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BEE6GIBIE BRI RIE R, (RHL(Low Earth
Orbit, LEO) P& B Ry S 4 BRIC 8878 o LA S iy
A R IE RS E B RR 2 — 0 iR T
BORPIR Z T T m Ak & TR RGNS A0k,
BRI 51k 1 7 S AR 4. T A AR R
PR3 0] B H FEAE A i Bk 5 AL BE 2 SRR 5
AR, (R G At E 2k RS
e i R G P A LA B, o B g G (Mul-
ticast Precoding) ¥ A i X B2 U H b 47 7 4
IFEH N LB R, ARk 7 A% 77 U 58
JRIR AN R T N ke R, ROy IR T A
B SR OTT R fEM T B N7 8 D VB-
S2XArdEN R AR GE X B Z i (PLFRAME)
Py e M 22 g P10 VF [R] — R 9 ) 22 A P i 7[R
—RLE MU AT R B, AR E S T A
FEMR S5, DR 2H 6 T 20 B 0 205 R Oy k3 Mo ) 940 )
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Interference plus Noise Ratio, SINR)[ IR HIATHE T
AME RS T, RIARSS 515 (Quality of Service,
QoS) Ml ; —RAELIRLANR T I KT AR
(L) f /NSINR, Bl de K-# /N 4 °F (Max-Min
Fairness, MMF) [ @ . X P98 [0 5 9k A4k 1)
A, H O EJE T NP-hard Mo, &Fxf ik ]
W, /N7 R ZT (Minimum Mean Square
Error, MMSE). ENI{kia % (Regularized Zero
Forcing, RZF )55 A% Gt 2 11 Tl 4 1 77 58 DR 5 I 1]
B BRERAC, BETIZRHT 2 H P MIMO #
Gi. MBS TSGR, BFAUERE TRIE
JE AR5 (Semidefinite Relaxation, SDR). &L IE
I (Successive Convex Approximation, SCA)%E4
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S, SCHR[13)iE— P 455 SCA SRt B HOuH B
w0, B R AR B 4 B R 2R B PR 2 A P AR,
BRI TP EERE. Tak, RES B
F8 9 g R G 1 ) R PR EE B T M) TR (14,17 4%
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I FH R E 2 > <2 LT o 5 PR 0 BT, A PR AIGAE 2.
THE S IR FE 1) [RI ) SRAS 4 AL AR A SR B 1R RE
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B BETT F) 2022

T 1R — P R A 22 P SR A 2 R
SgmisaE e, NP EERLE < E A
FEmgmvERE. B, SR HERTT RS
T B A A R ) U oS8 . A I 2 207
KRBT W —RETARGREEDE, m
Agglomerative Hierarchical Clustering (AHC).
K-means5J73E24, L Re86A ORI 45 18
R, (EUHE DA A2 DV B-S2X0 [fl & 41 745 1) ™
WA RN “ AN e 5
JupEeT, gt 7 Ty A A T2 IR A P R PO
MAUGHEP B MaxDist A& ] Fr b #7752
XTI RES AR AL T30, EIE U 5 —AX
TR EANAHLE, BT HNBIAEIES
14, DRI M DA S0 4 JRy e I 2 2H8CR

IR TR Z PR AR R G8h a5 5 5
AL e BRI 4, DL P o0 4 5 Tt 2 [a]
SEA A SR AR A R, AR AR IR
SRS NP S A HESE . A SCH fiit A H
JAo3 AN N A TE A A S P O R, I
T I R BE 2 20 SN T B RE R AR R A P SR A .
ZEDTRRIN T -

