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The Array Gain in Directional Noise Fields

by

Ji Sung Park

Ocean Engineering

Graduate School of Korea Maritime & Ocean University

Abstract

Acoustic signals received in the ocean using receiver arrays result in
array gain (AG), unlike the case when a single sensor is used. AG occurs
when sensors are arranged in an array, and it can be calculated using the
ratio of Signal-to-Noise ratio (SNR) obtained in the case of the array

sensor and that obtained for a single sensor.

For a plane wave signal received from a single direction by a perfectly
coherent array of sensors, the is equal to the directivity index (DI).
However, AG changes in the presence of directional noise.

In this dissertation, the variability of AG with directional noise is
studied using spatial coherence. Spatial coherence refers to a scenario when
the time delay at the sensor’s normalized space-time correlation function is
zero, and it is calculated using the directional intensity of signals and

noises.
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Numeric modeling is conducted by simulating signals and noises in a
linear array under the assumption of free space. Using spatial coherence,
the AG was calculated and it was found to converge to the AG calculated
using SNR. Furthermore, the AG in the presence of isotropic noise was

verified to be equal to the DL

A real ocean has a number of environmental factors operating, such as
the ocean waves, currents, marine geology, and speed of sound.
Additionally, a variety of noises is generated by ships, wind waves, and
marine organisms that make the estimation of AG quite nontrivial. Hence,
we conducted an experiment where a pure tone signal was received using
a horizontal linear array. The AG was calculated using the spatial
coherence of signals and noises received and was confirmed to converge to

the AG calculated using SNR.

Our experiments indicate that it is possible to estimate AG in the
presence of directional noise using spatial coherence. Thus, this technique

can be utilized in designing optimal sensor arrays.

KEY WORDS : correlation function ; spectral density ; spatial coherence ;

isotropic noise ; directional noise ; Array Gain.
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SNR(Signal to Noise Ratio)3 ®iEAlA SNRE HIZ AT 4 Aok
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o] WA= Ag TH Zol wMidAA et 5o FAdAAVE GeAE =
oA w<d ]*‘—:1‘% W38k Al E o Burdic(1984)].

2 =iolAe &% Aol HEste A9 wdol59 HIlE o 5351
sted FXHH4d A (spatial coherence)oll that ATE 33T Spatial
coherencet= cross-correlation®] gk FIHA<l 7 %‘O]\”J-[Cox(1973)]. 18
WY gl BAEE A, &5 WEFA ATIe] FHO wek &
Sl  th§  spatial coherence’t  Z&F Tk [Urick(1983)]1 A=
cross-correlation coefficientE ©] &3 Wdol5 A4 WHES A AR L
o, B =% ©olE ©] &3} spatial coherenceol 2|3t H|Eol5&
AxstRdet. F7HH o2 §l 23] o3 spatial coherenceE AlAFetE W
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ARz M= avte] Aol tig d77F st ol Foxn 1
Z AR spatial coherence= [Cox(1973)]9 ¢Js] F4l& o= A
HoFo.  [Cox(1973)]&  cross-correlation  function®}  cross-spectral
density function®] A wiste] AR, olE A= FAH
space-time correlation function® = E@3}H{TE. I3l space-time
correlation function®l Al AJA| o] 00] H& 73-¢ =, 1t AT 17
g+ Z1< spatial coherence® Aot 13 113 Zo] &%
AAstE A5 9 1.29F 2ol Aol WE spatial coherenced Al4Hs)
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N
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Ag (9):6—106%sin’8

Ayg (6) = a+ (1-3) sin20 g
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a9 1.2 &3¢ e o thet spatial coherence [Cox(1973)]

[Smith(1976)]+= multipath = %=+ multimodal channels®ll 4]  spatial
coherence®] W3tE RHEF 3193, [Sloboda(1983)]:= semicircular®] A
g7l A spatial coherences 4 2Ql ATE a8 [Urick(1983)]

L cross-correlation coefficient®E ©] 83l Hjdol5 & A= WHHS

A stA =, o] <8l spatial coherencedl 2jgt Hjdo]l5 A4ko]l 715
stAl ®th. [Buckingham(1997)]2 =9 Zo] B A5 FHeo wE
[e)

spatial coherence?] W3S A5t 1L, [Habets(2007)|= THA 4252
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A 2 & spatial coherence

