EXt
S

o K5 TN967.1
DC

U % 5 10486
Ak *F
i+ % & i X

% 15 55 1% 5 69 GPS #: 44+
WAL T

W o K KE

ag 5 : 2014206180002

TR FHUNMEA AR o XIS/ /N SKRE T
£ W & W HEERS

B 5 75 [ GNSS BAEENLEAR

—_O—+t%HH



Research on GPS Software Receiver
Technology for Weak Signal

By
Cai Lei

Supervised by
Prof. Liu, Jingnan
Prof. Niu, Xiaoji

Doc.zhang, Tisheng

Wuhan University

May, 2017



IR 8% =R

ANFEFEY]: 2 MAIR S, A NERINTE S T, oL
BEAT W T AR TS B FUR » BROCH C2ebn B 51 I A &4, A
WA B AR A A N R O 2 5 R B S I I SR » XA
SCHIB A DR AN AFNERAR, 38 O AE SO DABR A 7 bR . AT
VR 2 R FH AR AR

FALR SRS (40):



T 14 5515 5 (1 GPS BAFHUHLECAR BT FE

=

BEE R RE A M0 K, SN M R SR A2, BT P AL E RS
R R T AT ARG —8 5. [FI, MR EAE, R0 5
& I TERESE H 7Bk, GNSS VRN EZI FAN T2, HAERR ST
PRI A A 2R B HIAE ] o SRR L WAy . BRAMRSEIAEE T, 15 5 HIIESS
oot SO EH PERE R, TEE IS GNSS BRI SR IRER IR RE
SEURBNLE G ™ EIBA, R R R S LS B T A

TRVENE S RPN 2, ERREWE B IERE . S0 kSR E
S5HACRIRR, T2 07 & R 3R G5 SRR RE R J5, it T — PR T SRR 1
FI SRPERE PR 7700 BEXS 8915 588N BAH G H™ E0 r) @, TR0 0 iy
AR IAE R, AR AT 18 & i, A EAHR T PRSIt 174 X s
o BE B TR U R RS [R5 75 VAN ) e 8, e o7 00 gy Ar T BT B
FRFRERVERIVERE,  FIB 2007 7 AN FORE A 2R T LARr R By 1 D R

IREFSEIE 5 SHOEATRE G T I R, %5545 5 B ERER AR KFRFE bk
SE T WSOV B2 A PR B3 (138 I B 77 o 10T 5 R S A28 AR 43 Bl K 52 LU R I A R A1) 1)
AL B T BiE T 8905 5 B FRT S S sl 5 REUE HAHOR i ) A e
FEMEE RGN TARVERBL, 4R 7 ShaSP BT ERER R BUE: ddRiR 22 R iR
ER R BUEEZ N R, U 7 — B T B T SRR ZE I T, I B
T AR RIRZE IR E NCO (LB At s &1 X 5915 S 3A8E R F Wik RS PR (K
SPETRDD Jo bR B 1 8, AR SCHEH T Al B 2 T 15 5 ULEC ¥ Dy PR SR EU Oy
e

G, BOTSEI T — BB R ARSE. TESEENARY: £2
WA AEAL A B S AE T, 750ms B3 %) 22dB-Hz 155 B A 90% IRl %, 4
SENIRZEIAF] 100m (B 60m) I, FFA AR ER R U A 11dB-Hz (5L 14dB-Hz),
T 0.75g KIZhAERER R BUE N 15dB-Hz (B 16dB-Hz), 814 Bh 0 ER IEE R 80
N 12dB-Hz (B 14dB-Hz). ZEHSLMERM: AL, BRAET, AT
A B R L T SR I A IR . BRERRE ), Bl Rk e AR S
Ublox LEA-6T {323 .

REEW: SR, FFT M EARDCTHN. LUARREID. 1A B IR



)N e e VA7

ABSTRACT

With the popularity of smart devices, the need of navigation applications has
been digged, and the services based on user’s location have slowly become a part of
people's lives. Meanwhile, the varieties and complexities brings a challenge for the
performance of the navigation equipment. As the most important method of outdoor
navigation, the performance of GNSS is significant to the development of navigation.
In the complex environment, such as tall buildings, canyons , forest and so on, the
transmission, refraction and reflection of signal or other factors will lead to the energy
attenuation, which badly impacts the performance of signal s acquisition and tracking.
Finally the accuracy and consecutiveness of position becomes very worsen. So the
high sensitivity GPS receiver is urgently required.

The acquisition is the first step of signal synchronization which directly
influences the performance of the receiver. For the problem of parameter's
configuration and optimization, an evaluation method based on Monte-Carlo
simulation is designed after the analyzing the factors that influence weak signal’s
acquisition. For the problem of cross-correlation interfere in the weak signal
environment, the characteristics of interfere is analyzed quantitatively based on the
theory and experiment, which provides the basis for the inhibition of the interference.
When the signal energy is attenuated, the conventional bit synchronization method is
not applicable any more. For this problem, the histogram method and bit energy
method is analyzed and compared based on simulation. And the performance of bit
energy method is analyzed under the different bit inverse probability.

The signals tracking is the process of estimating the signal’s parameter finely
and the receiver's ability to adapt to the complex environment is mostly determined by
the level of weak signal's tracking. The conventional discriminator integral time is
restricted by bit inverse. For this problem, a FFT discriminator is designed which is
more applicable to weak signal. Generally, there is contradictory between  dynamic
and sensitivity in the tracking loop. In order to improve the sensitivity, the INS is

integrated in the software receiver. Considering that oscillator error is an important
I
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factor affects tracking sensitivity, a method is proposed based on the PLL to analyze
the error. Meanwhile the necessary condition is illuminated on which the error should
be feedback to the NCO. In the weak signal environment, it is hard to realize frame’s
synchronization, obtain the signal’s transmission time and assemble the pseudorange.
To overcome this drawback, a new method of frame's synchronization is proposed
based on the signal's matching.

