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ployment of low Earth orbit (LEO) satellite networks is trending toward mega-constellations and intelligent systems.
Traditional ground-based network and small-scale constellation routing technologies are typically based on static or
quasi-static topologies, making it difficult to address the challenges of signaling flooding and routing convergence de-
lays caused by the highly dynamic, time-varying topologies of LEO mega-constellations. To address these issues, this
paper first classifies LEO mega-constellation routing technologies according to different service types and reviews the
latest research progress. It then conducts a comparative analysis of three routing control architectures for LEO mega-
constellation networks. Furthermore, to address the challenges posed by limited on-board resources and the difficulty
of collaborative training for intelligent routing models, the paper introduces a hierarchical, distributed, intelligent rout-
ing control architecture and routing method based on a distributed cloud. Next, this paper summarizes the standardiza-
tion efforts of organizations such as ITU, 3GPP, IEEE, and IETF regarding satellite network routing technologies, and
reviews relevant simulation and verification work from three aspects: software simulation, hardware-in-the-loop simu-
lation, and in-orbit verification. Finally, the paper explores the development trends and technical challenges of LEO
mega-constellation network routing technology from three perspectives: cross-domain collaborative routing, space-
based computing power routing, and trusted routing for mega-constellations, with the aim of providing a reference for
both theoretical research and practical deployment of LEO mega-constellation network routing technology.
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architecture, Smart Routing

Earth Orbit, GEO) T &,

jillls

5l

55 4t G 8 2 /N AR

Kb BRHN1E (Low Earth Orbit, LEO) T &l
5 P2 R AT 28, ) 4878 o K e v] 52 Ry
R BN SAREE Bl S 248 (The Sixth Gen-
eration Mobile Communication System, 6G) 1] 5
B R, IR R S Pk BRI ST R
AUPIRY 2026 423 B, B “AHH” RN E
Hh B T 2 H HE B 6G A5 RN R SR BT 48 5 1 K
s B TR RS B T
FKHEiS “—®HZ 87 FHANKRESHH, &
FF#AS T LEO LB RS A, H#Ezh 7 LEO L2
2% 1) AR e R B R S o g
U T, S EhEA )R, SRR E “GW”
BEE L CTMR” BB, 3% E Starlink. Kuiper 5
Iridium, %% [H #) OneWeb, %K Telesat % Hy 1t
T B RS

WRAEPUE = LR 2R, NG LEEE N
LEO L& . it Bk #1318 (Middle Earth Orbit,

MEO) I & . # BR & 1k #1378 (Geostationary

LEO T2 PZE AR, AR R I 25 AN Jej IR - 5
JEBERRE, TR LEO PESEZ EHIE T
FE R L LTI 2% 5 2 B T 2% 11 2 SR 1 S ) 2L

PR, ST REERER. 2REHFNS
RN AN AR B RS [N R R R

TR A SR TIREZ IR, e 2= Al 55

oK, B R M2t CAMUR T “ AR
ERE T AT R S5 T R jk%ﬁﬂ‘ﬁTKE
MPLEAEAFRE ST, K E R BRI “ gEiE” 2]
“UFRD SRR )

HT, SEARIEAN G SR B R R 2%
HHBARI R T — R TT, EEEPERHTE

AR S SCAE T B ER R A T v B I 3 ) 45 ik
A5 EEEES . S T, M
KA FCAE B AF 2 LM 4% (software-defined net-
working, SDN) &l 5 K& 0 8. 43 )2 041 IR
R A LU SRv6 5 SDN fil& LI 4E, 4R TR 4

¥R g HE S B e ot 2E R Ak T
M, EFXHARY M E A 5 2 ) B (Inter-



3.

BIERE  XXXX F5 XX H#

Satellite Link, ISL) A% U4 (1) n] f, 4 Hif i 52
Bt T &K H SN S R At SRS e s sk
A5, SCHR[13]7K SDN 5 2 4 h 5 NE A
JEE EH i 40 4 ] SR S B S A TR )
25 AR O MRS — . SR, T ) LA R
PR 25 FRTRIABE AL 30 8 e R, [ R O 8% I E 2 AR AT
T 2 PhiR, e an i e S Ja I R
FER. 22 FEHLHA R R ARIFEEA 2 F
T%Hjjz[M][lS]o

DU ARG R MO S 7 kA 4R
FNGER . BRI TR bR A 1) B AL 4 R A R
PP UCHL &5 f B, o L AR P 8% B R B R AT T
Hgh 5 s gh. ltn, SCHER[14] MRS %0 540
IO ELER TR BB BHEIR SOk
NREEIER IR N $2F NV
Jii & (Quality of Service, QoS) fR[E %5 AE /17 3K
Xof B JE B B EVEREAT T /2 SCHR[17] A 28
AN BRI E P Ak 2 X 45 (1 e st v T SE M A
FEH R, Mg T B RN 4 % B SCHR[18)
WA 7 (F) B AR A 2 A, e 2 EH AR R 4 R 2 B
BEMK MR G2 Z TR M HEAR: SOk
(191 RGAEL 7 REF T AR S 70 BU i (Seg-
ment Routing, SR) ZF K HIL 5 A J WX 2 % b ML
LA b R = X 25 bl 25 5 %t SRR 1 3E i 5%
R BRSNS AREL, DL R 4%
BB AR IR UE 55 7 T R G 3

BT FIRANE, ASCE S T ) 2 A0k 55
IR, K % R R 23 D T ) I S 25 20V 55 1)
P EEEA L TH] [ B A RO 2% 1) i B B R DL R T
] G2 2 S UL 5 B HBER =28 RS
XF oA T ML R R S AR, AN T —
o i 1 23 AT 2 2 P R 1 R RE B A I AR S
W, JERRER T U B R4 R R A SR AR E AL
HER; B, MR T TR MR BRI BGE
Tk B, BESEE RS E. RER
7136 B 5 B R R RTE B R T B R 2% B

BORBITFIBCE 17 5 P o
2 RMEZEMSEBEZA

BRI B R FE S ORI 70 28077, 400
F L AHE I ) A FPERE R PR LA 2 SR 07 T
) ANV S5 R [ 53 77k T AN [ % 4%
ZRK I 53 R TTVE RN T REAULT /AU K 7328
JrikEE . Ho i m A R RE AR ARRAL 11 73 S 7
T H A BB — PR AR AL B AR T ) AN R 55 2R T
()53 RTTIARYE N 55, 25 i 2 Atk g4 Fr A
WK T T A R B B 5 2R R 1 3 2R 0T
I 4 22 R X 285 1) 8 4 484 5 ok 56 07 kA7 90
By BT R SRR NN KT, F D
B Ay i) AR A R0 A = B A AL [ ) . 31X
B8 73 07800 Ak P RE AL L k2% R IE
Be. a7 KRB, SRIME &R A
WA, WE B R E S AR
[8] (Time to Live, TTL) R RE(Z b, B iEE
AT B2 (R 2% 22 4E B2 QoS B 22 H bR, i
JEPEREAE 6 R B 4y S I vHE U] R 8 B RS 40 %) i)
W28 00 b 55 1B IR AR B RE T A, RARSLEAR
i ) 28 1 4 v B A 5 S TR BIOEERE R R, AN TR
5 A PN AR AL BN A TR B TR 2= 7
%, HiX—7Z 5B e H o5 .

