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Abstract: Satellite navigation has all-weather, all-time, and low-cost advantages and has become the most widely used means of
positioning, navigation, and timing (PNT) service since its inception. However, to avoid excessive reliance on the single means of
satellite navigation at the application level, the concept of satellite-independent navigation technology has been proposed and received
attention. How to accurately understand the relationship between satellite and satellite-independent navigation technologies has
become a realistic and urgent issue. The technological characteristics and system positioning of satellite navigation are summarized in
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this study. The performances, costs, and application scenarios of typical satellite independent navigation technologies such as inertial
navigation, matching navigation, and radio navigation (except for satellite navigation) are comparatively analyzed from a PNT system
perspective. The relationship between satellite and satellite-independent navigation technologies is comprehensively analyzed. The

overall positioning of satellite navigation as the most common demand satisfied and the core and cornerstone of the PNT system is
further clarified. Additionally, the fusion efficiency is quantitatively analyzed. The scientific development of China’s PNT system requires
the innovative development of satellite-independent navigation technologies, and the deep integration of satellite and satellite-independent
navigation technologies should be promoted. Moreover, the construction of low-orbit navigation systems should be accelerated to
improve satellite navigation performance and maximizing system contribution.

Keywords: positioning, navigation, and timing system; satellite navigation; satellite-independent navigation; technology integration;

system development

|
T}
i

N [ 2 (R 2 f s AT A B M, AR
AL IBAT IR HE T SE I AL SRR (PNT) 58
mERGEHEY, AR TESH ARG (GNSS) L4k
iy AREF . ARSARI S, o MRt
JZHIPNT FB, B AR T2k, B, &
A, R AR T R T B RS I
e, SR, BEE ST AL BB R SN
W AR IR, TR SNUE S5, B
MFH. AR BN /KT /IR A S5 A B
T. Bk L, RERESIIPNT HAMM: HLAMLE
A PNT 1 2 R % 77 FLR7,

£ AE 9 GNSS S 1) “ AT, FFxf 4Bk
SENLRGE (GPS) THIG LRy, B ST E X
ZEA PNT AR R, 70K GPS /E N E X PNT A& R 1
B, nesiz O IR RG A E . ATEEMER
S, B BAEDELS] AR TR A
W PR SHEAR (CUNFERAKBE AR, BER
2 PNT F Bt & R, &7 PNT 44 & 15 &
PN, 255 KA T E 2 PNT 4R &84T 0™, 4
FSEh. W TESH. MEFEPNT. MILES
FHUE PNT I E AW FEHRIM, BT GPS Rl & o4k
HPNTYE. HEPNT RS EERR, Xk, H
FE3EPNTHRR IR, DL AL PNT R4 &k
IR M O E K PNT PSR T i, 3
PEPNT 2% 40 Jx PNT 14 2 5004 MR 4 T RE 2 01,
REAIL; PESHMAS AL R4) £meEmk
KAET N RIS b, R & PNT IR R EIF T RIS
WE: Wk TLREPNTIRR. #IEPNTIA R, ®he
PNT (FEAMES, 284 PNT. & REPNT KL% 0
AR, ZEEPNT SHPNT ISR 1T “5+
1+N” (1254 PNT 1R R K 4807, BTJb3F R4

M K28 & PNT R A ML . i H bs SN, JE
J% 7 PNT fR R 5E bR 73 K9 ZUE E AR
AR K ELARNE R

Bk b, EHNASCT PNTIR R CH 10
FER RN . FANMS. RIEHIE . ORI T .
PNT R RS R FREBHEZ, %K
BARFH G SRR SHARKI TR A2
S, EAFRTIEE 5 QMR TR E Rt ik
BB S AT G RARAE . i, SEERAMKE A
MR R, — AT RN T HAER 2
s AR, B 7 TR R R
PERO, PRI, MERREEAE. BHAEIR SIS PNT EORM
RAREN LB R R, IR R B EE TR,

AR SCR I R e KIEMET R SR BEFR AL R
Ti R R E R, TR SHAM AR SR
T T, &L PNT BORIIA R EAL . MR
. AbERkEE: RFFLULTESHNZOER, B
B A HREAR RS A R KRB, PR
FERNE TR SR AL RLRERS B . AT LA, BRIAMVK
A (1 B R TR SR G A% O LA
BHIEGE— R, PAPRMBA R IR LR & S 4 48 55 PNT

