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Abstract: In the Multiple Input Multiple Output Orthogonal Time Frequency Space (MIMO-OTFS)
underwater acoustic communication system, MIMO-OTFS communication based on the Message Passing (MP)
algorithm have problems with high computational complexity, which may increase equipment costs in practical
applications. To solve this problem, an MIMO-OTFS equalization algorithm based on two-dimensional Virtual
Time Reversal Mirror (VTRM) is proposed, which uses the time-frequency-space focusing characteristics of
VTRM to effectively improve the equalization performance. The channel estimation is performed using the
Improved two-dimensional Proportional Normalized Least Mean Square (IPNLMS) algorithm, which utilizes
the sparse characteristics of the time-delay Doppler domain channel to improve convergence speed at a lower
computational complexity. Finally, residual inter-symbol interference is eliminated and system performance is
further improved through the use of the two-dimensional adaptive decision feedback equalization algorithm.
The simulation results demonstrate the feasibility of the proposed equalization algorithm, and show that it has
lower complexity than the MP algorithm while ensuring the same performance.

Key words: Underwater acoustic communication; Orthogonal Time-Frequency-Space (OTFS) modulation;
Virtual Time Reversal Mirror (VTRM); Multiple Input Multiple Output (MIMO)

Vol. 46No. 1
Jan. 2024

IKFERTE BA RIS A FEY R, 258
RONL™ L AT AT BRAERT AL A2 H TRk

WA EH: 2023-03-21; SEIHH: 2023-00-05; ML HfR: 2023-09-11
MEEEE: HEHE 211110304102@stu.just.edu.cn

HETH: ERARBIEEE(52071164), THEMRARWF 5L
BT RI(KYCX233908)

Foundation Items: The National Natural Science Foundation of
China (52071164), The Postgraduate Research & Practice Innova-
tion Program of Jiangsu Province (KYCX23 3908)

5= M & EE 2 —, B4 2 M (Orthogonal

Frequency Division Multiplexing, OFDM )$i A [A]
HAARFMPZ AR, MAEKERETRE T
[Tz B R 8L B AR BN R S BL B X B
LT, OFDMEAR 2252 2| %% (8 F# (Inter
Carrier Interference, ICI) i FFK R G RE.

N T R BRI 28 R A2 51 RS ROICT,  SCHR (8] 42
T AR 2 4 ) BOR BRIV IE AZ I A 3
(Orthogonal Time-Frequency-Space, OTFS) , 1%
BRI AZ O SRR o ) i 0 8080 1 5 5 21— A


http://radars.ie.ac.cn/CN/10.11999/JEIT230183
mailto:211110304102@stu.just.edu.cn

84 B 7 5

& B

B ok 546 %

i 4iE- % 3% #)) (Delay-Doppler, DDA, FF]H ¢
A PR AH B 3 AF #: (Inverse Symplectic Finite
Fourier Transform, ISFFT)¥ H 4™ &2 215 /> i A
(Time-Frequency, TF)R W, [ 5 TFE N FEHE
ST Z Bl BRI, A AR
B S ERN AR EE 2B F SRR, AN
fEvERE IR B LR OTFSTER AR5 38 T 7] LA
SRAFHLOFDM B Uy i Mgl 12 SCHR [13) EAB 13t 82
WEERES S BT, =t 7 —MRE R ER
H B A% 18 (Message Passing, MP) Kl &%, ZHE
AL R B — PR H] 7 OTFSIN AR EE IR B -
SCHR[14] 42 T BT DR ] RS KRR P (Markov
Chain Monte Carlo, MCMC) ARKOTFS{E £
ML, ZEVERWIRIE R R IR R IR = 2
R SRR . SCHR[15] BRI TR T
24 W B H] [ %% (Two Dimensional Passive Time
Reversal, 2D-PTR)JOTFSI M A, % Rk
DU B A% FE 3R AS R (1 B

5—7J7M, OTFSHARBES ZH AL i
(Multiple-Input Multiple-Output, MIMO)$ A AH
g, Mt — B m Ak s 0, 9 7
MIMO-OTFSH #Gitthe, WML ZEA & 0E
TH P16 AN B AS I 59 . Ramachandran®s A 1O
78 T MIMO-OTFS R 4t IIMPEWHL, i WHLAE
1 2 % B AL 1K 3 5 vh R SR IR R B R R A R A
k. SCHR[17]7E2x2MMIMO-OTFS A4 T, il
TARE 4 E 118 % (Zero-Forcing, ZF ) B SHL AT i
/N5 1% 2 (Minimum Mean Square Error, MMSE)
B, FESCHR[17]H, A5 T8 FE R LG PR A6 B
DAL e B WSO LR T DB R A e Mo, BRAIG T 2Rtk
BEORITHR SRR . 72 B3R soikedr, MPRIMCMC
R E T AR A RoR, T2 2 ALK
R MAAELIES A, E5HZF A
MMSEJ5 ik K BIFEFERIEIZ 5, EMIMO R4t
H, HEIRIE A R VLECE 1 2 B A8
K, SRR AHEDRIIO (N M) RO (NINOMP),
Hp N 2ERHIEE, MANSSZOTFS &4 H
I R e 2 B s e, i — 5w, T2
RSN 22 B B R NAE 7K A T T O R, MIMO-
OTFS &L MAMNKIHUE 2R K, TERTHRK
LA MR K2 H P, NI 2a FL i Bt
P EPNE7 g

