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A Study on the Range Estimation of Underwater
Acoustic Source using FDOA and TDOA of
Multipath Signals
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A Study on the range estimation of underwater
acoustic source using FDOA and TDOA of
multipath signals

Son, Yoon Jun

Department of Radio Communication Engineering
Korea Maritime and Ocean University

Abstract

In the underwater, the signal is transmitted by the sound wave,
unlike the signal transmission in the air. In addition, sound waves are
transmitted through multipath, either directly or through reflection,
due to the wvariety of underwater environmental characteristics,
including sea level, sea floor, water temperature, and salinity.

In such a diverse and complex underwater environment, the test that
must be performed to ascertain the extent of the hazard from the

survivability and pitfalls of submarines is the measurement of
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underwater radiated noise. Submarines built in Korea are subjected to
more than 200 tests and delivered to the Navy only when all test
items meet the criteria. The underwater radiated noise measurement
test also has criteria for satisfying the test and there are several
conditions for measurement.

The most important condition for underwater radiated noise
measurement is the distance between the sensor and the submarine.
Usually, the sound source level measurement of underwater radiated
noise should be made within the closest point (CPA: Closet Point of
Approach) + a few meters between the measurement sensor and the
submarine. Generally, GPS and Radar information are used in various
tests to satisfy the conditions for distance from the surface ship, but
GPS or Radar information can not be used underwater. Therefore,
other methods should be used to estimate the distance.

In this study, we propose a method to estimate the distance when
knowing information such as speed, path for submarine, depth of
receive sensor used for underwater sound source(submarine) to be
measured at near distance like underwater radiated noise
measurement. The noise signal radiated from the underwater source
causes the Doppler effect due to the movement of the sound source,
and multipath propagation phenomenon occurs due to the underwater
environmental characteristic. In this case, the signals transmitted
through the multipath have different Doppler shift frequencies and
time difference because the incident angles are different on the side
of the receive sensor. Therefore, it is a method to estimate the
Doppler shift frequency and time difference of the multipath signal
and the Doppler shift frequency and time difference of the received

signal which are theoretically calculated through already known

_Xi_
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information, and estimate the point with the smallest error through
mutual comparison. In order to estimate the Doppler shift frequency
and time difference of the received signal, a matched filter bank
corresponding to different Doppler shift frequencies is constructed.
The received signal is passed through each matched filter to find a
matched filter output having the largest energy value to obtain a
Doppler shift frequency and time difference of arrival that we use
the estimated ambiguity function.

Simulation based on the underwater channel model confirmed the

performance of the proposed method.

KEY WORDS: FDOA, TDOA, TOA, Acoustic source range

estimation, Ambiguity Function
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APNGIA Le T A R MY FA Aole Aeleln, T 43 &UH
s -
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Tl A wd el ZEAH ol F= E:olE UTTh j= Al AlA uiE
SAHoNA Y AN T FL7HA Ao, A2129= vEhd 5 T

§= Ttan(0,)— = (2.12)

2210 21DE T3l 79 65 7 F A1)} 2lH)e T r
s 7 F At

R=VT"+¢& (2.13)
6 = cos (=) (2.14)

A7t Egge trel 53 edel =AY AL UAY W WY Ao

A2 Me] peaksol EASAl Aok ol Ay AHSIA Ao peaks=
wol AAl =7 99 fAE FAsoF kM, AT WAE = BF
QA7 WAL FEo] ¥ E3 5 599 G 4 Aol wet
AA F4 27t 2AH=H S0, SHAZNA AAd ®¥ FA VIHe
A& A5 wd 4 237t AANER ol A" F4 & dFe
HAA He @xlo] "ot
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2.2.2 3 I EH(Wavefront Curvature Method)dll €3 &= X
+3

THAANA T S99 YAE FHS= vE WHOoZ= TDOA(Time
H

Difference of ArrivaDel 7]¥kst s}H 23ER o] Qo o] W2 37je F
HlE I5& wsoA 244 dAE ¥ AL st 73 M9 W =8 &
ZIR 1 2 B g st A5 A7 AE FASE WHelt o

WA 0 2 TDOA®S Ar ¢t Anv= & 43 (Cross correlation) &= -3kt
obef ¥ 2.59F o] F wi<d
w3 &2 F 5 AE Abele A 42y L

A At =8 ARE And An e A ofRid.

o M
il
N
N
N
N

*—8—0—0@ o0

Sub am LA&:M Aarray
carrelator —l r correlator

Range
Estimation

O 24 39 HERHY
Fig. 2.4 concept of wavefront curvature method

Ar3h Arje Bl 4oz Uehd 4tk
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— R+ (R*+ L? — 2RL,cos(9))?

Cc

(2.15)

AT =

R—(R*+ L2 + 2RLycos(0))"?

