3 4 Vol.3 No.4
2022 12 Space-Integrated-Ground Information Networks December 2022

OTFS

210003

BB R RAMFOCEORIO AT e 2, IRV TRl (5 O AR R G AB R AR R IEAZ s BRI
B DR o s A2 s s 5 1 S8y RS I (5 S A R, AR T TR . M WP g —, Sz Kt —
RIS . H, AR BIEE M TR RN, RIS T U L EE T AR T bR, FHEEEE
Tt WA TRAOTFSE AN TH A TR, &R RSB S AL, ARSI TE R
fREfhTh; BRSNS DR
TNO927+.2
A

doi: 10.11959/).issn.2096-8930.2022048

Overview of OTFS Based Channel Estimation Techniques
in LEO Satellite Communication

ZHAO Xinjie, LIU Ziwei, ZHANG Gengxin
College of Communication and Information Engineering, Nanjing University of Posts and Telecommunications,
Nanjing 210003, China

Abstract: With the development of science and technology and the continuous improvement of related technologies, low earth
orbit (LEO) satellite communication has become a hot technology that countries all over the world are chasing. The advantages of
orthogonal time frequency spacetechnology can well solve the signal transmission problem of broadband satellite ground link in
high moving speed scenarios, which is conducive to the unification of modulation waveforms between satellites and the ground,
and the realization of space-based integrated communication. However, its transmission performance is affected by the accuracy
of channel estimation, and the special modulation makes its channel estimation method different from the traditional technology,
so it needs to be studied. The existing mainstream OTFS channel estimation schemes are introduced, and the advantages and
disadvantages of each scheme were analyzed, which laied a foundation for subsequent research.

Keywords: channel estimation, orthogonal time frequency space, satellite communication

0 PV SR B SETR TR, A S R
&% (Low—Earth Orbit, LEO) DR AF L atmA  VERBEHARRIEENT
1%, FEHREE/IN . IS GRS ST A R e 2 IEZZ %S (Orthogonal Time Frequency Space,

SRS FRIEL TR . . s, M OTFS) HIE ARG — B e R . x5
THEB RS, DR 282 Rz she SR 21B HO TFSEOR, HAE MY 24N\ 2 5
PR ERS . [FIR, LEO DR dES R Me g ( Multiple Input Multiple Output, MIMO ) R ZF=K
IOTRAZ R AR FTREH I 242, S e E 2 5 RGBT, W T S sh RO TESAHLE IEAS

2022—-05-30; 2022-08-26

FE% AR R B E (No.62171234, No.U21A20450, No.61971440) 5 JLHATRTHT S AEARSERIT It £ 51 ( No.BK20192002)
Foundation Items: The National Natural Science Foundation of China (No. 62171234, No. U21A20450, No. 61971440), Jiangsu Province Basic Research Project
(No. BK20192002)



-102-

g (Orthogonal Frequency Division Multiplexing,
OFDM ) HATHE{RIPERE™ . EOTFSHT, BIAINIES
T b i AR, S AN TR 2 T
THEIER AR BE N MEERS, AR B SHEA
PN AR R 453851, BIOTES AJ AT 380 i 45
PR . DA, 7RV R 5 PO TR TR
TR,

RIAESELREHEE RIS BN Em, =
RAMERE © B OISR o AR AR A AR BOE
AR ., T B 5 HeRHAE E AR 2 5t o
e, BMFEAN Tt AR SA I LK AR A AT
LR BT R E ERSE R, IrbMEE M vHE
REMAF A B2 G C 2Rl 5 R A OMERR T Halio
S T LUIE o B B m A TR O R . AR
HON A F LRI O TRSHIAE A V1 A i A TAR AN

ISE

JON=H o

1 OTFS
OTESHIEIANEE—FZ HPHFIEA, H5OFDM
BARAEEVINIKR . HAZ ORI I — 25 i) — 4
S RIHRCE RS IC, TR G OFDMI T30 MR i et &
WS, M E—2 1 dias R RES A B s (S
BRI N Z RS R, B0 TRSRE RIS
HHG I TE BB (HX 2O TFSEIE T E1E
TR 2 — o N DR AR T4
VIR 1 SRS DR o — S BT S Xk, 1], TR
1 A % 2% W A e, S oA PR A L A
(Inverse Symplectic Finite Fourier Transform, ISFFT ) 15
FIIN ARG S Xn,m] o B DK, KGR

