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Research on the application of Polar codes to underwater
acoustic OFDM communication system
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ZHAI Yushuang’, FENG Haihong', LI Jilong'

(1. Shanghai Acoustic Laboratory, Chinese Academy of Sciences, Shanghai 201815, China;
2. University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Polar code is a new research hotspot in the field of channel coding due to its high reliability and lower en-
coding and decoding complexity, and it can reach the Shannon capacity limit in theory. The ongoing researches on Polar
codes have provided numerous code construction algorithms and decoding methods for several kinds of channel types
and application fields. However, the theoretic proofs and the performances of Polar codes in underwater acoustic (UWA)
channels are relatively less concerned. In this paper, a Polar code channel coding mechanism is established, which
matches the UWA channel with significant multipath, strong Doppler spreading, limited bandwidth, and other complex
random transmission characteristics. Then the performance of Polar codes is studied in the UWA communication sys-
tem with the orthogonal frequency division multiplexing (OFDM) technique by theoretical analysis and simulation.
Meanwhile, the BER performances of Polar codes under different UWA channel models, channel parameters, code
lengths, and code rates are also compared. The simulation results show that the BER of Polar codes with a code rate of
1/2 in the underwater time-varying channel can reach 10*~10° when the signal-to-noise ratio (SNR) is 4 dB, which is
about 0.5~1 dB better than LDPC and Turbo codes. The results demonstrate that the proposed mechanism matches the
UWA channel well, thus the application of Polar codes is suitable and reliable in UWA communication systems.

Key words: Polar code; channel coding; underwater acoustic communication; orthogonal frequency division multipl
(OFDM); underwater acoustic channel

0 51 &

K TEIEE WAL 21 T E, 2 EE
Moo BTN, FARIRBAE. WA RO IR

Wiis HEA: 2020-04-27; &= BEJ: 2020-05-16

EemB: EFARRFEEE U (61531018).

EZ &N BERA994), &, \WAHIA, Bit, AT mAN
KPR

BIE1EE: /¥, E-mail: fhh@mail.ioa.ac.cn

BRE, MORHLHI L) 7K PG R R . IESSHy
2 H iR (Orthogonal Frequency Division Multiplex-
ing, OFDM) W] R 2 & Tk, Sy Rl % m, JFHR
A i ERBOR S IE I ERAE . AT s HAb S S a3
BERSGEA S, & S o AR K 75 B AE 1A R0
Z, it — P mIRE RoE R E, KIA W
KA BEHAR SR EEREEARSATESE S, 2 H
B KA B [ — AN B R T R

IHAE T 7K 75 A R F 1A -k L e SRR



30 I

R

2021 4

#}(Bose Chaudhuri Hocquenghem, BCH)fiZ . H.{#-
Ft % 'J(Reed-Solomon, RS)E . &AL E5A% 4345 1
177352 . 3T 20 43K, Turbo 551K % AR 46 (Low
Density Parity Check, LDPC)S15 2™ {2 #ff 75 fI 3
F, W3 B AR R 21 B M B S R B AR BRPY. 2009
M, LHHAEE Arikan B T ARSI EH AR,
B IR ARSI EIE M EIE A BRI k. e
AR S B AP g RS A R BE AN AR b E— T
IR TR PR S, AR B A {5 10 2 i Ak 1y
FIBEFE T 1), FES N 5G ARdES . Hgm1R08 77 5 it
T Y R BARZ AT TE R A AI N FH AU

