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BT — AR Rk B 2 R 58 (GNSS) 24 P4 tS 55 (MCS) {5 5 A7 7E (K EREAASM 17 81, ASCH
T FE A ) MCS 5 5 RO R B 7 . 1 5EHES T AR MCS 55 LMK B gt — Rk, Jraath 70
FHR BRI E S IRIFIR N3 AT 1 SEBLTC ORI PR R 75 240 2 MRS, 6T T IR 2255 5 B TG T
RUSAHEZ MR 2R, NRAR MCS (55 RS I 1R IEER]; BEmu2s th 7RI RIA S5 GNSS #UL
HURS ERER IR BRI, 4105 MCS 55 BRG], 70001518 7 A S5 VA DU Fofr — 34 o1 i 1% U815 - BRI v ) 82 .
PG AR, AT LRI AT R o MCS 55 (P ER BRSO i 7, AT R4 PR RN e 1) S FH AT 5

KA ERSNEERS, ZHETRILFTS,

PACS: 91.10.Fc, 84.40.Ua, 89.70.-a

1 5 7

R TN TLE R4t (global navigation satellite
system, GNSS) Ref 4 BRYGH 4 B P4t 4 R
fige . A RIS ) AL FHLFAHZ I (positioning, nav-
igation and timing, PNT) x5, 7EE B\ i &
Rl DL R R AR A 2 AU RS 1 AR T BN,
FRIH T ERMEEMEMEFME L
] SR A 5 oG 1) 5 A &5 R UL RAE 70 A IR =
FL A B N S B B8 U 3k 5 il GNSS & 5 i1
ot ) B, TR X — I 8 A S B AE T v SE AR
(3 AR e . H AT, BT gk e R
(binary offset carrier, BOC) >4 285 5 1 — i3 il 4
3455 (binary coded symbol, BCS) Pl {55 13 J
BUEYI O +1 80 -1, BImARHIR ] 7 GNSS{5 5
PERESETT B2 1H], AlIt, 2 20 i P20 5 (multi-
level coded symbol, MCS) ¥ fil] /£ GNSS 15 5 & it
SRR T EEEM O BT MCSE S A
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5] AT R IUE, TR T tH B ) GNSS &
5, W Galileo %t L1 Ml s )2 & BOC (composite
BOC, CBOC) #tJ& T MCS i #il{5 5 (78], MCS i
# /& H AT ) 72 1 GNSS 15 5 i # 5 :X, BOC
i A1 BCS 1 #8 & T8 HIHRe51, BF 78 MCS i il 0f
THEIL 2R ARG NE SRR B E L.
B2 5 H A BOC I #IME 5 —FF, MCS Wil 5
WAFE RS PR RSO 1) i) 5, 5] D BOR () AR A i (R £
T EAH KRB AE S 2206, 36 B T2 Vg 5 10 I LE I [A]
HE EE P AN EE B LXK 77, 14 5 5 B R
BRI B R B AR T T AN A2 20 b T 3 AR
KPR O PR B 3% 223X ) T kS B B — X GNSS
FIEEERZ ). B, 5T MCS AHI1E 5 118
FH TCASORI SR 7 7 V2.

LK, Xt GNSS A5 5 Jo R BRER (K0T 7T 2
N E A AT S 5 AL BT AT TR, SR TR
Z J7k, (BERRE X BOC S 5. IXEHVER 02N
=& BPSK-like J5 i =1 1Bk (bump jump,
BJ) i 12131 1 321 W 314 % (side-peaks cancellation,
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SC) 75k M. BPSK-like J7 32 i 5 i SC ik [9] 92 1,
¥ BOCE 51 EFMANGHE SRS HEAM
[Fi) A T e {EL U 1] 72 AN [R] B A I 4~ BPSK
5T, JFEECK 4% BPSK A Bk AN H H AP AT
—HE S, IHRR T BOCIE 5 HAH KR EL Y
2R 8, H5 L3, hT BPSK-
like 77 ¥ J& — i ARUISCIE U U7 v, 7R B AR AT I8 U U
%, SCHR [10) AR T —MriEi i T, (BARAEE 0—
2.5 dBMERERI . SCHR [11] 4k 2 i b ook, A A
A4 TR I U8 245 0 A O &5 R EAT DR, AT R A 2 0
THERBEST, R, T EIR T BOCE 5 HAHKHK
A R, 1128 T BOCAE 5 I sk FE € fr
L. B J7iEAEAL G BRI B 1 25 Al Eom N — 4
T AT (very early, VE) FIZ i )5 (very late, VL)
RIAR DG 35 1121 B e USRS 00 Xof v S 6 2 75 0 s
FEEUE b ZITEA A H A KRR B TR, A
IIAH G . SCk [13) PR T BRI BI &
%, MG ER A B AT E €, M5 BOCHE S
F18) U 1) B ORI T i S A OC. BJ U7 vE R IE A b
A1 BOC(1, 1) %K BOCAE 5, HEX T &
BOC 15 5 AR A8 b 2% A1 AN IE .