(1) B0 A% 8 Tl i SRR AE R U R e 5t R
THRESE R SE PEAS e, et 1 — F il
E B E M4 (Convolutional Neural Network,
CNN) 5K 1212 M %% (Long Short-Term Memory,
LSTM) ) 7c i BHAR L 2 2 Wgm i 77 %2, @52 715
TR OO 30 G AL R O PR R R A BRI K R o 2T R
SRR SN e S I S A ) P i A 3 1SS
RRWIeH, FFEELSTMEE — % IR ZRHE
() AF L ORI . FLAE S fHE P 53 2% R B R 2 A 2
PG, SN RMUELEO LR @G 7 — A5 At
FEREDTT 5 o

(2) %t X G K-means 7 4H H L L% #H £ DVB-
S2X[H & M5 44 29 A ) JL, Wik 7 — A AR
K-meansf F 3 AV, SEXMBIERHE, $2H T 4%
A 2H N FRABLEE FTD VB-S 2 X i 25 14 £ B IR B &5 40 B
B, 72 A% ORUERE 2L P 8O S5 R RT3 T St 4
PARALLRE , SEBIL  )BE 2 b 20 ARORT 73 AR DL E F)
HEL o

(3)EI X A4 RGE P LG P 5 N R G
G oy HITEAFIEA R R, $Rd T — T
2P R A R T g B HL ) R o A Rk

(FA-MAUG), i fiseOrbsi g - 5 5515 E H
PR ERE, REHNGEE B, ERIERS
RN PR T T RGNS B

PIEEERELY], P& A HESRE RG Tt
B APHESEREZ RS T RIFFE. E£AR
EMELL AN, 2T TR CNN-LSTM il 4 it 77 %
(1) T 2R AH B A EMM SE SR VL1 35 42 7+ 48.59%,
CK-means B IE AR AN 7 41 75145 $030.12%,  [A]
I 325 BRI 1B R I 2t AR R, B6E 1
PETEAE KIS DB E soh A RS T
PR Iy o ASCHARIB S G 2 T 5
2 RGN ) AL, B3R AT
CNN-LSTMR & 220 W i i it IFdkdr 1
THEERESNT. BATNE TR P4
k. Hoaat T ES R, BE, EH6EH
g5k,

AR UL TR SHG: aRRAE, oRR
bR, ARRNHFE. |A| R A| 55 RRHEEAR
ITHAFNEE . ANRIRHEPE ALY E . R(A).
S (A) 7 MRRHRE A PSSR . 1R R A7
HifE. a~CN (m, R)ERa NRMIEm N J7 2
RINIEAX ARG mibpL &, ¢V ERRM x N
R, REREH. ARRES.

2 ARt

FRE—ANHE RS, —BZ R TR
1% W e R BT 9 Ny AN B R 2 i T H 7 28 3 (U'ser
Terminals, UTs)#& MRS, 15 %uliR 4 did
S % B4 (5 1E R {5 B (Channel State In-
formation, CSI)TF & MgmsE 5, WE1R. T
B %2 FH %] (Uniform Planar Array,
UPA), HNi= Ny x N,REHR, FHrhN AN,
RN R x Fi Ay Rl B REHE. 7R
i SR FH B Tl () P dm A BeAR, dl I K AN AR I
RAEREE . AP &mE a2 N HREAH,
WNG=1{G1,G2,,Gr}y» KNHIMHE. HFG,
REFE L HOH P EEG . BNHE M E R
MR . AP ES ARy aAm, BXTF A
ke K2{12-K}, ¥WH|G|=M=N,/K, M
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K 1 R R A RS RS

s RIS LA ARG, PR & e
XNs 2 [sy, 89,85 € CE . AR —ME, &
WAHR 5 AL E A Hoh R 3 — 46, B
E[ss"] =1k B, ZBEAT A s
B9RRA:

