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Abstract: In the Low Earth Orbit(LEO) scenario, beam hopping technology can flexibly allocate
system resources and is suitable for the scenario of uneven service distribution. Time Division Duplex
(TDD) mode has low requirements on the terminal and is conducive to the development of upstream and
downstream asymmetric services. Therefore, a resource allocation algorithm is proposed for low—orbit
satellite beam hopping based on TDD. Firstly, the resource allocation model of LEO reverse link
supporting beam hopping and Multifrequency—Time Division Multiple Access(MF-TDMA) is established
to minimize the time domain resource consumption in condition of satisfying the service requirements.
Secondly, considering the dynamic time-delay compensation of satellite and earth, a multi-level beam
hopping time slot architecture design is adopted to maximize the available time slot. The upstream and
downstream time slot switching model is established, and a beam hopping time slot scheduling
optimization method is proposed based on TDD. Simulation results show that compared with traditional
MF-TDMA resource allocation method or fixed multi—-beam splitting algorithm, the proposed algorithm
can effectively improve the time slot utilization and throughput of the system.

Keywords: Low Earth Orbit satellite network; beam hopping; resource allocation; Time Division

Duplex; Multifrequency—Time Division Multiple Access

B R s b S5 B & e, s shiE G RAAE O AW B M X . X, W, KX, LT
MRAERIBAE TR . DR RGN AGE G, fMaEk, viEds, AMAWESFEEZA, Syl
RIELBEFEWNEETBEZ —. KHUALEO) AR IER , WMAM, WBV/N, LEOEF RS v LI L2 R 587 7 A
i B 2023-12-28; 1&EIEHA: 2024-01-30
EEWB: FEE AW E S LI B H (2022YFB2902600); [F% HARR#HE G FBITTH (619012305 U21A20450)

"BI5EE: ik 2 zhangchen@njupt.edu.cn




436 KM Z RIS 58T B2 %2 %

AR5, X B MRS Shal 5 R AR kb T, R H AT TR A ARG E RS O 1) o Bk R AR A g b 4
LW A T ), BT Ay AR, B A e TR R SE AR IR, R P ARSI s s SR, R
ren TL AL B R RO SR R 45 e . T LEO & BRIV EH AZ R, TR R AEE O IR TR BB R T
LEO 5. W43 X T.(TDD) FI#i 43 X T.(Frequency Division Duplex, FDD)-2 Wi ffi A [7] i 8 T 97 2, Hirh TDD #i =
14 388 A XUl TR — 3 B, Rk R SR A TR — /N AR B b sg B R AT, A i R R 4 Oy R AT b, R — IR
2 BIVAT 9% W R R R AE L Wb T R R b T v B A Y R R, T A AR A R B FDD Y il £ X
T5 TARLEXS BRI, 5 o AN [6) g 000 B 4 Sl E AT 0 36 PN OB A, IR R Rk, —RIH T k3%, —alH
T, RPN B0 2N R BT, W R B AT R % RO 255K o AHES T FDD, TDD X AL 25 Al b 1 28 i
WA Y ECR AR BeAh, FDD ML b FATAE S nl s S e AE , i TDD A5 5 nf D i B ) &) 40 22 96 43 B b R AT
Bi, PR TDD B H A R T b R ATAEXS BRI 55, 8 55 38 BC b 2 A T e 114 5000 44 R BT 4 g DR IRC 2

FE SIS FECORWEGE 7 0, SCHR (3142 1 1 98 PR 25 5 2h A5 sl D R (9 LEO Bk I o4 A U7 58, ol 9 ISR 4R LA
AAE R, BB SRR HEAT B R T RS Pl 55, B R 5 BT Mk G S SE PR IRl SR [4] - S T R 2B Y
Bk e R Ry O ASEAY L Of R F R R US4 TR R G 0 R G A ik i . SCHER[S-6]43 B EE N T LA e
/N TR) 98T AL A B R AR A T M e S b R R B Bk B BRI RL , JF B TR Y Bk D R R O R . BUR
(SRR 7 A (£ N -8 - BT [ O N R A SR q N A Frts S B S e K 8 S S
A Tr 58, BT [RDIRT PR A0 R p A S D0 e, (H 05 B3 A XS B R L RS RS, ERTESRT
TG HE— 2L WFIE o SCHR[8]EF X 45 il 15 4 Bl 55 5 o Y 3% S 1l — R R G IR AL i Bk e i 2 it r %6 R
MEAL S, RS A BRI T . W E IR . RGE AR, X B B A R AT LA,
Dk R T DBl ke B[R] 25 (), SCHER[914R R T — R A A 2T MR AR 09 T vk O Bl AR R R A T — APl T
T3 FIE T B AR R R R 7 58 o SCHR (101 DA de /b TR B3R A - 2 I e o H bR, 7 SCHRFBR R B R 9 IR B R
BEUR A3 TC O AL SR | R SR RS o 2] RIIR B s Ak 2 ) VR A A A, AL T TR R S5 kR e i B R AR EC L W T
s A 0 A R B AT, ARG R T RGN A B A IR RCR, EHARE RS, M IIZRE K

