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Navigation Technologies
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Abstract: When a carrier (such as drones, ships, and vehicles) moves in extreme environments, the visibility of satellites may
be lost, leading to a temporary or prolonged loss of lock on Global Navigation Satellite System (GNSS) signals. In such scenarios, an
integrated navigation system is forced to switch to a pure Inertial Navigation System (INS). However, prolonged reliance on inertial
navigation alone results in the accumulation of errors and a rapid decline in navigation accuracy. To address the rapid decline in INS
accuracy after GNSS signal loss, a fusion navigation technology of GNSS and INS assisted by Transformer networks is proposed. When
the GNSS signal is locked, the Transformer network utilizes current INS information and GNSS incremental data (the change in GNSS
position information between two adjacent time periods) to train a mapping relationship between the two. When the GNSS signal is lost,
the Transformer network leverages the previously established mapping relationship to predict GNSS incremental information based on the
current INS data, and then integrates the INS information with the predicted GNSS data for navigation. Simulation results demonstrate

that the Transformer network-assisted GNSS/INS fusion navigation technology can provide stable and reliable navigation signals even
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under conditions of temporary or prolonged GNSS signal loss. Furthermore, the Transformer network-assisted fusion navigation method

offers a reference for other network-assisted fusion implementations.

Keywords: INS; GNSS; integrated navigation; loss of lock; Transformer neural network

0 35i

INS/GNSS 415 FATRSEL 7 T INS 5 GNSS 1Y
PR, ST R R R T SRR LA A RE
INS 368 3 RGN 32 A 1 o S8 5 R S8 8 R ff o LA
PR FCZEAS SR X A Sy =X A 158 25 25 Bl B[]
B RBU . ONSS BRI E M B E,
RAZHF PR ST MRS T, s
)5 ,GNSS Jy INS $RAUEE I mpRs wic v, 4] INS 15
2 Rl FE T RAF S R RTINS 7] DAk ZE 2
P s ] P A T S AR L R B MR A
HEFMAGAEL AR TR RE R rPERE, )
PN HTF S S R A AR

Bifi 5 P 28 P 48 R ) VS 2 JR ) FH o 28 ) 8% B
B T SR BT FE 30 L A o 8 D 24
Wi FH 22 %502 i o A 42 ) 4% ( Feedforward Neural Net-
work ,FNN) 'Sk T 385 b 3P 5 S50 19 e 42 T
AR Z 2% ( Recurrent Neural Network ,RNN) 7!
BTG PR 85T ( Gated Recurrent Unit, GRU) ™™ | i
JUAE, SOV BR T 1 RE 5 K Y Transformer #1228 J 45 31X
— el AR S TR 25 X 45 5% I A1) B AL B RE T A AN B
PETHRSARYSG ZL B AL AR A 22 N 2 7
NS BR R GE T B FRE N SO AT RE

M E Z UL B IAEE AL S, a] LT
BE A etk D HE B R AT UL, BB GNSS (7%
FERM TEXFEE T AA SR G0k 58
T INS HEAT RS, T B — 9 INS 2 TR 22 W
BB R R N R AP ONSS 5 AR
J7 INS K BEPRGE [ 09 () R, 5 i FH b 26 I 2% ok
A A S WURAE T AW — e R
K, PEPEMEBE 3 K Transformer ) 28 Sk % Bh 20 &
L, KRR 5 3 T 28 0 445 4 Bl (4 INS/GNSS 414
FHEAREEMNE L,

1 INS R

INS FE 53 JF 4 2 INS FIFERE R INS 7K
A3 SEA X INS [ 0 2 4 s BB T 1)
TG ERAMGE R DR TSR s (R Y [ ),
PP AR E I 1 A [R) Hp A A 3 R R 2 1
FERR X INS AR AL 6 8 4 15 4% 8w 19 7

T

[y 1 TR S AN S MRS AR A R B
7T NI LDk o R O k= AL NI DR S
FERML EAR S R, P 53U R G0l T A2 20
A BEPR AL B R AR BRI SR ST A5 AL ] A AR
BAR EL TSR O A SO T 2 BB INS,
SR INS A 59 500k 70 D B A5 T T
BN E T 3 kY
1.1 BEEH
RELEZS A ZESHE RS S E R AR 6 BR
@ MR o, €, FoRGE y SERE I e R AR |
C, FIRGE x THIEHE IR AR | C, FRR5E = WER%
AR TIEH L I, T M RERG REL R €

