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A Study on Optimal Transmission Method for Improving
Throughput based on Turbo Equalizer
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Graduate School of Korea Maritime and Ocean University

Abstract

The transmission of acoustic waves 1s limited because of various factors such
as water temperature, salinity, depth in the underwater acoustic communication
with a multi-path channel environment. Also, the performance is limited because
the underwater acoustic communication uses low frequency band relative to
wireless communication. In the underwater acoustic communication, the
performance greatly depends on the characteristics of multi-path channel and
the distortion of the received signal is degraded due to reverberation and
multi-path. Such channel characteristics cause ISI(Inter-symbol interference). It is
necessary to study on equalizer technique and channel coding to correct error by
multi-path and ISI because the optimal communication method has to be designed
based on characteristics of multi-path channel.

There are various methods in order to countermeasure the multi-path channel.
Among of them, one well proven method to counteract ISI is the decision
feedback equalized (DFE), which has been wused in many underwater
communication links. The other way to cope with ISI, iterative equalizer is used

which constitutes an outer loop in the receiver. An inner loop consists of



iterative codes. Among the iterative coding techniques, turbo codes are optimal
coding technique in aspect to performance and packet size. Turbo codes have
error-flooring phenomenon, that is serious problem in underwater channel. In
order to eliminate error-flooring phenomenon, turbo pi codes which add the shift
register in the encoder. In this thesis iterative coding based equalization was
proposed for single carrier underwater communication channels. As an outer
code, DFE is used in this thesis. As an inner code, the turbo pi codes are used.

The contents of this thesis are mainly deal with three parts.

First, the performance of turbo equalization was analyzed. The performance of
iterative turbo equalizer was studied by using the real data obtained in the
underwater. It was confirmed that the performance is improved as increasing the
number of iterations. Second, It was decided what kinds of packet structure are
most optimal in underwater channel. Four kinds of packets are considered. As a
result, consecutive packet structure are most optimal in aspect to performance
and throughput. Third, in order to improve throughput, it is suggested which
method is optimal among of high coding rates and high order modulation. Among
high coding rates with QPSK and turbo coded 8PSK(Octal Phase Shift Keying), it
was concluded high coding rates with QPSK(Quadrature Phase Shift Keying) is
effective method in underwater communication. Finally, in aspect to performance
and throughput, it was concluded that high coding rates with QPSK based on
turbo equalization is most optimal transmission sSystem in underwater

communication.

KEY WORDS: Underwater communication; Multipath; Channel coding; Turbo Pi code;
Equalizer; Throughput.
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Fig. 2.4 Encoder of turbo pi with Memory (v=4)
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Rate K_SIZE N_SIZE
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: 83 = cos
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A7) Atole] A= 400melth. AE HoJH & 472bitse] textE AME3l% o,
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Table 4.1 Experimental parameter

Source 944 bit text
Channel coding Turbo code
Coding rate 1/2
Input bit size 944bits
Bit rate 1 kbps
Center frequency 16 kHz
Sampling frequency 192 kHz
Modulation QPSK
Water depth 50m
Distance 400m
Depth TX: 2m, RX : 30m
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Table 42 Number of errors according to packet structure

=
+H2F | Eq%oR iy Decoded
Packett | Interval | . OF 13 23] 33 72bits)

i 43 32 4] 4] 0 o

. 2 117 14 o g 0 o

3 41 13 0 0 0 o

4 370 -] 0 0 0 4]

1 53 27 0 [} 0 o

2 32 9 Q0 0 0 o

z 3 76 15 ¢ 0 0 ¢

4 388 473 229 228 226 2286

1 187 30 k] 4 Eo] o

2 41 22 0 0 o o

: 3 45 28 0 0 o 4]

4 206 160 72 44 0 )

1 128 3 o [ 0 0

4 2 32 [ 0 0 0 0

3 68 90 0 0 0 ¢

4 200 95 0 ] 0 0




Table 4.3 Analysis of four packet structure
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Table 44 Number of errors according to coding rate
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Table 45 Number of errors of adaptive turbo equalizer(2/3, 8PSK)

i 537 366 156 178 334 35.38
2 644 256 120 205 328 34.43
3 653 366 164 182 346 36.65
4 591 368 172 i91 363 38.45
5 396 370 178 168 346 36.65

45 A0

Fig. 47 Ad&Fd B2 AsS Yepdg. Ad8dF CE Fohe= 212 (4D
3} Zh

C'= R x 1[bit/sec/ Hz| 4.1)

714 R F3Eggoln 7= 4 4.2)9 £

7= 1log,M 4.2)

714 Me MPSK¥zw2l& Jepfm QPSKel Z-9 M2 4, 8PSKe 745



M2 8% yeRd o Utk

2/3+8PSK

3/4+QPSK

|

Fig. 4.7 Error rate according to channel capacitor

2/3+QPSK

1/2+QPSK

|
[%1=2

)

1ioj 15—

< & Clbits/sec/Hz]

-§-l_

23e A&

REshe

FSA Tt

<

$8 HRSHIY AP BE FA OFE HY
7% 680bits & bH4bitse] BT {7} HAY

9t F5shg 3/40] HE&H A5

S

2/3°1)

o
=

7F s o, Fo3)

