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ABSTRACT: In underwater communications, to compensate performance degradation induced from rapidly
changing channel transfer characteristic, multi-band communication method which allocate the same data to
different frequency bands is used. However, the multi-band configuration may have worse performance than the
single-band one because performance degradation in a particular band affects the output from the entire bands.
This problem can be solved through a receiving end that analyzes error rates of each band, sets threshold values
and allocates lower weights to inferior bands. Therefore, this paper proposed a weighting algorithm based on
estimated Bit Error Rate (BER) which analyzes reliability of received data based on the performance difference
between demodulated and decoded data. Employing turbo codes with coding rate of 1/3, we evaluate the
performance of the proposed weighted multi-band transmission model in real underwater environments based on
optimal simulation parameters. Through the sea trial experiment, we confirmed error performance was improved
by applying the proposed weighting algorithm.

Keywords: Underwater communication, Multi-band, Weighting, Estimation Bit Error Rate (BER), Turbo codes

PACS numbers: 43.60.Ac, 43.60.Dh

LM = sfehe A AL, 34 W o] e 24T,
Spae) Wik, 1 7 2ol 12 4], i A 2ot
FESFEAALS A WYL ol EEe 5 rioke A% A 84E 1AL Qo] o]

TCorresponding author: Ji-Won Jung (jwjung@kmou.ac.kr)
Department of Radio Communication Engineering, Korea Maritime and Ocean University, 727 Tagjong-ro, Yeongdo-Gu, Busan 49112,
Republic of Korea
(Tel: 82-51-410-4424, Fax: 82-51-404-3986)
® @ Copyright(©2021 The Acoustical Society of Korea. This is an Open Access article distributed under the terms of the Creative Commons
@ Attribution Non-Commercial License which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided
L the original work is properly cited.

359



360 A2 A

o ox 12

[

e 12 rlo

op
ol

) l‘[r‘ ﬂ!lm 3

u)

o

HL

oX

o

g

>

2

o

o

o

1)

ot

=

4l
S
ok
4
30,
2
oX,
o
=)
)
oy
]:014
figo
A
=)
=2
o)
ol

121
q solgel] ofs) A W=
ofLpzt] o] & Fu5}] gIste] MR 715

2 e 1o o of
2
&

o
=

+

olN

2

>

i)

ofN

=
[T

off

)

fto

o

or &2

)

N
>
ox M

4

-

w2

(
AN

o rr

4 qo
o2

215

Ir

ok

filo

~

ob

o

4

x2

o

N

Y

N

e

oX

oot AN > o R 2
w2
£ % fu
o rir
o lo 4 =
o 2]
ol X
i =]
o %
‘i o
r
flo 5
:&g‘ (¢}
S
P o 2
o %
9
>
2
s

__lTl_1
o
a
&
s
vy 2
£ o
O =

oo
lo
o

]
N
z AT T
o
Xx o
w9
o St
> rE oX
o

)
A
o o
—-

>
5

2

foir [
to
du

(o3
w
o

o
9,1‘4
fr
o
rE

r]

o rr
4> oL N

ol of
1o
ox.
o
filo
-9,
oo
ol

N

N

AP AT gl o] H 9] =4I SNR = 2 F-&o] flolH
F89] A5t dA|th= HAbo| gitk mhefa 2
= TLo]| A= 34 Bit Error Rate(BER)S ©]-8-3F th=

g

W= A 78] 715 A7 el sl Alret
54 BIRE B2 Ho|ej9t 25 5 4] .53}
AR Eo|El 8] 0 F A S ATy 0 2 x
& do]ej7} Al 4ol 2o 37 BER
v, weh 2 B Hole)7} Als) o

H

C
N
T
1o

22 flo
[o ¥
]

N

oX

os)
=
o
i
X,
-
to
fal
ull
o
=2
=)
i)
N
=
0 —
=2
o
N
"
B

o

ox

£ A PAlo|Th £ o]
BER 7|5 &8t 7H5 2] A7 WA
Foetg 153 7 EHE R
ARl 2o R B 9 94 2
Ayehi o AR w9 AA) gl
5-3}7] Decision Feedback Equalizer(DFE) S ©]-8-5}
R T P R ENER
SEEERECE FER EREERE R
HHE SIS Z710] wet Aol GAEL En S

pd )
rir
>
2
=L

£
%l'