X R B A FE 281 5, B ZEA 2k
55 MR 55 ot B 1) B B AR, R RS R SR
Th % H 5 T R B X 2 s o O B ) R B R 3R
R, AR SC DAR SE P BB 29 o 9 32 50 KAk R, B
IR B AR X 4 B FBOR 23  = 38 THI ) I S8 245
W55 1 2% FHEEAR L 1] [ B ZE RO 55 1R % E 17
AR T ] A I e 25 205 U 55 1R s R AR o R
T, BT AL S5 N EA G B )
PRI R AR AN AR A, SRR R R
AR E A E T BB ATATE 5 & R, e
3GPP HE Hh [l M %% (Non-Terrestrial Network,
NTN) HEZET, i S A0/ 55 36 5 A 150ms i



PSR

o 4.
P g S SE 2 SRR b, B 5T i 1 i 3 (1) 5 IO BTy R e T
R ER DSBS EEEE BlnSCER 241385 Xk 7 5 % e R R PR

wERUEOL S S E T ES, EATR AR
FACH B e ) 255 2 RS T FH IR 45 FN SC B A 55
PRI P 2R L BN 55 TR . thAh, TE R E
BJEHELE SN, Mo SIRIE AT v
Fom i e, EHERAA EEAEG R, EFExR
TR i, EFE HR AL, EHE T
B ARG S 45

21 EENESZFZHEBRREA

R LEO TER I 2% [ &4 T (1 i vl ik
PEIA) @, Kevin Fall % T 2004 4F 45 Hi ] 2E 25 2 ¥
#4 (Delay Tolerant Network, DTN), &5 M H
Tz EPP, DINAE R E 51E 52 2 18
%A&mmmuﬁ wmE, R ARG -5 -
B P, GBI AR S L e ROE S B
(R T, AT SEMR ISL A D) T SN B A FR
5E ] L,

Z IR B R 2 4 b Bh A 5 i 5 A
FHIE, %48 DTN % fHAE KMEE b 2 15 4
TRRSEOR . WSk Ja S RE R I FE S5 0 . B TH
IF S 25 NV 55 1) % BH 7 VR TG 2

T E]L

LT
Wy | €
—Z—

fi v RIUARE, S EAT A SR RN IR ER ) X3
PERE; SCHR[25] U EEMt E# B (Contact Graph
Routing, CGR) #y%, 7Eif & TTL R4 h
o # e /DR B B, AR e Al 25 1 g
ARAIE: SCHR[26]FRH T — M EETEMIE R 5%
I8 0 AR 1 ¥ Jx SR W (Bquivalent Distance and
Priori
EPFS) 5 f& # i I\ 5 7%  (Virtual Acknowledg-
ment Algorithm, VAA), 25 & %R . BAFIPIR
A5 EMF AN, PRI 2 Bz 5 N ik
WS EATE. ZRTERHEIER. Bt
RV B 55 AUEE B 4 2 B0 R BRI 4 W AR A 4E B T
B, $RTHE R EEER AT R A, (N ATE TR AN
T b v R AE B 1 AR 9

R EET AR 7 A 2 & A 2
R, I SCER 26158 tH— PR T SR AL
1 8 48 % 3% B ¥5  (Emergency Function-based
Bundle Drop Algorithm, EBDA), T4 5
TTL M R SR, R AR Z IR 2 7K
X 2% Bundle; SCHR[27]3& H—Fh 43 A1 2T 4E £

Knowledge-based Forwarding Strategy,

ey
Y | €
—Z—

B2
B a9 &

______________________

:E%ﬁ%: ©
| AL S L — |
| | RIS — L — |

K1 Bundle PR RTFif-15 -5 AL



«5.

BIERE  XXXX F5 XX H#

UE# B (Delay-Guaranteed Routing, DGR), it
AN BB LE b SR B AL S s S s i 4T
THEERNE . 1% TTVRIG o TR A 2 45 ) R
{HSZ IR TR SR N, ATh ] e A2 (L R iR B A A
FEAE R 1) L
2.2 MHEEFEUR SR FREBERA

BEAE AR LT . H 3072 B A5 I SE ARV 55 1
K, B 28 T i Bt 220D P B i N 4E 5 5 AT
FEMRSIRBE, EIRH A ISLAE Y o &
B 5 0 AT AN 3G 0 1 s PEORBEAEFE . LEO 2
SR BRI ZE AR RIS ZE . AR AR AL ER IS AE
HEBAR SE J 22 Bk A i SE L [FI R A, 8120 600 km
BTE B ) B AL IR 2D N 2 ms, DRI R FHALAL
HAAE T PR E B SHFAR SE . 22 Bk AR
&, DA T i 3] i S () 5 VE S AR E

BT G B AR B, 32 A I T R o 24
(Time-Sensitive Network, TSN) 5 I [ firh /&2 DL K
M (Time-Triggered Ethernet, TTE) P 2% A 42
o TTE I8 3 ™ 4% R B[] sk % WL o) S RAIG IS 2 )
B, A B A R R T AR, HRE
v, FOE M5 e 2 IR Mtz
T, TSNAE AR E, HHieH R0E 1 im &

FERE T 5 AR LUK S A1, S 4 ) 6% EL A5 1
s HO R RSB E S BRI S R
BEEIY . WEEPEORRE R BURE R, AR L 55 R
M, IEEE

RIEAT BEHAC AL A 5 42 T G HEP,

B #%: W
KR AndBA5h &5

Foop X kiz
LS &/
AR B A

802.1Qca Jf i & K A2 It B -5 0 YR 191 B S A= B
WL AR BR ), TEEE 802.1CB 2 FH i 5 1] 5 1 B3
PUE, S8 IO R AL f s L T e . niE 2,
R 3% i B KR WOT IR T — 5415, AT
i e il B £ A AL E (W A-D-G. C-E-H
&) HHATED AR, Hlom CIF Y RD KR T
S BRES W, NHEEADRENLS EE
N

WRAEARAL 7122 e, TR T o) BT A R b 55
(% AR BRI R R e e S b
A=K EREWEF, STHR[30TR 2 M &
ISL ¥t B 1 5 A% 0h 22 7 ot Jat 1) R, I PEZR A
RIEANA R I 13, AR AR e A 23 5
(R FE T SE, (H L R B AL 5 R SR A A BA B
WURITIAEAE — 7€ SR BC,  Hioim 40 2E T 1 5 VI 28 R
b RE )2 PR . BT EERR AR E R, SCBR[311H: T B
% PR B 5 AR A T R R AR E ISL &R G, LR 4R
Fr 2 I 18] e K AR A H bR AL 8 5 W R T 42 s SR
[32]M9 8 = AL bR i 4 AR AR, @i Bl Je 2 4e
SEE AL R, TR/ B R 8 S S R T4 T
B ZREEER R . X AEES
AR NI S BT R R e i, (HAE
B R Y SRR N, A1) 75 e B RS 5
WS RO E T R etk . & E R B
ISE B A, SCHR[33]%E T RME ML (Den-
drite Neural Network, DNN) &1 T 2 rf i1k 5

A E A2
bR B
rERA.

