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Abstract: Space - ground integrated information networks constitute a key infrastructure for sixth-genera-
tion (6G) communications, offering wide coverage, high capacity, and flexible global access. However,
practical link management remains constrained by two coupled challenges: limited onboard payload re-
sources at satellite feeder terminals and pronounced spatial-temporal heterogeneity in terrestrial traffic.
These factors lead to access congestion, redundant inter-satellite links, and inefficient energy utilization.

To address these issues, a hierarchical collaborative dynamic link management strategy is proposed, in
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which the global joint optimization problem is decomposed into two interrelated subtasks: satellite -
ground access scheduling and inter-satellite topology reconstruction. At the access layer, a Multi-Agent
Proximal Policy Optimization algorithm is developed, incorporating satellite ephemeris, link visibility,
link distance, connection history, and population weights to allocate limited ground-satellite link resources
preferentially to high-demand regions. At the coupling layer, a traffic heat estimation model is constructed
to map terrestrial demand onto satellite nodes via established access links, followed by diffusion across the
inter-satellite topology with hop-based attenuation. At the topology layer, an Advantage Actor-Critic
agent is introduced, leveraging traffic heat, historical link states, backbone masks, and node-degree con-
straints to selectively deactivate low-load redundant laser inter-satellite links while preserving critical paths
and maintaining fundamental network connectivity. A Walker Delta constellation comprising 484 low-
Earth-orbit satellites is simulated, with 100 major cities serving as traffic sources. The results demonstrate
a blocking rate of 1. 33%, a quality-of-service-constrained network capacity of 310. 44 Gb/s, and a 32%
reduction in energy consumption compared with a full-mesh baseline. The normalized resource utilization
efficiency increases to 1. 81 times that of the baseline, while the average link handover ratio remains as low
as 1.22% per time slot. These findings indicate that the proposed strategy significantly enhances network
capacity and energy efficiency, while exhibiting strong robustness in large-scale dynamic satellite network
scenarios.

Key words: space-ground integrated information networks; hierarchical collaborative architecture; dy-

namic link management; multi-agent reinforcement learning
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Tab.1 Communication simulation parameters

%&2 MAPPO-CTDE %5
Tab.2 MAPPO-CTDE training parameters

Parameters Value Parameters Value
Simulation scene duration T 96 min Optimizer Adam
Snapshot duration Az 60 s Train step N, 2X10°
Satellite altitude 7, 600 km Actor learning rate @, 8.5X10°°
Orbital planes inclination inc 55° Critic learning rate @ 8.5X10°°
Minimum elevation 0y, 7 Population reward w,,, 50
ISL bandwidth By, 10 Gb/s Distance penalty w,, 40
GSL satellite EIRP Pg g, 36 dBW Max connections N 2
GSL ground station EIRP Pg 45 dBW Handover penalty wy o 10
Satellite antenna gain G, 31 dBi
Ground station antenna gain G, 37 dBi . o
_ B s £3 AXUESHEE
GSL carrier frequency f; 20 GHz . n
Tab.3 A2C training parameters
GSL uplink bandwidth B, ,, 50 MHz
. . ) Parameters Value
Rain attenuation G, 1
. . . Optimizer Adam
GSL downlink bandwidth Bis; seum 200 MHz
Connection requests 10 000 Train step Ny, 2210
. —4
Bandwidth demand b, [1,20] Mb/s Learning rate & 110
Bandwidth multiplication factor 1.05 History window length L 0
Blocking rate threshold 7y, 30% Degree penalty wq, 50.0
Handover penalty wy 151 0.2
. Sparsity penalty w,, 0.05
4.2 R PRI pEReIy ,,
Reward scale o, 1X10°

B o3 J2 R AL T HE SR AE B A R BT Y
IZRFEETE , GSL AR 5 ISL #ifMEHIR 4
P o RGBT VA — AR R L U AR BIL R 23
BT T A5 2R SRR T B e A A 4 2
S, I 1 SR s RS, BRI RS Bk 2
3.
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z 20 ]26‘
= i
z 125 |
) 1241-\/\_,,\‘,‘\’\1
= 1221
>
Z 40 1314 151617181920
20 Min-Max range
0 — Proposed MAPPO-CTDE(Mean)

000 025 050 075 100 125 150 175 2.00
Total training step 1x10°

(a) MAPPO-GSLJl|Z5 i 2%
(a) MAPPO-GSL training curve

PYJE AT 5 B Uk i S BT 4 B i, P 4%
2R R B 3 A D 2 ) HAP R 8, HLs i3
il it Bk 1 2E AT AT S AR Y 5 22 B B A
7 R UDZAEZE X BEHLR) 4R A B e AR E

-4
-5
-g -6 -3.45
; 4 3.50
I -3.55
& 3 -3.60
(5] . . i
> 14 16 18 20
< 9 1%10
-10 Min-Max range
— Proposed ISL-A2C(Mean)

