending Beacon FCS
Control Number fields Hea dg Specification Info address Payload

B 12 fEhehikX

Figure 1-2. Beacon frame format

Bn

Al
T & A TR BRI R A NE
{547
- )
A IR B R Ng

B 1-3 IEEE 802.15.4 /845
Figure 1-3. IEEE 802.15.4 superframe structure

interval, BD 730 AlHMMAFERIZE, #EWiTEEL (macSuperframeOrder, SO) Hl
EFr$820 (macBeaconOrder, BO) i, HJ)
SD = aBaseSuperframeDuration x 2°°
BI = aBaseSuperframeDuration x 2”°
HH aBaseSuperframeDuration 3 MAC %0, 4R EME N 2.4GHz B %,
HAH N 15.36ms; B SH0H R 0<SO<BO<14, HILY SO < BOW, it &k
TR B TEANIE BRI BUEEAN R 28 A TR DD 2 RS, DRI W 1 28 A e 152 45 7T DA
44 REFE AT RE K 28 1) AR K.
FER I )35 BR T B g 38 43 1 16 DM EK AR B (Time slots) » 1T SD B
SO =4, BN RN KERZEm . HRA B =Nk, Eie. o
B2\ B (Contention Access Period, CAP) FIIETE 4+ 82 NI B (Contention Free
Period, CFP) . Te§- NI BB HAGEARTTIG, 7£ CAP 1A 75 ZAL 5 IR 55 1 i %
T I B BRI 22 % U7 IR R R EE 4 (slotted Carrier Sense Multiple Access with
Collision Avoidan, slotted CSMA/CA) Ll (W, 1.3.2 /NTIIFEAN 4D RIKEUE
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C it I CSMA/CA)

v

NB = 0, CW = CW,

BE= min(z,
BE = macMinBe macMinBe)
r |
5 o B 8 8 [E) B
g

%

MJ0,2BE—1 | BE#L
HE

IR I 1
#HITE R
CCA {E1EHM
&
&
NB = NB+1
CW = CW, =
BE = min(BE+1,

macMaxBe)

macMaxCsma
Backoffs?

&l 1-4 IEEE 802.15.4 B CSMA/CA %2 A
Figure 1-4. The CSMA/CA algorithm

Zi{5i8. CFP H{RFEIF R (Guaranteed Time Slot, GTS) 1, GTS LARSRRAHAL
PR ESR AL, AR &R 7 Z 4k (Time division multiple access, TDMA) .
A GTS W DL & 2 AL R, BN iR 2 fLVF 7 4> GTS. Wi, fifH
ikt B R 50 26 W] LR HUAS T A a0

Al CAcknowledgment frame) HIME 4 REA 75 E 5w 4+ WA FF 2240 GTS,
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e RS B e LR GE
132 THREEEAN

AN BB FRAE R R IR B CSMA/CA 2 B F BARRAR . 154
1B 36 J& B (backoff period, 320us) Fl =ANEE S, 1BEEKEL (Number of BackofT,
NB) . 74+ 1 (Contention Window, CW) FIIR 541 (Backoff Exponent, BE) .
IR I8 2 CSMA/CA ik 2 H S [R] B4, & S BE B MAC & 2L aUnitBackoffPeriod
ZHE s T RERENAG IE N 7] BE 2 Al 2IE 18 ST TS 00, IS5 m 75 AT R
B, BT — XXM ERE NBWIAEME N 0)E S 1, DI NB idsg i1 A7E
CSMA/CA i P M IR EEEL: CW i€ L TS IE W CSMA/CA ML HI & = R BT 75
B RF SR e JE A, e U AU U BE T 1E S CW MR A A,
A RVF REANGIE . BE BRUE R EN A AT REVEE], & W EAR T S5 1R 8T
K

I B CSMA/CA Fik BARRAE QI 1-4 iR HAo CWo &R CW [HHT461HE ,
B 2. macMinBe 1 macMaxBe 43 7)7& BE B4 4 AH A1 50 VF 1 H KAH -
macMaxCsmaBackoffs 52 CSMA/CA SFIEAE 7 B4 N A5 18 R U AT D2 i o RIR
WERE . ZEIEFEN AT R

(1) XZ¥NB, CW, BE #17#I4h1k . 18H A NB=0, CWo=2, macMinBe=3;

(2) WHEIBRER . &8N KL XTE[0, 320255 us I35 794 5

(3) ik CCA B TLLAFE TN E R

(4) {HIEAE2SIN, W EH NB, CW, BE =45, ({15 NB=NB+1, CW=CW,,
BE = min(BE+1,macMaxBe) . 41 R 1B & X &8 & o v 1 & K AE (B
NB>macMaxCsmaBackoffs), WHIATES R BN, FRKEIRRIEER (2)

(5 WRFEERTH, AT CW=CW-1. WE CW =0 I EHEHEE, SR
[BIPEE (3D $ATH Tk CCA.

i CSMA/CA N R FTLLE | MAC [ EAALH], Bl FEREK CSMA/CA
BNGIE, DASmEREm vl gtk . BEAANLER TIER, 48 HE e,
H b1 e 00 250 FE WSCR B5 i i J S B R IS A T, SR A 1) s 0 B 2 T DL EEL AR

macMaxFrameRetries X .

