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Underwater acoustic channel estimation method
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Abstract: To address the issue of low channel estimation accuracy in underwater acoustic communication environments,
an underwater acoustic channel estimation method based on the response generative network (RGNet) was proposed.
First, an underwater acoustic impulse response model based on MIMO-OTFS channel characteristics was established. On
this basis, a time-delay-compensated localized analysis algorithm was proposed for 3D reconstruction of underwater sig-
nals to reduce feature errors caused by the dynamic changes of the channels. Considering OTFS time-delay-Doppler ma-
trix’ s susceptibility to noise pollution, which leads to matrix expansion and distortion, a self-iterative signal updating net-
work was proposed. The input signal of the generative network was updated by a weight and bias update algorithm based
on Ll-regularized least squares. Finally, to address the instability of traditional deep learning models for underwater
acoustic signals, a decomposed optimization algorithm based on Bures-Wasserstein objective function was proposed. The
convergence process of the objective function was decomposed into several sub-problems to improve the model’s conver-
gence speed and reduce errors. Experimental results show that the proposed method achieves a normalized mean square
error of 0.04 for channel estimation at a signal-to-noise ratio of 5 dB. Moreover, compared with other methods, the pro-
posed method achieves lower signal peak blur and less signal distortion in the time-delay and Doppler response heat maps.
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B L7 AR [ IR 22 o B (pyp; ) AR 22 B/
PED B 1 ., o FLEREECoP A7 B M
XH Y 2 [ R B SR, HAARIEZE VI SR #E v
(x) ~ e AR e B A A, HABREG S fin
W R8T LIRS

x~N(Q2T )

pIA

y~ Nmz 2)

E (28)

(xy)~ 75

o, x, WX BRI b F Ry, AR5 BB
Al N EAS BB 7 2 AR E LA T 1 3fe



£ 206 - B 5

¥k

¥ 46 %

1% (ADMM, alternating direction method of multi-
plier) B, X« ZIEIE M4 THE S5 9 H AR i et
THE.
1) (3 LA E ER YA TE 3y Ry
BEATARAEAL, BN TR AR AL S T RE LA & .
1

N 1 N o
VS By = D WY RRRHEZE 0y = -
k=1

N
z (hg](() - ,ul’k)z’ Exﬁ/l\ﬁ%:: hl,k 5‘2[] hl’k:ﬂ:h'/ff*/f“?&
k=1
}Nll,k - lal,k
&l,k

, hy =
X e hl,,k _ M T Mg
Ok

Wi 32 2 B2 — ML I R LA B, R M
JLHR hlk%ﬂgﬂ&y\ggﬁ g3 A, B h;yk ~ CN(O:O'LkZ)’
VPR A L3R 2 By S b, W5 T PR iR 5

2
1 ( ‘hl,k‘
Sexp| - ——

gy O

2) o AR R 9 25 11 H bR R B AT RS
EVEIO IV

Wy = . RS HE

p(hy) = (29)

P;

L(G,D)=minL(Zp X Ziul)) =

min 82(221,22’;) =
M

min S S | = i [am ()| +

hhPPLE 2170
2

R B N &
PNz gzt 4y, ||
2 kZIH H Lk Lk F

ok, Z0ALE 4 A RS A 4 RS £
SR A3 AT I BT 250, Z() R 24 R AR e
WBIAE, ZO e RY, o) NEEBART, bk
N % U B 4 R RSk T, p 9 ADMM B35 K
5.

3) TGRSR, A ED 7 200 ufh)

HEAT ST, A SRR o My — o [

A .
- ﬁtr(zf;,zgh) +

ph _pﬁ

2
2dNL(p;,)

(30)

|- o | 0t 0T ittt 5z,

ZIRIRNE,
HAETEHE,, A

TH*ED = arg n}rin L(ZP,Z5 40y =
1

. 2
wind(£,20) + |50 - 20 o
W, do(2,20) R 2, 5 20 Z 7 1) Bures-Was-

serstein fE 55 . SRS X 2, AT R, RKoRA
D =arg n}inL(Zf"),Z("),ug"))=
. k1 P k *) |I?
argn}lzn |:de(21( )’22)—0-5"22—2( )+u2 ) ||F:| (32)
T B R 20 AT, LN
Z(k+ 1) _ %(zl(w Dy Z§k+ 1))