0.00 025 050 0.75 1.00 125 1.50 1.75 2.00

Total training step 1x10°
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(b) A2C-ISL training curve
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Fig. 4 Training curves of hierarchical reinforcement learning framework
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AT 38 3k 22 4 ERCHE 3 BT, S UE T 4 R b i
B AL Ak 36 g (MAPPO-Opt) 5 A& [ i 1k 4 Fh
(A2C Optimized Topology ) #4 # 15 -5 L) AYF 5L
PEo TS, A0 BT B b B I 0 L RS U BCREAE 48R
1 5 3 W 1) Jmy BR M 5 B IS DA 26 R G2 J2 1T, ) L
AN TR 45 A R W 5 40 D4 i 21 G A R e S R
VAR e a5 PR IS AL )7 2 90 47 Fe 4, 3iF
WA B A A o
4.3.1 GSL#4E5H

SR ATAL B4R B B GSL AR RE , eI 3 Fh
AR (4 JE e 2 AR Ry R B v

(1) FE 25 0 56 5K i (Min-Distance) : § 75 e /)
b B b A% i B DL R AR B AR S A AT I SE L 5T A
BERLE A0SR b — R JAT AT LAY %
2 5 27 A B 3 Hz ACRE 7, D00\ 2 i AT Dl M T e
TR I B f T T R

(2) Mg 55 A 5 % % (Max-Duration ) : £ X
SRS SRS SR QLR DS N i e

I Min-distance
[ Max-duration
Max-coverage
99.94% MAPPO-0pt  99.90% 99 029

—_
[\
T

—_
T

80.48% 84.85%

o
)

72.58%

Coverage rate
= =)
~ o

S
o

(=]

Average coverage Top 20 cities coverage

(a) P B 2 2

(a) Average city coverage rate

BFIE] SR H bR o [RIRE SR FH 66 PR AL ) O T I A 1 422
25 A B 36 456 0 A T DL B i) g B i T 8 LB R
FMEEE P

(3)78 5 1L Je K mg (Max-Coverage ) : DL g K
b BB E N EH AR, B DAk R S H
T, AT YE R A A IR B R Y TR R AT
B s R R R KA 3505, R R A 15 E
M sy KB R B, LR TR S F ik =il
R .

BEUE GSL 42 ABE$E 7 1 5 A SCHE 0 O 1 A
T B 2R N UM SE PR XS LA 5 TR . B
e 5 5 W A S 4 T B (L 2 o A A I I
NG SRS, WA 5() iR . MAPPO {4k
W 1Y) 4 I SF- 34 3 55 R O 80. 48040, B AR T
e S S mg B AE N TR 20 A4 A 3k 1T 7 55 2R 3k 2]
99.02% . Kl 5(b) R, MAPPO % B 1) £
BOH 5 AT oA R E, 1EIH H B8 08 L 55
23 [ AR 2 50 K A B R 28 I o % R S 43 i
I A R X

I Min-distance
04r [ Max-duration
Max-coverage
03 MAPPO-opt 0.291

=
o
T

(=]

Pearson correlation
=

:
o
i,

-0.121

-0.2

Correlation

(b) GSLEL & i A VA G R 8L

(b) Correlation coefficient between GSL count and city population
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Fig. 5 Comparison of coverage and resource allocation across four GSL access methods
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HE B% 0T i AR E MR 59 . MAPPO SR I 1 7 3
G OB&OBE BS o 1 525.3 km, 1 B 4 B E K
4. 87 min, &b T 2% HEAE SIS Z 1]
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Tab.4 GSL physical attributes under four access methods

Mean GSL Mean GSL dura-
Method ) ) )
distance/km tion/min
Min-Distance 1400. 6 5.54
Max-Duration 1432.5 6.58
Max-Coverage 1541.1 3.70
MAPPO-Opt 1525.3 4.87
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R g R E I, MAPPO % s Jf ) o — 38 5k
B R R R R Bl R AR S I TR AE
Ll 2 R T 276 75 0l 55 75 oK B B% T i A
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b BE B R Y) e AR R R R AR 05K A PR GSL %
e S 43 B 2 ol 45 T oR X e . PR, A 3
T RN e (P kT R AN A G
PE BT A T & 207 ik, U0 BZO0R s 2L Al 55 R
HIBET o
4.3.2 @BAZHEARL FR A ET

Shy 6 IE T R S W A I 4% 2 1 B 2R S D B, AR
5 IR 55 5 A L B P AR B R R R AL RE 3
AR AT 4 PEREXT L. 1 e, SR T 4 Rl GSL
Hz AW TG B i R IR S B S R A
POy 6 B A A I B Bk R AT TAR 1R
B B BRAR S TR Y A e 3K A2C B Rg IR AR
P 4B A X ISL ATk o A X b, dE R T