=
T

o
2

23

A X olE 768bits F 121bitse]

B

FSA T

S|

¥ 79 944bitsZ 325bitse] EE O FI} WAy

oo

172, 2/3, 3414 A

3ke

al

AT we $E5A

o =2 0 O
T LREe

34.43% =



oA BE
1673 EH

L —

| By

7
3] 9la) w
3}7]21 LMS-DFE 53+

[e)

=

o

L —

J

%

&8

|

2 0.3 [dBle] &

°

As@ddad &

FA R BB B35+ &2 SNRo|

A7

°

[e)

=

=g

°

717F

=
o

A =H, o] &4

A, R F37] I2al FelAM e SI=

¢}
3]

B X Pi
A

A

A ZE&Zort =

Tzo B P 2575 BAET

2877 M A

Ll
LMS-DFE

A el

)

7] 98 Wl AR A= o

J|

=4, F5olAM A HAle EA

SHA

°

=

=
=

A A3 oy

SFA T

S

3

2=
T

[e)

=

of weh 44

T

=g o

=]

B0l € o]

)

oju

= 7}%)

Gu

SR B

At

il

N

B

B



2]

%
%

+
ol
o7
o
oy

—r

0

:IA%
e
o)
o

oy

—_
o

i

oju

s}7)oke) A<

=4
[€)

tsew 8PSK A&7 BHE

S|

2 A

Al
-

i}
Fed 8PSK

S|

H

=

Ll
i

S|

2/3°1 4 8PSK

QPSKZ ®3kA A

= =

=

AlB S

o1 5

&

B H 537 F53}

e

g

Al o
=

H}

& 112, 213, 345 2 &3tATh.

st v}

F7FR 2

=z
gl

3/401 A

’

=20
TE

o
2

23014 7.94%°]

Hylon,

A

15.75%29] L F&<S XYt} 8PSK ¥ xHFA] o)

AE HE 944bits 5 34.43%%

Kol
| .

Ao AR iz A ISI7F ZA

iz

&

]
)

Al o
=

| 8PSK H =+

3]

% 9

FAF

R

oju

ou
w"r

il

g Bojz Ao AATE AN, AA

a4

oflA Al 7HA]

ZIRto = B K 5317] 9

-
T

mely B

TzE

]

A

B

o /] QPSK "= 7]

sHY.



ALY =

WQ‘Q] %}—_5—_],

-
o OMM”_E o e ®
= &+ T ~
N o my w o ] T o T
o M i e L EBEET D E
T & = 3 N ™ o Mo T T g & o ™ —
R o o) 7 Y A+ T on B R T w ol Mo T
A o_:_a%@prﬂ ,s}ém%ﬁ Bl o W
z ) B Py e W _oyobmnmqwzﬁ SRR
3R l 7| o+ T o} o Ny o ~{ N S % T Az I
e P ooy T L = c3 s v X
uly G T & ror 50 < W < e T R T
@ B o 2 TN I T - A o
VI ) T4 o~ N e D2 T K - °
o O S TR < 7 1%}%@_% wﬂf
S g X5 i+ ZTJHO%H} i I
IR e & = A oY T T o s L X
< ax 9 e oy X P o F A x g 5
P O R oo T X v T o g o
op oF - o= X ~H — ©oF B 3 £y g oo < o
= ML = X o T paden TV S o - ) X
% = D E \\ i o ¥ o - E
o Ll Xooap A oAm A R o oA T T Ao _
X A = N oa- A o © fo - + wp
7 b & P ye B o o = <
o T G i i = W R o T B T ® T
il e R | M iy IE] o oH NE o I o i El x i <
e S amﬁmymowpa N
o N W e T T T e oo B R o ay °
™ Tr %0 7 = N %P = 65 ol LS o oY oo W
o P ﬁﬁuuéqu7 wLLmHMTﬁ%H,_@s
o s wx,_s:alﬂﬂw_ﬂ@%_mmw
o M e H e oo T %E_EWL_quO_Eg AN @
EcaLﬂuE & T = ¥ UV & oy N
T - ﬂulae_am_a Eo@wgﬂzy P ¥
0 me o) X 1 ‘HA_I KM \U! ) Mm F = ET OE = Il Mm 0 ‘.ﬁv o
< 0 mnmwwwrmnwumwrmwyﬂﬂmwwmo{dmoz
T4 ﬂxEu‘ﬂ7aa7M$wm%gﬂhﬂmma%ﬂﬁ
i Jaafgmrmyrw qgliﬁae_aaa
= AF <0 N S do XX X M T T % [~
i P s 4 ~n o N e ) R b0 O x X
) T o 2 X owgaﬁrﬂ__%,pryﬂuﬂ
uj i 3 A e w T RGN N o L3
T iy o o X < CH 4 T % = mﬂ_ - W M Loy o MM W
~ E — | e = o'
| oo mrmm Mﬂ W_‘ Mﬁ mﬂ e woE W W Wﬁ N5 I % = Mﬁ
o o Y E =
T BT T o X
o ol
5 Am Mo EK = 20
B

- 37 —



FaEHA

[1] M. Stojanovic, J. Catipovic, and J. Proakis, “Phase coherent digital
communications for underwater acoustic channels,“ [EEE J Ocean. Eng.,
vol.19, no.1, pp.100-111, Jan. 1994.