1.4 ANXHEETE

AT 3T IEEE 802.15.4 M 4840156 R e A EH], F B TAE
WA
(1) X3 4{EiEB T IEEE 802.15.4 WAk iaH] RS sk M fe 5 e B3
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A A 1) REEAT 1 W98 o AE R IZ IR RS B 1 A AR R R I A BIA FR W H E M
CSMA/CA S o SEIAZALHI 3 fU7E T3 DR AR ORAE R /R 2 2805 48 B AR E
PER) AL RS I A RNIAZ . MRS T PR R ff AL B s It 7 2138 22 1R
RN PEATER I, WG T DA A% G e MR B AN S TSR 1R 1) 4 B bt A s Bl i 2 9
G A LA SR AR I R BIA FE 0 r) . 1% TR AR I A RIE R 1) H
&R, CSMA/CA ZHHLTI BE 75 LRUE I B I B AR PERE AT 42 R 32T T BN RS
REER

(2) SHRAFEE AT IEEES02.15.4 ML fbizl R b REttERE 5 AE 5 4+l
5 BRIR AU AT TR AL, R RGP BRI P AN R S A A A
o HZIEE, Eih 7RO B AR AR, Rt T — AR T
TSRS R RR B B 50 . TR HIS T, RA RanEREdEs
W ICZE M 2 AR, — AR IREE TR 2 BN, 2 R AR AR T
TR B U FE R S B R A T o % ) 5 M A DR R T R I R PR RE B AT ER N ARG T
XT HE T S A TR IR FH AR

AL ZHE: H— TR, B TR T P EEBEN T R/R2IEH
g 5 =TS TR G EEEN TN IRESES; &EEHNELLS T2
SCHIBIEFE TAE FERE AR B TAESE R B
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S5 & IEEE 802.15.4 = E1BIENTHIEK RGeS

A5 #5 B % [ IEEE 802.15.4 W 284045 i 2 48 (1)< /R 2 08 R G AR Ak i
Hi RGURSIRI 2 AL BRE R &, XL K3 IEIT CSMA/CA So4 MLk 3k
BUETE, FHm-R/RS BN AOE A R NESE . BAE 2.1 W R M
% ARG AELE IR A5 TR R 5 B 2= RCR BT I AT T /IR HRAE 2.2 Wi T
BT 280 A5 SRR BB HEE1E 2.3 AL R/R S N4 I BE LR
SENEHAT 190 BT 9528 SR AR [R5 ISR I SR BIA 2 B s B JE 7E 2.4 1R F SR
e S BE R & T HIERN CSMA/CA S0 e Hik,

2.1 [B)RafEk

ZIEWE 2-1 i RS R E, B2 AR A KRG HT R AT
Xy = Ax, + 0,
(2-1)

v, =Cx, +v,
ot de R™ R RGUIE, Ce R BIRINE. x e R RRGRE, », k" &
MEME, o REXRGES, o ARINMEMRS, ARETHE. HiXo,, o MR
AR x, AR = E, HHo,, o BMERNZERETITZ 595
NO=0FR>0.

Sensor 1

IEEE Kalman
CSMA/CA

Sensor r

& 2-1 IEEE 802.15.4 EHEEEN T HIBK RSHER
Figure 2-1. Block diagram of filtering system with IEEE 802.15.4 contention
channel-access

X R EPIRES B r MBS &, BRAME AR 58 40 38 1T IEEE 802.15.4
WAL . TEASFRE AR N IEEE 802.15.4 JCZ M2, A4 Jak e SEAE (3845
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BE BAE—AMEREF N IEL CSMA/CA HLHIR w4 LS E e itz (A
RENGIETERIEAFIRIEDEAR) o BINALE R 20 S 1 s 25 13N
(FRONUATINEE B o £ F—AMEARRIBRIF LRI, 2] 35 SR HCIE Ik 45 14 H
BURRSAETHE R, R ARG B RESPAT N B — P ARz, BT &
AL REER B A A AT RE R B ENA, SR AR AR T 280 W EE RN
IR PR AL,

AN [F) A S P O B0 0 30 25 1 R PR B2 A R FE AN (] o A0 S b 25 2 — G A% S 8 )
BAREA S R/R SIS RGeS RS D&M EE R
SRR ZIEP S ATEPY, H, ERIEEHKFIREATRT, AFRREFI%
BRI GEE & B SE AR I LD MERIFAMIE . 5—J7 0, mTE
ERIN CSMA/CA ML N &MEIREE AP RAEE, S NENBIAZRMEE,
It IEEE 802.15.4 $rAEIERIN CSMA/CA HLHIME LA &5 B X B8 R 1 2 A
Ko

1E CSMA/CA LT, LIS EH(EE R IR, B RSk~ Bk
i, TR EE R BN, FNHEMEREEK (W 132 /04 . [
U, KRB AR PERE R B/ NAR IR T LIRSS B S 5 EE S AL )1, IS
RGN H B b ] 22 i AN ] 4% S 2 0 YD A5 14 B8 15 T FE B DL AR HE 1% 48 A
KB B AL RS S 5B T4 1 RE ) R BT R /R 2 U8V RE 5 Be B R M U
£,

BERHX —ME R, ARF L T — PR T B I S 2IA M H & Y. CSMA/CA £
BOROE U] A2 BRI A BA 22 (R UE-R /R 2 I8 LA B HLAR E () oG48 A5, DRIt
AR N AN R A AR R R 2 B AR MERE IS R b, SR T A% e 28 M R B AN 2
AR 1) 4 B0 B A I B i 2 PR B K P25 I Sk B 2R By o H B SR R, A
X% ) s T SR ALIG R BIR ZR R T &

2.2 FEEEEIT

FREICEA RN, WATE N Z AR IR SR PAER .
221 RIRSIEEMZ IR
e B Za (R0 2 7SR5 RARAE v = {005 Vio- -0 0} FRPEUNR 5E X
R 2ELx, | 4]
Py 2B, = %05, — X0 " [ vo]
Rew S ELx, o]
P

A ~ A NT Lk
e = IO = X0 ) (0 = X)) | Vo]
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HAP B[ | 1R F NS i -RR 2UERAS RS T RoR N

Xsge = Axk\k

Py = AB, AT +0 &2
I 5 7 A
R = S K i =G
K, =P C (CP,,C" +R)" (2-3)
Proin = Py ~ K aCPy
LA AR(2-3)(2-3), BE|—BRATUN T AR 477 2
£k+uk = Afck‘,{_l +K,(y, — Cfck‘k_l) (2-4a)
Py = APy A" + 0~ AP.,,C"(CP,, .C" +R)'CP,, A" (2-4b)

