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Abstract

Underwater acoustic communication has limited underwater channel
characteristics such as channel -characteristics, delay time, and Doppler
frequency caused by the mobility of transmitter and receiver and sea level
variability, making it difficult to apply the existing ground radio
communication method.

In particular, the time delay of the signal occurs due to the mobility of the
transmitter and receiver and the propagation delay of sound waves. So the
synchronization process is essential. In the synchronization process, frame
synchronization for checking the start point of the transmission signal and
symbol timing synchronization generated by time delay are required.
Therefore, in this paper, transmitter and receiver structure suitable for timing
synchronization of the BPSK modulated signal is designed.

The transmission signal should be detected and compensated for a change
in a received signal due to a Doppler frequency caused by a channel
environment using a synchronization algorithm. Therefore, in this paper, we
propose an algorithm that acquires a starting point and symbol timing of data
through a frame synchronization algorithm of 2-STEP and an algorithm that
compensates for time delays within symbol. An algorithm structure for
detecting the start point and Doppler frequency of the received signal was
applied by performing frame synchronization twice between Probe and
Preamble. In addition, the starting point of the frame can be obtained through
the Noncoherent correlation algorithm in STEP 1 of frame synchronization,
and the starting point of the frame and the initial Doppler frequency can be
obtained more accurately with an algorithm to compensate the received signal

in STEP 2. In addition, the timing error of data caused by time delay after



frame synchronization is applied by applying a Symbol Timing Recovery
(STR) algorithm that detects timing error values using Gardner’s Timing
Error Detector (TED) algorithm.

The purpose of this paper is to verify the performance of the transmitter
and receiver and synchronization algorithm through simulation and sea
experiments and to proceed with the synchronization process with more stable
performance. As a result of the frame synchronization algorithm, the position
of the frame was confirmed in most signals, and the BER results showed
that data errors were reduced in most signals when timing synchronization

was performed through the symbol timing synchronization algorithm.

_Vi_



ﬁo
o
g
X

\WO

=)
N
il

e

~

¢+
w
i+

o

ojn

9/]

<

3l

3

Sl E715 A4 FAME FA

9

L=,

o]

o

p=2%
[}

=

43} g 7bs
W

=
=

o A3 A

Ul

o)
=

dl, &713F 34 e]

shth, wepA B =Eo] A= BPSK

.

-

S

[e]

a

B3
:\jé

=13
=

717}

o)
;O.ﬁ

B
ua
0

)
;O.ﬂ
g
o
—lA

= ol A

Ak wa

3 of

Bt

=i
=

ol A%

—_
fite)

do

o
Nm

oW
T

o
]

Godl

=

4

o]
)=

&

3L

3t} Probe$} Preamble$

2-STEP¢]

]‘

64

A Q

)
o
ol
Nm

o

)

<
=)

H

STEP 1 34 A H]&7]

CBERRES

o]

stol ehel

dolg o] Bl

-
R

],

S

I g

Gardner *2]¢] TED(Timing Error Detector) &ilg]&< o] &

9

-

ol

AAo =

T

=

=

3}

(©)
—a

Nl

STR(Symbol Timing Recovery) <ile]

.
R

e

2 59l gholt

s

N

Hr

o
ol
HJ

sl

LSS

|

—_
fie)

- Vil -



g <<

hyA

o] Az el A

e

2 3}

N

H

gl

A
T1

}93 31, BER 2 3ol A

g s

oF

ol A Holg o7}

;&
<

]

29

- viii -



A1 A& A=

@.

g v Az 9

AY B0 wstek A A

)

AR 3

-
R

T =& FANA

A3

goR

Ul
=

gl

+

o}
Ho

#
s
N

2l

op

il
i
IS

Nfo

B

=

s o

=2

o A% A

Oy
=

’

X0

o

A

7)e] ol
d, 5718 #Ae] o] FoiA o}

]

<
e
4

o
il

—

< ool

=i el
e

7]ell=

7] 38}

gt

s

2y

A ¢ o]