Finally, a complete set of software receiver system is implemented. The
quantitative test of the simulator indicates that, with the auxiliary of doppler and code
phase, the detect probability of 750ms integral time is 90% when the C/NO is
22dB-Hz. When the positioning error is 100 m (or 60 m), the tracking sensitivity is as
low as 11 dB-Hz (or 14 dB-Hz) in the static environment and 15 dB-Hz (or 16dB-Hz)
in the dynamic environment bellow 0.75g. And the sensitivity is 12 dB-Hz(or 14
dB-Hz) if the tracking loop is aided by INS. The vehicle’s test indicates that software
receiver developed by this thesis has strong robustness on the signal’s acquisition and
tracking and is close to U-Blox LEA-6T in terms of overall effect of position.
Keywords: high sensitivity, FFT discriminator, cross-correlation interfere, bit

synchronization, INS- aided tracking loop
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1 %518
11 IR EERENX

SRR ERARBN D5 2 55— 05 iR . AR, SATHIRH
TAEAAE, FEAnFH PAEAR R, I S & L F R A AT R AR LR A 3
Wride 5 . M REE B BE FHLEER 8 & (1 385 52, GNSS (Global Navigation Satellite
System) SEALDIRERL 1 L& DIfe e —, SRS BRI TR %, SN
S R SR AR 3 TR R . Rk, GNSS SURE A7 7E N AT AR i SR AL E R
IR B

GNSS fefg N PR AR SELLMA B W, NEER. HJIRHDOK,
GNSS CA 1L FALAE M USRI T ERIVER . Rl b S # 2 B R %k,
BT HAAER RS (LBS) E NI H & A G4 1 Bk & A
JeiE, 2011). 1f] GNSS Refg R, EREMREUH A ALE, ihErE LBS R K
TR BKE KRR HER%E GNSS ML EZHT &, AM1%HTF GNSS
(3T E AL PEREEE R BT 21, 1 F TR T (5 5 o B s i) @ e il B &2
ANBRARLF R0 /R IR B TR SR, Rl AT AR . ks . BRAREERSS M s, T
PRAES HThF. Thh. ROSERE, PEGSURLIEE®RERERZ, AESHHM
RGBSR RARR PR, ST T RS> GDOP Eid K, & FHE
ARSI N I, HERTERBIA BN E S K, X DR E ., 5%
TSP ) GPS 5 S MU R AT IR, (R IE S5 15 5 21
TURRERE ST S SRUE AL,  BAT T4 B RIS B RN T 5

T 25 REEMHET G, FEshiET, 2has e PR R 8 £ 2 H
. WYESHAS (Inertial Navigation System, INS) iZf7#4iZ s, R b 344
AN e BERURR, I A R RR At m RE FE S S (Britting, 2010). 215 F4HBh)E,
PREFFRER T 5 AR 32 B A ROR IR, i se et 7 IR ai = 8], (3T 1 R
JZ o BRI AR R ZE BE I TR PO R 110 GNSS STIRZA SR, Bt
K GNSS 5 INS #EAT4LE, AR LA INS IRZRIAHRL iR BLET) GNSS
A0 L RE ) B IR R R U
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1.2 ENIMARIRIR

FIH AT M1, %Bh GPS (Assisted GPS, AGPS) I HLE A M= REUE GPS
(High Sensitivity GPS, HSGPS) HEHLH A2 M RIS 15 5 5L T BlStLAE LA
ARGEAL PR EETFB (FHh, 2013).

MEE R SBE R, AR 5, AR R IR T
HLAT 23815 ThRE (BRI AT LAAR 25 5 1 A X 265 R 25 2% P SRS AL H A5 ., I
[7 I R ECRELIS (R )L 7 B A4 B B . AGPS U ) FH A B AR HE T2 11
A LA, LA HORELIE 1) 22 5 AT, S R D T A P R 22 4 P 1 4
FRAC ], TR AE A 2R PTG PR R BT (B T MR T, AT B2 v K R ORI or
HRE . HSGPS N R7ETCHiNE B 44T il id sodt i se B i sE £, bk
B BB B, BT HSGPS A EL ¥ @ Bl WL E A B Akt e, A
A T B R 2 — o N IR BRI ER B AR X455 GNSS $UicH,
A BARIEAT I 18
I. 7858 GNSS 5 5HRBEARIR

GNSS {5 9 W\ LR R BT, Cae ke s zd, mT{E9
HAAASGHE, TS 3 7o & A, BTSSRkt 2 R By ie JAE S 5
R DA RO, MRS RE A LL— kO K, TG 5 Ae sl i e S e R, S
ik, Dk, m RSBSOS 5515 5 1R, SARA I F B 2 K
SrEfIa], AREUE W MEMELL.

