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Underwater Acoustic Communication using

Channel Estimation based on Superimposed Pilot

Jeongwoo Han

Department of Radio Communication Engineering

Graduate School of Korea Maritime University

Abstract

Recently, the necessity of underwater acoustic communication
increase, and demands for transmitting and receiving various data
such as voice or high resolution data are increasing as well. However,
the performance of underwater acoustic communication is influenced
on underwater channel characteristic. Many obstacles exist in
underwater acoustic communication. The performance of coherent
acoustic communication systems 1is highly dependent upon channel
characteristics including multipath, spatial and temporal coherence,
Doppler effects and ambient noise. An important feature of the
process of the sound field formation in oceanic waveguide is the
interference caused by the surface and bottom reflections and by the
layered structure of the water bulk. This means multipath effect. The

interference effects lead to the ISI (Inter—Symbol—Interference). The
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performance of underwater acoustic communication is sensitive to the

ISI due to multipath signal propagation.

A popular technique to maintain coherent demodulation of digital
modulation schemes 1s known as pilot—symbol—assisted channel
estimation. The main idea of pilot—symbol—assisted channel estimation
is to add known pilot symbols (or training symbols) into a data stream.
In this paper, I verify the performance of acoustic communication
based on pilot—symbol—assisted channel estimation technique through

the sea trial.

However, receiver for channel estimation must satisfy the condition
that pilot symbol length is longer than the delay spread. If the delay
spread is longer than pilot symbol length, data demodulation 1is
impossible because equalizer has not optimized tap coefficient and in
the opposition case. And in the opposition case, it obtains a good

performance but generates an overhead and decrease data rate.

This thesis proposed underwater acoustic communication using
channel estimation based on superimposed pilot for decrease an
overhead. Channel estimation technique based on superimposed pilot
transmit the data symbol and pilot symbol in same time and same
frequency. In the superimposed pilot channel estimation, the receiver
correlates the received signal with the pilot symbol, and obtains the
channel estimate. The system with the superimposed channel
estimation has a high spectral efficiency because of the simultaneous
transmission of the pilot symbol and the data symbol. Especially,
superimposed pilot technique is possible to estimate the time—variant
channel without additional overhead and increase the data rate.

In this thesis, the performance of the conventional
pilot—symbol—assisted channel estimation and the superimposed pilot

channel estimation was compared in underwater acoustic



communication system. Furthermore, the thesis compares the

performance according to the superimposed pilot length and power.

As a result, minimize the overhead of underwater communication

system and increase the data rate about 10 % ~ 30%.

KEY WORDS: Underwater Acoustic Communication, Multi-path, Channel

estimation, pilot-symbol-assisted channel estimation, Superimposed pilot
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Figure 1.1 Trend of recent researches of underwater communication



Table 1.1 Comparison of the

performance of

underwater communication

technique
Main Data rate Bandwidth Range
Modulation
researchers (kbps) (kHz) (km)
Catipovic
MFSK 1.2 5 3
(1984)[15]
Freitag
MFSK 2.5 20 3.7
(1990)[16]
Mackelburg 4.5
4-DPSK 4.8 8 .
(1981)[17] (vertical)
Suzuki 6.5
4-DPSK 16 8 ]
(1992)[6] (vertical)
Kaya
16-QAM 500 125 0.06
(1989)[3]
Freitag
QPSK 1.67 2 4
(1998)[18]
Stojanovic
OFDM 20 10 1
(2013)[19]
Nordenvaad
MIMO 2.6 4 30
(2006)[10]
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olHE AFEd W FF Azl FF= F= ATl thete] A3

Table 2.1 The relationship of range and bandwidth by the frequency

Range [km] Bandwidth [kHz]
Very long 1000 <1
Long 10 ~ 1000 2 ~5
Medium 1 ~ 10 ~ 10
Short 01 ~1 20 ~ 50
Very short < 0.1 > 100

211 34 &4 (Spreading loss)

T BHAA FiF E4L2 9 (wavefront)d] H Ao 9o AAUY= &4
olty. Hae] ¢ Cylindrical spreadinge] F2 WAstH  AsjolA=

e
L .