SC ik — 2Rk g ik 'Y %205 1k i %
ABAER: WML EI A Z D 5BEESA
FZ %G9 S5UE S M EMHEx, REdad
1% 86 HAH O bR B A M B AR L A A s — AN
120 W R AH 5% R B0, FHLARL R A O R 0 SEE I AR R R
BRI SR U0, H R, S0 R 7 VR LS = R R
H FH 2 BR £50 12 W V8 B 77 7% (auto-correlation side-
peak cancellation technique, ASPeCT) '], gl 48
AH AL YE B (sub carrier phase cancellation, SCPC)
751 D18 Ry K 5% B # (pseudo correlation func-
tion, PCF) J5¥% 197291 ASPeCT J5 kil it 5] Ni&

Rl R R O 545 5 5 BOC (0, n) 8 5 T
AR RAH 1O, SR )5 FRAZ AR C B B0 S BOC(n,
n) (1) B A DG B0 AT V- J7 A, ATV BR T 4 1 52
M, {H & AT BOC(n, n) 55, SCPC 5k A
W8 IEAZ 22145 5 70 il S8 UE 5 A7 A0 5K,
IR e~ 7 AR I B 2 0 (R R, 207 VRE T
fEEMBOCAE 5, ik [18] K H B H T Galileo &
GLES 5 5 WAL H, %7575 5 BPSK-like J5 VA A
H A () LR A

PCF J7 238 i 51 AN RE )5 v B A4S b B o 2R
A U5 FE S BOCAE 5 H AH O 2R 3l 32 16 A
[ LU AR OC BR AL, BRI E BB AR B BOC (5 5 AR
RLOOCHER [19] 92 4 1 & A TR 29 SineBOC 18 5
() 77 2, SCHR [20] %F Fo AT ook, & A T #F BOr
B SineBOC 5 5. SCHk [21] &8 TIEH T
CosineBOC 15 5 1 PCF J7 ¥k, SCHk [22] 8 17—
& T &4 SineBOC S 5 ML VEW R 7%, XX
#ik [23, 24] X7 I BOC {5 53T THE A, IF
T ZEEMY R T PCF HiEMEHEE. HEZ,
X LGSR A B 1 BOC {5 58 AR 50 B JF AN
ARG —, METG— 4. SR [25] 208 7 BOC
Eo B BAY $2 0 T8 e Rk X
Bk [26] $2 T HAEAE TR R R T, o — R
ARG T SLB Byt 2 m Ry, 22 RS AE
5255, T B0 R A S ER R VR BR AT (E R R R T
1, PR S0 R B S T UK & AL 3, %7
% HGE T SineBOC {5 5 W GBOMI R %, STk [27]
$EH T BOCHE 5 ot (i 3k 77, STk [28] A
G50 A ERER BOCE S M AE T
HHE KPS 5 5, 7005 A BOC S 5 FUAH B
PR AT M R Ie 5, e il 20 5 A B L BR il
U AHE WS 5 Y Ahs A AL f R % 3 s R
HARH, ARTREXT K BOC S 5T 0, R4
1 22 5 B /N S AN FE TR ik R AT B RUCRFE R,
A R SEIL, By LI Fh 77 35 1 SR AE FEROR. ST
Mk [29] X5 HARC T ool @il RS R T S X
TR S BOCAE 5, 720 s 5 20
PR 2 £, H AR .