A & T LEO Bl o 37 57 1 B 15 43 e 550 1 BIF 9 3 B2 A v 76 i ) 45 B8, % LEO Bk R J2 1) % 86 ¢ UL 43 T 1
FERARMEFE Sy I H A LEO Bkl sk 37 5 K Z R FDD ik, TR0y TAELEX FRIABL, AH T IF ) 1
TATAERT B 55 o b, A SCHR H — Fp 5L T TDD A9 Bk ik A B O AL HE AR 0k, B R R BB U B AT
TP BRI LS, DR R A e BB B bR, gy ) S 0 BB DDA B L [ BLA5 R W], [W] MF-TDMA (1
1 G B R Sk M E L A SCHR MR A0 B i KR Rk 20 T LEO Bk Ik A S 1) B G D R0 B R R, 4R TR R S IR
I 25 R A% G0 [ 2 0 SR s AR B, AR SCHR 9 3k T TDD ) LEO Bk % R % IR Ar e 7 6, fE R G A nk it
I U ) S R T Y R B

1 RgEE

i 1R, 55T TDD B LEO Bl ot LA R 40 % th LEO P . W&l vty o {5 G R P 28 i 20 A
BT[] 4% 4% 3% fi§ DVB-S2X(Digital Video Broadcasting—Satellite—Second Generation Extensions) F/p 18 112 57 £ ity Bk )i 7R
TAET 2 A5 2wl s B b 18 1 1549 & (Time Division Multiplexing, TDM) /7 /%1% 45 LEO W2, LEO 1 A iy Bk
A4 ] 25 K AN TR) A 0 e U 4 B R L A Dk R s J 1) B ¢ U] 3% 4 DVB-RCS(Digital Video Broadcasting—Return
Channel via Satellite) Jri "*"'4.  F /' 235538 52 MF-TDMA J7 X #: A LEO LA, LEO T ALK 505 15 I 1% 2% % b i 5
O 3ty 5 PN 2 i el R O SE B P ¢ i 2 T 1) TR A I o T I % BRI ) B B SR FH AN [RD ) 9 43 TG Bk O PR
BB, A TR B TAELE R — 4 B, Rl O iy o 5% B8 AR 2 1) i B8 1 B8k U0 B 9 B B R AN P 37 R AT B B A
T2 48— 78 Bk I o S8 10 oA (%) AN ) s ) B oA A7 Bk R I R AR . T B AT 55 AR X RR PR, T B R 2 T
R EFBR . T LEO M ghAsd:, b FATHRIREAWT Bk, AR DA P ACE AR BT, 517 2 A B e fh2 ,
2O Ol N 5 1612 o T T T S ol N il 50 e 7
1.1 A [ §% B%

£ FDD Al TDD X~ , LEO 19 2 Bk % o miy m) £ % ¥ 0] >k B 2% 3 TDM AL . R ot , 48 305 28 FDD B =AY
) 4% AR C R IR B0, 28 SCHR[1S], DL B 2243 B AR R, K B D0 A 8 0 oK ik )k D o RS B



5 W ARLIR%E: BT TOD R I EB B RF RS ERE 487

LEO

gateway

//’ \\:
! I
V‘% % a\ e B forvward time slot

. {” internet users :] reverse time slot
internet o g
[] guard interval

beam hopping time slot planning
resource I I I I |

r time slot resource

Fig.1 System model
K1 FRGe

1.2 REEg

LEO B i o I 160 4 e M\ 0 187 FH 90 35 #hy 2%, Bk o o X
06, T 2300 0 0555 M T R, B 1 o A 2 %%
FLSAIN 2 09560, 5532 FIF4E . MF-TDMA SR 135 4 i 4
HIGE At — A 20 AT, 4 05300 4 BOR [ B 48, 48 5
T A P AT I R 4, A TP A T 5 -
FHGE W98, I 2 R . %R o Ak P 2 0

A
IR R AR, B, AR SR ST Bk o R & A
S5 HLAL, (T MP-TDMA 2 345 A Jr 2%, 25 VA FE I 91— f .
SRR, R P P 9 26 9 2 TR R ; '

Fig.2 Structure of MF-TDMA

2 BEERNSEAR %12 MF-TDMA %5}
2.1 RGEEERE

TR 3 s, A SCHEAHR B SCHR (1519 H A D0 P 59 0 SRR I 1o Bk 0z SR B IF B, P AR 28 D e R A I
JeFE KA B 1) Bk e R BB, 25 R Bk OR R AT BRI AT g — 2R M B, IR REAT Bk R R AT I B HE A
etk .