G A, QREA, CHMN-R/RSJEHBIE, IRRHETTFEQ-4b) sk,
3 2-1 R — B TR ZS A 142 R Al T35 40 S U A2 1 — B 2 i & 13
222 ETEZNEBANEERNFREBIEHK
ROR B PR AR (2-2)F1(2-3) EE R SE B & A5 BAE NN, BIAEH T 244 1%
FIE NIRRT, EZFET, REQ-DHIIINER B TR KA

Yik G Vik
Yok C Vak

) e F A (2-5)
yr,k ér Vr,k

Hory, e RV Qls, =m) R BERi MrE, o, AAHRIH MRS (3
i=1

AT |, R > 0 ARy 2R o 2 Bl £ S E 2 i1
A 1 8% PR IR A5 VAT PR AN ) A% SR i P 98 20 I R AL Al AR SO ] — ZHL B AL AR 8 oK
g, AN

0 MFIEL R R R
Forp = 1,2, JF LB LAE B o SR L A A 55 B 4155 R 40 A . Rt
R=diag{R, Ry,..., R YT, RFEMKIBAR, R, ..., R F0H 0 TC R ORI, FEIR oS
(4 T B 2 Prio, =1y = p,» Hooh Priy ZoR S .

Tk IR By, IRAEQ-S), R RIS B TR R

e =Cx, +v,

_{1 RTINS B AR BRI

Hory, BT AR A R, .
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HRAE (2-4)F1 & BF 2] (R0 245 B v BT h R /R 28 a0 R
X = Xy + K (v, — Co)
B, =AB, A" +0-K.CP, A
K, =A4P, C/(C.P, C; +R,)"

(2-6a)

(2-6b)

WO MEIA N =2 — VAL AN, 0% 2-1 s, JUb ¢ RIR 3 43
G305 452 AN K MU HE 0 57 4 A 0 OB 2 S I D J A

W 2R (B 2-1) 5 AR i N A E R, R

HA

1ﬂLL&kﬁ%%%%@%ﬂ@@%ﬁ%%3ﬂ%%%%l,Mn:[

G| .| C R, 0| [R 0
|:y1’k:| Xﬂ‘@ Ck = ,\3 E‘Z Al =C5 ’ Rk = 3 A E‘k— ! A =R5 o
Vi G G, 0 R 0 R

®2-1 HONMENAEHL

Table 2-2. Combinations of partial observations

H &
¥ 5 G R | 4
o, | . o, | o
0 ololol]o]|C R |4
1 olo|ol| 1] C R | A
2 olol|l1]o0]C R |4
3 olo | 1] 1]C R | A4
N L1 |11 |C Ry| A

2.3 FENR E M DT Rlm A BIA R KR

(2-7)

(2-8)

y3,k:|E‘z

Lk

ROR B I A% (2-6) (1) 1 Rl AT DU I B R R 2 W U7 2 R Sk, R AR A
R 2-6) T C(CRC +R)'C Il NTHETHS, C6)FTHE, ., B,,H

HmP, P, %, BHHCI(C,PRC]+R)"'C,
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=(TC,)'[TC,P(TC,)" +TR,T"T'TC,

=C/T'[T(C.RC +R)T'T'TC,

=C(C.RC!+R)'C,
HR R T RoRAT SR . IR C, A R, BT 1) S PRI HE B IR A 5 i i 22 )
Ji R REREAR. I C A R, KA E (2-6b) T C IR,

% R R AR AR TR (2-6b) I BENLME, A B T A B R 22 W U 22 R RE B P, ]

Hlesitt, A ELRREIE . @ S e 2

Eppop (X)=AXA" +0

N 2-9
Y A AXCT(CXCT + R CXAT =
i=1
Hb x>0, H
E[Pk-H |Pk]:gp1p2...p,. (Pk) (2_10)
E(F.,1=Elg,,, , (FB)] (2-11)
SR 2-1. HiMlg,, , (X) B IR HER:

0) WR pP <p?s Hopoes Dy Do 0, 5E Wig, 0 (X)2

g @) (X) H

(o) Wk X REBENLRFRFFEIS 4 A, AB[X]4" +O<Eg,,  (XI<g,, , EX])-
WERR: X H HUEB(b)IL, (a) (c)AIIE S5 3CHR[S0128 L. ERE R (kiR A E
B, Ai=1 e A0, 2P Y p T p, p® BRI A BME . i AR,
22 AV 28 A0 4
A=p®) A=) p p e
Hite,e, ,(X=g0, X

Dy

N
= YAV -2)4axc(CXC +R)'CXAT

i=l

N-1
2

= Z (pl(l) - pél))/’i’Zn,even [AXC;;H—I (CZn+1XCZTn+1 + 72’2n+1 )71 C2n-¢—1)(14T
n=0

- A4AXC,) (C,,XC, +R,,)"'C,, XA"]

=

-1

I
M

(pl(l) - pl(z))/’i’Zn,evenAX[C;nH(C XCT

2n+1 2n+l

+ 72’2n+1)_ICZ

n+l

3
Il
(=}

- CZTn (CZnXCZTn + RZn )_1 CZn ]XAT
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‘Fﬁﬁ,ﬂ‘]ﬁE% AC(n) é C;n+l(c2n+1XCZ];1+l + R2n+l)_1C2n+l - Czl; (CZnXC;n + 7?/2n)_lCZn 2 O ° /7"\

M, M,
M, M,
My, NRFRIESERERE, AR 70 HURE R 176

(CanczTn + Rzn)_l =M, _M21M1_11M12
XA C,,(C,,XC, +R,,)'Cy,

- o 0
= CZn+1 T -1 C2n+1
O (CZnXCZn + RZn)

CZn+l = [ClT > CzTn]T ’ (C2n+1XczTn+1 + 7?’2n+1)_1 = {

. (o 0
= CZn+l -1 CZn+l
0 Mzz _leManz
Jr A

T Mu M12
AC(n) = Can 1 C2n+1
M21 Mzz_(Mzz_leManz)