LREREST
= DESMEARFIESHFREN

(—) BEESRE. BRAMSE, BRNRASA

SZHIPNT FEL

I (]2 6 b vh B 2% 51 23 08 X 7 REEA Y L &
Z—, WEMETERS RSN E CRERT
1075, HERARE AL 1075, & e — ] il f R S
DU PRES . Sk AR E . GNSSiEfT
MR 25 ¥ T Z &, S0 PR R E B Sk R T
b, RARFEEFEIEFI10 5 BH, RGERESKEE

051



PNT (A Z A TRESME N KD E SMBABME LK RIR

IR B ST RS ISR oK. SR b B OK .
GNSS @7 7 hor . HES:, e FIR ) uE, mR
FRPNT FB. MR g — e =E 8, —
AL SZBLE AL SIS o X SR BE IR 1L 5 A IR 55 F 152
PESAL VUHC TS T B e .

GNSSHTERNRIE RS, (UFHZ30 80 T A RIS
WARRES: ERNRRT HERS, ARGH
o PLMET SRR 1 6.5%10° 3 T2 5 i & i it
B o RS P RRA A R 0.5 £ T,
DABUR AR I T M s ke . IR, TR S0
LS R T ICE B & RKE ST, KFETESNY)
REAERLEFHL. A& RESRANE; &
EA VA 2GRS T HAR P B, 4
36 5 A S B B G

(Z) EARAEMERIFERE, 2PNTHRRA

ILAEAR

GNSS & YA — L 2R SR E . KK
AEFEIPNT HAR, B EEH T T KEERIT
WA, SN M. ERMERTFERRMHTR,
A Z . KA. WA E . BRI HIZ
W EEFPHTMILTEE R A a4
R IG. B RS, ERMAJT NGRS LT B
BRI . BahE M. FHL, BUOvER3E
PR R 2 # . GNSS (U 148 — Hh 2 2 (8] Fl
P 25 (] R B 25 St B, AR T PNT HoAR f B
FIRWEIIR EE TR, ok PR S, PNTHAR
S R Y

GNSS 2 [ b5 PNT 8 3% 4+ 5 & A B b S0 &R
G, WIERGRE IR, FEFHEA . B
BLOEIRS EONEIR . DLEEAG, 4H4K GPS
YERE K PNT 7 &R BIAZ 0 CELEE 25 FH A0 R A A
“ABERFAAE GPS &2 — N EE MK RS, HisAZ
WAE, A TE GPS BF 2 A 58 i 5 GPS (1 v {5
FE, BEm PR AT SR PNT 86717 Ntk GPS BLAR
it e, HERFT RGPS B ARG T A, YISt
FHAR K GPS HLTHiRE S 59 Dhaskmkg HE
54 B AR Xona LT 002 a5 TR RIh AN EL,
BTG B8 300 42 50 TR B8 I T o P . BR
R T RIS A RIE R S BAR T od
2, HA. BRI ROE X TR SMARMN
R DA T I 55 VR

052

= MEBEARFHESFREM

(—) R ARFFHE

AEIGEARTEPNT R RIBH T, X LE S
PAAMFTA PNT B AR MG FR:  AE A%t T2 T #h
o AR, 5 TR SHILFEME T PNT 4
Ro MMRIBA 3 LML = Z 4 N8 ST
UCHC . TCLHB M. Frdemis (WED.

1. P SHEA

W FHERN— M2 H ESFER, SR,
ALICAMRI R . e BHEEER, AT “ %
B, FA R R Bk M R RS N R, T N
Tl B 2 RESUEMREES, RO
SRS HFEAE . m A R S IR PNT F B,
M, BTN TR SNUEE S EE SR
F AL, BE SR AT RN R SHRIER . R
WA RIR, BN EEE, RE R
RSB S O R 5 ) () RO BRI, 75 AN
HBEAT AMFBAL e s 7 2% 2% N B 3 75 1) 46 A% v 45 1ok
T2, 38007 S5 N AR

2. ULHC A A

VLHC AR 73 N E JULES . e JULHRD . 52
BULHS . SR UTECAER; R 5 bl 2 404 5 A7 4
o B AT R AR DL B AR e L P L, BT EE
LA FAFB, M RLHETI “RmE”. 28
o ARG P P P DN 2 i UG TR 5 5 P PR o
VCHC SR R R . W R O
WEET KB T KRG . BHTFE&NHFRBEL
W& R R PR E A, BOR R
KEBASR, N2 5%5nH. [, RAREHRER
(R 2y, DLEC SR LS BES: S, B2 N
PESHR BT B, B AR AR HE

