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h 1O : x@

1.1 O8aK

EHrQ$?jb<H;s7s0OH9rfS*FWKQ(k3H,G-k?a"-$~QOOr}D#

fGb"_jHS (30A300GHz) NxQO"bQY,r=-"!oN.?ZL="wGO)a7J$^A

fGbABD=G"kH$C?}3+ih/KJCF$k#

\&fGOY/HkMCHo</"Ji$6rQ$F,jrT&3HKhCF"_jHSK*$Fb6

}HLjr,j9k3H,D=HJCF$k#^?"#tN~HtG,jrT&3HKhj"~Htps

N_GJ/"<5psb@k3H,D=HJk#

l}"#GKe<ikMCHo</O6}HLjr0g*Khj7&3H,G-kC’r}CF*j"

E’HW,KP9k~Qb7P7Pn_ilF-?#

=3Gf9O3liNC’r8+7F"Ofd_*N’1rT&3Hr\*H9k#

1.2 &fNXJ

g.+}l<@79F‘Ke=5lkEHKhk*N#|;QO-$~QOOr}D [1]#=lO"=N

h&Jl<@79F‘GxQ5lk_jHd^$/mH,"DkwKfYF9$H9r-9k?a"e,

J@KJINM9J6xKhk[}d6pK/$H$&C’r}D?aG"k#^?"E’HNH9rDQ

K9k3HKhCF"[}d6pNH9C-KM87?!P"’1rT&3HbD=G"k#^?"PH

FM-CW l<@JINh&K"PHpsbQK*KxQ7FW,rT&H@C?&fbJ5lF$k [2]#

^?"Ofl<@ (Ground Penetrating Radar:GPR) OOX"d_*JINO<=$rb.&b:YK

Dk=G-k$a<8s0l<@H7FBQ=,JsG$k [3] [4, 5]#Ofl<@O"=NC’+iO<

e.4:"dW4:"Ok5:JIM9J,nG~Q,J5lF$k#

l}"3Nh&JE’HKhkP]*!P&’1K*$FO"3R<ls9Nb$E’HrQ$F$k

?a"E’H/Y@1GOJ/Ljpsb@k3H,TolF$k#=lKhCF"?H(PRu!JI

rQ$F"eu+iZON=LNxQu7r@k@1GJ/"ZON/zKD$Fb1~Kpsr@k3

H,G-k#

=7FLo"!P5l??MH"k$O)aHN8G<?O"?i+NAGpsh}5lF"PO.f

H7FhjP5lk#a/"=3KX,-d+JH%=!=r}C?Ke<ikMCHo</rQ$k3

HKhj"hjbYJpsh}rB=7"b$P]*N’1-dh|F=.-r@h&H9kn_,J5

lF$k [6]#CK"#GKe<ikMCHo</ [7] [8] O6}HLjr0g*Khj7&3H,G-k

3H+i"E’HW,KX9k~Qb7P7PTolF-? [9]#

3liNC’+i6E(Q=d6E(-&KhkLjQ=Ke\9k3HKhj"?M(,c$Wi9

AC/JIN1LrzL*KT&3H,|TG-k#3N;Q,D=HJlP"Wi9AC/PMOkJ

IN5Nr-zKT(kH$C?~Q,|TG-k#
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h 1 O: x@

1.3 _jHrQ$?\&fNC’

_jHrQ$FOk5Nr\X9\&fNC’H7FO!Nh&J3H,"2ilk#

^:"2ilkC’O"<Y}~N,r=N~e,|TG-kH$&vG"k#,jKHQ9k~Ht

}, fs G"kH9kH"~V,r= ∆T O!Nh&K=93H,G-k#

∆T =
1

fs
(1.1)

_jHSGOsoK-OJ~HtrxQ9k3H,G-k?a (\&fGO 10GHz xYrM(F$k)"

