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Abstract: A two-hop neighborhood information-based real-time routing design is proposed for wireless sensor
networks. The approach of mapping packet deadline to a velocity is first adopted in SPEED routing. However, this
routing decision is made based on the two-hop velocity. An efficient probabilistic drop is used to enhance efficiency
while reducing deadline miss ratio when there is no forwarding candidate that can have the required velocity. If the
deadline is not stringent, a cost function is embedded that can release the nodes frequently chosen to be the
forwarder. An improvement of energy consumption balance is achieved across the network. The true characteristics
of physical and MAC layers are captured in the simulation. A real lossy link model is drawn from experiments
through Mica2 Motes. Simulation results show that compared with the existing SPEED-S that only utilizes one-hop
information the proposed routing scheme has a lower deadline miss ratio and higher energy efficiency and it does
not degrade the delay performance in general. The proposed design can be applied in real-time applications based
on sensor networks which are more demanding in service quality.

Key words: routing; sensor networks; 2-hop neighborhood; deadline miss ratio; energy efficiency; delay
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i 2 S P 75 SR AN T e 8 T 2 A I I 46 v, S 4R SI2 B IR 45 T+t (quiality of  service, & B QoS) HITT
SRR 52 3 O A AR b R G AR AR Y AU A R T A MR ER B B e Fe 2k b I W HLE S e Rk, — B
H IR 5 D) 2 i 30 2 4 3 R 8 W 9 s T S 2R A AR BT R G AR R N B b [ 4 K
PO R A AN SR TS S AR IV A SN M A 4 W Pt S S IR A I SR e Y 7 R
5 MR DU ZR 6 v, 2 AT LR AR IR R A S 2 0 U RS I B (R B YR B OGRS R S N AR I F
W42 oy DA R I R 30 K TR LA % 42 1k R I 8 9 4, 15 44 5 [ L 7 (best-effort) IR 45 45 75 S [i], Sz IS IR 2% o)
P 10048 1 3 A T A T B SR A e A B P B 0 S Rk L B S 0 R G AR 5 IR L A IR Y 4
FREEHE QoS PRI, W TS AN W v B IR S b B = SR,

TC 2k A [ 3 190 255 (PR P45 B0 QoS MSUHY K i 22 Pk Y. 1 50, 0 2 15 308 2 It I ) A% Ak LA 6 AS 7T 5 16, 1A
W BB 1 B 1006 Z5URE T i b JRE S B AR S0 (100 55 L O, 0 296 v PR 1Y R R L RR RAS AR M A BT TRV RS A R
A5 15 BRI A T PR Bl D08 SR Al Y 49 A B0 T AR R v s ) F ok, T A P R L R R A Ak R W
FEW VT TR LA .

ke 7 TC A S B I 2% PR AE SZIN QoS TS BAE A [ ) J2 YRR A AH I B L 6 O A5 B 2 MAC P
TR AL 30 N (10 S 3 s o 4% 22 14 iy M S0 138 S 80 i (1) £ o 2 8 1 s 40 28 5 A £ T S i 2 1% o Bt
PR 0 78, TT LA/ S 0 A 3 S X 4 4 2 o () P DACK 2 5 R 2 R R 4z 11 AR B 2 Th B, W R
ARG E U TT DL A AR CR B B 76 IR T v mh 6 v W SOk R B o 21 i SE I QoS A G B s 2 AR
SCHE TS 1 1] 8

FE G810 J3 A1 3 H 2 0 ) B L K 22 T B Bk 400 i 4 5L AR T BIF 9 3R W 26 1 7 Bk e 22 R A T A R 1
e 08 BB A e A P TOVRT LR A3 o B (1 . Calinescul™ PR 4H A 41 T #E TG 2k ad hoc A% s k) 2%
AR S P B AR JE G B A NV AE n N U R g R AT S SR A L R AR SR A ST B AN R 245 A
O(n) I B 1, T 23R A5 M kA5 5, B 18 b 2208 o 22 200 & ¥ 38 4% JF 494 .Calinescu. 1F B, Qi1 54N 1Y s R ik
O(logn)bits 1 £ 4 £L.(O(logn)bits FI A A& LU SR ATl AH DG 1T 201 1D R4 B A5 5L), 3R 95 P kAR A5 8 R4 L
A O M5 B i, i W LB A5 TF 8 5 ok A9 kAl B 5 BAH LA S B 2 L B K A R H 2
) L ANE S IO G (0 PR e AR LA b S 3 IR W AT B AR T, ] R P kAR S A B LA K R S M R T e 1
R K AN ERAE AR AT AR SCHE T 2 T PR B4R 5 45 U5 19 S ) % b Bl 130, 5 28 1 B k40 A 5L 1 S ) B el
SPEED-SMUH b 1k g A7 e KR .