3. B FMHAR

To4 ML FAUERTE & F ks P S R Ge b B
BZ, WSS RERM RS RN T
ARG, MEEAC. BEEERY, Bl SR 2 22 R 4097,
LR AT AT B R 48, 0T N I 8 7 &
4t, HTEEREMSFPNTHA (WiFi. 58
@ (5G). HAE) B, XK FHH AR A
AT 2 1) 25 DX 380 B (B bR 4%, 38 FH X3
Hipsalaw 2R, 5 TR SN A E S pEIL
11 XSS o



PETIEMEF 2023 F F25% H2H)

1 EAIPNT KR BE SIHHE

PNTHA EAKERE RS 8 ¥, el B 1] 2% A4 L LA
T ST e T 1~2 n mile/ — AERR TEIMIAWHE,  HInER
1~15d J AR AL
RN 0 DS
WS 10 m/3 min — HEANEAWIGHE HooRTorRN
NGRS HFM HAES — HRE S WA A, HuER
X35 HIJG K
ARSI oK% — WEORHER R TREMBEE N EH%, tER
X 35 &5 H
TCER L T PESMm K TanEbeg AROTRAE O BREREASER T uEH
W
RHIEAE ST B HHPE ArkEEES TEROFEGME. TraoEH G4 TEE
X 35 R NRERR K
HuTHI S 2815 1ok HPE XE, RIER TESHEBENE. FooEH GATEE
S MR 30~50 m Mg, DIRETR, A
DR b Y 7y %5 P AT il
WiFi / ¥ F K — JAtk, SRR WEMmNEEEAA ouER
10~30 m
7 B e Vo S/ giFbegr  Ridk, PRUETER TEShE AN eH &, HooElToo
TREYH B
Locata Hi & S 73K RPN AR, RGN TEMIE A EHK, TorEg
TRER

i Bz 1 A HRER
(5% > /
FAI SR

B TR, b WM R A e &, IR
0.15~1x10* km

4B FHIHEA

SRR T —HEF X FHUHAR, bk 2
SR B SH. 5ESNN% ZAERT
Frk g AT EAR, BARIRR G RrRM, Iz 4L
TEAE—E RN R PR, PR TR AT ok 2200 .

(Z) TAREATE PNT (R R RO E L

B R A A Y i 2 A 75 SR A=
J& TR T RIERCEOR, SR TR A
P A 2 6 N2 Y AR RAT 0 1 1) 3 S R IR R
J&, ES5UATEEI N OE; B2 VB B
PR, KA CHUHKBT ARG, Aok
K B, N XK 754 SRR 1 .

AT, mE. mREEORERRT G 8
HESM (EERFRESND SORMERN “EH7
“RIE” FBL MU DRESMUBIERRIRE; X

e ARIE AR AL GE AT T 7E e MR
OREE Bt FORA. PMMECFE L, DRSS
B AR HERC B s ARSI 2 RA . KRR T
B ODREATIR, MELUERC. BRIE, DL R R4
PAHLH R G E I B e AR B A B R, B
WS A S BARNRR AR TLL B FHEA
S, N A AR A 5P
BURKRE, MBSO AL PNT R RIEST R
) — oy KUtE, SAERMRX AR TR FHM
FEEA AR IO N LAt B 3R
HRERE L, (HIFAEWE R LR FHBAR A
Pho R, SR AR AR — M m A IS
B RN RE B e, OQTE Al B2 S
MBE XS, 5miH2 TR E I, RETDE SN
BEATI AR S5 T, W 2 A P b M) Py i 1 5 g
s WELAS AR LS5 R, K

053



PNT (A Z A TRESME N KD E SMBABME LK RIR

A AN EBOR T 1A .
M. DESFME MBS LD

BOAARAT— Al PNT SR RE A 7 2 T B
R, BN R R YR G K R TR S
ARAFEAR, RAES BRI TAMESS, PLAR L
B SLILRE S TR R

(—) #*FEEH, TRIRSSEELURF RN

1. Y5t EAb

TR T ARG 5 S A BRT R A (A ) )
BRI B PR RE] B R %, th BB %K.
EWL IRTEY R RSN 5 R
AL GRS TR GRS I/ DX I e AR 1k e A
5G. K. Bkt R SHERAR, 2EN. KT K
2555 TR GRUE &2 A XN RIF R F B