[Cox(1973)]° ©]3}H spatial coherence= - AlA oA FAlEE A5 9
cross-correlation®] Tt F3H& Q1 7delth. ©o]& F3l| cross-correlation®l]
Al spatial coherence’} =E% = HAd tizt AdE FHsAH. 1YL
[Urick(1983)]°ll A1 cross-correlation coefficientE ©]-83l H|gol5S &=
st e dgstda, olEgt e Tl wiEAlA oA spatial
coherenceE ©|&3te] wWjdo|5E AASIAT F7HHQ ATE F
T ago] BAst= Aol A spatial coherenceE AAE F U=
A3tRIL, ol 5 o] &t WY A4S FAoNA wiIA A o)
5e EEvte A7E YA HIFHLE olgt 2 AT
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WFAd 20 Alzle] FRTE oA

T AlA A FAEE AESeE
ATk " 213 Zo] FAFAHe] F Al
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= cross-correlation function®] 79 A|A o] AV} HE A§ d@Adol

7R =0} A 31, cross-correlation coefficient”} 1] E T},
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plane wave
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cross-spectral density function®l Q,'¢} F AlAo] 3 cross-spectral
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HU
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&
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21(25)= T3 &3EA (spherical coordinate)ll Al AlZF R FxEe] W3l
mE RS UERE Aot 22.1)F 28 FHAE 09 FAAE ¢l
st S A Wb aHEAAL, A ¥ vl WE Aade dE
WA} 2(2.6)7 Zo] AlA ZFe] space-time correlation functione FE] ol
3}

H3F3}H cross-spectral density function©] Al4HE T
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ol AlZte]l 1AHH AHF FZe WEo] wWE correlation function
coefficientE WEFNHIL, 2](2.8)% o] Af3H space-time correlation

function®] A FE spatial coherencez}il 3t}

2.2 spatial coherenceo]| &3 v go|=

vl go]5(Array Gain, AG)& o ¢ AlA7F Wjde ol F= 4% LA
e olSolth 4(29)% 2ol w2 SNR(signal to noise ratio)T}
ABAA ] SNRe BIZ A4bEth o7]A SNRS A&9} 289 3¢
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(power) H]o|THUrick(1983)].

Sarray
AG— 10l0g, o array _ 1010 Narray 2.9)

SNRsmgle Ssmgle

single
B2 =% A= spatial coherence® ©] &3 vl gol S5 Al4tslr] $13h,
A5 WEkgd A7l 2 W =3F 9lol thE spatial coherenceg Al4Fsh
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o] 5 o]&3tq 2(211)% o] A4FSHH CSDM(cross-spectral density

* * * *
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Q SS 8381 838y 8383 - 21D

S3SN

| SN51 SNS2 SNS3 o SNSN |
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]714 HE Hermitian transpose©|th. 38 Q' Z+ HJE & 4lA zto|
cross-spectral density7} ®th #2€ Q'] 7+ A&
A4rstH 2](2.8)7 Z o] spatial coherence”} Al4tE T} ©
Sl spatial coherence”} ¥ 11, 2](212)9} &o] AT

flo
ox
=t
rr i%

™ 7/
/ * Qo (0,6)cosé do df
—n¥Y —7/2

wm (©) = 72 2.12)
/ / Q,,, (,0,¢)cosp dp do
/2

2}(2.12)= [Habets(2007)]9} o] F3p5= ol thil spatial coherence
£ UEtWZ] ek FdFEA L] WA thste] HESHAT oA71A A
€9 FIFHFTAS 1FH 228 I, xFE TAHLE FHZA 08 4
ps 2AsAH
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[Urick(1983)]9l1 4]  cross-correlation  coefficientS ©] &3} HjHo|5&
AdRsts FAS dFsHAT ol 2E& WRIES  o]&3tY  spatial
coherence®] &3 vidol S5 A4S = Jdvh. viDolS& ALtstr] st
of 21(2.13)3 #Zo] ZF Al th3t spatial coherence® X7 3ot

r(w) = f} f} T (@) (2.13)