1 Jok AR R ER W 4% 5 A B B 1 LA SR BAR

A RS X 246 R BILAT (1 % e DM AT e B R T SRS QoS. Akkaya 4 AR Y T T EMK QoS
P& P DL B AR B RE AT A BB — AN 2 SR A () 2IS 2R %) S (5% I 30l R A 52 e ) S A A TR AR
SEHBH RN ZIBUE X T — AN EEH B AEFE . RS AN R @ L4 & Dijkstra 592k SE I 2040
AR AL R b )R ) /M A 47 Ergen 25 NTIRIFST T A 1 30 4% 12 IR A ) A S I % b 4% 7 iy R AR AK
I 5045 I A i 0 A Dy 8 e R ) e L, SR A A ity 380 i 5 A B D BR o 4 1F AR P SRR R T R
AN B8 4% 1) 0 AT 2% AT AU 25 20 590 R AR 5 — S S I 1% P I S50 T 3 >4 23T 11 7 9%, 461 Gt SPEED, & T % 3%
VRIS AU R 4B 30 T SR A A A Ay AR O PR 3 2 T S $ AL 3ol 2 0K T 4 o R 2R 1 YT A T R Ok e T
ST SR AN R B T T A0 o R SR, W) B A K K — o M R bk % 3 DU Y W 4% 47 3. MMSPEED
(multi-path multi-SPEED)™ Y 2 T SPEED, & Jy A [7l e 1 11 s 1 B4l 60 3 45 22 3o 0 S 3 ) I B 08 3k 2 AN )
1935 31 3 1] 55 2E 25k . RPAR(real-time power-aware routing)*® & SPEED (1 5 — /AN . o 45 s R A S —
AN S AR, T 2 AR 22 T 0 1 2R AT B R 2 38 L 390 140 0 % T (1) 3 75 b 5038 . RPAR 3 3o 1 71 &6 Th 3 7
WAL 45 TE AR TR AT IR NI R

3 T T AR T (1 S IR R S A e T A B A S A R AR S R R S 0, BRATTHR 1 B A DRI R
TR G EC AN ) )R BRAT TR W A AN 9 o5 0 R SR I A Bk 48 S A5 B, R T 7 BE 1 5 A S DL L AR AR T
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2 THVR &Efi&it
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GPS s HoAth 5 A7 77 20 4R A5 119200 4 455 f) (o7 B4 SR 0 B 40 S 190 A0 48t 3 5 A 74 s 0 2 0 L P B o M i B Y
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w2 @
FU)F IR 5 1 B BREE A s fE, 8 o F(i)2{j|d(@i,D)-d(j,D) >0, je N(i)}.
Fo(i) 2R T5 500 PTG R 4R, LR Fy(i) 24k |d(j,D) —d(k,D) >0, je F(i),k € N(j)}.
75 SPEED H JLHE i SR W 2 22 B BB LI, 39 2§ VS FG) BTG 1 T B BRI R KN R A
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Delay;
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187.5m/s MR I FATIE ) THVR 509%,S S48 SEPERARJE op 48 2R 90 v H S5 W R0 200 BT Be B 41t ) 28 AR 4
ARB), W AXT{B, G L L E A
S27¢ = (d(S,D) - d(G,D))/(Delay? + Delayg) = (100 — 60)m/(0.14 + 0.06)s = 200m/s .

d(E,D)=78m
d(F,D)=65m
d(A,D)=80m
d(S,D)=100m
d(G,D)=60m
d(B,D)=76m
d(C,D)=85m
d(H,D)=65m
d(1,D)=78m