1 SISO-OTFS

R

T XTn,m], BB AT AR, 7 A
R HES s@t) o 1575 s(r) Wt BA 5 B0 65 0 rh o
B h(r,0) NICLRAE 1B, RIS r(e) IR
TIRALERE AT RS, BEATHEARS N, TFAER Al —3
A Yingm] o e, X Yn,m] BT AT R A EL
ﬁ%ﬁ% (Symplectic Finite Fourier Transform, SFFT) , ]/\J\g%
T IE—22 S Bk P BAKRE 55 k1" e FE B SRS
RS VA AT N e DR Xk, 1 TSR

k,

v

k=Y, ib[k’,z‘]l;[k',l']x[[k —k1,.[1-17,,1+vk,1]

(1
Hr, ;z[k',l']zh[k',l']eijzn%MliM, blk 17 {0, 1} 21 2 45
R WK IT=1 I, BRSO kR
WSk 1 OBR T IR Bk 1] - VKT~ CN(0,0%) #
LT BRI TS 20 o TN S e, [o]y A
(1) 53 BIZRRNFIBEMIE 5T
PLEES N ] (Simple Input Simple Output,
SISO ) Mfil, SISO-OTFESHHIfR A ZE I WE 1 Al

EPAEEA T OTESTRIM N, (Sl ity
E—BIROTFSEIE R SOGENE 2 —o RSO I
TSP B R FE A T 5 E L T IRAAS:
PR AP IT 5 IO A 15 A KA T IR 4 AR S
BT R A T 55 M p R E G T R TR R,
HA B He i R SIS (R T 5 S 47 T3t
AETLEE AN DU IR 4 M ST o AE T A SR BRI S
ORTEREEM L, it T eItk A E AL, H




OTFS -103-

P fEEfm
b, RSt

HI SRR 5 A 5 S R BT aniE 2o

21

SRS PE T — Rk T ST A FaE if TH 5
5, KPNFAIES SIS, Ao i — eVt il
B, A FPNFF AR FAFDCREE , I SE—25 )
EEEG—REEN G . N IEL N G R AT
the BARPEWTN . CHRKENNMSHTFI, Rk
5 S, (0 WESHFY, adEEs, BlomEs

R\ Zihiejz"v’“f”)SA (t—7,)+w(t) ®)
W HRAE TN, TR 45751
R[n]=R,((K+n)/B), n=0,---,N, -1 )

P E SURIA A SHIEC S R 2 TRV VR BCBE I w
FERE R S AU RO S A T A TR A E £

HESCBES A, QNI RN 25 BhI0ES o b, Sl ]
NRUS SRR T B B A T, it
I HE— 25 AR T T

FETPNFPA ARSI RO (5 A T RE AT AR RAR
I FIUERRE S T S RAF AR THERE, TR
TPNFAIREAREE, WAL SI NSRS ThRLL.
SR, ZELEIERE S PN A EADC, AT RN
PNFFAIA REPRIER O R A THAERATE , (BRI 78]
KESWRESIT R A ZAEMb T R k%
NOTESIIEE I HOI JE—2 B (R N AR,
= EEAROTESWUR S FE i e SAif0, h T DA
EREBEE, FPROTESIIZ I it — 25 his
RIEFAREN AL, HERANBRZ ISP, XS
BEHUT AN

2.2

N T AR T, RIHILER %R, &%
BR(710 48 T — MR N SR BUE Al Ty 56, i A i
FE—Z B O TESH RN TS S AR, S
TR IE— 2 I T A . R AT URO TESI S
WL RS BRSO E B a3 (a) Bros.