AT BAEMIMO-OTFS R GBS HLIN 4412,
AR — B T 24E K AU W] S B 85 (Two Di-
mensional Virtual Time Reversal Mirror, 2D-

VTRM)MIMO-OTFS#til. 2D-VTRMH) 4k

HERADDI F AT, SEAKMVIRMAERL, %
FAR SB[ B —AE T Ik h 58 (6) R B 24EQ o

o VIRMEARFEDHEIERSER, KE*f
MIMO-OTFSIHMZIE A5t ) /1, A5 N7 RT

24k £ /N7 (Two-Dimensional Least Mean
Square, TDLMS) PO Sidt (124 bt 51 V3 — 4 fe /N850 7
(Two-Dimensional Improved Proportional Nor-
malized Least Mean Square, TDIPNLMS) % i%.
RN, SR 24 HEIE & WA R S A5 i 4 (Two-
Dimensional Decision Feedback Equalization, 2D-
DFE)?'iHER2D-VTRM AL B j5 5% 4% (055 18] &5 3
(Inter-Symbol Interference, IST). #JafEdE T4ttt
AR EAEE R IRIE | TR S e
2 REGIRE

2.1 SISO-OTFSHRLitRA!

B N LT H IR AZ I 4914 (Single Input Single
Output Orthogonal Time Frequency Space, SISO-
OTFS) R B HE B W 17

B, KBS B R B M x N AN TE AR
Wl (Quadrature Amplitude Modulation,
QAM)TF5, PR M x NAFF 5 JRCE1E LKL A B
T (s) RSEREBRAS = 1T, (Ha) 39 3 5 & 4 B

N B l k
L 1

1
=0,1,M—1, k=01, N—13F—— @
l 07’ ) 7k 07’ b Af$

§iﬁ%%wﬁmﬁz%@mmﬁ%$0

it 4445 21 i XOD HE AT B9 SIS FF TR 2 45
55 XFT, ISFFTHIEIER A

X = Fll XPPFy (1)

Hrp, Fll e CMXMAIFy € CV*N HRJ2 i B A5
HERE

PS5 X T TR A e, Hodg, (1)
ARk ETEL A, AR & R A, R AR e
H IR Ay B HUE B 1 A8 4 (Inverse Finite Fourier
Transform, IFFT), FiAAN

xT = pll xtT (2)

iR T, R XTI ATEA AT (Cye-
lic Prefix, CP), Fik:XA
XCP _ ACPXT (3)
Hp, AP ¢ C(M+New)xM g — A CP i AR B,
Nep ZCPIIKSE, &5 XOP gHAT [ =4kt 15 3
T SISO-OTFS & G MUK S5 =, BT

T :vec{XCP} (4)



14 *

A IR LK R 22N 2 B Y IE AZ I 1 1

{EITER I 85

SISO-OTFS & 4t i JE i 2 i £

LMK _ER]

L-1
Uk = Y hrazios+vp
1=0
Hor, g AR 2SS, hey RS
NI RN RN ZI R ETE L, o R H R
PR 2 B AL A5 s o IR
FERNURIEIE T )5, B RS 53T 4 962
e, ARRIFEY P € COMHNer) N
YCP
RJETZERCP
yT
CMx(M+Nep)

(5)

= invec {y} (6)
_ RCPyCP (7)
Hep, R e E—ANCPERMERE, <
JE AT HERG AN AT, RO BERBUbK o R T ik, 4
& 478 R A A B i B A2 6 (Finite Fourier

Transform, FFT), BL43 2005 SY ™, Rik
B2
Y™ =Fy,Y" (8)

A AT B HICEAT PR A2 (Symplectic

AR
U BURES

QAM
i f1)

fiti

Finite Fourier Transform, SFFT), 1§#DD(5
BEf5YPP, RixAHN
YPP = FRY T Fy (9)

2.2 MIMO-OTFSZ 15!

MIMO-OTFS &R G R ME K an &2 7w, B 15
BNAKRBETG, AN (N, > N)MNEW T, 7T
DL SISO-OTFS RSB A v (1 20 (5) b AT HE) ™, 19
=R (10) FIE R

iihﬂ [k, i [

i=1 [=0

o,y (k] R 56 AN B T 28 kAN SRAE IS %1 1
B, CAREBEITHIF S, [N T MNHE
E5. idy;=[y; [0] y; [1] - y; [MN — 1] eCMN1
BTG RS S, HRIA U

Ny
_ E T
Y; = Hjﬂ'l'i
i=1

/ﬂ\j:'j’ H]T,z [kv l] = h‘j’i [k, [k - ”MN]? H}:i € CMN>MN
FET RS B T A2 S B TG g 1] 1R BN 385 3 R R
2 e B 5SISO-OTFS &4 —54 .