(1) Gmh i s P Aa i 7 v B 9T, Arikan™ 5t
3t I BR {5 & (Binary Erasure Channels, BEC)#&
HE RS HEE, Mori S8 & FRrE A —
3t ) 4 O\ B #0612 1215 18 (Binary Input Discrete
Memoryless Channel, BDMC) ] % £ i3t 1k (Density
Evolution, DE)iZ%, 1= ¥i{5i&(Additive White Gaussian
Noise Channel, AWGNC)H', H & #iizfl(Gaussian
Approximation, GA)JAU, Z2HFRIGETEY. BIK
SHUREPR Design-SNRVESE, 5 A5 4) - #4 3k
VEVIRL R WAL B & (Polarization Weight, PW)yZ:!'45
AN T4 T8 2 A P 88 FH A4 38 V6 BN I R I 9
R (2) WMAR RS EERIT ST, Arikan B9 —4
HETTHEZ P T AT HEIH (Successive  Cancella-
tion, SC) B SLVEY, fE-P 71 RERITHIT S A BE A 2
fiti b, HATHEIE 73K (Successive-Cancellation List,
SCL)FLE" M JEM LRI AL I SCL(Cyclic
Redundancy Check Assisted SCL, CA-SCL)H %
USRI 5 {5 & 4% (Belief Propagation, BP)&yA!Y. #4
i HH JZESE N 5% (Soft Cancellation, SCAN) Sy 453
W ITTEARR 2 s (3) WA FE AT IEAS . VRSN
15 grid iR B LR B 25 BAR B AR SR R
HIRWT AU R . HET, SRS R 5 i
B AT 1) — 1 1) B B 1 12, 15 1 (Binary Discrete
Memoryless Channel, B-DMC)Ja) & HARF iE 2,
e fEE? ., EHRGEE, (BIEKFEEE R
FRABAIE B RS, P A 0 AR A/ Ho 52

ACER B R 2. 238 8y 5 R
i S G PE K 5 TE, X Arikan™ 2 H 1k
T FR) B 7 A 3 W S VA T 7 VR AR T ik BAEK
BRI, BT 7K (5 AH DU A AR A 5 45 3 2
T ML 4546 OFDM HIAREEI/K G R4, X
P th R AAS (S E g i AL 2 OFDM 7K 75 i {5
Tk e R AT HIRWE 7. (7 IR [FIBTEEX AN
7K EEIERAL, FIESHUSA RIS SHL,
WIS AE K P A5 TR MR As AL, JF 5 BT

FH R B P BEAL AR ) LDPC 5. Turbo fdidk /7% b .
1 S 5K EEE

1.1 R{LES

Polar i% [ N 5 F {5 il fb e B, 452 14T
= BDMC SIEW: x>y, 2 W(y|x) NEEKBEH
R, HEERE W) Foniegmid 518 w kR
eI RS B, HUMEEEEmER. H
ERSH Z0) N AL 0 8l 1 ECRASR F R
BraMER e B, AT SR T S

10723 5 2 W(y0log, 7— ) O
ok ol wom
ZON= Z W ({0 (v ©)

ERAIDAL K N=2" (n AT E IEHEH), Wk
BDMC 5IE) N NMHSLEIA w & EEEH 55
A, 58 N A TEEW, =12, N . 2
N—owlf, —#HoTEEREZLT 1, HiZEE
NUFRITCRE (518, 1 —# TEEGEA R
T 0, BENTEEESEE, HPREN 1 1HE
& EE S A IEL 2R BDMC FIEHIEIE
RRIW) , X —IGHIEE B TEA R,
SIEMAA S 4, BEE N IR, LA ERE,
PL BEC {538 M, N=1 024 BT AL BL R a0 1 s

L0 1o ey
L . ¥ Bk 5 * * K
0.9 Srolli i
o ** ¥ ¥ e
0.8 LS SR S
0.7 . . .
0.6 * ¥
g - :
L *
= 0.5 ¥
04f . 2
03 A .
" * ¥ F ‘*‘»
021 e gl
0.1p oxX xow E fone % *
* % ¥, * % %
hidks dis

0 1
0 200 400 600 800 1000 1200
WAL TR B2

Bl 1 A% N=1024 i BEC fEEMALI GR = E
Fig.1 Schematic diagram of BEC channel polarization
when N =1 024