2 TSN &I E AL



5

X

ISLORAS, JFulid 24 o B 6 B B A2 IR ) 46 %
HE&AE: SCER[34]3R H 1 —Flof B 52 PR 2 3 g4k
SRAb & ) B A B B 5 (Constrained Multi-Agent
Reinforcement Learning, CMADR) , %% 7E 5
BoREE SRR B H I, BREE = AT B AR
HE 2N 2 . a3, AR R R [l Y
& EOUME, JER AL B AR PAT 28 5 AN
FATHAl & A RRIRA B KI% 2 e 22l v Ak 2%
SR o A DASRIUBE G R A 22 i (A1 g
AEH T HAT SR, HizTriERHE TR
WIGRHEZE, b4 RS B SLit AL
R

HHEE 1 AT L, T I R SE 2 Al 5% 1R % R
I E 3 4R A e e . G2 B AE IR PR HE P IA
THT [ei) Eof S0 0 55 (14 B EH 5 R B G i 31 iy I 28
e, BRI e R S S I R
RREE TR R B R, PR TE R
It 1) A2 RIS 7 XA R Ak ok 5
HPEpriT =R
2.3 MEEFEMESZ S SRR ERAR

AL T[] A ) ZE 25 A5 BB 55 B AR
3 DR T e e v S OO 55 1R % E R 5 1T 1) 5 AT

FER S HIBE BRI, XK AR 5H
V5 2 ST [ N E 1 A T I I R S N SE U
5528, HAR R ZE WK 2. it 2 HUKE
P 3 AN B T 2 4 9% R PR RS A4 T DL KA
Pz TRt . A0 SCER[35]2% T BIRD #0571
A 25 (Open Shortest Path First, OSPF)
B A S G VR A B 28R, SCHEE SCut )
KA FH B8 %, AR B8 el 4 57 40 4K
OSPF A K RANE RAME, BEEBFT
i gk — D PRARYE S T8 SCBR[36] RGO V%
(Ant Colony Optimization, ACO) ##Z#8 7)1 5umil
2#>] (Reinforcement Learning, RL) [ mi#HLil ,
I FH B 2% 0T B e it g1 T B ER I SR BT e A AT
Koo TR THAE 38 50 5 3 5T 1) 4 302 1 e
73, ABAE BB AR I 2% rh AT T I ST S50 AR T B
VARIEPN: ] TfSi

THT [71) 1y ] . 55 1) B R 0 R ot 4 ) D)
ZRE W SE RS BAARE . SCIR[371 8T
SDN ZE 1) 5 R BE 54k 2% 2] (Deep Reinforcement
Learning, DRL) #$H | —F1 44 4 IRIS )48 fig 7] 5
PREHTT S, 5 B ORR R A LE AR i R PR B T (1Y)
ZME B S1. SCHIR[38THR T 22 B i 2 28 4 Wy

t
& \
)
>
é(»\
AR FH
A N ST T TS
SO RE NS |k
-]} (01 chol) 1) (o}l ¢ o) 1
| h |
\(ohalr et ) (0.8 tofh) ]
N e - ’ N e s
t
aj‘
>

—> E R4
< e B el /R A TR A 3B 0 45
— LR KIS B

1T T RATR R4

K3 CMADR & i:HEs EeY



.7 HERS XXXX E$ XX H
F1 EEAEED S ST SR A0S
L% iﬁ SR Bt HUb EREA

AT WRSSHS BT XIEMEITIUEB R R SE 5 7 X 1 5k

CGR-Hops™
EPFS
VAAPS
THI i 2 EBDA"
DGR""
FIERURNLS TSR i
e
Ll TR AR
ISL
= AR S
Tl 6 9 R A L
CMADRP

LT 4 )7 1 i AT
¥R B I

I 7] 57 #4) TTL Mk 45
4 5% CGR 4R ZE 30
i 15 QoS iERLAE 11 -

P 3 T
W2 A1 e MR 5 A
52 BEATTE

2Tl s R AR
e Ar N2 E R AL
il

7C B IR T R 2 A
3B BN SE O 5 5
MEBIERN.

e 5Tk e R
S A Y e R AE
defife.

He Jt I I 2iE 55 B B
T € T 1O 25 ) % 3
ML

TH Bk 42 JR) B R AR
U N e N
LY &

P T4 2R A2 2 P Bk T8 T Y e B S
X T B E T DR R A B S A
UL, A B O R A

B R O N, Rk R R s R 2
3 R A A2 o P s A w3 X

EPFS TCiti fA i & M 4h, 1+ SAE T %
PR REEEMEB N VAARZ PR R
E R AL ONEE Ay SE RN VS
RN

TP B AR M A7 o5 R ZE DR R

HRREBME AN Olknlogn), kKB H5
RSB BN, TR E W R AL
AT

5B SRR T O AR DL R 2

UCS I 5 24 54 O((|V]+|EDlog| V), FHrf v
5 E R S B

A P R, B R B A bR L
B ARG, A TR iR 2EAL

BN R RISHE, $EHH 7 TR AR A (A
T )R] SEAS E B 5 AR VL (CSPF-LST) ,
DA R T4 % A A7 5T ) P 200 25 I e i % A B
(DWSP-LST), jd ik 5 2% 25 A7 I (8] FU 5 3 A AL
FHHLH ST B AR AT R . SCHR[3914EHE T —Fh £
JVHLLMR (1) 75 o] S 2 A2 i 5%, Skal 1 /e ™
i Ui 1] i I S 24 R 1) e B R AR R D . T
) B JE 375, AT 45 B TE W] TN AL 4y X A
BT ) B, SR AT LRI 3 % B AR I R IR )
e, BOINRESE &S X ELS, 7R R4
IRIR A ()25 T4 I S Atk 3R FH15 5 R AR R 1)
A SERERBETT o

S B RS SRR TSR, ISR
AR % QoS ST MHACOSEIE, 4R FLRHER 1 I HUL.
R I
LA R AP WGEIFG R, I ELRHE R I 15
43 A1 3B R B RS2 T
P

3 HHEERMSIFENR

3.1 HHEESRN

IR B2 e o) 4% 1% P A 45 8

R

R AAREGRAER =K. KIXE T ARBEH

CEGE S ANRE IR
P EZOR T P AR . QoS /i sk K

& HaEH

B ERIRARE.

& s SRS, TR

B T G2 3 B LA

WG, MBS T BT i 1P HUBE ) 0 S % e 40 58
A DLIE MR B2 B R 2P0 1D sl e A
HIARIR S Bk R fBghE, WalREEs
ISL 1) #5824 AT i 51 A I B i vhy 2 SE0RFr, ki ot



m XXXX

*2 HEEIFER B SR SRR EA

e ER D 58

Bl % K SR

Hikkn

LA BRI

FHEGURLS T BIRD KRS TR HE-s0SREHM I L MGEBHTS H JFH#K 19 OSPF 4B H4EY . £ 41l 7%

ACO-RL"
[EIE A3 IRIS®
CSPF-LST DWSP-LST"¥

T [ A e %

HLLMR"!

