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Abstract: Impulsive noise interference can seriously affect the performance of underwater acoustic communication
systems. An impulsive noise suppression method based on regularized threshold iteration was presented. Firstly, the
null subcarrier matrix was used to separate impulsive noise from Gaussian white noise and useful signals. Then,
based on the theory of compressed sensing, the impulsive noise estimation problem was transformed into a regulari-
zation problem by introducing a threshold iteration, and the impulsive noise was estimated by using a threshold func-
tion to obtain the estimated value of the impulsive noise. Finally, the estimated impulsive noise was subtracted from
the received signal. The simulation results show that the proposed method can effectively reduce the bit error rate
(BER) and mean square error (MSE), and improve the reliability of signal transmission in underwater acoustic com-
munication environment.

Key words: underwater acoustic communication, impulsive noise, compressive sensing, threshold iteration

YimBE: 2018-05-21; f&EIHHA: 2018-12-30

E&WH: BRARBFREERWINE (No.61571250); HHNTA AKREIEIEETIWINH (No.LY18F010010)

Foundation Items: The National Natural Science Foundation of China (No.61571250), The Natural Science Foundation of Zhejiang
Province of China (No. LY 18F010010)

2019010-1



o 77 o

BIERE 201945 3H

jilll3

1 3l

/KA iE {5 (underwater acoustic communica-
tion, UAC) & FA I A o5 Y AR B g ik
T E T AEHLAL A 25 1A e KA
K MBS EETB, SRR oS A
FEAIRARANA . K P AEIE A 58 KA Lt kHz,
Sk ERIELAFER L+ GHz A sE A LE, 7T Al
BRI AT R BT AR S A A
HERESTNTAIOREE Iy VA S AN Lk R EE ARl v I
W, ARG IRER LRI, 1S
R, Sk BB EMLE, P GHEAT
IRZAHCER, PR PR 2 AN 5 R
fy ] AR PO AT R GUPE R e S ™ . 4 1
RPN, ZHP A A (orthogonal
frequency division multiplexing, OFDM) $; R7E/K
PR O 2N KRS RGRR T 2 5
TEME A AN, 165 ) HAR BRI SEIE S5
NI kgt 7 Fg s it o ksl e 7 ) AR R A
WV VR UFIENRGR . MRS L g AR Bl
AHBRZ RS K BN SEIE ) Ak e 7= T s
BB SRR AT AR B S A2 DS IR
FABATAF A Tk R D) A R S I 1y
TV SRR A I DA R, R A (10 ~
500 Hz) A4l (500 Hz~25 kHz) [fI7K 75845 {5
o BRI A AR T AR GEHIAE T, i HL
/K OFDM RENMEAE . DRIA 24
Tl ke e P 0 K R AR A S IR T SR AR e R
HERE L.

Jl st 7 U0 1 G £ O A N e ) B TEAS
H A B MG A Ak, K IR

P RN IR T BL AR SR SR B
%, o REARSHGINE . FTSAGHIAR
R BRI EPY, 22 SCHRISTET A BEAL SIS |
FREEMF AR . DA IR Bk e 7, R PRIV A

FERMA 5 v s 8 AR e e 1 BRAVL KA 5 A
ikt s, o FLEAT R AR PR T o 2RTTV R
SRSEIRTAT A, AR Ik p i 75 AN 25 A OFDM {5
TR, ARG HME LA FRE I TR, S8R
T 2N TR ZE N o AESHCH B 2R H kv g
FBERLEIA . FREEm IR &I HER AT
FEI IR AT i s o X ek, B i BN
(compressed sensing, CS) AL T ke 75 410
Hl, CHAE TG BRIEVES . I b
W75 IEAC VLGB 5 Corthogonal matching
pursuit, OMP) 7EF#/N 7€ (least square, LS)
%o 27 SURR[91AEFE MU S ) 2 1 800800 i e
AT, IERIH OMP Sk T H Ay, 75
S| b 7 PR AL T - 226 SCER[10TAY FH 2T
AT S 7 25 RN A WU ok o e 75 PRI, SR 5 )
FH LS 5k v kg 75 (R KU o (2 X P A 7 %
X ket gt 7 A R AN