/ \ / N
: | single carrier+TDM | \I ,’ | multi - carrier + MF- TDMA |
| | |
: : Lo —4 !
| L X | | riority maximum reverse
| forward | convex optimization algorithm || | P R ,y . X !
I link | | remaining time slot link !
| | |
: | | |
| | | |
\ i \ 1

| forward beam hopping reverse beam hopping
dwell time slot / \ dwell time slot /

____________ l -7 \\___________[___________

| architecture design of beam hopping time slot |

| arrangement optimization of beam hopping time slots based on TDD |

Fig.3 Design flow of system algorithm
K3 RGO



488 AR EEBRFERER H22H

2.2 MF-TDMA %5 ii /Bt B8 4 Bt

MF-TDMA 1 H Rij 5247 T2 ELIE R A 2 Al Fe i A2 P 28t 3L 72— R DA [ AR 3 . 248
MF-TDMA %% i 73 i 77 370K 22 LU AT 6 s A o FH 43 5 o FL R, ik e s T ) 20 v, i/ 7 — A BRiloR
JEJ 401 A e 55 S T RE 22 A 6L o 40K Bk IR 5 MF-TDMA AH 45 G, D05 45 30 DI B 2% g, e aod - B8 A9 00t/ i R
OrBCTT ik, RS I AL A0 B R E B I B AT RE D, AR — A B R S N RE AR 55 B B AL RO B 2, LA R
FH PR M 55 196 58 B R R e Y BT DR AR, AT R il IR R B U A TR B

AR SCHENT AR SR BCA IR AN AR pR B, T AR MR/ RS B AT R A R R B R, B v B R R
min(7,,—T,)= min(r?ea;( (N;0)-T,)

M n
s.t. EEx,;jgl

j=li=1

i (D
sz'xf.fSMyj
i=1

P iistpmax

Abe T, WP T SR ORI s 7 Sy 380 20 B 45 T P B RS R F IR0 (T 6 B 0) 5 NV, S 85 i AN TP AR 20 BE 9 0
ot o N EA RPN BRA I, o= T/NM) P T oW B )5 N AR B R, MO EA 8 RE S AR
ORI BRI 5y, SR 58 A BB AR T A |

L B8 et e A !
= 5 ox,; 2N A LT AR A 3

0, ﬁ/}irﬁ‘ﬁj ﬂi %ﬁ [JjFH calc_ulate the number
i 17 po /I\FHF ijﬁ e /I\ﬁ?ﬁ E{J HTJ_ ;?: of time slots required
W BN  x, = i RTRBRORIR by the user
0, S A 5 2 A B A it &
j’\] % F' ﬁ i 5 ¢ ﬂfl }ﬂ F' % % 3 P i‘] /I\ ﬁ /Ez é:}. @ﬂ H"J yj %E 5 carriers are assigned in descending order
P ﬂ\] % éJtLEE'i thjJ :%z according to the number of user time slots

A

1) #4E DVB-RCS A5, A HI 43 Be 21 i B Bt 2 3%
2k H b Z0AE Al — AN 3R R B, DLOBUNME A TP aS, ek
BB

2) A HFHEIEANNRBRAEREAREN, 84

Does the round allocation of
all carriers end?

ﬁ /EZ ﬁ% @Z 6} fic E"J H F‘ HTJ‘ Fﬁ A ﬁ% ﬁ it ﬁ {BZ E/‘J E'i jt Hﬂ‘ Fﬁz ﬁ 5 carriers with more time slots are preferentially

3) /l\ ﬁ /BZ {)ﬁ‘ JE T ﬁ:}’ EE El/‘] Ijj $ Z: ﬁlé ﬂ /ﬁ\: EE'Q j( yj $ , allocated according to number of time slots
B P 3R Ge AN 23 0 T 3R R -

B e S AT L 5 0 P P 1 A B P 6 R
B W Ry, Ry, - R, (kbps), W45 i i FH P 74 49 A 1) 0 35 oo
B -

Y
. R i T s
N;=ceil |: C, f:| (2 carrier with the smaller number is preferred

HRAE DVB-RCS ARife, T AT Iy ], 454> I B A T 4 N
& —~ ATM(Asynchronous Transfer Mode) i JG(cell), EFK/h Are all user time slots
j":l 53 ? jli“‘ E‘J %{ﬁ [18] allocated or are all carrier

time slots allocated?

AT TP R oy BRI B 2 IS, S A R
FE I B S TC 25 A9 RSN ] i 38008 o AN SO Y — OB Y
A B R —— I R R A B R AR S Bk (& 4

ZT'\‘) L BEEETRT . Fig.4 Flow charF of priority maxim‘um remaining time slot
. X P4 Hapm AR B R R R
1) K P B9 5 2 TE N it B 42 RN PP 1S, 4 . o

e MK
2) 5 P O UL 4K 5 D40 414 DRI B AM RO 20 1 5 R0, K2 I BRI 2 3



5 W ARLIR%E: BT TOD R I EB B RF RS ERE 489

B, VAL

3) MR B T — 205, WREAT R B A B, D4k SR i BB RN S B AR, 0
O3 e T 4 5 PR AN 22 B IR o O S O A IR R A A I BRUESOR ), UL A e T 2R U e S T /N IR A R U

