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Abstract

The Collection Tree Protocol (CTP) estimates link quality based on the transmission of data packets
and beacons, and selects multi-hop transmission paths accordingly. In the absence of transmission for
along time, the link quality estimation cannot be updated. When a sleep mechanism is employed, it is
difficult to estimate link quality using beacon sequence numbers. In this paper we propose a collection
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tree protocol ALE-CTP based on active link quality estimation, which improves the link estimation
method of CTP. By collecting interference plus noise intensity and calculating input features locally,
each node can actively estimate link quality using the offline trained model LEAPS. LEAPS is based on
linear regression and uses the first to third order origin moments of the approximate signal to inter-
ference plus noise ratio (SINR) samples as input features. It makes link quality estimation independ-
ent of transmission process, enabling accurate real-time estimation of link quality even in the absence
of data or beacon transmissions over extended periods. ALE-CTP was implemented in TinyOS and
tested in a real environment. The experimental results showed that compared with CTP using 4Bit,
ALE-CTP had a higher switching success rate and shorter response time under strong interference
conditions. The delivery rate was increased by 23% and the latency was reduced by 13%.
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1. 5|8

FKEM PP [1] (Collection Tree Protocol, CTP) & it 7Y (1] ¢ £k 1% Ji 2% WX 4% (Wireless Sensor Network,
WSN)EE PR, ARG T IR B B o & @ S AN e 2 BB g 2, TR RGBS RDIR M4 #h$h . CTP SR 1)
BERR R AL 17V 4Bit, X TR R AT R RRER, I G v DA e ) B AR T A
(Expected Transmissions, ETX), %} T-IEAEH 2 L EERS, R4S IR 5 1T H A B0 (Packet Re-
ception Ratio, PRR), Fi4%#y ETX. SHHE L5 R FRECKN, St s 7 20K ), T
(B AN e SR B B8 T B Al v, A AR AT S T RE DR L PR 2R AR T RE M A N 2], R4 B 5
flitl PRR fA7E e, SRR HER ST e 42 L IO BERE I i = .

N L B DR A AN ], — SR TR P WU ALk T H R B, ISR E 280 PRR G R,
FRAE FS AR TR L E S5 T PRR . BRRSRR J3 D 5 T 08 5 B0 L ALY 3] (4] T80T e
SLRI 2RI AR S LA AR LS 52 20 T SRR [6]-[10] 0 SR FH S A6 7R F10 775 925 i i P — A il LR R ALE
HE, X TR ESEUE, PRR FIHUETE B AT ERIR K, SEUECKH R 2 .

T PRk N BRSSP T A% 2, SCRR[11]-[ 172K FH B S AR 2Y 5 Gn v A A AR 45 6 1) 7 i, R AR AR B 1
1) PRR ARSI SR s FNRS AN,  SRI7VE IR AR AR R 3 B MR T AR S i () L, 4K ()
HEAT A R O AR 7 5 e H OS2 ), oy B R o A 1.

AR, — LU I SRR IR BE 5 ) D74 e B B o A T RS BE (3] (7] (9] [18]-[21], BT EIRSE
B, FTHR BTV DA BT BR 1) WSN HszB.

AR SCHE H — PP T = BB R A TR SR EER B (Active Link Estimation based Collection Tree Proto-
col, ALE-CTP), XJ CTP FBEM 5T S AN 117 ik AT itk R BA {5 T Lt ASINR (Approximate Signal to
Interference plus Noise Ratio)f] 1~3 il s 45 A A BE AL 114! LEAPS (Link Estimation with ASINR Power
Series) A NRFAE, {5550 & A5 T, T FE, BRI RS AT 200 55 A A i, R T ST f B
PR THERA T, E TinOS "SEHL T ALE-CTP, IG5 IRERW], MF/E TR, ALE-CTP REfE TR
b e N T BRI AR AL, AT R AAT 3, IR/ AE . T E e/ AR R AL TS A LEAPS FITE R BE I it =
it EE, SREUE ALE-CTP HSEI 7%, JR4 i SRie gt Mo tr, o Xt & 0 T ags.
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2. SEIRMEIHER
BT AT S ES R R BT, AR A ASINR 1E NSRRI M NS5, ENZ) ¢, 3
BT S RIERIE 5 ) ASINR B {E 7, (1) I E IR
7y ()=, —n(t) (1)