2

oo oo
ol

ok

N,

Prl-"

I3
P )

= o [0

s

do i we
iy

o

dot o 2

&

iih)
oL

ofo
ol
23

BERE o]-§-2t 715-A] Ao &2 A& HERH]
s Al o4l ©]-8-3te %4 BERY} 7}5-A] gk

o2 ete|X] H40 H4w (2021)

2.1 AJARI @

T WS A 71ES AA) S A E e o
o) L h e E2 21 HA A 2 Basto] e
) FUETHE 2 R A D R OF A Y
ofth. 45 SAFEAI) AL AHEH Fuhgeo] u}

E4o] B2 ol Adoln] th M H 7]

QU A1zbe] ZH} b o] WARS:
SheA A4S A 4= Glet Fig. 1)

IR

4 ol rfo

7o) Fkge AlE A] Rubke] 15 o) (guard
band)& AHG-ste] £ BHkT 2L SN E
Q171 95}7k9] 744 Inter-Carrier Iterference(ICT) &
W) oA ek Fig. 2= £ 3-8 F )4 thE W
S A% 78S G FpA P2 BEEo|t,
.

oA AR5 T AN LFEAL 0 R R
5 o

il

Frequency

] [] Preamble bits

] [] coded bits

Time ——

(a) Time domain

alatatial

(b) Frequency domain

Fig. 1. Packet structure and frequency band for
multi—band transmission,



5% BERE o 88 TF5 W=

A M9 A el AT

361

Eiwﬁbt
P .
- 13 .
2- Encoder 4 Interleaver C | packetizin | S SRRC filter . E s(t) Underwater
: ; channel
eJWﬁ
Estimation
BER ‘
W, efwit
] @
e D o B o B
W, B efwzt
D D 7 é ()1— 20 equ.?:liEzer [ LPF BPF l—1
‘D_ Decoder Le inte?l;ver = Z . o r(t)
W, . elwnyt .
A ¥, O ore S
| _\J+ | equalizer H LPF .“ “
L? Fa A Interleaver Li‘
+\/
Fig. 2. Transceiver structure of multi-band communication,

SAOlA Qs K] MBS gk g olE]o] betel §17 A1 slupe] |zl o.g AR,
o A% 0] M52 Eq. (1) 2ol D2 Uehd 4 o] m, PN 9] H|E ] P Eq (4)2} 7o) Liehd
et 29lom Hj7lo & 1A E B EY §=Eq. (5)9F 2

o] Ltepd 4 glck

D ={dydy, -+, dy}. o)

P:{prQ? "‘,p,,}. @)
AT D= (n k) AEHTIE 3 5, Eq. )2}
2ol vephd 4= Qe 8= {p1spyr -+ P cas s - )

C={ci,cp scpfe @) W5 E M EA S N O] A& TR Fulo

o] W, N& R ole] ol Lhehuiet. H5o] o
DA SRS AR 0 52 7] $Jste] QlEelui g
EajgiT o2 QIS faa o Yoje g

UpEh ] Eq. (3)2} 2o] trehfjof Ak,

&= {enis i) o
QIE 2 ¥ 5233t Bl o] E] 02 FAINeL $4130]
A A2 &t Q)= n 7l 9] Pseudo Noise(PN) =& o

oa) Wz b
Eq. (6)3+ 2t}

HE Falo] FANE s(t) =

N,

st =38 i=1,2,3, - ,n+ N ©)

iﬁ l_].i ) N7H_4 /\‘]E ]q—E ];lll-]'_t__‘_oﬂ EHf)ﬂ ejwzt
0.2 224 o] e sfof Wk 7
L5, M) s Hhet Zhzke] WA A5

o] Agedtt. $AlA B = ok At &

o
J
ok
> m

The Journal of the Acoustical Society of Korea Vol.40, No.4 (2021)



362

P

>
R

U=

L

)