2. PP %

TEHLERIF B 25 18], &R ELE i S B AR —
S8 XS AT L E N & 0. IR, B SE T
WiFi. $64° . 5G AR T LLHE A SN &4

(Z) A&, BEESERMEE

1. DRSS MK ¥

B AR AN g AR S A 1t ) v S s
frigfiomp . DR SN, HAELREAR N
VE S AR BEHIAE E AL 8 [ SRR IR IR, D %28
DCHC S AL & A B S 20 R B L 3 T S A
A CISSES T

2. DR TS T R 5 I e

B SNEA A . STk, Ewdter,
AR A R S R (B SRR ZRE
AR PR AEATE M ANER . TS
REA FPRZEEM AL, HAEES, mahds, BmT
P T LRI D EE S . P 4L R sE
MH B, HATXAERAES. BAE. RAS
G/ BDLN

Ll AL 07 OB, 1R S AU B AT T4 B
PESNETRE, DESHEMS R TEIE
kAR ZE, M SR = A . B
TR AR W T BRI, dE PR
SRR DEAE . EEZ, WL LR SHUE SR

054

SHRFRITE |

T

e T RO
i B o7
INSIEIE -
. AR e -
\ 4 ; Bhaz i ‘
BIEHRA B g
FAREHH "o
LR
A g; gl
S ! é‘
e oS ANE L L ‘
- MG —PE4Ee; —> R4E

E1 DESHSHENESHEAREE
FE: MUMU ZORMAPEIR $0: INS 2R SRSt

B2 BRI 46 TR S VLB 3
(PLL) %, 35 PR FHHUHLI ST aE
MBERETT

FET Y R, W AT BT
Bl S AE A [ s o PR ERFA BRI, R O
PLL AH A7 81 5 Bl T2 2 5 A5 5 e B 1 22 1 1
(L2, g5 REH, TEWPE SO BRI R =N
0.1 m/sif, TREFHHZEWHLPLL o] KA 1 Hz My
o LAE, PREFREUE N 15 dB/Hz, L% KW
25 Hz Mg/ 7 SE BREF A % (fF 5 2k L 2 26 dB/Hz)
REPLTIIIRZ 11 dB, R T EE SN S1E
SR FE Rl A 0N B RRE . A A R R R I R
Pz, AT — DR PITHMERE

3. DRSNS iEER A EE

PR SAEE IR . R, RS
XF ST T B A AR AL, RS R G R
RERtE. DRESN AL NS RIEE RGRM

120
3
F— INSHE By 7 5525 Hz
21007 INSﬁBjJH%E%ﬁD Hz
2 — — — INSHli By P HE 56 Hz
< 80k * INSH B 75 47 553 Hz
= A INSH B ity 9 1 Hz
B 60 % — LR ITBR
*E 400 g
o 5 *
20 ~. i * Ky
15 20 25 30

#H1 /(dB-Hz ")

2 1RMSAHHENE 2 S PLLABLERTN
BERR A B R (LB Lk



PETIEMEF 2023 F F25% H2H)

Sl e R P I A R, SR THEAE RS IIE [A] [F DR
B, BEMIACALIBAS R . IBAS R G0 R A 9
EIE, BUREEGER, BATESHAAKS
RRLSC,  ATTHE TUAE 5 T & ity FEATLYA i BB TR) AL 23
PR AR RO . (EIRME RGNS AL E . A DL K
SRRSO, T DRI TR SNNE S
IR RBUE

TR T 2 vty T3 0 AR AR 4 B TR SR
TR R BUES ., TG RSN TE ST
HOC . MERS AL BRI ) ) B, R SRR AT
THE AT S0 TS SR L2 R, e
KPS AT AR i (8], S Ak R . AR
A FAE AR 4 B (8] 45 S sk R BUE (K3
AR, JE A B RN ) TR S s LA T AR 4
)38 AN I 10 mss 3845 4 Bh 5 T B S8 KA
R INE], MRS LR $R T 20 5 A2 45 (200 ms) ,
FHECTC A Bh Al IR 12 = R 0% 10 dB LA |