Hr, a N SR QB JE 5 £ BRSS9 (Reception Signal Strength, RSSYBIME, 7 (¢) A7 Al i 1
I} %) ¢ 45 T4 5 8k 5 58 FF (Interference plus Noise Strength, INS). X - [& & fi7 & #52 1) WSN, RSS [
WEhVE B BN, D, AT CAF SOl 3R RSS BMEAE N2 FT 1) RSS AL ME, M REDS DU F4%
vt 7 Ak B T
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Figure 1. The correlation coefficient between the mean ASINR and PRR
with different statistical windows

E 1. RBEAREZTE O ASINR H{E5S PRR X RS

TR, JRAEH ASINR #EA S PRR AHCHEEUR, ik, ASCHIA ASINR $#2EUH A FRHIE, 1%

# ASINR FEAR 1~3 B fE54E )y LEAPS BRI AL, & 1 BoR TS e 5K ASINR #f

AIMEED 1 PR ) SRS & TR PRR Z [AIAE R R 5L, nTLUE R, AW T AR R,

R RO, B, ACRAS PRR AHERSETHE HTHE ASINR FEARMJE S N TRV BRI

fig 484, F AT EINEUGE 8) T #2){E (Exponential Weighted Moving Average, EWMA)-5 & 448 2 18] A3 fLL

FHEF R R, TETHE PRR A1 ASINR 5L fURE R, ASCE— 58 4%/ DR 3 (E ) EWMA AR
B O A NSME, 28 x M EWMA Bt 5E 7R R QM RG)FiR.

Yo =X (2)

v =(1-a)y +a-x,(k=1) 3)

ER, o AP RE, AT, WA E KNS, a=0.1, FiERIREHEK EWMA 5
RN 75 Wgeit & DR R AR A
LEAPS SR £ Pk B A BLVA At T R B, PRR 4 THE P IS iR

A

P=0'X (1)

DOI: 10.12677/sea.2025.142029 323 B TR


https://doi.org/10.12677/sea.2025.142029

>3
3
Ed
48

— — \T
X=(L77" 7 ) 5)

Hobt, o0=(0,,0,0,0,) NERER, XNRNEERR, 77, (1<m<3) A% 0 ASINR F A&
Hy m 5L 2566 1) EWMA
TR R RSO BAR IS, o BUR R B i o -

o=(X"X) X"Y (6)
1 }7El FEI FEI
X = L 7 7252 73E2 (7
I 7o Pn 7
Y=(R,P,.PB) 8)
Horb, XONMINRHERRE, Y N AR, o I ZREE A R A B PRR REAS OB .

1.0

o o o
> o ©
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Figure 2. Partial correlation coefficients between input features and
target variables obtained by different imputation methods

2. REHAFR A ARBRINMAFHES B EENmREX R

Xt F N ZRAE AR AL 5 BRI B L IR %, 77 R IUE W 7 iR AT TAR B, AR SCR A
ZREEHY) ASINR S/ ME XK ) ASINR FEABHATIE R . 4] 2 WoR 10 R /MBS 0 A5 {E I 7R,
PRR 5 ASINR FEA[M) 1~3 B 5 s 55 B mAH O¢ R0t {E, vTLAER], RAB/MEIETS, REf PRR
SN2 0 B A m ARG, RN, S AREIES PRR ZIRIMRARSC REEY & T 095, RHIL
ASINR ] 1~3 Bt Ji s R a2 AR B 1) N AREAAE B 8% SR A48 v 1) TGS 2
3. ELEEREETTEE

TELRALTHEE S T B M EE AT DU I 3 Fos BPIRES BIFIR, 4700 AR BdE B E Ry, K S Hnt
A0 FE T 55 ) RSS M T A% BR AR 52 10 R 42 ASINR FEA, AR RIRAER ZI, 1553850 5 RSSI %
1788, BEINS, 456U &40 &3 50 RSS, HHEAE CUNSEH Y ASINR K 3L 2 YR 3 k7 #E
A, MR —AEERRAE AT E DR BTAE AR, THEINRHE IR LEAPS £ THZ 5% (1) PRR.
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Figure 3. Online link quality estimation state diagram

B 3. RAELMITEERERTE

4. ALE-CTP B9SCI

7 TinyOS 528l T ALE-CTP, {E¥it ALE-CTP ¥}, REMFFSIA REMAE, FHmb
KA MBS, TFHAH ALE-CTP MIAKEESEH, BEERAN T8 B R 5] M Es b1 5] Bt Jrik.