(R
o

Faks}A) wis) thE A 2 A o)
B 52O TR A A AHIoA] Q1A A
tg/\g/\]ﬂjl,ix A AH 0] A 2512
2= 3ltolt) o] 3t ohE AR
Aol A Al AL Ao
B 24 of upe} b 2o
A7t el ray bendmg A}
o B ()3}

o e olN

rooeoid
N o

mg HJE :?i:
mo fo ¢ H»

N

|

1

> T
fotr o
N
N
a2
ily r£
g

oZ
ﬂi
rr

oo
h=)
Lo
2
_\,’z

A~
s _l—/l\_].é_

(o
%
I

My o 1o nZ off
:céf:

Lo

N,

r(t) = Z Z s(t)ejw*'th,(t)

1=1k=1

+n(t). (7

LEAA v A2 5 Uil 1 & v 4
2ojlgro|th b (t) = I A B2 = AE &
B ASE LR, (1) 1= 7H9AI0E 21 Lt
Wt} 1RG4 A4 B 2 o] ofsto] Al
S5 471 fIsh ;] A &2 ohE Al ol tisl Band
Pass Filter(BPF) 77} E3k310] The djolo] A5
= RSk 2] 1 NRe) 2ol dsle]
2} LowPass Filter(LPF) & £3}5}o] o} 74 2 a31=
A7 sl7] 9150 S37ol Qleatet. of ), 53712
B KU o) S (0 2h i
0 5571 YEAE £(1) = Fa, (2} 2] Lehd
ek

= ‘Ehyk(t)
k=1

21 efelel dsiel 5317 &
sh kA o-21E ]
éﬂﬂﬂﬂﬁ%%ﬂ}GOl

dELEE

SeAlE A
SEERIEE S
53}7]o]

1
B350 4

[e]

o2 ete|X] H40 H4w (2021)

tlo

o
e

:10

472

719 07 B& A% Aol F2ak W] oy
S Holel g Baath $3119 F g L) =
2% A So19 59 GO 24l ARy
Sab7]o) 4 302 9124 Wetrinsic) gl ek
1/9k 1/9) 218 YA A shetolelo] 2 gto]

Zh o] et A58 ket 5] -2l 2]y sjo] 7]
APE] o] A B o 7)o Y H Tk Fo 7] oA =75 H 9
HolEﬂ%}:LDOEQ(9)-‘4‘7 o] -t 4= Qltt.

SH
E

;:O

P(d; =+1)
L;”=1og P(d} —y X ©)
SR Y L= 53719 S glo 2 Ak
BHE A AAFELO] 0 B 19] 0.7 e BT 5
Q= grolek. olejst ok £20) Apo] 3h& ThAl 9l
B2 5}te] /S AAS}Ho] Least Mean Square — DFE

(LMS-DFE) 53170l &gttt L5 Ydo] E 5t
Q5F k2 BASHA =t W 8157t Sofgell
w2t °‘tﬂ<>l E 3l 0/ B 7L<>1 iﬂ &t} 5}
Tof| 7HgA Hof 4450l ¥
£ WEshe Eii %ﬂ
HE S uj =

5= TIA

O
,r
i

AJTdﬂ
glolE e ¢x A
53178 TR
Aol

S
.

=2 O

xﬁk]

2.3 7t5%|

rE
2
>
s %
o
=
oy fir
lo =

ne

)
o

of

ol
ol
N
=
A

"W

o oA,

ok

off

2

o &
12

e

=
1o

19 oy
< do
ox,
o no
o =
L
S
< ol-).
N

(o3
(o3

{
R

L 1o
ot fo

=il

;

1%

ol

)

o
Hl
*x

Agkell wk2t 71|
ch. Fig. 2914 53171 & &
2 72 e 44t Hol
02 71EAE AAF = kA
Effective SNR(ESNR) =4 1
212 Received SNR(RSNR)2