K
yi (1) = h?wkskeﬂ“f“(m + Z h?wlsl (t) SERERIOL
[

+mn; (t),Vi € Gy (2)
He, heCVURRTEEH A 2 RAIRIEIE,
fai (t) Fon DEBIXH G 51K 2 E 8.
2 WP AT RN fa () = flo () Jpt),
FRNBEZE, o) N D REBERNIEEIEE, N
H, () N B EIEE)TT R R R 1A ) A
FELEO PR R, 2 HE el nl g5k R A4m
A2 R ISR A 0 N ORI, (B TELE MR A 2
PLEBFASRRE . Tin,~CN(0,0?) RARIMENE. Ti
ZE N o2 BN & il 1 S (Additive White Gaussi-
an Noise, AWGN). AL ES T, FATET I
PRI S TR WSS 5 AT A — AR B, A4S0 A
HHRATZE, Wo? =1, BT L%, EAK(2)
RS TERR TR ARE S, IR
HEFH. TS T A/ Wi e, A
SINRHIIZH N M 1 /NSINRIRE . HEAK
SINRH T4

|wi Ao

(3)

Y = min
meg, K

D lwihnl? + op,
Ik
TE2 AR AR gt Iy b, ZHIE T2
TGP RE B LR 2. A A P 40 4L SR AN 51
P AR AT DL R PR g /b 2R TR 40, I KA
JURE R 2 AR AR TG A H LA 1] R 7R

K
P:  max X:Mlog2 (T4 k)

{Grwidisy 15
K
s.t. U G, =U,
k=1

|Gr| = M,Vk € {1,2,-, K},

K

lE:u%wE] < P,,Vne{l2 - N} (4)
k=1 nn

BN LIRS AT N P AR, Hohy ARk
HPEEG. FEALRFMRBREDFLR
(Per-Antenna Constraint, PAC). T 5
sHIDIZR T H— 4k, K2 i 7l g i B W7
Eo I, P, AEREMRRLRDIRWEA, [],, &
FEFERIEE (n,n) N TR FESEBRRL A, R i ok
2 IO LA ML ) DB TBORES, & S A e i )
DR ICIE LIPS B L . R, A SCER R R
LR L R (PAC) 5, MR IR SRR 36 T i A1
A1)

2.2 (FERE

5 @S S AN ], TR IR 2 145 7k
FEEG GO T BE G, H TR RLML LT AR
B AR, [R5 P 2w 2 TB) A5 T 0 5 e g
ONALEE (Line of Sight, LoS)f&#%. FIRS, HTf&
LTy ER Y G NN - 2 S [E N B =R AT T 2
s, RIGTRELZE B TR E: B3 BT REKT
WIFE. BHLIE S Th2 . ok R ER 3 2 DL S 32
o [FEAALT:

Gt (a)-v(¢,0) € CNx? (5)

Hr, c hEHEEBFE, GrATE KL,
GrNEWCREM 3, PR BB AR, &AW
=, v(p,0) € CNXUNUPAFIRE I B 7] & o 5350
ZaioRE T R
() PERLM S Gr 22 B ORI F ) o
Y

?}%E GT = Gmax - 3<> € Rr ;E\:EPGmax cR
V3aB

RERERDEREM R, ¢ ZEIA, 323 dB
PR TELI—F

(2) F 7 25 3 ) B MCBR 75 T 28 P = BT € R,
Hrpe. BRMTRIARBURZEZHE . A
Py i e S IR
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(4) W3, = 10% e R, HhgpRERLLABA
BAL DR 5, ERMIIME I briEZER
o KIS BOIER 731, Bln(&ap) ~CN (1, 02) o

(5 UPA TR © (6,6) = v () © vy () €
, M @ KR P N5 (Kronecker)
ox =sinfcosp Ml p, =sinfsing ZFHXST UT 1%
FREAT I Bl y BhEROAE, Horh 0 81 o 2 7bfriff
MTTAL A FHEFBK D ERLRE, X T
de D2 {x,y}, HMMT x BBk y 4K E5) w5
& vg(pq) = [1,e™4, ...’ejﬂ(er)wd]T e CNax1

ERFCEREEE RS, BT EE
ThiRZ . RWRZFR R, WG\ T X LIRS
R CST. b A SCHE Tt CSTiR ZERAL, LA
WAL RV LR T &R, fhitfEiE
H=H+E cCVN>*N, Hft E~CN(0,021) AR
ZEHERE, o2 RWREEINFR,