1 0 0
C = [O cos(0) sin(@)] s (1)
0 -sin(#) cos(H)
[cos(@) 0 —sin(ep)]
c,=| 0o 1 0 , (2)
Lsin(¢) 0  cos(ep)
[cos(p) —sin(yp) O]
C. = |sin() cos(y) 0], (3)
. 0 0 1]
c,=c¢-C -C,, (4)

it FH S5 /N B 2k i E A T SRS TR, e/ N Ok
it WIS RO FRHIERE (Vo x ) ROWFRHEE R
BANE .

0 -¢. ¢
¢, 0 -9,
¢, ¢ 0
o/ N O TR I I TRER R R My () H

_ g sinCllel) 1 —cos([[]l) >
My (P) =1+ ol (¢ x) + TIE (P x)"
(6)

(Vx)= (5)

SIS L ST <R ivx £l £
A AR RN .

Ciin) =My (T -w},)) ~Cionl) My (i), (7)
L. € FoRE m RZIN €, T R 2RAE I ] [H]
W%, wl (., JTHLER A8 f s N i TR R 35
L1 S AU A1 o 2 AR O B 23 (] A AL %, @b, K
TE 2 AN 3% S i 2] 2 1] B 2 A0 £ 15 2 1Y
W

B LSS FE R R I 250, O T R s Y 8

2025 FFF 51 HEH 5 M

FTARBTEIRA 1081



EHM KRS Gk b Ak EH K40
AW Col PRI BT SEAS f TR

6 = arcsin(Cj1)(3,2)) , (8)
C;m(3,1)

¢ = arctan(— ﬁi:i ) s (9)
Cb(m)(3’3)
Ciim (1,2)

Y = arctan(— il((m)) ) , (10)
G (2,2)

P, ) (x,y) FREHEPAES x 174 y BT
%, INS R AT RR A, = (0,0.4) .
1.2 HEEEIH

S B 1 T AN R AR X TR
e i A A SRR g L) B o 3 T £
SO I A S R

1
Apl(m=D = 7A9m cAv,, (1)

rot(m)

2
Avf.(ﬁ(:yi)) = ?( AG,, - Av, +Av,, - AG,,), (12)

T _
My = 1w o Ja
(Avm + Avﬁl(m’;)w + Avi}fl:’l’(_"j; ) ’ (13)
Av: ~ {— [Zw” +w" ] .
o) D) L)
v T (14)
my Cmet
g=[0 0 —[g,(1+0.005270 94 xsin’L +

0. 000 023 271 8 xsin*L) — 0.000 003 086 x h]] ,
(15)
1. g,=9. 780 325 333 434 361 m/s?, g FREEE
(ARG EwApIIEEYE-
R L TR TR R

v:,,(m) :V:,,(—mlil) + Avfr(m) + Av:ur/g(m,) s (16)
St A FRAEH m A B 4 e i

DB SR, A9, FR SRS, Av, Fomik
REAEA, Av!nel SRIRTES m AN ] B A TR
IR S A 1 i, Av? ) T L
S BB T R — Rt TR £,
AV B ENE SRR B, @7 ) 5

ie

ARMLERAR FARYE 2 I HER I, o) 1)

m=>

TRERAAHE X T b ER 2 1T L AR R, v R
INS # i FEERFE V,
1.3 [UEFEH

V7 B TR 5 B 3K B B A B, I R
HuERER R AT, T4 L LA NS
AL

T
_ WM e (gD ey 17
P, =P, *“’(MTI) (v v,") 5’ (17)