— 1y +vig (k] (10)

(11)

1 SISO-OTFS & G 5 AIHE &

MR CSETRIE
TN AN X0 7 Xt =
émij A, QﬂJ il %ﬁﬁjﬁ%ﬁﬁ el TFFT H%(l‘)} 4:1:,6\
PREEAR M
BN ), (UM R [
H'Jj{m ( Jif il gn{aﬁ@ﬁa IFFLH t)}%[,;
EREEIRS S
i QAM ) Y™ (AT IR (1) Y™
B i A
AErg g A
i QAM P (AT R LY
mE‘ i fid )l H A }‘Eifﬁ'l FFT 9:(1)

2 MIMO-OTFS R Gt RIHE K



86 m F 5 B B % 4635

2.3 DDEAFRIMNAIL X R 3  MIMO-OTFSHEUH RE
FESISO-OTFSifE 2, (9 prg iy VTRME A L A5 2 () B . I ) B4 5 ok
YPPMUNDDBURAN e 5 XOP S DDISEAT2H N0 g, ol LA 45K
JARPERT, JRATRINCAMGS, SUFHESMBER g o oy g, Bk B b (5 5 3 47
o, ARSI e RNy, B B RS AN S S AT,

ﬁtﬁ@)m{jﬁfﬁy‘j EMIMO-OTFS R4ih, i fiif3 20,
M-1 N > SR A2 2 =
y DD _ XDD gbD é(aB) | DD VTRM#ARA f A8 HIRME 5 p(t), Tfﬁ‘ETf_OTF‘S
o l;k,_%/g PR v WUR RN T S, I SR . BT
(12) i, fELPVIRMEARZEH T 145 51, 1
Horp, VED RDDI R R, y,RP X PP OTFSHIfE T /& —FDDIR EH24E(5 5, Fihi %
X%DD’iEZ{%ﬁEP%(l—Fl, k+1+N/72)/|\7T]7%; Xﬂ"ﬁz‘:éﬁE‘JVTRM&*J&’TTQEE?E&BEE\O
l:0 1 M*l k:*N/Q *N/2+1 0 N/2*1 %%, ;HEX—‘/I\DDigZJ:ééﬁHﬂ‘IEﬂ&%ﬁIEE

HPP 5 X MDD f it v s EP o 5 (1401, BRI, HAFUAUS
k+1+N/2)M00as HHEY = Hiy o on e HEY S H}?’?)VTRM = Y11k (15)
ha i IR ZN Hep, APP DD HEIE.

N ORI N (12) FF 38 248 i B A A K
HYY = 3 hononene i, e 2OUF 0 (13) @BIVTRMAEF i (S

=1 N, M—1 N/2-1
b (00 B)ARBIAME, FERN yEPVIRM SRS SNy
' B j=11"=0k""=—N/2
¢ (o, B) = JQWW (14) .HZD_DI;XIE{Z{/MEM%@ (16)
Hi, a=1,8=k-k. Horpr, Y2 VTR S RSB TC R SHE T
EMIMO-OTFSH i, AILMARSHE (5%, YD R e TRl s, HODY ™
THEERERPEREREE, ERloRE T FE AN BT ORISR NI L TR R VTRMAHIE
AN BIAL ¥0(12). A5 RA(16)15 3]

N, M—1 N/2-1 M—-1 N/2-1
DD,VTRM __ DD 77DD #(a,B) DD DD,VTRM (v,
Yl,k,i —E , E § § E X H1 0 je—hr i@ +Vik Hl—l”,k—k”,i,je
J=11"=0k""=—N/2 \I'=0 k'=—N/2

N, M—1 N/2-1 M-1 N/2-1

:ZZ Z Z Z Xl]?,l?c’HRDZ’,k—k',i,jH]%D—1—(l—l”),N—l—(k—k“),i,je(b(a’ﬁ)e(b(%”)