Cc

(2.16)

A7l R 7IE A AAS 5 S Aolo Agolnh & A&
°| ] 98 e How w¥ spssith

o 3z
HAASs &7

L 2L,

Ly 2L, "
cAr, = R—R(1 —1—?—% —p 08 @)) (2.18)

|lz] <19 W, Vi+z9 HILY FF= 2Q.2D7F 2o vehd & Ao
\/1+x%(1+£—$—+f—6 ) (2.19)

a7l A, 21(2.19)¢] 33+ &7tA 22112 x= L/ R*)—(2L,/R)cos(9))
o} 21(218)9] z=((L;/R)+(2L,/R)cos(0)) v T 2oz ThA 28T
T AT

[/2
cAt, =— L;cos(0) +%§sm2 0) (2.20)
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Ly

cAT, =— Lycos(6) — R (6)

2 R

(2.21)

2(2.2009F 2.2D< fHste] 29 ol AE R 0= AHYT 5 AT

 LL(L + L,)sin*(9)
2 (L, A1, — L, ATy)
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Focal point

——

1 25 2 AA Aele] A
Fig. 2.5 The range between focal point and

receive sensor

Delay W U
IVW\

O™ 26 23 W 947

Fig. 2.6 Focused beamformer

ANA 1,9 0,5 £H WEe FHSE Ao FHEACY wi 1FX

oty TE 2 W FAHSE A AA Aole) At Afow e
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T; - (Tnf_rnf., z)/c

Tofi = \/(almi—:l:)2 —|—y2.

A7IA de AA Abele] Agelal, my= Al

A4 0e g4 A

(2.27)

o714 E{« }& 71t gk(expected value)olL, R,

92 R, & g3 2ol ek % 3tk

R = F{St)St)"}. (2.28)

Mol 548 A5 WEZRE PA

(2.29)
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1317]174#] 2] - Al REel)

/\
one] AYEEES Tl X2 =AHe= fdoz Y 4

rn=fl&)+n (2.30)

A71A ze FAMF & BHY A, r2 FH HE, ne FIHE<I

zero-mean #2 WEH, flz)E 29 HAE 42 ot
TOAE EAF F417] ARolE o]l Fdhe alse] awraF A3 Alts ¢
g oA FASH BE S0 A =2 HERE S48 S
A&3tA A1zr 57)(Time Synchronization)7} o} Fol4 tt= AL 9w
gttt AdkE TOAw dRbA o= A o] Fr|FoAs Aa&EE,
TAAE 53 AEEES} FallHdA FASH F47] AlolY AgE S
= FAZOA FA4E Ad 9E YEH,

| gzkel A U glel OM du}
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9 2.7 TOA 7|xk $)2] 7ol ot 7skshs =

Fig. 2.7 Geometric structure for TOA-based location estimation

,1=1,2,..,L olth a = [zy]" & FHZ A9 Aot} F417]¢]

g FAdn &, {}2 TOAelx, th&9 43 RAtel9 g #A
xdHG
I
szmlszwL (2.32)
AA TOA # FAol YA &4 2F7F TAsHy] ok AR =

tol c& =3 Aol 7123 A 7)dE S-S tad go] RddHT
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Troa1 = B+ ngos; = \/(56_331)2 + (y—yz)Q + €045 (2.33)

[=1,2,..,L

AN e 5 TOA T4 2FE AT 1y, o AT SFolth

Troa = Froa @) + ey (2.34)
9 Aol A,

Tr04 = [TTOA,l Tr04,2 TTOA,:;"'?"TOA,L]T (2.35)
eroa = €041 €104, €70a,5+ €10, 1] (2.36)
Froa@) =d = [w=m P+ =1 (2.37)

V@—z,) + (y—1,)°

_\/(x—wL)@(y—yL)Q_

AN, froal@)s xzol 98 wi/l Wsstd g8 55 dEgE,

AL g0l gl WECITh TOA 4ol 7128 B4 X 24 £
= A2 20 {ropn) FE rpu® 0% 2AFE Aol oldd 27

WHo = LLS(Linear Least Squares), WLLS(Weighted LLS), SA(Subspace
Approaches) &9 WHE°| A=t LLSeF SA 4 ol oisf A3 E7)
=3
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FA3st7] 9l é‘izﬂ.‘ﬂ Least SqueureE AFgsit), 2o X E A
7] 918 Ags gl 3 "W FUiEY. 29 A¥ TOA =4 24
2 2(2.32)9] 4F IS AFAE A F

7“QTOA,Z - (95_371)2 + (y—yl)Q +€2TOA,1 +26T0A,l\/(37_951)2 + (y_yl)2
(2.38)

€ro4,1 — €2T0A,z +2e704, \/(x— 335)2 + (Z/_yg)Q (2.39)

12.38)0l M o] F& Fold, B=3 22 FHel v ¥y

>
@
rlo
>

2(2.39), 22402 A238)0] s =P e o] BHT 4 9l
=

7“TOAZ (@—mz)? +(y_yl)2+eTOA,l
. 2, 2 2
2wty —2yyty; —l—eTOAJ

2 _
Troa,1 —
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A= [—2x, —2y, 1] (2.42)
—22, —2y, 1
,_éxL _éyL 1
0= ryR" (2.43)
0= leqoas €roa s €l (2.44)
b= |rros, — o= (2.45)

2 2 9
Troa,2 — Lo~ Yo

2 2 9
7oA, — XL Yy

2@2.4D2) WPe e Bt

AO+qg=10 (2.46)

A7IA A@R3DAME rpE VE ASEIL, = ARHE FH YAE
TR, AR LT Qe FA7) AANERE FAAL {eg, Jol ol
A3 ol 83l e )
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q= _26T0A71 \/(x_x1)2+(y_y1)2 _ (2.47)