(1t
flo

Spherical spreading®] FZ WAttty &5 Yot EgE o] g

)1\_]__
ol sgHon A weh 2719 ok 4 1) ¥ o] AR,

PL = k< 10log(r) (2.1

spreading

ol r2 AZ(m)E YEH, k= &4t A5 (spreading factor)©]th. Cylindrical
spreading ¥ 7-% k=1 ©]™, spherical spreading ¥ 7-% k=27} €t} [27]9]



212 ¥5 <4 (Absorption loss)
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Figure 2.1 Absorption coefficient vs frequency
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213 ¥ £ (Transmission loss)
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olgf k= it AFE YE ™ Cylindrical spreading 9 739 k=1, spherical
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22 t3F 73 2 (Multi-Path)
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Figure 2.4 Multipath of sound signal in underwater
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23 =& FE I (Doppler effect)
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Figure 2.7 Power spectral density of the Ambient noise (w:wind, s:shipping)
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A3F FEFEA A2 74 R AF

A2 FEePEAe 49 Be "AERD o Ae ovA% 2L U
% Ane 1% A% 2 AAe AEL LTk 7] W] 7)E9 opgza
FA0H UAE BANHE ol §F FELFFA Asde] B A7 B2
3 ARHD Aok aHY FESBEA Azxde] P FEALY 540z
As) A1E BAY BA A2 M B AAFo] EAB ek 55
SFEN AzY TA0 Yl FEAE SHS ARhE AW, A, 24 F
o NI st WE BEFE SAelu £Ee Fio] Axde dAe u
deolof @tk IHER $FSFFA AZDL HAG) Ao £F 2T
27129 B9 A7t Pas

B goNE BB FESBEA ST 2 FAY9 T BE =
NG A 247 AP EE BB A5 BT

31 A% 7Y wE 85 24

A2 ad A, A A BAL 59 2ol sl BE A7 s A
Hol et e 7HolAE toEe Aol AAT itk olF IR
g gA"E T4 71Mel d7Hx du & AdAM= QPSK,(Quadrature
Phase Shift Keying) OFDM(Orthogonal Frequency Division Multiplexing),
DSSS(Direct Sequence Spread Spectrum) ¢} o] % 7|Hol| wE o]E7F A
T4 FTRY AdE ol&F ZYNF AT 24 B HNFS T A

w23k,

olr

o
=

3.1.1 QPSK(Quadrature Phase Shift Keying : 1 94 FHo] HX)

QPSK+= M7 4-PSK9] ¥F o2 7]E9] PSK AZE o] &3te] 20 HIE A
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sinwt®] WrERE ARE BPSK WXste] TAld AFsioatzs FA7dA= F
g 459 #£27t 7bsstth Fig 312 QPSK $5417] #2585 YEH

ATE F RS AHu Ao st FAI7]Y 9 ol ATl & F
A |

) x]2 ¢ke=th F BPSK Az FYd Fu4 o

@ > &
3t ow

Ll
N
N,

rr

n

[T Acosw it if by=1 (3.1)
— Acosw i if b;=0
+Asinwt if by=1

sppsi(t) £ Asinw f = {—Asinwct ifbg=0

F AEE "t wEoAE IF A

SF 2ol ¥l kA9 dH=z %8 & F AH.

! —y.) ]
S — @l e
0

\ \ Tb
Acos{w) i Acos{wt)
S g\l
O T &
-90° -90°
Asin(w_t) l Asin(w_t)
valt) i

oAV —
=
S

b (1 N SN i =
b

EPSKE

Figure 3.1 QPSK communication system
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3.1.2 OFDM(Orthogonal Frequency Division Multiplexing)

OFDM %22 AMgstaizt st Fia fgs o2 e 22 Fa4 9
(FAd)ez st dHeolgE Asdse FHF ¢ o538 (FDM
Frequency Division Multiplexing) %219 dFo=2 E 4 ot =, Fig 3.3%
2ol AFstazt ste dh9 HolH AEAE FALY FutE W¥HI i
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Holy HE S
3

7<=

St(Frequency Division Multlplexmg FDM) A
2F M=z Fukg o] FHEA 7] s Zzbe] FutEak Apolo]
43 HE77HGuard Band)s AAst o o= Qe hYFo] ALE E&0
A sl= 9tk Fig 3.4+ FDM¥ OFDME] W 9Z 189 zolE Yehfa )
Fig 34914 ol AW OFDM WA AM@ HAd Alols] ~nEol
FH 501 3o} FDMel vls) tHF B&0] ¥ 1} OFDME AH8E 4%
Hi He zzte] Rugs) Aol ﬂwgcﬂ R olol ATk RulgTe