T /) RL 39 92 th

FEENTRESEES: mRER, BEREMNHHER LRIK
Y5 TREE RS P

SRS STRBRICBEY 7R R T IR & TS
A TE I S5 A T4

i

T 160 4502 O ) AR R O((V, X M), N, <M, 9
WiE S S EE R AR, TR % 8 A MEO-
PR LEO % HJF 4.

R B B AR A TN R T R AR O(V+E)logh), BEERIRZS
AEEE — I SE W F RN OE), VTR, ENEERE.
itz

AR RN HOBUE 2 B HE TUR R R S IR 4R
I 3 5 SR BT A BERRCIR A AN T4, 70 A I 2 G PR A
TURZ BRARAE LR B S TR A L

KR FEEHITTAE . Bk, EUE MR b A P A
SIZ AR AL S YT SRR, Bt R
o RS D B U I S 5%, ATl
BRI 7 R R SR A R S TS 2R
MRIRINE 2L s X T ARAA IR 25 1) 73 A 25
%, GE TG BN DXL, 8 )R
B MU H A 1% 5 1

T, AR R I 2% I P AR AE AR
SCER R 2L FEAL I Y, 10 Starlink i 5
BT WO ISL S8 2 18] 73 A 32 25 i i B

OneWeb TR K HH 47 JZ B HHZEH . “GW ™ B JE A
H SDN A hil 584, “ 0”7 B EE s iR LUAE
HhPp R 2% B O AZ O R S ] . AR B A
WA i) R e T ) R, B — A b A A1 2% e
EERMEFAEEHILT, SEMENAMIRSG
% EH A 4 2R RSO AR TR A A PR ) 4 i e S R
fy e g0l i SRR [4 R T R T 2 B e
RaEAL 2 ST B A % B (MARL-based Joint Rout-
ing, MARL-JR) %y, i & i grviatb
QFKpy bt B #, Jfmid oA AP SRk

®3 TREBEERIEA

BemE
£t S0

PREMAL

BATR R

R B RE RBIRE

G M dssl 0 . SDN#EH] A RUE, 7 AR, ERERFE TR @RI, 2RSS S. -

GG —WRM RS MG —RERES SRS E T RIHHECR.

TS QoS il

iff 7 PV 45 rh R R TR

JET- SDN [r4E A sz il L4 7

TSN 1 IEEE 802.1Qcc 45 b xUHd B 8
o,

A DR R T AR B . SRR, B SZAeRAM, BBAJRER ENERMETIS. B EAaRERImR.

BAFUAN AR ARSI RS VRN LT

e, ARSI A KA 55 ildn:  Starlink 3T ISL (1943 A N0 A5 % i

IR T AT RE I B UR R AT . REEH . DGR 85701 3502 BR AR B i U737

REX 2RSS RBAEEGLS G, RBERIE, /B ReE %,

ET 00 A RIAT 0 2 Re i 7754
WA R ST EEE. 2PN, EiEa g5t

X OB DIRE Y Z AR R N, SR () B LB AT S I — B it

B, BRSO, A ORI T .

LD

L A b R R A 1 A
CMADR & ZRTR 500 A 2W ik 565
MARL-JR 8 A 200 254341 AR
P

FL-A2C % RE i HH 48 f ek,




Q.

BIERE  XXXX F5 XX H#

BL T S I B O S B 5 PR B R B SR
[421%f b b 305 oAl AUt R e, 45 0 Al X
i R AE R BN A 37 57 R AL SRS R AR SE IR B Ay
I v B I AE, (HAZER TR AL, hRE L
SCHER I 55 1) 4 = B L TR B

Btk A AU i TS, SCHR[43]7% 78 2
B IRSZIR . AR R U S0 L v e ot 2 4
JRURSE i) 7L, 8 3T O3 A S M ) 0 2= 90 AT 2
REEHIN, Koz d g8 5T E A

*# 2

(Federated Deep Reinforcement Learning,
FDRL) 44, il LEO TR maha /il
ATz, HEAT R PR RERE LY I R S AR R
B, K FedProx HiES “IEHBE - THE X" (Ad-
vantage Actor-Critic, A2C) BiE45 &, $&H 17 %&
TFL-A2C I REBR 5%, W4, 2R EH
BRI EN S IR R A =, Hm s
TN AR R 2% 4 SR TR 7 R e 0 LEO 2 #E4T
R AR o AT K, B RR  H— B% Sk
(Cluster Head, CH) 7 s 4H{E LEO L2 1A Z ik
%25, HAZWLEO EAE R (Cluster Member,
CMD i RN o, JFRYE PP EER L
Wl 2 MCH T il PEAE T LS HRSE. %
%, MBI L, CMT s A2C 2

—-——-» CH-CH#t %%
— CH-CM%£% HAEH,
——.—» CM-CM%4 5% &

7 B

G ok

PAT B

@ b

BEAT AR I R, FE S — B R IR e BTk
F2%>] (Federated Learning, FL) HEZE7E CH 77 &4
EA# ] FedProx SEEATHR IR R &, HEmsLBLIR
& B ZER R B R B R R . D7 AR AR,
EAFRHIE A E T, FL-A2C HikRe % A e
Ty X 2~ 253 A ek R k2 AR 0, 1 26 B et Bk
%} bt Sarsa. MAD2QN 1 REINFORCE = fih 3 #i:
5%, FL-A2C S92 1 W 2% BE B 250 70 il 52 T
55.6%, 42.9% Fl145.8%, X RHLFEC T UL 2
H BRSNS 5 R RERE, 5 A2C HVEMERE B
i, Hl e AR L, A TiRTHEdE R
NS kit
3.2 HEXIMERIE

T, R B R I 2% E B R T R
— i, AFISREA LT R GEZEHR L i v
el 5Ty R A R . Rfdsh, TEM
AR AL IE AR ARVE ) 2R & . 2R S
b 55 R R AR BRAE A, TR HES) K i i 2R [R] 2
AWl 7 2 55 TR 2 5 e 1 e
T3t

FER GO SR, B e A5 K B o2k Bl {5
# '] (International Telecommunication Union Ra-
diocommunication Sector, ITU-R) L\ IMT-2030 N
@ AR R ) %
QLA LK

(OF S F-Y5E: %1
@TF B S

P S

i

B4 BT 4N A0 S B 8 i o g5



m XXXX

«10 -

HEZEHER) LA . UAV S5 JE b [ W 2% 5 3 [ 7 2 18
= R4 A", 3GPPRI7TINTNAIAN 5G4 &,
JEE TS 23.5019VF1 TS 23502140 v B ity T2 52 6 %
S SE R0 40 b FE T AR Ak X B 4R IR RS s RIS-
R20WISIOLZ AL o TR e NI 98 7 Ry R B K
PAEPE . 2RSS HE % 5 DT
b 45 75 SR I B A% R S 4k T A P TP R] . 2025
ESH, B EEREEWRBEELN (56 LA
To &k i L HORTEERLYE ) BI6f T 3GPP NTN [
FAR 2L, FHitRl IMT-2030 (6G) ArifEALAF 5T
FARMVE T 2031 £ 52 . TR B b AR AL
TR D e 1) S b A PR (1 B 45 AT
b 55 BRI EH