Aol A el Efol

13

KeN
=]

gl

= °lE

olt}. =jel A PN sequence

=

K3
[ex]
A

] A77F 3

s

ER I FO s

-
R

cxd

131[2], ASK, FSK, QPSK

3

glo)
1

-0
de &

A

?:sl_

T

Kol
=

ool

3

4 =

Al

71l wigt A-7F 1999

5

—

iy
=

3

ATE

ki3

ted Bhol® S71ek 9174 &7l o

6§ Sl

[e)
=

= oll A

=

At weA

B3 of

]
=

=
=

shof 4

&

daelsE o

s}

|

7

5

il

1 3}

=
=

pEA

glt}. Probe

s

A ¢

o

o] 43}

Y2 Z09]il, Preambles

g 9]

A

]

o

il

{39t Probe®t Preamble® F

S|
S|

ol

ted, Ht

715 23

o]
=

|

W

%7)¢] STEP 1 #4o]A 157

, 2

Eis

3



E35to] STEP 2 #AoA 5

3]
2l

ol
il
o

fiTe)

o

jruge]

Gardner "9l TED(Timing Error Detector)

A5

o
S

EEEER=E

s

<

Timing

STR(Symbol

ol

Recovery) &ig]s

gk Efol® Helo] Axkel wlaL

719k &718k daid

sl

.
fi%e)

2 <l 9]

E
Eaof o]y %

o] ALz ol A

k)

|
33l BER A¥ell A A& golW 7] &

s

ot

3

el
A

aLg]



Fig. 12 PSK ®WxwW2AdA F47] Fxelth. &4 A5 F+x%E Frame
generatorol /] 443} Raised cosine filter2 ZE & % wkfa Fu4Z2 53

AHek W 3k (up-conversion)sle] A5 S E413Hc)

Transmitter
o= — |
Data in I Message | | :
| data
| : up-conversion
| .
I'| PN signal Frame :d(") Raised u(®
| —» cosine
| generator generator : filter
! |
: Zero | | |
: insertion : 4
I cos(2nf.t)
i t |
l System |
I A |
| Parameter |
{ setting |
__________________ |
Fig. 1. Transmitter structure
A2 Ay Y E 943 59 A5 u)= A (DI 2

AN T WAA dolHME)e] FrloH, p(t)s B2 48 FHE Jed

9. gea $47 HE welA AdEE A5k 4 @9 2ol mdY 4 A

s(t) = Au(t)cos(2rft) (2)



A7 Ak F47] o5, fr wET FR5E e,
Fig. 25 5% @4 AQdA BAL 9% 5

Tl [17].

)
-
=

‘‘‘‘‘‘

(overs amp\ it /

————————— Block-I ----------+ |
1
D ?_. ' '
Downsample y . ! . Downsample Uncoded Data
SRCF (32samples/bit) gt | Usan\ple/brﬁ EQ (BER 0.050|3h)1
iz 1

Downsample »| Frame Sync
(4samples/bit) & FFT

2 A5 WNE WM (t)s [—HA A2 A5
T A A2 s AdREE Jepdc B dgolA 53

starzl shi= 2l T A QA Az AVIZE 7B 2 AR AT Ad

S Fe Aot d2 Eo, 2MA HAE AT a,(t)e A7I7F A 2o i (t)
2 ZF= Aotk wekA 2HA AR AFE ALY UrA BE NFE A A

7F H= Aot & =wol M= Fig. 29 #4171 7F2eAM 914 &719 Block-



B
)
o
B
=
oy
ol
rlr
[K
L)
juies
offt
N,
N
L
ftlo
>
>
ofo
rok
vl
=

Fig. 32 Eo]g &7]9 &FEolth FAl7]dA A g FAlsH Jd 5%
ol }4= A HolHE &

do 7 g3 Down-Conversion)dtil SRCF(Scared root Raised Cosine

(o,
2
=
o
rx
4
12
i,
>,
fols
|
to
Iz
m
i
oY,
o
=
~N
2
=

Filter)®= A8 ¥ § Ze<¢ 57 345 AP

N/

--------- Frame synchronization ———————

i
I I
! I
b _,%ﬁ SRCF b= Downsample N _| Preamble Coherent Lol STR >
1
1
1
1
1
1
1
I
1
1
1
|
|
|

(32samples/bit) Correlation
e—j2mAft X

Sampling
(oversamples/bit)
P! C\D

e iwet

y

Downsample
{dsamples/bit)

of

Preamble Noncoherent | Ty’
Correlation & FFT




321 =9 7] 5% % dugsF

Fig. 4= 21 A3 & 33 ¥ o] = 57|38 &5%0]l7 Fig. 2-2

ol A Block—-1 #4<& H

9,
FN
£

Time adjustment

Downsample
(4samples/bit)