IR TS5 R A BOCAS 5 oA Ak 2 454K 1)
FHERR, HEHT BOCES RN MCS 5,
AN U A VR 1], 9B B O% & tHouf A, R T 4
X BOC A5 5 B BRI BR R 07 VA& A T MCS 15
5. PR, ASCHE T2 T O A OC B U MCS {5 518
FHCRER R R 5125, 1% 7 1EAE [ — N UYL B AE
BUR, B R CAN R MCS {55, Rl Al PAR AL B2
WHLE B TE. AR SCE e s MCS {5 5 30 B Y,
SRE S AT VT B T VA v AR TR 2
155 8 G T, YRR, &7 iEmiEH T
BOC 55, A4 H 7T 1Z 775 RS ER ER IR B 15 A
B E AT TS
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2 MCSfEZ&ER

H 171 BPSK {5 5. BOC{E 5 LA BCS & 5
i, BPSK fl1 BOC J& T BCS 4, 5 Z R FE B
ERE d BUE A {+1, -1}, BT AR A
. T GNSS WL &, R XRS5 11—
BB R T LUK FRRE 4B, (H2 0 AY X
AN {+1, -1} KL FR A KPR §] T GNSS 15
SRR TR A L W R P O IX — A R &
5, RVFEIEBUE R & d AT EBUE, WA Lz
EEBIRIEE 1G5, ZME S HR 2 8 MCS (5
0L — ARSI T A, FEH MCS #1155
HeERIE AN

N—-1K-—
Z Z dpp(t — kT, — nT.), (1)
n=0 k=

Hr, N = T/TJJ?)‘*EM%&, T 9 B9 Hi e

B IS KO — AN I A A5 1 A A

T, = T./K AT ¢, ik 3 5iig 57
B d = [do,dy, -, dr—1) 2RI — A
1 K-—1
% S di=1
k=0
(BT BB R &y p(t) A T 1565 1 R i
. ¥ EENf = 1/T. FIMCS {5 Zid N
MCS([do, di,...,dg 1], fo) "MCS([do, dy,---,
di_1],p), HHp = f./fo, fo = 1.023 MHz &
AT
LB Bt GNSS 15 5 ¥ AT LA A MCS (5 5, 7T
UEHMCSESEBCSES S E, 5
BCS &5 5 A FTE 19 F BUHE dy,. 38378058 9%
HUE R d I EUE, MCS 15 5 #8 H KR
hn, w7 RAS T R AN F B SR GNSS fE 5. 4
K, FCRERZ (SR B, TEAH [F] T ARSI R R

LR MCS 5 5 B BUE #EAT ik, W LIRS 3
() 52 AR TR 2 A2 MR AR O, R O 1k RE R v 1 14

T H HEAES MCS 15 5 728 — X GNSS 5 5 &1t

W2 B ey, IR RSG5 s, B

1, Galileo E1 OS {55 71 iR F H9 CBOC 15 5 5t
— R LR MCS 15 5 8]

3 IR o MR B 7 vk T
3.1 BRAMAEXEREHES

BWERESs@)MBHEE S () NHA
PR R HA f FIMCS A #1455, B B
HRED NN = [do,di,-- ,dxg_ | d =
[y, dy, - dhe o], ML HARREL Reg (1) € XA

Ry (1) = /_00 s(t)s'(t — 7)dt. (2)
¥ (1) RN (2) AT 47

RSS/ (T) = —

s(t)s'(t — 7)dt
T Jou-nr

N—-1K-1

MT
1y 2 2t

n=0 k=0

X pr,(t — kT — nTy)

N-1K-1
SN

n/=0k'=0
X pr,(t —7— KT, —n'T.)dt
N—1N-1
n

=0 n/=
1

—1K-1

K
/ !
E E cncndk‘dk
0 k=0 k’'=0

MT

X pr.(t — KTy — nT,)

T Jov-nr
Xpr(t—7—KT,—n'T.)dt.  (3)

IR ¢, A e, AT A BRAR B D BE AL A1,
B A2 LR 2 2000 © BR AR

o(n" —1"). (4)

Wik e, e, jﬂﬂﬁ/\THB‘JFfﬁﬁﬁﬂﬁf?ﬂ, R RSl
R (1) = 0. (5)