A M, M, C
- 2n+1 M M M—lM 2n+1
21 21 11 12

M, >0, M, M 'M,-M,M'M,=0, FrLk

Mll M12
2 >0
M21 M21M11M12
BHANHEC =M 'M,C,, WL, IEEE.
E2-2.0 mH5IHE 2-1(c) AR (2-11)
E[Pk-H] S gplpz...p,. (E[Pk])

}"/ﬁ\:EPMlz :Mle’

SIXSI
M, eR™,

(2-12)

2V, =E[R], HFWEFIV, =g, V). HE-IDFER]I<V,, H5IH 2-1(a),
SR B[P, <V, « LAILZEHE, SHER I &, Wi 2 B[P 1<V, - Rl R v, Wk, 4 B[R]
A 5te WIECHR[54], HAghienl DLHE 2 - A&, 1520518 2-2 5|5

2-3.
5138 2-2.45 (4,0) Al 4%, WRAFIE Z,Z,,...,Z,, HO<Y <[ 2 ¥, (Y, 2, Z,,.. . Z)) =
I Y S (YA+Z,C)) ... A (YA+ZC) A YA]
Ja A Y +ClZh) Y 0 0
: : : . >0 (2-13)
JAAY 'z 0 Y 0
L JadY 0 0 Y |
MAIHERIIV, 20, V., =g, , ) f5
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FEX 2-1. Vie{l,2,-r}, ER-IE i K2R AU /N T p, I AN 2 2
AEI(2-13), WIFR p, Aol & i il 5 B8

518 23 W R &AW EW KX R p,p,...p WL
¥Y,Y,Z,Z,,....Z,)>0, 24

V =arg max Tr(V) s.t.

AVAT+Q-V  Jaaveh ... Jaavc! ]
T T
()= \/ZQNVA CVCy+ Ry . 0 . o1
- Jacrd 0 .o CVCT+R, |

Her=g,, (7).
MRAE S FE 2-1(b) 51 PR 2-2 FI5E X 2-1, A LLE T30 B SR ARAS A% % 1)
[ P <

B3k -1 WRABQ-13) R S 3k %

1. SRABVIUGAE - 1C26 k RIS UER A5 AR W B I BIE N p(k) » ARHE SCHR[S50]THET
ALK NG R RA R, R
Y  Jp(Yd+zC) \i-pv4
po =argmin | \/p(A7Y +C"Z7) Y 0|>0,

J1-pA'Y 0 Y
st.0<Y <.

H2pO)=p,)=-=p,1)=p,;

2. EHBIUE. WE FEMHIE g, 2 pl=pk-D-q ., p,k)=p,(k-1)
Cjell,2r|j=iy ) FEARN Q-13) & iF . 45 /7 76 W AT M, W 56 iF
palkt)=p,(N~q, p,k+D)=p (k) Cje{l,2r|[j=i+l}) ; 7MKL
pk+])=p,(k)+q \ Palk+D)=p,,(k)—q , p,(k+1)=p, (k)
=2, r|j#i, jzi+1}) 3 HPeREELIRBIELSi>r i, i=i-r;

3. Lk, FES RIS UEERA ATATRE, TS (EE I8 UF 15 2] — T Ul 7
BEFE D, i=12,1

BT Y (Y, 2,2, Z,) I YERE 3 & 0 I i SR 21 808 K,
N=2"-1. SHEREESGRBEECRN, 5% 2-1 BAGE T T 5 R AR R i ¢
Blika . FAMEERENR, J5SC4 Y T W0 T R R 4 K A s Bl 2 2R R
KAERNEFEREATE RS AT FA R RS A 5 BE 2 o th SCRR[S6] R 1,
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LRI TTHE(2-4b) X} W 1) 28 7 /R 15 246 B (Fisher information matrix, FIM) [B]J9 75
eI

Tin =0 =0 AT, +A4"Q" 4+ C"R'C) " 40" (2-15)
P AR B2 4 05 R (2-6b) X 82 ) FIME [ 91 7 00y

N
=0 QAT + A0 A+ Y ACTR,C) ' AQ (2-16)
i=1
N r A R
BT R AR AR, B MAICENR, WHEY ACR'C =Y p,CIR'C,, HI
i=1 Jj=1

m=0 -0 AT+ A0 A Y p CIRIC) 4" (2-17)
WhRp=p,=..=p =p,, LN
Jih =0 -0 AT +4'Q"' 4+ p,C'RTC) T 4Q" (2-18)
HI B R 2 1 T 1) FIML [R5 A2
Hi FIM [E1)37772(2-17), o] LARIE ok £

Fomy (X)= AXA"+ 0= p AXCI(CXCT +R )" C XA

i=1
EE2-1. HAQWERD p=p,, <l MR Z,,Z,,,Z, H 0<Y<I
i=1

j%/%\{]l(Y:ZpZza“'azr) =

Y Jp,¥A+ZC) ... (p(va+zC) Ji-p,, YA
Jp, (A Y +C"Z) Y 0 0

: : : : >0 (2-19)
Jp (A Y+CT 7Ty 0 Y 0
- 1=, ATY 0 . 0 Y |

MAIHERIIV, 20, Vi, =f,, V) HF
ERR: A3 A oA 2

(K, Koo K, X) = (1= po N AXAT +0)+ Y p(FXET + H)

i=l

KA F=4+KC,» H=0+KRK/ . % L(X)=(-p,,)AXA" + 3" p,F.XF,

i=1
H:(l_psum)Q+zpiHi >0}|_‘1Uﬁ
i=1

#(K, K, K, X)=L(X)+H (2-20)
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A4 K== AXC] (CXCT +R) s (RN K, Koo K, X) T HK Ko K X0 =, (X
NN MK, FEO(FXF" + H.)/ 0K, =(A+K.é.)XéT +Ki1§,. =0 (g, ik
o, (X) = i $(K, Ky K, X) (2-21)