t;sAxYN<Y}~N,r=rB=9k3H,G-kHM(il"=lKhCFO=+it;sAx

YNH3mKd_5l?PMOkH"O=GN?Mr1LG-kD=-,"k#

^?"OkNh&J#(JAur}D*N+iNl<@6pGLQO~HtM8-r-9k#H9Kf

YF?M*N,.5$lgOl$j<6p,88"3lOH9KfYFg-J*NG"k[I/$?Mr

88k?a"_jHH$&H9,;$ShrQ$k3HO-zG"kHM(ilk#

^?"\79F‘O#t~HtrQ$?G<?rh@9k3H,D=G"k?a"M)*J=$r}D

Wi9AC/OkGN&6=]d"uV*JF/9AcNc$Khk~HtNhGNLjNfi.JIr

Hi(k3H,|TG-k#

1.4 Wi9AC/Ok5N79F‘N5W

\@8GOgK"l<@$a<8h,=Nj!"ZS"G<?h@N?aNB379F‘N=.H"U

o9k}@JIr\7/RYk#3lO"f9N0k<W,sF9kWi9AC/Ok5N79F‘Nl

t,G"k#

f9N0k<WGOBQrU17?Wi9AC/Ok5N79F‘N+/rJaF*j"4NN=.O

^ 1.1 NMKJCF$k#

\79F‘O"g-/,jt,"h,=t,"’1t,N3D+iJCF$k#h,=t,KD$F\

@8G\7/RYk#

1.4.1 ,jt,

BQLrM89kH",jt,O.?ZL+Db.K,j,G-k3H,Wa5lk#^?"\79F

‘O~Htrg-/Q=5;F,jrT&?a"-Sh-bWa5lk#

e-NWar~?9?a"f9N0k<WGO9GK.?ZLJ"sFJrsF7F$k<5>#3N"

sFJrs!5"l$=9k3HKhj"b.J,jNB=r\X7F$k#

1.4.2 h,=t,

,jt,Gh@5l?#t~HtGNl<@$a<8r"$/D+NNhKh,=9k#3Nh,=O

gK#G+JH%=^CWrQ$FTolk#

\Yr\@8GRYk#
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h 1 O: x@

^ 1.1: Wi9AC/Ok5N79F‘N5W#
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h 1 O: x@

1.4.3 ’1t,

h,=t,G$/D+NNhK,1il?l<@$a<8KP7F"=l>lNNh,I&$C?bN

KP~9k+r’19k#

=_f9N0k<WGO"3Nt,r#G"[-1 (Complex-valued Associative Memory) rQ$F,

~*Kh}9k3Hr!$7"M9JB3rTCF$k#

1.5 \@8N=.

\@8N=.H7FO"^:h 2 OG\&fN~QH7F|T5lkOk5NKX9k=uKD$FR

Yk#h 3 OGO\&fNW,".fh}JIN}@KD$FRYk#h 4 OGOsF9kB379F‘

rQ$?B3kLKD$FRYk#h 5 OGO"uV,r=r~e5;kg.+}h}KD$FRYk#

h 6 OGO"~HtNhK*1kLjQ=Nfi.Ke\7?~1j!KD$FRYk#h 7 OGOB3

kLKP9kM!rRYk#h 8 OGO\@8N^HarRYk#
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h 2O : Ofl<@HOk5N

b0&sb0rdo:Ofd_*r5NG-kOfl<@OOk5NQ;s5H7FNBQ=,|T5l

F$k#$&*KOOfl<@rOk5NK~Q9k?aN&fO9GK?tsp5lF$k [10–13]#7

+7"BQ=Kjk^GKOrh9Y-dj@,$/D+X&5lF$k#33GO"Ok5N&|nK

X9kdj@d]jrM9JQY+iRYk#

2.1 Ok|nK*1k]j

=_"OeeKOs1/DbNT@JOk,d^CF$kHM(ilF*j"5iK/V200|DN

dgG}(F$CF$k [14] [15]#

"U,K9?srcKHCF_kH"=_Nh&JMNjKjC?}!GO"qZN&Ao:+ 20%N

ZONOkr|n9kNG5("s 4,300 /O++kHM(ilF$k#^?""U,K9?sGO3N

15 /VGOkKhCF 20,000 MbNT1,‘47"400,000 MbNT1,i}7?H@olF$k#

=uGO"Ok|nOltNlgHNjnHKhCFJailF$k,"|nnHfNvNb/J/J

$#?Q9kH"5,000 DNOkr|n9khKlMNlgH,‘47"2 M,i}7F$k#3N^^G

O"$&fNOkr|n9k?aKO 20,000 MbNlgHN?,>7KJkW;KJk [16]#

JeNh&Jvp+i=_"Ok5N!N+/,^3HJj"FqG&f,JailF$k [17] [18]#

f,qK*$Fb"8tJXJVPMOkN5N&|n;QKX9k&f+/KX9k&fqW,?.