FFAR G 2 B 5 W LU AT 8K 1 2, ARURA AR 43 ek ) 32 LR Bl e . 205
S BN A IRAER BRI, 59— 75 TR AR 23 B (] AR R I T 25 )
AR, FEAHIR R RN, B A E S WL RIS IE BT, A
B TR] AR A K A 2 5 S50 SR T TR U I, 53 4%, B AR AR A B TR B G
S L4 m, FARRUY 7 B R Le B R 208, DA AR 2 55915 5 3k
AN ET D IR, R R E B T

FEAHF ARG BO~F 7 I8 S R 7 ARALSZ IR, AT FEEAIG 1 B RR B e 77 R ) e 4t
R, T ELAEAR AR 268 IR AN 22 5 4 1) U FE 58 T A TRy . BN RE MR
W LI AR T35 TAH TR0, AATE— @ AR T, (AfE— s LLYE A, dE
TR R EmRBUE SHFRNEE Tz —.
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ZE 53 MRS W& R FH 3 T8 18145 5 RO S 1 1 AT L HE A ofe AIA 2194 B A Ar
s . AHLLARAE ARG, 220 AR AR 2 A e A R LB R AR 318, (R IR
TS5 5MESARe, BUrBERTIREHITS . Sk b, 20T RN ErERE Bl
THAEARTAR

DRI T — R R FH BRI A S5 15 5 v (BEEEC, 2011).
Tamazin M %54 H 7 —Fi R FH UC FC 98 38k 253 V8 B 1 Lo AR 80 % 5 3000 e 2 10 99
(Tamazin M, 2012). S T —FhdE T H6G 3E s 20R B AR G o8 201 55 45
SHEIREE (R, 2016). SRR LA IR 75 H R TE AR R A5 3 78 4 (56
ko

M55 510 B AH DRI 55 T 55045 5 1 ELAH QUG , i 3Rt 2 2 HAH DG TR 5%
WA T IR . HAT, AR EAR OGRS — RS FA ST
RHAETBUST T BEAFAE HAH G T B BRI AR, SR IR 22 10 BRI v 0 22 e a0
P TREBR AT PR, SRR BRI EE, HIRRTE A
B 55915 5 4 BRI T HH A5 AE 5 R I8 S FLAH DG B, T2 I B R A i
S5 5 RAHOG . HRR(E S IEACAUME 5 LB 5545 5 AT .

1. 54588 GNSS 155 BREFRAIR

IRTE R T B EAS S I F, (B A S H(E 5 530S 5 2 R AR A7)
SRIK, T AUAIZE) . RS R T R A AL, H 3 B0 4 R AR
5, DRI e B AR PR R B A TR BE A A5 5 S A L 5 IS SRR — 3 )
b, FHARIUID RO 1R 22 K, DRI 5 S O R A B o A M e 7 16 A7 R B

G S5 A8 AN ], BRI T LAY N BIR R AR R, S50 BT 1)L 44 sk
T AR R IR R U A %05 e BRI, AR GEBUTUA AR 40 I () 52 LL AR B AR
SR, FHORBUEZIR . (BT Bl 1 FRER RE B0, BN B8 At vT BASE I
SRS I, BRIy AR 2B [ R R /N e T FRT S840 AT SpX
it AR RR A (K BR ), SCBAC IS TR KRR 7 DT G A v R RS RO Hh 46 32 T BR
Yan K S5 FR T LR I FRT S88007 1%, Haprfons b 7 ok ge, fERS & T,
320ms FH 43 B] S fIK AT BRI 15dB-Hz {55 (Yan K, 2016).

TETCHRENIETE T, @i S0k PHHE B 7E — e F2 A mT SR s R U
bR T e Al T (I TE R /R SR A, AR LA SR B LR SR TR R TR
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PeFs, Niu X, Li BZEp#rxf bl ¥ i Z [ PEREZ 7 (Niu X, LiB, etal, 2016).

BRI B B BURRR I m TR, Sthz, s KAy e
Hs 47 56 R R R U R TH AU/ o TR S REDROE . HERfM N 12 538k, FEI%
R ER K Z BNAS, AR R A SRS, (AR T e s R AU, DI i 158 12k B
PREZI BN AR TS R BN s 7 Nz — . EFR PR E R, ~Alban S19
LR T LR AR SR EEIAZE R (~Alban S, 1998); Tsujii T 25 i szl
W] 228 B B i 1) 7 AR BE B A T 8 2 A B 7 2C (Tsuijii T, 20110
W TS BN 2 E A e S &, DT Rl 77 2R RS T80 .

T Oy RS 3R i i A 2 B B A B0, TN E ok B B BRI A B, T BN 75 B4
/N R AT DLERER R BNAS, DRI RS A0 e 7% 0 R B 1) PR e

TR

Ll

1.3

AR B E N T IR R GRS FLUON e RO AR BRER T ST
BUREEAT 7 /v, oa IR 1 ASSCIIBE 7 N 2

S BRI ARSI LA 4 SO L3S 73 ANABE 3 B B A SR R AT T B

B H R MR 515 S IR R AN R R, JRER P IR L RE DR
RIS, UG R EAH SR TR REAT 08, SRR I TIN5 e
R I o3 A0S AR PR R 8 RO PR RS 2IE T 9915 S AR LLRS R D Uy ik

VU B SR QR RIS A B, P B 1 — Rl N T 9915 51
FFT 38000, HUCR A igmi pR iR R UL IR 2R, ettt — RS R Al B BR R A
gty FX, RKETYHA SRR ER T O, e, HEBRHIERE T
PRI Tk, AR —FE T 5515 5 ROy BE RS 7%

