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Abstract: A novel time delay estimation algorithm was proposed to correct ADS-B latency employing an auxiliary signal
source and correntropy. Firstly, the cause of message delay was analyzed and a new latency model was raised. Secondly,
when comparing the signal similarity, the correntropy was introduced to estimate the delay using Doppler shift from sig-
nals of the auxiliary source as the research object. Thirdly, the influnce of step length and Gaussian kernel length on
evaluating the time delay was researched. Finally, simulations were carried out to verify the performance of the proposed
algorithm in the impulsive noise environment. The new algorithm needs no change in message format and it is more
practical and accurate compared with existing methods.

Key words: time delay estimation; automatic dependent surveillance-broadcast; Doppler shift; correntropy; auxiliary sig-

Vol.36 No.7
July 2015

nal source

1 3515

R A A MY (ADS-B, automatic
dependent surveillance-broadcast) F 4t /& fiig 7% #s 1l ik
AR B E S R L 8T B R E A7 RN
MR A3 B 2R RS, C O TR
W5 (ATC, air traffic control) A~ AT &8 511 T Bk .
br L2020 (ICAO, international civil aviation

Ugim HER: 2014-02-08; €@ HE: 2014-11-17

organization) 4 CAAEKA] B H 1) 1 090 MHz S £
XY HIERE (1090ES) 1E4 ADS-B [
Bk, ADS-B SR 1090ES 1 Jy ) 3% 4 4%
B, ST B D T AR A IR AT A A R A
S I AT R A 5 A S S 1 0 R 1 A K
B B 2 MERR A G S Ah, IR EEAE BTk
Wtk 5 PR, B4y B e B 25 v A8 I8 A I 1)
BE T, 2 [ B2 5 e 380 5 1 b 2R A5 B 1 45 2K SE b

EEWB: HEARRIFEESVIIH (61139001,61172108,81241059)
Foundation Item: The National Natural Science Foundation of China (61139001, 61172108, 81241059)

2015102-1



578

IR FE TR OCRE T ADS-B {5 BN SE Ak v 57 530 + 103 -

I ) R ) e, A, AR T RMLECRAE 5 1)
b T TG 26 T PRI R A 1) O e, RO A
SR R A EHE A S A B K R BT IR A
RS I

H T 1090ES i SOt U e o #2815 B
DR Z) CARSCRIFR A “BERED P (s B Az,
W PR SCEAB TR B AR S SR I R, X
BT AR SCE BAEAER M 2R . F34h, mTE &
T8 % RGAE A BRE R I KT Lk s 5 o
B A5 REAERS, WA BE SR H EAISP- TH 233 2% 1) PR s A
2 R R R I R AR ke A A i ), T G
9030 ok 8 i g I S A T R R sk s O
HEATAG TR T 75 B4R A BN O L ) B 2E
FEAY, I3 o SR Y S I I TR A G IS S AR AE
K HEAT I AR 1T

B XE 1090ES 5 % 15 5 I 4E [ B 573k A -5
AW B, HAT D H02 5 5 Jones SRR 211
S N U BEAT T OWESY . SCHR (12100 F T AF 5T
ADS-B 15 JE I ZE X 7% o A8 5 ) M RS B2 1R
AN TEAG V1IN SE 5 SCRR[ 1379 H BE RS — BN Rl 2
S N N B TR A A T IR E ), B
%7 VE RS R IS S A U1 RS 1 B B AN S0, (H 2
16 CCILAT 1R R SCHS 3R SR B I), HE DL AE
IR A v s, HREAE i W7 R AT IE Y
FFHE o

EEXTLA B, ASCHE S T BE T A B YR AAR OC
51 ADS-B 5 BB ZEAL V1B k. A, A
ADS-B {5 BN ZE = AL FF 45 H T I RERLRL s SR
&, $EH ADS-B 15 BB THEVE, fRRIEE
Y50 AR SRR A AR A ARARLE Bl 356 5 DL KR FH AH 56
WE BT EARHER IR 25, ik
5 v A% AT I S A UK B2 (R, a8 I S )
Nk P 21 TR I S ik VRS AT T 31— 22 RIS
B fi s AT LU REAE T S BT PR 0 7 5
PPWERE AR, IR A LI ADS-B 15 I 4E

