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Conversational System of Spectrum Analysis 
by the Use of Graphic Display 

Miyako IWABUCHI*, Ryoichi Furn* and Tatsuro UTSUMI** 

Abstract: The spectral analysis system was made by the use of the com­
puter HITAC M-160 II and the graphic display terminal, in order to analyze 
efficiently various kinds of wave data observed by Antarctic research, such 
as magnetic pulsations, natural electromagnetic waves, seismological waves 
and meteorological phenomena. The largest merit of the system is that it 
can analyze one- or two-dimensional time series data trial and error by the 
use of graphic display terminal. From the long original data one can choose 
easily a part of data for analysis, and freely use several kinds of filters and 
spectral methods. Generally used spectral methods, Blackman-Tukey, Fast 
Fourier Transform and Maximum-Entropy Method and the Chebyshev­
filters, high-pass, low-pass, band-pass and band-reject are usable. 

In this paper, the system is outlined, and the spectral and filtered results 
of the test data are given and discussed. 
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YES 

YES 

YES 

YES 

(��T-:1 
:?--7.J\1J(l) � � 

(1) lj. P] §!§) 

� 1 �ffi5�7'""' � r 1vM*1rv 7-. 7'" A (CSAP) 0))1213:J.11� 
Fig. 1. Structure of the conversational spectral analysis system (CSAP). 
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2. ::,, 7' TA� )l}1�ffi'f�;to J: 'Cf iitg 
csAP v:;.. r A O)�JJ.�mvt� 1 O)jj 9 -e2ts o. u--n=. 7 i:r -r�=---l '? -cm§.g�fi :'>. 

2.1. J\'7 ;C-$'0)�dj.)6dj. 
WHrrvc&f�tce£*,,� '7 ,;1. - !7 � -JJ - Fir• G A1Ji" o. £*,,� '7 ,;1. - !7 2:: L -c vi, !Wtlr?x5c 

� (1 it-:vi 2), -f'-!70)!«,(t (1Jil�7'"-7°it-:vi-JJ- F), @E���-f--!7� (-f' 1 7'7° 

V 1 J:O)*�T--!7 �), *�O)�O) A 7 -;!., 7 7 !J !7 -�iJ;j; Q. 
2.2. 7'-$10)�dj.,6dj. 

£*,,� '7 ,;1. - !7 O)'IW¥1Hcft1: '? -Cliil� -r-7°, i t-:vi -JJ - Fil· G -f' -!7 O)�����rr :'>. 
���iht-:-f'-!7vi, �20).J:$0).J: ':'>vC-f' 1 7'7

°
v1 l:vc*��ho. *�fITTUc-f·­

!7 'li'Hlih;, *�$ II vcm!EAJ§�tce ::z 7 :/ Fil;��� ho. ::z 7 :/ F 0)-� 2:: --lO)J&:'*�* 

::r 7 / F' I 

1 2 5 A F B N 

2.3. 7'-$1 A 71 f.: 

� 1 .:y: - !,J �ffi ::r 7 / F' 
Table 1. Data display commands. 

tc. -C jj (P] i,( 1 {t L -C �ffi t-:.-Cjj(P]i,( 2 ffi L -C�ffi tc. -C jj (P] i,( 5 ffi L -C �ffi tc. -C jj (P] i,( 10 ffi L -C �ffi .:y: _ !.J i,("fijjj""'�:B-f G L -C�ffi -=;·- !.J i,(�Ji""'-�:B-f G L-C�ffi �3'.7,(Jt""'-�609 } -7,
7

,{ F' ::r7:,, F' 
�3'_::17-:,, F' 

��T-7° 7-!70)ff{HC��0-C, *1 i:pO) "F" it-:vi "B" �:t--A:1J-to;::2::vcJ: 9, 
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c.6 �·-tmtrr1Kr13,7J;7· ,f A 7° 
V 1 J:vc*��htdJUt··c* 1 J:pO) "N" � A:1J-t Q 2::' mtrr 
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*DATA NREAD 
SWIDnI 
SCALE 

0010 2 4 
+9,9999E-03 (SEC) 
+9.0000E+Ol 

I ORICNAL DATA <SLICE> 

*COMMAND SLICE 
F - - > 
B <- -
N NO 

r--�-!!IL------: ; iciiiiwia-fiar- -ai 1 
: mn: -1:ma;ft ,tre,: : , <2 & ,..' ____ _, 
'----------------------·: ______ ... _I __ ;11 

I 

SCALE 
1 
2 
5 
A 

-------------------+-------------------!---- - -------------i-------------------

I 
I 

I 
I 
I 
I 

I .... _____ , : ...... ,: �--- ·-' 

I 
I 
I 
I 
I 

START 
. 00.0513 

00( 641 (1(1()769 0(10897 

� 2 ;;t-lJ :}--J-1v7'-�(J)�ffe (I: 7·-�·jwffl, II: ::r-"'<� F') 
Fig. 2. Display of the original data. 

r�n 
001024 
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2-"Tfill). 

2. 5. 7 ,f )(..� I) :,Jf�JI. 

7 ..f 1v 3l - /{ 7 .I- - 3l v::::.1Jt 0 't 7 ..f 1v 3l !J :/ !7''1&:E1.bqj-t:,;h, � 3 C0 .J: 5 �c�5F � ;h 0 .  
�5F{IB I, II, III vcvi-t".:h-t.:h -f' - 3l twfl t 7 ,f 1v 3l -twfUo .J: tYt�AEAJij� ::z -;>' :/ Fb;�5F 
�.:h0 . ::z '7 / F e0-� c -t"C0i')*�� 2 vc5F-t. � 3 vi "C2" �5FC0{J�-ea; o. .:. e0 .J: 5 
vc 7 ,f 1v 3l -'1>*5=*� Y!tJ:b; G�,�vcJ;t r:-c 7 ,f 1v 3l - /{ 7 .1- -3l -��iE L, � 9 jg L 7 

..f 1v 3l !J :/ !7''1&:E1.�fi 5 .:. c b;·-e � 0 .  -ttJ:b'b� 2 q:il0 "NO" � AJ.Ji" o c "FILTER 
PARAMETER CHANGE?" C0 .I- ,y -iz- :)iJ�·--co 7]� G, "Y" c �x..:hvf, /{ 7 .I- - 3l C0�1E 

*DATA NDATA = 000512 
(000513-001024 000512) 

DWIDTH = +9.9999E-03 (SEC) 
(FQUNIT = +9.S999E+Ol ) 

METHOD = CHB Fl = +2.0000E+OO 
FZ • +S.OOOOE+OO 
FH • +6.0000E+OO 
RIP = +l.9999-02 

I 11 ·,------------ ------11-------- ---- ----, r----1 

*COMMAND 
co 
Cl 
CZ 
NO 

i..,. •;,:&L .. ti) ::IIETIIOII • CNI a : :a:m:::: :acr-:m I lllllJmO •........ -a ,.c, 11 FM . .......... I cs ---
: -- -- (f'UIIT • +9.IIIIEtet ) :: aJP • +1.llllt ... : : C2 I 
-------------- - -----J-- --- --- - - --- ----- -.1 :._ �- _ J 

UPPER • ORIGINAL LOYER • FILTERED <2HD ) 

I 
I 
I 
I 
I 
I 
I 

I 

ioe..s 

� 3 7 1 Iv 3( -*'5*0")�5.f-

I 
I 
I 
I 
I 
I 

I 
I 
I ..., 

(1: 7''- 3(tJffl, II: 7 11v 3( -ffiffl, III: ::1 � / r') 
Fig. 3. Display of the filtered data. 
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co 

Cl 

C2 

NO 

�2 
Table 2. 

7 1 Iv !J -*5:lf!�ffi::z '""<' ':/ F' 
Filtered data display commands. 

� 1 *1U:to J: U� 2 *JUO) 7 11v 
!J -*5=':��ffi 
� 1 *jUO) 7 1 1v !J -fiI:to J: 'C17 
11v !J -���ffi 
� 2 *'UO) 7 1 IV !J -fiJ:to J: lj 7 

1 Iv !J -���ffi 
>'&W �&c.A,. Ji ?t.) � 

*DATA NDATA = 000512 
(000513-001024,000001) 

DWIDTH = +9.9999E-03 (SEC) 
(FQUNIT = +9.9999E+Ol ) 

METHOD= FFT 
1"1 NDOW = HAM ING 
C!UTERION = NO 
�:1:n =· 000000 

LAGH = 000128 
NFRQ = 000128 
PWHT = +0.000�[+00 
FPE = +O.OOOOE+OO 

*COMMAND 
PO SO CO 
Pl SA Cl 
PZ ST CZ 
P3 SP C3 
P4 SC C4 

I II Ill 

PL LN(LINEAR) 
LG(LOG) 
NO 

r--- -------- -----,r:---- --- --------, r----- - -----·, 
IIMM. af=iL IINII> : •=: :.l. =: - 1 :� ce Pl. UKLPUt>: 

l_ ______ �:'�.o!�j :.!��'!•l•!' _ �����l ! � ! M t.a'l.09, i 
l .... - C4 - - - - - _J 

POYER SPECTRU" <Pt> . <LINEAR> 

-- W•+�,,,.. ... ----T----, 
; I I I I 

I I I I I ---�------+------4-------i-------: 
I I I I I 

I I I I I ----r------,-------1-------;------1 
I I I I I --r------�------1-------r------1 
I I I I I ... I I I I I �------------------•-------1 
I I I I I 
I I I I I 
I I I I I 

,1 .2 ,3 .4 .s 

t -------r---9!1K:�JIIIILtfll-------T-------. 
I I I I I 
I I I I I .... ----�------+----4-------i-------l 

,' I r I I I 
,•' I I I I I 

-- ·. I I I t-- I ..,. ---,-------�----1------- ----, 
I I I I I 

... I -------l-------.l-- I ..: . \ I I I I 
I I I I I ------------------------1 

' I I I I 
I I I I 
I I I I 

,1 ,I ,3 ,4 ,S 

• ------r--..11111:��----�------.. 
•' ., I . ; I I .... ..--1----+-----�-------i-----. 

I I I I I 
.... ---�-----�-----4-------�-------l 

� I I I I I 
· ·. I I I I I 

... -----�----------+------•------1 
• I I I I I 
• I I I I I 

... -----1-------.l.-----l-----l-------1 
I I I I I 
I I I I I 

"I I I I I 

,1 ,I ,3 ... •• 
• ------r--..11111:�JIIILtfll-------�------. 

I I I I I 
I I I I I .... - --�------+------4�------�------l 

..... .. I I I I � 
I I I I --,-------�------r-----r----

J___.!_ ___ j� � _.. - _l ______ l ______ i_____ I 
I I I I • 

I I I I I 
,l ,I ,:I ,4 ,I 

� 4 ��? r �Mfi*a:lf!O)�ffil-?P���? r �  
(I : ·=f - !J t!ffl, II : � � ? r 1vf!ffl, III : ::z ...,,. -:,, r) 

Fig. 4. Display of the spectral analysis results 1-cross spectrum. 
(I: data informations; II: spectral informations, Ill: commands) 
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'a:'D"'? L 7 1 JI,,!< 9 /" ?'''��D c tJ:: I), "N" c�*._;hvf>l<co0 7 1 JI,,!< -h;ffl.G.nk c 1.,, 

'5;:. t-e?J(0).7. T ')' 7° K.A0. 7 1 JI,,!< -r� '7,;. -!< vitD GiJ· Cco:h - F'h·GA::fJ'"f 0 C. c 

t -e � 0 L, .:y 1 .7. 7° 
V -1 i'J• G A::fJ-t" 0 ;:_ C t nJjJ§-c:· tD Q. tdu 7 1 JI,,!< - C LL �i, 7";,:: 

1::· v;,:: 7 0) low-pass, high-pass, band-pass :to J:: U band-reject 7 1 Jt,, !< -h;*lidi- C. "i ;h L 

1.,,0. 7 1 JI,,!<-/� '7,;. -!< v:::.v:::>t.,,tvi, Appendix 0) 1 'a:'��O) c. c. 

2.6. A"'? t-JL-!t)l: 

.7.A.?' },Jt,,/�'7.J.-!<v=.?f "'? t§t-�;hf_:.7.A.?' },Jt,,O)�::!]fHi, �40)J:: '5vC�ffi�;h0. 