WAoo wyE AL = o 7+ (Inter Channel
Interference : ICI)©] ‘?:}/@301 Al 7\].&@9] e Zﬂ’c‘s}/\]i’]—t— H]lo] #oh
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Figure 3.3 Basic idea of OFDM transmission
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Figure 3.4 Spectrum characteristic of multi-carrier
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Figure 3.5 Block diagram of OFDM technique
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W2 (34)9F o] nHEHAG. olu AL
Discrete Fourier Transform : IDFT)2 &

Fourier Transform : IFFT)S ©o]&3t &&# o= F3& 4 Urh

z(n)= iN_1X(l~z’)exp(]’Enk’) (3.4)
N =, N '
1 Nl

z(t)= X(k)exp(j2mkAft)

0
Ty = :U(t)exp(jQcht)
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1S Wl OFDM 229 Zole T =7+7, 7} 91, Fut$zte] Fu4

A Af=1/7 S L W kA FEae] Fass 4 (357 2k

K
; (

[ =ftEAf k=-K/2, ... K/2-1 (3.5)

olwj f = WEI Fulgoln, Ko REurETE /X E OFDMY tjdZ o 2
(3.6)% 2T,

B= KAf (3.6)

T3t F BERkeale) Jig T AA dHolHE AFSte FREEIE active
= =]

subcarriers(K,), DCE X33 HolHE AEslA &< YA A FHrE9E null
subcarriers(K,) 2l Sttt Table 3.1= FRES ] o ME AFES YE

)
# Zlolth %2 12 kHz2 7Hg 5k

Table 3.1 Bit rate change according to number of subcarrier

input active null bit rate
block in a
K symbol subcarriers subcarriers ket (V) ( 2K, )
packe )
(N.) (K.) (K,) ’ T+1T,
512 30976 484 28 64 14.30 kbps
1024 30976 968 56 32 17.55 kbps
2048 30976 1936 112 16 19.79 kbps
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olFA AAHHE A= AMES FHA FAT FAEHY, ojuj o] FAANTE=
o= 2
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Of W £, e G0l 3l TAGE FaF ZAoIH, s Elo|W LEA ¥
31 AWGN F7} w2l 7}-9Ajok &-3(Additive White Gaussian Noise)©|Tf. A&
y(t)= A/D¥H$7]|(Analog-to-Digital Converter: ADC)E AAH YXAdE 4Als=z H3
"ot ADCO| o HAEStE A5 yn)S HBE HEV|E AAH v HE
stejm B F7HS A AT T FFTE ALE3te] OFDM HXE gt o]%, oA

ey wsole] ofs) HYstsle] PSK F& QAM Ez7} o] FolAlth,

3.1.3 B 9843t 71 (Spread Spectrum)
Al AEAIZeEA, AMolY FMY
o] 7]Ee AREHI 9) AE 5o e 22 g9s AME

=
St tE B 2MEY ABEY FES YosA YOWAE FA GAA
A=S

fu)
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Jot
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flo
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=

rlr g
BN
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1.011

[rt
Log

A5 E AWz A 2 A7 B
2 3 2H9EY Hxg 3 ol Jted AFHIFES FaA sk VS
o] Wz WATe Ardolth gt Tee 274 FAA] HF A&
Hol gtom, dA olFFAS HIES TFS FofolA &5 Yot g
2 71ES o83 B4l WA= A H S YE (Direct Sequence : DS), T34k



=9k (Time Hopping : TH) S°] Slth Freitag
T2 FoAgolM AFFE B FusxRef WA ael Ad F4 7
ATt RIL, Sozar T FrH LE
E|E BPSK(Binary Phase Shift Keying)Z 43 A3 ZAAE AASAT
[43-45]. T3 Azou T EH AgoNA F5417] A 1 kmSl FS AF4
HE B rh4e]. ol9ol HAFTE WA gFik FAFH PPC(Passive
Phase Conjugation)E& ZA¥s ®WHol  AdEHAY  AUV(Autonomous
Underwater Vehicle) 9% F4 o H8= 7%= 3} TH4748].