Compare and

Downsample
(1samples/bit)
Af
————————————— 2.FFT -==4======-==-~

1
!
I
1
1
I
I
1
1
H Time dormann! ! Find Maximum
ime comainy ! sample point |G
| !
Interpolation { Sliding FFT }&Ia"m“ : & Multi path H
: ! coefficient |
1 PNeode o] H initial value !
Fmmmmm 1. Non-Coherent Correlation ===~~~ ~- \ \ !
1
: 5 0 s : |
1 : | H
1 | '
I PN code 1 Compare | .
1
i & = - | threshold & | ----PNeede L !
—l—o’—..—.H—' 2 . s| Find maximum
: 'y 2 v Z 1 bit point
| PN code 1
1 1
1 1
, .,A . .A H
| g‘ o 1
1
! PN code H
1
1 1
' 5 0 3 .
i i
1
1

0

i 2zelde] Az

o]

Fig. 5= % Ad& Tdstdr LA A Adez <l
e 27 A zHdd 718 dagFolnt9]. Zdld s7sk= & 2-STEPS
= XePErh STEP lolAe ZE &R A& := PN coded] HlE71WA A
(Non-coherent Correlation)¥% 3} PN code®] Sliding FFT A o] FAlo] %3y
HH101,[11]. ©]F STEP 204+ PN code® %792 A3 (Coherent
Correlation)e] Xdtt, Ze el F7]olA 7]k FFTE o] AR&ste] A1F

g3t e BY S Ak o Fel: B7/M% WA $97], Sliding FFT



322 %7 A e Zel F7)3)

Fig. 5914 237F @5 4% o (k)9 y9k)e Bas A5z A
71 A9 N5 PN code a, (k)9 2548 B3 go]do] L=
A7k kol Aulzb Ha, elo]®o] wx 9k AS A gho] 0o MR =
N E ol g3le] Zeql 712 st} olul AEARS Fla=
o 2 (4)8} 2}

Nfi*l

—~ x,+my, m=>0

R, (m)=1{ .= " g (4)
ny(—m), m <0

A7z, y, & A AAS Gl st T Alsoli, RS 44T

--------- ey SRR
Frame Synchronization 1 || Frame Synchronization 2

Non-coherent PN code Sliding FFT
Correlation process

i
! |
| 1
! |
: PN code :
! I
| |
| I
| I

Approximate
bit point of frame
STEP 2 (PN code)

Frequency offset (Af) &
Time domain Correlation

Frame Synchronization 3

Coherent
Correlation process

i

I

I

I

|

: PN code
I

I

I

I

_____________________________________ 4
Optimal bit point
of frame (PN code)

Fig. 5. Frame Synchronization algorithm



Fig. 62 Fig. 59 STEP 2¢] Frame Synchronization 3 ¥4 ¢| 57|42 4
I dugFoltt. 2 =AY 7] W2 AddAe Fag FAS BT
3 HEY 4822 AMZ9y A3 E PN codest A# e golsit). 3k ned

4EE YA ZdY F/19 AN 0% g FAg 5+ Ak

(4 sample per 1 bit)
Baseband signal

— ()2 |—» Compare and [
Find Maximum
sample point
& Multi path

255 ) coefficient
Z —> 0 ™  initial value

PN code

Fig. 6. Coherent correlation block diagram

323 Sliding FFT %249 =<l &7]s}

T 5% TA Ad A & HA = Ty o2 Qs Fig. 59
STEP 19 Frame Synchronization 1 #A oA Fig. 63 #& uvjE7] #2 A

S APt A Fag 927t F A $o] Main path ©] €9 zko] Aoz o

aly



(sampled one sample per bit) Start point
Baseband signal idi i f fi
9 Sliding qu peak power of frame
FFT timing point

PN code

Af
— PLL

Find peak power
frequency point

(a)

E LLLLL L L .E
7 £
i = ;
Inphase | g E Time delay
and P2 Y| FFT s and
Quadrature_yé E g 1 g DfOPPl.er
output s g = reg. is
= = obtained
/Iclmnncl " g'
' Time delay Qchannel Time delay =