14/5n27|Khj^Ha?spqVPMOkN5N&|n;QKX9k&f+/NJa}KD$FW

KpE$FJX;Q6=vHD,VM;*Q@+iNPMOkN5N&|nh0rYg9k;s7s0;

Q""/;9&)f;QN&f+/WrdJ7F$k [19]#3NWm8’/HO3/r\SK"OkHZ

mN*-MNjP*Jc$Ke\7"PMOkrB4"NB+Dz(*K5ND=J;s7s0;Qd"

fS*?3JOk6KB4+Dz(*K;s5"^KTel<?yr}A~‘?aNsV‘nD=J"/

;9!‘d"=lKue9k^KTel<?ZS=N)f;QN+/r\X7F$k#^?"5/r\S

OkK^^lkPt+NN-AKbe\7"PMOkrhjlXB4"NB+Dz(*K5ND=J;s

7s0;Qd"?MJOANOk6KB4+Dz(*K;s5"^KTel<?yr}A~‘?aNbY

J"/;9&)f;Q"5iKO"OkNN’d|nNnHKxQD=J+’)f"P$iFik)fy

NbYJ^KTel<7gs;QN+/r\X7F$k#

2.2 M;*PMOk5N&|nN,W-

Ok5NKO"M;*PMOk5N&|nH3vQOk5N&|nN2o‘,"k#

3liNjc@O= 2.1 Nh&K^Hailk [20]#

= 2.1 r+Fb,+kLj"M;*PMOk5N&|nH3vQOk5N&|nO"\A*K\*,[

JCF$k#CK"M;*PMOk5N&|nGO"|neNZOxQrM8K$lk?a"OfGOk

rzK9kH$C?h}N}!O""8rKu7?j"@LOG"klgKO"OkNKR,=NeN@

Lrq7/9k?aK">^7$}!GOJ$#
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h 2 O: Ofl<@HOk5N

= 2.1: M;*PMOk5N&|nH3vQOk5N&|nNjc@#

M;*PMOk5N&|n 3vQOk5N&|n

5N&|nNOh lLT1N8hw"@O"3S

y

olG3N\0noK,WJl

jN_

5N&|nNOkNC’ lLT1,>7KJkOkN5

N&|n

rofN(3NOk5N&|n

5N&|nNOkNo‘ PMOk PMOk"PoVOk"__z

ty

5N&|nN~| ohd6h,04K*k7?e o~f&6hf

5N&|nOkNhj7$ o‘Htrx=7"9YFQ~

h}

lLK"x=7J$

5N&|nK>v9kM 1}ru1?lgH"q"N!

X"NGO

3M"PKF

5N&|nNB4NxY B4rG%h ?/N>7"j

5N&|n( 100%Ka$ 100%KOxs$

5N&|nN$q5 100%Ka$?a;Q*KFWG

OJ$

100%KOxs$?a;Q*KF

W

5N&|n;Q 5N;QKbYJ;Q,Wa5

lk#

ClJ=$NEV>KhjzK"

zw

5N&|neND- "8r]87?}!G5N&|

n

zK"-yKhk"8Ku";

15k

5N&|n} Ok,d_5lF$k9YFN

ZO

3bN\0K,WJ 1m +i 5m

xY

5N&|ne ZONFxQH?B*|=r\

X9

ZONFxQr\X5J$

5N&|n!N=$ PF=$GJ/ZuwJ!o PF=$GEuwJ!o"po

Nk\

5N&|nN~V 9~V+1Fb$.j-,Wa

5lk

;~VGh}73b,V~K\

09k

5N&|n!N\Y p\*Kx=5lk poG"k?a\YOx=5l

J$

5N&|n!N]-AV qd1V"NGO ,]- 3,]-

poH7FNhj7$ ?B\*J0NQSKHolJ

$3H,EW

noeNEWJpo

3vQXN>QD=- ?B\*J0NQSKHolJ

$3H,EW

Gi+ipo?QNEM

tJN>QD=- ?B\*J0NQSKHolJ

$3H,EW

Gi+i_j?j,J

6



h 2 O: Ofl<@HOk5N

2.3 PMOk5N&|nKX9k&f

Ok|nrCK$qJbNH7F$kN,"Wi9AC/OkG"k#Wi9AC/OkOb0tJr

KOHQ;: (OkKhCFO4/HQ7F$J$) KnilF$k?aK">h?NOkNh&Kb0

5N!rQ$F5N9k3H,soKq7$#^?"PMOk (anti-personnel mine:AP) O"PoVOk

(anti-tank mine:AT) HfYkH"g-5,>Bt;sAxYH.5/">NOf+iN?MH1L9k

?aKOb$uV,r=,,WHJk#"kB3K*$FO"1DNOkr’19k^GK 500 +i 1000

bNmsN,88?cb"k#

J<K"=_TolF$kPMOk5N&|nKX9k&f0~KD$FRYk#

2.3.1 b05No

HQBS,lV"kOk5N!Ob05N!G"j"=N}0Og-/,1kH’&r/)*Knj"