Ja EHHR I HR T, RN

k+1) _ : k k k k _
ulfr = argrrg)nL(Z} ) X0 70 0y =
uy

(33)

arg min(Z””(E}“ D -yl pk 1))) N

W

Sl - -z, G4

u(2k+ nH — arg nl(}I)lL(El(k),Zék),Z(k),u(Zk)) _
UZ
arg n}gl(z(k)(zilw Dy - ke 1))) n
u

Llz® - - x| (35)

4) BRIRIEARTEF R/, A HWRBES
NT IR e = 107,

RGNet J5 2 18 S i i 5 T Iy s 1M 1 JRa 8 40 B
Bk, SAEESMEHEAIEATR WAEEZY &, fEn
HE-Z M Bl SEE T 2 AR A 5 2 B AR RRAE
ks AR B S, EE 5 Bk AR M 4 DL
MR E SN, JFEET L1-1ENb i/ ik sel
X 26 ZH0 ) G N Eh A TRE, A R TS E
MALHRZE . )5, 48 Bures-Wasserstein 73 fE L
s, 7T TSI IR ZR i e M. 155
T Ek i, RGNet F7iAReW A UG N B 6 2 121%
&5 0 S R IEAE K S R sl E A EE, At 1
TR ITRAMR S R a1, NS K
FIREMIESE U T AT & .

3 MeESth
A5 # 4F RGNet J77% . HA021231 77 72 fl OMP-

MAP J5 iR v 52 % BEEAT LU 20 #T
RGNet J7VERITHR R % R (M O (N, N, )
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S04 18 5 1F O (N, ) F1 RGNet #i 28 % 2% Il 25

0( i;z (N, N,k?+ Nw))fr@ﬁii, Hrp N AN, 735

=1
NI SHECR AN RE R RN, N
MIMO FEToHi s, NABARKN, LANZEE, &
NEFEEW KA, N RN, 55%&Re(N,.N,)i%
AR % Hh AL Rl B PRI AR IR, R T R

L
‘ 1
Bino( NN+ 5L v+ N
HAO2 J5 LM RN O (N, N,N,), Ferf
N, N SIS R, NG EI, N, N R
HICHE. BT K >> L, OMP-MAP JVE RS

. N.N . N
2N O K+P}<b), Hep PATFEHBEHE, K

NSRS TR, N, A S SIKE, N,
T ELRF 2
4 HEDH

AT A R R GG IUEA STk T
RGNet (7K B 1177246 MIMO-OTFS #4518
I R RSO — 75 % (NMSE, nor-
malized mean square error) I SNR 13 X537

H-H

NMSE = E ZHF (36)
I H |
0_2

SNR = 10lg| %% (37)

H, o2 NRETINER, ol NMEFINE,

A S F H Bellhop *F- & X MIMO-OTFS 7K 7 15
TE AT R, MEEHERH 72016 4F8 H22 H'F
A1k AE BB B AL X P  aR Bl . o,
A M ZR T R, R 28 8.3 my/s, [ XUA
10.6 m/s, W IJEFRE, KIRIEEZ830.1°C, 7K
EREEZ) 935 ppt, RIS 1.5 m, IFTHECE
PR NAR AL LR, SEZ081 012.2 hPa.
HE UK FHLZE AN (AUV, autonomous underwater ve-
hicle) FBELEIIZ/KIR20 mAiL, KRIEHEEHN19.5m.
BT BE 4% T — N 16 AN T 4H % Y MIMO 7K Wy
WG, FEAE AL T 17.2~19.2 m, B IGIAFE N
175 mo R 7 FERUS 5 57 T AH 5] 1R 2R FE S e P
S XU K P FE B A 20 m, 3 L 45 K Pl A FE
B, REBEI R B RN IR, ARG ST

FHEMERE, NN 2 AL R T TSR 5
TEW IR . PRI S D) Fh-20 dB, TRUSHIFES
N4, LB BTAFESECN10. OTFS S H E N
(MN)=(128,32). TEKHHE 5 A X5 4] 46 H s ot 12t
17 QPSK 1A, £ i /K AR TE A% i 5 K A5 Sl
ISFFT k5 3| DD 3k {F 5 RGNet J7 7% (I fi N« HoAth
P ESHUNER 1 iR,

=1 HESH
ZH Bl
TG i £ /kHz 12
i % B/kHz 5.812
B P N 256
FAE mI 256
TEFRATZR CPI/RbE 16
Hdi i T/ms 104.86
REEI /kHz 96
R BETCH g/ 16
BAREHEE Y,/ (ms™ 2
BRI & 7, /ms 5
HIRRHPI% 8

F2g T A RS E L T U7 B s AT T
HAO02 775K N, 9 100, N, 4194 Hz, NN 'S 000,
M HAO2 J5 1L H1IE 4T IS (8] 5 13.241 so OMP-MAP J5
EIIPN64, KNS512, N, N, K40, #OMP-
MAP J5iE 84T 18] 4 12.070 s« MMSE J5 i 18
7B 18] A 17.059 s, 1fif RGNet 77 i (1) 3z 47 15 18] Ky
7.582s, ZfKFHA02. OMP-MAPFIMMSE J5i%.