Kb p, N E—REER RO E 5, p, YR
220 (o7 2 ) o, BV INS Sy iR 0 EAS EL P, L

I’KHE)Z%:’:
L
p=[/\] 0 (18)
h

1
0 0
R, +h
M, =| secl 0 ol (19)
R, +h
0 0 1

A R, TR, R, IR
2 Transformer #%X [/ 2&

Transformer [% 45 2&—FR H 13 2 1 HLHH A5 242
FPT AR [ SRIE T A B H At 51 EARAT 55 R
e, S50 RNN S B2 0 45 19 T AE R 8
ANTA], Transformer 2% 58 4 A M T 78 32 1 HL ) R 4
i A A AR OC &, P SR A7 1k iy
YLt #e , I HLAE b B B0 2 A0 T R B 5+

HE—TRATIX = (x,,x,,+,x,) , &
A~ X, H— R A i, Transformer ) 2545 AL X 2k
] s S MR AR 3 A [R] A B - 2590 ( Query ) I |
Bl (Key ) 5P FN{E ( Value ) 2515, 43 5)ic/E Q . K
V ,FRH:

0 = XW? (20)
K = XWX | (21)
VvV =Xxw", (22)

%o, We WK R WYl a] A ) ACER RS FH T
WA A A ) B, A A T
i ) ) SRR AR CAH O | B 28 3 48 TORN S T
AR I E R B KAE (softmax ) BREL, ISR EE S
WEHE A .

A = softmax(QK ) , (23)

Jd,

Krf. d, WML R4S AR LARRE BR B

B B I B T VR SR AR i) 25
BRI ETFXmE Z .

Z=AV, (24)

2 BT BV AT I AN [ & = 8] 55
BC i R AR, (45 B R A0 e i A 1 AN A G
SOFEYSNIIEE Ik

R T SR B Y BE JT , Transformer 258 T
ZEE NP, IR —4 Q0 K MV i

1082 Radio Communications Technology

Vol. 51 No. 5 2025



SRR AN 1 3, A KA — A AR
FEFE  JF R 45 R AT PR A 4
MultiHead(Q,K,V) = Concat(H, H,, - H,)W’
(25)
H, = Attention(QW? KW VW/) , (26)
s MultiHead 375 231 5 JIHLH PREL, Concat
FB I T T S A5 SR DR L — A I R 1 R
B, H FR5 MR LR a5 R h 2Rk
B, W0 Fon &0 AR S | Attention 37N
BAANE R P R A R AL
Transformer PIZ&IAF14E FNN, HAE 2 5% 50
B ) HIAH Rl MR8 FNN 25 i pR AL
FNN(x) = max(0,xW, +b, )W, +b, , (27)
X FNN(x) XA x #EATAL B FNN R AL,
b, 1 b, 53 B A —)Z A 2 ) B o,
AT 2 5 TR A 5% 22 15 42 H — AR fin i
WS B AR PE B, RN
LayerNorm(x + Sublayer(x)) , (28)
K. Sublayer FKon Xt x HATANIRR) )2 pREL,
LayerNorm F/n i A7)2IH— LBy pR%L
23 AT L MultiHead #1 FNN S [5] 20
J— 4~ Transformer /2, Transformer W 2% 1 £ 1>
Transformer 240 i, f% 5 — > Transformer J2 A% H
B>} Transformer 2% ) 3 25 H

3 Transformer M %% %4 B INS/GNSS A&

24 GNSS 15 5 4 %€ I}, Transformer % 4% %
INS/GNSS A& Ml Zrad B an il 1 fros, fH A
Transformer 24 JE47 52 B I 25, 12 X 2% 19 % A R 15
PRI TR AL = Aok B T ), L i iR
108wy, NS Fa R EBEE R v, WA A R
GNSS % i iy 7 B A5 B3 AP, , B Transformer M
IR AITI X = (f), Wy, Vi,A L AR,) o TESXFE
AN, Transformer P26 AT LUIAS 2IH I & PR oT/5 B
INS 15 51 GNSS 3 15 B 2 Rl A it 56 2% Y1 2k
(], A7 A 38 3 B S INS A7 8 R SRS ) GNSS 3
HE IR A RIR S B TR 2ZE 1E, 15 5] INS/
GNSS HAFMFES™ ) &1, P, % INS i
WA E (G B, P, F8 GNSS %t 500 46 17 B A5
B, P, &R GNSS fnth i 858, 6, .6, .8, 5"
O EAS BB IR R BB IERE
AL A BBIEIRE, P Ve A, 270378 INS/
GNSS 14 St fa B0 B85 B HUEEAR B iim .