3 HBEMREFRE

ST R TG I F A AT, FRATTR IR
] BRI PRS- TRl 7 o 205 T R AR R 1
the AE S RIS M R, T
PR P 07 T SR A T i K 1 e A
EF/ A

CNL><1

K
max Z Mlog, (1 + k)

{wk}£'<=1 k=1

K
s.t. [Z 'wkwg]
k=1 nn

BRIz I R, AR ST g G B 5 15 1E R
FINFERR, $#-HT —MCNN-LSTMES LI &
RS SIRA, DU P s s oy B, 153l
JETR AR RT I NI AL AE R . ARG 04T 1
B T S R
3.1 REZFIMELIT

ER Pl e i, R LS B

be :

< P,,Vne{l12,-,K} (6

yyy

LSTMJZ
LPNE- € &
(CSI)

B T T b R B W RIS I8 6 MR H . R,
5 T OO P AR AAE 2 OGS SR A B A Pl B 28 O EEL 2
KR GBS, 5. EREKRM
W (3 W LN AT N oy SR =R T
it M, JolaE s o) g a8 s i 2
IREN 17 A R 4 HAR BB R R, R liE A i
HPETCAR RS B i RS TE B, H RSBt
PLRE RIS . SNk, AT T — MR T EH
25 X 28 55 KA A7 R 24 VR A 1 T W B 2 =)
FhL 2%, {0 NCNN-LSTM, BfE@E S MAEFECSI
Bl e A TR G 1 R ) A S M Bl B, 5SS Ak 2
KIFTR.

7 18 31 TL A MU R 42 B 41 v I 325 1) 2 TR AH O
PR, A SR A CNN & B JR) 38 28 (8] R AiE F SE L
YERE R 4E . HUk, LSTMR I T3 H B 7
K AR ¢ R AT BB, MRS AR A P A
[E) 9% R 2 [A] R AR SRR E M Rk R ). B Ja i =
ANBRSL A 1 2 ) BT R AT R

RRFEREAF GG E T BRIt
PERZALRE ), BN EEEREREY I AT —1k
(Batch Normalization), PAZZf#IEA0 & IO
FE5 P ha . BARCNN-LSTMIE & 22/ 0 & 2517 .

RRFREATERAGTE TG, BRIk
TR ESATYIZRA TN . BT EmRE
SITHESE 2 B RFIEIS T, R Ak 15 T8 e 1Y) S 38
5 i AT PHEE NN

% 1 CNN-LSTMiEE!IS %

TR E 4R ey HH 4 W PR B SHE
LIPS 64x36x1 \ 0
ERZE 3264 ReLU 4672

LSTM/Z 64x1 \ 33024
EEREL 512x1 ReLU 33280
EERF2 256x% 1 ReLU 131328
RS 128x1 sigmoid 32896

WR
(NtxK)
a7 H A
(W)
WI
(NtxK)

& 2 CNN-LSTM H V84 484
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WRE S ERZ EERHESZ, HRNETIE
ERASHGIAT T, T B B T AR R 1
SRR, ARG G IR BRI TR AL AE B . B S 1R
Lambda/Z A1 T 70 g 5 50 R 11 530 50 R 48 T 2R I gt
ITHAETR, AR B i 2 A 3K (6) I Th R4 .
H TSRS 5 RIS AR, RIA 25 i
e R T B EE R A N (6)F 1 H AR
FORAT R IR EURE, FE IR RS, DRRILR
GUHAR . AW, SRR AN (R I LR 1
R Pgm A Smg, K SNR 1E AR A GBI N, #HE—
IR THES E R LLIX A 2 A e . e R R R HE R
A N s PR, TS P SINR e /IME
VENEBTE R, FTIRTFALIR A . N4
MRS SR e, Adam it tb 255 2% 250
BEATIEARTE B, IR S ) RO 4R 1
0.2, patienceN20~epoch, H/NFEIIHREA
5x10 7%,