FhE, HRRMAACR R ARG BT, G R, 1. FUEB
7R, MR FESHRRERIERE, R, ERESMBIERET, MBUHBh. i
Mo R BB IR I ER R R BUE BTN, BJm, TR RS A BT
TR E 0 o
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2 GNSS =T IR SR M S

e R FE WYL 5 W RO LA i B B CIA A 3REUE 5 i S
IS I¥) 328 111 R H A A S SE L E AL I, PRI, P A SR L 2L DhRe AR AN
AT /NG LL GPS L1 a4 B RS SHIZH . GPS UL
SERE . DR B AR B GNSS SO HE A T A JF 2
FERAFAT, PR, REHUERE 5 BB ICRBLUE AL 3
BT, SR 7 ZEAOM R B B IS s R 2 8, PRI B A
Ji BRI AIRIE B BIRAESE « IRBD . AR R S DR B R 1 2 M A AR
o MR SR Srae R i N S5, HAIR IR, R iRyl EA
B IR PE LR 7 I B R 1 2 W ARSI . DRI, AREEER /NIRRT AR B
FRIRAF A KNR, SR 5 18 5 X R I A R G AT B SRR A 4ok U B
TSR G AR R
BV LR 1R 22 BEIN TR DO B T GPS TE AR Z ENANBAIN B AR, P
HATR U BAME o DRI T 5 =/ NPR I S AP R . L E . LS
JIREBHAT R ZIB AT, HESEU IR ERY TR G B AUEE

2.1 FEWH TAE /=8

GPS RS0/ & 75 [A] B HAER 43« b T W 42 38 40 A P IR e 46 = BB o 2L e,
b PSR BB <GPS #EURHL” (Kaplan etal., 2006). GPS f2iihl A& idid 4
WP RES, BHAd— K5 IREREL R AR BUE U845 51 25 1 S B S E AL

2.1.1 GPS D2 {5 S HIZEH

GPS DEAS S IIE AT LLor N =AY E 0 Bk Dihd . 2589 (Rinde, 2004) .
=HEWFIEZ AR T GPS 55 . BN GPSESHIM 2, HTHAREK
Ki, Emrh LLEZn) 7 Nk T3, LS s EAERY), HZ T
hidJE T GPS [E 5 M )E, HRUFIMHICRER SOy IR 2R A, CIA
i —ANJE S Ams, A5 1023 N5 fr s £ 5 i 2 GPS 15 5 (128 =)=, JA 1114 20ms,
AL UL SEILSE O (6 B S S, PR T LY 30k B HI I 5 sO(t) T LA

RINN:



)N e e VA7

s (1) = 2P, (x? @)D (1)) sin(27 T, +6,) + 2P, (y* ©)D (t))sin2z , +6) (2.1)
Hrp, B—DUREE L1 ER) CIABES, B 008 PYNEES. P R 2%l
NIX 2 AMESHIThE, XD () A TR P24 H CIA BRI, YO () K POY) RS
HL PR, DO (t) Sy sl (0 Bcdhe AR, 1 6, A LL 3 T a6 4 6

2.1.2 AR GPS EWHLZ#

— L) GPS FUHR LIS A S U I 2.1 Fros o SR LI A BB 45 F 4%
M TARTRAR I S Ja UFr , 38 70 9 R AT AR o A AR . BEAi 875 5 b B
TR AL S AR A R o
B RERWCER T GPS (S 5 IR AL N LR A i ) LA
73
Hxk, BEPETE AR GPS {55 #EAT H B PEBCARME F BOR, R iE
BICRHA 5 Lo SR RS 25 R B, BRI A e A5 38 1 Sy m] AR B (0 B B

N
D

=
&

S{n

PR, SR HGE T R BRER X FE S AT BB D A (VR B I 4 3R A5
(¥ B RS S 2 B 3 o &

fJa, HEREMIANTE G, SHUSHUE AT DRSS AT B SCHs PRs g 12
BEN, MHHREZE XREERN, BEmaEAT AL E . AT (A 5

RE
TREEE Lo
YL Sl i aoc |
A | | b e Nmxl i o
BBV L L3
> ADC |—— §
= BR| | [mm .
o 90° ESln €oS ﬁagg E ﬁﬂ%ﬂ J'Cﬁﬂ)l ﬁ%
g k7 : *
x5 | [BEE - 3
s [ T aB 7 I =
| S
SHIRAT S AL B ARG E FHRE
< > - >

K] 2.1 GPS HAiHz UL ) S A &5 1
2.2.3 GPS #ZUH{ARE E LR IR

ARAE LA R, A SR — R0 2 ) ot =S R B 0, AT DSR2
SR R ARAR, XS GPS FRMHLSEILE (L RS A B . i TR0 ZE AR AR, U
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PUERTA LA IR EA — S RA A B %, KIS 20 [F 3R E 4
FUCA L TR BE A5 B A BE SR B A o % 8] FRL B I8 P A% 43 13 252 ) 5 1 2 1E 2 Y,
DRI T SR B A 5 PR A S O T A2 WA IS 1) 5 SR 18] 22 P 3fe LA I m] LS 21 Dy
MR W 2.2 Fios, EETRN—BESE % (GPS H2%) #k
U, AR, N2 CAMINRIZ5) B GPS LR LA N (7] 5 GPS i
(] B 22 SRR O AR 22, e Ot (t) o |l T SR (RS, b 22 AR AL )
RIEAE I T R R g e — RS, B E — R AE . ik GPS LEFS
SRR AR S S RN T 22 T, WP p(t) AT RIS :

p(t) =cr+c(ot, (1) -tV (t—1)) (2.2)
FREHEBELER | FXTREENT &5, WEMEIERIEN:
p=r+c(st, —ot)+cl+cT+¢, (2.3)

Horp, rRoR DE SR RN RS, &, MOhilE Rz, MR
R &EMiRzEraf. X (2.3) g hEEmn s 2.