4.1. ALE-CTP H4E#a

T kel 1 sl
L A | LR
linkEstimator AMSend . linkEstimator
Receive
A
LEAPS

Figure 4. Structure of ALE-CTP
[ 4. ALE-CTP HyZ5#

ALE-CTP MR 5%, BH 51 3R T LEAPS MSEB MG TH a8 = AN, ok 51 3 E 2 ohfg
FESOEFNRUCEAE , 3% 5 SR PR AR AT, AR R S AR AL T — Bk H Y AU, BE AN T EEARYE
ASINR TRUMGE 65 &, i el 51 SRt s B BE B R RS . B 4 BOR'T ALE-CTP M PES5 ),
2H8 TinyOS MIEZRMN, VMER RN, BEUENFRARREHAMt, DA nEBRFRRED. 5
CTP ALk, FEZEHIZ KA LEAPS SRk AG1H 28 B e T A 1 4Bit BEREAN 2%, T4 R 51 #E 5k H 5]
BRI DB R, PIAEE 4 AR IR T 51 SR % B 5| S R Al T 2 TR A

TERE R B SRR A T 2% 2 [T F 42 1 Link-Estimator 45, 751 FH 51 48 5 5% B Ak 1 38 2 18] {5 B4 H
FAB AR 4 VR A 88 # l 1H 9 LinkEstimator £2 11, BT ALE-CTP (XA Y0 2 2 54k 55 % i
i, PG 7 #2 H Comparebit.

Table 1. Modifications to the LinkEstimator interface
= 1. 0O LinkEstimator FI{&%InE

EYINibEeARITIE Y i e RITSE Y
UpdateRSS txAck
LQChanged txNoAck

clearDLQ
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Xt LinkEstimator 4% 1 ) 5€ CHEAT 7B Wik 1 s, #8071 2 ek, Horh, 44 s %k UpdateRSS
FIF 58 RSS, 471 iU BB B, el o 51 3 A% BR O T 40 B R rh 5 50087 )0 B2 RSS 1
6. LQChanged NHF/FoR%, HEERE IR A EN BAUNS, HBEHAG TH 3 A B th 5 BEHAT 2R 8 K
J AR AR I (8] R B 5 B D e /ML, AT 40 19 R RE S AR PR BE R i ARG 0L, I T AR i B A2
HI T Jo 7% A B B A At TR Bk BB, DRIBEINER 1 LinkEstimator # F oA S8l ARG 1A BR KL

4.2. HEREMATERE

LEAPS BEREA T SL I 1 ] 3 Pos ROFELRBERR BT A TH 500, BN RAR INS MR, THE% Ot

A RFIE IR K H] LEAPS fifith PRR, BT H1 51 AR BETX 2648 T —Bk H #9735 &0, B, 7E7H5E H PRR

HE S, FHER0)% PRR fHE P #4008 ETX M THE £ o 24 ETX i & A4 0 B ocAs g, # bk
LQChanged F, i) REAEAR, AR5 7 5 SN 5T 6 ot

E=10/P (@)

HE AT SRS AR A B O R b 3B RSS, U EME ARG, BERR Al 284 HI LA RSS A1
RO S S5 EPR RIS SR EERE I ETX, JEEHANER . BT AR ESIHEIR BRI, FI AR
ARG, a0 BRTIR, ) RSS MK 51 S, FERR Al H 358 i 047 Link Estimator £z 1) f 4L
UpdateRSS 7145 RSS ¥J{E I HH 40 fE K.