2 ADS-B E ER &R

2.1 ADS-B EE2 R EEHH

ADS-B {55 B AR SR AAT 20, I rh B
e, TR A AR SR R S RS
(M8 45 B {5 Bl i 4x ek AL T W R Gk i 28 3k
WO, TR AT R AR B AT SR, S
il 4% 200 B4 BIL R ZE R ADS-B 3

ADS-B {5 B ALFE 7 A 2 R, EE 530
XA AN MO S Ao R 4 25, S,
X AL R 245 A T K RAT AR )RR 5 2
BRI B, Z Oy S A A A A
BN, B 1 BRTIE ADS-B #1305 B, K
KSR ISR .

£ 1 #1, TOM(time of measurement)3& 7~ {5 &
MEKZI, TOD(time of departure)3& /{5 KA LN
%, TOR(time of receiving)®X/~fi5 BN Z; 1E
T RE . B, RS B, B
SBIE . — R TOM B TOD IHFERS Ay & i 4E,
‘B ADS-B {5 S SE () TN S . (HX T b
LIS, TOM R TOD # 2 A%, WA TOR
AL L E AR BN L GPS W45 B2 3R AT . 45 2
WG AT S A AL FRE I, WA TOR AU
TOD, TOM %| TOR [PJFEI B AT 3 LA A & S i
%t
2.2 ADS-B EREIESHT

WIIRNZI%EA L M, W M={ToM,}" ,
IR n RRAR ST s AR, B R AR A
R, Wi/ R={TOR)" . % n NMEHZIFILE n A
BB 2l 2

TOR, = TOM, +D, (1)

o, D, e dR 5 n AN RITLE . A n A S LA
8 on-1 DNBRWAEZ ERIRNAD, =D, -D, , N
D, 2 (2)-

NP o [S— -
ﬁfrﬁﬁﬁxﬂl‘ﬁto HH EKfTﬁk[BL ﬁfﬁjﬁfﬁ%ﬂz?& D,=D, +AD, =D, ,+AD, ,+AD, , == D+ AD,
ks, I HARME AT B S m (I e A v p=)
RGP, WAL 16 S (2)
TOM 70D TOR
- =I< =i< e e =i< =i< >
. 5 2 it i
Wi Lol Bt gt [ SDSE el ADSB Ll PSR el wopem| s [l i

K1 ADS-B {5 B a5 L6 5 2\

2015102-2



104 « w oA

Eixd 36 %

HISCHRII3] P40, AD, (i=1,2,,n—1) 2HLI)
S RANFIRIES M, B AD, ~ N (1,,02) - 3o,
U FTFEEAAIIE, 02 TR LA T
%, MR SHOTSEARRTT S AD, W T

&AM, THEAE S AD, ~ N ((n=1) 1, (n-1)57)

FESEBR w0 A 2 AU AL THEAR
BERE, WXG)Ps.

S AD ~ N(n-D) 1. (1-D) 6D ()

b, A g, S VHE, 65 & T 2% o) G
B, —BEBT g, ~0 U — 5 i B 2 1
HT AR D, D,,D,, -, D, LA, 5
— 7 T B B AT R S R/ A, A2
KPR KR RN, 45K (4)
JT7R o

n—1
TOR, = TOM, + D, + Y AD, 4)

i=1
3 ADS-B EEMEMGITE X

31 ZEHSHEMRIER
FE 52N GE I,y 22 8] A% i A I T 2
ATl SOICTRAE T SCHRT10, 1170 2 7 1] sl 2
[ P o7 F 2 e 5 S ) N S i o 505, T A
OPTIORERY, SR A8 A TR R B A IR A A T 5
o ASCH SEAEMUL L 51Nl B o 4 i A 5 5
CRIFR “A B 7D, AR I PE A B U S s %2
W RS AL T S BE R 2 5 B RS e A ok 0t
AT I A o
K2, BEREE ADS-B 15 J S LM
SRR AL, e AL EANR, WO 2 AR
Ny KEHIERE ADS-B {5 BB LR Bhs (s
S, ST AL EA ], SO AN R R
FEIS 2 ¢ SR AR 5 28 CHLIBCH BeaR iopL%
e FEIZ 14D, ADS-B i SCAE BB AR LR I
AR, AE R AR SO 145 S S S ¢ I 1
MU BTSSR ¢ 2R 2
MET, AW R Z RS . D T RN SE A T
AR T KAV RN AE D, EERUE S T 1 2
R AR A SRIE, BEGR T ERRRE Sk KL
MOREE, SCRESCME WHLIKIERE ,  [A)IF3d 2 Inf Th) 22 e