A ME (S Ak L5 AR KAE
fi o
GNSS

AP

PEEN LA g

Transformer | Vi A
JUEAE

Pyt ZAP

Py VigAie

Bl 1 Transformer #5458 INS/GNSS A& S
Skt
Fig.1 Transformer network assisted INS/GNSS

integrated navigation training process

24 GNSS 15 5 2 gl B, Transformer W £ 5 B
INS/GNSS 41 & F A A 4 2 fis 2, ;&
SRRBI, LRI AL SC 1) GNSS 15 &, (H7E Trans-
former [ 4% % B INS/GNSS 41 & 5 At il 5 2 72
H 2 A ) BB M & s {F B INS R B
GNSS 11 {5 B 22 ] (1 RIS 06 22 217220 e I 8t 44
I B oG {F BV INS {5 B 3% A Transformer [ 26 ¢
3 WU 1Y GNSS ¥ 5 15 B AP, (Bl Transformer
W 4% fix J5 — A~ Transformer JZ i %5 FNN) | Ff Fiil
DY) GNSS 14 55 B A7 A5 2 >4 1 i 21 19 130
I GNSS 15 ., B >4 Fir i 20 (4 INS {5 5 R >4 i i)
ZI B TN GNSS 5 B3k AR IR S 08k 517 152 22 15
1F, 15 3 Transformer W 2% 4 B i) INS/GNSS 2H &
ERAEPS

PEED 5

b | o
Jo | @n

Transformer |V} A,
FPEE X 25

P(}(r+ZAP(;

3,0,0,
8,0 1@9

Pys VigAye

B2 Transformer {4 %§8) INS/GNSS A& Ffit
Tt 2
Fig.2 Transformer network assisted INS/GNSS

integrated navigation prediction process

2025 FFF 51 HEH 5 M

FTARBTEIRA 1083



LM EBEE Bk LA e KIS

4 hEERSH

AR Python 3. 11. 4 3353112k Transformer
W 2% A5 R I 3 F Matlab JF R T A0 T B 46
NaveGo ' ¥ 7# INS/GNSS 4 & FAT HE G, %
T H LI T INS/GNSS B #h fi & 501, 38 i A5 4
ADIS16405 1544 I & £ 5T 1 5 M 2 4fs 5 GARMIN
GNSS FWHL (5~ 18 Hz W] A8 B %) ) T AL & fir
BE, LA RMALENG RS 00, B3~
K 6 105 B F b fE GNSS {5 58 E@hf,0~360 s
(R FH T 1 2 45 1 255 360 ~ 420 s 19 B3 X6 7
GNSS 155 R BB B, 84 i Transformer [ 2% 71
A

-32.8235

-32.824 0

T-32.8245

—

;’(‘—32.825 0

<

~

S
R8I |
=GRU
328260 L= Transformer .
—-68.789 0 —-68.788 8 —68.788 6 —68.788 4 —68.788 2
)%/ (%)

3 AEHEZN%&ERAS SN HITE
Fig.3 Prediction trajectory of combined navigation

assisted by different neural networks

&l 3 /R T 78 GNSS {55 K i, % 4l 15 14 =
T .GRU #1 Transformer W25 14J5 B 7500 810328 3547 X6
FERZE SR RTLUE Y, WG B B =35 (R B0 300 Tt 152
ZEVVBUIN  BEAE ST T G SR S A B Bk ik

S SE PRI 1 GRU N Transformer [ 25 1) Tl
D3 AT 9K M T S B 03, A8 S 2 Bt Trans-
former 2% %) T I L300 b GRU ) 2% B 4% 31 52 PR
L7IRUI

Kl 4 Jeon 1K 3 By B AR 4 2R, B GRU
1 Transformer [ 45 1% T 90 308 437 85 158 2 1) {5 T 25
. 7E 390 s B, Transformer I 265 1) TR A7 B iR 25
FE GRU W28 /D T 54.7% 5 76 420 s B, iR 2
/DT 57.2% ., B] WL, Transformer X925 fi%) TN 37
WRZEM L GRU MZEFEAR T 50% ~60%