AR AR A5 38 i 54 P 2 FH R 2 A 115 T8
RIPTEEPEAG THRIAD A3 . SRfd AR 3 AN IR:

(1) ETEERABLIS, G 7 AR A 54
IRk, TR TEIER AT EEVE MG, PRkt K
NUF I TEIE 4, AUURE K MER R, » £
HARBENTEIE 4. FBCE WO X7 SR
(N-I) N E TR teRr uy, BTS2 R 40 A5 75
Uy o BEFRARIRN



%13 BRI WALIDE OFDM /K75 {5 Hh (1 B2 FA F 7T 31
V15 B R R (K) Hr, h(n7) RN ARFER AN KA H (v,7)

R R R K LB RE (VK
() A4 TEAE R FF B 5 2 FRAELE G, 4R,
BRI %0 o SERAE LTSRS

X,y =t yGy :uAGN(A)@uACGN(uAC) 3)
Ho A R G, nTPARIR A
G,=B\F;, “4)

X B, AHHR T B HEBit-inverse) JEFE;  F,, %
ANKEERE F 3EAT n IRGC P W URAE, F A

AL
2 1) ®

(3) AL PERS, & ATHEIH (Successive Can-
cellation, SC)IFMEIET, WAIEHIEAGEIER =
ik, HERENOWNIlog N) Mo %t T W A6is
(N,K, 4,u, ), LLSC FRE MBI, AMRIEHRIL 7158
HIfEERBMRY,,, ISisSN, BAEHTURH
WiE, HE—-MEHWHRSENTEEGES
I8, USSR AIEF S v, , B THE G, , -

N 1
Wi (yl,N’ul,i—1|ui): z 2_NWN (yl,N|u1,N) (6)
Ui N eV
5E LIS EE (Likelihood Ratio, LR) A
N -(le’”1 -71|0)
Ly (3 ot )=N,z,—,z 7
L Wy, (yl,N’ul,i—lu) ™
HR A ALOA BL ) R i)«
1, LN,i(yl,N’ﬁl,i—l)gl
04,240, LN,i(yl,N’ﬁl,i—l)>1 8)

u, icA.

B WA A5 T8 B LA SRR W] A 1 2 )
(SR
Ly 0w th i) =L, D4 s B ,20-2 Oty e )]

LLy Vy wize> th e i) )

LN,zH (6% LN 721,21'72):
Ly, (Viwis 7%1,0,21‘-2 ('Bd:,c,z,‘-z)LN/z,i(yN,N/zw ﬁl,c;zi—2)+1 (10)
Ly i Viovias tyo,012 Oty e i) F Ly j(Vy wizis Ure i)

OO0 AT H, N MEALTEIER LR 1)
VL AT AN N2 TR BER LR R UGB S
KN 1, LR WIHHE N

W(y,|0
L,(y)= W((“;’Jm) (11)

1200y X

12 KE{EE
—fdh, KFEGENZERNAREE, REES
x(0) b iy s, BiEE N
YO=[h(t Ty (t-7)dr+IV (t)=
”H(v, r)x(t=7) "™ dvdr+W (t) (12)

R h(t,7) R MR AR, w () ZFHENE
T R o G BLIECRAE, RS R
FEVEHE N, L ASZIai A fase, BIiEsm
S R SR AR Oy

y(k)=§ h(ke, Dx(k=D)+w(k) (13)

FH T~ 7 B 1 22 34538 B ) B 8] T4 (Inter-symbol
Interference, IST)f# 1315 il 5 V& R B B N AEXT /A
M, JEILFE OFDM £F 5t s A #5148 (Cyclic
Prefix, CP), 75 7K75 {518 13 7% S EHE oA
R Toeplitz 4H FE" . @ i P 5 {4 B 4% fe (Fast
Fourier Transform, FFT)iZ 5, b A 48045 #6314k,
CIEGY