*ff-W I, II, III v=.vi-r.h-t.h 7' -!< 'lift .7. A.?' r Jl,,Mtfr'lf¥1i:to J:: U1�1EriJrJ§ :::z '"<':,; Fh; 

*ff-�.ti0. :::Z'"<'/" fO)-�c-rO)j°:'*�*3v=.ff---r. * 3i1·Gtbh·0J:: 5v=., t?x5cT·­

!< v=-xt Lt vi/� 17 - .7. A. ?1 r JI,, :to J:: u El c.t§t*11*J�h; H• � .ti, 2 ?x5cT. -!< v=.xt Lt vi-r 

O)ftg}=., ?' P .7. .7. A.?' r JI,,, ffl1f1§1*J1*J�, }Wj��J;t,�1*J�, 7 ;,:: -1 ;(, :::z 1::: - v /" V-1 :to' 

J:: U;f--'7 9 -ti - v 3 :,;�iJ;§t-�;h0. � 4 vi "PO-LN" ( 9.::. 7 Jj��*ffi0).7.A. ?' r 

:::z � / 

PO 
Pl 
P2 
P3 
P4 
co 

Cl 
C2 
C3 
C4 
so 

SA 
ST 
SP 
SC 
PL 
LN* 
LG* 
NO 

a3 .7.�?r��*�ffi::z�:,;r 
Table 3. Spectral analysis display commands. 

r I 
.:ft. 
,�, 

Pl-P4 �frf]'*K-�ffi 
� 

� 1 7*J°UO),,� r:; -.7.�? r Jv��ffi 
? P .7.7-..�? r ;vO)��tm��ffi 
? p .7. .7.�? r 1vO)��tm��ffi 
� 2 7*J°UO),,� r:; -7'� :1 r 1v��ffi Cl-C4 �frfJ'*r::.�ffi 
� 1 7*J°UO) EI BtE!�����ffi 
ffl�ffl���O)KO)'J�O)tm*��ffi 
ffl�ffl���O)AO)'J�O)tm*��ffi 
� 2 7*J°UO) EI BtE!�oo���ffi SA-SC �fql'*�c�ffi 
:1 p .7. 7-.. �? r 1v O)*i5MMf��ffi 
ml r&:�J;t:g:�� 0) *5xHi� �ffi 
{ft;j:§��ffi 
::z 1:: - l/ :,'S/1 ��ffi 
$ -

7 
!J -1:: - './' ,, :,; /� '7 � - 3<' ��ffi 

�'1h Cr&11&:�fm) � !) =- 7�ffi 
�'1b CmJi&:�fm) �M��ffi 
Jll!,3:fl[�:$t;"""�OC> Q 

vi � 

�ffi::z�:,; r 
(1 ?k5f:O)'*vi) Pl, Cl O)� 

}11Iffi�� 
::z�:,; F 
Jll!,3:fl[::z�:,; r 

* CO-C4 �C�L:·n.t, �ffi7J>.?" 1 A '7 :7··-e�QO) '"(', LN O)�vi:i&::k'7 ?'' 
"i -e�ffi L, LG O)'*vt�::k '7 !/0) l/4 "i -z:-��ffi-t Q. 
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8 1. 
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•• 

u •• 
... 
-1. 

.. • 
-• 
-41 ... 

<fl ... 
� 

� DQ 

<( Ill 
VI 
VI 

� • 
u • ... 

NIIEII 

.ti 

.1 

.. 
,I 

�5 

I 
I 
I 
I 

----i----� 
I I 
I I 
I I 
I I 
I I ____ .. ____ .,. I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I ·  ----�-----. I I 
I I 
I I 
I I ----0--� 
I I 
I I 
I I 
I I 
I I ----�-----t 
I I 
I I 
I I 
I I 
I I 
I I 
I I 

----'---- I 

• 
o :Aftf-,-----�!l�tfL,----T-------, ... 
... 
-• 

I I I I I I 
I I I I I I 
I I I I I I 
I 
I I 
I I _____ ,.. _____ ,.. ______ _,__ 
I I I 

----r----"T'"'------., 
I I I 

I I 
I I ------1 

I 
I I I I I 
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Fig. 5. Display of the spectral analysis results II. 
(upper: cross correlation, middle: cross parameters, 
lower: polarization parameters) 
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1v) O){JU --eJ) D, � 5 vc. "CO-LN" ( ::z !J v- '/ s :/), "SO-LG" (xt�mliBl�lUf-0) !7 

1=2 7. ,,� 7 ,,( - jt) :to J: U "PL-LG" (x;j-�mJ��*jf-0) ;-f- - 7 !J --1::- '/ s ':/) O){JU�7f-i'". 

mli3l�$ihvi "PO", "SO" vc:to1.,,--cvt�$i!Jvc, "PL" vc;to1.,,--cv:t�$i!Jvcc Gh--C:to t>, "CO" 
vc :to 1., , --c vi� $ill iJ; jt 1 A 7 !1" c tJ: "'.) --c 1., , 0 . .: 0) J: '.5 vc 7. ""' !1 r Iv tt � 0) ff.a*� 1., , ;s 1., , 6 Jl 

tJ:iJ�G£,�vcr,t, r, --c 7.""' !1 r 11.,,,� 7 ,,( - jt ��IE L, Kit> jg L7.""' !1 r 1vH��fi '.5.: ciJ� 

� 6 �t!� 7-- ,..z :J J-. 1vmtfr-;,, 7' TA (CSAP) 17) )'LLJJ_ 7 't=2 -

Fig. 6. Flow-chart of the conversational spectral analysis system (CSAP) 
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-e � Q .  -tt.th't:>�3 i:f:t0) "NO" �AtJi""Q c "SPECTRUM PARAMETER CHANGE?" 

O) �  o/ "1! - �iJ�l±! Q iJ• G ,  "Y" c �;z.:hv1>� 7 �  - !l O)�lE�fi '? C .A -" 31 ]- ;t,,gf.O)W� 

fi c f.t 1J ,  "N" c �;z.:hvf;:jVsb Q 7--" 31 r 1v�*iJ�� G :ht.::.. c i., ,  ? t. c '""c)XO) 7- -r o/ 7° v::. 

AQ . f.t'Jo7' -" 3l  J-. 1vit•O).:f-� c L"tvt , Blackman-Tukey � (tJr BT � c �i""), Fast­

Fourier-Transform � (tJr FFT � c �-t), Maximum-Entropy ·� C:ffiMM��H• L "( 

iJ• Gf*��rR:� Q JJ� (t,J,r AF � c �-t) c Burg 0) 7 iv ::i' !J ;;;( A v::. J:  QJJ� (tJr BG 

� c �-t)) 0) 4 "".)iJ�ffi. 1J 7b "i :h "t i., ,  Q .  t.::.. t.= L 2 ?X5cv::.x;f L "t 0) Burg �vtffi..7,i.jbA.,, '""c'\, ,  f.t 

i., , . 7' -"  31 r ;1,, .,. { 7 � - !l v::."".)1., ,--c vt , Appendix 0) 2 ��Jl?&O) t. c .  · 7- �  31 r 1vffftJTO)M 

*iJ��fu'[ c L --c &f�!t.t�vt ,  7 1 :,- 7° !J :,- !l - v::.l±ltJ-t Q t. c t  ··e � Q .  

2. 7. MttlJ!>J:tftlim�l! 
7- -r o/ � 2, 4  �� G:ht.::..ffffi7 - !l O)•a�mfi���. Mfi�7�-Jo J: a7- -r o/ t� 

��WAtJ L�, W}}t 7 ,1 1v !l - 'Jo J: rf7--" 3l J- 1v §i-�fi ? .::. c iJ;'""(- � Q .  "iJ.::.., � G v::. 

1E; O) :; - !l v::.x-t 1.., --c ,  :; - !l .A 7 1  r•O)*!Uif&:il�fi ? ::. c iJ�'""(- �  Q .  

2. 8. ,=c (I) {ii! 

::. 0) J: ? f.tlt*l¥Jt.t5!11:ll�g§O){mvc, . cl; G iJ· C�ffffi��it,�, ffffi7'' - !l ��� 7J - F'""(­

lj..;t --C -Jo  < 2:. c!: v::. J: '? "( , � § ib��ili51¥Jf.tM,:11�fi ?  2:. c iJ�'""(- � Q .  "i t.::. ,  7 ,1 lv !l -f& 

:11$-Jo J: a7' -" 3l r hffffiW��� L"(,  7 - !l 0)£*1¥1�:il (T - !l 0)��. -$�0)� 

*' fft!lO)wc.7,i. c 1J �) �� 1J Jl& Lrr ? § 1¥Jv::. t �m-t � ::.  c tJ�'""(- � Q .  

t.t-Ja�*;O) t.::..� v::., �:110)� Li., , 7 p - r ""  - 1- � � 6 v::.�-t. 

3 .  T 7-. r 7' - !J K. J: 0 �ii 

2. 6. '""c';im�t.::.. J: ? vc , 7- -"  31 r /v �t-K .. 'Jo\, ,"( vt, 4 "".)O).:f-� (BT. �. FFT �. AF �' 

BG �) iJ• Gtf:;&:vC.:f-���tR L "( ,  7- -" 31 r /v�ItM�, :ffiMM�, m��J;t�M�, 7 

:r. 1  ::<' , ::z e. - v :,- ')1 1  'Jo J: a;f-- 7 !J -e- '/ :1 :,-��;:J<� Q ::. c iJ�'""(-�  Q .  -z:-:h G O)� L 

i., ,m§J3vC"".)\, ,"( vt ,  Appendix 0) 2 ��Jl?& � ;ht.::.. i., , .  2:. 2:. '""c' vt , T 7- I- 7- !l v::. J: Q 7° 
P 

31'' 7 A O)�tt-Jo J: a4;-.:¥�0)//9'�}C "? \,  ,-C O)*;��fi ? .  °£ f:_ , 7 :r. r:' ')' :r. 7 7 ,f Iv !l - 0) 

��ii-Jo J: a 7  :r. -1 ;Z.:-*1=ttvc"".)1., ,"(0)�tt t fi  5 .  r :r. J::' ')I :r. 7 7 -1 1v !l - O)}J.l[;llv::."".)1., ,--c v:t 

Appendix 0) 1 ��W& �:ht.::.. i., , .  
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3, 1 .  A�? t- Ji..�ttlffl� I 
3 "':)O)�t.,c Q no��nlt5J��"':)�/J�, �t.,c Q tM$iO) J:t-e:mt.,c 1'J ft "?  -c --e � t::. T A  r :;-- - !l 

r:.x;f L -C ,  7-. -"  !7 r ;vffl[l��iJ� 2::· 0) J: '5 vc>J<ot> Gh Q i'.J• c \, ,  '5 t. c �, 4 "':)O)=_f.1*vc "':)\, ,  
-C�W�fi -:> t::. , TA  J-, 7 - !l  c L-C{XO) J: '5 t.,c l  {7(7C7 - !l �ffl 1., ,f::. .  

x(s) = 5  sin(2 n- • 0.02 • s)+2 sin(2n- •0.05 •s) 
+ sin(21r • 0.2 • s) +RANDOM. 

Lit= 1 sec, s=  1 ,  512, 
RANDOM=(O, 1)  0)-�-§L� ( f:10 +, 5Jfi /2 ) . 

5:\iJ· t:yb/J· Q J: '5 vc , t. 0) r 7-. r Mt*JUv:tNH��iJ� 0.02 Hz, 0.05 Hz, 0.2 Hz 0) JE5i�iJ; 
5 :  2 :  1 (,,� r; - vc L -C 52 : 22 : l 2) O)Jt-c:-]tt.,c 9 ct> -:>  f.::. t O) vc *  r; 1 r / 1 ;(iJ\1Jllb -:>  -C 
-c- � -c \, , Q . A -"  !7 ]-, 1vffl[l0)1t1[vi, VU! (5Jtt) I (.:f.{@£$1) -c-�;t Gho . * r; 1 ]-, / 1 
;q;t, i"�-C 0) Nrl��vcf:10 L -C ,,� r; - ��"':)/J. G ,  .:f.{@:$i� 0.5 c i" Q c ,  

1 1 1 Pnoise = l2 • 0.5 =6�0. 17  

0.5 1 
2Llf =2 ·128 = 128 

c t.,c 0 i'.J• G ,  7-. ""  !7 r ;vffl [lvi-f:h-f h, 

c t.,c 0 .  