FHEE S EE KL Ko,. K X >0 W2 X >¢(K, Koy Ko, X) B, JE5
Ve = Lo, V) A T o

H(2-20)51 X > (K1, Ko, K, X) W51 X > L(X)

FH(2-21)%1

Via = fopnop, V) SHK LKy K2 V) = L) +U

AU =(1-po)0+Y p(Q+KRE!)>0. HHECHRS01135 3 (page 1461,

i=1

Lemma 3) AIIFHIV,, = £, , (V) b

Tﬁiﬁ ED% ;r??j_:‘ El,E2,...,Er ’ }>0 jﬁj/@, }>¢(E17E27'"9E”7}) Eﬁ%{:‘

Z,Z,,...,Z, H 0<Y<I WEY.(Y,Z,Z,,....Z)> 054,
X >¢(K,,K,, K, X)FENTF X -L(X)+pFXE" > pFXFE"+H>0, i Schur
gy el

X = (1= p,)AXA" =3 pEXE pF |
i >

(2-22)
* X!
XF(2-22) B 5 — DIE ST Schur #h A8 H6 B
'x JpF (p_F \/7 F, 1=p,A]
*  x! 0 0
* -1
(.) X 0 O >0 (2-23)
* 0 X! 0
* 0 0 X!

ﬁ%\ﬁw@r@ﬁ) !

(r+1)x(r+1)

} P (2-23) AT e e Ao, R
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X! JpX'E o XF, - pX'E (i=p, x4
JpF'Xx? X! 0 w0 0
Jp FLx! 0 X! 0 0
Pralr . . . . 0 2
e 0 0 X 0
1=p,AX 0 0 w0 X'

¥ F=Ad+KC, RN Q24 4 x'=y, X'K=Z , MQ2)%H T
Y\Y,2,2,,...2,)>0. XA (aY,aZ,aZ,, - aZ)=a¥Y . (Y,Z,Z,,Z,)
PR IR E Y <7 . EEE.

R SH% 2-1 FIIRUESRRQ2-13) B 9 (2- 1915 2 41 M 5i%

B 2-2 AR (2-19)>R ML bl 7 215 %

L ORIV, B 21, 3 po<%, HEASGIE 2, 0B 2.3,
2. JEIREAE. SCBEE 2-1 HISIEZAF(2-13) B # o (2-19);

3. AARGEAF. A HESE r YRR R WAT R U 5 LE B PR I8 I 45 21— AT Al 57 2]
EED, =121

EE R E M 221 PER Y p=p.<l o B pzp2p B,
i=1

r . A A r=1
Zpl.Cl.TRl.’lCl. = Z(pl. -p.,)C R,C +p,CyRyCy s FITUA
i=1 i=1

172 12
k”jrpl — Q—l _Q—l A(jkmp + ATQ—lA
r-l - ~ - - (2-25)
+Zl (pz _pi+l)CZJ;_1R2il_lczi_l +prC§RNICN) lAQ 1
[F) B ] DA i bR K
r—1
h,, ,(X)=AXA"+0- 21 (p,—p.)AXC] (C, XC[ +R, )'C, XA
+p AXCI(C,XCT +R, )" C XA
*Ei% 2-1. %(AaQ)ﬂ?éﬁplzpzzzpr ° ﬁu%ﬁﬁé ZlaZZa“'azr 23[]
0< YSI?%E \Pf(Y,ZpZza“'azr) =
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FEF IEEE 802.15.4 FIM£8 4k 4% Il 2 Se I it 54 )

I Y [B0A+2C) P (A2 C,.) ... {n-p (20 [Ipd]
JpAY+ZC) Y 0 0 0
Jr. (ATY+Zle ) 0 Y 0 0 Lo
\/I%_Pz(ATY+ZT(1'T) 0 0 Y 0
J-pAY 0 0 0 Y |
(2-26)
MAFHERRIV, 20, Vi =h,, (V) ES

MERR: B A p.. =D, +Z(pi —-p.)=p <1, HEH2-1 HIFHEIL 2-1. IEEE,

i=1

MRIEHER 2-1 W] RABETHSI% 2-3 RITAATH S AR Jekds 1l 7 B, AT R 3CHY
FEHE 22 ATLICRAE YV, =h, (V) USSR,

BL 2-3 HREQ-26)R ML AR FLB)IA Z

1. SREEVIGEAE. [R5 2-1;
2. IOiE. WE Mg, WENEEEESEp >p,>...2p, (G£2-3)
a | PR =py(k=1), ) <i
{p,(k) pk=1)—q,j=i
p(k+D)=p,(k),j
{p,-(k+1)=p,»(k)—q,j2i
k 5 AIE B AR IKEXL, 2, 7

3. ZAbRSAE A i = r IR AT AT AR 5 156 UE 45 2 — AT ULl 5 2
Jizpl—’ i=1,2,---,r

I AN (2-26) 56 UE . #F A7 AE AT AR, W5 E

p,(k+1)=p (k1)) <i+]

o Hh e R
p(k+)=p,(k=1)—q,j =i+l

; %'?JH\IJB@WLE{

EE 22 WMRZAMoWERIEE p2p2.2p L
Y(Y,2,,Z,,...2,)>0, HA4
v, = arg max Tr(V)

st. I', (V)=

 AvA +Q-v  [p,4vC] Jpr_l—prAVCzT,l o Ap—paver ]
\/p—, c AT CVCI+R, 0
P =P.C * C, VCT

21 211 2

| P —p2C21_lVAT * * CZ'—IVC;;—I +R21_1_

+R,. .. 0 20

-1
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Horh Te() R HEFERIE, VNSV, =h,, | V) KRS, BV, =g,, ().
WERR: H Schur #NrEZ 51T, (V) > 05 M TV <h (V) oAB BRI I R (2-27)