Rk, WAk, Wit ADS-B #RICHHEIREU £
B2 BUE BN HER, (EAFAERIER2E, i iU
155 2 B0 VI SR I) B8 22 38 39 il 46 i o) 45 S 7
fiffr, AHIRAEIE AT i 2, WonT Il I Bl A 2 4% 2k i) AH
BUPE KL T ADS-B {5 SR I JiE 52 22

t

. ADS-BI B & %1
t+D—T: t+D
¢ * =

ADS-Bfg B4 Z1

HHBHIRAR BRI 2

2 A I U I S A Y

3.2 MHEXES R A EIEE

5T PR LA 7 vk A FE A OV 37
FALFRHGE, 3 BT B KA AR HEN] . 5/
B J7 iR 2EAEN] (MSE) Flis KAHSGRHEI] (MCC) .
Horr, AHRA T FIEAE 5 TR IR YE A R AR R 2 )
PN RS, T A pT I 2 A
2 uHusH .. MRS s B R T B A
SRAAERE 2 ] i e TR R R S, e o 2 Ry vk Re g
PR 5 BIARYE . AR R B R A, WAL S
7E Mercer #Z!"Irp f)ia SEAC 51 R i i 1 AR A% A5 K
{A%F2% 1] (RKHS, reproducing kernel Hilbert space )
N RS S, O BB TE 4 2 ()l A R
(R o SCHH T AHOCH /& Mercer #1407 191
Ho i 2 MR () Mercer 1), #eR ] w1
FHOCRS IR i BB HLAE 5 A AURE RS . i
A

2
1 —
Ko(x—J’)zmexp[—%] )

At x={x(n)] Kl y={y(n)} Frpig
KN N I B BN (55, DA DG I (AR b
e

R(x,y)=2 x(n)y(n) (6)

n=1

2975 ZZE AR B BT Llag

M= X[ 0] o

2015102-3



578

IR FE TR OCRE T ADS-B {5 BN SE Ak v 57 530 + 105 -

FARATL QT B8 EmT LLag A

_ I 1 —(x(n) = y(n))*
V(x:y)_ N;\/EO' exp( 20_2 j (8)

W) AR (7)Y T4, R(x, y) B M(x, p) J& T35
ST B G R, WEE E ARIIIL R, MO DG
R T 2240 LT 5 AU E I A “ 2wtk
1M EH(8) AT %1, e I 2] (1) ik g 75 25 3 3004 25 ok L
HXAE B NI 23 B0 1 (x, p) ROV SE45 S, WO e
AR S HE R AT < et U kg
SRR N RGN R 2, HFH o
FEUE J A W 75 R AR I K rp e 75 IR A HA B 48
TR, MO 7 A LR S AR B
AH AR v B B

3 IR Z W faon (1) STEME TS 4

P AR B 5 R SEEUN 22 B IAE [, e ()
fIEEEL o

40

0 10 20 30 40 350 60 70 80 90 100
B H)/s
&3 HgZ IR SR 2 RS 1 LR

AR, SEBR ) 2 S th 4 52 2 T kg s
52, e PR SRS il o 22 S AR i 2%
FALLPE, AR FH ™ SO0 5 G-y 7
PRV FH BRI Ty ZE ATk
3.3 WEMEITEE

ADS-B 15 B S TH LA DR R

1) & ARFR R,

2) WA B IEAS 5 A o 2 3% A it
fDaopp]cr (t) 5

3) k4l ADS-B i 3Cfi5 Bt LB 2 3% i
L fomm () » FFIR T — 5 IE £ 000 (2 —7) LMES
Fopoter (1) FEBAALLYE: 5