OkK88k2E.rW,7FOkN-5r’19k"/F#V’$}0H"’ON-5N_r5N9k

QC7V’$}0,"k#

3liN}0Ob0KP7FO-zG"k,"Wi9AC/ZSZ=FoNPMOkN5NO$qG"

k#=uGO"Wi9AC/OkbK"k/zuVbN1 g J<Nb0r5N9kj!,B\5lF$k

,"OkJ0NVb0LWZSVb0RWr5N7F7^$"5N(rx7/c<5;F$k#

2.3.2 Ofl<@rQ$?Ok5No

p\*J6}ORu!QNl<@H18G"k,"Ru!Nlg5N\8*H5N"sFJNVKp_

9k*AOu$HeG"k,"Of5NNlgOu$"e"ZN3B"ZNo‘"^e("6E(yNr

oKhj5NC-,[Jj"?M.fN[Jkdj,88k [21]#

=_"|\+i NGO H7F+s\8"NOk|nN?aK1VN;s5a<+,(O7F$k,"=

OK*1kOk5N-=,~e7J$}3H7F"PMOkNd_D-ZSiFi$HZANFAKhk

EHC-NQ=,g-J6xHWolF$k#^?"EHNC-H7F"OfK~1FEHr/M7?l

g"O=LK*1k?M,g-/"5N\8*JOkKN.f,3NN$:NfKdblF7^$5N(

Nc<N6xHJCF$k#

7



h 3O : }@

3.1 ,jN6}

\&fGQ$k,jOGO_jHN/."rOK VNA(Vector Network Analyser) rQ$F$k#\O

GO VNA rQ$?Fo,jN6}KD$FRYk#

3.2 VNANp\6}

Vector Network Analyzer(VNA) O"RF .ffN6}H"LjNP}rrO9k3H,G-k,jo

G"j""Ji$6+iN~M.fH"F9H&GP$9rLaJb7/O?MK7?Aw.frfS9

k3HKhCF S-Qia<?JIr,j9k3H,G-k (^ 3.1) [22] [23]#

MCHo</rC-=9kQia<?H7FO H-Qia<?"Y-Qia<?"Z-Qia<?JI,"k

,"3liNQia<?r@k?aKO"MCHo</N~O]<H"^?OPO]<HK*1kE5M

dE.Mr~HtNXtH7F,j9k,W,"k#^?",jNltH7F"+|+;m*<N$:l

+rB\9k,W,"k#7+7"b~HGOWm<V+NK5kG-J$[IN$sT<@s9,"k

?a"E5WdE.Wr\39k3H+N,5NJ,jr82F7^&#^?""/F#VGP$9GO"

;md+|KhCF/67?j"ulk3H,"k#

3Nh&J@rn~9k?aK+/5l?N, S-Qia<?G"kJ^ 3.2)#]<H 1,2 GN~M.f

r=l>l a1, a2"?M.fr b1, b2 H7?H-K"S-Qia<?O0 (3.1) G?(ilk#

(
S11 S12

S21 S22

)
=




b1
a1

∣∣∣∣
a2=0

b1
a2

∣∣∣∣
a1=0

b2
a1

∣∣∣∣
a2=0

b2
a2

∣∣∣∣
a1=0


 (3.1)

f9NB3GO VNA rQ$F S-Qia<?N&A"S11 N_rW,7F$k#

3.3 VNArQ$?FDR

Frequency-Domain Reflectometry(FDR) O~HtNhK*$FN?M,jG"j"VNA GO~Ht]

z,jKhCFB=9k3H,G-k#

VNA b"N/.oKhCF

x(t) = exp(jωt) (3.2)

H$&59H,/85lF$kH-"DUT rL7?F9H.f, y(t) G"kH9kH"VNA GO

S11 =
y(t)

x(t)
= y(t) exp(−jωt) (3.3)

H$&kLrQ,7F$k3HHJj"=lKhCF FDR rB=7F$k [24] [25]#
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D U T