PPr---Pr

KRV #h, (V) AV <h,  (V)=V, HHTI)<T), 5V 2&ARHE

o, (
WG By =n (V). i,

E2-3 EEL 22 RGN py 2 p, 2.2 p, BOREEATA F A DRI 2
SEHHEATHEIT o AT LMIRHE 50 % 10350 23 ) 0 ) 2R G B AR AE AR AT HE T«
SR IR R G e (K R AE AR O BRI, AR LA 30 53 IR A 1 B R AL b, DRl et
AR5 430 A P O 2 A T, AR R KB . A e B
A T B FE BRI e SR A I R W 1, DAL, LB BIA 35 R/
Ve i r

2.4 BiER CSMA/CA &¥EEE

£ 1.3.2 /hghrh, BATXE B CSMA/CA HSRFRE TR (B 1-4) , WE
() JR 3 rh AN HE R IR R ANB B A S macMinBe. macMaxCsmaBackoff
macMaxFrameRetries %24\ R/NEAISRU . Rk, shAS A BX = A2 40m] P
LR I ) BE R A E AL I EAH p,, I ARIESCHR[78],  BRAMR AR AT AR
PRSI RE T I GETHE BoRA T SR R BE R p(k) oy T AE RS THE I, W2

p(k)=6p(k)+(1-6)p(k-1)

Hrr 5 e[0,11 8 REG kNGt I (BUSRIE RR R

(36 CSMA/CA 208 i BRI 0 B A SEARR 4 p(k) < p,, I, 40724
macMinBe. macMaxCsmaBackoffs VAN macMaxFrameRetries {EW/)N, 752880
ATAE ARG 955 OSSP EIEIRE T R p(k) > py, WU ZBME . Horp
Do < P B po HIRHORIE . p. BOEIRECBER S5 A AR 0L, 2
Py BRI, SEEIERIRE TRL0E, REAERLR

FEZABRBESMESFAT T, FMEREE R AT A REUIENE, AR RS
o BIE R M ERAE, B p, A AMIE o A8 2 A8 AR A B 1l 5 213k
KAENIIEESR, I . = 5(+a)~ oy, =P (+a+f), HifaeO—-1).

1

ﬂe(O,é—l—a)Hi:LZ;--,ro

1
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2.5 (HEEH

e 2-2 /1, IANET MATLAB EUE 15 B DUEGIE t 509% 2-2. 2-3 1531
Fr BB ] HRAGTHEE 2-1 13 BRI FUIm A 2L 2 Hoh & R RE A (2-13),
(2-19)F1(2-26)iH T LMI T HALSZHL, (2-14)F1(2-27) I AE SR i@t Yalmip T2
e EG 2-3 F ] NS3 % HiE N CSMA/CA 808 2 Hik I pe B RCR T T
ISk

122 0 0 ¢l [1 00
5] 2-2. (1) ZEA=| 1 1.1 0|, C=[C,|=|0 0 1| . ¥ 4M%F
0 0 12 G| [1 10

fERR, T4 p, > p, > p, o WURFEKEE ¢ =0.0001, RIGHFAAEHZA T G TR
P =D, =Dy =0.3290 o AFAIHATEIE 2-1. 2-2 fil 2-3 BEIIGABIER, 4RI

®22H) (1) .
22 REARALEEEAFRF AN IEFBER
Table 2-2. Critical rates derived by diffrent LMI conditions

i 57 232k 3
15 2-2 ik
4 P, Ps
2-1 0.32760 | 030556 | 0.17400
D) o) 0.32754 0.30556 0.17400
2-3 0.32814 0.30556 0.17356
21 0.69200 0.17297 0.35885
2) 0.69179 0.46999 0
2-3 0.69200 0.17335 0.35885
0.69200 0.46998 0
125 0 0 Gl T[oo1 R
(2) HjEd=| 1 L1 0], C=[G|=[1 1 0|, 0=20, LR=|R, |=25I,.
0 1 18 G 1 00 R,

Hh L eR® B, 35 p2p,>p, HEE 2-3 A5 2l 7 8] E xR
(0.69200,0.46998,0) . # p, > p, 2 p,, MBFATHATER C=[C/C,C; 1", Hith LMI

2-21) ¢=[0 0 1] , Qzﬁ 8 (1)} C=C M 13 5 — N lm 7 2] ik %
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(0.69200,0.17335,0.35885) (£ 2-2 (2) ) . MHEEE 2-1 o] IR A BiAH

(0.69179,0.46999,0) #1 (0.69200,0.17297,0.35885) . HiT- (A,{gl }) W, R
FEFE p, =0, WHQ2-14)F1(2-27), HEEZFE(p,, pyr p)N (L DITE L SRR,
WSSV AV, B 2-2 fis. S53RER, WEPRBLE 8.

x10
25 u :
- X:0.694 Tr(V)
1| Y: 2.5e+06 Tr(Vh)
2 =
~ 15
3
=
S 1
|_
0.5+ :
0 \I\ L Il 1 1
0.65 0.7 0.75 0.85 0.9 0.95 1

0.8
(P1, P2, P3)

B 22 3(p,, Py, Py )N (L1 1A L) 5(0.694,0.480,0.023)8F, 77 F1 7, BB
Figure 2-2. Transition to instability of V and 17,1 when ( p,, p,, p;) changes from
(1,1,1) to (0.694,0.480,0.023) in a space straight line.

*23 HAESH
Table 2-3. Parameters used for simulation
28 {21
Bit rate 250kbps
Packet size 30bytes
BO, SO 4,3
o 0.7
D> Dr» Ds 0.692,0.173,0.359
a, p 0.08,0.07
macMaxCsmaBackoffs 4
macMaxBe 5
macMinBe 3
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il 2-3. SCER[78]5IE T FEAAS AR IAIRE S5 A T 12 B2 R AT DL FRAEC X 4% (1) ~F- 35 i
FEo TEAGIHFRAE ] NS3 A RAAL H1E N CSMA/CA S 508 e HIRAE = &
GBS EER) RN, (TRIBEPAE 8 MiasERg, H 3
AT AR A ) ZAME RS, AT RE —MEARRIBE A R R 2% — N
I HAE CAP WFFuiF i e 4518, BASH B WK 2-3 M A R 2-3 B,
HEFT A5 NHIER. CSMA/CA Z8 B EHiLE, “FHRFERIKT 18%Atf, H
T CSMA/CA MZEAESN AL, HihZ A umEIN CSMA/CA ~Fiff.