[2] R. J. Urick, “Principles of underwater sound 3d ed,” McGraw-Hill, pp.
99-201, 1983.

[3] C. Berrou, A. Glavieux, and P. Thitimajshima, “Near Shanon Limit
Error-Correcting Coding and Decoding : Turbo-Codes,“ in Proc. ICC93,
1993.

[4] M. Stojanovic, J. Catipovic, and J. Proakis, “Phase-coherent digital
communications for underwater acoustic channels,” I[EEE J. Oceanic Eng.,
vol. 19, no. 1, pp.100-111, Jan. 1994.

[5] Kim Hyeon-soo, Choe Dong-hyeon, Seo Jong-pil, Jeong Jae-hak, and Kim
Sung-il, “The Experimental Verification of Adaptive Equalizers with Phase
Estimator in the East Sea,” Acoustical Society of Korea, vol. 29, no. 4,
pp.229-236, May 2010.

[6] Kim Hyeon-soo, Seo Jong-pil, Jeong Jae-hak, Kim Sung-il, and Kim
Jae-young, “Equalizer Mode Selection Method for Improving Bit Error
Performance of Underwater Acoustic Communication Systems,” Acoustical

Society of Korea, vol 31, no. 1, pp. 1-10, Jan. 2012.

[7] M. Tuchler, R. Koetter, and A. Singer, “Turbo Equalization : Principles
and New Results,” [EEE Trans. Communications, vol.50, no.5, pp.754-767,
May 2002.



[8] C. Laot, A. Glavieux, and J. Labat “Turbo Equalization : Adaptive
Equalization and Channel Decoding Jointly Optimized,” [EEE J. Selected
Areas in Communications, vol.19, no. 9, pp.1744-1752, Sep. 2001.

[9] M. Tuchler, A. Singer, and R. Koetter, “Minimum Mean Squared Error
Equalization Using A Priori Information,” [EEE Trans. Signal Proc., vol.
50, vo. 3, pp.673-683, Mar. 2002.

[10] F. J. Sifferlen, H. C. Song, S. H. William, W. A. Kuperman, and J. M.
Stevenson, “An Iterative Equalization and Decoding Approach for
Underwater Acoustic Communication,” [EEE J. Oceanic Eng., vol.33, no.2,
pp.182-197, Apr. 2008.

[11] S. S. Pietrobon, “Implementation and Performance of a Turbo/MAP
Decoder,” International Journal of Satellite Communications, vol.16, no 1,
pp.23-46, Jan. 1998.

[12] C. Berrou, and A. Glavieux, “Near Optimum Error-Correcting Coding and
Decoding : Turbo-Codes,” I[EEE Trans. Communication, vol. 44, no 10,
pp.1261-1271, Oct. 1996.

[13] European Telecommunications = Standards Institute.  “Digital Video
Broadcasting Second generation framing structure for broadband satellite
application,” EN 302 307 V1.1.1, 2005.

[14] C. Douillard, and C. Berrou, “Turbo Code With Rate-m/(m+1) Constituent
Convolutional Codes,” [EEE Trans. Communication, vol. 53, no 10,
pp.1630-1638, Oct. 2005.

[15] Hyoung-Nam Kim, Sung Ik Park, Seung Won Kim, and Jae Moung Kim,
“Near-Optimum Blind Decision Feedback Equalization for ATSC Digital
Television Receivers,” ETRI Journal, vol. 26, no 2, pp.101-111, Apr. 2004.

[16] Jian Liu, Subhash C. Kwatra, and Jungwan Kim, “LSB Coded 8PSK
Signals“, [EEE Transaction on Communications. vol. 43, no. 2/3/4.
February/March/April. 1995.



	List of Tables   iii
	List of Figures   iv
	Abstract   v
	제 1 장 서론  
	제 2 장 수중 통신에서 고려되는 터보 등화기법  
	2.1 터보 등화기법  
	2.2 터보 부호화 기법  
	2.3 터보 Pi 부호화 기법  
	2.4 채널 등화기법  
	제 3 장 수중 통신에서 전송효율 향상을 위한 처리 기법 
	3.1 고부호화율 기법 
	3.2 8PSK를 이용한 고차변조방식 
	3.3 적응형 터보 등화기 구조 
	제 4 장 수중 실험 결과 
	4.1 수중실험 환경 
	4.2 패킷구조별 터보 등화기 성능 분석 
	4.2.1 네 가지 패킷구조 
	4.2.2 전송신호와 수신신호 분석 
	4.2.3 패킷구조에 따른 성능 분석 
	4.3 부호화율별 성능 분석 
	4.4 8PSK 변조방식에서의 성능 분석 
	4.5 성능 비교 
	제 4 장 결 론 
	감사의 글 
	참고문헌 