Fig.1 A case study of SPEED-S and THVR
1 SPEED-S #1 THVR &34

A KT Sqer FLE T P BT R0 i e R 1 L AR 500 3T i 2 1 1) T3 %6 43 53 oy S£7°F =137.5ms,
S&7F =194.4m/s , S&7M =184.2m/s , S§' =169.2m/s IXFE, T AL B HG A S IR R A W I AR THVR 765 Bk
AR J A3 4R R $ 11t 5 S R () S5 6 AT b b SPEED-S 47 % 1 BRI F A1 13 7, DR bk, F S0k 4 1) 4 4 S AT
R PIBYE A LT SPEED-S 115K B1 T THVR T GE 77, 190 25 v [ 0 b 7 I R0 40 26 e 018 £ i — 2D 4 Tt 21,
DR T AN s R R ] b 0 5271 e S B AR (1 5 25 il 17 bl T TR R IR A SR (RS AR I 1 2 TR, 2 R A TR
N Bk RN SN ARG SPEED-S 2 IEFRTT A CHE C 1K R ATRE I H0AT AN (R T 4 0 A T M 45 471 2E), B
SATIR ] A TR E THVR S0E TR, C KR AT BE K RS 23 1 1 1 b 1 4 S i L ke, IR T C AN 2 Bt Ay
KA. THVR FERE— U R 1 m I #83 ak — AR B A58 T 19 Bk 0 BBl pAY 110 B IR 1o 3 e g 0, £ 126 )
A 2l R4 2 X 3 P 12 5.

Fig.2 Comparison of SPEED-S and THVR in case of topology hole or network congestion
P 2 74 A B 2% 41 ZE I SPEED-S Al THVR S Le

2.2 BERREIRfHIT
H 22 30(3) T A I, ) B i SE 38 PO A V%o 6 v SR R S S e 0 B B AE T R T A () T e
AN AT e R LI AL IR Delay! B 55 MAC 2 NI TH] Delaywacs 441N 1] Delayian LA AR 41 KL C (R
hEALHLH ARQ(automatic repeat request)):
Delay; = (Delay,, + Delay,,,)-C/ (5)
Forhr, Delayyran AT LA AE — AN 5, 2K/ b Bt G Rl oA v 5 PR J8 0 5% 7l 58 T e
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Packet _size + Ack _size

Delaytran = - (6)
Bandwidth
FEIR AL 1% % A TCP Bl (9 RTT(round trip time)fi i1 1621:
Re—oR+(1-a)M (7)

Hort R RTT AP, M S d5 s — S B A I 1 RTT AR, oo J8 2 0 0 AT 255 5 SR IR 1 g s 8
AE R — YR B 0 5t (R A V- Deelay,?  dn S — L 5 328 2 I H) R B0 S 7 s SR s O 7 A UK T 4 >4 i
B ED ) M A — A8 K P, SRE 5 T L PRI PRI 4 B Kt IS 220 Delay! 1 il o i Xt

Delay/ (t) = &ti Delay) (k) + (1-a)M(t-1) (8)

MR IR IR B M B R IETT IR, B Bl s R AN 1) Ts A ACK G485 45 (1 L4 &7 e 2
A (RIS 1) Tr AR 1 ACK LI I — A B 1) HAT 1 JC i SA 3 A i (B 2 5 1 m) A% 15 T8 R A RS 4), 640 M ]
PLEALL A Tr F0 Ts 925 SRS SAE U R ACK JG 1L Tr F1 Ts 8922, 3F 7 48— A OB, i i — A e S5 8 41
TR e B AL R IR AH T R P A i 1) — SR I B R Rt R A 2 SE T B 3 T G I T E
2 R R SR B (R 1YY A E R ARk 1 DelayS £EI ] G ) ACK Ja i 28 20 (7) 587 A, — A I it
AR5 e AT A5 AB I CLFY A5 AB,C v AH I P 193 Bk S S A i 7 1 LK 45 1 W 37

One-Hop delay | Two-Hop delay
EF
AE EG

EH
oAl
() = (o)
o
© (v)
Fig.3 Two-Hop delay update
K3 PIBkaEil B
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L2 T 2 KR I RE TAR 21 s e DR T A 5 Jm J LD R e i A SUAE Ak 30T Py 8038, T DA s g B 1)
RSO T 0 SR A A Y I B B T A T DAL T R A T G 20 2 U RS AT AR AN RE I AL AL
ST A5 3.4 71 1 07 BL S A0 M b FRATTRE LL A 3 P 40 77 2, LA R REME 2 25 AR [ DL B E
2.4 TERERMKMELE

£ SPEED-S ™1, Hi T+ % R REFEHI A 1 i, £ 55 3 19 B 017 B 45 SR 23 W v m] LI, 94 296 o (R R 2845 1 23 A
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siPk Residual _e;

c, +C ———

) S Initial _e;

VeiJ»k — set j (9)

c, +C,

v ey F1 e 23 ) R A & (WAL EAE A ¢ B0OK, M A AR AU i B b oy 53 e 8 SR AL R 4 1 73 R iy
B R HE IR PR A e S AR P T FE AR SRS L T i b3 ¢ ORI AR e s AE AN R T o T R R
25 58 MR I T 52 T F8 A B8 R ORI T s RO 1 5 A, W) LA S B R A P T FE AR 0 0 R AR AE AT R i S SR 1Y
K.cy F Co L PRI FRCH RS T B % 0 B R ) 5% 0 3AL Bt 20 A 1 00, A A5 Tk — DP9 AR50 3.4 T sLh FediT 4

C,=C.=1.