Nz GRU
Transformer

PLE RS/ m
=)
T

0 .._—=’EE — 1 1 1 1
360 370 380 390 400 410 420
fflil/s
E4 ARHEMEHBNASSMTNLEIRE

Fig. 4 Position prediction error of combined navigation

assisted by different neural networks

Bl 5 R AR R AL ) Transformer I 45 4 Bl 241 &
S AT LT B X L, R R — AN B R R
Transformer ¥ 4% (%)% A 5% o) s 48 0%, )5 — 14K
2N H I 45 1 B2 R/ N T LU R
i, Transformer 2% % B 2 & 5 W00 I RO ER G 14
RE MUY | TS MR N 64— 128 W PERE AL ; MLJm , MY
ST VN RN R T C i N

+ bR

-©-Transformer 16-32

-8 Transformer 32—64

£ Transformer 64—128
Transformer 128-256

- Transformer 256-512

232.823
30824 e
32825 F
i/ -32.823
Z308% |
Ry -32.825
R Y
-32.827 87 7
-32.829
732828 - f‘ZX“J“ :\ L S
232,829 L L
268.789 4 ~68.789 0 68788 6

—68.788 2 —-68.787 8 —68.787 4

41 ()

5 T RE#MIEH Transformer M %% 4 Bl

& SN

Fig. 5 Transformer networks of different scales assist in predicting trajectories for integrated navigation

1084 Radio Communications Technology

Vol. 51 No. 5 2025



LM . EBES kbR e KAG

K6 JEmxmTE S EEEIPIEEE, BIRE  [3] A& 485, RALM, F. WA UWB £ % 49 GNSS/
FRAS Transformer % 25 % Bl 2H & S 0t (%) F50 00 00 3% 17 INS 284 FALF %[ J]. M 4@ 4R ,2024(11) ;78-82.
HIREDTESR, LR, By 64128 I Hl  [4] ERP UL, TH®W, ¥ KT &840 2 0% 0
W7 BRI BT R EBLRE el 1 R 2 & GNSS/INS A& & A5 77 ik [J]. M T MK K 3 %
FIAY R 2E K, TE 390 s B, Transformer ¥ #,2024,41(5) :54-61.

ZEIBN 64128 BYTIMIAL B ER 22 1 256-512 /> [5] Esiak, =49, & 540k, %, GNSS/INS 4 K14
66. 7%, . 16-32 Ji/ 41. 1%, Ft. 32-64 187> 39. 6% , SR E M A T]. T K F (B KA
kb 128-256 Jii/)> 18. 8%, 7 420 s I, Transformer [ ) ,2024,42(3) :64-69.
ZERBE 64-128 MUTRINAL B 1R 22 1L 256-512 I8/ [6] E#eir, &%, EF F. % it Transformer £ 4935 % 3%
66.2%, kb 16 =32 Jk /> 64.7%, It 32 - 64 ik /> A EBFARH[J/OL]. TS 5 A 1-9[2025-
30. 7%, Lt 128-256 /) 30. 3%, n] UL, KA Ky 64— 03 - 217. hitps: /link. cnki. net/urlid/11. 2127. TP.
128 A9 Transformer [% 2% | H 00 437 B 15 25 41 Eb HoAth 20241231. 1449. 014.
B MK AR T 20%-67% (7] 4%, 5% k. — T Transformer 224949 % E45 A 2hak
25 s IR ARAL T]. 541 ,2025,53(2) :545-557.
o |- Tamtomer 6112 o (8] & HF, BAREE, ¥ % AT Transformer Ao 5 AR 2 7 %
- Transformer 256-512 / AT I 2t A A T 4t TR S B[ 1],
ii” i 2 M E S TAE R & 2024,41(6) :1195-1203.
ot 9 [9] ZE&#, T2 KA, 5. KT LSTM-Transformer #) i
N W] B E W E Rk 2024,41(12)
T 1550-1557.
O e, [10] FhtBe #4F £, 5. AL % 4 822 % & F GNSS/
Wjas RH/INS 5 iR G40 R BRI 7 ok [ 1], B F 28
B 6 FEHIEHR Transformer M4 %H BN A & SALH #3542 B3 K ,2024,8(9) : 184-187.
rERE (1] ARR, 5 FF RAHET ONSS 5 INS 4 & ALk
Fig. 6 Prediction position error of Transformer network SRR 1], P28 R 2024 H ) 2) 263-266.
assisted integrated navigation with different sizes .
[12] XR, MK, KBS, % RRAEHT GNSS/INS 44
. BIAGHEE A []]. MeAFH R F K, 2024,40
5 HRIE (4) :348-354.