3.2 HEEFEDH

IV 2 H Ik $ (Floating Point Operations
per Second, FLOPs) 77 flr #2 CNN-LST M4 2 )
TR BRIZM BIME AR 6 8 3 B 45
BUZ. LSTM/Z UL K A4 2 10 A1 1n) 5 & n) 4% 3
FRUGE . S ERLMBESH, BREARINGE A:
5 %193.75 x 105 FLOPs, 7£50,000 epoch %/
T, BELINGEERELN 108~10" FLOPs,
J& T AT Z M, EMARGPUN-&
RGeS -

TELEIN B AR I 5T R FE 3R 2F 7R A ELI A
RS ] Tigmts 7 %€, FridCNN-LSTM i £ L
TELRIERAMA . SECER LA B, (Gl —k
AT A 47 B AT 58 e P D A B 2E 1, 72 78 4290 i
YA ERFAE M R REFEUREE R T IR E. 5
MMSE kAL, 1 15 2% B Bl R 28 B 2k 1 1
K, MEEHTW AR EE, SRR
BN, By, HBIRLEEE TR A e i
BRI B TR L A R R, % T MMSE SHEfE

BRI (5 R AT R SR B S 1), R AR Y
FEVNZRFEA AT T A kD Bk RE, R
BFEFEG, &M TR TR se il 5 753

4 BENHPRTHEER

EZ WA LEATE RS H, BRIigwmis &L,
RGVERGE R BB T P i . (ERREH
123 LLORIED VB-S 2 X i it 45 4 43 240 7 i[85 H.
—HHER ARG P EE R E .
iX, W4 5 FEUX LR P il g, BIKARS
ARG M. #Xr ERE S, AR EEHT
LEO PRI HIE N P/ H kg, iEZR
K-meansHIEA AP IEFIMAUGH %

4.1 Z9%R K-means %

WY 2. 27 ) P E G EBEA, M i E
AEIE FH P R 20 o 1 ) v BE AR OG, S B
RS AR, HiE AR R R A, X5 RE
Bk o B8, Fik, ARE LR
K-means(CK-means) H 43 H 5%, 1E3#H £ DVB-
SoX A M A AR AL L, g5 AR L EFE
AR YE, X Pl AR TER G AL . 1%
FIERAR AL TR . BAGDIRUT:

(W WIGE: R Z W6 R IEAT RS (2 IR AL
WIGEW O HATIZAT), EHUCR PR &R ) 46

LS, DA ARK-means X #EH BUBF 5 FE N &)
P8 B DIC PR RS

(2) BB B S HE R B P B B
FOBK LR B A, 0 B B TE BB ATHrHE8. ol
T ) o 43T P 9 L T 8 0 £ 2
M, R R RS U0 5 (R AL P 2 4
EET S

(3) AR : AT P Lo X 2 P
FOSE RS R SIS0, 5240 K 4 e EL b
SRR BIR, MR E AL BB Gt
UL

(A)VEARTE . A P 4305 PR B8 95
frE, EELWEM(S), HEROI.

77 VA A SR SRR R AR 1 45

®2 KERREFIMBREEEELTEERE

w3 Y TR AR
Lin 20200 TE AL O((2N1 — 1)No)
Luo 202217 CNN-+ZEAR AL % O(NoN; + 2N¢8S)
Li 20251 LR AR ) O(NoTBNp)
Kt B FIHCNN+LSTM O (NoN; + 4Ny, (N, + Nx) + (2N — 1) No)

*No: GREMIHYEE: N;: BREMAGEE; S: SREFMERN: No: SEEEWMBYAEE, Nr: SEEEMALEE; Nx:
LSTMEZMIANYERE: Np: LSTMZERGEZELERE: No: SEMAE: T REFEFPE: BRWRFEE: Np: AiEHE
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2 % FxE