BRIL CSMA/CA

—O— H&R CSMA/CA

0.6}

o
”

BN IR AL RERE (M)
o o
w -

o
[N)
T

o©
-

O Il 1 | 1 1 Il 1 L 1
0 100 200 300 400 500 600 700 800 900 1000
fEbwIa K

B 2-3  BitaljE M SR B R L
Figure 2-3. Comparison for average energy consumption of each packet before and after
design

2.6 KENGE

AFEXS IEEE 802.15.4 S {HIEAN T MR L2 R Gt ik M RE 5 RE R AR
RIS ) AT W TE o $REH — R Tl A 2L R A B G R. CSMA/CA S ENL
o BEXT AR KA BT T 2T 2 A B0 A5 SRR B R PR X e B
PURETEREAT T 0, SRJRE T = FhEVEROR AL AR I F BT R . fE AR K
WHEBRZNHOT, PAEGEIEA A AR S AR 5L 2-1 KA EH
SIS )R AR5 2-2 A0 2-3 SRAG SEAR IS I S BIR Ao A% R A I 57 2135 R AE Dy
IS MER BRI B IE N, CSMA/CA S48 8 530 mT L e A% IR R a5 B A A
[Al#i>K . MATLAB B 7 R W12 37 I R AN A P IO BT e S U
RIS BE AL THR AR BIE R, NS3 A AR WAL e vt Uy ik b B R SE 44
ERAMIREFE AR
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£=% IEEE802.154 EAEEENTHARASZITH S AE

RERFFT T — T I [EEE 802.15.4 W 16 RS0, - TI0(E T I
BRI, IREEIERN T IR EEAR ST (AR TS 05 BRI BN — PR S BT
£ 3.1 P, MHZ ARG R GUIERE S AR TS 4 845 TR BUE Rl AT TR, K
TR R G e AR IE X S AR AR RE B RCR BRI R Gt . (£ 3271,
HURH T R S I A A IR AR A R S, e 2R R AR T
A R R T IR AE 3.3 R BETE T AR EE AN [ ) R 4 0 R BT A
ZERE R TP R GER] I SE R SRR RORAIR R AE 3.4 Wrhaath T M R RIRRE
PERBUE A

3.1 [a)ERiEA

FREME 3-1 PR RS, FEHRGET 8 E R Rl E 2 i — N R
IEEE 802.15.4 o248 M Z8 R R IHI3R . Mgz 0ot G N e M A BB R 58
x(k +1) = Ax(k)+ Bu(k) (3-1)
Hor4eR™, BeR"™, x(k)eR"ZRFIRE, u(k)e R" ZEHIFHN .

ps —— N AT
‘ = T
| IEEE 802154 | W %
G |
/ e | [

P

B 3-1 ETILE IEEES02.15.4 815 ML KM &L R4
Figure 3-1. WNCS over the shared IEEE 802.15.4 network

$E5 IEEE 802.15.4 P4 R BRI E5# 3F H TARFE AR ARl . sk
AR Z IR ) B R R SN Gk . R R RS TY ool (E ERRAE A i %
ANME— e 5 5 (A AN B 25 ) Z [AIBEATTO), AR i RS B =
FRIRESAPAT Al e, 12 e M A 40 5 oy i A . PR &g i
FLIBAE AL, DR 5 2255 RS EFE I 20 A P R SE S

M TR M & RS ERESE T, DIELIRE T LR R S FIE RN,
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R 1) 8 G0 A Y 2 vh i e P BERT BR324+ 77 30 (CAP) W] LUR A ESE
i (e GTS) BAGEE (LK 1-3) o EAFEBEB TG bR KSR
oL, fE CFP JHIAIRC GGt 1o vl 5EM . N TR T BAR 0, JAMEWT
{11821

% 3-1. fiH GTS fitEih=E 4.

TEAE G AR A I S 2 Ay ME— B AR 36 D7 A7 TIEEE802.15.4 W 4% )
i K GTS SRAEEIRET, BIE@E(E 7 44525 R g i b 1 IR 25 LLIS E
AR B . SRR il S TR &0 T, @RI H 2 AR
AIEEM] GTS #M2 & R 2, B4 7 17 & BYERe 500 AE 5
FH R A5 1] 7t

Bxt Bk e gt izl Ra (K 3-1) , FATRIH W H RO RgG ik
P RN A BREAE SRR « X T R REAR MRS, BREE R RS MG HL
NEFZERGN TAER K. H TR B 1 R FE 3 Z R AR S DT, 2o R i
HIR IR, Fi, A TR TAERA, NIz FRE| R 50580 %5,
JCH e 7 BT REFE ORI S IS 18 VF &2 (clear channel assessments, CCA) ) CAP
R 5—J7m, MEIEFA P MEERE, FE5 B GTS L5k 2
AT (1D BT GTS CARRRASAL, i B AL Ha i B0 B8N
GTS fE4u st 2 IR P M, B mUR: 5 A F R sds: (2 TR
FEI €, CFP B CAP Wk, RIZMAC GTS MnEl T CAP Hyse4r: (3) HEHZEM
K&, BEMEMUR VSRR GTS BEAARE (k% 74 » GTS MizJrBess AL
1BV AT EEAL Y AR 55 10 FH i AN B A = A

T B vhe, SEE AT R AT 3-1 PR & M iz 2 4t (R
W 3-1 IRGHA(3-1)) , WitE BRI HI SRR 15 1% RGUAE ORIE = I RSBk
PERE (EHIPIE., fRKIRRE R PRS2 GTS AEEFHEE R 1
&