4) VML f e (O N fommee (¢ =) TR
FHOCRE w(7) 5

5) AR E AR A HEI (MCC) A7 ADS-B
& RN EE

ADS-B 155 BN LBk T 82 BAR P 5 R BT ad

M R AR bR R BB, g 7 A% ) 1 R AR AR
B AEZARR R, I ¢ 20 WU B ARAR R X, (0)
HrbtelT,, 1], BT B AR N x, (1) » BBOL
PR A x, (1) KHLEEE v, (1), A ¢
WA 5 RIS BN f, , NS 5 T 25
WA fooppier (1) B AL

fDoppler(t)zfa[l—vp(t) dpa(t)](l_vp(t) dp,(l‘)J_fa

=) S
©)

E¢,dﬁm=L&Q;ﬁ91%%Mﬁ%ﬁ&E%
’ e, =,

[x,()-x.)]
Jx, 0=,
SEFR WO UL B 1) LA B 0 SR 7 [ [
X (9) it ADS-B {5 ETHR IR H Tl v s i
5 D 2 2k, 01E £200 (- 1) 0 FRe W
B Al AR

TCHELEIN TV 5 122 2 DR K £, () 5
S0 (¢~ 1) (RAH SRR W(z) B AL

W(T) = E[ K, fiopater )= S E=7) | (10)

o, B RaBUEAEE; 1k, () AmiiZ, 2 X
KN (5) o BB IRA I ZEAY T 1) LA Ry ith
i, n=RA DR,

t=arg max v(7) (11)
7€[0,2]

) LR RI R T L d () =

4 XWHEERSHH
4.1 BIEMHIHEE SZKAMAETKIXR
T UL I RE A TR TR R ZE e BRI K u
MOCR, EHURBIEAER x, (1) =[15 732, 2480,0]" ,
FHLABARA x, (1) =[4 300, 500,01, KHLHIEANLE
A x,(0)=[0,0,4800]" , 1= FAL RATH KHLAT
DU S 7K P50 T S s tid, Sk
v, (1) =[160,120, 01" , FEHAHIIIEHEN £, =127 MHz ,

2015102-4



+ 106 * M

e 536 &

JGit ¢, =3x10° m/s, BN g, BEAT 1000 XA
H, Wel5 u RARWER 1R,

#1 E5uMxXFE
Y7 MRR % /ms
SR HEP K

0=0.1 0=0.01
1 000 0.01 2.839 2.897
1 000 0.02 5.884 6.345
1 000 0.03 9.638 281.202
1 000 0.04 11.760 559.703
1 000 0.05 14.870 629.963
1 000 0.06 18.662 673.039
1 000 0.07 23.032 674.692
1 000 0.08 26.475 679.947
1 000 0.09 29.559 699.983
1 000 0.1 30.815 710.447

N TR o R R e AR, LEIX
1] [0.01,0.1] % 0.005 (125 Kk o F1 WA, IF
PERFLAT T HEAT 1 000 (RT3, 138le 5 0 Al u
G, Wi 4 Pros.

Bl 4 WALV AR 2 SR KR K R R

mE 1A 400, Ho=0018, BEH u
W, e AR VR, h)LEM TN L 2R,
MY o=01K, BEH u IR, e 2LrERm,
FE L= 3] L= R 2 0] o it i) i, Sl
X (7)) B3 o BUES 5N 0.01. 0.04. 0.07 F10.1
s R s B 2, i S B

SR FH v T R B A TSR I, A R 1S,
RIAE AT Q AhHI R B EEIL % . KoK
B, QWEK, L u BUEZ D, &R0 LIk 2Rz
I IGE D (IR 7, Ad e /N 124 o
INEE, QBN W g BG4 i

| Fo (=) = Fropper (] > 2.+ MELLAY BT D 1)
7, WL e 2B

40
—— KU 0=0.01
35 —a— % KIUE0=0.04
—A— B KIE0=0.07
30 —e— % KHfEo=0.1
25
ton)
20
=
s T
10 LJ
5

0
-1.0-08 -06 -04 -02 0 02 04 06 08 1.0
Peeh i E A

5 AZACANIR N v SO e Bt 28

THh, TEMTE BN D3 PG A
WIS, MEiliZKo b 01, FiPKuh
0.1 I, %5 RO ZEA 134 7 iR 22 & BUEZ 24 30 ms,
WA LA 2R Hoh 001, FIbKu
0.1 I, # ikt e BUEZ K 700 ms, PAEFE K1 L
MR 25 BT, FERZ NN X S A
FAXEF 0 F o XF & FI=AEmA e, il BT (e Y
FT e Az e /N,y 2. il S agn, Al
FEWHULT EATHRIN, 2B WA, ST
(RIEION & BT FE RN, IR A] 200 .