(=) MENA, REFRERIEFRIEN

TP AL 2R AU SRR A 10 JT /2
A, T REAE T 20 2 A AT LI 6K GPS 4%
Wbl (O BRI 1 53600), RXAG T HORBED LK
M E RS, DRESHUTER, 258K
HETT SIS 28 3 R R AS . ANRAE, 3k — 2Dl )
R RS K B4, Bl s fe it 1 41
REARMD; KR THEEEE (A-GNSS) A,
SR T H Sy ) BERRA /AR R / #E T R AR
Thee, REGE T LR ISHUE LA RS E, gRAb
T EESHUER ARG s, BeE T PR
B RR R G R R RYETERA

30

N
wn

AN

33
(=]

—_
wn

S E(dB-Hz )

W

0 0.2 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
HIFRS3 i)/

B3 ARMEFREHEI R AR R

PESHME MBS AR, R PR
ERTH MBI PRAR A . R E], HArH
BN BORES M FIHARABIGL, Rl A
LA A B, R iR R AN AL T4
FIRM, EEREREA L. HMEAE GNSS %k H
%, WMAFRLOANR: BAERT 5 KT TS,
AR BAF i B0 K3 i A 4t 200 1R I FRLAS 5
SR BB AR AL I &, XA RE A Rk
FLR AR AR SIRRABEAL R &, K
PNT JUFANS2 T4 3000 55 b ) S i, 3K R
B, RRIESHE MOBEORR S KR K5 T2
EISV N

T PNTIRRARREEFZEINL

(=) BEFZMAESR, SARTRBIRAK,
KU DESMM AR ARRE LR
SAHTIIEARAKCT . B RA . SR T2

29, AMRBEAR I RS N AR A . B

BHEBOR S B A FEAR e, QB AR A AN

INTAE S AKCE AW T RS R, 1%

At 3 AN B UM L AR AR AL E D OIS

fi HE A T T R GV RE GRS 0, BT 5G. {RBL

A5 B R AHT R PNT e 725 IR K e Li&, A

THHUEL, S SMBOR K A R
TESNEARKBEARM S, SRR N LIS

PN GEOR . I I O G RERZ

] (Rl o 75 B ORIBE A T 3T B A R i 22 A0 AR B

%, BEIE NBOR SRS B AR % B

o TR R ) RAEA S, O @ik R

WBLTE,  SEILA SR PNT HORAE I 2 3k o 5 1 (14 il 1

gi fERAR BT AL S LT RS AR

iR S B, RERSERANES. @ R

gLl ARG %, MEARHERR D, #E

VAR CRDEREIAT” B, 1A SEELE B A

SR (R FAE PNT M o s 58, i ik 24 S S (10 540 42 i

o O RIEFFEBEMRIIBIRNE, MG &,

BoR iy, BAERESET LS, R REAE

B BEET I . REE . RRA T TER RS

G MEARHE. FEFRRREAYIZAT AL B B,

REFF /. AR MAPLEA, SKBUER “HR.

NN <y

055



PNT (A Z A TRESME N KD E SMBABME LK RIR

(2D MRERENSMAL, KBRADESM

MEE, BXRRAMUAFRITHRE

RPUR P O TR ST B SR S, 3
R JERTEIERIFE A BRI 2R SH RS IER
O KA L LR, TP 88 DL BTE IR
Hosg . FUBCRIORS R, RS9 DR SHAR SIS
PEREDT T EAT ML S AT SE BBk KR
KPGERL, by LI 5 5 %I R DR T3
BUHLPTTILRE ST, MKW S uhIztT, B3
e 2 BICREN S, RERA PESMAGE K
AT, A HEPE LIRS ARG A ). 1E
] B B R AR A 00 i S R PR RIS 57, 3R
EWIL T “ME R S CHRER” R —
57 E RS R E T %, HATREA AL AL
W F8 2 T A B B, A [ P EAE TS

(IRPUIE 5 B B PNT S i b2 —FhR B S5 5
HITo Ll g SRR, AT Ry — R AR T2
Bl s R85 (5 5 72 2 X I A ke 58 1 P S gt B 4%
MIPNT 55, MONEAESHUAE S, BA%
AR IES” MERHE. ARMANE B, 8
RILVERI S AR U9 . 2 SR
ARETHAERRE, CRREBE. Mgk, 2k
B i S e RS TREREE . (RPLEE B A
JER R AR S AR SR A L R TSI B F L PNT
PERE, WESCIE DR SHUMFERTERE, BORM T
R SCHLAE R B B LR S @ WA AN P S . PRI
i S FE A ARSI PNT RE ), RERE
AT 2 28 FRR SE PR R (U T 5, BRI
GAES T <