3.2 ET 185 AR SRR E E 2L i H 451

FEARTSEH PRI T, RS aizEhlds (EIE 3-1) gemgs iR s A
B o AP AR IR, LI 3-20 R R3O, BRATE Je dE e A, Y A
we, AR EEEE AT DU TR 2 PR, D T AR SR IR LS I 7K
PO 2% T 52 45 DU R R e I B 1 20 O 58 4% 10 % SRt DA R e T A A B TE FR N 5 3K
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3.2.1 BEIFERIRI
B sc il 8 2k e A1
K=[KI K, . .KIT
Forp N 43t 38 25 O B o H2 i) 0 i R AR A A RS B R 25 RN E 7, SR FEI
EHE S AT

ulk|k—7,)=K, x(k-1,)
H T AT as £ 24 N DN EHIE a8 a] fhk 5, AR EREE L 20E N 2N
B, Bz, <N

- ~Q

! o zis)
WL —— PaTHR
/
)
1 .
i / H= \ ‘ 3
| IEEE 802.15.4 i WX %
-
i I/ l
//ﬁ liR% E
7

N

Bl 3-2 BT P AR A 21 i FE AR ] RS AE R
Figure 3-2. The WNCS with the gain scheduler and the network scheduler

I 3-1. MHETEEGITERY, RAE SR 7 —Fh it S 257 5 1
He EXEET ARSI LS, BRGSO,
Utklk-7,.,) = Krw x(k=7,,)
Horbrr A kW2 RS AEE RN E, x(k-7,,) REREAERRGR
B K =[KT KT KT TR N, IR . 3T R

ks Hr,, =12 NI, JEH K, BB AT RS A, B
K=[K/\,K; g, .. Ky o1

7 3-2. SRS A FE AR A — PR I A5 5 A I IR AALE AT 2% Th I TR AL
TEHE 7 1 B2 25 I G2 A7 Hh G A7 TICE & U3 1 508 A% IR, R A% IR
FIRBEIE 4 f 3l 28 Rl el i BRI E 5. — 0, S&SE1N— S48 REER IO
H— B HE S My E A b, 1 55 1 B A% mT DL ER A8 TH A0 A% B Sk £ 30
AMEHT AL BRI (OIS0, DRI AS 75 B R G b P AL S A% Bl iR 1l
(EAE RIS REFEM AH; S — D71, SEETEREH I EE L, B 58 M B AN
i BAE LR AR I BRIV HAEHIE 5, AR ER Z A EHIE SRR E S
1788 (MUEEBEEREIS IR , WA T IHE SRR RSS2 .
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322 BfAREIRIT
SE U BT A L B IA) (RS R R AR 0 25 AR R A R B TR R B N
(ki hey ooy} AR 2208
ou(k)2u(k)—Kx(k-1), kelk,k,,) (3-2)
Dy k., —k, €[1, N] 72 18 2 V4 B 2% 5= T A% R x(k —1) THE IR HIE 5 12
o WHRSu(k)=0, MAauk)=Kxtk-1)=u(k|k-1), WA AGHE THEEK, ,
I HL48 25 P 28 A ZAE R — 20 WH A SR R EE . 518 N — 25 L ]
k. =k +1o Bl RXFRER, (RIEES D AU D AR EERA I B AR B I8 W GTS
fEa 70 (ILYE 3-3) ki, Bk & iEN GTS HER K. X FE-1)
M@B-2)gi5, FAER
z(k +1) = Az(k) +OSu(k), kelk, k) (3-3)

NECRINI
S T e R e

H.IeR™ NBAIFERE . $HRZE3-2)2/ 1T TREG-3)KFEHAmA . %87
FE, 24 A& Schur FEFERIE%, 4 ISS (input-to-state stability) 283V 4% K7 FEB,
FRYESCHR[85], FRATAF RN 1 I B 38 2 bR i, B ZESR IR 2R N 2 Ah 35 il R G 0 BT A
N AL ZH A TR S5 5 S A
Vk>0, [[ouk)|l<ullz(k)| (3-4)

Forh > 0 % 5E BIME . A8 5Bk 15T ] 18] B P4 1 38 2 1 R 28 A FH A% S8

x(k, = 1) THEH A M5 5 75 20 2
|u(k |k, =) =K, x(k=1D)[|< ul| (k) ||, Vk €[k, k,,,)

PRI, e e 4k 20 56 — AN AN 2 X7 (3-4) 3z ilE = 5t o] AR E T — /N BBk

I 1E) 7, B

Hrp

k.,=min {c|ceNk <¢c<k+N-],
lu(g [k, =)= K ox(c =D [[> u | z(c) I}
IR A B HE 5 7 2 X T (3-4), A
k., =(k+N-D)+1=k+N (3-5b)
SRIMAEDLSEIF O, AL KA A RE LI RAE R (k) Bodfa, Db v A SR v DA™
PESEI . ATRI T BT RGEBAW T, @ CA A BB AN T s d
KEMPTRER z(k) . BT G-5HHEFUWT
k. =max{c +l|ceN,k <gc<k +N-1,50"(c)5i(s)
<1 (F(9)x(6) + 3 (6~ DI - 1)}

(3-5a)

(3-6)
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gt

(k) = Ax(k, — 1)+ Bu(k, - 1),

X(g)= AT (k) + gj AN BK  x(k; 1)
Si(g) =K, ,, Xk, =)= K, ,%(5 1)

& 3-3. AL, XGTS A& 4 A Rl — AN A GTS SR milfE o4k
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Figure 3-3. Scheduling with only GTS. In this case, new sensing data arrives at the gain

scheduler exactly by the update deadline k, and the network-induced delay is always 1.
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Figure 3-4. The block diagram of WNCS with the hybrid access scheduling algorithm,
where k; denotes the time that the sensing data arrives at the gain scheduler and r; is the

corresponding network-induced delay.
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