22 

I 
1 Po.05 = 

2 128 = 256 
l 2 / 1 

Po.2 = 2 128 = 64 

� 7 VC 7' -" !l J-, 1v H.0)*5*��-r. J::iJ• G BT 1*, FFT 1*, AF 1*:to J: ry BG 1*vc J:  
0*5*-C'� Q .  BT 1*-C' vi ,  ,, ... .::. '/ ff t';J 1 '/ r t) � ' FFT 1*-C'v:t, ,, ... � '/ ff t';J 1 '/ r t) � ffi 
1., , -c.H• L-c. 1., , Q . 4 "':)O)=f-1*�Ji l:-C :;;J- - 3t - v:t� -:> -c 1., , Q /J�, ffiffit'ffivc 1., , ;s 1., , ;s t ffi�-� 
iJ�J! GtL o .  AF 1*, BG 1*v:t-t Q 2::- 1., , e - !l �J!-lt-C \, , Q /J�, 1::· - !l fwfO)J:La�-r� � h o  
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1 03 

.0 1 .02 . 1  . 2 . 5 
FREQUENCY (HZ) 

� 7 ,,:!.. TJ - 7-� 1' J,, 1v*5* 1-3 ":) O) e.
0 - 1' ��":)�0)�-g­

(f=0.02 Hz, 0.05 Hz, 0.2 Hz) 

0 m z 

Fig. 7. Spectrum I (in the case of three peaks of spectrum ; f=0.02, 0.05, 0.2 Hz). 
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52 : 22 : 12 v-c ... t,r. --:i  "'( \., , fJ: \.- ' .  ULRYCH and BISHOP (1975) 0)1��0) J: '5 vc , e.· - !l O):¥filUI 
--c·O)fft71'-� c Q c ,  k:hr�:.�t, ,Jt vctJ: 0 --C \.- , Q  . .:=. nvcN L, BT i*, FFT i*viJE L,t, , 1:: ­
!l fil[ 0) .f:t � � l, --c to I) ' e.0 

- !J fil[ vi BT i* ""c' vi {.1£ 2sb vc ' FFT i* ""c' vi 9r l, � 2sb vc lli --c \., \ Q . 
. i t:.. ,  AF i* c  BG i*�.f:t"®'( Lt-:�it, jqj t, FPE !! '7 1 -r !J � :/""c'{X��i'.k:� L--C i , k 
:h�:h 23 ?x, 56 ?x c ,  BG i*O) )JiJ;�t, ,?jz�--c-;1< i --:i --C \.- ,  0 .  kO)f:..2sb��O) .::. c tJ: iJ; G ,  
BG i*O))JiJ; e.0 - !l iJ;-;- Q c' < t,r. 0 --C:J:o l) ,  .1 1 ;;( v �1v 0)71'-'ii3cz6 * � < t,r. 0 --C \.- ' Q . 4 v::> 
0)-=pi*vc -0\.- ,--c ,  .1 1 ;:< v�1v� J:t�-t 0 c ,  BT i*, AF i*--c·vi, {.1£JmiBtO) .1 1 ;;( v � 1v 
iJ;l:iJ� --:i --C \.- ,  0 0) vcxf l,, FFT i*, BG i*"'c' fl, �nozEl�vcbt:.. --:i --Cf� l, --C n- TJ 1 r / 1 
;;(O) :7- � !l 1- 1vWm'. 0. 1 1  vc vf vf� L < t,r. --:i --c "' ,  Q .  tJ: to, � 1:: - !l O){ftJHi ±.df= + 1 /128 

. . 

� ± 0.01 O)��falffl--c·IE L\.- ,iJ;, � L�2sb vc;i< i --:i --c "' , 0 .  �{rni=t' - � ftn\<:O)��f"'(·0)-!;1] IJ 
-r--c0)�*���� 0 c , �� cm:vn0 .  
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3. 2 .  ;(� ? I-- Jl,.. �J.tm]Jt II 

� 0 fifilAEnHrBl��fif'0 � !f :r /V iJ;, 7 '/ !f J.,. tJ:. / 1 ;qcjffl i h "C \i ,  Q It¥, � !/' :r /V (}) / 1 

;(vcJti" 0 lt (S/N Jt) (}) �{� vcf;t C, "C ,  7,. � ;7 J-- 1v Wflt'*1�iJ; c''(]) J: '.J VC�{�i" Q iJ• c \i , 

5 t. c �, 4 0(}) _:f$vc 0 \i , --C �tt�fi ".) k: .  5- 7,. 1' ::y-· - J;( c L "C {'X(}) J: 5 fJ:. 1 ?x5c ::Y-' - J;( 

�J:1:J\ i , k"_ .  

x(s) = c  sin (2rr •0.05•s)+(l - c) RANDOM. 

Llt= l sec, s = l ,  512, O�c � l , 

RANDOM= (O, 1 )  (})-�!L� ( �;t� +, 0"-� 1
1
2 ) .  

AiJ· G biJ· Q J: 5 vc , � (}) r 7,. r lt¥*fU vi,  nHrBt�iJ; o.os Hz (}) Il:5trBt vc *  17 1 J-. / 1 ;<' 

iJ;1Jllb ".) "C -Z::' � "C \i ,  Q . 3. 1 .  c lqJ C J:  5 fJ:. .:f ®E � (:' � jl :r /V c / 1 7:.' (}) ,,{ 17 - (}) lt� c ".) "C 

d}. 0 c , 

c tJ:. 0 . 

Psignal : Pnoise 

= c2 . _1_/_1 _ . (l - c)2 • _1_ . 1 2 128 . 12 05 384 c2 

(1 -c)2 

� 8 vc c = 0.2, 0 . 3, 0.4, 0.8 vcJti" Q 4 0 (}) _:f $ vc J: Q 7,. � ;1 1' 1v H#(})M*�7-F-i" . -t:" 

.tL.f.tLJ:iJ• G BT $, FFT $, AF $:to J: ()(  BG $ vC J: Q M*-Z::'� Q .  BT $ "c' vi, -'' � '/  

!7'' t'.J :,r '/ F t'.J �,  FFT $-Z::-vi , ,, ,  � '/ ;7·' t'.l -i '/ F t'.l � Jlh , "C H# L tc. . S/N ltvi,  c = 0.2, 

o.3, o.4, o.8 vcJt L--c ,  -t:"h.fnvf v! 24 (28 dB), 70 (37 dB), 1 1 1  (45 dB), 6144 (76 dB) iJ; 

-r� � h 0 iJ\ 4 0 (}) .:f$ c i :;;t - J;('' - viil: L'-' '*5*�7-F- L "C '-' ' Q . / 1 ;((}) � '-' ' c = 0.2 

(28 dB) (}) !ey:, AF $ vi � < fJ:. \i ,iJ;, BTit, FFT $ :to J: (}(  BG $ -Z::'vi, J: < >l<6b G h --C \i ,  

0 . / 1 7:.'iJ;!J;'tJ:. < fJ:. 0 vc '0;rL, 4 .:f i:*  c i � h \i ,  fJ:. e - ;7 � 7-F---tiJ:, AF $ vi-lf- 1 F P -

7··;o:�fmvuJ, � "' , (]) iJ:��-z::-� IJ , BG i! vt fm(}).:f$vcJt""--c --t Q c· '-' ,  e - ;7 :a:fi¥0(}) iJ:� 

�--r-� Q .  fJ:. :to, � 8 -z::- c= 0.8 (}) !ey: (})  BT $(})*5*-Z::', -$ c �-ntc. c � 6 iJ: � Q iJ;, � 

n vt� (}) f[![iJ:>.1< £ "? t \i , Q fc. 6b -z::-� Q .  
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C = 0.8 

"�h i I I �  

,:w1�m:;1 
B G  i i ' I I i ::c: ------t-----------1-------------- 1 - ---1----r-------! . l !:,!. 

F R E Q U E N C Y  
( H Z )  

I I I I I I : ! i ! I l 

. 0 1  .02 .05 .1 . 2  . 5  

� 8 ,,� ? - A� !I r 1v*5* II-1 l::0 
- !I O)�""(- S/N lt��x.t..:�� (c =0.2, 0.3, 0.4, 0.8) 

Fig. 8. Spectrum II (changing S/N ratio ; c=0.2, 0.3, 0.4, 0.8). 

3. 3. fflmtmll� I 
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§ affl1*J M�(7_) *6bnvcvt, JE��'a: ��J<k··c-lt1.W:t 0 BT t* (AF _t* c [P] t,) , A �  !1 

r 1vffi�M�(7) JJE  7 - !J = �ffi: c L -C;jt66 0 FFT $, � J: rf-r' - 3<' iJ� G @Hiff�U 7 -1 ,1.,, 3<' 

- (7) -f*�7a:;jt 6b -C iJ� Gffl1*}'*1�7a:tlJEi" Q BG t*iJ� as 0 (� L, < vi Appendix (7) 2 'a:� 

�) . -t" .ti G vc J: Q ;t§1*} M�7a: Jt�i" 0 t::. 66 vc, 1 ?kx T � 3<' , 

x(s) = sin(Zn-•0.05 • s) +RANDOM. 

At= 1 sec, s = 1, 512, 
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RANDOM=(O, 1 )  0)-�!L� ( f:[$J +, 71\.t,: l� ) 
vC"'.)\, , -C�W�fi--:d::. . � 9 vc , BT $ (AF $) , FFT $:to J:: tr BG $vc J::  Q M*�� 
'"f.  BT $vcJ:t�-C ,  FFT $:to J:: tr BG $'"(· fl. , !7 1 A 7 ffiJ; 0 tJJf-0) ffl'c'{fiIO) riJ: 9 -J5 
n:-Jd! < ,  e.0 

- ;7 O){ftfit t :P L::k � < t.r --:> -C \t ,  Q. i t::., �mt:fltO) 7' - !7 '"(·j; Q ;::. c ti� G ,  
:R \, \ 7 }1'' vc t.r Q Vii c' 7' - !7 �O) ;;r-fe_vc J:: Q �cn:::k � < ' -�vc �t:R \, \ 7 f vc t.r Q vi c·1§fMJ 
n:,J\ 2s < >J< i Q ffilAJti: a;'Q n:, BG i*�t{mO) 2 "'.)O)_:p$vclt�. -t:"O)ffilAJiJ:::J;-t.r \t , . 

z 
0 

-10.0 5 51.2  102.4 
T l  M E. LAG H ( S E C) 

� 9 § c.:t§/UJ�� (J:: :  BT $;, q:i :  FFT $;, "T : BG $;) 
Fig. 9. Auto correlations (upper : BT, middle : FFT, lower : BG). 

3. 4. fflOOOO� II 

2 "'.) 0) � t.r Q JWJ JJJ 0) zEt n; :m: tI:. 1J as "'.) -c --c· � t-= ffiJ * JU 7' - !7 vc xt L, -l 0) fft;f:§ � -r G Lt::. t 
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Fig. 10. Cross correlations (upper : BT, lower : FFT). 
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{
x(s) = sin (2rr• 0.02 •s)+ sin(2rr •0.05 • s) 

y(s) = sin (2rr •0.02 • s +  ; ) + sin ( 2n- •0.05 • s +  5: ) . 

Lit= 1 sec, s = l , 5 12. 

;: ;h i::, O) �ird::d·:dJ� ;s J: 5 vc , �ffi7U {x(s)} vi, 2 v:)O)�fJ: Q ,mjWj O) iffl  (50 sec :to J: rf  

20 sec) � lth cl6 b-tttc. t O) "C'cl6 I) ,  �ffi7U {y(s)} vi, 2 v:) O)iffl� c t v::. 12 .5  sec fv:) {x(s)} 

vc�1 L- --C� i -ttfc. t 0) 0) 1:i-ffltifftc·cl6 Q .  � lO vc BT � (AF �) :to J: rf  FFT � vc J: ;s *5  

*��i'" . BT �' FFT � c t , 7 ;r. 1 ;( 0)5c�vc-�'j" ,;s  12 . 5 sec c'i'" Q c' l , l::0 - :7 � 

� 0 --C t , ,;s . -t" O) ftg O) l::0 - :7 --C' vi ,  FFT � vi BT � �c Jt.rs:;: 1::0 - :7 iJ�,} � 66 vc>J< i --:::, --C t , ,;s . 

3. s. ffl! 5&: :t 1t � ,�n;c 
�ffi7U {x(s)} � AJJ c L- {y(s)} � lli1J c i'" Q ffi O)  m3iffl��� O) f.ij{� �bi'" m3iffl�fit� 

��O) T A r c L- --c ,  � O) J: 5 � ���*� � � tc. . 

I 
I 

AMF>U TUDF OF TRANSFER FUNCTION 

1 -----------r---------t----- - I 

A F  : : ! ! ! I . 1 ------------r-----------+------------- -1---- -------1------------r-- -- ·-- ---- t 
f i ! ! ! I 

-+��T, - : I ! ! 

=:=::1::::::�:::1:::::::::::::::i:: ·. ::::::::1:::�:: __ :::;: :�::: . ::::; 
0 .01  o .  02 o .os  0.1 0. 2 0. 5 

F R E Q U E N C Y 

( H Z  ) 

� 11 J.1'iiNl�.Lt���O)�xtM! CJ: : BT lt;, i:p :  FFT lt;, T :  AF rt:) 
Fig. 11. Amplitude of the frequency response function 

(upper ; BT, middle : FFT, lower : AF ). 
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{
x(s) = RANDOM 

y(s) = sin(2ir•0.05 •s) . 

.dt= 1 sec, s �  1 ,  512, 

, · ( 1 1 ) 
RANDOM= (O, 1)  0)�1*JSL� :iJZ:ltJ 2, 7}'1&

12 
. 
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;: 0) J: 5 tJ: 7*�t, =J '/ 1t A tJ:. * r; 1 r / 1 �-,0) A:tn:::.:l,J l.., , IEsi� O) lli::fJil;� Gh -c \t , .'Q 

ii� G ,  IE5x:�oj Jm��tC:vt ,.� '/ F.,,� 7-. � ..:t:t  .'Q J: ? fJ:. ��7*il;T� � ,n ."Q . � 1 1  vc. BT �' 

FFT �j:o J: rf  AF �vC. J: Q *5*��-t. c i vc. 0.05 Hz vc. � t1, \t , fJ:. t::0 - J �� L -C \t , .'Q .  

3. 6. 7 .:i:: 1  A'ioJ:�:::i t:: - v> � 1 
AE i  0 !-:&ffl���"':) 2 --:) O) I£5i�vc. ;t.  r; 1 r / 1 �-iJ�!ttJ:. --::d-=�ii', .:CO) S/N JtO) j(  

' -1 
0.01 0.02 0.05 0.1 0.2 

_:: _L_ __ I _l _ _J __ - _ -� 
I I I I I -------+--------: ------------+---------- ,----------- ------- - -----' I I I ! : I ' ' I : I 

--------+---------+-------t---------�--------- +------
! I I I ! 

