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Abstract: Tests demonstrated that the wireless link quality of statically deployed sensor networks frequently
varied in a short time span. Traditional link estimation methodology works well in the varying case of long time
span, but poor in that of short time span. This paper proposes a multi-link cooperative forwarding protocol on
fine-grain gradient strategy (MCFS), which can avoid the influence of quality jitters on parts of forwarding links
through single-send-multiple-receive plus strategy on the synchronized random contention of ACK. A new channel
model was developed on NS2 platform, which could simulate the link quality changing in a short time based on the
model of two states non-homogeneous Markov chain. Through this channel model, the following conclusions would
be reached: (1) MCFS protocol can adapt and work well with short time varying of link quality; (2) In reasonable
configuration, MCFS was quite effective on performances in the network delivery rate and energy efficiency,
compared with mono-link optimized protocol by the criteria of HOP/PRR, disjoint and braid multi-path forwarding
protocols; (3) The good features of MCFS were independent of both network scale and nodes density of
deployment.
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Fig.3 Illustration of MCFS multi-link strategy
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ALGORITHM: Packet Send.
Sender i
/* Maintain the fine-grain gradient of each neighbor je N(i), we denote g(;) as the gradient of node j, k as the
number of candidate forwarders in each transmission, and sort nodes in N(i) by g(¢) as an array of G, */
gmin=g(Gi(k));
gmax=g(Gi(1));
Broadcast packet {[gmin:@max]||/DATA};
Wait until receiving a ACK from a node, which gradient is within [gmin.gmax] OF Sending timer being out.
if sending timer out, then
backoff and retransmit this packet;
end
ALGORITHM: Packet Recv.
Receiver j:
Receive header of a packet.
If (/) €[gmin.gmax], then
ack_slot=Slot(gmin,gmax.&(j),sent_before);
Set timer for ack slot.
Sense channel and wait until whole packet received and ack timer out
If channel busy then
Suppose others already reply ACK, so give up the packet
Else
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Regulate transmission power for ACK
Send ACK{j||g'(7)} to sender
Il ¢'(j) is an updated gradient of i.
End
Else
Sleep until transmission end.
End
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Fig.4 Redundant retransmission problem
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Fig.5 Illustration of contention window mechanism in ACK response
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Fig.8 Two states non-homogeneous Markov chains model of short-time varying wireless link
Pl 8 e o I AR TG 2 B B 1) R AR ST IR B SR ] AR 2

2 A0 (@) B VAR Ul $REC AT BE LA 8 7 1Y A RM(e) 73 ) D 5 T8 Ak T4R3S 0 M1AR I
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Bk 2. BT SRR D ORAE 0 B B AR B I AR R IR [CRE STV,
/I define to_last_update_time as the time span from last state updating to now
ALGORITHM: updatePathlossExp.
obtain to_last_update_time
If state==A, then
Set jump_prob to be 1-e
Else
Set jump_prob to be 1-e -
End
Get a random from uniform distribution within (0,1);
If random< jump _prob, then
Swap the state between 0 and 4;
End
set to_last _update_time t0 0;
7 =StatexA4;
End
ML 2 AT BAE R G AR 45 B I AL B B B 55— ARSI jump_prob #0K, TR AE
W BENLECA 20 SR /N T jump_prob, SEBUIRZS B EE AR 38 52 R I IR IR 25 J) E WX R BLVEAE B IRAS
5 B RIS 1) 53 30 Sy 3 A 8 070 AT TR 354
FATI1E NS2 1) shadowing.cc HSEBL T A A, I 1 1 > 5 s IROR 0 FLERAIE T ASBET (AT 20k I 9 fe
78 T ARAL T RIAL RIS I AR AR R B PRR BN ) ) AR A AL oy 5 38 S8 VR SR B n=4; 8 9 Kk A 1%
BA=2, (5 BOE AR 208 7;4=0.01;4=0.1. LR B H I R | R 2S5 gains3 7 & S8 i & — 2L

—Axto_last_update_time.
’

last_update_time.
’
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Fig.9 Simulation of short-time varying link model
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Table 1  Power of processes in test, length of packet and segments
F 1l SERRN R FR O AR 2 & M EE B BN B

Power of each process Value (mw)  Segment length in packets  Value (Bytes)
Sending (P) 15.6 header (1) 28
Receiving (P, 7.9 PDU (1) 120
ACK with high power (P,,) 24.0 ACK unit (/,) 24

Table 2 Calculating method and value of power efficiency in tests

R 2 SO RE R BT S AU

Power coefficients in different processes Value
Par=Par IPas 0.51

ﬂas:Palea /Pdi(lh+ld) 0.25

ﬁar :Pdr'Xla/Ptls(l/1+ltl) 0.08
Bir=Parxlil Pas(li+1a) 0.10
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Table 3 Parameters configuration of tests under different short-time varying link quality
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Index 1 2 3 4 5
A * 0.01 0.02 0.03 0.04
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A 0 2 2 2 2
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Fig.10 Performance of MCFS and mono-link protocol under different channel parameters
10 MCFS Pl 5 8 B W il AE A [R5 T8 S 805 T it fe