4) TR BT R P B o B0 s T A A S R A L T, A RO
2.3 EF TDD K9 Bk i 3= B BR Z2 #4954t

WS FTR, ARSCRI—F 22 WA R BT, BBk I R L AT F s Bkl oo /i SCk 7100 %0, AR 4
DVB-S2 priff, 4 [RI45 &2 FH 0 5 R B B R 1 4 A% il f e AR i, AT 208 PR 52, DR O AR Sk B 4 4% D AR P AR AR
SRR AT B B o 2 R B AN R I P9 A FE Pl 5 T SR R TR AR A FH B B, o A Bk U8 o R P R 22 A D A7 1 ik D
TR B e R AT Bk R Rt . AU BT BRI AT R o 2 A BATH . N AT ROR I IR . AR U 47 9 AN [
V7 A D P A i e S R0 Pl 45 R B AT H R AT 4 2 A T AT BRI A R AT ER R AT 4 B
ZA TR ATHEBR, BE G U 7 P9 AS [R5 B P B e R 4

beam hopping period
cluster 1 beam beam beam beam beam
position 1 | position 2 position 3 position 4 - position N
beam hopping period
cluster 2 beam beam beam beam beam
Y position 1 | position2 | position 3 position 4 " position N
beam hopping period
beam beam beam beam beam
clusterm | sosition 1| position 2 position 3 position 4 position N
N
plink|  |downlink| uplink] ~  |downlink|
ATl time Pluwd  time AT time | ATww|  time
2 | slot| 2 slot 2 | slot| 2 slot
block] block block block
A Tmll.\ A Tmu.\
2 2
TX
slot1 Elot )
uplink
time slot
uplink time slot
[ — > block of beam
T .
o position 4

Fig.5 Up-and-down time slot architecture for beam hopping
Pl s Bkife ol bR AT B A

PR 6] B 1) 32 24 R A0 DR AT 5 N — AL 5 RSO e 2 55 — AL FIR S I, A R 098 7Y I ] 11 28 498 58 Jln
MOIHARAE, 2SR SRR AT, BIE 5 DA St g 1 0k 4 Wi T 8 A I I, L R A i ) 3 8 P RS Y
FISEE o 8 SO 18 S5 R AR i IR SO Sy« QB b R T o O 1 i 5 B TR i 0 ) M 2 T Y R A e
FEZE 5 o AT LIRS A A R A K IR A A R R R, G A i ) v DR AT

WP 6 7, b B AN EE 0 AN ) 52 B80T T2 i i 1T b S e TR ol 5 T0RE 22 () %) A% i B S RTINS B) 22 5% 0 1 T LEO 1Y
FEISE, BN ETE S AR, HT R R AR, SR TS AR A, R RCE .



490 KM Z RIS 58T B2 %2 %

e nrs;t S“;mh tme uplink switching interval the rth switch time
»
beam 1 ]
beam 2
beam N

| uplink
ir%tue?rgl time slot time slot

Fig.6 Ground terminals at different locations Fig.7 Upstream and downstream time slot switching for beam hopping

B 6 AR BTN Fl7 BEUE | F BRI
B — A B P AR R N o] LUIR % NS, 8 i(i=1,2.3, - N ) DA B BB Rl 23 oy EATHFN R ArEe, H W
B2 ) A I B R 20 A B R AR B A (Y — 2 5 AE B ATHRE R AT SR 4 R (= 1,2,3, - n) AN P AT A
BRECH N ATIBR RS AN AL N B A T I B  GE B AT 55 R T )

AT, (Liy=Lin)
(i, max) . @@.j) (i.0)
Top=Tox+ — +TS[( - 1)+N(iﬁj)} - s 3)
L;n—L;
(i, far) (i, near)
AT (i, max) = c (4)

AT AT, 0 AERT R ERT AL s 7, %R B E s N 050 6 /-0 G 50 4P P RO L,
o AL PRI 5 L, WO DR B B ¢
PSR 5 R 0 ORI 2 O R . A2 B U R s iy o oo™ )

2.4 E-F TDD B Bk i 3R it BEHE AR L 1K

ARAFBE A WAL N L AT I B 20 e i A2 i B A K IR, A PR IE AR [R] — BE R [R] A T A5 3 R A9 T 1] [+ 7
Bl ey, ASCR BTN AT B A SEAT 0L, R AT REML I R BN AT IR OR, R RS