P55 R A= AR

ARSI P ARG 2 [ AN A AT AR ] 2 e R I 55 %

Received date: January 15, 2023; Revised date: March 18, 2023
Corresponding author: Guo Shuren is a research fellow from the
School of Humanities and Social Sciences (School of Public
Administration) of Beihang University. His major research fields
include science and technology policy, government reform and
governance. E-mail: gsr888@tom.com

Funding project: Chinese Academy of Engineering project “Research on

National Spatiotemporal Information Security Strategy” (2022-XY-131)

S 30k
[1] W2, PRZE, WA, FFA63 RS E K LA E A5 Bz
(PNTR R KR AE [J]. I HEFHAR, 2017, 14(5): 1-6.

056

[10]

[11]

[12]

[13]

Xie J, Liu Q J, Bian L. Development assumption of national com-
prehensive PNT architecture based on Beidou navigation satellite
system [J]. Space Electronic Technology, 2017, 14(5): 1-6.

e, e, K, 5. L DR S AR GE B AT R
I [7]. JUME B S IEEHIR. 2022, 20(10): 87-97.

LiJ, Long Q, Zang Z B, et al. Beidou navigation satellite system
and its application in power industry [J]. Electric Power Informa-
tion and Communication Technology, 2022, 20(10): 87-97.

WA, FI, TR, A5 AR AR B A8 s AT s o
KR [1]. BER, 2021 (7): 58-62.

Meng J, Wang X, Ma Z W, et al. Beidou industrialization enables
high-quality development of transportation industry [J]. Satellite
Application, 2021 (7): 58-62.

X, AR, MCBE. b DR SRS RN (7], 58
L5 HN, 2022, 34(7): 7-9.

Liu T, Li Z L, Sun C L. Application analysis of Beidou navigation
satellite system [J]. China Computer & Communication, 2022, 34(7):
7-9.

JFERK, Kb, TR, AF. S E S NUHTE R 5 R R (7], S E
7 52T, 2020, 7(4): 110-116.

Tang B, Zheng C, Zhang L F, et al. New progress and implication
of United States navigation warfare [J]. Navigation Positioning an
Timing, 2020, 7(4): 110-116.

FH. EAMET PR SRR LIRS T S E AR BB
R[] SHUENL AR, 2013, 1(2): 55-59.

Li J. New technologies developed for promoting PNT capability
in GPS denial environment [J]. Journal of Navigation and Posi-
tioning, 2013, 1(2): 55-59.

WaTe . 38 PNT IR 5 RHRHEEOR []. 2244, 2016, 45(5):
505-510.

Yang Y X. Concept of comprehensive PNT and related key tech-
nologies [J]. Acta Geodaetica et Cartographica Sinica. 2016, 45(5):
505-510.

U.S. Department of Transportation. National positioning, naviga-
tion, and timing architecture implementation plan [EB/OL]. (2019-
10-18)[2023-02-15]. https://www.transportation. gov/pnt/national-
positioning-navigation-and-timing-pnt-architecture.

McNeff J. Changing the game changer—The way ahead for mili-
tary PNT [J]. Inside GNSS, 2010, 5(8): 44-51.

National Security Space Office. National positioning navigation
and timing architecture study: Final report [EB/OL]. (2008-09-10)
[2023-02-15]. https://rosap.ntl.bts.gov/view/dot/16923.

BT, TR, TRACEL, 45 AR T2 R B S R AR R R
B[] RER, 2016 (5): 45-48.

Zhao L P, Xi H, Zhang Y H, et al. Analysis on the development
of new satellite independent navigation technology [J]. Satellite
Application, 2016 (5): 45-48.

Chief Information Officer, U.S. Department of Defense. Strategy
for the DoD PNT enterprise [R]. Washington DC: Chief Informa-
tion Officer, U.S. Department of Defense, 2018.

U. S. Department of Homeland Security. Resilient positioning,
navigation, and timing(PNT) reference architecture [EB/OL]. (2022-
06-09)[2023-02-15]. https://www.dhs. gov/science-and-technology/

publication/resilient-pnt-reference-architecture.



PETIEMEF 2023 F F25% H2H)

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

Wiots, ZEmeRE. S PNT 5454 PNT [J]. M2 2431, 2017, 46(10):
1249-1254.