1256 R ALE| Z T, TEEE 802.1Qch #2 H! 77 34
HEBN 5 % R ML (Cyclic Queuing and Forward-
ing, CQF) f# [& TSN #fj & ¥ 1% %y , IEEE
802.15.10° 2t — 2 RR# & (Layer-2 Routing,
L2R) B2 LS, BT R ERESEIE
B 3R I S R e L ke, DA BRI 4 ) OF
2, B3 IEEE 802 LR (H AR, TLk)R
BN RESIAS AN, HAESN AR E MM 7 TH
Wit B & AT O LEO T2 M 4% % i 5 i $2 it
SN

10 W 28 2 2% 7 T, FOEBE I TR AT 25 4
(The Internet Engineering Task Force, IETF) RFC
9717 A “HIEH—L1 X —L2 B&7 194
JZ2EH, @it Area Proxy (RFC 9666) 54 X 13,
WIME B, BRAREE MRS TZ SR 122 A )
i LA SR A% L, R EIE Bl J5 25 T A= B 1
JER”, Fh ok T AL SRR P N R
FEAE R . xR T AR B EE R 23S 5
JE AT M

Zi b, ITU-R 5 3GPP il 2 & Hb il A 224 K
WV % 4245 B, IEEE-SA I 5 PE AL 40 5 5 4
ENASFE R IETFHE— b1 m B R R B R &
AT K 2B . = bR 2 N R L4

e RN 5 P 48 2 SCPE TR B b s e, B El LA
B A SR 1) BT BE O B B
Sy RES, FRBREDFE. RERELSH
SE VEAR T [F R e, LAIRTH A4 T IR 6 1 2L
#55 QoS fRIFAE

4 BEHBFARGESEIE

HT, EFRHEELE R 48 % B R (1 15
B AIE AL R L S B AL
ke =R 75 ik i I UE R A
THEESZHIGE, SeY 0 5 T8 A [F]
S, FEPUIGIE T B N 5 BTV
fli, Wik4.

A7 LR I 5E 4 R UL B R B AT I 2%
PEREVEAY, 38 H T SIEVEG S PO S R
WE B B . P B B8 8 i STK. GMAT.
Orekit B¢ FreeFlyer 5 T 5 = 4& TR Pk ¥z, If
W BN BB RAES,  DLUPAS R 8 6 B Pl
RIS S Ca N P & LS P E R W2 N
FHIE], 4 OPNET # A48 FHE N J7 . NS-3 3CHF
FI P A E OB . OMNeT++A] 4 @ 1 47 Qual-
Net 1} B0 ¥ FF £ . Mininet 3 £f £ A W [ ¥ &
26051 ik [56]38 5 £ OMNeT-++F1 INET [ 4)j
HEZE P 42 %, TCP CUBIC 5 HyStart Ppi%, #it T
— PP SE P SN s SCHR[S 7125 T OMNeT-++14) 4
LEO DE TSN E-F &, it s 5 RAFI R L
1l S 1 B A RO 55 1 B B 3R E s SCHR[S8]TE
NS-3F & EIGAE T 5 MARL [ 2 0 fh 1 2
Bt TRV . RAE A E R R R A S
e RAGVERI RS, HHME DLSE 4 B I 2R 28 [ A 5
TR AR PR

Sy BRI BB AE R PR ER
A LR BN EIAEE, SELE S 4 550
ik FHEAE G AU B SRR IR, Beraed
A B ST AR BN AS R A, 7R LS A
IR 2 1) AT B AP0 Sk [59] 4



11 »

BIERE  XXXX F5 XX H#

Plotinus #0728 £ &40, Wi URkS . BEHL
B % TapBridge SEHLRE AU 5 H LT A . STHR
(611K H 70 =8 2R AR RN, S A A A S Ao 2 -
FRIRZ B, ST mnd % 2 DR N2 1 R 2 5
MR ae)1. RERBFAEEN T EELRWMES
Fiw, BAEAFEMREEER. 56 5HEEE X
RHSMAEZHZES, b g S g Z 5
PREESARESREMGS . AR SR K&
RESER AP E: EH SRR ZIHE. &
PTIEE S RSB, THEMNHZERME3IDEH
FETRAN LGP HT o T2 AE SR AT ) KRS A S -
AT EZ S /5 I SNSRI v i B R (AR
K o

FERNIRAIE & TR 2R G0 TT R b de e 200 1R SniE
Ji A AHCAR R H AR BCR . HBr b, 2020
%, WAL KR (Buropean Space Agency, ESA)
FEH LI LEO REMEI T, K OPS-SAT T2
NEESE &, WK TR & % DTN B WAk
uD3TNI 2024 4F, NASA 7 1SS #5287 FF V5 &
PERE HDTN PRl A M BN o8, IRAE ISS B
ik 7 BPV7 B 20254F, HAME BdEE0 T

L5 SKY Perfect ISAT 581IE T 5G fili 5 9 465 76 S5 44) ik
N BB AS B B . QoS % il 5 It & M B BE AT
20204F, “AT= =57 EIRSEBL T E AN ToT £
JEIEAE: 20254, HE ) ERUE A R H TR
il [ ) NR-NTN H AR 2 E3GE .

5 RIMEZREMEEHARRE

IR A2 38 X 25 A DR 2R oK 6G R 2% 1) 220
BTy, ARECEERRE R AN EUE RE
Kb B 22 3 LI LB A A O 55 o BEAE MK S5 UL 1)
MR 300 FF e Sy R e A, B e LA T i P 2
AR AR TR R A, A S ISR A P AT
PR BB AR IHRC, BRI R T 2 4
FIEAE 2 7 7 JE BN AT B 5205 4 b ]
B RIEE T S B R E R
VR X 2% s R AT R B
51 EEhERKA

T i) 12 LI R A B 5 Mk 55 R SR 2 AL
PRk, ARHLE PR 25 %5 5 MEO/GEO LA M 2% |
L% HIUT R 2 SR R D R S, ASE
FAERBIAE S RS E S A . R, R

*4 AREBEFEAGERIESAIE

BAEA R BAEERTH FERGR L s

WEAFE B4 K: STK. FreeFlyer. GMAT. FRAE BT B LA S5 HT, EXTAL 35T OMNe T+ ZE 5%
Orekit 4, A S EE RS L E AL . M50/ #4728 TSN 1 3
847 E: NS-3. QualNet. OM- FHe
NeT++2% , T NS-3 H) MARL 1 %,

Yyt TR HIAIER

PEMHE B &R &g . R DR R s . AT RIS MR ENSE s Plotinus TR HI 4T

Moo 8. WM. B EB5r Eragfsmdkte KMBEENRIAIR.