A T kDR R R PR K R A R
Geittkae, 4 AT R WAk B R AR Bk g s
P79 B AL T OFDM /K AR AR R4,
I FH 251 B R B i v s 7 g sy A0 1 s R A
RME S0 B IR o AR5 I Ik v 75 1) B S i
R, RGP A T Ik g R R ) Y, TR
(1) NP ) @i A0 A = Ak Tl R, e J R FH B (%
AITFAG v e P A5 5 g kg 75, I AR
o T 23 D g RS R A TR, SIEIIRE i gk
RAE] . O 3085 REIE TR SR AT R

2 RipiRE

A R IET OFDM AR /K il 15 R 48 .
¥ OFDM #5540 Ry T, fEERRTZ K
JEN Leps FEIIEIBG I AF = 1T, TEBEECH K,
BTRPEECN N, BRI N £, BTERBEES.
B 7B TR ES LA S .
Sy~ Sy HS,US =S, S,NS =T, &T
OFDM 7K F i85 R ARSI W 1 Fios.

2019010-2



+ 78

o K
1% i 1?_{15
|
n—»r@<-i
B W
|' MR | A T
O
| B ]
] ol r 1
s Fst X DFT
| B ,
1 ]

__________________________________

1 JET OFDM [fIK A% BG4
T kAT 800k BRI G BT 5 6A
dlk], BN BT g i 2 o i) AR 25 1508 L v 3t
e N CP J& , AEREHY EARSIAE 5 1T LARIR
x(t)=Y_ dlk]e™™ (D

&

W AR (I A, KRR
LRERNE BN P, WS p KB 00 SRR
HE, WRAEE Y o), N kA TR K
3 8 R 9 T LA 264

P . .
HIK]=) & e "™ (2)
p=1

2ok A AL AR R 2 ), &
# CP,  WIB o i H 45 5«
(1) =e Y H[k)d[k]e™ +i(t)+n(r)  (3)

Kesy
Horpr, e Rk i R W AR AZ 3 7 A 1) 22 %
AL, n(e) EIMEA 0. J5 24 o 1 g
P, i(e) SR K FE IR Rk 7S, 8 R AN v A
W4 (Gaussian mixture, GM) 7 U2 Ho g%
HERET LR IR A -

S
=2 pNOy) €5
5=0

S
Horf, p R s A RIBLIER, 13 p =1,
=0

yi R s AN RN %
Kl (3) B2

r(n) = e z H[k]d[k]e™™  +i(n)+n(n) (5)

XK K AT A ER G S BRAE S
(K15¢ R HHIBE I R A «

r(0)
()
r= . =
r(K -1)
1
ej21t£
ej21t£(K—1)
(6)
HIO]
o H[1]
H[K 1]
d[0] if0] n[0]
any |y Al
diK -1 ik -1| |n[K-1]
1
H, D(e)= EAR L]
ej27r£(K—1)
HI0]
AR, A, = Hl] Sk
HK 1]

RIEXFFERE, F ORYEECA K x K () BS RE L
Ap ¥ (discrete Fourier transform, DFT) JufiZ¢fi
KilE, F" N F I0)EKERAR

Ak, 55T OFDM (7K IR RAFENUE 5
B T] KR A«

r=D(e)F'"Ad+i+n @)
3 ETIEN{L SMEIEN A Bk A 4
B Bk P 40K, PR EL RS T K A AR

2019010-3



79

BIERE 201945 3H

(i, DA b 250 JLEAT A o 2% 18 ik i e
FAE RSB BA Mg, B DA s 4 18 e 2L
W, PR T FRRE T A AR A A R K i g
%, BRARGEMTR .

T —ADNYERC) NxK 725 7 80R
Me, idh @ . @i FHINE K- NATRH KATH
J¥o HRHE OFDM £ 5 &> 58 [ 1) AL
M @ FeLlHlifE5 r, 19380 N AN 78 Ei%m
HAE

y=0r
=®D(e)F" A,d + @i+ Dn (8)
=Di+n,

b, m,=@n. 0T @ HERIENE, Fittn, 1)
R oA, Hop 5 =25 PEAAR
R S5 ) FH Rk st 7 R I B A R R e,
I8 [r) AT TR
fp = argmin ||l||0

D)
s.t. ||y —471'”2 <¢

b |, b Ly SRR, b L, A, 3
X, = Q] )7 g TR B e
n, W7 MM E S G R (9) ]
RIS/, AE S A . R (9)

) LA NP Al dle by MR n) A0 ot
TEJUIA i) L

fp :argmin||y—¢i||j+l||i"0 (10)

Hrep, AREMMSH, 1>0.