J=11"=0k"=—N/2 I'=0 k'=—N/2
N, M—1 N/2-1

JFZ Z Z Vl],jkl?i,jIA{J[V)ID—1—(l—l“),N—l—(k—k”),i,jed)(%”) (17)
J:1 l//:() k//:_N/Q
A1) — g=d(@B) | He, Qo pw 5EZVTRMH FIQR AL, 2
N, M—1 N/2-1 —NERITS (1) R, XAETIX B Q R B 24
Ql—l/,k—k’,izzz Z Xl]?,l?c’HlD—Dl’,k—k',i,j RE. AN VIRMAH G, BAATEEKRER
J=LU=0 k==N/2 ISI, JEA 8] A—AN BRI IE 1) 2D-DFERSR k4T 1,
. ‘DD o B . X .
Hy—aeryva-aoenag U8 gpaom i papir, Hoh S s Ro e H S L
. iMi Nf ! LoD 4 MIMO-OTFS&Z St
Ik, = l,k,i,j o o v, N
J=11"=0 k""=-N/2 VTRMIP AL o 4 i 75 BB TEIRES, Kt
.f{}ﬁ}{l_(l_l,,w_l_(k_k,,))i7je¢(%’7) (19) ARSCEAEFF S RN SR 5 R AT E AT,
s PTG ~e HHM, x N, N2D-
ﬁtﬁ(17)ﬂu§5ﬁ S SNSRI E 4T R M. x N, N

S DFEMNZR S, My x Ny T (8 07
VPPV NS SS b o (20) e TEDDEUL & M 5 B i

l,k,i
ok, (2 o 1 1
I'=0 k'=—N/2 = YNES T IR ﬁﬁMiAf*D NT 53 9l A2 B ZE A




510 FOREE RS AR 250N 2 it TE SIS Y S 5 T A 87
) l() M NFIME KBS, /K EEEDDE R I
AT MR AR, TR, A SO T o
l ~ TDIPNLMSPM5Ei% . AFIEM SR A XN
ypp ZD y® M-1 N/2-1
' ERR=YP->" > HX.SH (23)
U'=0 k'=—N/2

Yy 2D yR

—_—
-/
FPPVTRM
N
T e?n,(rm)

[SRRVATRER

& 3 2D-DFEJFHE &

]

—
BRSIN

T

U smrrs [ svirs Il AT Bt smms

4 SRS EE

ZARE I PR, DR R K S R 5 K 22 3 )
BALIIEENEE 3 NL = T MA fFANK = 05 NTs
MTATLASHE HPPHPEHER TR EZ AN L x (2K + 1)1

A28 ] I TDLMSEGH TDIPNLMS,
HRHE SCHR[20] s TDLMSE’J%:%% TN

—1N-1

;=D (m,n) ZZW (I,k) X (m —1,n — k)
=0 k=0

(21)

NTIEHT24DDIEAE S, KHNS A
B 0V

M—-1 N/2-1

=y -> Y HNX

I'=0 k'=—N/2
e (blE=H]y)

M—-1 N/2-1

:Yl, Z Z ap k’Sl’ Ny (22)

I'=0 k'=—N/2
1,|k—FK
>N EP ’ S}?’%/ :XEID—DI’]M,[k—k’]Negp( [ ]N) 5 ZZO,

N, N, N,
1a Yy MT_l ) k = 5 _74_17 ) 7_1 )

P I=R10) Sy st FE B AR M R

l lMVC K n

hPP (n) =hPP (n —1)

EPPG (n—1)
+'ua:DDn HCl;‘knfl PP (n 5SDD
(@PP (n)) G ( ) ()+h(24)
G(TL—].) :diag{kO(n_l)vkl (n_l)a"'7
kr—1(n—1)} (25)
Hrp
1—a ‘h?n (n)‘
kkin)=—+(1+a ,
l( ) 2L ( )ZHiLDD (n)Hl—f—gh
l=0,1,,L—1 (26)

hPP = vec {HDD}, PP = vec {XDD}, Sphle, B2
WL ZH, LAERPP K, GR—xt A s
M, ATHBCEHEK, ae[-1,1). FHa=—1
TDIPNLMS4:iB4b ATDNLMSH %, TDIPN-
LMSHEEW K& TIRZ S5, Hd J A pfila X HiZ
PEREE EEW, ), FIS, ZECEME N,

HT HPPHWIER LR R Z N x (2K + 1)
DR W AE B 8T APD () B, AT DA % SR S R i —
Wy, HE— B b R R, AR, SR DLUE R
1) 2 5 F R D U R 5555 T T4
5 {HEXE

A SCAT FRIT A 45 38 2 2 T SOk [22] T i
BT EAMEE. EEY, KRREN150 m,
BHWAREBETC, 43300 T K105 mAl45 mAib,
P64, I ERIRRE oA T /KER 10 mAk,
Ja B2 uREAIRE 25 mA B A, W )E — NIRRT
LT 7KIR135 mo A5 %6 94 kHz, #H O
FN14 kHz, BEEBE N1 kmo K S FEICHTEM
TRIIEEhHEE N2 m/s. FHUA 7 N1.7.