B 1 25RK-meansFl P 73 4H 5 % (CK-means)

&% 2 AFRAMMAUGH P HEEE(FA-MAUG)

BN HPMEESX = {21, 22, 2N, ) ABK, §H
MM
fndi: BINEEESG ={G1,02,, 0k}
1: WIE K AN ROEC = e1,¢2, -, cK }
2: Repeat
3 ITHEEEHIED = ||; — CkHZ € CMuxK 4 e {1,2,-+, Nu},
ke {172»7K}
4: ¥4 D Hos R ER B =R
5: for DGR, i, 1 € {1,2,, N}, k € {1,2,+, K} do
6: iff @ MARWSHC and |G| < M then
Gk <+ Gr U{zi}
7:  end if
8: end for

N 1
ggﬁm@:q¢fﬁaz;@K%VkegngQ

10: until O S CAH AL

11: returnig L R L EA G

HEER, ARV T 53 AL BE 5 by v ol 45 4 2
K, ARSI EHR AL TR SE R .
4.2 AFRE MAUG &%
MAUGHEEFE N B &R K
Gram-Schmidt IEAZ Lk 2 AR ik e ARRH P,
DA MU ZRLTE 4 F OO R BT e 4R A
ROTFIRF . AR, ZEIEAE R I BR B &
SR o BT A2, A2 ik 5 b 2
HAOBRRNA, SFEHERFIERE TR, ik
LZIFRAGOHFLE, SR —ME, KXo T
Sy LF X M BE B 52, FEREAT T oUE, infEk2
F7R o
BAR S, R EEGSY, B8 0A
TR XA, A2 PR oy 4 4 R T U [Al FL
AJ VLG H AR AME & P b iR 2R 2. 215 S 1E
B, FERRUSCME P T I A RO 2 IR A AFABL
ARG O, F PRI 2 T A R AR
TAAERC M . DAL, PR ESERHOBaE  A , HAE
T 30 BRI, B S B PR ) 4 47k 3 22 1) R 5
M. BT Bk, ASTEMAUGHEESN F 3l
NG 4 R P oy oLl B o, W —
B Bk AR P i RS E T R HEA, (S
ERMENLGH PS50 H, b5
BB PR 2 IR IER . BARD IR
(O)ARERMEH Pk : KA ZGram-Schmidt IE
TATRIEARR Y, HeRd TP M o
(2)FIARF AT XTI AF 4B P %
BIEEHT P, FRRGE 7. X T 41 P,