R2 FREMSEMESENETE

WIRES IZATIN [/
RGNet 7.582
HA02 13.241

OMP-MAP 12.070
MMSE 17.059

K4l 7 whiE-2 F 5 (CRLB, Cramer-
Rao lower bound) M AS[FEE AL 71777 NMSE 5
BER PEREELEL . BT /K R A ROR, A S SEE
SNR i [ % & N[-5,20]dB. 41 4(a)fi7x, MMSE
TriEAl TR RE i 22, IX A2 PR K T M A IR B I A
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FUARVERIA 7 MRS 2R R A, ST SRS ——
AT I KR . OMP-MAP J7 4k T2 6 MMSE

TERFE Clnisy (A0 235 B0 0ike ) (A B Bs kA7 15
TEATE, AN EREL A 22385 B A48, 2 I AR 4t AR
1S B R Z R ZE . ASOMP-SR J5 ik it 5]
NERAEAAZIS 8], BB %I 8] B N BR AR E
SRR, MRS B HER A THEERE M, R
DSBS IR ZE, HRKFE(SE R
RN ] e S BRI BB, NITRmeE
AT ERE . RGNet J7 ¥ 7E SNR=20 dB iy, NMSE
0.003 4 47, B OMP-MAP J5iE42 71 49.9%, ¢
ASOMP-SR J7EWIR T 1 #)24.1%, K] T RGNet
LRI MM . RGNet 77 PERESR T+ (1) A% 53 J5 R 7E
T 1) @I I AME A R AR AR A T S
WS 2R, R T ARRYE E BN OK R IR
NRVE R 2) A R A RN £ 5 R ) S ) 26 e
I HLUINZRAE RS e R B BAME S B, 5RRh T
e GGl TH T RAE B R TE P B v 1 R BR A
3) #& T Bures-Wasserstein [¥] 73 it At A vk 8 144 Il
SR EH bR N 2T AT AR R, AR Y
e mE R Ed. mE40) R, 5
MMSE. OMP-MAP fil ASOMP-SR J5 i LL, T
RGNet 17K 7 A5 1Bl 1H 777 1) BER 7£ SNR=5 dB [1]
HET, 25 FBE T 90.3%. 67.8% F133.8%; 4
b F 55 = SNR 64 A, RGNet J7 3% PE REAL 34 %
HI AW E, 5 ASOMP-SR J5 %) BER AT .
R TIRE SRS EMS T T ES, BA
& H i) RGNet J5 % 5 3£ F Transformer F1 5% 7= #f1 22
W 4 (Fx N HA02) . CGANPZ CSINet?* DL %
WGANPME T8 5 1 77 ¥ (1) NMSE 1 #8 3k 47 % Lt
SERANE S Bk . CGAN KT 2% -4 N A2 B B A
&5, (H/KFEEE R AEE R E AR 7 7R B 2%
58, HMeERME %, HA02 F ) Transformer 7£
KPR B OC RO T B AR, HIGIEA A
PR E S B R, B EOR b SdE it
TR, fEABEARMKERGESHRIZR.
WGAN 1 CSINet 77 £V R4z, {H35 55T RGNet.
WGAN X ] Wasserstein 7 25 75 A AE il 28 A1 A 1) 25
Z IR R R, RIS FR AR AR e, (B T
FETE SRR I 28 Fa e M . CSINet 75 B 5 18 40 [
IF, 7K {5 T (10 Rk i AR e M AR 22 4% R0 25 A5 1
FRER R S AT e, R E R E.