X EE A T AR I AR JE R A AT TAE S, B9 T T A2 4% RSS. ASINR JH 2 IRA1 3 IRTFEA. i
ANNFHEF PRR AL THE R A, A FAE A 5 EE B AE ARS8 St AR DR IR R I

43. HBAS(ES5RAS I

X CTP %% e 5| SN o 51 28 R AT 7/ BB, 155 R 51 3 A0 B 1 8 s AL i im AR Fh 38 17 132 L
RSS Al F UpdateRSS 40 &R 1 HE . 1EB B 51 %380 7 % LQChanged FH-HIALEE, [HIF, 152K
TABFRRIET L, FEAGHs) HEE G 2 AL i/ ME TG LA AP 3G N 7 B2, DA EE b o)
IR o

5. M SEL8 5 4R
5.1. SERR75E

Gy AHEAT T RERR AL TS ALAN ALE-CTP FPEREIASEES, SKH CC2530 ffEN WSN 75 &1, CC2530
SRR T EFRICHGHTEEE, 5 IEEE 802.15.4 ARt % . EE WA ZFIAAF T AT 75050, 7R
MAASEEG T, 2R 1 X 1A o xF 1 Mg s, Fodr, noxb 1 R4 o LR AN B TR B Fh 251,
f£ ALE-CTP [JMHASZES H R A 2 B AL 2% o NS E T30 264 T BERR Al THB AL IR P R, 40l
2.4GHz MBI 2 /M BT SE8, AT F, 1A AAFAERRET Y (R EEFIENR), ARSI
BUNPREEAE, SRIR &I 2 FioR.

Table 2. Experimental conditions

2. KWEM

Hh e {518 Rk IN%/dBm I JE #H/ms FE B /m
J L 11,22, 26 -22~4.5 100~2000 5~30
T4 26 —-22,-8,4.5 500 5~10
f£% 15,18,22 —22~4.5 50~2000 6
12 [l 15 -20,-10, -4 200 40
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FERARIMNR a0 b, WAEH T AILEAEE due[22], due BIFEFEZ RS . Tha. FMIMEKEE X
PR RERE S, £ FEEEFRET, — RSB IEEE PR 240 RTTKILK.

5.2. {REAR

N T VP LEAPS [PERE, 20 BIRHT T BRI MR L5 . 7B 2Rk scit b, 8 B 2 1 3n 5
FASHARE NGNGB, 5 5 BoR T LM 4s R NIZBE8 8R4 R el 9 R EE,
RAESLIGAEH n X 1 HEA R MM, LR 22903 %&idsk, MW E AR L HBE, FEmM
15 5 R B DL S A LR AR due, BIFP AR G4 “17 A1 “n” Rox 151 Mo X 1 4. 145
WA T AR 4C [13181 LF' [81FIINRSE 3, 4C BT EH, KHAHMTHEUN LQI AF— 4% 1
(1) PRR FHM 40 % 1 1¥) PRR, LFI RH wed {41248 AR RRE, wed B LQI A1 SNR AL
BRICHE B BE R, N TN NS EU s, 43 AR R /R 2985 EWMA X LQL 1 SNR 4T 4k
.,

M 5 HEF], LEAPS TRIME 1) P 4% % 2 MAE W2 /NT 4C F1 LFL, ARYEE 1| fros ket 2
Mras i, HNFRIES PRR RHM A S HE O, B RS RAHME, 4C Al LFI F% ARFES PRR )
gt & O KNSR ZER, SEWNEEER K. BT 4C KX LQI #EHATIEMACHE, K, BTt
i 6 1 EdRELAE, 4C BFITUNGR 2 B0 B = 1 LFL.

AN R B s A2 0 LEAPS 1) MAE B8F 25, SUIZREEAHLEL, MR MAE A RTEn, A
KAE/NT 0.013, KB LEAPS HAH w0 I TUIIAS BE AN R Iz A g

0.25

B LEAPS

0.2 +

0.15

MAE

0.1

0.05 -

oecb-1 oech-n resi-1 resi-n park-n due-1
R H e 4R

Figure 5. Prediction errors across different datasets

B 5. FNEHEROTNIRE

FELGMIRSES 39 RS AT S 1 LEAPS AR (AR 7, FEZRAb THBEH 5T B R 1 B Y PRR 1%
BB EALHL, FN, R B B AR B AL, AT AT A PR A B S HEAT LA