Py
SRS

TEEAE HSCLEO/GEO PEF &, 1SS, HIH 0 Wil B A5 e, 1 B3 % Wl S bR s 1) PR 8 5
ERATE . K. KSR,

2% 1 %45

B RGP
SRR A
S
AR T A HP
[EE N
D3TN PSRRI )
HDTN hisURAE R B 3
X 9% I L6IE BPV7 #h
Al A S
QoS il S 56
G5 BEEokiE
(Lo
rhE S NR-NTN |2
IIE o




5

e 12 .
REHERE
TAK LR @ &t L e EY
A B A PHE | B RE PRI
] e
HREREREINE | | HEREFE2MIE | | RERIEEFHKAPI
£ Fmmagd || [ wmoxan || |[ #msxs |
o mmeran | M xmmans || |[_AARER
B |\ Ak ftshl o | wupwan || || AERsHES
‘ WEERRE
P % SR & RS AR
= B A R F 5= by ALY
RPN i) 752 : PRV
i . STK. GMAT Ao z
WrL: NS3. OPNET. A 437 (€ X1 2
DMNe T o | B | e soamibie | g | | 2
R % el b o o, E% s | |
S A A O E I L8
B P &smiE Al }\g‘%i}{ *[5]) 143 %
Ko 15 % 55 A %

CEJES $ 5 S CE SRt

BRI R ZU AR A ISL @ W i R Rk M, i
T P 265 R R BEBR AR I . GEO RS 78 o R3 1R TR 1k
TIRAMEREER R, EhA G KEEHR
HE USRI Z D 20 2 8] 1) 4t 55 0 20 e 1 i S 31
), B AREFR M TH EE R R
WEARBOEK . BxhZdhbl,  SeIlm R s ]
B, AT A AR BORE AR Ho—, K
2 DIRERE AL B 4 52 4 Sk, Rk
55 AR GE T H R AU I 2% T R Ik S5 1 K 401 I A%
W, PAUERE SR 2 ISL AR i R A2, F
RESHR; K=, WEaEHEIZD). KT
B P ENE NI ECT AR AR RIS, R A
P2 0 2% SR IS 2 H0 A IR S AR, IRSIA
A7 SIRFR DR A 25 >) S SR A Sk . ot
b, BERSANENE S0 BRI R B2, AR
P SCGEAE 5 FURp AR 4 AT BOR & Fe A, I
FREANAE . HEB AL S5 AT R AR B 4 AT 4
L, o XA 4 S S B 4 R e B
CASEAEAR 4 200 R 5 m] St 2 A AR 3 e

52 XREEIEH

iy TET5 7 9 % i R B v A SRR IR B, TR
BT G REIR I 2 AR I E LR, A
Wb R FE B 77 % ER A S5 A B AR 1) 1 B B R S A
(TSR R R LB R SR T, A AT 55 7
PR SE R TAC B, DAZEAR R Ml g K ). 7E
EREBEMB T, A TR SHEEAEEZE S
M. AP MBES R R, XIsmE A
SRIHAE R ST ISL A o6, 47 S¥od@ T, @
BT ER B R RO, e AT S
TP ZEEAS 7 Mkt . SHntizdkik, RHERE
JAE ) 24 W D@ I 5] N R P p 2 I 4% (Graph
Neural Network, GNN) &Y, 7 Ja 5483k A K&
HEROIRTS 597 S AUERE, B RRET
DAY /N PR AEIR 5[] IR b 25 2 AU AN IUIR 55 22 K 72
AR T4, 8 CPU. GPU. FPGA % R
JIFEVR AT IAT 5 A, WAL HESE | 3004 R 4
T EEDEHES, RER i AREEHE.
Ubah, W] LSS A SDN il 5 M4 U] J, X il



<13 - BERY XXXX E5 XX 8
BT e TT SRR RN S A7 A () 3 AT I TR) 4E R R 4 ﬁEEFH%%E&*& DRGER, BEEXT L
PG, FRERXT AR U A R B . AT TS HE AN, EANE T —MET MRS

BHE A G, 8% T AT
e
53 EZMEFELE

M40 B2 25 0B AR L, SR
RN S ST AT — 2 19 R
S P i1 0 B 0 5 G L B 0
SR B AR A UL E BRI RU IR B R 2558
BRI, 5 LR RS A, ELot
AJOKTT REIBIL ISLY ORI A R, R AHL
BORBAHI . RSN AR KB
B O ST 0T R AR D BB
LA R IR T R 6 s SR
B, SRERESEERANAH, BERGEE

FTHE B LR PSR, T
WS 0. BT B, HAENR
R AR T LT 75 ST (A 7
. SR 5 4R B0 T OB BRI 4 1 £ %0
EL B o L I T R AT 15 L
B S, BRGNS R,
BEBRIZE, L 2 T 4 0 ISL RO
T ARSAT I, TR A T AR PR
IRFUE ARG (ERRB B RZ T, R VR 3
IR o B2 O SR R 64 25 GNN Y
E 341 AR (7 L L, SIS KBRS
PRI Bt 40 A SR SRV 7 B AL 2
i, 5IABIHLE GBI R A BB, BIRR
=TV S AE I 5 S 5T
CRB IO, GRS th T B S e
WHHCR S, KRR AGER BSOS R
Rz

6 Zig

ARICRERPE R M & R, HEH
SUI I 2 5 N SERRURAE ML S5 BT T, IR

*’Q@E"J?ﬁ'g/*\ﬁﬁ%ﬂﬂm?* S5 Be i th T, ?ﬁ
FNEIR TR B B AR OC AR AL AR R
JE AR T EREMSHREEARNE TGS
SR % B E MBS IR A% el RS ) I
FTEE BERE Bt =ANJ7 AT T RRE, DUHN
I LB A2 X 4% % F BOR O BEAR I 70 5 S i i 2
RMZ%,

7 & 3k

[1] Sun Y, Peng M, Zhang S, et al. Integrated satellite-terrestrial
networks: Architectures, key techniques, and experimental
progress[J]. IEEE Network, 2022, 36(6): 191-198.

[2] Luo X, Chen H H, Guo Q. LEO/VLEO satellite communica-
tions in 6G and beyond networks - technologies, applications,
and challenges[J]. IEEE Network, 2024, 38(5): 273-285.

[31 Shang Z, Zhang X, Li X. Maritime communication networks: A
survey on architecture, key technologies, and challenges[J].
Computer Communications, 2025, 241: 108255.

[4] iR ANRILM RGN AL 22 R R 5 -+ A TR R 2N
ZEIN]. AR H12,2026-03-14(001).

Outline of the 15th Five-Year Plan for the National Economic
and Social Development of the People's Republic of China [N].
People's Daily, 2026-03-14(001).

[51 Zeng G, Zhan 'Y, Xie H. Channel allocation for mega LEO sat-
ellite constellations in the MEO - LEO networked telemetry
system[J]. IEEE Internet of Things Journal, 2022, 10(3): 2545-
2556.

[6] UHTAL, ZE 5% B AR ELIER 0 1L 52 Jo DR 2 s 00 77 9 0 5
[9]. R E FE 2k 1, 2024,(05):59-60+72.

Lai X Q, Li L M. Research on development status and monitor-
ing methods of LEO internet satellites. China Radio, 2024,
(05): 59-60+72.