2e 7041 \/(517_ xz)Q + (y—y2)2

12€ 7041 \/(x - CL'L)Q + (y - y/:)2 |

zero-mean vector, & E =022 A& < 913, ofgfel Zo] A=

2" 5 9ok
AO = b (2.48)

Jirs 104 (O) 2 EBR 2(2.48)e 71WHsk 159 ®]§ $F<(cost function)

£ e 2tk

Jrrs104 (é) = (46 — b)T(Aé— b) (2.49)
= 0TA740—20"A b +b"p

AL 0] 22 FFoIM, Jg p0a(0)NA FUF HiFo|Th LLS F
AAE OeF 2ol A 5 Ak

0 = argiLS, 104 (0) (2.50)

o] AL fo tiate] 22499} THEE Y, I A THAES zeroE Y3}
A gozH ALk 7bsshth
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JLLS, TOA (6) |

7 j-g=0 (2.51)
—94740—24" =0
—ATA0 = AT

=0 = (AT4)'4"

LLS 9 4L 09 A Hx 2 F Hx FEoH AL 5 a, of

g o 2t

z=1[0],00],]" (2.52)

X=[z;,—z y,—y] (2.53)

T =% Y~ Y|

o] ¥ X& AR&ste] D2 wAHE oY dHEe g go] AT

D= XxXx"7 (2.54)

D), , = (zx, — )z, —x)+ (y, — vy, —v) (2.55)
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= 0.5[(,, — @)+ (g, —yP + (&, — )+ (g, — v — (@&, 2, — (4, —v,)]

=0.5(d +d+d>,,)

ANA dyy = dy = (@, =2, P+, —p, = M- F217190 094
T Aol AgE UEr] wiwol <al A= Felnh Eigenvalue

= BA
Decomposition(EVD)-S AH-&3te] 338 DE tf23 o] yebd 5 o

D=UAU" (2.56)

iz Yoty Do  rankrt 28= AL BA  HA

N=N===0c8 AHHo=m 9 42 ofegfe} Ho] 2L
AT,
D=UAU" (2.57)

= U, A2 (U,A2)"

1 1

= UA? 2(UA2 )"

1 1 1

ANA U, = lu,w), A, =diag, N), A2 =diag\F A ) e AE BB

Z7F AES YUY E bvid 0= o7 =1 9 2 rotation matrixe] ok
21(2.54), 21(2.55)5 wlwstd o3 o] yepd 4 Qi)
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1

X=UA2Q (2.58)

o|A| rotation matrixe= T 2ol & 4 UA Hoh
1
2= (UA?)'X (2.59)

1 1 1

= (U, A2)"(U,A2)) 1 (U,A%)"X

—1

=AUl

o714 t& Moore-Penrose pseudo inverseo]t}. 2](2.58)e 2](2.59)< dof
o
H

Jshe gt ol vekd 4 gl

X=UU'X (2.60)

O

= #1A BR7F A5 F&E FZHsubspace)e] il ]
F ALE AU 4 1=1.2...L & AET £ oz g 4

mel pg T wT
W=05E &+, ) 2.61)
1

=74 937} EAA U A2L rotation7hx| o] LSe] Aot} 9% F
Ae el 1A XE ool 2ol oA S F Ao

1

X=Y—1z" (2.62)
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Y= [z, y] (2.63)

Lo Yo

St

B ¥ JAU Ul'=1- %U;@T(U;Q = [U3U4---UL])% Abgste] R H

F3el &8k, 22628 AQ260= At ol o] FoH F
AT,
UUN2" =~ U U'Y (2.64)

U3t 2ol Alttd

rlo

TOA 78 AH§3 xo| B2 Z7F 273

c=((uuh)o urn” (2.65)

Yo Ul
10, U1
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A3 FOE A N3 =Y 23
1

o2

I
e
>
[.:_\I]_‘
i

T35 4o FAFHE e e Yo E s =& AT
A At =3 5 Ad AL SHCE 8 vF A2 FHE A5V}
AG=HA At s A2 FHE AGHE Ase 459 YAolA
= YAl A=e wE Ao gE2r] mEe =& Mo Fye =T
=4 yehdt. bas Ge2A deys o] =& o] Fapao] Ao
£ FASA, on da gle FA BERS0 s oledoz AltkEoz
&Y o] Fao AolE AT Hlud F£F 599 ARE FAHE
= WS B FollA AT

&8 Aol Fur FAHS T HHole 1K FYo WMEE ol &)
Ad, 25 @ A, &5 2&5E F4 9 2 7Y ol277hA v
& W =0l AnI6, 17]

B Aol e =28 Mol Ty F49 g HHe oM A=
e =58 ol Fygd diSste AREH WaE FAskaL, FAld
ABE ZF A2E FHAA 7 F dUA e A2 =4e &
o =& o] FagE FHsle BT F+E AT

_33_

Collection @ kmou



& A5 dF AERE EAT o O A2 $AsE A5 540
olsf LA FAE A k. o7 A= £33 AT BT T
olg] AwEol Aed FAFY AT HE7]AA FA% A5 /FHE
BEsk7] s oln] Al a5 A8 o 2 29e WFEe A
He{(Matched filter)S AF23HA B AF e I 727 A3
(Correlaton e} 2t} & 218 259} £4314) st 2159 EAE &
Bl<l replica Atole] A& AAEE 7 ¥, I 2HoE NI S g}