1 ! I ! 
0.5 0.01 0.02 0.05 0.1 0.2 

F R E Q UE N C Y  ( HZ) 
Q.5 

� 12 7 x. 1 ;( (tr. : · c =0.2, ti :  c =0.4, J:: :  BT �. i:p : .  FFT �. "'f :  AF �) . 

Fig. 12. Phase (left .'. c =0.2, right: c =0.4, upper : BT, middle : FFT, lower :. AF ). 
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� � vcJ;t r. --c 7 :r. 1 ;< C uz:1§) .to J: CJ ::i e. - v Y -.:.,,  1 iJ; c' 0) J: 5 vc>J< i � n� ��Wi"" � t-.:66 

v::. , iX 0) l 5 t,r_ 2 iX 5c T 7' � -r' - 3<' vc '"'J \. '--C  �W � ff 0 t-: . 

>­
u 
z 

:c 
0 
u 

{
x(s)= c  sin (2n •0 .05 • s)+ (l - c) RANDOM 

y(s) = c sin (21r 00.05 · s +  ; ) +(1 - c) RANDOM. 

Jt = l sec, s = l , 512, o ;;;; c ;;;; l , 

RANDOM=(O, 1 )  0)-1*!Lt{I: ( 3¥:f:53 +, 7J\. � 1
1
2 ) .  

C = 0.2 
1. ----- I ---------- ' ------------- ,------------ '------------•----------------, 

1 BT l i ! f ! 

.o�--'-----'-----__L...-___..:__ _ _.: __ ___..: 
1 . --------- ' ----------- ' ------------- ' ---------- '-------, --------------, 

! F F T  ! ! ! . ! l 

I I ! 

I : I 
- - ---l-Ml-��-11-3-i.lla.-

.01'-----'-----'------'-------'-----"'-------' 

1 .  l i I ! t -----------! 
! A

F 
! ! ! ! ! 

· I I I ! I I 
.o,�-� _ _..__ __ ___._ _ __._ __ .___ _ ___. 

. 1  .O J . 2  .02 .05 .0 1 .02 
F R E Q U E NCY 

. (H Z) 

.05 .1 .2 

� 13 :::z l::. - v Y -;,, ,{ (tr. : c= 0.2, ";(5 :  c=0 .4, J:: :  BT t*, q::i :  FFT t*, r :  AF t*) 

Fig. 13. Coherency (left : c = 0.2, right : c = 0.4, upper : BT, middle : FFT, lower: AF) 

.5 
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c= 0.2, 0.4 vc::xt-t0 7 :r. 1 ;(O)*s-*'a:' � 12 vc , :i e - v '/ '/' 1  O) *s-*'a:'� 13  vc ffi-t. 
3. 2 .  c fqJ t: J: �He, c= 0.2, 0.4 �t-r:.n-f .n S/N =28 dB, 45 dB vc vi v!ffi¥i-t 0 .  3.  2. vcffi 

L,is: J: :j vc, c =0.2 O)�O) AF i*vc J: 0 7-. -" !'  r 1v�lt��O)ffiJE�t J: < ft.. \, ,'l:J�, Jf:.nvc 
<b h�h�b � f, 7 :r. 1 ;qt*1* 90° O)fil['a:'ffi L, -C \, ,  0 .  :i e - v '/ -;,, 1 �i 3 nr* c <b S/N Jt 
vc,tt 1.:-C* � < ft.. "? -c :to IJ , AF 7* ---c�i, ffi�O) ft.. \, ,$5-}0) :i e - v '/ -;,,  1 O)filliJ�,J\ � \, , 0) 

-r·, ftp,O) 2 "':)vcJt«-c J!�-t\, ,�iJ�tf} G.n 0 O) iJ;%:�-r-J5 0 .  

3. 7. ;fe-7 IJ -ft- � 3 / 

-----------.. --------.------------... --------· 
I I I I I I 
I I I I I I I I I I 
I I I I I -----r---r --r-- t ---

1 
I 
I 
I --- -+-----+--------r-----+- ---t--

---- l _____ l ________ L _____ l _ ___ J ____ ... ___ J 

1 -----r-----1--------r-----:-----1- _ -----1 
I I I I I I 
I I I I I --- -r----r- ---r -- -�- -

o..._ ........ _ __.___. ___ ...._...._ ........ 
w , o -----r-----1--------:-----:-----1-
� -----t-----t------t---- : - : 
6 0'--__._��_.__..._._�......._ 

�'N 10 ---- , -----, --------, ----- , ----- ,--------, 
U) :X:  : I I I l I 
� � 1 ----+----+------ --h-- I I 

C = Q. 3  

.......... I .......... 1 ................ 1 .......... 
I .......... 1 ................. I 

-----------... --------.------------... --- ----, 
I I l I I I I I I I I I 
I I I I I I 
I I I I I I -----:-----1--------:-----t- -1 
I I I 1 I I I \ \ I 

Cl � • 1 -----t-----1--------r-----+- ---
I 

- - -i 
�> I I I I I I I I 

::J � . 01 -----+-----t--------}-----+-----t--------i . 01 -----+-----{--------t-----+-----1--------i 
'CC � 1 I I I I I I I : I I l t; .. 001 -----t-----1--------r-----t-----t------1 .001 -----t-----1--------r-----r-----1--------1 
� 1 I l I I I I : I 1 I 1 
en . 01 .02 .05 . 1  . 2  . 5  . 01 .02 .05 . 1 .2 . 5  

FREQUENCY FREQUENCY 
( H Z) (HZ)  

� 14 � - 7 y -1:t- '/ 3 -:/ /� 7 � - !J 

C=0 .8  

-----------·--------... ------.------... --------� 
I I I I I 
I I I I I 
I I I I I 
I 1 I I I -----+-----t--------t--- -+- 1 
I : : � l 
: 

I : I I 

----,...-----T--------r-----,------ .. -
I \ : I -----t-----t--------t----- : - -

.01 .02 .05 .1 . 2  

FREQUENCY 
(HZ)  

.5  

(J:iJ> 0 : ellipticity, orientation, polarization, Q-value, 

Fig. 
7- ..,..:;.  !J I- 1v, ti}J• 0 :  c=0.2, 0.3, 0.8) 

14. Polarization parameters ( from uper: ellipticity, orientation, polarization, 
Q-value, power spectrum of the 1st time series, from left :  c =0.2, 0.3, 0.8). 
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t(s) = c  sin (2rr • 0.05 •s)+(l - c) RANDOM 

ly(s) = c • 1 .5  sin ( 2,, • 0.05 • s+  ; ) + (1 - c) RANDOM, 

L1t = l  sec, , s= l , 512, 0 ;£ c ;£1, 
RANDOM=(O, 1) 0) -HH;L� ( 3¥:t�+, 7J"� 112 ) . 

-:. n G 0) AiJ· G biJ· Q J: 5 K., � -*:fU {y(s )} 0) './ ;1·· :r 11,, v:t {x(s )} 0) './ ;1'' :r 11,, K.x;J- L, 
1.5 {�0) �$l c  90° O) {ftt§-t-tdj.�w � -c i. , Q O) '""(' , ±90 ° 0) orientation, arctan (1/1.5) =  
37.4 ° 0) ellipticity :J:o J: u::t° "i b 9 0){lffirBtiJ;T� � ;h, Q . � 14 vc FFT t& vC J: Q *a*�� 

-t .  c,=0.2, 0 . 3, 0. 8 vcxt-t Q *a* '""C:',  J:iJ:, G )l� vc ellipticity, orientation, polarization, 
Q-value :Ju J: u {x(s)} 0) ;z.. � !! 1' ;1,, �)I l*l��;f,i" .  3. 2. c iRJf*vC c= 0.2, 0 .3, 0.8 v:t 

-th-f n S/N Jt = 28 dB, 37 dB, 76 dB vc ViUi;f:§ �-j- Q .  ;z.. � !! 1' ;1,,�n���O) �0 
- !! 0) 

{ftfft 0.05 Hz '""(-O)�{j][� J! Q c ,  Q-value :Ju J: u polarization v:t S/N Jt vcltffeU L -C�:tlll L 
-C :Ju 9 , orientation :Ju J: u ellipticity ch ;J:tf:j ff �  n Q fj][ � � L -C t ,  Q . 
3. 8. r :x. t:'� ::r: 7 7  -r JL- $7 - u.> :thHicf:o .t � 7 ::r: 1 ;(t!'l:i 

7" :r. t:::' './ :r.  7 7 ,,r 1t., !J - 0) 1�$!:J:o J: u� 7  :r. 1  ;(�ti�Wifl� �d� covc ,  {'kO) J: 5 tce 2 ?X5t :r 
;z.. 1' 7' - !it vc "J t ,  -C �!-;J-�ff � t� . 

x(s) = sin(2rr •0.02 •s) +  2 sin (2rr •0.05 •s) 

+ 5  sin (2rc • 0.2 •s) + RANDOM. 

y(s)= 5  sin (2n •0.02 •s) +  2 sin (2n- •0;05 • s) 

+ sin (2n• 0.2 •s) + RANDOM. 

L1t= 1 sec, s =  1, 512, 
RANDOM= (O, 1) 0) -fllL� ( f:it:J+, 5tfz 112 ) . 

c n G O) AiJ" G biJ· Q J: 5 vc , r ;z.. r �-*1U v:t 0.02 Hz, 0.05 Hz :Ju J: u 0.2 Hz 0) IE5.tmt 
0) 15n\GrBt '1:'tf5 Q .  0.05 Hz O)rBtfivt � § [ � ti-j- 7 ,1 11,, !J - c L-C ,  T :r. t:::. './ :r. 7 0) /� :/ F/� 
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STMT 
1 END 

9"512 

I 
I 
I 
I 
I 
I 
I 
I 
I 
IM2S7 

� 15 band-pass 7 1 1v 3l - O){§U CJ: : ;;i- 1J :) -J- 1v7'-- 3l , r :  7 1 1v 3l - tit0)7''- 3l )  
Fig. 15. Example of band pass filter (upper : original data, lower: filtered data). 

SPECTRUM DENSITY ( POWER/HZ) 

1

::: � OR ll

L 

=l.::·=} =:l==i =�=� ! 

P H A S  E ( D E G) 

1 :: _ .J ... .... L .. _ J ...... ! . _ _  !. ····· .1 OR IG INAL i i ! ! 

1 

-------- --- --- - : ------ -- -- :-- ---�4;.:.�+1.-,.-A�1 

i I 
i ! 

-� ····-··l ····-f ··-- i .... -· . .  i . i 

-180•'-------'-----'-----_.L--_Ll._--1___JILL.l.L_;JJ.JJJ 

1000 .--, . T T 1 i 
i 

1

:

0 

-

-

-

-
-

-
�
-

1

-
�
TEl::::

: 
ED • 

.J::::. ---------_
-
_
.-
_
-
_
___ 1::::.

--

_

-

__ 

-

_

-

_

-
-
_

--

_

-

_
'.::::: 

__

_

_

_

_

_

_

_

_

_ 
-··1::::, ·---·-··1:�:: 100 I - _____ J ______________ 1 - _____ J __________ J_ _____________ ! � 

FI LTERED : : : : 

10 

t i I I I I _J_J. .. __ L__J__ .L _ .. _J 
1 ----------- :-----: -----------

--- : -- -- -t------------:--------: -9 1
1 

I I i I I 
_______ __!_ _______ __!_ ________ __ _I_ _____ L__ ____ I ______ ' -180'----L--.J..I ___ .J..I __ __JI __ __L_I __ ___JI 

0.01 0.02 o.os 0 .1 0.2 • o . s  0 . 01 0. 02 o.os 0 .1 0 .2  0. 5 
F R E Cl U  E N C Y (  HZ) 

� 16 7 :r. t:::' ._;,, :r. 7 7 ,f Iv ;$7 - 0) ilre�iU J: 'Cf 7  :r. -1 ;( 0){7Jj 

CJ: : ;;d- lJ :) -j- Iv, ""f : 7 ,r Iv 3l - :{&, ti_ : ,..{ ? - 7' ..-..::. !J I- Iv, 15 : 7 :r. -1 �-) 

Fig. 16. Example of amplitude and phase of Chebyshev filter. 
(upper: original, lower: filtered, left: amplitude, right: phase) 



52 
7' 7 1 11,, :7 - -c:-n 'Y r :t-7 Jjlfj��/J: 0.04 Hz :to J: U 0.08 Hz, /', - 7 /� 7 - � 1 :/ r /J: 0.09 
Hz, !J 'Y 7° 11,, !J; 0.02 0) t O)�f!Effl Ltc. (� L < vi Appendix 0) 1 ��F-�). �15 vc� 1 *JU 
VC"'.)\, ,-C;t- !J ;_;) --J- ;vO)y-'- :7  c 7 1 1v :7 -�.htdaj!;�5f--t". 0.05 Hz O)�f-:vt!J; �;h\i , vc 
/� / r/� A �;h-C \, , 60)/J;:b/J• 6 .  1JN�j0)�1�:t:o J: U7 :r. 1  ;(O)f;hvifJ:: \i ' J:  ') VC.Jlx. 6 /J:, 
-t.h G�Ei!J·c6 6tc.c6 vc, �16 }C7 ,1 Jv :7 -1W c 7 1 Jv :7 -:f& vc"'.)\, ,-C, � 1 *JU0)7' -'"' 
!7 r hW&!*1� :t:o J: U2*JU0)7 :r. 1 ;(0)*5j!;�5f--t". HJUi FFT $�ffl 1,, ,, /', � :/ !l' r; 
1 :/ r r; � m "' ,  -err --:de.. /� :/ r /� A �  n tc. fill7J"0)1JN�l:t:o J: u 7 :r. 1 ;qc.�1�0) tJ:: "' , .:.  c !J; 
Ei�:2�.h 6 . 