Fig. 7 Sliding FFT block diagram

A" FFTE 948 dolg e 7ol wel a4 = (Resolution)”t 245 7] o
ol dHoly A &ie wel Fubg SollA o] s dmrt depxlth s gzl w
o] Gl folE A% Lt AAW HANHE EZe Fuifo]
=7} dald el FET dtuAt 3= AlE Ho zero #S 4
W o & FFT A7e] 3

:g
_\7:1‘
B

=
£

X
il

I A 2]
Zero paddinge 3o 4= dolH M4E =4
=5 72 4 v Fig. 82 sidA A deolH HdE £=7F 100bps,
1000bps?! 7d-5-¢] Sliding FFTolA F34 %9 A#4E HAAFo. (A% (o)+
dutA el Sliding FFTe Z¥E HoFt}h (b)9F (d)E Zero paddings E3 ¢

T7F A7l 59 FFT A¥3dE BoFErh (09 AFolA & + X
of FEE T/t AVIA F%kE W =EY FIUt floe ARE A HA
vk FFTO] sl =g S7HAo=2A 038Hzo =& Fi5E5 4 4 At
webA ZE Y EleA E7] B AEs 19T o o g AR A9E &

= A~
ersk 4= it}

| &=

N
i

rr

o



FFT FFT

+ Max point : 0.39216 Hz

&+ Max point : 047059 Hz

sz_ﬂ'g.@;,ow?‘p.‘-ﬂ| HTTIW' 9%
< = ® :requegcy(ﬂz) : ‘ : frequency(Hz)
(a) 100bps before Zero padding (b) 100bps after Zero padding
L ———
2001 1 200 F
@+ Max point : D Hz e Maxpoml'ﬂﬂﬁZSDHz
150 ol
ol
g i
5 4 3 2 A 0 1 2 3 4 5 - - - 1 0 1 2
frequency(Hz) frequency(Hz)
(c) 1000bps before Zero padding (d) 1000bps after Zero padding

Fig. 8 Sliding FFT result

AdwrA o 2= PN sequence?] A3 32 &1t 4 gl Fig. 9+
2ol e A5 FEdH AlEdod AdE HoFErh old

3Hzolth. whebA Fig. 109 Hl&7] WA ¥ 5= A weh s 13
gtoh, vl s 7] W2 Aol AE PN sequence? Hlgol weEk N, T TH YIS

M
et

stol 4z g FAse, o AL B Al Sy, N, & 57|

w4 e @k o F A4 Y YANE A7 At dashed, ol

_’lo_



=)
o
o
L) 5
S
rﬂ
il
—r
ax
ot
v
-0
=)
o
filo
e
offl
N
—r
X
o,
i)
ol
M
=
g
il
I
O
N

Y
>' {
¥

Preamble(PN code) bn Corr 255-1 . Pfeamb|e{PN Code)-bi} Corr 32-08l

1or ' Max polm 541 155 Max point: 546
50 oo
0%@? P Wﬁﬁ% $al? Tﬁ;f; ?ﬁmhﬂ? o) %WT or
520 530 540 570
Bit 5F
o G il i i
5 lax poin 520 530 550 560 570
19 P \{) o) W T T Bit )
OTT@%@TﬂwW@%\% T TTT ofo @% leflle WT :  Preambio(PN code) bi Corr 16-16
520 530 540 570 N
Bit of Max point: 546
Preamble(PN code)- blt Corr 64-( 04
‘ [oJas Max poir
e
o ﬂjﬁ j;ﬁ UT ? oSSR N e T
520 530 550 560 570
Bit
Fig. 9 Noncoherent correlation result
(1 sample per 1 bit)
Baseband signal 255
o
PN code
28 ) 2
@ z 0 Z Compare
PN code threshold &
Find maximum
o 4 bit point
G
PN code
oo
PN code

Fig. 10 Noncoherent correlation block diagram

_‘|‘|_



3.3 & Eo[Y S7I

TS o FAleA ZHQd 7] o]F, wi AEuin A AAdE FA @ BAY
371 918l STR(Symbol Timing Recovery)E AFg3%kt}. Fig. 112 STR9| ¢
gl o]t} STRe +%+ TED(Timing Error Detector), 3 I ¥ (Loop Filter),