5t 0
> TR

JUATER Er

> LA B

t

u

» GPSIN [H]

l
I
I
I
I

t—7 T t

2.2 DyBEIN &
BRI R R B 4 DA R TR, AT AR A L
VOO =0+ (v = y)+ (29 ~2)+ét, = ol
VOO =)+ (y? =)+ (@ )+, = pf?

(2.4)

JOXO =x)+(y" —y)+ (2" - 2) +6t, = p”

A, (Y, 2) AESRAEIBNLAER: (7, y™,2™) Jy TR n (4 B AL bR,
B JECH, AR E A, BRI (2.4) MRIPY TG AL TR AL Bkl
AT SIS BT



)N e e VA7

2.2 1R SRR

2.2.1 1BMERE

15 PEAR IR 2 L FE BRSO N TR BE 11, BEREA AT LA MR A B, ik EE it
A AR UG R, A NS R TR R, HlEiREFEAR: &
iR 2 (Bias). Hufol Rl 7% % (Scale-factor) . Il & [ ": 7 (ARW. VRW) (Groves,

2013). [KIt, (LRSI E A A IR N (Skog etal., 2006):
|, =0+b, +s,-0+¢, (2.5)

I, =f+b +s,-f+&, (2.6)

Horpre (2.5 HOUBBIR BRI ERAY, 1, NPEE ISR, o 9 F SR A

AL, by NFEMRLCII R, Sy NREIRX L I TR E, &, NPEIR AL IIBENL I

o (2.6) AOUMBHMEAAL, | MBI MEE, fONESLmL, b,
NINERIE AN,  Sq AIRIILE IR TiR%, €, AR IIBENLEES .

2.2.2 EHRIRE RS

K 2.3 Froas ATERRIR 3 RGOSR IR o, X AR R I B AE
. " BHATREEMEE, [BE 2. o MENSNITENEAN: K5, S
WU o° Al SRR B 2SS R0 Cy R B A T n SRR . BRI
s fe)a, FIFHEAMEFEC)H b R NN P Hun R 7, i
AT SRUALFRAG BB AR HREEV " FIALE ¢, FIIPEE 0 RN T 1 RIIER: o) R
P SHEREI 5

|
|
) |
oy Lo I 2N §§§@“+ |
\ _T_+ |

o b
he| | Gyl uan o |

£b = b s * -~ £

e f: HESIANR %mﬁ@-—l:
| m%} Ve
| i |
L N ]

K] 2.3 FEECH T AR
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223 1BEEX

ARATHG B I BRI 1) R G5 R B4 T TR i 1 5 v UG HE ) () S5 2
PFURGRHE T R BERE (Vs Ve Vo) BH. 8 (4Ee. ZFA. EfEh)
FEHAAR WAV . BE G T O) B, A FHE/ ML kR, B
R TR

PRI TR
V' =C f°—(2a + @) )xV" +g" 2.7
Hr,
we =[m,-cosg 0 —a)e-singo]T (2.8)
T
o z{ Ve Yy vE-tango} (2.9)
Ry+h R,+h Ry +h
X (29 R OAINTERE MR, Ry AT B,
BB TR
R 1 h 0 0
M = 1 VN
= AN C] — 0 |v 2.10
(R, +h)cosg . (2.30)
VD
0 0 -1
LW TR
Gy =Cy (@)~ (@) (2.11)

Hor, Cy R b BN T n RIVEEMEE, 0 A B vH I B4 2 1R 2 4k
JEHILL Ty, o, Jytk BRI AR, Ry UMERID AR, Ry HER TR
P42, ol N T R HLER B AR R n RIVE, o), onn RN T e &
IEEE f R A H R n BRI, "y n RIPEEIIEE, wp FonRIE N
AT REAMEE AR, o) Fom n FAEXNT | RIVESAEBELE n RIHR
o

K 2.4 BARHEA 7 HERER S EE R (Shinetal., 2003). Jeks%E[ECY ¥
fPH b REHEn &, REME R ESRGENEE, HYESESn &
T HEE V", FIRE D AT BN E e o SR AN B R A, AT LI EAS R o,
C!, C:%omn M T e BRI . )5 M o) —E4EE 5] o)y, i o,
NEBIESHREC,



WA NE 2 T = AR

InERE

v

FEMRAX

b
Q. f \I n e
In n a)ie n a)ie
Cb Ce

B 2.4 1555 I
2.2.4 RHESMERERZ

fE L= AR S E, BRSE R DN RS, S, Bk
ﬁ:{)”JEwe%\ HIRSHARIRE LGS FHSMER R L8 B KWE.
X /NIRRT — 9 BB SRR T R T RGEEAT R E B o, K
WEFE INS HA [m R Z I I R W2, @A PR ZE AR,
N E B H L AR RSN
K. P =r"+or" , or"=[or, or. or T

W V=4V . OV =[6vy OV SV T
g G =[1-(gIC)
fekasiith: P =124+ 5f° , ) =)+

HFE: §"=9"+00"

X wg @g - 9 BEATHEEN M TS
PR sm(p&N 0 ~% COS(oé,rN]T

Ry +h Ry +h (212
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1
E
2 r‘D E
v or, + ov
(Ry +h) Ry +h
-V 1
o) = NS, — oV 2.13
“on R, +hZ R, +h (213)
-V : 5rN_vE-tan¢; - tan g S
| (Ry +h)(Ry, +h)cos” ¢ (Ry +h) Ry+h = |
T
§g”=[00 Rggar} , R=yR, R, (2.14)