AT SRAFIEAE BT, R g 1
HARE 0 ud, Hb, ge(0,1) . WS ICHR(13]
PRI, Mgell/2,1) B, g i, BRI
I PR ARG P /N s 2 g e (0,1/ 2] I, T Ak ) A
ke B 2. Bk g =1/2, R (o)
I AN -

i = argmin{|y - @il} + |1} (1)

1/2

b i VG DI T T = Wikl O Rl Ve S R S
GRCEIE

. A 1/2 - . T )
(129 e o) a2
o, 1RMBAERE, V([ ) RETE T

FREES T
PR R, EHIERDE, K (12) WEs
BN IE:

%f{?+§vwwg)X5+¢%y—@g» (13)

o, 1A 5 o SR B U IE A
KA

TR IR AMEHE s A
PRAULER (14), THERRIGEAUR (K bk e 75 50T
(CRIRIER

A(i)) =i, +@" (y- i) (14)
e, F A S IR MR L A
WA

FRE S SCHR[14], KPP0 RS AR T K0A
KN
i =h(A(7)) (15)
X p e BA TR BER R, HiRRR
R
h@ﬁ»:fUQ»V@)
"0 o, At
Hodr, e FAIBRAE ¢ £ 2% SCR[12]0 45
e R BT TR, 5 IENLSE A H K
I, BARRIR N

>t

(16

£(4(i))= %A(fj) (1+c0s(2—;—§(pl(A(fj))) (17

1 440)
3

o, (A(fj )) = arccos(g(

3

) 2) (18)

2019010-4



+80 -

/54

£ =—-2" QL))

4

L2y T LA 3 A S E 1 7 v R A

0 KA SUREDS, L R 7 v 0 S A

B, 15 SRR, 9 i ELA
SUEF, A4 R0,

6],
o, s Bk MESRRIRRE, [ A(f))] AR
HA(T) PIEA TR TIPS 138 s+1 A,

=
-
£ et ST g P A 7,

RSLEMRRATT

BN WMy . MRS @ . FHRIL s .
HE g,

VI ARG, = @'y

VRSO A A(F) ) HR AT TS

A (200 WSEENI S A

MR (19) VHEEBIME R B 1R

SR A A(A(T)), R (15 AT

SESAWE

3

2 (20)

96
T"‘p"2

A=

BOEFIRBME R ¢, 4 <g I, &Rk

F_3

p p-l

2

P <g o DI E day g A

~

1

p-1 P

fH, K2 L
s B P (7

Ja, FEHBEINE S r BRI A
VAR, B4 S0 ik o e 75 5 1 B2 A

%f:r—fpo
4 (REZRSHHh

AT5FH MATLAB {7 B850 53 1 LR T 4 Ff
FET S 48 BN BR S 1 ik v 75 001 7 vk 11 B

X G BRIEET) IEACUCALE A, B

NI O . AR R, RS R

FH QPSK |5 3, /K75 OFDM {5 & 48 (1) HiAth

PiIEZHREN T TR SECY 128, Hphas T

BAECK 30 5L 60, ZIREH N 4, FEAERATN

I i) () o il AR o AT, 19 2 IR A B R 3 A . 22
A

%%ﬁ%ﬁqu%;ﬁﬁHW%mﬁi,ﬂ%

B ¢ BN 107 o FEWUE 5 A AT e 0T 11 e
B NG ke PR, Lo A B R S A
ﬁgem&mzmm’ﬁe@mmmﬁioﬁﬁ
t{E 128 A~ OFDM JEir KA s ) s AN B BEAL
TNk 7, ] IR ik e g 75 T S5 7 1) T o6
LRl ok 35 dB, T4l LR 1151 LE SNR 24 5 dB
125 dB (115 TE o

AT B ACAN [ Sk g 7 0 D 9 2 Ta) )
AE, 2rosE XAEMELL (SNRD. %3 (BER).
Bz (MSE) A:

SNR:EHR@ﬂq

E[|ll" ]

N,
BER =—

all

MSE = !