MIMO-OTFSIE A H #4315 18 1ok i )97 2R 40
A A E S AR, H(i,5) Rom 5 KA RETT
FIER AN BB T 2 18] (A5 T8

H 5 (a) 5 (c) T LR H, MAMEIERKZ
B RE 53 A 2910 ms, 17 ms, FIE4A%Z1E, H
EAIHATEEME . HES(c)MES(d) ] LEH,
BRI 2 W4 4.5 Hz, HAE NS 2
g S A M, Z2EEE TN x 1072, 5
BBzt 3 — 1 ab 3, offRFERKME,
A, Bl imm i, RREERER/N.



88 m F 5 B B % 4635
A SEEAIE T TDIPNLMS [ Sl B il it 675 M R 7 TDIPNLMS ) Wi S50
AR, HPTDIPNLMSHIMiE S5 e = —0.5, FERE, ME6RTLLEH, B & &R B IE I,

p=12o MTHBCRKIVEE WA IH— 07 3R
72 (Normalized Mean Square Error, NMSE)#47 V¥
T, NMSEM) & X

—1 N/2-1

Z Z [hl,k — ill,k]g
I=1 k=_N/
NMSE = S0P (27)
0
-3

-9
-12
: -15
0 5 10 15 20 25 30 (dB)
HF%E (ms)
(a) H(1,6) {518 # i 52

TDLMS, TDNLMS, TDIPNLMS¥JftikF]-26 dB
FINMSE, {H% B3 WSUEE AR, HHTDIPN-
LM S S0# FE feth, BB TDIPNLMS A LAF]
DDA T8 W4 B3 4 1 D g e 8, DD i H X
Lx (2K + 1)/MEEICER, B TDIPNLMSHETE
BEHAPPES, W 7, KRR T
HERE. WEITATLLE |, 3M77 A TDLMSH)

PEREA LA P F, M TDIPNLMSHMERE S
0
-3
<) -6
f)
=
o -9
K
-12
-15
0 5 10 15 20 25 30 (dB)
4L (ms)
H(1,6) 15 B iR
12
9
6
= 3
E 0
Mo -3
R -6
-9
-12
30
ETL (ms)
(d) H(2,2)15 B AU AL

5 P BN AS K A5 TE

0 5 10 15 20 25 30 (dB)
HF4E (ms)
(c) H(2,2) M5 18w
0 T T T T
— TDLMS
-5 \\ — TDNLMS
— TDIPNLMS
I |
fec !
m -15
2 T\
Z 20 \
=25 Wi LA._‘I‘ }
-30

0 05 1.0 1520 25 3.0 35 4.0
ISR EL (x107)
K 6 Weslod iz

T
-= TDLMS

L
) \, --— TDNLMS
N -+ TDIPNLMS
—~ -10 |
= Xy
=z E N
(Lz) -15 \1\\\\\\!
2 20 R
-25 \
y
-30
6 3 0 3 6 9 12 15
SNR (dB)

P 7 LSl BERE 15 R EL A A2 AL



B T OREE: IREARBKE 2 Hi N 2 IS B A A TR AT 89

TDNLMSHIEL, 5t FITDIPNLMS 7] PAFEAR B 4% i
&L, 53] 5 TDNLMSAHALKIPERE .

RNEGUE2D-VTRM I H G vl 174, FESERT
2D-VTRMAL B 5 55 518, 1455 305 18 K B
DD E 18 B A B B AR, 7T DU B
SYIST, (HIBAFIEAE 5538, 550 Fr ik B BTS2 PR il
REGuTERe, FJE 2 2 H2D-DFE# AT —
BT Ab B

I EMIMO-OTFS R4, i HSEE W
RIFR, KHAQAMIA .

WS RANNM, x N, , HHM =128,
N, =64, 2D-DFENZHKENL =Ly =K, =
Ky =16, Ly = K3 = 8. LMK REARKF S5
HITSTAN % 3% 8 [A] F- 4K (Inter-Doppler Interference,
IDI) K, LMK ARSI 2775 5] E I ISTAH
IDIM K, Ly KRR A TS5 5] &R ISTA
IDIFIK B

NEGAIE BT HE I A SR A A AR R, AR S
IR 5 A 3RS RS AT X LT R, Al
NFHE T8 %E (Zero Force, ZF) %47 5% FIMIMO-
OFDM/KEHBE RS, ZACHMEBHEREEET
(Perfect Channel State Information, PCSI)Z%:T

PEE (a.u.)