WE 7 BroR,  EATUIGE] R R A 2 U b AT BT  2 [ f) I E] TR, AT D) 1] B R R 2 T AT IR DT 4 2
(1) F9 P05 00 ) o o T A D046 I R R e S e P R s X T S IL A5 L O S I AR, R A
1o I I ) 725 20 B8 A, A6 AR5 N (DB L 22 0 8L 2 SR R IFR] ,  R) RE 2 S BRSNS A% i v DB R T, 5 o T AR
B X TARSEES AL S5, A0SR R AR TR E P R RE 2 A R I — S AR I R], (E 0 RS o e o
JLASS, P AT RE 2 BN, U HOR A A5 0 i ) rh JE 3k SR BT A 5 BN A

iR, WEAAT, Ao SN RRELLTZME s, T SEEURE WA TS, ERH P AR,
WCEBE T, WARJESENE S, FIRE T, 00 10 ms; WAUZARSERNL %, AIRE T, H2 s,

TE SELEIP B2 A P AT . — UCOR-3 ] B A 22 73 T 224> AT I B I () O — Ok R AT B B .
THIKR A7k 55 B R AT g5 i, SR M BB A LR AT B OT e ML - K (R — i () B A A7
TATHS BRI G — BT 2 e, g R RS, G — U0 AT IR 2 OR8] R — DD 4 AT
KRB AT S5 B, LS e, s BT ATAEXS FRL 5 .

HENT LA A R LU A T B, B R /DA D0 45 v R O 47 ] B ) S L

max (W_ Nswilch Tgua.\'d ) (5)
Nicen
s.t. 2 (Tdown (l)+ Tup (i))+Nswitch Tguard < W (6)
i=1
N down, min < T down (l) < N down, max (7)
Nup,min < Tup (l)s Nup,max (8)
2Tguard+Tup(i)$Tn (9)
2Tguard+Tdown(i)<Tn (10)
Tguard:maX(AT}.max)’ .]: 1’27 .“?m (11)



5 W ARLIR%E: BT TOD R I EB B RF RS ERE 491

S W B R SRR R N FUTKE T JARAP BB 5 T () T, ) 43 30 0 51 U4 3
T BRI AR BTG 40 0 AT BRA: T, e S 2 I 0 AT YD WA s A7 B W R B s AT
Iy A P B A I

ZE T3

1) B IV A ARG b I B85 52 0 60 5 0 A A a0 e 30

2) 5 — Y GI T P S0B3R4 6P 7 R B N /T AT, 7S A e A B o
sk A SR

3) b T AT G140 1 R A BT, 7 (R 4 0 S R T, SR/ TR 7 5 o i

4y B 1T AT Y (4 0 B A AT U o 0 K (B A

Sy s AL O A IR, U e 45 0 BB b A B IO R 2 1 S o 4 IR B A 24
A A 45 D 9 /I 8 4 43 T BRI OS2 B, R AR IR IO 12 (R 56 56 B AR RO L 73 0 i
05 B U SRR 350 0 B B D) LB SR — A A0 SR ¢ B S B AL 4 TR BB min (T, ), B B
FUAG 25 4 BOR BRI AT BT, PSR BRI 2, L 28 40 BOA MR max (T, )5 U B 51 10 B AT
B LR PR30, L 9 L 2 D 1 53 B B0 43 B M SE AT I B AV . ROk B R AT R — i &
43 7 BRI AT 4 T OUAE R — VI B T L S O AT 60 L A O B, SRR ik
AT B AN, LA

P8 R, PR MR AE

S KR B A A P B LT BT ATl G SR S T 160 B R I e R 0
53590 A T T B R B R 2 1 0 R R

S AR TR AT, P 0 O ) PR A B TR B B A A

S 3 ¢ R B R 1] 1R 350 T B 4 R R, T B R P R R

ST 4. AT I B DA (T 06 T A B R O R A I R b A B SR R

FEHES SR P ah A I AN IR, O LA A I 4 T 0 o
RAZL, {2 B AR I RTHE T, Bk FAR B8
YRS AE4PEL T — B i R AT R AT B2 S, e o o e O
OV SE BRI B, O EAT BT AR BRI B, PRI B E AT i
HIBRE FASREBOPRC, VLIS ]
SR 6 1B A I R 4 43 5 P 8 PRl 55 Sscerditg s g et
B AT, WSS HRA L AW, REIEER 4, ¢
3 MEESHESH beampononsi et
He W S i 5 1k 17 3 T TDD 9 Bk R BR A S L !
%1% . LA STARLINK 2 3 19 6 4 %0 A 56 2 4000 {5 2 5 e [
B, BEREGTEUE B, BE Matlab 355 BT 4, 64 TR B i

D7 AR R B BRI AR B, e M LA SR AT 0 #r
W9 Fr7w , AL E B il 55 Bk 02 R 38l i 545

allocate protection time slots

LAl 45 4 I 43 A5 R 450, R AT 45 B K T ATl 45 | -
P IR 5 B Ge it B, B B R AT AR X AR 55 i B VB g N

AL STl 55 B8, A S AR SO R 20 P i ok 55 A o
hy 8 UE A SC AR H A B A R A I B e Sk Y ROCR 4y
VIS N R SUPANIVAS S HE= 31 LIk 0185 SN LIPS N5

Are all the time slots allocated

B AR B R ] A — AR AT B/ B e, SR or all the beam positions

services satisfied?