R e A e, PIANAH TR B3 45005 e 41, 9 B
Mo (t—kTs—nT,) Mpr, (t—7— K Ty—n'T.) 174E
HEMN, (3) PR MEA NE, K53

(; - k> (Fsr —70) + 70, € WT, (K + DT, 0<k <K -1,
fln) = (% -k + K) (rk—k+1 —Tw-K) + -k, T€[K —K)T, (K - K+1)T], (6)
0, HoAt.
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58 SCH R AR iy, Oy
1 K-1-k
% > didiy, 0<k<K-1,
=0
Tk = | Kol (7)
= > digdi 1-K<k<0.
1=0

W (6) KT BLTF 1, Ruw(7) 940 B M B0 %,
BT A 15 Be s ¥ 00 T kT, A, B G 5 AR 55 R
HE N

RSS/(kTS):Tk, 1-K<k<K-1. (8)

FEAHAR BT PIAS 70 B s Z (8], Ryer (1) NN BB
A, d st DA, BARSC R E Ray (1) BT H1 23

XF T GNSS Bl &, #BUE 5 s(t) KB A2
SE I, BT AT LSS IR A S A S /(1) Rk
HAAK R Rew (7) AR,

N T BRBC I 1) AR 5% B B, SRR [19] Hh 4
7 — AT OV G BRI T, AR TV B
SR SmBOCAE 5, (HAEfit 7 — MR LF (15 it
JBARL %7V SR R TS BT 9 R AR IR B0 A
ZEG T, BEBUE 5 5X S HEE 5 00T
FHOG, SR G XS P % HLAH G B Bk AT AE 2R 5, ml
A3 B — AN TE R A = A TR I eR B, 12 R Ehl
PRI BREL. WSS (ST s/ (t) M s (t) 1Y
BRBERE DM N d d', 58UE 51 HAH
KRB BN Ry (1) T Ry (1), 52 XA HH 5% B 4L
R(T) R

R(T) = |Rss/ (7)] + [Rss ()]
— |Rss (1) + R ()] 9)

X1 GNSSHEIEHLM =, Jv 1 AR TH Bl A
SREEY BT PE, BER AR B R() IR
e SRR = MATAR, [FIIOR B B A OGR4
WA F, X LEBESR AT HIR g LA = AL kA
A 1 R(T) = R(—T), T e (-1, Ts),
%12: R(1) =0, 7 € [-KT}, T,

U [Ts, KTy,
A3 Rinax = R(0) # 0.
X (10) KA B &L, B Y Ry (7) H
Rugr () #B A5 B 5 AT Dy 3 R BSOS RITAT 8 2, 5
T N TIEFAF PO BUE R B d A d” 2 18] 75 23 2

(10)

IR R U, 4PN TAH G R 0 2 (11) X
(2RI, DA 5% B8 R () oM B 3, X2 —A
53 %A
Rss” (T) = _Rss’(_7)~ (11)
$ (1) AN (9) 25 T 72
R(T) = |Rss (T)] + | Rss (—7)|
— |Rss/ (T) = Rser (—7)I- (12)
AR (12) RFH I R(r) FiE K, (10) R
LIRS AT AL 9 UL BT B2 R 2% A
Ry (T)Rsy (—7) <0, 7€ [-KTg,—T5]
U[Ty, KT,  (13)
Ry (0) #£ 0.

R Ree (1) B4 BR B VEFFPERD (8) 2, M (13)
A5 21 73 B RUAE A SR v, 75 240 2 1 — DR
AN

o, <0, 1-K<k<0
UO<k<K-—1, (14)
ro # 0.

(14) 2 L5 2% AF 7T LAY B 23 B S Ak 13 0
B2, T R(7) MR 2 AR LR PR ), 78 FLAH 5% B 8
FROL 2 A T R 2 7 A 0 0], B Ry (1)
FEAE— A0 F S o, MER Reer (1) B E s AE
FFERIALE, HT Ry (1) = —Ree (—7), BB, 24
Py < O, R 2 2 LT 203561

T g = Tik7“§c+1- (15)

(14) 1 (15) a2 (13) UM 78 59 2% 1, B (7)
BT A AT AR 2 v, RN

T/K—l = dOd/K—l:

Tg—o = dody o+ didy_y,

’I“IK_g = dod/K_g + dld/}(—z + d2d/K—17

T‘;c = doCl;C + dld;€+1 + dzd;€+2 + -
+dx—3-kdy_3+ dr—o—pdy_s

+ dK—l—k‘d/I{—la
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+dg3dy_3+dg_2di_,
+ dK—ld/K_p

T’Lk = dkd6 + dk+1d/1 + dk+2d/2 + -
+dgady 3 +dr_ady_ oy

+dr1dy 1y,

Ty g = dr—3dy + dx_ody + dg_1d5,
Ty = dr—ody + dr_1d],

ok = di-1dg. (16)

(16) X, B A5 5 s(t) W03 BUME R =
d = [do,dy,- - ,dx 1] ©H, W (14) XA (15) K
LT Z&AT, AT S5 5 s/ (¢) 1% U
Ked = [dy,dy,- dy ). TWEERENZ, (15)
A 4 R & A7 B AR AR, X F — & MCS
G MY BUE R R, VoK BOoR R, R
KREGERM) T LR M EME. ERGSHEES
s M EBE R Ed = [d),d), - dy ] 13E
fil b, THIW RS EAE S " () PEEBUE K &=

"
T‘O do d1 d2
'y di  dy d3
7"12 d2 d3
"
Ty dr—3 dg—2 dr—1
"
1"27K dK_g dK—l 0
"
"_K dK_1 0 0
/Q“\
" noon " 1z 1z 7
' =[rg, iyl gy k]
1" "o gn 1" 1" 1"
d :[d()vdladZv”'a K-3 YK—25 Kfl]v

M (19) ST LA HyBA R Ak
r"”" = Dad". (20)

Xt MCS GG 5, WBEREdT T
R di BIAREAH, Bk, FEEE DA R, Bt

d’ = [dy,d}, - dp_ ] RISRME T, R (11) X
A (8) AT LA 2
rp=—1" 1-K<k<K-1.  (17)
ik k > 0, k < O AT LIS 3 [FRIFE ) 45 R,
T M) R A RS, R, AR s (16) AT
DX E & PN E S e Wi
ry = dody + did] + dadly + - - -
+dg_3dfe_s+ dr_odye
+ dK—ld/I/(—la

'y = dpdy + dp1d] + digody + - -
+dr_sdy 3 +dr_odi oy

+dr1dy iy,

T g =dg_3d) +dg_od] + dg_1d5,
’I“/QLK = dK,ng + dKfldlll,
r_x =dg_1d;. (18)

K (18) AEEHOGFERE R 30T A5 21

dic—s dic—s dic1| | df ]

dig -2 dx—1 0 dy

di—s dg_1 0 0 dy
0 0 o0 (19)

o 0 0 ||,

o 0 0 ||d,

o 0 0 ||,

MA RIS d” FIRE AN

d'=Dx'r". (21)

W (17) KT R B HE 5 /() B %

%S”(t) E@Vﬁﬁ‘ﬁﬁ’iﬁﬁﬂiﬁﬁ%/ﬁﬁ&r’ — _,’,,//7 )I%'
AN (21) AT 13
d"=-Dj'r'. (22)

B (16) K &k > 0 (9 B8 BBV LUR 3R
e
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Lr = [, 7175, 77“/1(7377'}{7277"/1(71]7
d = [dé)?dllvd/%"' adlegadleg,dlel], I)_I\IJ (23)fﬁ
RIS PAIYN v

’I'/ = Dvd/.

Al K (24) AR (22) Kb AT 45 20 a7 (3t

(24)

d' = -D;'Dyd'. (25)

(25) Ui M b S 1 7 B 2 2545 5 1T
HRE L Md ZERR, R d )RR
B R d7, BT O BUE R B8 75 2 A2
PN R R 0 — L2 AF

K—1
> di =K,
k=0

lth, fEXZH B R & d M d” e H—1b
J&, B4R S RIS B B O 8RB Ry (1)
F Resr (1), G RHE (9) 2R H O HESE SR 5L R (7).
PA Bt it 1A & MCS i #4551 PCF 14 i&
J7i%. BCS WIAE A MCS W il B Fe ], & A T
_Eik77i%, BOCEHIME A BCS #4561, FIFE
EHTZ BT MCS {55 M BCS {55 13
WU % B A AT R, IR0 T B (E 5, #68
T R H % 7 VR AT SE B R E. (H BOC 551
VT B % B AP AE — 8 R, mT DAAS 21 8 ) 1k 7Y
AL F, R i BOC 55 1 PCF #it.