BB —H o s o, AT iRk
W, wEs (b) Frase. WM EEM TS 2 FiES S
WUk —AEE R AL, B 5 B BT A R Ak
T, MBS SRR R T I —AEER, BIAE
AFAER JE— 2 1 B I S Uk i L, 2515 TE i (B
e, AIRRMEEAERE, WA DA T ES R, 2
PPy . BTNy, AT EEMS T BT S R RA
W)

k1= Bl =1 Tk —k 1l =1 T, + vk, 7] )
Hf, kelo,N-111ell,0,+1]+

N-1 X X X X N-1 O O A A A O O

X X X X O O A A A O O

X X X X O O A A A O O

X x X X O O A A A O O

k, x x X x k| O a N A A O a

X X X X O O A | A A O O

X x X X O O N A A O O

1 X x X X 1 O O A A A O O

0 X X X X ol O O A oA A O O
0 U fy I, Lt M—1 0 bl A L™ M-1

(a) RS (A S, 0: TS, x: Zdifis)

3

(b) BATTS (O Bdlateill, A. (Fifhit)



-104- 3
) . i K {—1131 KA
bll-1]1= K, P SN E R
0, HoAth 2.3
il[[k—kp]N,l—lp]z kz Wik~ TK + K=k, EREHNIEY, hTEEPBOHATEE AR, 5

SEMLEL [k 11 ISR 5 x, BB S [k, 1] A 5K
AR IR o l;[l—lp]=1i§%§é’)ﬁ*%§ﬁﬁﬁ?ﬁ%%?’ﬂl—l})
MR . W LA N 2T BE R E vk, ST
kel0.N=111ell,0,+L11, AR, War—1]=1,
hlk =k 1yl =1 1= 30k, 0]/ x o FEp Y R MR 1,
A, A B[~ 1] = h{Tk —k ]yl =1 ]1=0.

RN Z S Eitg s, LB OTES
WP R PR TS B0, BEIE BT S O Soe, gD
FHIRERCE, /b s AT IR, HEN RS 5RE
BRS58UFs 2 M TPesim, Ritaess —Lk
W RIS MBS LH 4R . AEEOR
)R AT DA o 58 5 B R W 2 A AR 1, SR I
FE—Z IR AE TE ) S B ES B d v

FETHRN A I E AL TR 5 223530k 6]
B EMTE A A, iR S RN, BARS
ISR T . RINBE3I A K0, RIPTTS AT
29 08%, KM W4T RITT 0, SRFFS RS BUT
FEIEAES /N BIAER I (Long Term Evolution,
LTE) G F, SRS O TESI N 55 I 11
1%, AN, ZEWEMAT RS T OB, FHfiE 2
EEAL, MERASBT REL ML K&, R
i, &R EEREN, BN SR L ER
B, YSUUEEELL R, R ARk, —
SO ISR R B A R A R0E 0, S BUEE T
fefiide. S CR[TINBFREE LRI, W Z T EKES
WUEELEAE30 dBUA B, A BRI s A Al A

TEAEIN E—2 L S AR, {5 18 n] AR R
Mg st A5 A oF RS 3 oD AR 15 5 TEAG 1L,
I, 228 SCERIOI M B g A Ve f R H A, BT
TEOTESI RN FHRT ST AR, 2 1 5 T i
PR HUT S A T 5

2.3.1

SRR KRR MM R AR, W
FI DT L B G IE ARV RiEES ( Orthogonal Matching
Pursuit, OMP) [m]\ JE 45 SRAFVT L 1B (Compressive
Sampling Matching Pursuit, CoSaMP ) lHJ\ ] OEA VTR
Bl (generalized OMP, gOMP ) "5 SUEFIEOR 0
JRERSE ARk A A AN T O B ] S HE ) - ER O
AWTEFZEE S, BETA MG RS T 28
BARE] (BRI ARG HEfE ) , DR RS R
K A AE—fp A",

AN SR REAE R UCE R R S R AR T =TT
LR AFEN, T OMPERLIEAHL FAth DT AR FAT A
TR, MG S B PERE 5 HAth ST ARk
e, PR MOMPRIEHITRIE. OMPILIATEIER
WA, AW SR ZE AR DR B = G, Tk
(R M S R, PR P fe/ N R A T A B A 2 )
B, JFR A e R I I M R HE R R BT AR 2, TH
FRACCGE A R TPk R I X AR 22 e, 2 e AT
N GERM FE BRI, TS (i-1) GBI
ke SRR, wmseraR T, 3
WA RTIUN NIIE -, T S], B

A, =argmax |< X, ">

®)