8 2D-VTRMAL I 5 ) &5 2k 15 1

*1 HESH

iAZH (iR fH
B TR Ny 2
TN B TR Ny 6
T M 512
(ERcE 4 N 128
IR AG T ERP fo 12 kHz
(ERCKi B 4 kHz
S #a1a]¢ Af 7.81 Hz
OTFSHF 5 Ji Ty 0.25 ms
TEIRATZRI K Tep 32 ms
OTFSHiff & Torrs 20.48 s

MMSE# I MIMO-OFDM/K il 5 248, 4
CAEIEREE B TN ETMPRENEEHIMIMO-
OTFS/KAIEE &G, RS RUWEIFR,

MEIFT LR, M EIERFIN, FrigsiARTE
15 dBHJR IS FML TMIMO-OFDM £ 48, HA K
MIMO-OFDM-ZF-LS &4 e K EE R H
ICT, FFREGRE TR, JEEEaCm
i, MIMO-OFDM-MMSE £ % ()25 % 1% 6 5 B
REARER —HEmL, MMIMO-OTFS-MP R4t )
AR VAR PR R AL, (HEMMSEFIMP 1)1t
ARSI TR A . B—JrmH, mEEhh
REEM A RERR LI N1.4 dB. 1 E LI R BT
FEHAR T @G RS T H M MIMO-OFDM
BE RS, HRmEREME L T EBMPEE
I RE o

AT B AR BT MP R I 595 (A1 35
ETFHEREM, BMEEMIMPENE LN E 4R
JERNO (N MNSLO), Horfing NIERIRE, SN
FEPAEZ LR, o Nl LR R 1 KN,
M2D-VIRMEERIE R ENO (MNmn), H
MANAE S HBE AT R TIE, mAn 9{EEHE
FERATEOR S, AL TFMPREE, ZHIELRE
2 Rk, WA EM RN, FkAT A
BRI A E
6 it

ASCHEFE T AEK A EE H FIMIMO-OTF S {5
A, R ToD-VIRMM S A, A
AT FH e T) S s O R B, 8 T MPSVE R 2 IR
B, PTUE SO R 44, [FE 5]\ T 2D-DFE
HUEBRIEARIST, Ht—Ditm ARgitkmE. EEHE

10°

107

N

BER

1072

10 :\\\
\Q&:’

-6 -3 0 3 6 9 12 15
8L (dB)

-= MIMO OFDM ZF LS

-e- MIMO OFDM_MMSE _PCSI

-+ MIMO OTFS_MP_PCSI

-~ MIMO_OTTS_ 2D-VTRM

- MIMO OTFS_2D-VTRM PCSI

9 BRI TN BERE 15 LL R A2 1L



90 o5 fE

AR 46 %5

fhvbJrmm, i T —FRE R EREE AT R,
AFARFIH TAEE MG, $5 TSE T
WSGHEE . ARy, HE TSR REERT T R
G E, B REE TR EIENAERE, K
SV RE LABUIK B &2 2% FE A5 21 5 MPAS I 505 AR AL
PERE, 1 ELIMIMO-OTFS R4 (iR et T
MIMO-OFDM & %: .

& E x|

[1] STOJANOVIC M and PREISIG J. Underwater acoustic
communication channels: Propagation models and statistical
characterization[J]. IEEE Communications Magazine, 2009,
47(1): 84-89. doi: 10.1109/MCOM.2009.4752682.

[2]  AVRASHI G, AMAR A, and COHEN I. Time-varying
carrier frequency offset estimation in OFDM underwater
acoustic communication[J]. Signal Processing, 2022, 190:
108299. doi: 10.1016/j.sigpro.2021.108299.

[3] JIA Shuyang, ZOU Sichen, ZHANG Xiaochuan, et al.
Multi-block Sparse Bayesian learning channel estimation for
OFDM underwater acoustic communication based on
fractional Fourier transform[J]. Applied Acoustics, 2022,
192: 108721. doi: 10.1016/j.apacoust.2022.108721.

[4]  ZHANG Yonglin, LI Chao, WANG Haibin, et al. Deep
learning aided OFDM receiver for underwater acoustic
communications[J]. Applied Acoustics, 2022, 187: 108515.
doi: 10.1016/j.apacoust.2021.108515.

[5]  WANG Zhizhan, LI Yuzhou, WANG Chengcai, et al. A-
OMP: An adaptive OMP algorithm for underwater acoustic
OFDM channel estimation[J]. IEEE Wireless
Communications Letters, 2021, 10(8): 1761-1765. doi: 10.
1109/LWC.2021.3079225.

(6] REIS, I, KRR, &5 BT 2 EXUR AN AL 4

KT Z PR RN T (T]. B S E B, 2022,
44(6): 1984-1990. doi: 10.11999/JEIT210949.
ZHU Yunan, XIE Fangtong, ZHANG Mingliang, et al.
Index detection for underwater acoustic multi-carrier
communication based on deep bidirectional long short-term
memory network[J]. Journal of Electronics & Information
Technology, 2022, 44(6): 1984-1990. doi: 10.11999/
JEIT210949.