Y=HX+W (14)
UEI H NS fRRE, X M%LIuE HoN
L-1
H=) he ™™ 0<i<N-1 (15)
1=0

#i Z SR BPSK ], KR (E 18 H R R 2
(Channel Transition Probability, CTP) >}

1 _(Y;’I'i[)z
B(x,=1y,h)= e (16)
V2no?
1 _<Y[+H?,>2
P(x= il a7

_1 i° hl' =—F—¢
|yz ) W
T HUALLR EE (Log-Likelihood Ratio, LLR) )14
YN WS

R, (x| y;, h)=In Pﬁgfl: _1|1|y;l ’hlh?) -
E(-H) E+H) _
20" I 20" -
E(HA+YH) E=1 Y H~+YH
- S (18)

TESEPR R A, 1 R& nT RO il TS
114115 B (Channel Side Information, CSI)E[{5iE 1Y
i Hy W% o0 Ja, I RO EE % 15 RIS U
SR FAS T8 G TR TEAS 5 i B IR ) 2 0
T A SR AGE 1Y 55 A S T 22 ME .

2 IKFEA{EIE RS (S TE i f B

2.1 RAKEEER TSRS
211 ZREFRIEIENTE

Arikan & H SR RISVEMIE T SRR R
A TE AT W SEVEAS T, BEIE B o] B T 2 R Y
FIE, (A7 R (1954 5 E BB ER



32 I

HoOR 2021 4F

SHCASEARS, HRSTE .

1 IWNi(le’uli—l|ui®l)
W, )= —W, . s -
( N’l) "LNZJ:’LN 2N N’l(yl’NWLN)V w, ,i(yl,zvaul,i—1|ui)

(19)
ASCAEFEEA BT 3 AR AN i
(1) WERUAE ZW,,) -
R= IWN,i(yl,N’ul,i—1|ui@1) (20)

_\J WN,i(yl,N’ Uiy |u;)

X R AT REGHEAHLMEE ZW, ) . K
MAHFT K ZERERBENITREERER R
O(MN log, N), Hrt M ks RIS EL

(2) 1ER S, R PTA TEEE A BAR
FiH, JBCEWCRUTT SR E R A b, AR
N0, MRJFEIRTE BECRE P, o XA T I —
5 T G TR B R Y, 5y — Iy fai ik 1
SC PRGN FIAUSR F PR F 23, 9 5 THI AR HE— 2D BRAIR
TR RISERTT RS R

(3) MASREL BT SO FEXT BORHEAT, Rl &5
HIKEEERES RGNS H. AT £ 07, %
(1 8) Pt R N A AR 0 B AR L AR5 o IR
WIRERE— P FAR TR R, R HIE AR
B, et iEmE.

AT LR AR B 2 B .

SR REIRTE
I
EEALE 0, TR, LR,
FIRRJF 6 AE B LR 5

'

el iis, wRe)
v

BPSK, OFDM, /KE{ZiE%EH

v
SCIEL AR TERHMES HiT HAFH|
BRI IEAME, a(18)

v

RNBHEAR9). (10), BH
B FEIERI SR LLE

v
H 5 P TEIE PR L E TS
TRENDRSHE

[
v

R&ETEENERSHTHE
(BRSHUE BN 5E)
v
| wis b BRI s |
B2 SR RIS ETE MG RS B
Fig.2 Flowchart of the Monte Carlo estimation method
for Polar code construction

HREMRX

212 BERSHEAE
BAERENSL O IKSEEY, RERERE
O(N log, N) #%) 32 M Y (HiZ ik ERS
WIGH1E Z, (W) fE4E % BDMC  H 5 2 15 55 6 11 g 42
HH 0.5, HiHEAKXF IR (©22) LFAE BEC 1
ik,
ZWy ) =ZW,,) (1))
Z(VVZN,2i—1)gzz(WN,i)_Z(WN,i)z (22)