3. 9. £" c !i)  c���? l'- JL-.:¥-�qJtt�) 

4-@ 0) :r A r .:y-- - :7 vc J: 6 ��i vi, 7° 
p !/ ::; A /J:IE L 1,, ,!J.=ef!J. � -1- :r. 'Y !l -t"  6 .:.  c !J;�-

0) § 89c',i; "'.) tc. 0) c', :g. A "'  !J [' 1v =p$0)49'fi&�:i: /.{ --t 6 Vit: c''+)J"fJ::�W�fi "'.) -c \, ' fJ:: \, ' .  
L/J• L�+)J"fJ::iJ; G t  21; 6 �&O)!f9'fi&!J:Jl G .h 6  0) c', tXfvc.JU!i3-t" 6 .  

1) AF $:to J: u BG $vi, -�vc--t 6 c'' \, ' l:::.0 
- !J � Jl�-C \, ' 6 /]:, BT $ta J: u FFT 

tt-c:- vi, A "'  !l r ;1,,W&l*1�0) 1::: - !l f�O) Jt/J; v !J''-r 1v 0) /� 7 -0) Jt vc tJ:: "'.) -c 1,, , 6 0) vc.M L, 
AF $:to J: u BG f.tc'vi, l:::.

0 
- !J O).:¥f��ic'O)fil7J"f�O) Jt/J:, V !J'' --j- ;L,O) /� 7 -0) J:Vc� L 

< fJ:: -::, -C \i , 6  . .:. ;hvi ULRYCH and BISHOP (1975) :to J: U:;k i*J  • ffi� (1975) �O);j:�� c 
-Iz L -C \i , 6 .  

2) BT $ c  FFT $�.lttz Ltc.�-i:t, FFT $0)jj/J; l:::.0 - !J {f1i.!J:::k � < 3:f<i 6 c fq]!Rj:vc, 
/ 1 ;( v ---.:: 1v t f.WJ < 3:f<i 6 {!iJPJ!J;J; 6 .  BT $vi, -WU vi5f-�tJ::iJ• -::, fc_�:7° v i- 7 1  r =- :/ !I" 
-f*�O)�Ujj/J:J:trlt:89�fr.:J>c'2!; 6  O) vc.M L, FFT $0)*5j!;vi-�vC�;E L -C \i , 6 . 

3) AF $ c BG $� J:ttz Ltc.�i;', fqJ t, FPE !l 7 1  T !J ;t- :/ c'tX���!E L -C t ,  BG 

$0)jj!J:�tXc'3:Ki 6 ffiJPJ!J:J; 6 .  ,l-0)*5j!; BG $0)jj!J: l:::.0 
- !l !J:--t 6 c'' < ;:l<i 1:J ,  AF $ 

O)Jj/J; / 1 ;( v---.:: ;i,iJ; tce c6 GiJ• VC;:l<i 6 .  itc. BG $0)jj!J: AF f.tvcJ:t.r( -C, / 1 ;;( vc5j 
1,, ,ffiJPJiJ:Jl G .h 6 . 

4) 2 tX5cMtJTO)�i;', BT $:to J: U  FFT ttvcx;f L -C, AF $vi, S/N J:tO){lf\, ,7' - :7  
vcxt--t 6 7' "' !l r 1vW&i*1�0)1i'.iEvcvi ta c 6 /J:, 2 *JU O)ffl[*1� J! 6  J::vc:to1,, ,-c vii"" <-·n 
-C l , 6 J: :dc,[th.h 6 .  tc. c x. vi, 7 :r. 1  ;;( vc:to 1,, ,-c viJ:ttz1¥J S/N J:tO)f1:£ 1,, ,!Rj: t IE L 1,, ,� 
�� L -c :to 1:J ,  :::z 1:::. - v :/ v 1 vc:t:o 1,, ,  -c vt:t§ !*1!J: tee 1,, ,ff�7J"O){rnBcvi G "'.) � !J; ,J, � < , -'.iE L 
-C {f£c6vc;t< :t  6 c 1,, ,  :i fU,�� t "'.) -c :to 1:J ,  � - ::; !J --li - v 3 :/ vc:to 1,, , -c vt, / 1 ;;:<' v ---.:: 11,, !J; 
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�;E L --c \, \ 0 OY -C:', Jl*O) jS 0 l:
0 

- !l ti vt?J�JH:>h, -t 0 � 9 Lt.= ;t-; - 7 !J -li- � 3 '/0)* 
m7J�� Gh 0  c 1., , 5 fU,B:a:M: 0 --c 1. , 0 .  

5) it•�rs,O)J:t�:a:, 512 ,B O) =j' - !J }C)(";j° L, Jl!uiEt�:5-JMt� 128 ,BO) �inc "'.:) \,  ,--c�-t. 
1 t1X5cfWtfrO)�i;, �� l i- 3 ;f';I; (BT), 1 . 5  ;f';/; (FFT), 3 ;f';I; (AF) � J: U' 7 ;f';/; (BG) 'la:'� 
L, 2 t1X5cfWtfrO)�i;, �� l i- 1 3 ;f';I; (BT), 5 ;f';/;  (FFT), 30 f'J; (AF) :a:� L--c 1. , 0 . k 
ti L, .:. n G v:t .7-. ""' ;7  J-, 1v !t.tJ7"1-0)J!L1��rsi:a:�tr t O) -C:', A ""' !l J-, 1v H•i-O) i O) O)j:t 
�--c- v:t tJ: < ,  i k,  TJ ,1 '/ r TJ 0) 't:>?J� 1. ,� J: rf><"t� c -t 0 �.*1U vc J: 0 --c ,  -=c =J' 1vt1JZ�?J� t, 
?J� 5 .: c �vc l 0 --C*r=f 't:>?J� 0 --c < 0 0) --C·, :*1*0) 2so�-t c � n t.= 1.,, • 

.:. 0) CSAP � 7-. r A O)�mlv:t , =;· - !J O)MJ!H, 7 -1 1v !J -,j}1�� J: 0'7-. ""' !l r 1vfWtfr�'la:' 
�.- Lt.= � A T  A --c-, L7J� t !f 7 7 ,f 'Y !l =j' ,f A 7° 

V 1 :a:fUffl Lk�m5��--C·fix. 0 C 1., , ? 
.: c --C'tlS 0 t.= .  mtE, �7-. T A v':t§tn\t L,  i-O) ix1J:a:¥ef.ili L"'.:>"'.:>.3S 0 .  *�O);fl@:?J�ftM'--C', 
,.� - F' ::r 1:

0 
- :a:=¥f£vc c n 0 c 1.,, :; 0) ?J�W J: 9 t 5$1J --C·t!S 0 .  =;· - !7 :a:if;lvc�"" 0 .: c ,  

7 -1 1v !J - �  l U'.7-. ""'  !l r 1vfWtfrO)=p�?J�i-6 0 --C l. , 0 .: c t , {3!ffl L--C.l,i.--C �f�vc�fU--c· 
tlS 0 .:  c ?J�b?J� 0 t.= .  4-1&, �\�vci;t t:--C 7 ,1 1v !J - � l U' 7-.""' !l r 1v=¥��:a: � G vc�tll 
L ,  � 7-. r A :a:tMI L--c 1. ,  �t.= 1. , .  i t.=�:1:=;· - !7 vc ><";f-t 0 !7'' 1  -r � 'Y :7 � 7-. r A t , * � 
A T  A O):fil"ffe: C L --c 4'f&O)�ml C L --C l. \  � t-= \, \ ,  

�.*JUT - !J 0) Mtfr vc � IL,\ 0) tlS 0 jj vc :* I. , vc CSAP � 7-. T A :a: fUffl L --C I. , t.= ti � ,  
�' C' 1ltfU:a: 1. ,t-=tivt0 .: c :a:;W1�-t0 . 

if l§$ 

.:. 0) � 7-. r A 0) 00¥evct!S t.= 0 --c v:t ,  }RE{:*���fm:l:t!tfi��M9'EMg�O) 005-JtIEJt!Jt&ttvc, 
i-0) 7 1  =;· 7 O)� < :a: 1. ,t.=ti � i Lk . .: .: vc� < ��fl. ,f-= L i -t. i t.= , A ""'  !l r 1v 7° 

i:i 

f 7 A }C"'.:)l., , "( v:l, :l:tg�wtijjtf9rO)'gUI{;f.M{.a:;O) C'm1J:a:, 7 ,1 1v !J - }C"'.:>\, , "( v':t }R]?-7(�� 
�fm:!:tg���*���O)����.a:;, mrrA ���O) �ffllK J: 9 � P Y :1 A :a:�m L--c 1. ,  
t.= ti � i Lt.= .:.  c :a: ,  ftt*, *5:!f:O)�Wvc "'.:)\, , --c  v:t , 001l.ti:1:!t!.M9'EmO)�iR!@<:5'3, �m%ffe, 
J&J:§�, fti:Jffi�Jt0)%.a:;vcJt/J �L c'm1J:a: 1. , t.= ti � i  Lt-: .: c :a: .: .: vc OOii: L, � < ��1., ,  
t.= L i -t .  
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APPENDIX 

1 /V ;$( - c7) 1:!l)l]i�U:: �\� tci:: ,, � 7 /. - ;$( � � � §J:j '"t 0 . 
1. 1 .  r .r. t::' $, .r. 77 1 JL- 17 -0)ffllj&:Jtlt��;:f( 

7 1 1v ;$( - (7)49:ti��i*ex::> 0 m.1¥El�fit�M� Cf�;@eoo�) vt?Jct: c·;E� � n 0 .  

Y(f) =H(f)X(f) .  

{
H(f): m1¥Bl�J;t�M� C {�;@eoo�) 

X(f): ::t !J :) j- ;Vf' - ;$( c7) 7 - !J .:r..m:� 
Y( f ): 7 ,r 1v ;$( -� hf,:_ T, - ;$( c7) 7 - !J .:r.. m:� 

ml?El�fit�M� H(f) viffi$i (IH(f )j2) � l U 7 :r. 1 ;( (arg H(f)) -r:-t��--jvf f:) %1 0  /J�, 

:J-- :r. e: >;,, :r. 7 7 ,r 1v ;$( - (7)ffirµj� l u� 7 :r. 1 ;q�,[��tttt:1¥Jvc�b Lt-:.. t (7)�1Z! A-1 , A-2 
vc�--t. � A-1 --r:- s-, �·· -:r 1v /J�jjj�--t0-gG5J"- c7)}�$i (7) :i&::kfillU:: �1H@:� !J ,y 7

°

1v (Rip) crif 

�- Fl ±-o l U  F2 vt n 'Y r ::t 7 m.1¥El�, FH vH��l.JLo� 1 ;2 t tci:: 0 }WllEt�-r:- ,,-- - 7 ,,� 17 - :f-
1 Y r  t 1,, 5. 

UTK:J-- :r. � s-, :r. 7 7 ,r � ;$( - (7) �?Bt�J;t�OO���--t . 
A 

� A-1 :J--- .:i: �- -:,, .:i: 7 7 1 JI,, :5J - 0) t'iHfilt� Ii 
Fig. A-1. Characteristics of amplitude of Chebyshev-filter. 
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"O 
:::I: 

11 
2 

� 0 

-� 
2 

F2 

I&] A-2 =r .:r. 1::· -.:,, .:r. 7 7 1 1v !7 - (J)  7 .:r. 1 ;(�ft 
Fig. A-2. Characteristics of phase of Chebyshev-.filter. 

1) high-cut 7 ,r 1v !J -
I H(f )  l2h.c. 

1 
1 +s  Tk2 (��n rcAtf ) sm 1eAtf2 

;: ;: -e, Tk(X) �t. k '/Jz(}) "f- :r. 1::· � :r.  7 ��53'.:··-eJ; o .  -ttJ:b't>,  
To(X )= l 
Ti(X )=X 
Tz(X)=2X 2 - l  
Ta(X ) =4X3 - 3X. 