B 10~12 Fi .

M 10 AT U, A% 58 89 B R 1 U I 330 12 DL /M 3
BB A, B A W R T REZ B9 P ERR, {E
S [0 O S = 3 R Y N U 1 e o £ I D X o O V- A€ Fig.8 Process of time slot arrangement
Bk e ARG BRI BRECIR O 5 L 18 1 9 AR R B R S Bk I8 BB




492 AR EEBRFERER H22H

HRIPBC T — 7 BT IE B, (EL AR A 28 D A IR B 0 A R A, AR T R U L BT, X O B A A B e o A
BEA BTk J5 220 23 ISR AT B A A R A R TR 12 D AR SCHR A 3R R KR AR N L SRk
O Ve ) S 1 A R B R — 2 A, A 2 TP 20 TC IR B I 25 0 T A G 2 A T R A B B, O Se ik %
24 7R 4 I B 22 ) 0, I T R DR /N I O3 TR M A I B R, T A I R R A T, DL T Bk A
BIN R 55 BE 2 BEr, 42 v BT IR AR T

#£1 FEGEHSH 70

Tablel Main simulation parameters ‘§ Zz
simulation parameters value % 64 !l A |
height/km 550 i @ i | A1 , I 111 10 ’
uplink frequency/GHz 14.2 ER 1 TRl id| l
downlink frequency/GHz 14.2 E 58 ' J |
total system bandwidth/MHz 250 —§ 56
satellite transmitting gain/dBi 75 T 1 1 1 1
satellite receive gain/dBi 42.9 0 50 beaig(}))osition numberinglso 200
user transmitting gain/dBi 342 2 1200
user receive gain/dBi 30 % 1000
satellite transmitting power/dBW 20 E 300 l L ‘ ls I | (
user transmitting power/dBW 32 z I [ltel |
subcarrier bandwidth/MHz 2.5 E or | | i i
time slot number/carrier 128 :; 400 = | l i |
beam number 32 é 200 =
frame length of the reverse link/ms 24 B 1 1 1 1
unit time slot length/ms 1 0 50 100 150 200
total number of time slots 512 beamgosition pumbering
noise temperature/K 300 Fig.9 Upstream and downstream traffic of each beam position
beam radius/km 25 B9 A bRl

XiF AN () Bk ke SR SR B0 55 AT R G0 0 L, RS Bk U0 SR B PN A ke 67 ol 55 T 2 B AIL AR B, O R T R
FE 6 R0 FH BB K T 4 A5 0 R R AR A 2 N b AT Bk R B B B . SR F ¥ N - a) Wil 1A B %R A AL
e, R BE B R AR SCHE A 3 e K AR i BR A e T R B — R R SCHRE R I Sh A i BRHEAR k5 b) BT
T 45 SR I DR AR SR, R ) R N SRR R B D L IR B — R AT [ B R R 5 o) e R A
R, S R AR G R B UGE N B, R G — AT e B HEA . a3 TR, R TR IR AZ B
R, WATFEAT R LR 3R A AE O B R] Y AT S4B B R R 53000 0.886 8. 0.728 1. 0.683 1. 3 FPIEIL AT BT
FIFH R ARIREN 1, EA SCH 2 0 i B R S B 0 £ 1 55 A 2 Ry i o 3k 2 PR Ol AR S0 vk A I T % O R 43 T 1
DU AT BRIk /D i BRGE UR T AE N B bR 5 b N ATHEBRGE — il ad Sh A BE PR BR A FO AR U, sh A ECEEA AR R
TATEF B, AT R D YT B, A Bk IR A B P T T G AR B BR AR D GE T Ak 55 R B A i s

100 100 P
90| 90 [§
80 - 80
70 | 7
60 |- 60
g 5o g
40| 4

30
20 Ee—
10
: : s E [, | 1 1 [
0 20 40 60 80 100 120 0 20 40 60 80 100 120
slot slot
Fig.10 First—fit decreasing Fig.11 Fair polling
10 [ B UCGE B ERNASS 37|

B LRI E R SEREEE LW R DERNAE R BT, S5R WK 14R. ATUER, 754
PR AR AN, ASCHE R EAR RN R E A E BT A3 FAR. RN ERBNN RS A
W, BB 3RS BT R G A ki L 2 R Y R A R R T 29 93.41% . 80.92% . 76.38%, M
AR SO RAT BT R G A i i SCE 53 AR PR RTE o AR = T 29 9.66% . 6.91% . 33X & R Ry AH G E Gt i
ZWH, B R B R T IE N Tk 55 A AN AT s HUAS SCHR B R B BRI AR R P W SR TR R



5 W ARLIR%E: BT TOD R I EB B RF RS ERE 493

WA TSR B, B A B DR 00 P R 2 100
A E AT R 2 0 S A B R "
VIB YR, BORALAT I, $205 T Rt i o
4 iR 5

AISCHFGE T 3T TDD 9 LEO Bk i 5 % U5 45 e o) B, o 45

B XF 2 15 B B 5 B, % JH B B SRR MP-TDMA Al 4 4 10 77 e

S, gk AR HCE B IR H— FE T T TDD BLR B N

R B R R BB I, G SO A, Ak S T
O TR A I 026 5 - Y 80 4 B T e
e B USROS B RO KA T B B

TRAIR B, fRw T BTIRA AR R, AR SCHRE A 3l A& i Bt

WS 77 % BB AT R M s A U0 Ok B, gl 2 0 A D0 T BEAY R AT B, 7 Bkl SR SR S DN BT B DR A B
A BIE TR A 5 A AR S, R T R R .