1) EEREWMSITIE

X (2.8) W T IEHATIRZENRS 04, TR H]

N"=CS5 P +(C) °)xg— e + @) ) x V" +V" x (260 + el ) +69"  (2.15)
2) PrEREMDITIE

ra (211 GLERS POTRERAT R E B M, AT LA E

VD VN
— or + or, +ov
R,+h " R,+h ° §

ory,
.n . Ve -tang v v, -tang v
or" =| o1 | = or, D-a%gf. — N Or. +—E—06r, +6v 2.16
&_E Ry +h RN+h ® R,+h ® Ry+h ° =] )
D

oVp

3) ﬁ\*wﬁ%#ﬁ TR
X0 (210 B T REAT R ZE S 406, v LS 2.
¢ =pxal —C'6ak +(5a + 5 (2.17)
B EREPEhaHr, RATT USRI B, B RET RN RERIAA.
W RET T
2VE0)eC05<0+ Ve )
R,+h (R, +h)(R, +h)cos’ ¢

oV =—( ry
VyVp Vi tan g Vp

+ — oV (218)

((RM+h)2 (R, h)) o ¥ R,+h "

2w, sing+ Z‘F’;t%)% e VN+ ~OVo — i + 124y + 1,
N M
20,(Vy, COS@ —V, Sin @) Vy Ve )
R, +h (R, +h)(R, +h)cosz¢

'

o9 [

VeVp  VeVplang tan ¢
+ ory + (2w, sin + oVy
((RM T (R, +0)° >) (2w, sing RN+ e Jov (2.19)

+w5vE + (20, COS @ + )ov, + fody — fidy +S 1)
Ry +h Ry +h
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2V, sing Ve Vi 29

oV, = r, — — or,
° R,+h " ((RN+h)2 (R, +h)? /RMRN+h) P (2.90)
(-2 D)0V, - (20, cosp + 2Ve )5y — £ + £+ 5"
R, + R, +h
B RZETTFE:
. v Vv
5rN:_R D+h5rN+R ’:_hé'l’D+5VN (2.21)
M M
.V tang v v, tang v
Ot EE or, ——=2—or. — N Or. +—E—5r, +6V
* R,+h " R,+h ® R,+h ® R, +h ° " °F (222)
St =6V, (2.23)
R RETTFE:
; . Ve tang @, SN @
=—| w,Sinp+-= Ve e Sr
P (a)e 4 RN+h]¢E RM+ ¢D R, +h R, +h "
(2.24)
vV
+—FE _6r.—dw,
(RN+h)2 D ibx
b = a)SIn(0+ Ve tang éy +| @, cos @+ Ve ¢ — ! SV,
RN+ R, +h R, +h
(2.25)
VN
—-———= I, —ow,
(R, +h)? =
, Vy Ve tan ¢
= —| @.cosp+ - oV
%o RM+h¢N [ e RN+hJ¢E R, +h .
(2.26)
—| @, cosp+ Ve > _Vetang or, —omy,
(Ry +h)cos” ¢ (Ry h)

2.3 GNSS/INS #3428 & S4n

TR INS AU HE S EAS 5 At — MR I RE, A AR SR
& IEERR N SRIGEE, BRI IREALE . BRI A AR R BE JT58, 4
IS 15 P A S AR5 e RO R SRR 152, LR 72 th 2 B I TR ) BRos R AR T 22 AN
Pioc 2 e it AR EARST, RERS I TRl R g 4R e Ar . LR, DIk, FIH]
GNSS JENL EHXT INS HEAT B4 B, AL B Rt INS #I3R % K HE
W RERG TR LRAN T AL R AR R 22 IR INS o, AR TAEE RO AR IR

AL FH I AL & T RTIE I SR AEE S IN B ) R G822 5 R W] LLR IR N :
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OoX(t) = F(t)ox(t) + G(t)w(t) (2.27)

Horbre ox(t) WIRESHOERE, /1 15 4ERPIRSMTHERE, 35 3 4ER9Az
BIRFE. 3 YEMHLIRZE . 3 MR IRZE . 3 FHRIFEIRIC iR Z=M 3 Hfkn
T E IR Z . F () WIRSHEBIERE; G(t) NARGUIREME S KR w(t)
IR MEFEFERE . ox(t) AT AR
5x(t)=[5rN Orz Oy OV OV OV, 8¢ o¢:. O¢, by by, b, b, b, b, p (2.28)

N RN EECR R ZUEBE, BRGRETE (2.27) BHUERN:

0%y =D, OX, +W, (2.29

Hrf, ox NRGHEL MZIK M AGREIRE: O 4t NZIN RGNS
FEREFERE: w ot 2R M A ) &

FERIE RGN TTAERS, W] CAE P A7 B el o B+ 77 e A SCRTT
FER R AR T A7 B +E AT INS FEREAT AU SR HER BE 0% SA 0 588 a8 A
AL EATEE ;. GNSS UL AT LA IO B B EDR TS iR A B, A 2 0
MEAERTFBARNESL . Fr A& SR SRR DT RO A B+ AR 2K
Py R RS, T E A TR RES R I & SRS TR

ARSCASE Y BN T R G T

rINS rGPS
Zk::Hk5Xk+Vk=[ }—{ } (2.30)