—A— OMP-MAP
—7— ASOMP-SR
— —CRLB

10°
;\e\\

5 20
SNR/dB

(a) NMSE 5 SNRZ [ ) % &

R

102

10

—6— RGNet
—0— MMSE
—A— OMP-MAP

—v— ASOMP-SR
10+4E T 1 1 1
-5 0

5 10
SNR/dB
(b) BERSNRZ[HI 5% &

K4 RGNetfHIEA 117775 5 A TGS 177 AL REXT EL

1 00

NMSE

107° L 1 I I

-5 0 5 10
SNR/dB

KI5 T UREE S I G E AN T b R EL

1
15 20

Kl 6 Jerr T EMZik R fErp, IEFEA FH K
BB EHEAT I 2R B B P NMSE 28 {1k #4%4 . RGNet
JriE ADMM AL AR B A, = 0.5+ 4, = 09F11, =
0.3. FEALESE TR Eh N 0.9, F)%
N 0.001, BUE KN 0.000 1. KHSE K]
WG 21 F a = 0.000 5 AT %, FFHRIHY %
TRARFE AN 2 2] Z8 H— M N TG E 12 12 i 21 4)
B o) Z, /N EE 9 0.000 001, HEEK
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INBEE N 256, HIEI6FTHT, 24K H Wasserstein i
125 /F 79 RGNet J7 ¥ 1) H A5 B8 2, NMSE 42 4 il
2, SRl faE, EREHIEBEMRBMER.
XNANERE 23 R B AR (R WL S e I3 00 1 20 2k
B X s % FH Bures-Wasserstein 25 25 /E N H br B 5L
A BRI = ZRfe e 1, NMSE 284k th 28 55 in-~
W, WBhE N, A I Bures-Wasserstein P 25 /F A H
FRER L, AH LR G Wasserstein #0155,  H A Ak
(RIS SRR 1 A0 B SRR AR B S
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m
n
S0.03F
Z
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TP 2 ARG S IR EZ R . T BRIEA RS E
Tl T VEAEAS Rl B KB I8 5 e T B PR RE AN S A 1k
S AN B B SNR=5 dB RS L 610 T, %
KEFHEY R A 7, = [5,25 | ms, AFE G EIEAFH
KIS ZEY & T () NMSE PR Rext E & 7 flr s 45
FRW, RGNet JFIETEA R KR 24 & A Bl
MR, e &%, = 25 msi, RGNet /7% PEfRE
R RAR SR = T HAO2 )71 63.8%, =T ASOMP-SR
J712:57.8%, XS K RGNet J7 % BEFI B ¥ifs
KA T ZERFAE BSR4, SRR AN (5 540
FIRFER S 2], BE T AR SCOIEEKFE E R 2 RE
TEH 1) R Az A RE

EEAOK T s, ZERAENA AT
AeFENTHERE R A SOl AR RO [F) 375 B AT
BIMEIEBREAR, JFEEEBRAEHP =8 MEHEE L
BEAT IR, ARG NGRS B oy BITERUR 4R P =
3,4,6,10 AT IR H TR P = 8 B4 FH 1 s
L5NGM B8, B EAE L. B

T A2 BT RGNet J774 ) NMSE 14 g Xt b an &l 8 fir
e MEISHTLLE Y, P =3, BRI TH
28, IR I EE SRR e, A R TR
W 28 75 550 /0 1 T B 2 2% BE T 5 20 B R B ok
R HP =46, [SHEMEREMEKTREELA T,
(A ERE T8 M NMSE MEfg; 4P =100, (51
PERBRUEEER A TR R, XK P = 3,4,6,10
B, NZR RGNet B IR BA R UF 1S

10!

—6— RGNet —— HA02

—A— CGAN —%— CSINet
—4+ WGAN —>— MMSE
—#— OMP-MAP --p-- ASOMP-SR

) /W>
[Sa]
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K8 ARGV B2 50T RGNet J572: /) NMSE HEREXT L

EI9IGHIE T MIMO F 40 A [F] A 5 B e o0t B
BERPEREMI2ME . B 9 mI %N, R B CEUH RIS,
RGNet /74 BER BRI T CSINet, X /& ARGNet
TIFAEM N 2RI AR RS AR B bR e 5 R 45 H &
MHREE 2 S0, AL T XS S AT R R T

K NIEERE, AEEZKiE. SRR
PRI FRIREHE , X LE PRI AL RIS 1 /K A {5 TE R -
K 10(a)ze i 7 2275 BRI LHTHLIX 3 AN M B 2R 7R KR
0~200 m AT L, S5 SR3R0, FIdbETRIE
(IR AN KR T PE TR TN o VPG AN ZKR AR



.210. jﬁ ,f

hallis

B

{18 46 %

FE IR, RGNet VA VERE IR, JEFRIREE 40 m
Kb I HUHE B3 N B TR AT B AR AR, JELERR K
(B2, JKiE20~30°C, )& 35.5~36.5 ppt) Hiditk
Lﬁﬁ%ﬁ,%F%W%ﬁmﬁﬂﬁWEﬁm(%

CBRAK (A2 MIRIK (&) s BTl
ﬁ, R E 10b) R /K FEKRS, RGNet /7

HEHTES BT H L B A5 IS
RESIAERGET, TR 2 A4 0.028 dB AR L.