Yang Y X, Li X Y. Micro-PNT and comprehensive PNT [J]. Acta
Geodaetica et Cartographica Sinica. 2017, 46(10): 1249-1254.
HICE. B PNT BAHELE [1]. ML 4, 2018, 47(7): 893-898.
Yang Y X. Resilient PNT concept frame [J]. Acta Geodaetica et
Cartographica Sinica. 2018, 47(7): 893-898.

Wt E, i, 5. PNT B ReM S (1] ML), 2021, 50(8):
1006-1012.

Yang Y X, Yang C, Ren X. PNT intelligent services [J]. Acta Geo-
daetica et Cartographica Sinica, 2021, 50(8): 1006—-1012.

MR R FE LS 3R G4k G 8 AL S LR R R R R
A ] HEEHE I, 2018 (6): 32-35.

Yang C F. Development concept of integrated positioning, naviga-
tion and timing system of China’s Beidou navigation system [J].
Science & Technology Industry of China, 2018 (6): 32-35.
T, R, FTEAE, 55 F K S A PNT AR R LS (1]
UK 2222 (5 BRFAAR), 2021, 46(9): 1265-1272.

Bian HW, XuJ N, He HY, et al. The concept of resilience of na-
tional comprehensive PNT system [J]. Geomatics and Information
Science of Wuhan University, 2021, 46(9): 1265-1272.

E, BUR, WA FMRXGEGPNTARR T2 A AR
GEA (1], FHUS ], 2022, 21(3): 1-10.

Wang W, Meng F C, Kan B X. Multi-source autonomous naviga-
tion system technology under national comprehensive PNT sys-
tem [J]. Navigation and Control, 2022, 21(3): 1-10.
LS A RO R R SRS 0], B, 2014,
49:7.

The United States is stepping up the development of a new gen-
eration of satellite independent navigation systems [J]. Outlook,
2014, 49: 7.

Government Accountability Office. Defense navigation capabili-
ties: DOD is developing positioning, navigation, and timing tech-
nologies to complement GPS GAO-21-320SP [EB/OL]. (2021-05-
10)[2023-02-15]. https://www.gao.gov/products/gao-21-320sp.
L, N, ZUE, . AL =5 RGN AUA RS e
[EB/OL]. (2021-12-09)[2022-03-22]. https://doi. org/10. 13203/j.
whugis20200529.

LuJ, Wu J F, Yuan H B, et al. Design and implementation of time
and frequency architecture for Beidou-3 system [EB/OL]. (2021-
12-09)[2022-03-22]. https://doi.org/10.13203/j.whugis20200529.
TE DR SN ARG BN = OH AR T E AL (M), JE
AR R, 2022.

China Satellite Navigation Office. China’s Beidou navigation
satellite system in the new era [M]. Beijing: People’s Publishing
House, 2022.

e, XER, PR, & EAN DR S AG KRR &
i [7). SRUEN 2R, 2021, 9(3): 13-19.

Xiong C, Liu Z Y, Lu C F, et al. Review and analysis of status and
development trend of the foreign satellite navigation systems [J].
Journal of Navigation and Positioning, 2021, 9(3): 13-19.

BN, BEIERT, 2R0lR 36 [ FEZE PNT B8 4 R #5047 [J].
Sl 512, 2019, 6(2): 12-18.

Ge Y T, Xue L L, Li J M. Analysis of the development of US

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

army PNT capability [J]. Navigation Positioning & Timing, 2019,
6(2): 12-18.

Xona’s private ‘precision’ GNSS satellite readies for launch [EB/
OL]. (2022-05-10)[2023-02-15]. https://aviationweek. com/aero-
space/commercial-space/xonas-private-precision-gnss-satellite-
readies-launch.

EORER, B, AT MRS ZEGRELE B E SN
A M. b5t dbnt LR AR AL, 2018.

Wang D Y, Li M D, Huang X Y. Spacecraft autonomous naviga-
tion technology based on multi-source information fusion [M].
Beijing: Beijing Institute of Technology Press, 2018.

T, FRIR AN, B M. 2020 4 ] SMETE B AR I Je 55 [ml it ().
FRE B 542, 2021, 8(3): 59-67.

Xue L L, ZhaiJ Y, Ge Y T. Development and review of foreign
inertial technology in 2020 [J]. Navigation Positioning &Timing,
2021, 8(3): 59-67.