VINS VGPS

Horfr, rys 72 INS FHSUAL BB IRFEZ A vy o A& INS LS BRI 1R 72
LN Nops AEFEMIHL S SEAL B AL B I B FE 2Z 5 Vigpg A2 FRMSONL I S AN
JEMEMEEZ A, VO ERE SRR, H OVIERRERE, 7T IR

Hk:[ls 06><9] (2.3D)
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2.4 IREING

ARERESA TR AT R G8: ZBHLE > A A7) . 210k
LIy, BN T LEGSEH, A5 SMIRNRER A, kR 7 A
LA, B, T OV SEAR R, IRy, BRI TR kA
BRI, AR SH A, OO TGRS ARSI E ),
K, HET TR EIEANREND TS, fJE, B T GNSS/INS FAL & 14
AR, D9 SRR B B SR At 1A
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3 555 SR

BAUSHL R EE I IR B R e M ER B GPS {5 SRR AR 1k, SEBUH AT CIA
(RORERA ST, A RE SR E O 2R R0 AR A O B, SR E A AR . BRERIA R R 25 (1
WARNGESS, MAHE S HHEUE S 2 MR T HESVEHE, IoEsies
o PAIRA I B 3 S B UE 5 A B — e R o DRI R A — e A
AR AE LG RS 5 AT RSBV IR R, RIE S 4R

AR IR(E S0 FHE SR, RIS T AT, K50 L = 3
B LRSS M S el H ke, SR 5 LG AR ) 25 T ] 25 DA S BRI 1) £
o H2(E SRS, —J7H, 5500 AMUE S TR E, &
T TR H ARG S I BAH S TR RE &, A e SEIAR R, DR UG 75 0T L AH %
TR AT 00T 5 — 5T, — > CIA TSR ARk DU 4 R 8 e
Tl E O B 7R AE DA SE I EURR R TR G 75 AR N AS BRI A SE I LL RR R
&

AT TR BRI HE A B R R A SR R I R 3R, B N B R
IRUERERIVEAG 505, 38 =108 0 0 FLAR OG- Hoke it S FLAM i 7532, B8 D01 434
AR EEAN [ B e ] 20 5 V2 ) P g

3.1 R E KRR

3.1.1 KRR

AR AR T2 L AR A A5 5 R e T 75 R, 17 A A RS A A5 0 25
FSUE 5 IR R OB R 4 e /N B SR B TR 3R, DR e R o 2 A
FR AL HEAT 448 R 2

B 31 A BATHIOR B, LRI EGESMEN, KR EaT
HAhd e, wirAES, BT8R T X S MRS AH L R4 5K o
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YL RS OAEN
0 AT
= | 0 /1 0 pBeey 0 |ee....
W 71 1 1 | l.....
5
3 N s s s
w | I 1T 1T T |-
= s 1 1 1 I ...
X | %5
] 5; ......
Sl R N
—
T AR 0

T FE A 4 22X ]
K 3.1 AT &

FECERATHEIR, HATROAR R BHAT SR Ml 3R 7 2, #REEX T REAETE(S 5 1)
BWRPITCHTH R, AT ZEN, RRMKEERNT AR, Hk s 2l T
B, YT AR ]

BRI & 3.2 fn. # Uai (B e, WHskaeTh, &,
VR RE S AN ZEFIRD AR HEAT T — KAL), B R MIRR B R 5E T A B H e i
SRR, Hod, BUE LR Q ATy K IE Rk -

/(n) = aD(n)R(z)sinc(f T ,)cos @, +n,
Q(n) = aD(n)R(7)sinc(f,T,)sing, + n,

X, a WIESIEEL, o AR o/A AR S ARSI AL 2 Al 2 7, £ N

(3.1)

PP SR RIR BT, ¢, N BIRHALZ R, 05 n, 7393
N QS EEMENFEARGHVER A8 .

5 (1) o)+ QTR s, [TE]_
0 X ’_" i v.0 R T B
e—ja)[ . i
o C/ARG
NCO B
T ff A 4
T |
gl [

Kl 3.2 ffigk i

3.1.2 MiHIR 1t RERI R R

I T A AR RO 22 20 B0 R 1 ARRL 22 57 4 R BRI RE RV S, TR B As e
iz T AR Z R T eV RN EERR.
OBBEZERE
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XPIEHAS S TR, FRERBI REUE, R CIA RSk E N
{8 1.023MHz, F53 AL ia i ZIRG FE A7 5 25 AT ZIRS AL BRI, AN R
HARSEE . Hoan, AR E) A 6000Hz I, XML Z LA 4Hz. ARSI
6]}y 10ms B, AU RTERSAHAI 02028 0.04 MR, FBE IEE R 20 2%
(0.04 FREA 205 4FR I IE Y 200ms B, E{E /D L) 40% (-4.44dB). [F,
XA 2 A B BEAT HME N R R BRI R Y

BT C/IA R 2 P HIFE S b, DR it 2235 3 5 2 2 35 B A7 e [ e Lu 3],
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N 2218Hz CHLFEH IR S B Z 8D, BORIAN 1.6s. 152 3 8 M2l o AR
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RAELERT, FUMENE S e R, IRMIRRI S Fi: (5 SAEER, BUAMEAFE
(=5 M R, IRMEDTAM T, 15 SRR, FSEH oM 10 5 M 5 (3R] 4 A
“BOMIRE, HRA GAHE 5 MR th s ok, TS SN, HeSEdia 5
W 7 (R ER R AN A B HOAR IR, (5 5 AN 75 YR E " fE — g

IR RSN E IR — & BN R AT HPERE, R TR Rk,
TREANNRATTINERE, R B TR R B SR SR R
3.21 BZB MM

SHRAT T b e B

H : [ESAEE, B, B s o A w5

H: (5SAEAE, BT RIL AL R 30 5
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BAPE, HAEUMGER X B THRIE A .