8- I Min-distance
695 6.95 s Max-duration
52 7 Max-coverage
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B4l Ry 3 69224
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CRdl 134 133
11-
0 1 I
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55r I Min-distance
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(c) Average hop count
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Fig. 6 Comparison of communication performance and resource efficiency under different topologies and access methods
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2 20 o W A 4. 38, 16 A HLAE B 2R HE Ak A9 ]
o I 2 B o B AL ST EE R . 4 A2C M4
J& 4 SR 1 1 24 Bk B R BB T R AR
A A 1 A S I O R PR B B A4 DT . S A IR
A 24 % 38 E

KL6(d) g 7 IH— L RERM F R 45 21, Hor
UH — 1k 19 £ B 802 S > I R I g & 5 B oK
W (HE 8 1 Je GSL B2 A+ 4 i 42 ISL M 4% ) g3
B LEARL, S WA M AL 5 e AR RE AL SR 1Y &
SRR 25 . & A2CTAMEAL)G , W 45 3% 42
FEE W0 1. 81 /% . MAPPO-GSL#EAY
A2C-ISL ¥ Fh 44 2 0 41 A 7 P2 35 1% BH 2€ 2 F (%
I Sy [] B, 2 8 1 B R TROR R

A2C flefb i M7 0 /> 2 32 %6 1Y 1 BR ISL 1Y
7 L A B S BRI o0 45 75 6, 32 2 D PR 7E 1 3
FE WO B8 6% UK 1 3R 0T A B i, R AR
P Se 08 B 7R AR O 55 1 BB % . 5 LRI
S /0N BE B2 SRR T B I AR B LR AR E T SR AR
M V)AL . F UL, b
i B Ak F2 ZEREAIR T JCRLREAE , 7 A . 35 10 I o )
iy 146 PR AE T

T 4 7 % 0 1 i A T OF AR S AR Ak
e, 7E GSL # A JZ , MAPPO 5 s I R LU 4 Jay
V- 4 7 5 A e K AR N i — H bR T 2 7 15 L 2% 0

ZBR AR AR e IR 55 N B ARk 55 T R X
B DR, H T R I R RN ST 34 B % mT T B
W AR T 1% 490 i I 402 A TR (LA U T 2 55 R
EEE . HWK A ISLIn b2, A2C 3w i ¢
PG B 82 T A i I 2 T BB A%, (LA i fL 40 DA L
T A T W 4 2 S BOF S BN ECR RO L IR ST A
— i BE R UV TR . UL, AR SO VR L T AR

HE R M — IR A N 2% 7 5
4.3.3 ISLizM4547 4T b £ 5

h TR T A2C RALAR FMERE AR L
55458 N AU Y R TR R A Y I i T G
¥ il (Gravity-based ON/OFF Control, GOOC)
FEVEAT R . GOOC 3 i3 1155 4% i v A T
E 38R fe TR S B B T 3B BT . X L SE e e BT
A TR R )R G — R AR SCEE A MAPPO
T AL R

XF b SE 5 B GOOC ik £E 2 000, 3 000 K&
4 000 km 3 B 4l £ 2} %2 (Abstraction Radius,
AR) IFMNA T 1026 Fi1 20 %0 PR i 5 #% 5C P41 LE A1)
AR SCHR Y A2C Tk DU AR 4 fE AR Y S e ok 5K
Bl 2 VA R HE IR S, P X 8 B OC M L )
32. 1% K RN 5 R .

TEARE 91T REZK T, A2C J7 vk R B BB A
MEratEfe. MR 5 A, A2C Tk 3 FhAE G 1]
32.1% W ISLAE LT , RGP ZE R AR %2 1.33%,
¥ Bk B 4039, B B BREE B U0 4 L B A
1.22% ,QoS Z FR W 2% 75 it 15 ) 310. 44 Gb/s, IH
— Ak R 45 R A #1081, B E B T GOOC (1 iy

£S5 A2C5GOOCHIMEMKERTEL

Tab.5 Performance comparison of A2C and GOOC topology optimization results

ISL shut-  Average ) Link hando- QoS-constrained Normalized
) Blocking  Average . .
Method down active verratio/  network capacity/ network
] ) rate/%  hop count - o
ratio/ %  links/Slot Slot/ % (Gbes™) efficiency
A2C optimized topology 32.1 657. 27 1.33 4.39 1.22 310. 44 1.81
10 872 1.49 4.51 1.32 294.48 1.29
GOOC-2000
20 775 1.49 4.59 3.28 288. 06 1.42
10 872 1.34 4.38 2.76 307. 26 1.35
GOOC-3000
20 775 2.35 4.73 4.93 252.84 1.25
10 872 1.46 4.47 3.21 300. 84 1.32
GOOC-4000
20 775 1.79 4.61 1.27 284.88 1.41
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