0.95
0.90 F /\/\_M—/ 1.6 F N
_08s — 14k
£ &
=
g 0.80 - =
= S 12F
2075 X
S E/E\E__E/B—E\Eya—a/a\sfa—-a’a—g\u s
) 210k
2 0.70 | £
£ h oD
0.65 é 08 WPH_W*—\
T i T affic demands
| [—e— convex optimization+algorithm proposed in this paper —p==ir : .
0.60 —#&— convex optimization-+fair polling+fixed slot arrangement 0.6 _Q_ﬁxct? mulll_—bcvml:ch:alll/al!:)]n d in thi
—4A— convex optimization+first-fit ing+fixed slot ar . =—6—=convexiopimizatior A gon Mo proposed h thisipaper
0.55 1 1 1 1 1 —8— convex op&!mgzzn!omrff_alr p{_)lldngr fixed si‘ol admingemcm
@ —&A— convex optimization+first-fit decreasing+fixed slot arrangement
0 2 4 6 8 10 12 14 16 PR T

- 0 2 4 6 8 10 12 14 16
h o cycl
BramEHompseles beam hopping cycles

Fig.13 Comparison of time slot utilization

Fig.14 Comparison of throughput
13 BRI L ¢ P e

[ 14 FFnk By lE

SE Lk
[1] ROSSI T,SANCTIS M D, CIANCA E,et al. Future space—based communications infrastructures based on high throughput

[5]

satellites and software defined networking[C]// 2015 IEEE International Symposium on Systems Engineering(ISSE). Rome,ltaly:
TEEE, 2015:332-337. doi:10.1109/SysEng.2015.7302778.

ZHAO Qi,HU Yiqing, PANG Zhenyu, et al. Beam hopping for LEO satellite: challenges and opportunities[C]// 2021 IEEE the 29th
International Conference on Network Protocols(ICNP). Lanzhou,China:IEEE, 2022:319-324. doi:10.1109/CoST57098. 2022.00072.
X, UG, 2 SR VT 55 AR T 0 29 T B0 R P B RO PE B3 (0], R BB B R 24, 2020,37(6):805-813. (LIU
Wanying,XIA Shiyi,JIANG Quanjiang,et al. Resource scheduling algorithm based on beam hopping in LEO satellite networks[J].
Journal of University of Chinese Academy of Sciences, 2020,37(6):805-813.)

ALEGRE R,ALAGHA N,CASTRO M A V. Heuristic algorithms for flexible resource allocation in beam hopping multi—beam
satellite systems[C]// The 29th AIAA International Communications Satellite Systems Conference(ICSSC-2011). Nara, Japan:
American Institute of Aeronautics and Astronautics, 2011:8001. doi:10.2514/6.2011-8001.

ALEGRE G R,ALAGHA N,VAZQUEZ C M A. Offered capacity optimization mechanisms for multi—beam satellite systems[C]/
2012 IEEE International Conference on Communications. Ottawa ON, Canada: IEEE, 2012: 3180-3184. doi: 10.1109/ICC.
2012.6364414.

LEI J, VAZQUEZ C M A. Frequency and time—space duality study for multibeam satellite communications[C]// TEEE
International Conference on Communications. Cape Town,South Africa:IEEE, 2010:1-5. do0i:10.1109/1CC.2010.5502522.
W, AR B AR L SR T A i A O Bkl R R R AR R [D]. THARIPL TR, 2020,46(4):169-176. (WANG Yaxin,
BIAN Dongming, HU Jing,et al. Full bandwidth beam hopping pattern optimization method based on clustering[J]. Computer
Engineering, 2020,46(4):169-176.) doi:10.19678/}.issn.1000-3428.0055179.



494 A zEMFERTERER %22 %
(87 7,52 00 WL T F . 006 2 Dt A 7 0 A T B o PR 8 50 PR 0). PR K7 AR BR ), 2021,41(3):

[9]

[10]

(1]

[12]

[13]

[14]

[16]
[17]

[18]

[19]

[20]

(21]

1-8. (ZHANG Chen, PENG Mingyang, ZHANG Gengxin. Research on high throughput satellite beam hopping pattern design
based on joint optimization[J]. Journal of Nanjing University of Posts and Telecommunications(Natural Science Edition), 2021,
41(3):1-8.) doi:10.14132/j.cnki.1673-5439.2021.03.001.