A CTE INS/GNSS ZH4 S LRl B A2 [13] 3sums 2B, Sk, 5. —#F GNSS/INS K aa-k &
LA By, GNSS {5 2 B , T3 a4 2 o 2% 3 0 BB U I ok ()], SALEALF R, 2024,12(4) ;
GNSS (55 T4 5. GNSS 55 Kk#iE, N 123-131.

[i] Aot 22 [0 2% s A ) LA 1ty [ o o 422 D) 4% Bl B 1 2L [14] %) #. % T GNSS/INS/Visual 2L 4-#) B & & 41 % v 5
S MUE A AN [ B0l PR RE, BFSE T GRU M HHA[D]. Bg . HEELTRF,2024.
Transformer W54 4L A S AT MERE, (7 B 45 L & [15] ik A TEMLAL LT 4P $ R &£ £ GNSS/INS
B, Transformer P25 4 Bh 0 2H & S ATEEBEL T GRU WM A EAR[D]. ki 4 RIFEKRE 2024,
L e s RS [16] ZPui. B 43 % GNSS/INS # ¥ fk A F AL L = AR
[D]. A7 . b B Rl A 5 7 1%, 2024,
& X X o (17] 2&% k25, 5%, 5 AT 58 ERs LR
(1] IR fR3EAL, 22k, 2 4B 2R 3R T LA INS/ % W) % 45 & Transformer 49 W%, 48 R ¥ .30 5 % 5 %

GNSS B & kAR [J]. B MK ,2025,15 ()] dbfe X 4 ( B AF2H).2025.26(1) :

(1) :44-48. 115-124.

2] ::jéi;léz _;: ;;;; i[i%;ﬂ rg r;jf’;’;f [18] M. GRU M 3R4% 2 P % 45 Bh ¢ GNSS/INS 4%

2004.,32(4) :354-362. FEFEAR[D]. KL, KK F,2021.

2025 23 51 HF 5 M FTAEBMTEIRAR 1085



ERH A AL EAkER KAE

[19] M4 ixé sk, 4. KT GRU JE3RAY 22 P &4 B 44
WMAFMAE[T]. AT L % ,2021,42(2) .
370-376.

[20] #®ARA, E8 R, F ATEZHIMNHEG GRU A2
M -4 B INS/GNSS & FAA R[], L dpdE X ¥
2 3R,2024,29(2) :11-19.

[21] W%, 2% ¥ 22 ,%. GNSS %4 T Tent-ASO-BP #
B GNSS/INS 484 F ik [J]. b AR X F F IR
(B RFFRR) ,2024,43(6) :24-33.

[22] EK4%&,JA%% Ji3. GNSS 3£, F GRU #F 2 W %
INS/GNSS #ké 5 7 [J]. FAuE 424, 2024, 23
(5/6) :163-173.

[23] GONZALEZ R, GIRIBET J I, PATIO H D. Navego: A
Simulation Framework for Low-cost Integrated Navigation
Systems[ J ]. Control Engineering and Applied Informat-
ics,2015,17(2) :110-120.

EEEN

REim B,(1999—) A A A, EBEEGE T,
5G % aiEfE,

ERE B, (1988—) , Wi+, me TREIF, FEHR
Tl K @G 0 B

= B B,01976—) L, mlzsz, BB,
R sl {5 R G W B2/ oy )2 A 0 o A A R L AR 3
W BT AN TEREREE AR,

1086 Radio Communications Technology

Vol. 51 No. 5 2025