[71 IMT-2030(6G) Promotion Group. 6G white paper on overall vi-
sion and potential key technologies[R].2021.

[8] Liao H, Zhang X, Zhou J, et al. Real-time routing design for
leo satellite networks: An enhanced multi-agent drl approach
[C]//2024 1EEE/CIC International Conference on Communica-
tions in China (ICCC Workshops). IEEE, 2024: 547-552.

[9] P, U RS2 AR AR L AR R AL I - Bl 55 SR B HOR
[9]. R — Ak A5 B MK £%,2024,5(04):57-74.

Sun Y H, Feng X A, Peng M G. Networking for LEO mega-



m

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

14 -

constellations: Challenges

Integrated-Ground Information Networks, 2024, 5(04): 57-74.

and key technologies. Space-
Westphal C, Han L, Li R. Leo satellite networking relaunched:
Survey and current research challenges[J]. arXiv preprint arXiv:
2310.07646, 2023.

Wang F, Wu D, He W, et al. CPF: bridging time-sensitive net-
works into large-scale LEO satellite networks[C]//2023 Interna-
tional Wireless Communications

(IWCMC). IEEE, 2023: 1-6.

and Mobile Computing

Du Z, Jiao J, Liu H, et al. Multi-attribute consistency segment
resilient routing for LEO satellite mega constellations[J]. IEEE
Transactions on Mobile Computing, 2025, 24(10): 10823-
10839.

Zhang J, Wang K, Li R, et al. MaCro: Mega-constellations rout-
ing systems with multi-edge cross-domain features[J]. IEEE
Wireless Communications, 2023, 30(6): 69-76.

I 5RO, TSI AR 1A S P 25 i e BOR ZR3R 7], R
— AR5 Bk 44,2022,3(03):97-105.

Zheng S, Zhang X, Wang W B. Survey on routing technologies
for LEO satellite communication networks. Space-Integrated-
Ground Information Networks, 2022, 3(03): 97-105.

TR B, EIRIR, AR . 2 POR LEO IR i Pl A P 46 1G5
il 73 B J6 £ BE R B 7 9 0], JE A 2 4R, 2026, 47(5):
195-207.

Zhang X, Wang D D, Zhou Z, et al. Wireless resource alloca-
tion method with joint beam position division for multi-beam
LEO satellite maritime communication networks. Journal on
Communications, 2026, 47(5): 195-207.

TRAESE, WP, ok 5 b, 55 . EL R AR K PR SRR 1], Rt —
PRALAE B/ £%,2024,5(01):2-13.

Zhang J X, Chang C Y, Zhang Y L, et al. Survey of routing
technologies for mega-constellations. Space-Integrated-Ground
Information Networks, 2024, 5(01): 2-13.

LA, W4, M AL 2 B R i el BRI ST IR A e 22
[7]. 2 &) B 3R, 2025,22(02):1-12.

LiJ Q, Chen Q, Yang L. Research status and prospects of rout-
ing technologies for LEO mega-constellations. Space Elec-
tronic Technology, 2025, 22(02): 1-12.

ROLZR, TR, D — . IR IR % e RORBUIR I J B (0. i
524 91,2021,42(08):33-42.

Zhu L D, Zhang Y, Jia G Y. Current status and prospects of sat-
ellite internet routing technology. Journal on Communications,
2021, 42(08): 33-42.

Elbehiry E A, TagEIDien H A, Fares A, et al. Survey on routing
algorithms for LEO constellations network[J]. Fayoum Univer-

sity Journal of Engineering, 2024, 7(2): 89-99.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

CERF V, BURLEIGH S, HOOKE A, et al .Delay-Tolerant Net-
working Architecture: RFC 4838 [S].IETF,2007.

3GPP. Solutions for NR to support non-terrestrial networks
(NTN): 3GPP TR 38.821 V16.1.0 [R]. Valbonne, France: 3GPP
Organizational Partners, 2021.

Jain S, Fall K, Patra R. Routing in a delay tolerant network[C]/
Proceedings of the 2004 conference on Applications, technolo-
gies, architectures, and protocols for computer communica-
tions. 2004: 145-158.

Wood L, Ivancic W D, Eddy W M, et al. Use of the delay-
tolerant networking bundle protocol from space[C]//59th Inter-
national Astronautical Congress and Exhibition 2008 (IAC).
2009 (E-16810).

Peng Y, Zhao K, Li W. Scalable Near-optimal Routing Method
for Space Delay Tolerate Network[C]//2023 9th International
Conference on Computer and Communications (ICCC). IEEE,
2023:29-33.

Madoery P G, Kurt G K, Yanikomeroglu H, et al. Routing het-
erogeneous traffic in delay-tolerant satellite networks[J]. IEEE
Journal of Radio Frequency Identification, 2023, 7: 390-401.
Liu G, Jiang X, Li H, et al. An Improved DTN Scheme for
Large-Scale LEO Satellite Networks[J]. Wireless Communica-
tions and Mobile Computing, 2023, 2023(1): 4899124.

Yang P, Cai L, Chang T. Dgr: Delay-guaranteed routing proto-
col[C]//2023 1EEE 20th International Conference on Mobile
Ad Hoc and Smart Systems (MASS). IEEE, 2023: 19-27.
Kopetz H, Ademaj A, Grillinger P, et al. The time-triggered Eth-
ernet (TTE) design[C]/Eighth IEEE International Symposium
on Object-Oriented  Real-Time
(ISORC'05). IEEE, 2005: 22-33.
B VR, T R, SR B E M I S W ST SRR (D], B AE AR,
2019,40(06):160-176.

Distributed ~ Computing

Huang T, Wang S, Huang Y D, et al. Survey on deterministic
networking. Journal 2019, 40(06):

160-176.

on Communications,

Bélanger O, Lupien J L, Yahia O B, et al. Online Convex Opti-
mization for On-Board Routing in High-Throughput Satellites
[J]. Journal of Aerospace Information Systems, 2026, 23(6):
499-506.

Elbehiry E A, Fares A, Elhalawany B M, et al. Inter-mesh rout-
ing algorithms in LEO satellite constellations networks[J].
Computing, 2025, 107(2): 57.

Kedrowitsch A, Black J, Yao D. Resilient routing for low Earth
orbit mega-constellation networks[C]//Proceedings of the
NDSS Workshop on Space Security (SpaceSec), San Diego,

CA, USA. 2024, 1.



e 15«

BIERE  XXXX F5 XX H#

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

LIU Yang, WANG Li-na. LEO satellite intelligent-sensing rout-
ing algorithm based on a dendrite network[J]. Chinese Journal
of Engineering, 2023, 45(3): 465-474.

Lyu Y, Hu H, Fan R, et al. Dynamic routing for integrated
satellite-terrestrial networks: A constrained multi-agent rein-
forcement learning approach[J]. IEEE Journal on Selected Ar-
eas in Communications, 2024, 42(5): 1204-1218.

e R, DU Y R R A LT BIRD ) H A AT ER7E vy
PR WL R 0], S AL S 48,2024, 50(05):
434-439.