21(213)= o] &3t A& W AFo th spatial coherenceg Al4FStAL,

Al
21(2.14)9} Zo] A4tstd
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Tsigna (w)
AG(w) = 10log,—24 (2.14)

noise (w)
AN Tgga (@) 2159 spatial coherence®l, 7, (w)E 459
spatial coherenceo|t}. ©] ¢} o] A5 8l A5-9f spatial coherence® -

HjgA A el gk vidolS5E& A4 4 Atk TeF spatial coherence®l
W 23 tigk FAS FUEebA EoE, § 23 o widol5E Al
A Qs Aol o]l Y3 FAlHE AEE WHIER VMR EA =
A A 212)= A@23) s 4215)% 2] TEE + A

T /
/ / : Q' (@.0,0)exp(—iw(p, —p,,)/c) cose de df
(@) =Re| =2 2.15)
/ f Q' (w,0,¢)cosp dp db
~a —7/2

A7NA p, 3 p,e AA nF AA me] Aol wep THAEAS
dachy, wade) 7+ AMd e 9H pE Q16T Dol x y, 2o
d, d, d° ez 448 5 ok

dLL’l 'yl dzl
d, d d

4.=|" q=|" 4= (2.16)
dLN dyN dzN

d, d, d= HEANA NS MAMA] hE x, y, 259 $H Tk,
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ool thsto] FEHEANA
2217)% Zo] AT 4 Yth

W (w,0,¢)= exp(—iw(d,cosficosp+d, sinfcos¢+d,sing)/c) 2.17)

S7|A = Saolth mheb 2)(2.18)3 ol AT o] 7+ Au
o A 2ol Wepd 9l4o] Hh
* * *
Ww; wwy - W Wy
* * *
wwtl = | W2t T et (2.18)
WNWy WNW, WNWyN

Z exp(—iwlp, —p,)/e)e FIHEANA 22.18)2 w,w, 9 FL5H
Ao} wheb 97t 0,9k SAZF 42 ¥ =FARE AL, o]F weldA #
o A e =B g

48 A

W, (w,0,¢)= exp(—iw(d,cosfcosp+d,sinfcosp+d.sing (2.19)
—d,cosf cosg, —d,sind cos¢, —d.sing,)/c)
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o A5 A WAl FAEE Bele 9 ko] HARE ALY
A5 el g& A7 @9bd ¢ Utk o

coherence® AXteleE A4 Q,,) (w,0,0) WA &g WFALE A7IE A&
& & ok ol2A wjdAlA o thste] 4

ol o3 Hidol 55 AT & JA "o

cross-spectral  densityt= Q) (@,0,,6,)°] ATk olE  AHFslgh
Qi (@,05:00) 5 B2 6,3 542t ¢, A 10] HaL, 1 $JolAE 00] |
o 4l 2l& e tigk spatial coherence= 2](220)7 Zo] AT F S
=

™ /2
/ / Q. (@05, ¢, )exp(=iw(p, —p,,)/c) cosp do df
T (0-)) =Re = —n/2 s (220)

/ﬂ / /an,(wa90,¢0)cos¢d¢d9
—n¥ —7/2

é}(ZZO) ]A—] an<w 00’¢O eXp “U(p _pn J’]- an<w HO’QSO)lE d09+ d¢
o tste] EHAolER, 4221)7} Zo] YL + U

Tm (@) =Re[exp(—iw(p, —p,,)/c)|=cos(w(p, —p,)/c) 22D
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22214 Ao wid A pE FIEHFFANA x, y, zFo I
d, d, d° €982 W&, 324 0.9 F2G g0 st W =&
st A5 2222)9F 2ol A8d 4 AT

7 (@)= cos (w(d, cos,cosd, +d,sinbcosg, +d.sing, (2.22)

—d,cosf,cosg, —d,sinf cosp, —d.sing,)/c)

o714 mEeF AETE FAHEe weE ¥ 2Fse A9, S 0,=0
by =07t HH 2 (222)°] <Js}

A=
T
coherence 1, (w)E @7 1°] "t} o]

rlr
ol
%
oX
b
o
=
O

Q
=

(o)

.
&>

o)

O

2.
\ )
i)
%
ot
oX

A~ (directional

noise) 2.2 TFET F dh THAH 42 TP YA Z(solid angle) T
259 AZI7F F9F Aeola, BFY LAue O dAT T LY Al

717v 2ekA= Aolth ol#d &5 FEjol tidk spatial coherence:

o

o
o
o
[
>,
.