PHASE
DETECTOR

Microwave Source Splitter

Reference
Signal

Test
Signal

^ 3.1: 9WjC?G,d5l?p‘.fH,jP] (DUT:Device Under Test) rP

37?F9H.frfS9k3HKhCFrOrT&#

S21 Forward Transmission

S22 Reverse
Reflection

S11 Forward
Reflection

S12 Reverse Transmission

PORT 1 PORT 2

D U T

^ 3.2: S-Qia<?N50^
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3.4 VNArQ$?TDR

Time-Domain Reflectometry(TDR) O~VNhK*$FN?M,jG"j">\,j9kKO"b.N

9FCWHAruC7"b.*7m93<WG=lr,j9kH$&}!,"k#

l}"VNA rQ$F TDR rB=9kKO"FDR G<?rW,9lPI$#

~AJ79F‘K*$FO"~O x(t) HPO y(t) NX8O"79F‘N$sQk9~z h(t) rQ$F

!Nh&Jv_~_Q,G=93H,G-k#

y(t) =

∫ ∞

−∞
h(τ)x(t − τ)dτ (3.4)

33G"~O,0 (3.2) G?(ilklg"0 (3.4) rQA9kH

y(t) =

∫ ∞

−∞
h(τ) exp (jω(t− τ))dτ (3.5)

= exp (jωt)

∫ ∞

−∞
h(τ) exp (−jωτ)dτ (3.6)

= exp(jωt)H(jω) (3.7)

HJk+i"0 (3.3) rM89kH"

H(jω) = S11 (3.8)

HJk+i"

h(t) = F−1 [S11] (3.9)

HJj"FDR G<?rUU<j(Q99k3HKhCF TDR ,B=G-k3H,,+k#

33G"U<j(Q9 F"UU<j(Q9 F−1
O!Nh&KjA5lk#

F (ω) = F [f(t)] =

∫ ∞

−∞
f(t) exp (−jωt)dt (3.10)

f(t) = F−1 [F (ω)] =

∫ ∞

−∞
F (ω) exp (jωt)dω (3.11)

cH7F"^ 3.3 NMK""sFJ+iw% r/2 @1%l?ljK}[3NN?MN,"klgrM(

k#:jrM(J$bNH7"Htr kH9kH"u..f y(t) O"

y(t) = exp {j(ωt− kr)}

= exp
{
jω(t− r

c
)
}

(3.12)

HJk#?@7"cOw.G"k#

3N~"0 (3.7)(3.9) hj"

h(t) = F−1
[
exp

(
−jω r

c

)]

= δ
(
t− r

c

)
(3.13)

HJj"~VNhGN$sQk9~zHJCF$k3H,N’G-k#
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r
2exp(jωt)

x(t) y(t)

h(t)

PHASE
DETECTOR

^ 3.3: 3Nlg"DUT O?M*r^‘uVG"j"uVN$sQk9~z, h(t) H
Jk#
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3.5 #G?+JH%=^CWrQ$?,~*h|h,=

l<@$a<8s0K*1kEWJh}NlDH7Fh|h,=,"2ilk#InSAR JIN3D?N

l<@rQ$F,jrT&H"6}JP]*N?M(r?GKHLjJ"sFJHP]*Nw%r?GK

r^s@#GG<?r@k3H,D=G"k#

1l~HtGN3D?g.+}l<@ (InSAR) G<?K*$FO"h|h,=rT&]K#G?+JH

%=^CW [26] rQ$k3H,-zG"k3H,9GK Suksmono iKhCFN’5lF$k [27]#

SOM(Self Organizing Map:+JH%=^CW) [28] [29] [30] rQ$?l<@h|h,=GO^:l<@

h|r.5JVmC/K,d7"=NVmC/4HK"=NVmC/N}W*-Ar?G7?C’Y/H

kr8.9k#3NC’Y/HkNpsuVK*1k,[r?G9kh&Jh,=rT&3HKhj"h

|h,=rTCF$k#

3.6 ~HtNhKH%5l?,~*0!5l<@h|h,=

\&fNg-JC’H7F"#t~HtK*$FW,rTCF$kH$&3H,s2ilk#\&fN

\*Gb"kOfd_*5:rT&]KO"<5}~NpsH$&bN,TDgG"j"\79F‘GO

=lr#t~HtrxQ7?3D?l<@rQ$k3HKhCFB=7h&H7F$k#

~HtNhGNG<?,"~V}~J\&fK*$FO<5}~KNG<?H\A*KOyAG"kH

$&3HO"U<j(Q9JINj!KhCFbN’,G-k,"\@8GO"U<j(Q9Nh&K~

HtH~Vpsr~AKQ99kNGOJ/",~*Kh}rT&3HrM(">hNuVNhN_NC

’Y/HkjPrH%7"~HtpsrQK*KxQ7?C’Y/HkjPj!rsF9k#

3.7 ~HtNhKH%5l?C’Y/HkNjP

^ 3.4 K(9h&K"h,=79F‘OC’jPoH"+JH%=^CW (SOM:Self Organizing Map)