LEI Lei,EVA L,YUAN Yaxiong,et al. Deep learning for beam hopping in multibeam satellite systems[C]// 2020 IEEE the 91st
Vehicular Technology Conference. Antwerp,Belgium:IEEE, 2020:1-5. doi:10.1109/VTC2020-Spring48590.2020.9128905.
R, R HH P B i 77 55 . B T IE RS TR B aiR Ab 7 ~1 I TL R B IR R W U540 I U7 2R (0] T 515 B4k, 2023,45(2):407-
417. (CHEN Qianbin, MA Shiqing, DUAN Ruiji, et al. A novel beam hopping resource allocation scheme of low earth orbit
satellite based on transfer deep reinforcement learning[J]. Journal of Electronics and Information Technology, 2023,45(2):407-
417.) doi:10.11999/JEIT211457.

European Telecommunications Standards Institute, European Broadcasting Union. Digital Video Broadcasting(DVB) second
generation framing structure,channel coding and modulation systems for broadcasting, interactive services,news gathering and
other broadband satellite applications part 1:DVB-S2:ETSI EN 302 307-1 V1.4.1[S]. 2014.

European Telecommunications Standards Institute, European Broadcasting Union. Digital video broadcasting(DVB) second
generation framing structure,channel coding and modulation systems for broadcasting, interactive services,news gathering and
other broadband satellite applications part 2:DVB-S2 extension:ETSI EN 302 307-2 V1.2.1[S]. 2020.

European Radiocommunication Association,European Broadcasting Union. Digital Video Broadcasting(DVB):interaction channel
for satellite distribution systems:ETSI EN 301 790 V1.5.1[S]. 2009.

European Telecommunications Standards Institute. Digital Video Broadcasting(DVB) second generation DVB interactive
satellite system(DVB-RCS2) part 2:lower layers for satellite standard:ETSI EN 301 545-2[S]. 2017.

FEERTF AT e AR LA R Wh I RORIR A B 25 [J]. B sl [, 2019,43(5):21-26. (TANG Jingyu, LI Guangxia, BIAN
Dongming.et al. Review on resource allocation for beam—hopping satellite[J]. Mobile Communication, 2019,43(5):21-26.) doi:10.
3969/j.issn.1006—-1010.2019.05.004.

PARK J M,SAVAGAONKAR E,EDWIN K P,et al. Allocation of QoS connections in MF-TDMA satellite systems:a two—phase
approach[J]. IEEE Transactions on Vehicular Technology, 2004,54(1):177-190. doi:10.1109/TVT.2004.838836.

JOHNSON D S. Near—optimal bin packing algorithms[D]. Massachusetts:Institute of Technology, 1973.

23 M DRORE, W 2 TR BN A9 S DVB-RCS TR B AR I B & 70 Bl 77 S 5E (0], L7 515 B 244, 2008,30(3):
607-611. (LI Dou,JI Binghui, WANG Feng,et al. The dynamic allocation of broadband DVB-RCS satellite access channel based
on chaotic prediction[J]. Journal of Electronics and Information Technology, 2008,30(3):607-611.)

TRIGEIHE, 2R VY AT AL A5 . BT TDD KLU CDMA LR A5 &7 AT FE[CL/ 2010 4R A5 Be S5 15 S AL Flog R AR 2 dbat:
18 48 B AL, 2010:139-145. (XU Xiaoyan, LUAN Xi,REN Shubo,et al. Research on transmission scheme of CDMA satellite
communications system based on time division duplexing[C]// 2010 Communication Theory and Signal Processing Annual
Conference. Beijing:Peking University Press, 2010:139-145.)

PRI . —Fbod T TR E S TDMA (A i TR S BT AL 45 77 (0] AL, 2019,10(6):450-453. (CHENG Cheng. Mixed
duplex transmission method based on satellite communication TDMA[J]. Modern Navigation, 2019,10(6):450-453.) doi:10.3969/
j.issn.1674-7976.2019.06.015.

PORTILLOA I D,CAMERONB B G,CRAWLEYC E F,et al. Telesat, One Web } SpaceX =4 BR 557 K81 T2 B RS0
AN ()], B2 5K, 2019(7):48-61. (PORTILLOA I D,CAMERONB B G,CRAWLEYC E F,et al. Technical comparison
of Telesat,One Web and SpaceX global wideband low—orbit satellite constellation systems[J]. Satellite & Network, 2019(7): 48-61.)

EE R IT:

=R (2000-), 2, FEELM-LAFRA:, FEHRT ik R(1985-), B, MWL, S TREIM, ZEUR
] Ay T3 {5 .email: 1221014240@njupt.edu.cn. J7 1) R — R AL R 45 T3 B2 R 4 i

EE(1967-), B, W, #HE, HLAS0m, E
FFGE T ) Kb — R fb 4% . TR .