:::

NN AHFY POz HAAZ Hel

olgist k7| dnkd o E oAl T (Pseudo Noise : PN) A& & o] &3t
(PN code)E A&

/\
= g ojuf S ke 71 BXAE FH(chip)oldt sk,
o Q E

o] BIE&ELS F&(chip rate)o]etal gt} olwf, o HIEEL HxH 41359
HES B =74 A5 ool 3}49]. Fig 3.62 QPSKol| AH+L o)t
1S H &3 A28 (QPSK-DSSS)e] £ to]ojrsolt}. Fig 3.6914 QPSK

d(t)= PN == ‘:'Ugﬂi—rﬁ =0l PN A3 c(t)Sh
gstat dh gigeha @ JAE A5 x(t)e 2 38)F 2ol ¥IFT 5+ Uk

z(t) = Re{m(t)e(t)exp(—=i2xft)} (3.8)

olg ditye AFstaxt s olx MAIA dHolE oW, m(t)= QPSK WEHE Al
S2M m(t)=m;t)+jme(t) oItk (t)—t— PN Z= @A 7)o wHEo(z PN

¢

=iA

TolH, fe RBES Figolth. FARAN WA & AdS FHE 54
Dol AE ABE 4 (397 go] EAAC

y(t)=h(t) * z(t)+n(t) (3.9)

:/th(T)x(t—T)exp(—jQch(t—T))dT‘*‘n(t)
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Figure 3.6 Transceiver structure of QPSK-DSSS system
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oful h)e AY PP Frolw, ni)E rb WA ASAF F-S(Additive
White Gaussian Noise : AWGN)©|t}. =41 F-of A
e 3 F4" AFo PN Z=2 g F3}

E 29 A2 [T ol 4 (3.10)F Zo
m,(t) =y, (t)c(t)cos (j2rf t) (3.10)
:dj(t_T)COSQ(QWfCt+0)+

dI(t — T)c1 (t— T)c2 (t—7)cos (27rfct +6)sin (27cht +0)

— dy(t—7)5 [1+cos (dnf 1 +20] +

d,(t—7)e, (t—T)cg(t—T)%sin(élﬂfct +20)

-~

mo(t) =y(t)c(t)sin (j2rft)
= dQ(t —T)sin2(27rfct +6)+
dQ(t —T)c1 (t —7')02 (t—7)cos (27cht +60)sin (27rfct +6)
1
2
dQ(t—T)cl(t—T)cg(t—T)%sin(47rfct—|—20)

= dQ(t—T) [1 —CoS (47rfct +20] =X

E71817F ettt gt AEgte g QlE St)=1 olBEE ) Ao
Aol HAY A T2E Ase JEAEHA get et gFd 2o
osf FAlE A= AAFLRE dsf AR A el SH5AY. § v
BE=E Q] Hagk 3 3 o]t AR Aol A, dd Az Bl
Me AQNSE PSR B F AT o AdLdse d Adse W
Z+717¢ H(auto correlation)% FAA =W, PN =Z=9 7] A#gsr)
Id> 1T, oA SAHLE ‘0o 7M. mEbd H AIRE T.7F A g Bl e
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321 A7t 7] 23 3 & (Timing Offset Recovery)
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S+ Fig 377 2ol FAHH, A F7] FHL 2 33)F Zo] xdEH
Fig 3.82 2] (3.11)% o]&std 2 A3t 57| 22 4 Aolth
Train Train ~Train =Train Data

Figure 3.7 Training symbol design
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Figure 3.8 Symbol timing offset recovery
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322 Fu4 4 2 3 & (Carrier Phase Offset Recovery)

FAE Az W e FE FATIA EX 7] (Oscillator) ol &gk =N
9 9, Ade s aEla A Az o fde] Fom xddA.

, =022 744 ad, Ad =2dd s 4] (3.13)3 o] zteks} dth

r(t)= Av(t)cos 27 f.t+ ¢)+ n(t) (3.13)
nit)= F7F F2olH v@t)E T A3 oltd. Maximum Likelihood ©]&-& o]
gato] wkEat A 99 FH @ 62 F387] 918 Likelihood 345 WA F
sof Atk ATFE B Amw A (o} A% r0)d) F 22T FT 5
At

o, (t) = ”T‘Env(t)cos (2n f.t) (3.14)

b, (t) = ﬁv(t)sin@ﬂfct) (3.15)
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Xjﬁil— % Z]Vﬂ ji\li {¢n n=3

filo

r=rt)p,(t)= ) M\/;S%rnl (3.16)
ry=1(t) g, (t) = ) M\/;%rng (3.17)