-�r:., 
Tk+1(X ) = 2XTk(X )- Tk-1(X ). 

s �t. 1J ,y 7° 1v � 7:R:6b o .,,{ 7 /. - !J '"c' 1) 'Y 7° 1v � 1/2 • e2 (s<l). 
/1 �t. :h 'Y I- :;;t 7 JWJ��'"c·J; 1? ,  At �t. -it :/ 7° !J :/ !l�F1c19 '"c·J; o .  
2) low-cut 7 ,r 1v !J -

I H(f )/ 21 .c. -
( • 1

( re ) ) • sm rcAtJ- -2 1 + C Tk2 ----'----.....'...... sin rcAt/2 
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-::. -::. -e, Tk(X ) vi k tx_(J) T :r. e:· v :r. 7 g:,�A, s vi !J v 7' 1v ��� 0 /<: 7 ;1. - !7 , f2 vi :h 

v r ::.t- 7 narEt�, At vi-it / 7° !J :/ .f �Faj-C tis 0. 

3) band-pass 7 1 1v !7 -

-::. -::. -e, At vi-it :/ 7
° !J :/ 3"'�Faj--c·, 

C= cos 2nAt ( 11 ;12 ) cos 2nAt ( f2 ;f1 ) 
S = sin 2n At ( 11 ;.!2 ) sin 2nAt ( /2 � 11 ) . 

t.::. tc. L, Ji , !2 vi n v r ::.t- 7 narEt�. 

i t.::., Tk(X ) vi k tx_(J) T :r. e:· v :r. 7 g:,�A--Z:'tis 0. 

4) band-reject 7 1 1v !7 -

j H(f ) /  2 b.r. = 1 - / H(f) / 2b.p.• 

1 . 2. 7 -1 Ji, 9 -{i�(l)���id .t tF�II 7 Cl -

::.t- !J :P'f" iv -r' - !7 {x(s) ; s = l , 2, .... . . } vc:;<;j- L,, 7 1 1v !7 -�:ht.::. -r'- !7 {y(s) ; s = l , 
2, . . .. .  ,} vi, -jHc?!x_(J) J: 5 vc>J<� G:h6 . 

f.::_ fc_ G, {ai1} , {bi2} : 7 -1 Iv ::7 -'f*� "(:', 

Li , L2 �k : 7 :r. e:·v :r. 7 g:,�A (J) tx_�. 

2:. (}) J: ? vc 7 -1 IV !7 -tif'fli, -�vc�FajiJi�--c-rr:b:h 6 (}) "(', narEt�rc::�iu,�iJ;4-:t G 

:ht.::. G ,  -:Z:-:hvcxtrc::-t 0 �FajiJi�(]) 7 -1 IV ::7 -1*��*� tJ: vt:hvitJ: G tJ: \, ' ·  7 -1 IV ::7 -1* 

�vi, JEjiBt�J;t;�f*�(J)5J-EJ:iJ; o c tJ: 6 ��}� � * � '  -:z:-(J) i :b � --z:-narEt�Tit�iu,�� �ml 
-_t 0 2:. c vc J: l_) >j( � G:h0. � L, < vi, ROBINSON and TREITEL ( 1964), SHANKS ( 1967) 
j:o J: cf 0TNES and ENOCHSON ( 1972) ��� �;hf.::. \, , , 

�TK � P � 7 A K.1'o vt 0 �� 7 P - ��-t. 

1 ) 7 -1 h !7 -�-11: k, s (J) Hlf 
2) %:J L� (J) Hlf 

3) 7 1 1v !7 -f*�(J) Hlf 
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4) 7' - !7 fC.. 7 ,1 Jv !J - �n•vJ" Q . 

fJ:: :fo, 7 :r. t::' v :r. 7 7 1 Jv j - vi !J 7J - v 7• 7 1 Jv !7 - (�Fl"I, VC..)<"f l, ""( jff* ... ('fJ:: \, ') fJ:: (}) 

-e, � A-2 vc..ffi-t- .t 5 vc..-�vc.. 7 1 1v !7 - vc.. .t 0 t fftt§f.hn��vt Gnt.r:: "  , .  * v .7-. 5" A 

-e vt 7 1 Jv !7 - � 2 @J/l�:151Pl :fo J: tf�:15 1Pl VC..7J•V1° G ,: c J: iJ fftfflf .fl,� jr t.r:: < l, ""( \, '  G .  

1 . 3. 7 ..r Jl, $' -J'\7 ;f. - $' 

7 :r. i::· v :r. 7 7 1 1v !7 - � *lffi 't" G � vc..&f� t.r:: ,,� 7 � - !7 � * A-1 vc..ffi-t-. 

7 1 � !7 - (}) v Y � � ��$� (}) 7 7 , r � :to .t 'Cf -JJ , r $�(})W.h(})'t°G � � �, k :to  

.t ry  e vc..{tr::(f-t- G 7J�, ,: .hvt FH C !J 'Y 7
° 
JV��*- Q ,:  C C  im�--r·J5 Q .  Fl C F2 �� 

;t t-:�, c· 5 " '  5 {ig(}) FH c Y ,  7
°
1v��*..hvi .J: \, ,n· vc.."'J\, , t vt ,  vt 0 � iJ L,t-: .: c vt \, ,  

*- t.r:: \, ' .  

*-fµ!*(]) 7' - !7 vc..xf L,""C 7  1 1v !J - �b·V1 G (]) "c·,  7 1 1v !7 - � .ht-=�*7Uvtfi!uYiffi--r·V'f 

.;_�§l:vt G . I F2-FH I, I F2-Ft I n�1J, � " ' v1 c·V'f.7,i.�§l:vt G * � vt:k � < t.r:: G .  

� A-1 7 -1 /V !J - /� 5 � - !J 

Table A-1. Filter parameters. 

j] ,:; r ::t 7 rEHBl� : Fl, F2 
(Fl<F2) 

,,, - 7 .,.� TJ - ;i-; 1 � r : FH 

High cut/low cut 
F2 �mfE 
(Fl =0.0 c :to<) 

2. 7... � ti r 1vf¥HFr 

I Band pass/band reject 
Fl, F2 �t�IE 

*'/ .7-. 'T A  --r·vt, A -"  !l r ;vfHJr(]) .:f}! c L, ""(,  -�vc..$ < {3l!b.h ""( \, , Q  Blackman-Tukey 
¥!, Fast-Fourier-Transform ¥!:to J: 'Cf Maximum-Entropy Method C 'i t-: vt Autoregressive 
Method) n\il..7,i.� 'i .h ""C " ,  0 .  tJ Tvc..,  %.:f-r!(});ff![� c H�vc..&r� t.r:: ,,� 5 � - !7 �(})�§ij 

�fi ? . 

2. 1. Blackman-Tukey � (BT �) 

2 ?X5c (}) �,m,�*7U� 

{x(s) Y(s) · s = 0 + 1 + 2 · · · · · · + N · · · · · · }  ' ' ' - ' - ' ' - ' 
c L,t-:�, t§IJH��:to .t tf .7-. -" !l r ,v �fitllJ�vt, ?j((}) .t 5 vc..�� � .h G  C$rfu • i:f:tJI I .  1972). 
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1) ffil*J 1*1� 
o t= o, ± 1 , ±2, . . . . . .  v�xt L --c § a:t§l*J ��vt, 

1 N 
Rxx(l) =t� 2N+ l  s=�}x(s + l)- mx} {x(s)-mx} 

1 N 
t.:.. tc.. L,  mx = lim 2N 1 � x(s) 

N-><» + s= - N 

nJi' ( 1 ) Rxx(l) = � exp i 2nr-2- l Pxx (r) 
r= -n F np 

n p ( 1 
) = Pxx(0) + 2  

r�l COS 2nr 2nF l Pxx (r) 

c L --C t >:K i  0 . .::. .::. --c:·, 

Rxx( [) = Rxx( - [) 

n: st r; "'i1. v-:>. 

ii) l=O, + 1 ,  ±2, . . . . . .  r�::.xt L --c:t§1L:t§�M�vt, 
1 N 

Rxy({) = J�� 2N+ l  sfN {x(s + l)- mx} {y(s) -my} 

1 N 

Ryx([) = �J�oo 2N+ l  s f N  {y(s + {)-my} {x(s) -mx} 

1 N 

t.:.. tc.. L ,  mx = lim 2N 1 � x(s) 
N-+oo + s = - N  

1 N 

my = Iim 2-1 
� y(s) 

N-+oo N + S= -N 

np ( 1 ) Rxy(l) =,J�n exp i 2:rr 2nF l Pxy (r) 

= Pxy(O) + 't [ exp ( - i 2rrr-
2

1 t )  {Pxy(r)} * 
r = l  nF 

c L "C )J( i:  � . .::. c-c, 
Rxy( - [) = Ryx( [) 
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2) ;r_ ""'  !I r 1vW&M� 

i) r=O, + 1 ,  ±2, . . .  · · · ,  ± nF K.5<1 L ""C :;t - r 7- ""'  !I r 1v W&M�vi ,  

Pxx(r) =
Z =t

00
exp (- i 2rrr 

2!F l ) Rxx(l) 

=Rxx(0)+ 2  £ cos (2rrr -
2

1 1) Rxx(l) Z = l nF 

c L ""C 3.l< i  IJ ,  i k-r- - 3<" �Il[� 7 - 1J  .:i:. tNtt L ""C ,  

Pxx(r)= lim l v2! l f x(s) exp (- i 2:rr -
2

1 s ) l2 
N-+oo + s = - N  nF 

Pxx(r) =Pxx( -r) 

ii) r=O, ± 1, ±2, · · · · · ·, ± nF vc5<1 L ""C !I i:1 7- 7- ""'  !I r 1v W &M�vi, 

Pvx(r) = j�_
00
exp (-i 2nr 2!F 1 ) Rvx (l) 

= Pvx(O) + I: COS (2rcr -2
1 1 ) {Rxv(l) +Rxy(l)} Z=l nF 

+ i f sin ( 2:rr -21 1 ) {Rxy(l) - Rxy(l)} Z = l  nF 

c Lt 3.l< i iJ , i t-:�n�n � T - 3<° � ®=� 7 - 1) .:i:. �� L t ,  

Pvx(r)= lim { ,/2� 1 E x(s) exp (- i  2Trr -2 1 
s ) } * 

N-+oo + s = - N  nF 

X { -vz! + 1 s'�-/(s') exp ( - i 2nr 2!F s') } 

Pvx( -r)= {Pvx(r)} * = Pxv(r) 

t.J;st i) ft-0 . 

��vc vt�mHciwE < 5£mffif7*1Ut.J:�.:t G n Q  � -·nt tJ: < ,  *-f�l� ffif7*1U 

{x(s), y(s), s = 1 , 2, · · ·  · · · N} 
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t.J;�-*. Gno . ;: n  G vc5£mlit.J;1N5E � n Q  c Lt-:.�, ;r_ ""'  !I I- 1v W&1*l�.ta J: a;t§MM� 

�tl5Ei" o 1tt*t.J� G � -=¥� c l,""C vi, i ft§M M��tl5E L,  �h� 7 - 1J .:i:. �ffi: l, ""( 7' ""'  
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!7 r 1v �JJ<ob 0 :f-$ (BT $) c , �*1U-r - 3<' �@[� 7 - !J .:i:.�� L.-t:h� 2 * L. -C 7- �  

!7 r /v �fl5E L. ,  ,t;h� � 7  - !J .:i:. �� L.-C;t§1*}1*}��)J(00 0 :f-1.* (FFT $) ;o; J; 0 .  -:. 

0) 1r5 --evt BT 1.* vc �"'  , -c :iffi� 0 .  

��i0)�,;%1U -r' - 3l vc �1., , -c ,  BT 1.*vc J:: 0 ;t§1*}1*}�to J:: U .7- �  !7 r 1v WJ!t1*J�0)3l5E$ 

vt?J( O)Ji � --ea; 0 .  

1 ) 0 ;f:§1*}1*}� 

l= O, 1 ,  2, · · ·  · · · , L vcx;f L. -C ,  
,.. 1 N - l  

Rxx (- {) = N s� {x(s + [)- mx} {x(s) -mx} 

,.. 1 N - l  
Rxy ({) = Ns� {x(s+ [) -mx} {y(s)- my} 

,. 1 N - l  
Ryx ([)  = N s� {y(s + l)-,ny} {x(s)-mx} . 

1 N 
t::. t!.. L., ,ny = N s� x(s) 

1 N 

my= N s� y(s) . 

r=O, 1 ,  2, · · · · · · , nF vcxt L. -C ,  
,. L - 1  ( 1 

) 
A " 

Pxx(r)= I: exp - i 2nr -2- l Rxx(l)+(- 1/ Rxx(L) 
l =  - L + I  nF 

A 
L

- J ( 1 
) 

A A 

=Rxx(O) +2 I: COS 2nr -
2
- l Rxx({) +( - 1YRxx(L) 

L = I  n F  

A " ( - lY A A 

Pyx([) =Ryx(O) + -2- {Rxy(l)+ Ryx(l)} 

L - J  
( 

1 
) 

A " 

+ 
l�I 

COS 2nr 2nF 
l {Rxy(l)+ Ryx(l)} 

L - J  
( 

1 
) 

A A 

+ i I: sin 2nr -
2
- l {Rxy(l)- Ryx(l)} . 

l = l  nF 

-:. -:. --c:-, Rxx, Rxy � 0) l vc � \, ,  -C 0) xf �·11: � Jfj \, ,  -C to � , '7 �-- 0) ffe: � � L --e tJ ti -J;IJ -·:d::.tjJ 

.* � j,· ts:. < --t" 6 t::. ob v::. , L --c-0) fill� 1 /2 vc 1! c L. -C � 0 . 

fflMM�� L --c·trt>-wJ 0 t::. -:. c vc J:: 6 Rf:1��5JMit� vt ,  
1 

Llf - 2L 
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-c� IJ , -:nJW:1vt�l�Jc1i (0, 1 /2) � nF ,�'"(·tt•-r-0�0)7)'-_Mff§f;t_, 

1 
Jf - 2nF 

c -t-0. 