(26)

3.2 BOC{ESPCFi&it

BOC(m,n) 15 5 #& 4 & 2% 3 A 47 19 A [/ 2
79 SinBOC #1 CosBOC, 11 i ] fir #td = 2m/n
S, FE A AR E BOM A IE L, Bk, BOCTE
TR oy N YRR R R (R AR I U UE K E
d = [do,dy,...,dg_1] FIXE AR, BOCTE 544
DL PR T2

o do di dy -+ drg—3 dx—2 dx—1 dy

] 0 do dy -+ dxg—g dx—3 dx 2 d;

75 00--d : dx_adg_3 dy

1 =loo o0 P i : (23)
Tk—3 00 0 0 do di do di_3
T o 0000 0 do d dg_o
"%k LO O O O 0 0 do | |dx 1]

1) XK
AAEAR B SInBOC A7 5B CosBOC, Mt

dp - dg—1-, <0, 0KE<K-1;  (27)

2) TR
FALFEZFE SInBOC FEE CosBOC, I

de-dg_1-1, >0, 0<kE<K—1. (28)
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Fig. 1. Code tracking loop model based on pseudo correlation function.
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Fig. 2. (color online) Correlation functions of MCS signals based on this paper method: (a) MCS([2,-1,4,1],1); (b) MCS-
CBOC(6,1,1/11); (c) SinBOC(10,5); (d) CosBOC(10,5); (e) SineBOC(15,2.5); (f) CosBOC(15,2.5); (g) SinBOC(15,10);
(h) CosBOC(15,10).
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Abstract

The global navigation satellite system (GNSS) signal modulation type plays a crucial role in determining the
performances of positioning, navigation and timing (PNT) services. Currently, the binary offset carrier (BOC) modulation
signal and binary coded symbol (BCS) modulation signal are both bipolar signals, which greatly restrict the room of
improving the GNSS signal performance. Therefore, multi-level coded symbol (MCS) modulation has received great
attention in the field of GNSS signal design. The MCS modulation is the most extensive step-coded symbol modulation
mode, where BOC modulation and BCS modulation are its special cases. Since the waveform symbol of the MCS
modulation signal can be arbitrarily valued, the optimal GNSS signal can be designed. However, like the BOC modulation
signal, the MCS modulation signal also has the problem of ambiguous tracking, and then results in a large pseudo range
measurement error, which is unacceptable for the new generation GNSS with high accuracy. In recent years, the
unambiguous tracking of GNSS signals has become a hot research subject in the navigation signal processing domain
and many methods are presented, and those methods can be divided into three categories: BPSK-like method, bump
jump (BJ) method, and side-peak cancellation (SC) method. However, these methods are designed for BOC signal, and
they are not suitable for MCS signal.

Therefore, in this paper we propose a general unambiguous tracking algorithm based on the pseudo correlation
function (PCF), which is suitable for MCS modulated signals. Firstly, the unitary expression of MCS modulated signal
based on waveform value vector is given, then the unitary formula of cross-correlation function for MCS signal is derived
and the definition of PCF is given. Then the constraint condition which should be satisfied to realize unambiguous
tracking is analyzed in depth, and the universal constructing method of two reference signals and the relationship
between each other are derived according to this constraint condition, which brings great convenience for solving the
specific MCS signal. The code tracking loop model of GNSS receiver based on the proposed method is illustrated. It is
observed that the proposed method can receive different MCS signals under the same receiver loop framework, and can
simplify the design of the receiver while eliminating the tracking ambiguous problem. Finally, as a special case of MCS
signal, the applications of the proposed method in four kinds of BOC signals are discussed respectively, and then the
waveform value vector of the reference signal and the unitary expression of code discriminator are derived. Simulation
results show that the proposed method can effectively solve the ambiguous tracking problem of MCS signal, which has

good performance and broad application prospect.

Keywords: global navigation satellite system, multi-level coded symbol, unambiguous tracking, pseudo

correlation function
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