LiSQ,JiaHY, Fan Y C, et al. Application of routing process-
ing module based on BIRD in high-throughput satellite net-
works. Computer & Network, 2024, 50(05): 434-439.

Xia D, Wucheng L, Yingxin H, et al. A load-balancing routing
algorithm based on ant colony optimization and reinforcement
learning for LEO satellite networks[J]. China Communications,
2025, 22(12): 281-294.

Wei W, Fu L, Gu H, et al. Iris: Toward intelligent reliable rout-
ing for software-defined satellite networks[J]. IEEE Transac-
tions on Communications, 2024, 73(1): 454-468.

SR, A= DR, 28,55 JE T 1 R AT AR ) T U o 2 A 0
Wi 23 A1 L5 W]l S50 T AT (0], RS R 22,2025, 41(11):
118-130.

Zhang S, Niu Q Q, Miao X, et al. Research on link connectivity
analysis and reliable routing algorithm for satellite networks
based on Markov model. Telecommunications Science, 2025,
41(11): 118-130.

Wang Y, Cai L, Liu J. High-reliability, low-latency, and load-
balancing multipath routing for LEO satellite networks[C]/
2023 Biennial Symposium on Communications (BSC). IEEE,
2023:107-111.

Feng X, Sun Y, Peng M. Distributed satellite-terrestrial coopera-
tive routing strategy based on minimum hop-count analysis in
mega LEO satellite constellation[J]. IEEE Transactions on Mo-
bile Computing, 2024, 23(11): 10678-10693.

Xia L, Lin B, Zhao S, et al. A Centralized - Distributed Joint
Routing Algorithm for LEO Satellite Constellations Based on
Multi-Agent Reinforcement Learning[J]. Applied Sciences,
2025, 15(9): 4664.

Ramakanth R V, Modiano E. Centralized versus distributed
routing for large-scale satellite networks[C]//2025 23rd Interna-
tional Symposium on Modeling and Optimization in Mobile,
Ad Hoc, and Wireless Networks (WiOpt). IEEE, 2025: 1-8.

LI X, LIAO H, ZHANG X, et al. Federated deep reinforcement
learning-based intelligent routing design for LEO satellite net-

works[J]. Journal of Electronics & Information Technology,

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

2025, 47(8): 2652-2664.

ITU. Framework and overall objectives of the future develop-
ment of IMT for 2030 and beyond[R]. 2023.

3GPP TS 23.501 V17.4.0 System architecture for the 5G Sys-
tem (5GS)[S]. 2022.

3GPP TS 23.502 V17.4.0 Procedures for the 5G System (5GS)
[S]. 2022.

3GPP. Study on integration of satellite components in the 5G ar-
chitecture: Phase 2: 3GPP TR 23.700-28 V18.1.0[R]. 2023.
3GPP. Study on integration of satellite components in the 5G ar-
chitecture: Phase 3: 3GPP TR 23.700-29 V19.0.0[R]. 2024.
3GPP. Study on integration of satellite components in the 5G ar-
chitecture: Phase 4: 3GPP TR 23.700-19 V20.0.0[R]. 2026.
ITU-R. Report on the fifty-sixth meeting of Working Party 4B
(Shanghai, China, 30 April - 6 May 2025): R23-WP4B-C-0139
[R]. 2025.

IEEE. IEEE Recommended Practice for Routing Packets in
IEEE 802.15.4 Dynamically Changing Wireless Networks:
IEEE Std 802.15.10-2017 [S]. New York: IEEE, 2017: 1-143.
Infrastructure L E C, Layer M L P. IEEE standard for low-rate
wireless networks[J]. IEEE Stand, 2015, 2015: 1-708.

IEEE. IEEE Standard for Local and Metropolitan Area Net-
works: Overview and Architecture: IEEE Std 802-2024 (Revi-
sion of IEEE Std 802-2014 as amended by IEEE Std 802d-
2017, IEEE Std 802¢-2017, and IEEE Std 802f-2023) [S]. New
York: IEEE, 2025: 1-99.

Li T. A Routing Architecture for Satellite Networks[J]. RFC
9717, IETF, 2025.

A AT, 20 5355 TR N % E B IR S S R [T]. HaF
515 5 %441,2023,45(2):383-395.

NiSJ, YueY, Zuo 'Y, et al. Current status and prospects of satel-
lite network routing technology. Journal of Electronics & Infor-
mation Technology, 2023, 45(2): 383-395.

Martino L, Deutschmann J, Hielscher K S, et al. TCP CUBIC
with HyStart: Congestion Control for Satellite Communication
in OMNeT++ INET[C]//2024 1IEEE 29th Asia Pacific Confer-
ence on Communications (APCC). IEEE, 2024: 19-25.

XS SR, IVHE TS T 55 R T OMNe T+ 1 IR AL A2 I 1]
T2 PP 2547 FOF & 1 THT]. RS RF,2025,41(05):43-59.
Zhao C Y, Sun Y H, Feng X A, et al. Design of time-
deterministic network simulation platform for LEO satellites
based on OMNeT++. Telecommunications Science, 2025, 41
(05): 43-59.

Badini N, Jaber M, Marchese M, et al. Reinforcement learning-
based load balancing satellite handover using NS-3[C]//ICC

2023-IEEE International Conference on Communications.



m

[59]

[60]

[61]

[62]

« 16

IEEE, 2023: 2595-2600.

Gao Y, Qiu K, Chen Z, et al. Plotinus: A satellite internet digital
twin system[J]. Journal of Communications and Information
Networks, 2024, 9(1): 24-33.

LIN Jiawei, ZHANG Yujie, WU Xiaoming, LIU Jianhua. A
Generalized Satellite Digital Twin System for Satellite Opera-
tions[J]. Aerospace China, 2025, 26(1): 14-23.

Zhou Y, Zhang R, Liu J, et al. A hierarchical digital twin net-
work for satellite communication networks[J]. IEEE Communi-
cations Magazine, 2023, 61(11): 104-110.

e RS REARA R AR LR i R
A5 A R 4 45 #J [EB/OLY). (2025-10-31) [2026-01-30]. https:/
suyoo.com.cn/pagel55?article id=148.

Beijing Suyoo Information Technology Co., Ltd. Architecture
of all-element digital twin system for satellite routing protocols
[EB/OL]. (2025-10-31) [2026-01-30]. https://suyoo. com. cn/
pagel55?article id=148.

[63] Walter F, Feldmann M, Fraire J A, et al. The Architectural Re-

— —
‘.. ._.. A
— ML ST o

finement of pD3TN: Toward a Software-Defined DTN Proto-
col Stack[C]//2024 TEEE 10th International Conference on
Space Mission Challenges for Information Technology (SMC-
IT). IEEE, 2024: 161-170.

Bt
o3
=

KEE (19920, 5, L, YW, midkEe
Ui, BT ST 5 1] Sy A 2 T TG 6 T 4% i Jgk

BZRE 001-), %, #Ht4E, HFRAMN
PR EERE R AR,

.;;f AL (1977-), o, #HPE, HLAES0,
RIT7 %8 AT 5 151

-0, 5B, dERUE BRI R, BT
A 104 24 R RE B PR A RAL 22 2 4