#2722 Likelihood &

—A 2 A : 2 2
Flryrslg) = —1-exp |- (= Alvl coso/ v2) ;(rﬁ Lvlsina/ V2) (3.18)
7r 0

0

9 ML estimator< likelihood ¥+E Huist =2 2 (3.19)% #Z2 Log-

likelihood &+& ZHu|s} 3t}

drp = arg max flryryle) = arg ax In flrymle)  (3.19)

2l (3.19)= Th A (3.20)0% o] ¥ 7hssith

=

(;AﬁMLZ arg mfx(rl cos ¢ — rysing) (3.20)
T
= tan ——2)
T

[ rwe@sinroam

[ r@(t)cos nf )
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122 ML phase estimator+= Fig 3.99] YEld 322 HA7}5310
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Figure 3.9 ML phase estimator
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Figure 3.10 ML phase estimator

35



H2A) feedback 7+&Z ¢l&)], PLL 327} Ade 94 WHelE =38 &+

=
o] °]-fZ, non-feedback ML phase estimation 3|27} %7] FHE T o X1t
&8k Aol whell PLL A F3telA A A% S9S FAs7] Sl ALS
Hoh EAZ, 914 Alo] A= VCO(Voltage Controlled Oscillator)E 53l

dEth VCOZF d5 o, PLLE FA1¥ 459 vkt Fo4E F3317] 913
g2 4 9tk Fig 3.110] 94¥bE <l PLL 22 Yehy Ao

S 0 O A S S S S 0 O L O L LA

flt) H»@—» LPF

alt) a'(t)
Loop
filter

WSO ———
®(t)

Figure 3.11 PLL circuit

e 3k, o) AFAHJ] Az JHAsed, ole FANEI
718t FA3t7] Aste ofF 1 AbEt MEEHe AF FASTh FAlH
A5 e 2 IRt A8 Q. olys /g Shol|, PLL 3|29 T&2
o2 23 o] 1€ 4 U

r(t)= Acos 27 f t+ ¢) (3.21)

x(t)= Apin 2nft+ ¢, (t)) (3.22)
7V st A2, A4 A&7 9 Low Pass Fllter) S tto)] Az
He v o A #HEVY 29 23 AEF HH, 4 3.23)% 2o



ke

[-4 1
i
o

e(t)= K,Asin (¢p— ¢,(t)) (3.23)
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¢, (t)=¢— (p—0,(0)e ™ (3.27)
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AR 2149 dEE Fol7] Aste FAI7Y AT AMgEE tixE 2
HE 53 7](Equalizer)g} ot Al SAS 7HAe 5 54 Ao AW
o] HHE HE 287 14 doly AFES Adste T4 aRlojlmE )
d 535 53 Fo5o) e g8 AF 5SS a9Foz Bt o 3
ot dukzo g txAdg B4l A="HAXe ALY Fage SA4S FASAA

o

¥ A% (Training sequence)s HAFEFTh FAFAAM= AF AEE o83t
Ao Faa¢ 548 AN ¥ 9 548 25 UAdE IH AFE 248
of Ao HAstE A5 Y das Bt 5 B4 AEY Fur 5S4
7Y Fa¢ B AR o BAC Jernz=E o5 T TS 54
Vol Ha Age] di=r SAS Fallst] A Y dFS AATH

< AEd3} Zol Wi AFE A AEolA AEY HHS gl AS
%T@}ﬂ‘ﬁ% ditdoz AY S HAE s3E UHEIH AF FI=
AdzAol 71538 43 JdW S AEZ FAFHEY, 5379 ALzAL
Az7E FAHe S 22719 E90AMe 2S5 ol&sty AHeHeR 3
gt ol 537 Ao HAZel oA 7HE Bl AMEEE Ve dd)
37l 283 AA S87] &9 Akl BTAF LAHMSE)E HaE s
olth. MSE] Hashe 2 (292 EW B+ e AFHHd W A7
2 A7 "ok

s,

=p (3.29)

o714 P= dole Fox At F317] As Ad FEela, (= At

e dolH A3 5317] AsAEe] Asdd WEE ovdth LMS &are]
& o8t A2 MSES HAidtsiw, daze 4 (330)% 2ol &
A¥

Cior = GF A X k=012, (3.30)
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A7N G kAR SHIASRY WHE UshiE, X kA wE g 5
HE, ¢, 5 Q3 A5, AE 2¥ Alo]= o]t} 2] Alo]=