_Ew—g Q2D

Horpr, NN TN, N, AR S
JCHL

Bl 2 &% i e B A e LU R A1k ith 2k
AR 2 )y B2 (b) 435t s T3 E Oy
30 F 60, MATELEEHE, 4 Fhoy ik {5 L 1)
BN, AR RN REER, I B ARSI R
TR AR T oAl 3 FhEEik. b, BEES T
BB, 4 BT IR R BRI AT T
Tt KRB RS, TR
Al S A M BRI 5 1A S, AT BE AE
HiAL Rk g 7S

2019010-5



.81 BIERE 2019 FF 38
10° — AN EOR R 55 AN LB, AR
—t—JIS}éE'I'm{i% g
A e (RS RERE 1107 LU R
—o— KX Fi ik
10"
—— R
—o— IEAR LB s
—<— Fuh Tk
o —o— AJitk
g
=
10"
102 L o
20 21 22 23 24 25 26 27 28 29 30
SNR/dB
(@) N=30 10% 5 10 15 20 25
10° SNR/dB
(a) N=30
—s— PRIETE 10°
—e— IEAR DURLIE ik
—a— RN
—o— KX

102 ) 1 L !

I L 1 L

20 21 22 23 24 25 26 27 28 29 30
SNR/dB

(b) N=60
2 4 FPRERID R TR

B 3 02 & 7R U 1R 2 AR W LG 1 AR A i 28,
HA K 3 (). B3 (b)) 25X N A Tk Eeh
30 #1160, MATELEE G, 4 FhrikbaE 5w L
s, ¥Urui e RN R, I RSO
W BAR T3 3 Rhayk. 225, BEE
T EIEA G N, 4 B3 TR ZE AR
APrieTh, B3 (b 5K 3 (a) ML, A5k
RSB TR ZE A 107 N, A5 LB 4 5 10 dB.

Bl 4 R 7R 2 B8 25 e ) A2 A ith
2, HAE 4 (@), K4 (b) 2350 NiAEMELL ) 5 dB
F125dB. MFILES A, 4 Pk == 78k
Htsn, RS R R REER, I EARSC
(R R AR T oAl 3 FhdTik., #b—2, B
M LL I3 N, 4 PR 2 e A i
Tty IR E M RO, kg 7 R e T
PLti/N, RIS RS SAR N £E 4 ()

L | e BRI
1071 | —e— IF A DUREif Bk
—<— R Rk

—o— A F %

s 10 15 20 25
SNR/dB
(b) N=60

3 4 PEEI BT iR 2E LR

10°

4

RASH/dB

—s— PRI

—o— IE A DL BRIk

—— RNl
—o— ATk

102 n n

30 35 40

35 30 53 60
E P

(a) SNR=5 dB
10()

O S

—o— IE AR VLB i
—— BN
—o— AR Fi

30 35 20

107

45 50 55 60
PR/
(b) SNR=25 dB

B4 4 R R L

2019010-6



iﬂﬁ HRE5F%

82

Kl 5 AT 1R IE) J7 R 22 B A i 2 B
ZNEMMLL . MRS RE, FEEWGES
Rz, WiwrES EEd. xR
h Mg E SRR R, S BUE WAL S8R %=
B8O, R E R B 1T BRAE R S 3G O, T BRME
b RS & LA ok e e 75, 1Y BR A I /N 4308
B HES, SRR T REL K. U6
JE SR 221k ) 8% LA LI, ARSIk iR
7 FFEE107 LA L,

107!

-3

3% 4% 5% 6% 1% 8% 9% 10% 11% 12% 13%
GBS Bk 22

W5 SOk T i 2 AR B 5 BOR ZE AR AL 2

5 #HRiIE

BEXTHE T OFDM (17K A A7 28 48 M Bk i g 7
T, SR TR I A (RS A i g
FRANERITE o TR SR A BB, K
ik g A g e R R R T S B TR . R
Je A B AR AR5 AN U D e 7 o i AR 2
ey woi QUULYSINE K INIREE R A E S PlD NS
Ty R N85 T 1 22 85 7 TN SR ME R EAT T LLAL
T 3Ch AL 3 FhEL, IR EAAEAF K
5 e LU S 1 3 BN H0 M B R R itk Rg . H
T A SCTER N Fik R 7 REAT A TH AR T Rk o g s
IR, FERMBREER AN T, Mt PhERges
EEIZZI NPT P N A VB (B <R QUL SR i
BLEARFN NG BN WFFE/K A A 0 kv g
ELILHIpRFS

5% 3

[1] M, 20, RUR, 55 KRG I TS EE
S PRk g PR AR v D). HAE R, 2017, 33(11): 66-72.
ZHOU GL,LIYM, YU M C, et al. Iterative adaptive impulse
noise suppression method in underwater acoustic communication
system[J]. Telecommunications Science, 2014, 33(11): 66-72.