AR IS AT THVR BIPERE. 0 T A047 SRS T 04l S B~ 5, 4 PR I MAC P03 4 1% )it
BRI i B AR R L T Mica2 Motest2L 70 55 3.0 T ~45 3.3 45 ot 1 40 15 W1 45 AN ) 3 FOR 8 07 20R
PRI U 00 45 18 P P e DL ) 28 ) — Bl A SR AR . 200 A1 A BE L2 A E 200200 (1 X 45 . R T A B %
TE AR P 7 A B B5URY T T R, BT A 5T A A3 A A X I 20 TR £ BA(30m,30m) A Hhuls s 30 AR K [ Y Y 2R T
R F XA 1 (200m,200m) 4k, Y5 45 45 40 3% CBR Bl i, 24 50di 4 51135 400 A 17 BL45 1 E.

31 MACiZE

17 5 R 1 MAC P32 Miac2 Motes H7 H iy ¥ T8 52 [ CSMA BRS04 71 i i EAE i, 1 58 7= A —
ANTE[15,68. 311X 7] P 3553 43 A5 (1) ) 46 [R1AR B 8], 158 28 2 I 3 . 22 ) 88 ik & B, 4 s AGr AR 8 2 15 25 IR 38 S I
W2 6 B A T e, D R A — AN AE[12.08,193.3] X i) P 2 A1 R BE ML R 38 I i), 35 958 5 8 I s o0 T4
FEHTT SEE S B ARQ L Y AE M R EUFT MAC [R1E YRS S FI R T 7 InF, B AL iy 22 1K
32 HERRESHEE

h T AR B R OJE £ B R 1 B A, RATTANEE T Mica2 Motes 195 56 H4i Fp il 52 HH B it o AR Y 51256
VR MLSCHR[23). 181 4 2R DA 0dBm AN ] BT 0B AR K HIS L R T 52 2 AR SN R PR B I S ) S
R B B LY e ) B 2 06 K 2 A U TS el e, I S P F) B R S T B A

HIT B 4 Pllc B A R SRAE B 6 4 B 80 B ARALLIR 8 T4 P vl LA A 1 B 14 20 B o . 0 A L

L 8 BRI PT LU I ks 05 22 50 0 (R BERLEL r(d, o) RASTDL. BT MR 42 645 A 15 2 40 A ) 1 L
TE32 1 4R H R0 10 o {8,772 r(d,,0)). 38 1 JBET 1] 4 0 B e SRR/ ) B b A5 R A R AR — A
[0, 170X 1] i AL EL x, 45 x<r(d,pe, 0%), WAL LTy A i e 2 A 5 G fi R T A DR b, — 4% Ak A 2 PR i ) e 3 50 %2
AL IR OR.

éﬁﬂ Tﬁ

Packet reception rate

5 10 15 20 25 30 35 40
Distance (m)

Fig.4 Packet reception rate at different distances
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Table 1 Link quality model based on Mica2 Mote
F 1 T Mica2 Motes %4 4 5t £ A Y

Distance d (m) Mean Variance o
0~7 0.97 0.02
7~14 0.70 0.14

14~26 0.93 0.06
26~30 0.53 0.08
30~40 0.01 0.005

33 REERE

FET EL A A 1 S R S D3 A 5 e o 0dBmL3K 2 J& —AMRIL I EE T Mica2 Motes [ RER Y 24 2%
SCHR[24]. 7 AR LN, CPU AL T TR, R 5 FE 4 8.0+8.5=16.5mA FF 4L i) &y 0.5ms; i £l fIsf,CPU 4t T
TAEIRAS, R FE N 8.0+7.0=15.0mA FELE AT A 4072 0.5ms; r mi MW 5 @I, CPU b F TAEIRZ, LIt HAE N
8.0mA; 17 )RR I ,CPU 75 I, FRJ A FE K 3.2mA. M WT {5 & FIAR AR (9 1) [T B g T MAC W B B i 5 = F0 Y
28 SRR R BT RIS e A (R BE 4 R RESE T r Ui R R I TR (1 SR AR 25 A e b 4 W e — 1 8
16 3V I8 4 HL i 5 1 T) 7 e B AT s e B8 B 1 K78