B S B R PR T 2, PRI R R R R AR T B IR CRE
R p , TFEIREBME L, I AT 58 1013 S D8 A I R 1R 7 A A )
Sk, BURSIE p 2N, R, BRIGEIE, P2tk (HRFEINEZEHEA W

WK B, AR 70530, A B BRI, R R A VE
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H T R R A T A AR, BRI, FERE MR T I KR, 1k
O — A RE T, ] ARG S BRI, (R At R AAS AR L A A
(1 TR
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K 3.7 45tk 7 A FIZEMEEL T 100ms CRHFFR73 10ms. FEAHFR R 10 770 FE
MT AR REGE, o, ARidh “o” BRI A E MRS, Frid
T BRIET SRR PO E AR, SRR R AR IEL R
T EA T LS R SRR IR 1 e

SRRSO ERAEIEN T OWE— RIIRME, Faes % EmNAA
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(2) ZHMTRa

FH T 22 0 B0 (A A Mk e DL B B P B A SRR, RN B2 s 07 L1
T AR R AE . K 3.8 45 T 100ms (AHTA4) 10ms. 5 IRZE5 BN %=
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P 3.8 A[AIFMELL R 100ms 2 70 A TR i skt g
TR R FE mE e L BT 20, (HAR MG SZ LERR B AR e o AR AR 1
ST FE AN ARE, 238 EMERILEIE . 20T HIE 5 5%
FAHTRMIE Y, A S bt e, BAavERE ERE R TAEA A4, (Hggma
YERERII RIS 2 17, SIS TR o BIASCR F AR #5019 07 20k
GELEIN

3.22 ZINFBITIEREVHE

LR PITTI P AR TR . e HE SO MR, B
L AL AN 22 0 3 56 40 55 AR R, R R e, I MM BT
el A R RNV 2 AT fl DA R AR

PR =1-0- £, ()"

BB = [ [ram] fubiox 42
5k A, (B) — RO B — MM, M, RN

BB =1-(1=R,(B)" = me,(p)

M-

AB)=], [ra W] fide=[ "t =rA(B)

B

(3.3)
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Ref, B OABIE, F(B) N RETHEESR, A(B) AR AT
F I, F,(0 N E SRR MRS e . kT L, AR P ITiERE
FR R TR R T HOL R BUE .

3.2.3 [ERMWBNRHBIR M RERIE N

RN Z A FIT R, IR A A SRR R AR Wy
B, BRSNS IO . W RSO e SR B B RE SREUR 8] L £3r
B B IBEELR, wifed MERWHE, HEIRoesiiSE R, dhtit
— DG/, OISR RO =AW R A AL

(1) Fo/DHHERES TH]

N T B PRRERERE BRAS . ARMEE RSP BTG 5 RN RE T, 7
BE— AN ARy I 8] DASRBUR W (5 e L, B 3.3 AT, R E RIS
HE e I, D DRSS Wt LEAS R ANIE N, 0 0 0 7 Bl )y, #2322 AR
J IF T AR N B 283 B0 A RN 18] LA 7 (5 B . PRI, A5 2 RO 2
AR AL A AR 37T R 8] ) e ELRR N T B

2) AHFRBER

Az (3.3) "I, MRAAZMHBET, MRATTME, SRR R
7o ARSI BLRE SR AU (8] AL B, IBEER, HAELE
D ATRD AR L% 2R Vi ], BE T R0 BRI R T

(3) PR A 2 ) HE LA FE

ELEREEIN: N (E 7l = et S iz e AT T s L R B QU Kb
BN - 2R AR GE P AL S L SR S, HE I 8] A BE DR L v A 2t i 3 5 25 424K
VL5 W] AR 2 045 B S s B NCO, A3 1 980 /43 B e e 6 ) ik
/N,

3.2 EXTHEEHNH

3.2.1 EfxFHMMIRIE

FEHLBE O A B (5 S HRINEY, HAE I R R, TR 0 st [
SRR, B E R EEE SR, BT & CIA R A 3EAE A X
RIEAS, AHOCUIELLAE CE MBI EAME) 200 24dB, X EKE, BIES
WAEENITE TR, 8 AR 2505 X /ME, 5912 5 10 B AR e ik s S i B
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MU AR, B URIFT RN ER B2 IO MR KSR iy, B 3 BUE 5 I a] 2 L
MBS, 2 BCRAUE AL E R R

LA GPS L1 MBU/E SRR, N ik B Bk i B G T, 30(3.1)
AW TAMES S B EREE S EAREE, i AR T &2 1D
BRES, BANGEHBEA W IES, WFEASC M RS R T R ME R
B

b ()(n)+ ZN: /(//)(n)

=1 %

~ a(i)D(i) (H)R” ( T<i) )Sinc(fe(/)Tcoh )COS ¢e(i) + (34)

Z a’' DY (n+ 7V R/,(Te(')+f(//))sinc((f J+f U )wh)cosglﬁ

=%

Hodp, S5 — WAL A A B 915 5 gy, 5 — WURERERLN
HEA | RSG5 ARUE 5 b At R AE 5 R 1 A S LA
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L AR B LR B IS S HGEAT RS ARG T, RIS g O L o LUy
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4.1.1 I TIEIRIE

Al % OEEBUE P B (DLL) KR GREL, Kl 4.1 Fros. THE 5 s, (¢)
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