ASCHE HEERE EET P SRS, SR
TR

(1) FRHR KT (5B R AL S B B S0
1l zw) . GielSEMRmEsE o, K6
AMADRANKQRI TG Z,07) -

(2) KA SCHRIS] o = R AL Y A A 7E B R 3¢
VEISTE N R TL A R, R @3B R (22)
T K P50 P 1 B G S L A 2R

ZWyy 5 J22ZW, )= Z(Wy, )

G, R A BRI E 3 R,

CRSHFE

A EEIHES T E
B3 ERSEVIHE
v
miBEARCD. 23)8%
WAk 12 I B K S S
v

WU TEERER
SR NT §E

(23)

| w5 BB s A

K3 ACKRSE SRS i K
Fig.3 Flowchart of the Bhattacharyya parameter bounds
method for Polar code construction

22 IKEEERRLASIER

B FEARAABIE K 5 A5 T8 P 3RS v, AR
%f SC. CA-SCL. BP. SCAN 4 Fl At 8k 3k 4T 1
REMR AT EL -

B, GEKEEENRESE, #%308)TF
HRRYIAR X B SR EL

HIR, ASCRA BP BRISIERIERIRECE N 50,
SCAN LB 1 IR, XZ&HT BP iEMH BMLH
SEH “utK” M), SCAN RHE SC L 4T
RN, Kk BP HEM RS LERHE T SCAN &
%, (B4 SCAN HykpSSGE B B B 47 T BP &
e —MME, BP HIEFRE 40~50 Rkt
FEU, MM SCAN Hik 1 WIERE R BIRET SC
RPN



1

BERE: WAISLE OFDM /K815 (1 BT 78 33

3 fFiEES RGN

3.1 OFDM kKEEfERSGARESHZE

5 OFDM /KBS T AR 48, BETUER 2 15
PR AF B A HLEAE A P B S T RO TERER DL &
GUREHE K Qs 4 B, ZEOE IR 1 PR,

— 3 i | BRI ke
) o) Jmel 65|
IE 75 Gt i) e e
KE
{518
v
—d fEiHfs X
s : o i
| | 2 || ¢
%%_45% S [ %f ;f FET éﬁgﬁ%ﬁ

Kl 4 OFDM /K /il {5 5 4 4 4 R B AE &
Fig.4 Block diagram of the OFDM underwater acoustic
communication system

#*1 OFDM kEBERHZSH
Table 1 Simulation parameters of the OFDM underwater
acoustic communication system
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Table 2 Simulation parameters of the UWA
time-varying channel
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Fig.5 BERs of the Monte-Carlo estimation method with different
repeat number in the UWA time-varying channel
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Table 3 Simulation parameters of the UWA
time-invariant channel
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Fig.9 BER comparison of Polar codes in UWA time-invariant,
time-varying and fast time-varying channels
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Fig.10 BER comparison of Polar code, LDPC code and Turbo
code in UWA time-invariant channel
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Fig.11 BER comparison of Polar code, LDPC code and Turbo
code in UWA time-varying channel
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Fig.13 BERs of Polar code with different code length N
in UWA time-varying channel
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Fig.14 BERs of Polar code with different code rate
R in UWA time-varying channel
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Fig.15 BERs of Polar code with different number of multipaths
in UWA time-varying channel
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Table 4 Maximum multipath delay parameters in the UWA
time-varying channel

T /S T/ T Tpax /S Toax!T
0.005 3 0.1250 0.040 9 0.9578
0.170 8 4.000 0 0.4270 10.000 0
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Fig.16 BERs of Polar code with different maximum multipath
delay in UWA time-varying channel
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Table 5 Maximum Doppler frequency shift parameters
in the UWA time-varying channel

fmax /HZ fmax /F fl:HBX /HZ fmax /F
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0.067 2.9x10° 0.2375 0.010 0
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Fig.17 BERs of Polar code with dif?gxrent maximum Doppler
frequency shifts in UWA time-varying channel
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