Zte] spatial coherencex= 4](2.23)7 Zo] &
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/ / Q... (w)exp(—iw(p, —p,,)/c)cose dp db
P (©) = Re| =" (2.23)

/ / an w) cos¢ de df

-7 771'

7] A cross-spectral density Q,, (w.0,¢)= @9 YA T 232 Al
717F BYdER Q) (w)9 2ol BHT 5 Utk 2 (223)9A4 Q) (w)E
Aot dpoll st EPAHolmz o e F2S A, W 23S
1H s exp(—iwlp, —p,)/c)E B, (0.0,0)2 FAH3H 2](2.24)9} 2o}zl
=2

T /2
/ B, (w,0,¢)cos¢ do df
—7vY —x/2

S / / ) /Qcosqﬁ do d

(2.24)

%
B 2o By AAG T Aze) AT mE FHAZL spatial

2(225)7 2ol dosh dgol istel EPH WErl ZAEA

/ / Q. (w,0,¢)exp(—iw(p, —p,,)/c)cosp dp db
P (@) = Re| =22 (2.25)
/ / Q,,, (,0,¢)cosd dp do

—nY —7x/2

A71A Q,, (w.0,9) B wWE Al7jelar, whef

o
g
o
t
N
N
ol
r
0
g
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Qo (@,0,0)3 TY3It}, 18]l WA A Lo g spatial coherenceE
Adste A4 Q) (0,0,0)& 259 TFH A7 Nwob.g)el B + Atk
F7HHo® W x| Wi FAS AHITH, (22607 o] xIE
- A

T w/
/ / QN(“’Q‘W B, (w,0,¢)cos¢ dp df
o ()=t T _ .

/ B / B /2N<w’9’¢>cos¢ dep df

ojeb el Aweof WFE AZIE st W =Tl o7 spatial
s 2, olol thek ui o 2 9. oA
< &30 FHE 43 = A9, spatial coherenceE AHE-ste] v Al

Ao g 2 b zak wreld ulak Mdo]SS =H3 4 9oL ondt

Iy

m?l_:

=
=

- 20 —
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Al 3% uwWjdolS FA AEH A

HEAdA ] AE 8l &gl A
[e=]
-

coherence”’} E2}A|11, vjEol&

=
o] Wk Feet MY Pl U ARE <3 JoE Hidel &
= FAL F Ak ol fd 54 AE B AeS st gl
W& spatial coherence® AlAFaESar, i GAlA ] Ao ik widol=
< FAse AEHolAS AT A BRv 2 S A5 &
doll A wjdol 53 A% ]—7‘7} Fdstu g2, WP AFoA  spatial

vl B HEE FPsAT AHEE wWEAA = 75 3HE v EAlA e v
TS WAl AelaL, oo thste] ¥ =3 BLE DSt Fuhpo
Hste] wE wjdol5E ARt W Yobzt [Burdic(1984)]01 o1&
FAY Lwe AU, N4 v AN E Fa WSt mE
o5 AFAF il fAHR] #2417 nwstanh. BFL 25 @
BolAEs vl #5334 A A A SR FHo] EAEA o

Id

=, gpatial coherence®}t SNRoﬂ ot wjdols F ZHAIYE BlustH o
FE e SAdAE W 2F LTHE 2EEiy wdolSS AXteA
o AlEHClAS T As A widAA e tig dwidolS5&
spatial coherenceE ©]&3l] == F USFS FAsAT o= A
2 A3 F9E A4Eete SNRe| 93 Hjdo|5& &

g, &g WA Ay 2 A o] e HHETEOE spatial
coherenceE ZA4tste] Hldol5S FAHE F A=< rdn. ol& 3l

SAHOE S £ee AP AR e AP FHFAL,

g
O
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31 54 A% [Kim(2005)]

o9l QA F AAel FAHE &g MY BYsI, FAHE &
=°] A e thste] FBAATE §le 74 -F(incoherent) ©1F FTHAE &
Solgta st Ag 2E 29 2sEs ABRTAATE A % -9(coherent)
oltt. ATTA Ll ol wel MIAMAAN FAHE AEe] AL D
g,