N DERGHN, HPHEN,, A%8K, gHAHA%M,
M EEREER; € CMXT 4 e {1,2,..., Ny}

Wtk RO AES G ={61,G2,, 0k}

1 YA RH PSS T =0, BRHAPES
U=1{1,2,Ny}

2: BB EHRRRA S

3:for i =1 to K do

4: for 5 € U do

- i9q
5: gj:hj—z . 294
6: end for
7. EBREAF: j* =argmax || g; |

8 I+ ZIU{j*}, U+ U~{j*},Gi«+ GiU{j*} g =g~
9: end for

10: 282 FRHF

11: K U R R G B a5 b e 5 HE

12: for i € U do

13: forj =1 to K do
14: if |G| < M thenit S5 i SARM ) T{5} RIFFRAEE

H .
o hzhes
Uj,5 = = 2 i
. Al
15: end if
16: end for

17 EEHRAHALEE B e 1 AL IR AT 20 1
J* = argmaxu j, G + G U {i}

18: end for

19: returnfp LR K ES G

THRHAEE S BAGEH P AR, P S
e 2 BEAT 701

RGN AR AN ) 2R 7 BO S, 1Bk
FELRUEAL A IEAZ PR [E I, 3 — B3 1 A
P, VRIS S T B S A
450
4.3 HEERESH

MAUGHIZERTHHEE IR NO (N NK + N K
log (NoK)), Hrp FEIFH R B B S 1 H A 7
Bi. FHERZ T, FA-MAUGIESM I T %542 H
PR BB 2R, IR E IO,
log(N,)) » CK-meansH VLM E IR ENO (NN K+
NuK log (NLK)), 43 mllxf B #F B 5 B T+ R 717 29 3R
A 7 BLd 2 . S BIEE R X LR 3w
FERMARUPAMRL B2 b, REHN, @)
K, BNEREREFRE. i, HHR I
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LEO Satellite Multi-beam Multicast Precoding and User Grouping
Joint Optimization Algorithm

GUO Lili FENG Yimeng YUAN Peihong GAO Yue
(Institute of Space Internet, Fudan University, Shanghai 200438, China)
Abstract:

Objective In 6G LEO communication, multicast precoding is utilized to mitigate the significant inter-beam
interference introduced by Full Frequency Reuse (FFR). However, traditional precoding algorithms are
hindered by cubic computational complexity, making them unsuitable for massive MIMO. Additionally, existing
user grouping strategies often fail to meet the fixed group size requirements of the DVB-S2X standard.
Therefore, a joint optimization scheme is developed to integrate a low-complexity unsupervised deep learning
model for precoding with improved user grouping algorithms to enhance sum rate and fairness.

Methods To address the precoding challenge, an unsupervised deep learning model based on a hybrid CNN-
LSTM architecture is proposed (Fig. 2). The Convolutional Neural Network (CNN) is utilized to extract spatial
features from the Channel State Information (CSI), while the Long Short-Term Memory (LSTM) network
captures their deep feature correlations. Unlike supervised learning, this model is trained by directly
maximizing the sum rate as the loss function, subject to the Per-Antenna Constraint (PAC). For user grouping,
two algorithms are developed to comply with the DVB-S2X standard. First, the CK-means algorithm is
introduced, which modifies the standard K-means to ensure an equal number of users in each group. Second,
FA-MAUG algorithm is proposed which prioritizes users with poor channel quality, thereby enhancing the
overall robustness and fairness of the grouping result.

Results and Discussions The intra-group similarity metric is employed to evaluate user grouping performance,
which indicate that the CK-means algorithm achieves a similarity score approximately 0.1 higher than the
MAUG algorithm and nearly 0.5 higher than random grouping across various group sizes (Fig. 3). This high

similarity translates directly into better beamforming gain. In terms of throughput, the sum rate of the CNN-
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LSTM precoding combined with CK-means grouping outperforms traditional MMSE across different SNRs and
total powers (Fig. 4, Fig. 5). The sum rate based on the proposed CNN-LSTM precoding scheme is on average
48.59% higher than that of the traditional MMSE algorithm and the gain of the CK-means algorithm compared
to random grouping reaches 30.12% under different SNR conditions. Additionally, we analyzed the effects of the
number of users per group, the number of groups, and the number of antennas on the system rate(Fig. 6,
Fig. 7, Fig. 8), verifying the performance of the model in systems of different scales. Additionally, the
complexity analysis confirms that the proposed precoding approach reduces the online overhead from the cubic
level of traditional MMSE to a linear level relative to the number of antennas, which is critical for real-time
deployment in massive MIMO satellite systems.

Conclusions This paper presents a joint optimization framework for LEO satellite multicast systems,
addressing the dual challenges of high computational complexity in precoding and lack of fairness in user
grouping. Simulation results demonstrate that the proposed solution significantly enhances the system sum
rate—by over 48.59% in typical SNR scenarios—compared to traditional methods. The approach provides a
robust and scalable solution for the coordinated management of multi-beam interference in future 6G satellite
communications. Future work will further explore the impact of hardware impairments and highly dynamic
channel conditions on the generalization capabilities of the proposed model.

Key words: LEO satellite communication; Multicast precoding; Unsupervised deep learning; User grouping; Per-

antenna constraint
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