3) 0 17 ,f / f 17 
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ffl'*1'*1�� 13�l :1  ff L '"c'IT'0W 0 t-: c \., , 5-=. c vt, .:Z.-0)?1}0)ffl'*1'*1�� ..e i:i c &5£ Lt-: 

-:. c c � L\.- ,. rrtiW IJ O)t�*�YtJ: < -r 0 t-:6bvc ,  -!!B!'.vc �t 17, 1 / r 17 ttf'f:iJ�fibn -c " ,  

0. 17 1  / f ryvcvt, '=f - :!J 17 1  / r 11 ,  :J !l' ry 1 / r 11 :to J: rJ 7' "" !1 r 1v 11 1 / f ry iJ� �  

0 iJ�, 7-fs: � 7' T A  0) BT j:!'"(· vi, 7' ""  !7 1' Iv 17 1 -:/ f 17 �{3!}§ L -C \.- ,  0. ,,, =- -:/ !I" :to J: rJ ,,, 

� -:/ !l 0) 17 1 -:/ r 17 � ffl j": Lt-: . 

4) 0 7° Lo h tJ 1 1' =- -:/ (!'' 

f§'*1 M��;i<6b, .:Z.-n� 7 - 9 ;l:. �� L -C 7' "" !7 1' 1v�;i<6b0 c " '  5 ttf'f:vc:tovt 0 JWJvt� 

{Rf¥ftO)�fl� � < k6bvc, � GiJ� l.:6b'=f - :!J � *' tJ 1 r / 1 X1� L (-::{10) 7 1 1v :!J - tt  

f'f:�fi 5 .:::.  c vc� L\.-,) , 7' ""  !1 1' 1v�;i<6bt-:� c '"(·1&111�� L-C (� 7 1 1v :!J - �iJ�vt 0) , 

Jt0)7' "" !7 1' lv�tl5E-t"0nl!iJ�-/!B!'.vC c !:;>;h,-C \., , Q . -ttJ:b'b, �*7U 

{x(l), x(2), x(3), · · · · · · } 

{x(2)- cx(l ), x(3) - cx(2), · · · · · · } 

veto ?!5 tJ�  f<.. -c ,  tt•-r 0. 1fim, 

c=0.6-0. 75 

iJ� c Gn-c \.-,0. 

5) 0 tl5E�� 
.A"" !7 r 1vW}j'.1*J�0)1i5£vc:to\.- ,-c ,  mvt�7J-Mn§:to J: ry 7' "" !7 1- 1v O) ffl$ii� vi?XO) Ji  

IJ "c'� Q . 

EEi ,)tr *Ir ,L\. ,(IiO �b ,_ _1 -
JRJ tlX.W.../J M F.It. 2LL1t · 

t-:t!.. L, L �it§1*J1*j�O) :i&* 7 !7'' O);llt � '"(· , At vi-If" -:/ 7° 9 -:/ 3t�f13i '"(- � 0. 

fflft,{i � -,J ; · C 7' "" !1 r 1v W ]j'.).  
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2. 2. Fast Fourier Transform $; (FFT $;) 
�*� � - ���� 7 - U = �� L, �h� 2� L t � � ? r �W�M��m�� 6 ��. 

N � * � < � h vi� 6 Vit c'' 5 '/ �-- A / 1 ;;Z:- vc l 6 5J"tix ch J N v:::. J:f:: tu Lt* � < t.t. 6 . Ye t. 
-r:-f,JA,lff! vc)(;f� 6 f:!:'5J1r'..7J;{f�il:!>·ezb 6 7J;, �b Y) vc�f1=1i �c:x;f L t  f�{�O)}j{"p�f.f -? t, � 
� ?  r Jv�m�� 6 JJ�7J; c Gh t \t , 6  (WELCH, 1967) . �t.t.b b� A-3 0) l 5 vc, N {181 
O)lj.x_ Ghtc.�*JU�:ft� 2L' O)tJ�i)ls:�*JU M {� vc.5H!U L, �h�hO) � � ? r 1v�t�M 
��H� L, �O)f:!:'5){!1[�, � � ?  r ;t.,ffi�M�O):ti�{!][ c '1'- 6 .  t. O)=f�vi, H��F1=1i:to 
l v\ � -=e u -O)*mj;1� vc:to\t , t ch �fu-r:-zb 6 .  

1 2L' 

X(S) 

L:+1 3L: 

N 

� A-3 FFT �v::::}ovt0 !t¥*YU-r' - 5' 0)5t11fU 
Fig. A-3. Illustration of record segmentation in FFT method. 

r=O, 1 ,  2, . . . . . .  , nF vc)(;j- Lt, 
,. 1 M 1 I 2L'  ( 1 ) 12 

Pxx(r) = M J.; 1 � s�l 
Xm(s) exp -i  2rrr 2nF s 

" 1 M 1 [ {2L ' ( 1 ) } * Pyx(r) = M m�l 2L, _!;1 Xm(s) exp - i  2rrr 2nF s 

X {k/m(s') exp ( - i 2rrr 2!F s' ) } J 

1 1 Llf = � - = --2L' 2nF 
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2L' =2k Ck viI£0)!i/f�) 

-c t.dt :h vi tJ: G tJ: \t,. 

2) 0 t§1*J �� 

/=0, 1 ,  2 ,  · · ·  · · · ,  L vcJ1 L -c ,  
A £ '  ( 1 ) A 

Rxx(l)= r =
�

L ' exp i 2rrr 2U I Pxx(r) 

A L '  ( 1 ) A 
Rxy(l) = r=

�
L' exp i 2rrr 2U I Pyx*(r) 

A L' ( 1 ) A Ryx(l) = r=�
L ' exp i 2rrr 2ij I Pyx(r). 

L = L' 

'i --c:-* ob G :h 0 

3) 0 17 1 / r 17 
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*3�RO) 7' - 3<' vcJ1 L -CTI[� 7 - 9 .:r. B'fl�-t 0 � c vi, ,t0),7f-O) 7' - 3<' vcM LJWJWH1�i&%: 

-t 0 � c c � L \t, .  � 0) J: '5 tJ: -=r - 3<' 0)*3�Uivc J: 0 f6fl�:lr tJ: < -t 0 t.:otvc,  ��vcvi 17 

1 :/ f 17 �f'piMTb:h-C \t ,0. 17 1  :/ F' 17 v0i7' - 3<' 17 1 :/ F' 17 .to J: U7-. ""' !7 t- 1v lJ 1  :/ F  

17 iJ;� 0 iJ�, 7-js: � 7-. T A  0) FFT it··-c:- vi 7' - 3<' 17 1 :/ F 17 �{Je.ffl L -C \,, 0. ,,, ::=. :/ !7', ,,, � 

:/ )7''.to J: U spheroidal prolate 17 1 :/ F 17 (THOMSON et al. , 1976) � ffl )! Lt-.: .  

4) 0 fl%:�tf: 

7-. ""'  !l t- 1vW!l��O)fft%:vc.to\t ,-c ,  JWJiBl�7J'-MitE§.to J: U 7-. ""'  !l t- 1vffl$.{i�vitXO)Ji � 
-c-c15 0 . 

t::J!. L, L vi£7-ls:�*JUO)��O) 1/2 --C', t§1*]��0))&7( 7 )7''0):Bt�VC� L < ,  Lit vi-it :/ 

7
° 9 :/ !1--�ri39--c:-� 0. 

-1:i!!J� � / 1 1  M - 1  ( � AF) �"F .l.'f' ii :zr: - 'V 10 M 2 • 7-. ""' !l }, l V 1Ii' IX • 

t-.: t!. L, M vi�7-ls:� *JU 0) �--c:-, 7' - 3<' � �  N c -t 0 c ,  
2N M =  -z:- - 1  
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2. 3. MEM 5! (AR 5!) I-AF 5! 

Appendix 2 .  1 . ,  2. 2. -eJZ!!�t-: J: 5 vc., ��17) �mUf 17) -r' - 3<' �i& 5 ffif, BT $� FFT 
f!vc.:tcn, , -ni, 1:7 1 :,,- F 1:7 17)  rAi�hq::J= ":) -c < 0 .  "J :i 9 ,  BT r! vc..to1., ,  -c vi , � x. GhtJ:: 1., ,  

*§1*j /*1�� 0 c 1.&!E L -C .to 9 ,  FFT $vc..to1.,  , -c  vi , e.
0 

1J � F !J'' 7 A i7)fti7) y - 3<' vcx;f L, ml 

WH1:�1.&!E L -C 1., ,  Q 17) -e, ,ti7)�fl�j,'t.t < -t 0 t-:CiD vc., 7 1 :,,- F 7 ��ll-t Q &f�ii; t0 Q .  

MEM (Maximum-Entropy Method) vc.:fo \, , -c  vi, � x. G ht-:��Ji7)*§1*j/*1�� }¥JI., , -c , * 
�017) *§1*j !*1�� , '[W:ffl�1¥J .:r. :,,- r P e.

0 
- �jc, 1., ,b� Q Maximum-Entropy 17) J: 5 vc.filE L 

-c 1., , Q  17) -C', 1:7 1 :,,- F 1:7 i7)f,:ii�vi fJ: I., ' .  ;:. 17) Maximum-Entropy 17) .ft�h· G;J(CJDt-: ,,� 17 -

7.. A:.. !l r 1I ,,vi ,  El c@l1m-'E- -r' 11, (Auto-Regressive Method) iJ, G ;J(CJDt-: <b i7) c ,  [AJ�-C,� 0 

;:. c iJ;fil[§J,f 2- h-C .to  9 ,  -thvit'XA-C'� X. G h Q  (ULRYCH and BISHOP, 1975). 
p . M P(f) = -M- / 1 + I; ane-i2irfn'1t 1 -2 2/ N n = l  

f N = 2�t : Nyquist frequency 

PM : 7illU�&i7) :$t1tx 

;:. ;:. -C·{"X� M 17) rR:fEVC. "J 1., ,  -C vi ,  �tt!i • r:p J I I  (1972) vc. J: Q FPE (final prediction error) 
!7 7 -1' T 1J � /� ffl� c L -C ffl \, ,  Q ;:_ c vc.-t Q .  ;:_ h vi El a@1m-'E- T /1, vc. x;f L,  J&X: $ 

(most likelihood) 17) .ft�iJ. G �  � t-: 2- ht-: <b 17) -C', t'XA-C'� x. Gh Q .  

FPE=E ((x(s)-x(s))2J 
x(s ): Ji 17) fil[ 

x(s): .:f:- -r' 1Hc. J: Q 7a{U{@ 

= N+ (M+ l) 
SM2 

N- (M+ l) 

N :  -r' - 3<' �  

M :  .:f:- -r' 11, 17) t'X� 

SM2
: 7if{U�Uti7)5J1tx. 

FPE {@iJ�:i&,J\ c f.t Q t'X� M �, :i& <b .Bl 1., , .:f:- 7' 11, c L -C1*ffi-t Q .  

7mU�� 7 1 11, 3<' - �>.KCJD Q :15$ c  L-Cvi ,  *§1*j!*1�� !t. L -C Yule-Walker i7)jj�A 

�m < :15$ (AF (! c rJ¥.k.'.) c ,  Burg i7) 7 ;1, :1 1J ;( A �ffi 1., , -c :m < :1J$ (BG $ c U1-.k.'.) iJ� 

t0 IJ , ;:. 17) 1w-evt ,  AF $ vc. "JI., , -c J&� Q .  
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1 N Rxx([)= ;� 
N 

f
1 

{x(s +l) -mx} {x(s) -mx} 

1 N 
mx = Iim -N I: x(s) 

N-+o:> s = l  
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iJ;�x_ G .hf.::.�, M ?J(O) § c@J1i -'E- -f'1H:.J;f L, .:: .n G � Ei B�:5-J-fx:�� R:i:x(l) (l = O, 1 ,  
· · ·  · · · ,  M )  c ,  �� aM(m) (m = 1 ,  2 ,  · · · · · · , M )  c 0) ���i,  Yule-Walker O)Jj�� c 11¥ 

�i.h t " ,  � ?xA--Z::'�b � .h 0 . 