42 BEEGTHEGITREE

N T E M A FASCEIER I R, O
[FI34) 77 ZE AR LA SAH DGR T AR, 7E 10 dB 21 50 dB
JUFEINLL 1 dB AP SUEEELL (GSNR) TRAE,
AL 4.1 W HADSEL, BT 1000 RAGEL, HLECRHA]
AR LA T A iR Z e Wil 6 Fior.

1200

1000t
4

D [
(=3 (=3
S (=3

ISP RE A 134 J5 AR 22/ms
S
(=3
[=3

383
(=3
[=3

IagiiES]
—=— 377

%
{E%:

o —A— MR
10 15 20 25 30 35 40 45 50
AR BELL/dB
Bl 6 AT T ik A 2 iR Z2 s Car=0.75)

2015102-5



57 7

FE TR BDUEAIAR R ADS-B A5 KL G A% V37 5032 107 -

HE 6 nf WL, FEE SUERELLI ARG, K
F 3 B[R] 5 9256 TR SC A G A TR 1t AN
fe 7E 10 dB £ 35 dB yulH N, RHAAHIGERY )
FEAHVEIS, INIEAS VRS R TEAN I s, 1R AR G
SR 2 I B A VIR B AT BRI T . Ak, 1R
Jik it M 7S 4 PE T R AT LASR FH 0 B I R 1 59
(L FLARH T 5 T Bk gt 75 2 B ) Se B i,
TRE LA [F) 5 12 6 2% A AR [ 1R 2% 18, AN ¥
JEAE R LB S Sh 7 S L Jbk o e 75 ORI g 0 g
P, AR L b 3 Bk E SR R A DGR A
g 75 0071 1K) T BE G TN B ZE A o Sk b . [,
#7 GSNR B, N5 e infs = kb Bk 3 T+
]G L
43 B ERISSRMIE

N TR A SR SE B N AN (B AT 3 — 2
(IEAIE, X} ADS-B 15 B B3R 245 1E 1 5 SCHR[S]
Hh I TR TR0 e A SR O PR BE AT T . %
JEF] ADS-B {5 S BENLHRIFN 43 2 5. RS
FHRIRE, ADS-B 5 B M ZETFANIR T 0~2 s 11
D ()13, i AR5 6 HK 0~10 s /64 ADS-B {5 KU
SEFR AT ARG VE Rl . S5 R AP 7 TR

1 600

- RAEEADS BIE BAER o
{EIEADS-B{E BIER

1400} .~

1500}

E1300}

%

1

1200f

1100} 2

RE BRI I T AR
© o=
S 8

>®
(=)
(=}
T
[y
Y
\

700 L L L L L L
0 1 2 3 4 ) 6 7 8 9 10
ADS-B/g BIEIR/s

€7 ADS-B {5 U FE 5 245 TE 17 i 2 40045 BE LRt
I 7 7] WL, B ADS-B 135 LN GEAS W 1 i,
SCHR[STH ENAG FEANWT S AL, THEAT I A T,
TR B E, W% ADS-B 15 SN &4 11
SV A BT SE B N A E
5 #HRiE

FtXS ADS-B i GLINAE ), ASCER Y T —Fp
SETHHBR A O ADS-B 5 B S A 18 5

W IR T ORI AR, R SR AR SR AT
15 S AALE LU AT T S e B . e I
UE T B R TR SR KR s iz KR,
LS AN [ e 75 4% A1 (R IR A 1R o [R) SCR[13]
FIEL, HFAT 2SO A K 1090ES H#Cks A, If
AR P A T B A VRS 5 B sy, WS I SR T
S AR EA A P A AN R AT e H S

P a¥

(1

[4]

[3]

[10]

[11]

[12]

[13]

2015102-6

HICOK D S, LEE D. Application of ADS-B for airport surface sur-
veillance[A]. Digital Avionics Systems Conference[C]. Bellevue, USA,
1998. 1-8.

YUAN M M, BAKER J W, MEILANDER W C. Comparisons of air
traffic control implementations on an associative processor with a
MIMD and consequences for parallel computing[J]. Journal of Parallel
and Distributed Computing, 2013, 73(2): 256-272.