F, IR, B0, 5 S BOR R IR 5 (0] B
224, 2021, 42(11): 525049.

Wang W, Xing C Y, Feng W S. State of the art and perspectives of
autonomous navigation technology [J]. Acta Aeronautica et Astro-
nautica Sinica, 2021, 42(11): 525049.

WocE. S A TN (7). SHUERLR, 2015, 3(3): 1-4.
Yang Y X. Notes of navigation and positioning [J]. Journal of
Navigation and Positioning, 2015, 3(3): 1-4.

AR, AR BT A kT A i R BUIR S R (0], BAR
S, 2019, 10(6): 418-422.

Li H T, Li W. Status and prospect of land-based radio approach
and landing system [J]. Modern Navigation, 2019, 10(6): 418-422.
MRzeae, R, Beat . Bl S e Ao A 95 204 (0], R
MY TRE, 2019, 39(12): 58-60.

Chen Y Y, Wu M, Liang Y F. Analysis and discussion on the
advantages and disadvantages of long wave navigation and posi-
tioning modes on land [J]. Ship Electronic Engineering, 2019,
39(12): 58-60.

e, FEAE, XU ath. w8 AE S A A e SRR R R4 ]
SHUENL 520, 2022, 9(2): 15-25.

Deng Z L, Wang H H, Liu J R. Status and trend of communication-
navigation integrated positioning technology [J]. Navigation Posi-
tioning & Timing, 2022, 9(2): 15-25.

Tl FESOHE, e, A5 kb BRI 01 B AR e 5
H I WU 2R, 2023, 44(3): 526611.

Jiang K, Jiao W H, Hao X L, et al. Scientific experiments and
achievements of XPNAV-1 [J]. Acta Aeronautica et Astronautica
Sinica, 2023, 44(3): 526611.

SAEAT, W, AT, A B AR S TS T LIRS
B[] BETRERYAR, 2021, 22(6): 67-76.

Wu D W, Miao Q, He S X, et al. A study of existing status and
prospects for quantum sensor in navigation [J]. Journal of Air
Force Engineering University, 2021, 22(6): 67-76.

HNF, BE, JER, 5 DR SHBORERR 1], SHUEN 5
fF, 2020, 7(4): 1-10.

Hu X P, Mao J, Fan C, et al. Bionic navigation technology: A
survey [J]. Navigation Positioning & Timing, 2020, 7(4): 1-10.
WSCER, ZE7R £, B3k, 4. 2020 4R [F AN TR (1 AR AR

057



PNT (A Z A TRESME N KD E SMBABME LK RIR

[38]

[39]

058

RIREER [J]. $MHUFHE, 2021 (1): 25-30

Yang WY, Li D B, Sui Y, et al. Overview of the development of
satellite independent navigation technology abroad in 2020 [J].
Aerodynamic Missile Journal, 2021 (1): 25-30.

TR FEBAR I SRS DR SHURH A KRG R BRI [D].
W RIS W RV TR R 2 (L 24018 30), 2021.

Zhang F. Key technologies for SINS/GNSS tightly coupled inte-
grated navigation system [D]. Harbin: Harbin Engineering Univer-
sity(Doctoral dissertation), 2021.

KUK, AT, Bk 4B GNSS X & SIS T 45 &
W RBUE K [CL. 7 B B8 e B TR S22, 2021
Liu J X, Zheng J J, Nie X. Improvement of overall receiving sen-

sitivity of traditional and modern signals by assisted GNSS [C].

[40]

[41]

[42]

Nanchang: The 12th China Satellite Navigation Conference, 2021.
Cozzens T. Brad Parkinson offers 5 ways to protect, improve PNT
[EB/OL]. (2021-02-01)[2023-02-15]. https://www.gpsworld.com/
brad-parkinson-offers-5-ways-to-protect-improve-pnt/.

R, BRI, B, S RV R G R RS R ().
SRE N 53, 2022, 9(1): 1-11.

Yuan H, Chen X, Luo R D, et al. Review of the development trend
of LEO-based navigation system [J]. Navigation Positioning &
Timing, 2022, 9(1): 1-11.

Khalife J, Neinavaie M, Kassas Z M. The first carrier phase track-
ing and positioning results with starlink LEO satellite signals [J].
IEEE Transactions on Aerospace and Electronic System, 2022,
58(2): 1487-1491.