B, IS HE SEMRIE S SBPAPRIGIN, HThIK P N ORA e/ NSk A v R s 1 )
M x T x T x x 1T x 1 x  x1 x1 <1y O ojo|lololo|lo|ol|o
x| x| x| x| x| x| x| x o|lo|lo|lolololololo
X x 0 0 0 0 0 x X O | O O ] O O O |
X X 0 0 0 0 0 X X O | ] O A A A O O
k, X X 0 0 A 0 o) X X k, (] O ol ] A A A O |
X X 0 0 0 0 0 X X O | [ O A A A O |
X X 0 0 0 0 0 X X O O O O O O O O O
1 X X X X X X X X X 1 O O O O O O O O O
0 X X X X X X X X X 0 O O O O O O O O O
0 1 L=l 1, Lyt M—1 0 L L=l Iy Ly H Lax M-1

(a) P (A SH, 0 BRYTTS, x: Bdifrs)

4

(b) BIGFS (O B, A. i)



OTFS -105-

h,=[(X,0)" X, o1 (X, )" ¥, ©)

Hrr, X, o HFEZORUES QTR 5 A
MBI, Y, PR S . AFFIEIN O fE
fHESE, RSB IOE R R E

rizyp_Xphw @)

TR SRR, HEEERNIEZ R THH
Ko DUETRLER L T EAL ME 0 i Mg B 1 g 45 1k
AR, R AR FAH R O £ 8 B A T Sk
(EREIRINE i
2.3.2

DUH-HE 458N ( Bayesian Compressed Sensing,
BCS) SIS H R4 R, 2 —Fhge MR
EoEmEE, BHARNEHRE . BCSHILKEE
BEFE—AEEYA S, BRI, ACE
SERIOBRE o2 i1 A DS AN R e DU K ERTEN IR v 3
o TR DR NG EIN SRR, SR oA
FERIMGLS S EA R AL, BCSHEE G EE™
B IIE O T, 58K AT LSS A 05 5 B AL o 4
BE, HN Mg s S MR T oTEERE, IRk £t
KT DU S ok s (5 i A e ™ . Bk
BN s s m s IRM I E N B S A, Ky
ZHiEHZE (hyper—parameter ) 284k, BMEEAE D
R TT R b RN IE R S 1. (RS Het
IRV R SHNEE 2 RS IS 2 )

h, =argmax p(h, | y,;0) (8)
Forp, b, PR SRR AT v DU 2 2 0ORA

p(h17,50) = (v, Ihw';c.lo)p(hw';a)

p(y,sa,a,)

B, TR SR ) FAARSR A 2 AT 22530k (9]

SRR (9] ok 1A AT ) R MO 2, Wb T
O M PHLTE AN DLM-JU7 He 206 S AN Y Mg 15 5 T AG SR 1Y)
VERE. (HELEERRNT, PIRERL IR AR S SR L % DDA
Ko YEMBRLLRARR, ETBCSHRSIHUTHHMME E G
TH SRR MEMREL R =, ST OMPIILS 45
TS E AL Ty SRR AR . ANF T M ERe LR an
ESETFA

©)

w

AR LAO TESfEE M TH T R AR Z 10
. BERB SN AR RO ST 4 . PO R )
U, (BRI T 2 T R s AR . 040, OTFS ALY
EIEA A IO T L O FD M AR Wik ik, 551k
R, BRI EE T SR A PR Tt

B e

10*2 L

10 5 L .
5 10 15 20
SNR/dB
;. —9— BCSHLL —©—OMPHLL —w— AR TS

5

2, KT HArE B K25 TSISO-OTFS £ 4%
1, PP EAMIMO-OTFSAZIEHE M 1T &
PIRFFE, AN, BUEIIOTESIS WA 177 2 2 502 4 a3
BRI, SR 5 LIS E S S
B, FEOE A R RO AR RN sl DA THG T
HERFIE

PAER, LEO IR 4y —IL R I AR
. IR, TREREEIAN . AHEREE . RBZE
s IS BT R (&m% . AR o KELLER
i) SRR T2 PR ASClE AT
LEO P Bl A5 IR0, 6k LR s A [m] [l 47 16
T AT THRE S, , 0 T & M7 R AR
B, N DREFEDS NNTOTESIIEBE ML Tk —
SRR T —E e S %

(1 BRIk SCTARPUT B S 0 A MR R A s ). r Tt
2, 2020, 36(6): 1-13.