<
g7)9] He&wel LMS 2w e HgAL 2ANY. A9 Ade

= °

2 2Yus A4 480 BAE A fARAE A AoldA AF &
o2 AAsHA vk LMS ¢argFol Bls] E{eAT exte] FEEETL W
2 71 &8 A& AF(RLS : Recursive least square) ¥il8]F<S 531717
T AW AREHd E4 wE Fd 3E 48 F A

HIAE 5371 Addi=re] UF AsiA A& 58719 Adso] dold B¢
AHEgttE AE T3Vl F3 5/d0] Spectral nulls 7HA& A= A
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o5 F7] WEe FANS A YEde s 55 A ST

E'_ﬂ]

DFE®] 7|2 7lgd2 wobo] oo AEdE 4o s oW (A Ao
w0 7HgsY) SIS HORRE AR JkEAE Jbetal A Ad
s WozH FoAe ISIE A& AT & Avke Holth 24 A F
3717 A¥ 3] E}% e dgdy A4d% 3 (Feedforward) ZE

JE9] 2Fo 2 FAHY dtke HolH,

2= c,y(mT—nt)— E b,a,., ., (3.31)

i, e oW AZFE AWSolM, N& uF WY A5, NE AL BEH
o Agolth 4z, o] 72N, ARINE AT AE AWE Fol o= A
of YANE o, AAY AR AP 3 %o o, 2 T
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DFES HIA@HCZ Bes A dE ol FTHste= A7 Bl
F Edoltt. &0 T A ZH § AFES oW dde 4T AT
2 FHZ3F 37 Yl A9 E=d LMS(Least Mean Square)t} RLS(Recursive
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Propagation)2til FEt}, @2t Mul= DFES] 24 o5 Aoz AA vt

E & o, gEtA Al agS F/MANIT A Hue Ald Ad i
o] A Zolg} AV Fuiw AWt o g DFES Ao & I9FS FA %A
B g AES S g Fo]l FrletHA Ad &4 dolrt Skt 4t
A7t BAE Y FF5 AdH Lol A FF #do]l A FAA 53] &
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DFE ds<= F3A717]1 faides F4 22 due 9
g g sttt
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sequence detections ©]-&sto] FFAIZL W

Partially MLSDE &3 A7E 5 4 Utk & HZ WHEE Detection]
e AYE F3 Decision Deviced $#13+ Feedback sample
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Zole Wlel W AF7F ATHB455. E e T WHoze HEH
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Fig 3.16°1 4] decision device®] 4ZH<Q y,= 2 (3.34)¢} Zo] xPHT

ml
Yi— Eciflfkrifk Zdz 1—kLi—p— UHC (3.34)
k=0

3714 6'7:71: [éifl.,O’ Ci—1,10 """ ’Cz'—l.,ml’di—l,()’ R T ’(Ali—l,mQ]T olH, F3}7]
o 29 vok FAND y, Abole] 239 T3 &F o= A (335)F ol %¥
Aot

€=U, " Y= U — Uz‘Haifl (3.35)
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2 (3.35)F Zo] Aoz T3] A9 AFHTLAMSE)E FHAs}s|oF s1H,
&3 forgetting factorg 7} 7] 913l F7Ighr= 4 (3.36)7 2o] xdHH

; : o,
J;= kz:())\i—dedg: kzo)‘ik‘vk_ Uulc, (3.36)

o714 A,_, © exponential forgetting factor ©|™, N P2 SHo] W}
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Initial value (3.37)

g Aot a8Er HA ZH o5 (K)v T3 LH/F
S FBBAE Has)k eH, 0 BdS HAA ok ek wekA 53 2
Fol #A4e 2 (338)9F o] frEHTh
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Elee;) =08, (3.38)
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T3 531 7Y AV A T A (339 Eoh

Ree (]) = E(6i6:+j

~—

(3.39)
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_ 25H
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k
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AL F918 4 ) Fig 3.20(c)& Fig 3.20(b)2] A5 =

, B2 24 HolH=E s 2" o

Table 3.2 Experiment parameter of Busan littoral sea

A Image (70%100%8=56,000 bits)