= Aotk 4% 4#71(Cross corrleator) &3] Aok

o
o Mol Furo wstel met wIF o] mE  Foln

—|

y(t)s (t—r)dt (3.1)

Abolo]l Athzel Lo wl A7 b= 2= ol 9l t==(compression)
52 Sexpansion) Hil, Aol wet A ARHFE BF AL AD

o}
2 o Hd@gS 7o
2@.DY &5 7] FL 279 AlFgS BE g st ofe 2

o= yehd + Ao
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o(r. §)| = ‘ [ sla-ot1s' ¢ ra (3.9

d71A, Az A e ARE B o)FwHE YehEE g4 »
*S FE BFE7] YalH Lutow = 002 HAIT s(t)7F Foh
o(narrowband) Al&etd =& Ade Fo¢ W2 ZA A & 9
onz 9 oA F4 A5 BYgL2 OUE T3 AL 4F A5 4

e Fe =&Y Fag Hol o Fde ve I 2o

2

‘/00 (- T)exp (j2rdf,t) dt‘ (3.3

|f s(t)s (t—7)exp(j2mut) dt‘

9 HolA f= AEE] A FIR Fe wx

2
g s, v =6fyw EEF FITE UENT
a

21(3.3)& F4l A&} replica®l E4 conjugateE #3 ¥ Fourier
transform F &S zt=t}

2 e oY F A EAS et 3 WA g A
2t

(7, 0)| = [w(0,0)] =& (3.4)

A Ao g A" Az} replicad) o] HZE Wil £ = 0,
= 0olM Ao S 7HAH L g2 Az JdyA ER Fo
HAANA & 5 AT
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2

‘f “(t—T)exp (278 f ot )dt

< f )| 2dt / |s" (t—1)exp (j2mvt) | “dt

—/ t)let/ OO|S*(t—T)|2dt

f“ /m @ () |2drde — B2 (3.6)

o] EAL E% &F AlFe AA Ryt Ame ouA Aad 2o
P A3 Py =Por T

rlr
S,
o,
v}
AN

N
o}
o
o
X
o
Sl
lof
ﬂ-?—"'
o
o,
(e}

 E=e Eelee M ¢ AES AW gol F
< FAolA woll Yehta, I o]9fe] BEoM= W EA2 YEhtA
F | HojoF e} 2y old FE 9
AL wg olgtt, gustd w5 vt sbed WS

v}
>
r;_}[_‘
N
R
o
!
o
1

55 P5E de
3 et HES 4 AEE G2 20 v E A JUAE F
o)A i ol B Frel Wit WEA Lx, HB4el oA Fo
A} ghe YFALE F4E WES ] AAAE 2 wFe By

7} o2 FoA H(sidelobe) o2 YER}A BT} o714 Az Mge] B
A7 Gehbsd, 2e ouAdd =5 godo] ZoWMAE Hle] =7
7 Ae MBI A A AFAL 964 eTE

9% 31 25 @] o] fEE Aw WA T
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.| Matched filtering d
by correlator 1

| Matched filtering
by correlator 2

Received signal

,| Matched filtering Y Se_lect
by correlator 3 Maximum

_| Matched filtering ]
by correlator M

a9 31 A4S WA 2

Fig. 3.1 Structure of correlator bank
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& doMe a7 ad9 AZE FAH3517] s & AFoNA AA s
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3% 32 4 A @ =28 Aol a4l seEy &
Fig. 3.2 Geometric structure of Doppler shift frequency for receive
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receive sensor
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Fig. 3.3 Geometric structure of multipath Doppler shift frequency for
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)

(3.8)

fycosP,

fd, second

19 3394 cosd, 9

ofel 3} gol 7T F gtk

=
=

st wy, w,

&

H&& °]

K

(3.9)

R,

dr:c
dt:z: + drr

xl -

(3.10)

R,

dta:
dtw + drx

Lo

)

1

-1 dr:c
x

COS (tan

cos?P,

(3.1D)
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2@E.1DAA FalZ cosP, & 21(3.8) tHdstH 3

oot £F# Ho| Fahs AL ofelsh go] Hold

d

fd. second - fdcos(tan_lﬂ).
; T,
(3.12)
S0 OF Ao o5 4 MAd Sojek AsESe) A 3}
FRshe PEe obesl 2t
WA 9 345 42 MM UE g AR =2 A7 2e] )eEA
TEE YET
! ;'x\%
dtl' ¥ dr‘x

09 34 54 A WF TF A= A A9 estE T

Fig. 3.4 Geometric structure of multipath time difference of arrival for

_4']_

Collection @ kmou



recelve sensor
B 4 AlAo AH ALE= Agle ofet

R, =+/(d,—d, )+ (R,) (3.13)

AA d, —d,E F5 9] YA FANA FA AMT}L X s

AAAA ] FHo Had

=, +d, P +(R,,) (3.14)

cpa

R

second

A Azl o3 AgHE Azl B AdE HA4Fe BLBS of
g3to] F¥ & Yok
23133 G100 sl T ge T vF Ao os) Ay
o