NCO(Numerically Controlled Oscillator)= /3 ¥t}

TED

(Timing Error Detector)

b

v

Loop Filter

NCO

Fig. 11 STR algorithm

53] 2 Aol A TEDE 97 olgol #<lslar BPSK Wz
%= Gardner €a1g]&S o]&3cH13][14]. Gardner W21 9] Elolw o] HZE7)
= AET 20 HMES ol &3] Bl oY s A=sha,

ol oy FE ol &3t A AdS HAES F, NCONA = Eeld e s 7
At AF] AE AT AITF A BT oluf ElolH dF Id4E
2 (5)eF Zt.

ul) = yylr= D)=y lr= D+ yglr= Dl 9= (5)

ge,,
Id
)
kI
=
rlo
<
g
X,
=
[m

A7NA g A B, T Q= A7 [ Q-Ade
= yEbdnh =3 (r—1/2)2 r—1)HA S} A 2] T A S YERTL
Fig. 12 Gardner 2] 2] glo]® olg] HAZE7]12 EA(S-curve)o]t}.

_’|2_



’’’’’’’’’’’
PETRTE

/ J HZECN et SO AT



4.1 20204 SHAMAIEY ElO|Q S7| A 24

Table 12 2020 /2ol s g E ebdn

Table 1 Experimental parameter

Modulation BPSK
Distance 30 km
Transmitter depth 200 m
Receiver depth 179 7 221 m
Depth ~ 1700 m
Data rate 100 bps
Sampling fregeuncy 16384 Hz
Carrier fregeuncy 1.8 kHz
Preamble hit 510 bits
Data bit 336 bits
AdE BPSK Wx=w4S AMEeRlaL, $4A1717E Ale] 72]= 30km, $417]
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Table 2= 2020 si3Ad 16W Aol Al A B3 A3 59| o2 J)
¢t BERS HoFth ol o] /i 336 HIES oY deoly 3k oY

NS @k}

Table 2 2020 underwater acoustic experiment BER result

AZE Rl B A AZH AR B %
Frame Number of Error BER Number of Error BER
1 25 0.07 0 0
2 24 0.07 0 0
3 30 0.09 0 0
4 60 0.18 26 0.07
5 87 0.26 122 0.36
oluf 1, 2, 3, 4 =Z#|de] STRe At A Ay B4 & A= STRY
AZE AA A B d Aol HlEl] old e grE A ste] BERZF AT A
& #9% & Aok AW 58 ZeQde P 938 BERel Fhee Q1w
& ot
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Table 3 Experimental parameter

Modulation BPSK
Distance 32 km / 67 km
Transmitter depth 100 m
Receiver depth 200 7 375 m
Depth ~ 1000 m
Data rate 100 / 200 / 500 / 1000 bps
Sampling fregeuncy 100 kHz
Carrier fregeuncy 3.2 kHz
Preamble bit 510 bits
Data bit 1000 / 1500 bits
A3 BPSK W24 S ARgskslal, SA17|F Abe]l Ael= 32, 67TkmE

N

WAt $47] 2o+ 100m

N
r>,
N
ol
(\)
(@)
()

T 375m, 412 FHd 1000m,
Data Rate 100, 200, 500, 1000bps, A1&% F3%= 100kHz, W&3 F3+=
3.2kHz, Z2| &< 510 B E, HolH+= doly dAF

Ay

27F 100 bps?l 4 AlE
o A1+ 1,000 HIE, 200, 500, 1000 bps¢l F4l AlZ oA &= 1500 HIER F41 Al

28 FA}9ch
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Fig. 24 Received signal power
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Table 4= 20221 si34Ad 8H Ao A3F A B3 23 54 BER
ol =t o|w BER2 #E vuloJE] 7-3t¢] BERS UEHdIH

Table 4 2022 underwater acoustic experiment BER result (ch®)

Length 32km 67km

Number Ist 2nd Ist 2nd 3rd
100bps 0.32 0.03 0 0 0.01
200bps 0 0 0.01 0.48 0.01
500bps 0.11 0.41 0.03 0 0.06
1000bps 0.11 0.66 0.09 0 0.45

32km 21 A1z el AMA 100bps, THA 500bps, 1000bpse} 67kme] 541 Al
39 F¥HA 200bps, AHA 1000bpsE A €8tz BERo| thH-& 070.10] 717}
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