Rk AL 2] FAFTsd thakel A/29) HAoE WA
o, AA bl FAHE AEe S JAAAE R HE1)%

Zo] S34F29 (Pressure Level, PL)7} &l tiste] AlA 4= N Aol
Hl & sHAl S 713k

(NP, s ) Proms
PL, = 10log;)——5——= 10log,y——+10log,,N* 3.D
pref pref
A7NA p.= WEHel A\ B AlE(root mean square)©|iL, p, =
o

A4E 9] referenceZ, YWHH O 2 EoX = 1 pPaolth A&} Gl A5
A A e AaATE glen®g A(32)9h Zol sU=vE ekl
tiste] AlA 4 Noj| vldskA F71skt

2 2

rms rms
;— = 10log,,——

pwf pwf

PL, =10log,;—5— +10log,,N (3.2)

olelg 7¢ MAMA ] SNRS 2(3.3)3 opith.
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SNR,.... = PL — PL_=10log,,N (3.3)

array

o]9} o] HiAA Q] SNR2 10log,Nol =i, 7| EAIA2] SNRS 2
(B3)ollA No] 10] HEZ 0] "ty aER2 s|dAAE FA TSl
skl A28 #ixEo] utH THA A5 FANA wdel5e A
(34)°k Zt.

AG=10log,,N (3.4)

T THAA A5 A$ [Urick(1983)]ol Al A3 vke} o] Hjdol
Q

57l Btk o)t 19313 ol salstHon HuY

4
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ZHrE ol A Aol AAe FAlEE AS 7 AAd g 9%
(phase)< 2|(3.5)¢t 2ol FdE 5 U THBalacis(2005)].

ng(w,0,¢) = np(w,8,¢)exp(iw( s, cos(@)cos(¢) + 5,810 (0)cos(¢)+s.sin(¢) )/c)

ns(w0,0,0)% WA thstel ARetA HH shsi7t ANE o) F sl 2
2ol M 2Rk Bk S 20 A Wl UF AV FY
sog olg YashE 2(36)°] Brh
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z(m)
o

white noise)< A4 3}

¥ 2} (standard deviation) &

TAH(variance) Al7]9] B
°
=

A, ool tiske] ~gee]
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time (sec)

19 39 HlEAIAe FAlE AT & A

ol 5< =&stE ™ 7] 8AA 5l s AAl A o] SNR& AlttsloF 3ot
o] & 93l Welch’'s method®l €& power spectral densitys Al4Fst T
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T SR SR SN e — SN SR NS S——

130 el

dB / Hz

-80 i i i i i i i
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frequency (Hz)

a9 310 A% & 4259 power spectral density

% 399 HiGAA el FAE Azet Ao 2RE 17 3103 ol
v G A A (A Ad) 9F N AA(FEM )] power spectral densityE Al
2kt t o714 window size 10249 st 50 % overlap= T3+
o wdAlA o] Al power spectral density =Hol EAske Tt
0 ° FAZ 0 °9 w9z W =FsHa, T tis] conventional
beam-forming& 33t A4HE power outputelth. 1]l JNEAIA <
A5 BHEFRE 7M7) wael FA AAQ 5HA A power

spectral densityE Al4FsFS T
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o] =3 window size 1024°)] T3t 50 % overlape FT3H3tATh 19
3103 1§ 31194 FAFISF 400 Hzol Wi widel5& A4tstd
9.84 dB7} Hth. o47|A HjAAAM Y 7F 97) °o]E= 10log, 9 9.54 dB

oJmE YHB £gol TYH FARS FAT & Ytk

312 A &5olA spatial coherencedl 93t BjEo]S

spatial coherences ©]-&-3}H /LE-/] SNR<Z Al4tetA] g et &9
WA A7) g ujdol 5o o RRE wjdolSS Atd F At o
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AT A7IA ol EAetE 84 0 °, A4 0 0o WHE W =
=

7}
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U3tth. spatial coherenceE FAT3<l 400 Hzoll thsle] A2 3}l
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A=l MNE7F BHSE FAHE
A =99 Y2 W 23S IuU Ase 4HES ABRAAVE Ao
22 HjgAalA g spatial

S ougdth. oo digtd 17 359
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