1.00 { o —ee

0.75 1
[a g
o 0.50
o

0.25{ — Real PRR
—— Estimated PRR

0.00

100 200 300 400 500 600 700 800
time/s
(a) =25
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Figure 6. Comparison of predicted values and actual values for different types of links

[ 6. NEIZEBERRETFUNES BESLEELAR

SeabaE R 6 AZe 3), XTSRRI AOBERS, LEAPS 1B A 5 AR L RIS 5, )27
R S ARS8 MSE 24 0.011, MAE 5 0.075, BT & EFERE K RSS BOK, HikshiR/S, DRt s &
BEPE AT R ZE /)N, W TSR RS, TEREE INS FEAIR 1) RSS 5 5 JRELK RSS HIZE(EE
K, SEIMRZEA K. wlE o(d)fiw, T KigpksfaEd, LEAPS [ TINE MY 5 B 8E 142
a8, T EL B R i [ % 5 R ) I S A, DT I Eh 5] B AR e T AR
N R 2 AL T R AT

Table 3. Online prediction errors for different types of links
3. TEILEBERNELTUNRE

1 o Hh S o B R BB % PN ek
MSE 0.00093 0.018 0.012 0.011
MAE 0.022 0.11 0.073 0.074

5.3. ALE-CTP Bz

ALE-CTP FJII SR/t Rtk 9 #6347, W&l 7 pos, MR Gl i 2% . EALH LA IR A
Ji WM 2% B35 4 AR R 1-3 RS AL R 4 IETRT Risink), TR T FEB0E IR IR
B, IERBER AR R sink, BT 15 sink Z[AEA s mALRERAE, R, 5 ZIE T T 2 5
T3 FORHUE, sink WEIBUE S, A D EARB] AL, TR 2 A A 3 ANREERME, IR HARE
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Figure 7. Composition and deployment location of the testing system

7. MR ARG S HEMLE

I BIAERE M 26tz 47 36T ALE-CTP F1 CTP [AFRET, RRRSEIRFFLEZ 20 2050, HEENHK 3
W, SRS RANZE 4 Fion, o, SSR (Successful Switch Ratio) NI IhR, FRAELZE T T,
8 51 D)3 B AR (0 OB A B R B LA, D AR T ] 7 @ TR AR 1 ¢, B H 51 T IR
B PR AR B 1 ¢, Z VTS T), SRS U] 7, A2 AN ¢, 3158 B BE 45 B AR TR 2] ¢, 2 [RI AR (], A2 4F %8 (delivery
ratio) A sink B LB (5 R I RURE I ELECE 1 LU, B AE sink WSO 1 I 2 5 R0 RURIE RS
2| 28] FFY S 1) ) o

Table 4. Performance comparison between ALE-CTP and CTP under controlled interference conditions

%= 4. SIEFHIEAT ALE-CTP 5 CTP BUMRELL 3R

SSR/% Ty /s /s AT % B 4E/ms
ALE-CTP 84.08 20.54 4.03 63.32 4.05
CTP 24.15 29.53 4.12 51.58 4.67

MF 4 FTLLEE], ALE-CTP W) DI B2 T CTP, XU ALE-CTP XI55 it & 1l v 5 ik
T, I R AR U B B o R 1R Ak S B B AR i AR . 8 CTP I i) e AR ) 2 B R R & CTP 185 %
TR R AR K, SRR M, 4Bit RSB IS S TR, R E B E S
A Ge SR FE R AL T, TR IEE AR A R AL R EOR AN BT [ 1], ERIARECORERE 512, ST
B, 7E 150 s BIFHR/E 0], 4Bit 7] RETCVZSRBUE BB 5 bR, I SBT3 RI. B E SRR m)
FELBE G AL T L AT A, ALE-CTP [BERS B Sl v S T4t #, eI R A B hn AR S i 15 0
N, AR E RIS TR T, PR B s B DR T 3

H T 4Bit HOBU TS AR EC, RILAE RERE BN DI 15 0 R, CTP 58 BT i I [A) 9 ] 2K T+ ALE-
CTP. T HEEMIIEEM A5, ALE-CTP PIZCAT 2L CTP #2851 1 23%, BTZEJ/N T 13%.
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