[7]  WANG Tiejun, PROAKIS J G, MASRY E, et al.
Performance degradation of OFDM systems due to Doppler
spreading[J]. IEEE Transactions on Wireless
Communications, 2006, 5(6): 1422-1432. doi: 10.1109/TWC.
2006.1638663.

[8] HADANI R, RAKIB S, TSATSANIS M, et al. Orthogonal
time frequency space modulation[C]. 2017 IEEE Wireless
Communications and Networking Conference, San

Francisco, USA, 2017: 1-6. doi: 10.1109/WCNC.2017.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

7925924.

REZAZADEHREYHANI A, FARHANG A, JI Mingyue,
et al. Analysis of discrete-time MIMO OFDM-based
orthogonal time frequency space modulation[C]. 2018 IEEE
International Conference on Communications, Kansas City,
USA, 2018: 1-6. doi: 10.1109/ICC.2018.8422467.

LI Shuangyang, YUAN Jinhong, YUAN Weijie, et al.
Performance analysis of coded OTFS systems over high-
mobility channels[J]. IEEE Transactions on Wireless
Communications, 2021, 20(9): 6033-6048. doi: 10.1109/
TWC.2021.3071493.

WEI Zhiqiang, YUAN Weijie, LI Shuangyang, et al.
Orthogonal time-frequency space modulation: A promising
next-generation waveform[J]. IEEE Wireless
Communications, 2021, 28(4): 136-144. doi: 10.1109/MWC.
001.2000408.

WEI Zhiqiang, YUAN Weijie, LI Shuangyang, et al.
Transmitter and receiver window designs for orthogonal
time-frequency space modulation[J]. IEEE Transactions on
Communications, 2021, 69(4): 2207-2223. doi: 10.1109/
TCOMM.2021.3051386.

RAVITEJA P, PHAN K T, HONG Yi, et al. Interference
cancellation and iterative detection for orthogonal time
frequency space modulation[J]. IEEE Transactions on
Wireless Communications, 2018, 17(10): 6501-6515. doi: 10.
1109/TWC.2018.2860011.

MURALI K R and CHOCKALINGAM A. On OTFS
modulation for high-Doppler fading channels[C]. 2018
Information Theory and Applications Workshop, San Diego,
USA, 2018: 1-10. doi: 10.1109/ITA.2018.8503182.

JING Lianyou, ZHANG Namin, HE Chengbing, et al.
OTFS underwater acoustic communications based on
passive time reversal[J]. Applied Acoustics, 2022, 185:
108386. doi: 10.1016/j.apacoust.2021.108386.
RAMACHANDRAN M K and CHOCKALINGAM A.
MIMO-OTFS in high-Doppler fading channels: Signal
detection and channel estimation[C]. 2018 IEEE Global
Communications Conference, Abu Dhabi, United Arab
Emirates, 2018: 206-212. doi: 10.1109/GLOCOM.2018.
8647394.

SURABHI G D and CHOCKALINGAM A. Low-complexity
linear equalization for 2x2 MIMO-OTFS signals[C]. 2020
IEEE 21st International Workshop on Signal Processing
Advances in Wireless Communications, Atlanta, USA, 2020:
1-5. doi: 10.1109/SPAWC48557.2020.9154292.

LI Muye, ZHANG Shun, GAO Feifei, et al. A new path
division multiple access for the massive MIMO-OTFS
networks[J]. IEEE Journal on Selected Areas in
Communications, 2021, 39(4): 903-918. doi: 10.1109/JSAC.