L AEe AT AF FEE A3 54

R, R
TDOA = abs(—% — =) (3.15)

Cc c

B AN 5 59 t3 AgE FAsr] Al Atz sk=

| Y

O
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PR AM AEsaRel £F
sl whAlEo] Sojet T wa Al

<
S0l £2 A7F A2 7R ojgHow
o

= = S
SA AN SIA, 5% 2do olF S5 2D ARE om dm Yt
g atol A o] Fojzith.

a9 35004 B AN AASE PP 55EE Yehhh

Received Signal

v

Band pass filtering

v

Cross correlation e Bank generation

v

Doppler shift frequency/
time difference of arrival
estimation of multipath

v Calculated

Find minimum error of doppler frequency/

doppler shift frequency/ | time difference of arrival
time difference of arrival of multipath

v

Estimates range
of the acoustic source

09 35 BF AR A5 £ a4 8 A 42
=
=

o] g% 7T =Y A F4 =
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Fig. 3.5 Flow chart that the range estimation of underwater acoustic
source using FDOA and TDOA of multipath signals

oA TE A2 ANz T2 FnE D Az R

o]
05 A22 4l Aol fdAEel F4dE =3 Fube7k NHzl, =

9 AZF 27) Tlseclabx 71ASHE, 7] 91 Q= AREZEBE Aot

Aats ozl Fakg 8 AR A9 ges dalElsdlel Bank® ASH

Table 3.1 Range estimation example of proposed method

Olm] 5[m] X[m]
o|EFH o Z ALH &
1::l FZ FX
T3 2+ (FDOA)
oo AMd B
Tl T2 TX
AlZF 2 (TDOA)
A gt Mnd =2
. Fnl Fnz l
T3k 2k 9 A s Normalized)
FAA w3 vtk =2
. Tnl Tn2 l
ARE 2 2 A 58 (Normalized)
7—]ﬂ = ]
T Fnl + Tnl Fnl + Tnl 2
(FDOA + TDOA )
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A4 BdY D A3t 2

o
& B¥XE VIrTEX(Virtual Time Series Experiment)[20] <=3 =g

(%]

RO HYE Y] AMREHE VirTexs HlF A28~ sjSA 747 )it

o] F/g ¥WikBellhop) 7|1¥k FF3AE mddg ZZao|t), 2oy e
sl A FafolA =HH 4 FZ(sound speed profile)ES o] &3Fe] 4
d AAS AT o W siFHY sjAES Heksithal 7S
o, A FEE A FsiolA FHE HolHE o] &3t
Table 4.1 EoAd@A A8 574 EX4=

Table 4.1 Characteristics of underwater environment variables in simulation

T & AT T H 1
=5 1475[m/s]
1A= 1.145[g/cm’]
3l 27 3 A A 7 AHE
A4 | 0.090dB/ A ]
T4 400[m]
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Sound Speed Profile

i i - -
¢UP450 1460 1470 1480 1480 1500 1510 1520 1530
Soud Speedimis)

a9 41 BYAFEL A o4& T

Fig. 4.1 Sound speed profile for simulation.

Table 4.2 Characteristics of receive sensor and acoustic source in simulation

T & H T s H 1
=l ., | 30/40/500m], | o 37} AA(FHOZ WD)
AA o 50ml | o 17 AIA
e T A 50[m] o 2= SmlellA F=gozn o]E
T6
&4

& = 5/10knot] | o 27}A] &= ZZo|A 43
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Table 4.2= ®o|dd& +3L 4 AA 8 55 599
ok 1A A AN E 27EA] 2o 2 PR wjdRe wet
AT A, FF U2 UM S5 2H0E Urily
T2 S0ml2 FASAA FHo2R o] Fsts =HOR
PYailet. 17 4.2 9 =dE HF =odY NI=EE

Buoy
sensor #1
[30m]
sensor #2
[40m] V: 5/10[knot]
sensor #3 @t
[50m] CPA : 50m
Weight
(@ Al AA 370
Buoy

sensor #1
[50m]

t V: 5/10[knot]
. CPA : 50m

Weight

(b) =41 AA 1IN
O9 42 2o4d Y=

Fig. 4.2 Simulation concept
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Fig. 4.3 Simulation channel characteristic of between receive sensor
#1 and acoustic source,

(a) eigen-rays, (b) channel impulse response
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Fig. 4.4 Simulation channel characteristic of between receive sensor
#2 and acoustic source,

(a) eigen-rays, (b) channel impulse response

- 50 -
Collection @ kmou



40 60
Range (m)

20

(@)

0.7

0.6

0.5

0.4

0.3
arrival time (sec)

0.2

(b)

Fig. 4.5 Simulation channel characteristic of between receive sensor

#3 and acoustic source,

(b) channel impulse response

-rays,

(a) eigen

o

63 bits m-sequenceE&

AABAE. WA,

2ol

_5']_

Collection @ kmou



o}
)
W
~
fru
'
PN
QL
s
(o
=
ofy
>

N AE ggZze ], AkHzZIE sta, HE
AZd Faes 247 30, 120lkHZ1E A&kt =3 =5 29
AMAA Fzzre] A7E 7 233 CPA(closest point approach) A3
AAFPoH, 5 29L& 5 10knot] 4zte] £x=2