CHEN S Z. Analysis of LEO satellite communication and suggestions
for its development strategy in China[J]. Telecommunications Science,
2020, 36(6): 1-13.

[2] MONK A, HADANI R, TSATSANIS M, et al. OTFS-orthogonal time
frequency space[J]. arXiv preprint arXiv:1608.02993, 2016.

[3] HADANIR, RAKIB S, MOLISCH AF, et al. Orthogonal Time Frequency
Space (OTFS) modulation for millimeter-wave communications
systems[C]//Proceedings of 2017 IEEE MTT-S International Microwave
Symposium. Piscataway: IEEE Press, 2017: 681-683.



-106-

(4]

(5]

(o]

(7]

(8]

(9]

(10]

[11]

[12]

HADANI R, RAKIB S, TSATSANIS M, et al. Orthogonal time
frequency space modulation[C]//Proceedings of 2017 IEEE Wireless
Communications and Networking Conference. Piscataway: IEEE
Press, 2017: 1-6.

RAVITEJA P, PHAN K T, JIN Q Y, et al. Low-complexity iterative
detection for orthogonal time frequency space modulation[C]//
Proceedings of 2018 IEEE Wireless Communications and Networking
Conference. Piscataway: IEEE Press, 2018: 1-6.

MURALI K R, CHOCKALINGAM A. On OTFS modulation for high-
Doppler fading channels[C]//Proceedings of 2018 Information Theory
and Applications Workshop (ITA). Piscataway: IEEE Press, 2018: 1-10.

RAVITEJA P, PHAN K T, HONG Y. Embedded pilot-aided channel
estimation for OTFS in delay—Doppler channels[J]. IEEE Transactions
on Vehicular Technology, 2019, 68(5): 4906-4917.

RAVITEJA P, PHAN K T, HONG Y, et al. Embedded delay-
Doppler channel estimation for orthogonal time frequency space
modulation[C]//Proceedings of 2018 IEEE 88th Vehicular Technology
Conference. Piscataway: IEEE Press, 2018: 1-5.

PRI DEOTFSH R AG R tHS (F S HED]. Jbat

JErERE Ry, 2021,

LI T S. Research on channel estimation and signal detection of
satellite OTFS communication system[D]. Beijing: Beijing Jiaotong
University, 2021.

SAHOO S K, MAKUR A. Signal recovery from random
measurements via extended orthogonal matching pursuit[J]. IEEE
Transactions on Signal Processing, 2015, 63(10): 2572-2581.

WANG J, KWON S, SHIM B. Generalized orthogonal matching
pursuit[J]. IEEE Transactions on Signal Processing, 2012, 60(12):
6202-6216.

NEEDELL D, TROPP J A. CoSaMP: Iterative signal recovery from

incomplete and inaccurate samples[J]. Applied and Computational

[13]

[14]

[15]

[16]

[

Harmonic Analysis, 2009, 26(3): 301-321.

KANG M, ALOUINI M S. Transmission of multiple description codes
over wireless channels using channel balancing[J]. IEEE Transactions
on Wireless Communications, 2005, 4(5): 2070-2075.

JI S, XUE Y, CARIN L. Bayesian compressive sensing[J]. IEEE
Transactions on Signal Processing, 2008, 56(6):2346-2356.

WIPF D P, RAO B D. Bayesian learning for sparse signal
reconstruction[C]//Proceedings of 2003 TEEE International Conference
on Acoustics, Speech, and Signal Processing, 2003. Proceedings.
(ICASSP '03). Piscataway: IEEE Press, 2003: VI-601.
JAYAPRAKASH A, CHEN H Z, XIAO P, et al. Analysis of candidate
waveforms for integrated satellite-terrestrial 5G systems[C]//
Proceedings of 2019 IEEE 2nd 5G World Forum (5GWF).
Piscataway: IEEE Press, 2019: 636-641.

(1998—) , B, FRtHBH R 515 A

I e e A== S W [l b7 g ME RSB 11K =INEsd |
'fglu»lx_xjé%%‘go

(1989-) , FRUMBHL K4 %%%EI&
ERRRIZENZ, FEPR AR D EEETNE
R, FEEAS e NS

(1967—) , B, FEHBH REE S5 R
TR, EEMT oS A S, T

FIlfES.