10°
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5 ZERiE

N TR K A IS B NS T A TR FE IR
), ASSCHRH T — PP BT RGNet [ 7K 75 15 18 4
THIT e BT 7K S 15 T8 B A48 A2 A7 R IR RFAE 4% 22 1)
R, SR T MR A I M ) R A 23 A A =4
HREE; BHXT OTFS I 41— 22 35 8 1 FE 25 &) 52 )
W 75 5 e FEUE PRI R AR B ) A, $RH T —
FifE 5 HEAE R ML, R AT L1- Bk i
/NIRRT I £ EE e B AT B B RTRSR R
TKFEAE 5 VR B 27 SR A 2R AN 1) &, 42
H T —Fh %L T Bures-Wasserstein H 5 b8 £ ) 43 iR A0
PSR, K AR X 28 BRI 73 i 22 /S T
I3 AT RS AR, B TR S I FEAIK T
W, HIATEMIL, AO7TERA EE AL
b EEAE M

Mi3%1 Bures-Wasserstein IF 55 & /)N {EFRH

62 R 24 S 1 1355 2 B/ TV A T SR A 15
SEWIRLE LN e Py(R"), f88p,.p; € N(C)MAFE

B (p) = inf WE(Z, 2, )| (38)
R X THER gE TR C SR B (p,p;) IR
MBS AR TEC ERYIE RS, B
B*(pyp;) = peh = he (39)
H, pe BN BT C LM AT, P A BoR A TE
T C MR . 452 /AN C 140 % 28 1) 34 SR ( 4
BFRTH

I

(xy)~=

= {,u?R IS PZ(R" X R”)

Uy = Pty :p,;} (40)
Hob, e Py(R" <R, py e, Wl € Py(R" x R") 344
A, wh 7EC EIIEH AR N e = pe tthe

RS, 2 BRI 0 2 0 € Py(R" x R"), o1E
Cx CERIFAIC. i =Piene) dcxce TE(pp;) EA AT
BB AT, 2 SRR Tip, — py A < P oyt )
HIRTHE, RN Toug € Py(pyp;)e X HAEREAFIEN
NAE S 5 FE TR AR RN Ty iy (S) = pi (T (5)) 66

ﬂﬂ%sup[lgz(ph,p};)]: sup(r(mw), k)

inf 1)32 (pypy)=inf W3 (xy)=

(xp)es, (xy)cs,

(xil)lf,,{j”x - y||2dmcxc(x,y)} + f”y”zdp};c(y) (41)

o, fe /N A A A5 UL 5 T8 i B4R S [ AT AT I B AT
jﬁ,ﬂy\ Eg’ E.S+EH+(H)XF}+(”)’ ,fi llflf( [))’2 (ph,pil)=

xy)esS,
inf W2 (xp) 0L,
(xy)es,

Hik, WT4ERCe S (R'M = N), MH

inf { W} (x) [ p, € N (C) | =
inf{inf{f”x _y||2d7rC (e N((C)}‘

Ces®Mx N+ [|y[dpe i) )
K@M T

inf{inf{f”x_y ||2d7rCXC(x,y) |xeN(C)}|Ceﬁ(R”’MxN)}:
inf{sz(Eph,Zpﬁ)kC € 3 (R"M x N)} (43)
HTp,.eN(C) Hp, ZpCﬁHﬂLy K (44) AL

inf B2(4,B) =

(xy)eS,

inf{inf{Wf(Zthpﬁ)}‘C e 3(R".M N)}
. inf{f”y I’dpe ()| C e 3 (R0 N)}

& sup{”y IPdpe ()| C e 3(R"M N)} (44)
FSJAREE
inf B?(4,B) <

(xy)eSs,

MY 2 -

S Dyl dpe ()| Ces(RMx N) <
=14

p; =peh (45)
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