= =
Ao] AEAE glo]l 3 AX 7Foz st moddS F359

o -\
i)

P

S D S e}
)
i)

- 52 -
Collection @ kmou



3 modg Ash

=
T

AE

]

Mmﬁgwﬂwoﬁﬂ M oH
BATM_«umﬂo,wﬁo,* _*oumvg
CNpL ¥ o w9 o & F
MM%o_u@r N Em%
AA%TZ*O\W:OJ%OIZ_.O ﬂ_kdamM
S N N g S
CEE o my Peg
R SN
F oF .%ﬂim o =
omﬂMﬂzréa Bk
No o °% & o o} < \\
#%ﬂgﬂﬁ%% N NI
w o ER =
o o ™ T i X T D
o E o g Ty BF
I I - S
oﬁaﬂ N _H E#Em.ul
@non__dd@%zf.mﬂﬁfwl
W BE s el Sy 8
Mol T oo KB Ly
ﬂf.l]m__.,_ .ZE_LGQE._G
ﬂ%m}eﬁamﬂ;emrxn_bﬂ‘_oﬂAh
o g N E T
A R - R IS
‘ulmoﬁ AZLju K M
TT Syl 2Py sy,
HMAA,WEATH odlCﬂu
%Ahm_nlu_o#,_‘_t,A]w_Mieaﬂlﬁa
o = o K % %
%ﬂqo%mTEEWE%aAT

— — = o
K A s SR
Moo A m oo N oo o

_53_

Collection @ kmou



o
=

[zH] Aouanbi4 Jeiddog

o
©

0.45

0.4

0.35

0.3

Time [sec]

(@)

o
9V}

[zH] Aouanbu4 Jgiddog

o
<

o
©

o
(v

0.45

0.4

0.35

®
o

Time [sec]

(b)

_54_




— 20
L
%)
S 40
=)
O
i
60
o
S
(@)
80
0.3 0.35 0.4 0.45
Time [sec]
(©)
%Y 4.6 CPAZR-E 20lm] Aol 5 dUGknot) A& =&

Sk 23
(@) FAAA #1, ) FAAA #2, (© FAANA #3
Fig. 4.6 Ambiguity function result of target(5knot) signal of 20[m]
range from CPA,

(a) receive sensor #1, (b) receive sensor #2, (c) receive sensor #3

- 55 -
r --.. '-I.---. — = \
Collection @ kmou



o
Q]

[zH] Aouanbi4 Jeiddog

o
=

o
©

o
0

0.45

0.4

0.35

0.3

Time [sec]

(@)

o
N

[zH] Aouanb.4 sgiddog

o
=

o
©

o
(v}

0.45

0.4

0.35

®
o

Time [sec]

(b)

_56_




~ 20
L
>
2
g 40
3
g
L
3 60
o
o
@]
Q
80
0.3 0.35 0.4 0.45
Time [sec]
(©)

)

e

9 4.7 CPAZHRE 50lm] AgelA %5 =
st A3
(@) FAAA #1, () FAAA #2, © FAANA #3

Fig. 4.7 Ambiguity function result of target(5knot) signal of 50[m]

(5knot) Al el &

range from CPA,

(a) receive sensor #1, (b) receive sensor #2, (c) receive sensor #3

_57_

-

= I ] -L
Collection @ kmou



o
=

[zH] Aouanbi4 Jeiddog

o
©

0.45

0.4

0.35

0.3

Time [sec]

(@)

o
(9]

[zH] Aouanb.4 JgiddoQg

o
=

o
©

o
(¢}

0.45

0.4

0.35

®
o

Time [sec]

(b)

_58_




— 20
L
>
S 40
>
O
o
& 60
o
S
(|
80
0.3 0.35 0.4 0.45
Time [sec]
(©)
138 4.8 CPAZRH 20lm] AgldA %5 =Y (10knot) A5 =5
e 2,

(@) FAAA #1, (b) FAAA #2, (0 FAIANA #3
Fig. 4.8 Ambiguity function result of target(10knot) signal of 20[m]
range from CPA,

(a) receive sensor #1, (b) receive sensor #2, (c) receive sensor #3

_59_

-

= I ] -L
Collection @ kmou



o
=

[zH] Aouanbi4 Jeiddog

o
©

0.45

0.4

0.35

0.3

Time [sec]

(@)

o
(9]

[zH] Aouanb.4 JgiddoQg

o
=

o
©

o
(¢}

0.45

0.4

0.35

®
o

Time [sec]

(b)

_60_




N
o

N
o

D
o

Doppler Frquency [Hz]

(]
o

0.3 0.35 0.4 0.45
Time [sec]

(©)
138 4.9 CPAZRH 50lm] AgldlA %5 =Y (10knot) A5 =5
2 Az}
(@) AIAA #1, (b) SAAA #2, (0) FAAA #3
Fig. 4.9 Ambiguity function result of target(10knot) signal of 50[m]
range from CPA,

(a) receive sensor #1, (b) receive sensor #2, (c) receive sensor #3

0% 46 ~ 499 BE 4 A3 adomiy Ay Anel sj4w
=

=2 3% 4 u} A= 464 4.7 FF 4ol Slknotle] <
ZHE 20im], 50[mlell EoiA 7)5E wjeo] AAE =
T 235 YeidY dE o
o =3k 18 4837 4.9 FF