[2] CHITRE M, ONG S H, POTTER J. Performance of coded OFDM
in very shallow water channels and snapping shrimp noise[C]/
OCEANS 2005 MTS/IEEE, June 26, 2005, Washington, DC, USA.
Washington DC: IEEE Computer Society, 2005: 996-1001.

[3] ZHIDOV 8 V. Performance analysis and optimization of OFDM
receiver with blanking nonlinearity in impulsive noise environ-
ment[J]. IEEE Transactions on Vehicular Technology, 2006,
55(1): 234-242.

[4] JUWONE F H, GUO Q, HUANG D, et al. Deep clipping for
impulsive noise mitigation in OFDM-based power-line commu-
nications[J]. IEEE Transactions on Power Delivery, 2014, 29(3):
1335-1343.

[5] GUO'Y, SUN H, CHENG E, et al. Impulsive noise suppression
and signal distortion effect mitigation in underwater acoustic
OFDM system[J]. Journal of Convergence Information Tech-
nology, 2012, 7(7): 181-189.

[6] KUAI X, SUN H, ZHOU 8§, et al. Impulsive noise mitigation in
underwater acoustic OFDM systems[J]. IEEE Transactions on
Vehicular Technology, 2016, 65(10): 8190-8202.

[77 DONOHO D L. Compressed sensing[J]. IEEE Transactions on
Information Theory, 2006, 52(4): 1289-1306.

[8] GUO'Y, SUN Y, CHENG E, et al. Impulsive noise suppression
and signal distortion effect mitigation in underwater acoustic
OFDM system[J]. Journal of Convergence Information Tech-
nology, 2012(7): 181-189.

[9] SUN H, SHEN W, WANG Z, et al. Joint carrier frequency offset
and impulsive noise estimation for underwater acoustic OFDM
with null subcarriers[C]//OCEANS 2012, Oct 14-19, 2012,
Hampton Roads, VA, USA. Washington DC: IEEE Computer
Society, 2012: 1-4.

[10] WANG H, ZHANG X, LIU Y, et al. Study of noise mitigation

for underwater acoustic channel[C]//International Industrial In-

formatics and Computer Engineering Conference, January 10,

2015, Xi’an, China. Paris: Atlantis Press, 2015.

BERGER C R, WANG Z, HUANG J, et al. Application of

compressive sensing to sparse channel estimation[J]. IEEE

Communications Magazine, 2010, 48(11): 164-174.

[12] BANERIJEE S, AGRAWAI M. On the performance of under-

water communication system in noise with Gaussian Mixture

(1

—

statistics[C]//Twentieth National Conference on Communica-

2019010-7



« 83«

BIERIE 2019 £5 3 #

tions, Feb 28 —March 2, 2014, Kanpur, India. Piscataway: IEEE
Press, 2014: 1-6.

[13] ZONG B, HAI L, WANG, et al. Representative of L1/2 regular-
ization among Lq (0<g<-1) regularizations: an experimental
study based on phase diagram[J]. Journal of Automation, 2012,
38(7): 1225-1228.

[14] XU Z, CHANG X, XU F, et al. L1/2 Regularization: a
thresholding representation theory and a fast solver[J]. IEEE
Transactions on Neural Networks & Learning Systems, 2012,
23(7): 1013.

[15] GRIMM K J, MAZZA G L, DAVOUDZADEH P. Model selec-
tion in finite mixture models: a k-fold cross-validation ap-
proach[J]. Structural Equation Modeling A Multidisciplinary
Journal, 2017, 24(2): 1-11.

HEEEMT]

TP (1992- ), L, TRRAE SRR
TR, FEOTF5 R K Sl
(ERMIICRE (S IVIpr

2019010-8

ZEHP (1963— ) , F, TR, 1
ARSI, EERIT R REAEE . B
LRABAE . BT AR RGN Hr A

SEARE (1991- ) . B, FURAEERRE
SRR, IO
A% R ATk

FRERE (1991- ), &, TRKEFE SR
LIRS, 255 ) o Ttk
AL R I M RE A



	10-19010-N˝˝