Table 2 A Mica2 Motes based energy model
% 2 T Mica2 Motes F g it 7Y

Operation Time (ms) 1 (mA)
CPU active N/A 8.0
CPU idle N/A 3.2
Transmit (0dBm) 0.5 8.5
Receive 0.5 7.0

34 HEERS

TE AR AR P 25 T SRR ST QoS RIZE sk 3 At A1k 11T 2Kk %6 (deadline miss ratio, i #% DMR)TE 1] L7 ZL 30
I P77 SR U3, R S I R P S SR T A 1)/ 0 W A O SR TSI s R P B s il 2 B L IV P S B — e IR Bl
BIL.THVR [ B bRl e R 4 ik — LB 5 TA% 188 M 2%, BE B R AL 2 — A BRI VEAN $5 b, 3 AT 45 Bk
A% — AL 1S 24 B #E (energy  consumed per packet, {5 Bk ECPP) K 7 & B 540K . 9 4, i £1) s - 14 4E 32
(end-to- end average delay, {&i#% EAD)A fx 2 1% i 4E 15 (worst-case delay, {& #8 WCD)ZE AR 3 H oK 1 Sk ¥4 9 2%
QoS 1 2% fi k5.

T 20, BRAT I RN L 5 5 A v B S 1 LR ) e R RV SR 2 R ) e R S AR AN B
T A 45 5T TR IR RIS A7) R 3 R R 8 1R I R T B IR U R A e SR T A SR — HLRS B A 4 A
B AU T F A7 20 % 9 AR R, 3 AR Kk 200, B o s Rl 25, 80 E WA 600ms i T K F
3 000ms.

5(a) & FEA ] 40 55 1% TR ) DMR HLas 488 1 3182 /1N I5F (600~700ms), )& 7 # & S5 ) DMR g /N T2
£ R, BRI T 700ms 5 RO R I PERESS T . R D A K S, AU R 45 e MR T
BUERIG K Bl 3 e L3 2, 0o 48 v ] R H LA 2 /R4 2E 1045 B0 TR RS ) e O R A 500 6, D T i 2 i A 2
o 3 O S AR DT 38 R 38 1 31 2k e B e R R TR BRI/ T 1400ms LT E73 T A A, BARMEAE T
R R R B8 T SO B e T R 4 P A R I 2 R A SRS SR A T — R 4 N SR A 2 AR AT
SRAAN T 2 Bk e AR 234 25 F — 26 ] B 2 B W 2 5

B 5(b) L T 3 Fhi & Sems 1Y) ECPP AL il 2k %4 5 B 5(a) 3 A6 A b e /I8 I A 3R 5 B NS ) 6 R S s
[1] ECPP |43 B3 ;1 8 1 I K B ME 2R 5 A SRS I e a8 R o IR th TR a5 8 T iR &%
6 1D PR AR VSR A AT K — AR A, IR B T A RE AR R AR T 2, R s AN IR B R . 5y — g i il
PR TR T 0, SR AT AT T ST Y R 1 A 0 AR L DT 1 i T, BRI L R S R AT — 8 R TS ) 2R AR LR
REFEER AR LG F R, TR R L2 — AT
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1.0g— T 10° : : —— m
¢ g - - Probabilistic drop H
08 D LA = \‘\ :| --@--- Best-Effort i
: N0 e _ X % Y - Hard decision -
\\gz;--v-~--‘<i::§?’ﬂ_‘ AN g A N :
o 0.6 ~ \‘e> E \E’\ :
> ‘\’\/\y X \\Q v
a v < AN :
0.4 S Qe
E: \ N4 Q ) .Q
—— Probabilistic drop || o g NN
0.2 --&--- Best-Effort o 10° NS“\“""""'V"' \\;
00 - Hard decision pe—
"600 1000 1400 1800 2200 2600 3000 600 1000 1400 1800 2200 2600 3000
Deadline (ms) Deadline (ms)
(a) Comparison of packet DMR (b) Comparison of packet ECPP
(a) BubWIERFELE (b) “FEIBEFELLEL

Fig.5 Performance comparison among three strategies
5 37 Z ALK IR P e EL AL

K R4 EL B SPEED-S A1 THVR () DMR,ECPP,EAD #il WCD 4545 #5. /8 6(a)/& SPEED-S #1 THVR 1
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