(

R(O) R(l } · · · · ·R(M- 1)

) (

aM(l) 

) 
((I) \ 

R(l )  R(O) · · · · · ·R(M-2) aM(2) = R(2) ) 
R�M - 1) R(O:) a)M) \ R(M) · 

!e-?x�v:. "'J" , '"C ,  .:t.h-f .h t.  O)Jj�A'z'M < 0) �i::k�--z::,� � iJ\ Levinson 0) -=f.iwt @"  v:. J: IJ ,  

1 ?XiJ� G /IJ -k v:.3J<<JO t " ,  < :::. c iJ;--z:, @"  0 C�rfu • q:r J I I  1972) . 
1) 0 El Bt§1*11*J�O)ti�fuf�:1<<JO 0 .  

l=O, 1 ,  2, . . . · · · , MMAX v:.xt L '"C ,  

A 1 N- i  
R(l) = N  fJx(s + l)- mx} {x(s) - mx} 

2) 0 ao(l)= O, a2(0) =.R(O) c :to < . 
3) 0 M = l ,  2, · · · · · · , MMAX v:.x't L '"C ,  �?x, 

1 A M-1 " i) aM(M) = 
a2(M) - l  {R(M) - 2�

1 �M-i(m) R(M -m)} 

f.::.t..!. L,  M= l O)�, m 2 �=0.  

ii) m= l , 2 ,  · · · · · · , M- 1 v:.x;f L ,  

aM(m) =aM-1(m)-aM(N)aM-1(M-m) 

iii) a2(M)=a2(M- 1)(1 - {aM(M)2} J 

iv) FPE(M) = Z�Z�! a2(M) 

Z'>.K<l0 0 .  

4) 0 7-. � !1 1' 1v W/l'.��O)fit,lf�z- ' r=O, 1 ,  2, . . .  · · · , nF t:.x;f v-c i {X;i:\v:. J: iJ 3.K<JO Q . 
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Pxx (r) 

5) 0 :ltn:�� 

11 - f. aM(m) exp ( - i 2n-2r ) m I m=l nF 
M :  FPE �,j\O) {'X� 
aM(m): M {XO) -r?J!U 7 1 ;r., � -
a2(M): M {XO)-=f?J!U��0) 7J'-fix 
nF : H �i"" �) Hfj{Bl�;t; 1 Y 1- � 

MEM � C i te. vi AR �) r::. J:: Q 7- ..--.::  !7 }, 1v :lt'.x£0) :::k � tJ: X}�Ui,  :0-'/&�0)'tfffiO) X�Q 
fC.. '&J ,-:> f.::. . Ltr, L KROMER G vc.. J:: --::i --C ,  JJ Lili: 6'9tJ: .b 9 i \., ' vc.. ---:>\., ' --C  vi�HEl'9��0) dj_---:> 1b 
I) ;ot�W � n  "( \., , 9  (ULRYCH and ' BISHOP, 1975) . 7- ..--.:: !7 I- Jv O)ffl${,fm�vi{XO)jm I) -C:' '&) 
Q .  

ffl$ffm � - ,j 2; · C 7' ..--.:: !7 1- 1v Wi flt).  

t.::.t.!. L,  M vi -=c 7'1v O) {X�, N vi 7' - � O)�"t:''&) Q .  -: O)j\vi M c N iJ�:::k � < ,  LiJ�  
t �O) 7' ..--.:: !7 1- 1v  iJ�  tJ: 66 G n� -c:- "&J Q � vc �! --::i --c n\til i"" 0 . 

t-JJ: 1) 0 -5) 0 vc�""'t.::. -:. c vi, 2 ?x5c O)f§¥tJTvc�" , --c t  -t O)  i i  iJM!i"" Q -: c n� -z:-� Q 

(�rlg • i:p J I I ,  1972) . 
2. 4. MEM $ ( AR $) II-BG $ 

Burg 0) 7 IV :::t Y �- A -C:' Vi, § c:J§!*1M��!t� L tJ: \., ' "c', TI[� vc 7 ,1 JI., � - 0) i*�� ift 
n:i"" 0 .  -f: O) �, Levinson 0) =¥we�� J=fh , ,  7' - � � .b 0 vcfUJ:§i"" Q t.::. 66 vc, lru�fllrr:15'JPJ 
vC 7 ,1 Jv � - �jE l:) -lt "C ,  -f: 0) -=f?J!U��O) 2 *f:lf:J��!J\vc-t 9 J::  :HC , f*��ift'.xE L --C \., ,  
0 (SMY�IE et al. , 1 973 ; ANDERSON, 1974). 

1 ) 0 :w];lffi{w[0) �7E 
i) R(O) =a2(0) 

ii) ai(l) N -1 

N - 1  
2 I: x(s)x(s + l) 

!_= 1 

I: ({x(s)} 2 + {x(s + 1)} 2J 
s=l 

iii) s= 1 , 2, · · · · · · , N- 1  



No. 62. 1978) 

E.'i(s+ 1 )=.x(s + 1)-ai(l)x(s) 

E.b
i(s)=x(s)-ai(l)x(s+ 1) 

2) 0 M=2, 3, . . . . . . , MMAX vc:M L'-C , �?x, 

N-M 

2 � E.J M-1 (s+M) E.bM-1 (s) 
i) ay(M) = __ s=_t _______ _ 

N-M 

� (l e:! M- 1 (s+  M)l
2
+ I E.

bM-1(s)l2) 
S = l  

ii) m= l , 2 ,  . . . . . . , M- 1 vcx;f l, '"C ,  

· aM(m)=aM-i(m) -aM(M) aM-1(M- m) 

iii) a2(M)=a2(M- 1) (1 - {aM(M)} 2J 

iv) R(M) = � aM(m) R(M- m) 
m=l 

v) s = 1, 2, . . . . . .  , N- M vcx;f L, '"C ,  

E.J M(s)= E.' M-1(s +M)-aM(M) E.bM-i(s) 

E.bM(s)= E.bM-1(s) -aM(M) E.f M-1 (s+ M) 

vi) FPE(M)- N + 
M 

+ 
1 a2(M) N-M- 1 

3) 0 A ""'  !l r 1v ffi)t��O):ftJEMHt, Appendix 2. 3. 0) 4) 0 c !RJ�vc L, --C ;J<26 G . 

4) 0 :ftXE�£ 

Appendix 2. 3. 0) 5) 0 c jR]�. 
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Burg 0) 7 Jv ::i' !) ;( A 0) 2 {'XJG�O) M31H:t, \, , ;s \, , ;s c �.7,i. l? h--C \, , Q i}�, AF i'!vi c·:rit 

1'l � h '"C \, , tJ: \, , J: :> tJ: 0) -c-, 4-@Hi "i ti c 9 \, , h '"C \, , tJ: \, ' . 

2. 5. ? Cl ;{J{7 ;( - � 

2 {X]GT - 31' 0)��' A ""' !J r ;v ffi)t��iJ� l? ?x O) J: :> tdiz> H.i'" G .: c iJ� ·-e � Q .  

1) !J µ A A ""' !J r /V 0) �x;f {mf 

r=O, 1 ,  2, . . . . . . , nF vcxt L, '"C , 

I Pyx(r) I 

2) JmiBl�����O)*f3Jf{l([ 

r=O, 1, 2, . . . . . .  , nF vcx;f L, '"C , 
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I A(f )I = I Pyx(/ ) I = I Pyx(f)I 
Pxx(f ) Pxx(f) 

x(s) '/;rA.1],  y(s) i;r lli 1J c L, y(s) r:f:t vC'Et" � h 0  x(s) c ir'JUfjvci<tJ;S-:t 0 $5J'i;r y'(s) c -t"  
0 �  (v::> �  1? y(s) =y'(s)+n(s) : · n(s) vi x(s) c ir'JUf3tJ: �f* vctJ: \, 'tffi5J) , 

Py 1y 1 = I A(f)l2 Pxx 

3) 7 :r. 1 ;( (Phase, {:ftt§) 
r=O, 1 ,  2, · · · · · · , nF vcxt L --C ,  

y?(r) =arg {Pyx(r)} 
{ v?>O : y O)jfiJ;Ji:fK!u c' \, , 0 

v?<O : x 0)1fiJ;Ji:fK1u c'\, ,  0 

4) ::i e. - v / v 1 (coherency) 

r=O, 1 ,  2, . . . . . .  , nF text L --C ,  

r(r) = I I Pyx(r) 12 
,\j Pxx(r) Pyy(r) 

;: ;h, vi lli 1J  y(s) O) r:j:t c'A1J x(s) c ir,%tJ: ��VC � 0 $5J y'(s) 0) '5c,b 0 �Wi;i;r�x_ 0 .  -t" 
td-:)'t, , 

2( ) Py ,y ,(r) 
r r = 

Pyy(r) 

s) ;t; - 7 !J -1::' - v 3 / / �  7 ;I. - 15< c��ttti) 
t§�fi1U J '/;r<XO) l 5 vc��-t" 0 �, 

J � ifU) df 

t::..t..: L, L1 fi-t"h-tn0)�0).:¥{t!UM'1¥&i;r� L, P(f)  Vl. 7' -"  !7 r 1vfiJUc', 

P(f) ,.., ( Pxx(f) Pxy(f) ) Pyx(! )  Pyy(f ) 
c'�x:. G h 0 . 

{X O)  l 5 tJ: /� 5 ;1. - 15< iJ;�� � h0 (RUNKIN and KURTZ, 1 970). 
i) peak 1::'0) Q-value = ;; 
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t::.. t.:. L fo �i e.0
- !7 O) tj=t,�,RfirBl�'"'C:· Jf �i e.0

- !1 O)�{li$j'"'C:·ti; � .  
ii) {irBtl:!t (polarization) = ii:5$

5$: = I 1 . · 4 Det <J> ,V Tr2 (J) 
iii) {irBtO):±.iWIJO)jjfP] (orientation)= + tan.- 1 (2Re(Jyx)/(Jxx :._ Jyy)� 
iv) · �3¥1:!t (ellipticity) =tan I fi I 

,h .J-:. 1 P. _ _ 1_ · . _ 1 ( 2 Im(Jyx) 
) -r-'., ,._ ,._ v, JJ - 2 sm 

Jxx+Jyy \... 

.f: 0) ff% �i@J $i 0) jj fP] � �b-t. 

2. 6. A�? t- Jt..1{7 ;C - $' 

{ /3>0 : ti i b  9 

/3<0 : tr: i b  9 
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CSAP V -A 7 A �{3!!ffl l,'"'( 7' � !1 ]', 1vtt�� IT ? �15-, &f�tJ: -'{ 7 ..,<  - 3<' �� A_:2 vc.�-t . 

1§1*11*]�0)� � : L 

m.li&:�5t.WU!� : np 

? 1 ':/ J-:' 7 :1 - F' 
n> -1' T 9 ;;- "' ". - I' I 
7

°
v ;t; '7 1  r =- ':/ Jl 

I i*� 
tc.t!.. L, o :  £,�, x :  

� A-2 7-.,..::,. !J  J- ;i,,,� 7 ;,< -3< 
Table A-2. Spectral parameters. 

BT i* FFT i* AF i* 

0 0 0 
c2 O)�f�O (.:c7'1v� 7- 4'- -v )  ':/'1°Q -Jft.*?X� 

£::,. £::,. 
0 np =L np =L 

0 0 X 

X X 0 

0 X X 

�£,�, 6 :  �IJl!AJ 

Appendix O))tifij; 

BG i* 

( .:c7'1v� 7- ::f" 7 )  ':/'1°Q-Jft.*?X� 
0 

X 

0 

X 

iiFtlMl?X . i:f:tJ 1 1*-i� (1972) : 3<··1 T � 'Y !1 � A 7 A O)@'Ett1¥Jmt1r c tu1JFfl. -+r1 = / 7-t±, 1s9p. C-+r 1 = ':/ 7- 7 1  ·f 7 )) 'ft¥Rff��=9) 
ANDERSON, N. ( 1974) : On the calculation of filter coefficients for maximum entropy analysis. 



70 

Geophysics, 39, 69-72. 
OTNEs, R. K. and ENOCHSON, L. (1972): Digital Time Series Analysis. New York, Wiley, 

66-136. 
RANKIN, D. and KURTZ, R. (1970) : Statistical study of micropulsation polarizations. J. Geophys. 

Res. , 75, 5444-5458. 
ROBINSON, E. A. and TREITEL, S. (1964) : Principles of digital filtering. Geophyics, 29, 395-404. 
SHANKS, J. L. (1967): Recursion filters for digital processing. Geophysics, 32, 33-51. 
SMYLIE, D. E., CLARKE, G. K. C. and ULRYCH, T. J. (1973) : Analysis of irregularities in the 

earth's rotation. Methods in Computational Physics, 13, ed. by B. ALDER. New York, 
Academic Press, 391-430. 

THOMSON, D. J., ROBBINS, M. F., MACLENNAN, C. G. and LANZEROTTI, L. J. (1976) : Spectral 
and windowing techniques in power spectral analysis of geomagnetic data. Phys. Earth Planet . 
Interiors, 12, 217-231. 

ULRYCH, T. J. and BISHOP, T. N. (1975) : Maximum entropy spectral analysis and autoregres­
sive decomposition. Rev. Geophys. Space Phys. ,  13, 183-200. 

WELCH, P .  D. (1967) : The use of fast Fourier transform for the estimation of power spectra: 
A method based on time averaging over short, modified periodograms. IEEE on AU-15, 2, 
70-73. 