HE7)Y OFDM

AEEE 5 kbps

s 1024 symbol

A A= 50 m

T4 Carrier @ 24 kHz / Sampling : 192 kIz
2 AN Tx : ITC-1001 / RX : B&K-8103
T4 Water : 6m/ Tx:3m/Rx:3m
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Figure 3.17 Experiment environment of Busan littoral sea

(a) experiment area (b) block diagram of experiment area
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Figure 3.19 Block diagram of OFDM experiment
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332 AEAE F7HE AT ASVIHY AIANE 29 € 4

Table 333} Fig 3212 BalolA Fa8H )42 setviee mAxg o
Ao 200m=E 3t AFL A3 st

Table 3.3 Experiment parameter of east sea trial

Source Text (100%8=800 bits)

Modulation QPSK, DSSS

Bit rate 1 kbps, 100 bps (DSSS)

Distance 3 km, 5 km

Frequency Carrier : 6 kHz / Sampling : 60 kHz
Sensor Tx « MOBY / RX : Reson(lch*3ea)
Depth Water : 200 m / Tx : 100 m / Rx :200 m
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Figure 3.23 Channel impulse response of experiment area
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(a) phase estimation (b) recovery result
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Figure 4.2 Convergent performance according to the Equalizer

(a) LMS linear EQ (b) LMS-DFE (c) RLS-DFE

Table 4.1 100,000 bit®] ©l°]E]E QPSK WX 3l 1 kbps® overhead&
Z3sl= A4E, SNR 30 dB, BER 1x 10 ° 9&3ls 2702 RoAFPL 4
gotls W FdE 3o dojo mE 5 HolHY HEES Plusiith
ojmf ALgEHojF RAIL Fig 3.189 FiF AZE RIHI Ho FFA|
dojth, £ Zyd R F2E Fig 413 2o 1

1,000 bitz 1A, 7|3 st ﬂxgsmgu}_

Table 41014 Rinte}l o] B4 AHeeo HA Q73 3k BER 1x10 °S vt

79



=35t7] Sl S31719 Aol wet wdE #3He] dol= dEbAH, o wet
T HelHus AFste AEEE 2kt 53] LMS A& 53719 B¢
overheadE A €3 &4 HlolH HEES 4% 71428 bps®E 285%° HEE
Has 7HA ke, DFES 3% 3710 vls) HAEE FAEFS A

ATk W Ao Aol At Aeole B 73 Aole © sy
o] MEE HAaZE o FrksA "ok

Table 4.1 Comparison of bit rate without overhead by equalizers technique
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Table 5.1 Simulation parameter

Source Binary (8,000 bit)
Modulation QPSK (conventional pilot) / QPSK (Superimposed pilot)
Bit rate 1 kbps
Carrier Frequency : 16 kHz / Sampling : 192 kHz
Distance 3 km
Depth Water : 200 m / Tx : 100 m / Rx : 100 m
3000 m
om |
Water .
100m
200m
@)
]
200 m 7 7
Bottom

Figure 5.1 Simulation environment (east sea)
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Table 5.2 Parameter of superimposed pilot

Data length 1,000 symbol

Pilot length 250 symbol / 500 symbol / 1,000 symbol
Power 0.1/03/05/0.7/0.9

Train length 50 symbol

SNR 0dB / 30 dB
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Table 5.3 Comparison of bit rate without overhead by communication

technique
Equalizer LMS EQ LMS-DFE RLS-DFE | Superimposed
Minimum train length 300 250 150 50
Transmission time
. 2.6 sec 2.5 sec 2.3 sec 2.1 sec
(with overhead)
Bit rate 700 b 750 b 850 b 950 b
(without overhead) Ps Ps Ps Ps
Bit rate loss 300 bps 250 bps 150 bps 50 bps
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Table 5.4 Parameter of experiment
Source 8,000 bit
Data length 1,000 symbol
Superimposed pilot 250 symbol

Superimposed pilot power

0.1/03/05/0.7/0.9

Training length 50 symbol
Carrier : 16 kHz
Frequency )
Sampling : 192 kHz
Sensor ITC-1001 / B&K - 8106
Depth Water 1 6m/Tx:3m/Rx:3m
Distance 25 m
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Table 5.5 Comparison of bit rate without overhead by channel estimation

technique
Channel estimation Pilot symbol assisted Superimposed
Minimum train length 400 50
Transmission time
. 5.6 sec 4.2 sec
(with overhead)
bit rate
. 600 bps 950 bps
(without overhead)
Bit rate loss 400 bps 50 bps
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