= sl
= =

%
i
et

ol
4

o
)
5

J;
=2 ok

~
(i
1
41 >

N
U

=

P
e 2R

-0
QLL‘;:Q
N
2 oL |n
dr o rff oE A% }O oo ¥ pE HUoox U (M

)
o

1>
W

ofy
[‘2: oL

5 o
%

o)
o

ot
ox



774 BERS o83t g W= A& 71 9] 7k 4] date] ot 363

= ——{ Demodulation De-interleaver ————| dl:i;k:fer
ST

8-5to]
tﬂ ] E1 HBo| 0889 d&d) 75E Agets

Error Turbo
g Interleaver
countin re-encoder
o]k, g metever]

glo]E] 29| Shof| EA o= AP Al 2= 5424l Fig. 3. Block diagram of estimation BER,
2kl *1§°Pﬂ = HlolEl S o83t T E 85
St 7l se sl e B R A d H5 515 51K ¢baL 1-8-5H7] w2 ol /45 Al o] 7FeshAI Rt 5ok
QS olelel MEs E AV AE HIEl elolel 4 3ol 4 4S8 4 A Al
free] A 57 S5L A BEEAT  cnmmrEugor 458 2gsopsit o uj,
o]2] 452 olgste] HloJe FE o s EL o= B35y glo]E o] JLo BAaly] 95

B sl dlole] el MERo] YREABLE 4 BRE ol4F 3 g o2 44U AR
SAck T H55] A ] o 1 2|2 5oj3t 4 9l
&3l dloE F2 2] o782 oS3t Eﬂ°lE1 2 =z A Aljsh= 34 BERS o]-8-5ho] 715

o FEAE AR 4 Slch el 9191 74 8 AR AR R e R B Y
A2 Atd A dlolE o] SAUSNR B2 fE0l 5 SRS AR AS S Fokd T A B39 FFig
AP A BAOR Qs Hlole Riel Watel £ 33 7o 7Y Fo) 2= 0] 24 BER 38 A
e e ATl T e B R R R th 3% BERS o|&5lo] W= 71522 A4
el 7R dd A o] aErt. stof thA] B2 9l 53 & AR AL 7SR E A

ot ARt A S Fov]of sl § U2 e
I, =X BERZ 0|25t 7[=x| MA < Qe 4=tk
Fig. 3-2 Fig. 2 l A 3% BER £52] A &

71EY b5 e A FRoA = eEe & ofth. % BER &5l A= HE EE:QM =3 %311
29 SIE AN A AT g el 53710 SHErE ZH —rEEW%I RCE= AR o
eptieh el ol WA e B Faheis] A Desio(D) S B0k 05 A AL
o dlotst A eolw T Fus vjoje) A5l 5 Y BERE Foiu] o) 85 F 4% WA B
A H|FoR dHEY] ujo] L5 A Fe] AZE At 1 s wlolE of 2f7E Arh =
A gdile A4 71Ee Agstae urk 3700 dgEE AEe) of7) Mok oujojua
oFgh A5-S Uehl A9t itk ol S8 378 BERE WA & Hlojth 88 13E /M
o ol A At uiel o] 7ok s W= © HE 750 R85} B E 3368 EE oG5l A=
SAlE gk 2y 7189 7 A A HAlE dlo] A o A3kl Fig. 4= T HiEof|l A £5 off 2]
ESNR 527 BpA]o| L} AP A5 @ 578 4] 2 Al A eF 57 ofl 21 2] BAIE Lrehd e azolot o] w, 7}
Z glolg] FEoA =& Wl 5oz 915t A B2 SNRE LHERH B A= % Q.5 |5 e
50 B4 "ojAl= A9 Feert Hold o W SNRoJ S71sha A T e B o7
AT}, wEhA] 2 =120l M= ol A Fig. 29 524 Tt S EE A AT FoloH S of
BERS 0|3} T} W= A4 7|9 o] 7152 A3 7}00] = 2] o] 1?@ S 20| 4 w3t F2 3]
ol sl Albetet. 34 BERS H3.8 H o] € HadS & 5= QUeh Fig 49] Aol ujeh 53 0 7

o} Bz 5 glo|Eo] 4% Aol S ol galol feAlEl  7FERE ol ofo] mE 7 BER 3 Zon] of
dolele] Azl ws el woleh A A5 & BEIF AR $ASHEA] tig 7120l 8 5
HlolEl 4o AlAkto] A2 oFn Qi Blolels 9SS 4 Alrk uebA] 2 Ml o)A] £ BERS