— Ao = A Slknot]e] £E2 FF %%O] 1% L wo} nmzr)A

E AAEE 45 e =59 do| Fis ge 2 U Utk webA

_6']_



Yo de= iﬂ‘ﬂi%q.ﬁﬂ I
1[kHzl, 371 ¢
2 CPA A= FalolA Hod 4 =

o2 Axtd =58 Mol FyaE yehdn. A A 37 2% CPA
A7 50m] SHANA= A5 =] Ho| Zmgeo] zto|yp @M= UE
WAl 43tal, CPA AZIZRE HA "Hojda= Aol7h 7e FAT

ATH.

10 $4l AT o Fo]

by
£
>
K
2
>
}o{l
il
+
>
Q‘L
K
4
o
o
e
o
'E,‘
5
S

=
o
4y
o
A0

—— Calculated Doppler frequency
"""""" Estimated Doppler frequency |

w
)]
T

w
o
T

N
(%2}

N
a1
T

-
o
T

Doppler frequency difference [Hz]
N
o

(S,
5T

50 55 60 65 70
Range of transmitter [m]

(@) sFAIAMA #1

_62_

Collection @ kmou



40 . . : ;
— Calculated Doppler frequency

---------- Estimated Doppler frequency ||

w
o
T

w
o
T
i

N
(&)}
i

Doppler frequency difference [Hz]
N
o

151 .

10t o i
5} N
o i i i i
50 55 60 65 70

Range of transmitter [m]
(b) A A #2
40

Calculated Doppler frequency
"""""" Estimated Doppler frequency [

w
)]
T

w
o
T
I

N
(6}
i

-
(6]
T
|

Doppler frequency difference [Hz]
S S

0 i i i i
50 55 60 65 70
Range of transmitter [m]

© FAAA #3

2% 410 FANA 8 =28 o] ok xbo] me Y Az
(a) receive sensor #1, (b) receive sensor #2, (c) receive sensor #3
Fig. 4.10 Simulation results of doppler shift frequency difference

according to receive sensor

- 63 -
Collection @ kmou



— Calculated Doppler frequency

E 3B/ [ Estimated Doppler frequency ]
g 30} 1
c
[}
o 25¢ .
!"_é
> 20 g
c
S 15 ]
o
5 10 .
o
g 5 : ]
o F
of i
50 55 60 65 70
Range of transmitter [m]
(@) FAIAA #1
40 ; : ; .
Calculated Doppler frequency
35 i e Estimated Doppler frequency |]
30t .

N
(83}

N
o

N
(&)}

-
o

a0

Doppler frequency difference [Hz]

o

50 55 60 65 70
Range of transmitter [m]

(b) FAIMA #2

- 64 -
Collection @ kmou



— Calculated Doppler frequency
"""""" Estimated Doppler frequency ]

w
(¢}
T

= - N N w
o 8] o a o
T T T

a

Doppler frequency difference [Hz]

o

50 55 60 65 70
Range of transmitter [m]

© FAANA #3

a9 411 FAAA 8 T8 do| Faka xfo] mo|dy Adx
(a) receive sensor #1, (b) receive sensor #2, (c) receive sensor #3
Fig. 4.11 Simulation results of doppler shift frequency difference

according to receive sensor

9 4118 4 AE Y Eo] 1kHzl, 3712 Al AAMoA AT
FASLA, =5 29o] 10lknot] £EF CPA Al FAolA Hold uj
FHE =5y o] FIFe oBH0E AE =& Hol Fig
Uetdth 23 29 4109 vist JHE BY T, FEgte] eake
F 59| Slknot] ¥ w Hoes FoE AL AT F UMk ol F
o] W AFE UF AR AT E Aol =FY Mo Figo A
7F ARCRE Fszrel As FEo] HEA Y] " FAsE At
H 2 Fol=s Aot

Collection @ kmou

S o ) o lo

rr



soa Calculated TDOA
' Estimated TDOA

0035 .

003 &

Time difference of armival [sec]

0025

S0 55 &0 65 it
Range oftransmitter [m]

(a) FAAIA #1

T T L% I

004k =G alculated TDDAF
' —— Estimated TD OA

0035

0.03

Time difference of amival [sec)

0025

=0 55 &0 65 it
Range oftransmitter [m]

(b) =AM #2

- 66 -
Collection @ kmou



0.04 - Calculated TDDA_
oo ’ — Estimated TD OA
B
AR
% 0035+
a
b=
o)
=
B DO03F .
£
=
&
E
— 0.0251 e
1 1 L 1
5D 55 £0 65 it

Fange oftran=smitter [m]
(C) FAIAA #3
o}
=

a8 412 FAAIA E =2 AZF o] moAdy Ay
(a) receive sensor #1, (b) receive sensor #2, (c) receive sensor #3
Fig. 4.12 Simulation results of time difference of arrival according to

receive Sensor

l

I8 4128 $4 A5 g Zoe] 1[kHzl, 3/ £ AAdA NFE
FASkaL, % Sdo] Sknot] £E2 CPA AT FAoA dold ujg
2 AIZE Ao} o)2H oz Atd =2 A AE YERAY &