© RERREBERAIISTET http://www.c-s-a.org.cn



3054 Journal of Software A3 4% Vol.20, No.11, November 2009

3.2 Rk & T S E FMCFSHMYLIERE IS0

£ MCFS il ¥ B S8 2 — W3k 5 R 1 mUE B2 DG 3 AL 1R m S R0 I 4% e e 08 S B Tk 4%
1~10 AL 2R MCFS P e 55 1 AU IR PR B 2 10799 45

Bl 11 5t T SR 4 T B I P AN FE AR 5 T B 1 I AR T RUE (1) Hfn>2
I, MCFSTEHGIE % HIn 440 T M R ARQHEAL [T FRIKTUPHI L, M fn<d I H B B AR WAL TAHFRIARQEAL TR~
FIUPHX.(2) BMP LA HEIE F AR AL T MCFS MY, X 3 2 2 K o BMPE T ACKH AL, A5 Bk #EAS B8 LR 11E
A3 SRR I B T BT 51 AMMSPEEDR b 4 ] (K RTS/CTSHL I, HUAE 95 58 5 7% (1 3 Tt v 6 i 4% 3 5 | o
SEBA R gt v, 5 SOLHCIR AR e g 2830 [ B Mk B B B 53 4 R BMP IR G BNV, L RE 8 %
AT A i 80K 8t 25 1R 22, HLBE 48 2690 [ 4K AL (3) M B A2 4 LT i), MP I UGk R AT 1R K3 T, HL
B T BMPHM, I 2 K A 5 45 B9 22 B A% 5 450 22 T (8 A S A /N, e ek 8¢ it 5 A 179 b S8 W 3 A 2 /I8 W A i 42
FOR KIS HRIE 245 07 T BMP MH 2 A4 E EEMCFS YR AL — L8 78 R 5 302 77 111, MP ) 1 LE MCFSHITUP 1 13T
T2 TR TR S B A2 A 5 I A% 36, T AR R AR B AT 0% A — e R BB IN T RE BT AE.

AN N SR 45 BLAT DL A T TR S 3 I 4 I MCFS 7RIk ik Z F 8 F 00 77 T 3 I o U7 0 A )i
gl h EEATH XRS5

Delivery rate vs. forwarder count Energy efficiency vs. forwarder count
1.0 > 0.06 =
209 S 0.05] =
0.8 S 0.04]
>0.7 £ »
06 o 0.031 %
=05 3 0.02 =
3 0.
8 0.4 > 0.01 i . e US )
03 (Tl
T 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Forwarder count Forwarder count
—&— mcfs-ap-ack-9 —*— mcfs-ap-ack-2 =+ bmp —& mcfs-ap-ack-9 ¢ mcfs-ap-ack-2 4 bmp
—+ mp uni-arg-9 =- uni-arg-2 —+—mp uni-arg-9 =- uni-arq-2

Fig.11 Performance of MCFS and other protocols under different count of candidate forwarders
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Fig.12 Performance of MCFS and other comparison protocols under different ARQ thresholds
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Fig.13 Performance of MCFS under power regulation and no power regulation
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Fig.14 Energy consumption in each process of MCFS protocol

with and without ACK power regulation

K14 A S A ACK T LI 2 MCFS - B iSCGal A5 ) HE #E3 #E
3.5 ML E X MCFSHSLIE eI &2

T AR 4% R 100 K 1R [ T X 4, 49 il 34558 100, 200, 300. 400 A1 500 AN s, BIVGH A 2458 N 1R 770 s
£ N 9 5] 45, 13K MCFS 74 AS 7] 90 £ 30 8585 B R 10 ISPk B AR 45 A S8 v 308 5 3 3 B0 A (R i 7 A o
PUERIESE Sink 75 & AT A 5 3800 (2 AL/RD). DAt HERR vy 3 B 9 28 v ]y - o 90 280 e sz e i = ml Lk A 15

Jr 7 (K 7 345 AT

DA Hi:(1) AEANIRNE FER , & W IR R 22 AN K, He MCFS [ 4RiE 2 B 2 A T 34t 38

(2) A W 5L HRD B 5 200 4 I It B (10 89 Jon ity e, 3K DR Ay B 3 A R Sk S T 4 RE RE K 88 T

B, MCFS (AR 00 T oAt 45 B

© RERREBERAIISTET http://www.c-s-a.org.cn



3056 Journal of Software A3 4% Vol.20, No.11, November 2009

Delivery rate vs. node density Energy efficiency vs. node density
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Fig.15 Performance of MCFS and other comparison protocols under different nodes density of network,
where workload of network in each density is 2 packet/s
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Fig.16 Performance of MCFS and other comparison protocols under different network scale,
where workload of network in each test is 2 packet/s
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Fig.17 Performance of MCFS and other comparison protocols under different source data rate
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Fig.18 Performance of MCFS under different ARQ threshold, candidate forwarders and source data rate
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