The Journal of the Acoustical Society of Korea Vol.40, No.4 (2021)



364 AL, A

150

. T T T T T T T T
‘\\. —8&— Decoded error
B, —+&— Estimated error

iy @
B——a. O ey ~X

~o"

=3
=}
=]

Number of errors

1}
=}
T

e
— a
5
S
—a,
%
0 = al
o 1 2 3 4 5 [} 7 8 9 10
SNR (dB)

Fig. 4. (Color available online) Relation of decoding
and estimation errors,

w01 F T T T
—5—F2emror<10 %

—*—F2eror<20 %

F2 error < 30 % : ¥
—k—F2error <40 % =
— — —F2 error <50 %

BER
-_A,_\

& & &
0 01 02 03 0.4 0.5 0.6 0.7 0.8 0.9 1
Weight

(a) BER performance for various weights

10°

107" ! {

Estimated BER

—&—F2eror<10 %
—*—F2error<20%
1072 / F2 error <30 %
| —+—F2errar<40 %
| — — —F2emor<50%

F——&——b——d—b & @& & & &

107 - - ; g - -

1] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Weight

(b) Estimation BER for various weights

Fig. 5. (Color available online) BER performance for

various weighting values.

S EE DEFCEEE TR EL BRI
G ERL oY
Fig 5t .58 9 34 BER| w2 223t 7

.n-l

o

SIS YelelX] H40 Haw (2021)

Table 1. Weighting value according to estimation
BER.

Estimation BER (%) Weight
<10 1.0
<30 0.8
<37 0.6
<45 0.4
others 0.2

J

A ghe dopi 7] 9fsf A= o] & X13g Aol
t}. 2 7)9] Wi E F1, F20]| A 9J 2] 2 F2 il = 0] 7H-8-&
A FIAFIY EX 2382 10% o2 2435}
= o Fig. 5eF -2 215 A1 Fig. S(a)= 19}
B AR AS AYHGS P2 MES] 0. R%
7} 715 %o WHE B 0. F-80) e 3ol Tk F2 4l
E9] 97801 10%, 20 %2 H--ofl=F2 Hi=2] 7}
Ao Alo] i ol & AT F2 W=
O] &780] 30 %% o= 72171 0.6 o] 5k
wjgt ol g mF Y gsilch B2 WiE ] 0.5 %ol
40 %21 799} 50 %21 7S-ol|= Zk2F 745217} 0.4,
0.20]5Fd wigk of 217} k8] A4 = A Fig. 5(b)
= Ha}ﬂo B o S AT T2 =)
Fega 715X w2 2% BERO] 12 o]t of
Uﬂ, %7 BERS 7} M= 15 o] ohet /15
A& 8ot defxl e et 5T & A 35} A7]
tlo]EE H]agk 57 BERO|Tth lg @2k (b)E vl
WP = A Fupp] B2 Q780130 %<1 7
= Aololni 5.5 9. 7-80] 210l A 27
BER®| Z7}3H= A Ho] AXTHE & 4+ 9
A BE o] He 8 Th e A ZH o] 0 &
Lo b= =4 BER 4 EX @ =80 = A A5
7SRO His) & = k. o] AHE g o2 24
BERO]| w2 2] #] 0] 715X 5 A4 5131 Table 10] 1
B Qlek.

V. AlZ2|o]:d &t

57 BERZ 0]-8-3t 75 2] 2 7g o] A xtof thj sl &
ot 7] 9Jal AlEH o] S Fgatlct. o] W, AlE
o)A mhehu]El+= Table 29} e}, 25 5H8 1/39]
E| W 255 AME-519] 01 255 H|E Q] A 4l 9}



Table 2. Simulation parameters.

Source 112 bits
Preamble bit 255 bits
Number of total iteration 5
Channel coding Turbo coding
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Equalizer LMS DFE
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band f, =19000 Hz
/f, =21000 Hz
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Sampling frequency 192000
Bit rate 100 bps
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Table 3. Experiment result.
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