AA 37 5 CPA Ag 50lm] SAH A= F33te] Aozl H= 4y
EfUbA] ekgkal, CPA AZI2FRE A HojAugt=s 433k Apo] glo]

_67_

Collection @ kmou



e I == Calculated TDOA

o Estimated TDO A

2

@,

@

£ 0.035} |
m

=

o

2

5 0.03}f ]
£

z

[=4]

E

E

50 55 o oy e
Range oftransmitter [m]

(@) FAIAA #1

.

o - Caloulated :DDA}»

— Estimated TD OA

00355 |

03

Time difference of amival [sec)

0025

50 55 e iy %
Range oftransmitter [m]

(b) FAIAA #2

- 68 -
Collection @ kmou



- = Caloulated TDOA
. — Estimated TDOA
S
™
E s
L ]
©
]
=
5 0.03f ]
2
5
A
E
— 0425 |
=0 55 50 63 0

Range oftranzsmitter [m]

(© FAAIA #3

a9 413 FAAA H =G Al ZE 2ol mojAlE A}
(a) receive sensor #1, (b) receive sensor #2, (c) receive sensor #3
Fig. 4.13 Simulation results of time difference of arrival according to

receive sensor

O 4132 F2 A5 gi¥gZo] 1kHzl, 3719 4l AAA AsE

Falsta, 5 9] 10lknot] SEZ CPA Al FAolA Hojd ue

7 g ARE zpe} o]BF o7 Ajtd =9 AR AHE YERY.

< =9ol] blknotld el £x= olFde wet H=sHA a7t A9

o] T2 A3E HAh

B ATl AR WY =&2 Ho| FaE HASHA &il, 4
A o}

g5E olgsted AfE
.]

astanh 18 4145 4 A5 gEEo] 1kHzl, 3Me) 4 A
NEE FAT W £F U olF £58 A 74 AHE dehac

_69_

Collection @ kmou



140 . |

;'t Range of transmitter
1201 | - Proposed method |
i —#* —Conventional method
o - !
i) | FT T i R /
Sq00f by o0 A
; I [ '
o R T TIW d g Iy g
2 il R joom
@ e o ow od
3 O | i 0L e |Il b _—
i L1 pEag S € F o
% 60 A préyer e L
LU Lo o
Lou g
40} Bhogd 2 R s Ty 3 :
S Fo k. =
2 I I '.; r 'i' 1
%E} 55 60 65 70

Fange of transmitter [Im]

(a)
140 . - . .
— Range of transmitter
120+t «@ Proposed method I
* | = *— Conventional method
X 5\ ¥ I |
100} I =~ S

Estimated range [m]

al 55 B0 65 70
Range of transmitter [m]

(b)
19 414 75 349 £528 A 4 24y A%
(a) 5knot, (b) 10knot
Hg. 4.14 Simulation results of range estimation according to velodity of acoustic source

=

b s 12 =9 A

Oft

o] %53}

i

%5 g9 28 ForE 34

rr

_70_

Collection @ kmou



}32, CPAZXH

[l

w9 AYE

A
N

b3 7 o] )
2

o
il

2

T

LA 7= HhH o,

=

=2 CPA AY

A2zt dold 48 2 o

70

65

A #1

60
Range of transmitter [m]

|

_7‘]_

(@)

55

(S S IR
N Wr i %
< ™ Woo3e
[ p
_J/l—’ W—WO ﬁ T T T T T
p w5 153
o= X W s §
Dom o= =
= o N9 )
N — [
T oW 5 s
= ~ 3 |2 @
S Mo AF N o S8
oo I ° 8
Wrome T A0 £3
T X T Hw X 3 e
=y o Mm - ™ 3 &
o] o :
T F Wo mm T
® o ¥ O g o
Lﬁ W T NI
i S TR
‘m_. <t ﬁE m KO \ \ . \ N \ .
! < .zT mg o 7o) o Te) o To} o 0
" mmﬂ .Mﬂ — < (32} 0 N N ~ ~
MT N w ﬁu o w_uu [zH] soualayip Aousnbayy Jejddog
<t
O o
o of W T W 1
o s N
SN T =
N W w O

Collection @ kmou



— Calculated Doppler frequency
"""""" Estimated Doppler frequency |

w
(62}
T

w
o
T
i

N
a
T
|

-

(&)}
T
4

........

-
o
T
i

Doppler frequency difference [Hz]
N
o

a
T
|

(@]

60 65 70

50 55
Range of transmitter [m]
(b) FAA A #2
40 : : ;
Calculated Doppler frequency
35 e Estimated Doppler frequency |1

w
o
T
I

N
a
T
I

-
(&)}
T
i

Doppler frequency difference [Hz]
= S

(6}
T
I

o

60 65 70
Range of transmitter [m]

(o))
o
()}
o

(C) FAIAIA #3

" 415 AN B =5 o] Fuha o] mojdy A3
(a) receive sensor #1, (b) receive sensor #2, (c) receive sensor #3
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Table 4.3& oA O2do 2 3w 7]E9 YukA Q]

I B Aol At Aol s F=4E Hd AY F4E 2
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Fig. 4.21 Simulation results of range estimation error of proposed method
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