https://doi.org/10.1109/MCOM.2009.4752682
https://doi.org/10.1109/MCOM.2009.4752682
https://doi.org/10.1016/j.sigpro.2021.108299
https://doi.org/10.1016/j.sigpro.2021.108299
https://doi.org/10.1016/j.apacoust.2022.108721
https://doi.org/10.1016/j.apacoust.2022.108721
https://doi.org/10.1016/j.apacoust.2021.108515
https://doi.org/10.1016/j.apacoust.2021.108515
https://doi.org/10.1109/LWC.2021.3079225
https://doi.org/10.1109/LWC.2021.3079225
https://doi.org/10.1109/LWC.2021.3079225
https://doi.org/10.11999/JEIT210949
https://doi.org/10.11999/JEIT210949
https://doi.org/10.11999/JEIT210949
https://doi.org/10.11999/JEIT210949
https://doi.org/10.1109/TWC.2006.1638663
https://doi.org/10.1109/TWC.2006.1638663
https://doi.org/10.1109/TWC.2006.1638663
https://doi.org/10.1109/WCNC.2017.7925924
https://doi.org/10.1109/WCNC.2017.7925924
https://doi.org/10.1109/ICC.2018.8422467
https://doi.org/10.1109/TWC.2021.3071493
https://doi.org/10.1109/TWC.2021.3071493
https://doi.org/10.1109/TWC.2021.3071493
https://doi.org/10.1109/MWC.001.2000408
https://doi.org/10.1109/MWC.001.2000408
https://doi.org/10.1109/MWC.001.2000408
https://doi.org/10.1109/TCOMM.2021.3051386
https://doi.org/10.1109/TCOMM.2021.3051386
https://doi.org/10.1109/TCOMM.2021.3051386
https://doi.org/10.1109/TWC.2018.2860011
https://doi.org/10.1109/TWC.2018.2860011
https://doi.org/10.1109/TWC.2018.2860011
https://doi.org/10.1109/ITA.2018.8503182
https://doi.org/10.1016/j.apacoust.2021.108386
https://doi.org/10.1016/j.apacoust.2021.108386
https://doi.org/10.1109/GLOCOM.2018.8647394
https://doi.org/10.1109/GLOCOM.2018.8647394
https://doi.org/10.1109/SPAWC48557.2020.9154292
https://doi.org/10.1109/JSAC.2020.3018826
https://doi.org/10.1109/JSAC.2020.3018826

14

T OREE: IREARBKE 2 Hi N 2 IS B A A TR AT 91

(19]

20]

(21]

(22]

2020.3018826.

BOCUS M J, DOUFEXI A, and AGRAFIOTIS D.
Performance of OFDM - based massive MIMO OTFS
systems for underwater acoustic communication[J]. IET
Communications, 2020, 14(4): 588-593. doi: 10.1049/iet-
com.2019.0376.

HADHOUD M M and THOMAS D W. The two-
dimensional adaptive LMS (TDLMS) algorithm[J]. IEEE
Transactions on Circuits and Systems, 1988, 35(5): 485-494.
doi: 10.1109/31.1775.

JING Lianyou, WANG Han, HE Chengbing, et al. Two
dimensional adaptive multichannel decision feedback
equalization for OTFS system[J]. IEEE Communications
Letters, 2021, 25(3): 840-844. doi: 10.1109/LCOMM.2020.
3039982.

QARABAQI P and STOJANOVIC M. Statistical
characterization and computationally efficient modeling of a
class of underwater acoustic communication channels[J].

IEEE Journal of Oceanic Engineering, 2013, 38(4): 701-717.

23]

[24]

+

TR
EE:R
FRIGEMS -
RAF

doi: 10.1109/JOE.2013.2278787.

SHEN Wengian, DAI Linglong, AN Jianping, et al. Channel
estimation for orthogonal time frequency space (OTFS)
massive MIMO[J|. IEEE Transactions on Signal Processing,
2019, 67(16): 4204-4217. doi: 10.1109/TSP.2019.2919411.
BENESTY J and GAY S L. An improved PNLMS
algorithm[C]. Proceedings of 2002 IEEE International
Conference on Acoustics, Speech, and Signal Processing,
Orlando, USA, 2002: 11-1881-11-1884. doi: 10.1109/ICASSP.
2002.5744994.

5B, #BdZ, HRITAK FHERIGE S AR, KA EESK
AR IR R 2

%, WiLA, BESITI KA S AL

5, LA, BT K (S S A

B, Wi, BRI KA (S S A,

%, WiLA, BEAITI KA S AL

SRS &

%


https://doi.org/10.1109/JSAC.2020.3018826
https://doi.org/10.1049/iet-com.2019.0376
https://doi.org/10.1049/iet-com.2019.0376
https://doi.org/10.1049/iet-com.2019.0376
https://doi.org/10.1109/31.1775
https://doi.org/10.1109/31.1775
https://doi.org/10.1109/LCOMM.2020.3039982
https://doi.org/10.1109/LCOMM.2020.3039982
https://doi.org/10.1109/LCOMM.2020.3039982
https://doi.org/10.1109/JOE.2013.2278787
https://doi.org/10.1109/JOE.2013.2278787
https://doi.org/10.1109/TSP.2019.2919411
https://doi.org/10.1109/TSP.2019.2919411
https://doi.org/10.1109/ICASSP.2002.5744994
https://doi.org/10.1109/ICASSP.2002.5744994

	1 引言
	2 系统模型
	2.1 SISO-OTFS系统模型
	2.2 MIMO-OTFS系统模型
	2.3 DD域中的输入输出关系

	3 MIMO-OTFS接收机模型
	4 MIMO-OTFS系统的信道估计
	5 仿真实验
	6 结论
	参考文献