THEDFORD W A. ADS-B IN/OUT Technical Issues[R]. Tennes-see:
Jacobs Technology, 2011.

DUAN P, RANKIN J. ADS-B feasibility study for commercial space
flight operations[A]. Digital Avionics Systems Conference[C]. Salt
Lake City, USA, 2010. 1-11.

Y, DR, TRAE. JET LR 5 1 R TH P e
ROFTSRED]. JOEBL TR, 2014, 54(6): 626-631.

LUANS Y, QIU TS, YU L, et al. A novel algorithm for civil aviation
ground interference source locating via plane scattered signals [J].
Journal of Dalian University of Technology, 2014, 54(6): 626-631.
BRI, EME, HHARAE. T /A 7 R 5T mina ok 1 g I
BTG E R L[], 155 403, 2012, 28(9): 1248-1253.

QIU TS, XIAN, LI J C, et al. An interference localization algorithm
based on Gaussian approximation particle filtering with stable distri-
bution noise[J]. Journal of Signal Processing, 2012, 28(9): 1248-1253.
PURTON L, ABBASS H, ALAM S. Identification of ADS-B system
vulnerabilities and threats[A]. Australian Transport Research Fo-
rum[C]. Canberra, Australia, 2010. 1-16.

EoE, DERIE. EE N AR S I e R A v M. K& KiE
TR 2 AL, 1999.

WANG H Y, QIU T S. Adaptive Noise Cancellation and Time Delay
Estimation[M]. Dalian: Dalian University of Technology Press, 1999.
KNAPP C, CARTER G. The generalized correlation method for esti-
mation of time delay[J]. IEEE Transactions on Acoustics, Speech and
Signal Processing, 1976, 24(4): 320-327.

e, BRRFE, AR, Kb AR5 Cedt (i A 7 i S A o
ST A AR, 2013, 34(6): 184-190.

LIU Y, QIU T S, LI J C. Modified robust time delay estimation algo-
rithm based on cyclostationarity in impulsive noise[J]. Journal on
Communications, 2013, 34(6): 184-190.

B, BRI JET ORI T UER K PSK {5 = I (R TC I A il
VAT A5 244R, 2012, 33(4): 129-135.

XIAN, QIU T S. Improved particle filtering based algorithm for time
delay and symbols joint estimation of PSK signals[J]. Journal on
Communications, 2012, 33(4): 129-135.

JONES S R. ADS-B Surveillance Separation Error Sensitivity Analy-
sis[M]. The MITRE Corporation, 2009.

FE%:. ADS-B TR (] v 507 & W AT PR BT (9], v SEHL T,
2012, 12(32): 9.

CHENG Q. Feasibility analysis on method of calculating ADS-B la-
tency[J]. Journal of Computer Applications, 2012, 12(32): 9.



RS

« 108 « W oAE

1

36 %

[14] MERVIER G LENNON M. Support vector machines for hyperspectral
image classification with spectral-based kernels[A]. Geoscience and
Remote Sensing Symposium[C]. Toulouse, France, 2003. 288-290.

[15] LIU W, POKHAREL P P, PRINCIPE J C. Correntropy: properties and
applications in non-Gaussian signal processing[J]. IEEE Transactions
on Signal Processing, 2007, 55(11): 5286-5298.

[16] SNAY R A, SOLER T. Modern terrestrial reference systems PART 3:
WGS 84 and ITRS[J]. Prof Surv, 2000, 203(1): 1-3.

EEEN:

EE (1983-) , B, T RKEAN,
KIEH T R4, FWI5T 5 1 oA
S5 EEAH,

BRRIE @1 4F 4] (1954-) , 5, L
IREETIN, RIER TR % W
i, RSSO A S S A A .
E-mail:qiutsh@dlut.edu.cn.

2015102-7

RER (1978-) , %, LT KENA,
KRR TR, EEERI T A R E
i AR,

=& (1966-) , %, WAtTHEAN,
] 5% I 4 i W0 P D P2 2 v % TR
B EATHE R TREM, BRI Mok Tk
A 5 AL BERE 8 5 8 .

EBLE (1977-) , 55, WHEBITA,
JEHTHE RO A A R TR,
WFETT )y PR s B A 2