NsJ+iJCF$k#

^:",j~Ht@t F gN~Oh|+i=l>l L×LN.VmC/,ZjP5lk#=Ne"C’

jPoKhCF=NVmC/N}W*-Ar(9C’Y/HkJ#G?N?QMH&,6KrW;9k#

=Ne"C’Y/HkO SOM KP9k~OHJj"=NVmC/,IN/i9K09k+r,‘9k#

JeNnHr9YFNVmC/G+jV7"G**Jh,=,Tolk#

\79F‘K*$FO"FVmC/O?QM"s!N&,6K(ξ, η) H$C?}W*JLKhCFC’

U1ilk#^?"K O"p‘~Ht fb bNuVNhK*1k&,6Ks H"\@8,7?KsF9k

~HtNhK*1k&,6Kf K,1ilk#33G"(i, j) @N~Ht f K*1kG<?r z(i, j, f) =

(In-phase voltage) +
√
−1× (quadrature-phase voltage) H9kH-"L×LNVmC/NM"K O!N

0G?(ilk#

M =
1

L2

L−2∑

i=0

L−2∑

j=0

z(i, j, fb) (3.14)

K(ξ, η,∆f) =
1

L2

L−2∑

i=0

L−2∑

j=0

z(i, j, fb)z
∗(i+ ξ, j + η, fb + ∆f) (3.15)

\79F‘GO3lr2!^GM(F$k#9JoA"?QM",6K(0, 0, 0)((Mk.<)"&,6

K(0, 1, 0)"K(1, 0, 0)"K(1, 1, 0)"=7F~HtNhK*1k&,6K(0, 0,∆fn) rM(k#hCF"C

12
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z(1,1,1) z(L,L,F)

Rader Image

Block
1 . . . . . .L

1
:
L

1

F

Feature Extractor
 Feature vector K 

SOM

O1 O2 ON-1 ON

Label output

^ 3.4: ,~*0!5l<@h|h,=79F‘N=.
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’Y/HkK O!Nh&KJk#

K ≡ [Ks,Kf ] (3.16)

Ks ≡ [M,K(0, 0, 0),K(0, 1, 0),K(1, 0, 0),K(1, 1, 0)] (3.17)

Kf ≡ [K(0, 0,∆f1),K(0, 0,∆f2), · · · ,K(0, 0,∆fn)] (3.18)

0 (6.21)..(3.18) K*$F"K(0, 0, 0) OoKBtG"j"=N>O#GtG"k#

3Nh&K"~Ht}~KP7Fb&,6rHk3HKhj"CjN<5Nt,K~OKfYFC’*

Jt,,"C?lgKO"=N<5KP~7?CjN~HtKC’*JM,!P5lk3H,|TG-k#

^?"=lKhCF"=Nt,,C’Y/HkK NpsuVeGLNNhK,[7"=NkLH7FLN

NhH7Fh,=5lk3H,|TG-k#

Lo"f9,h|rh,=9klgrM(F_kH"3,"C?lgKO=N3rlDNNhH7Fh

,=9kG"m&#9JoA"9PNg-5Ke\9kNG"CF"9PN~-KO"^jm\7J$#

=Nh&J3HrM(kH"uVNhK*1kQia<?O5X~-G"kY-G"k#

33G"K(ξ, η, fb) ∈Ks r!Nh&K=9#

Ks(ξ, η, bf ) = |K(ξ, η, fb)| ejϕ(ξ,η,fb) (3.19)

0 (3.19) K*$FO"Lj‘ ϕ(ξ, η, fb) K9Pps,^^lF$kHM(ilk+i"9PKX7F~-

r}?J$7?JQia<?K ′s rjA9k#

K ′s(ξ, η, fb) = |K(ξ, η, fb)| ej|ϕ(ξ,η,fb)| (3.20)

0 (3.20) rQ$k3HKhCF"7?JC’Y/HkK ′ r!Nh&KjA9k#

K ′ ≡ [K ′s,Kf ] (3.21)

3.8 SOMKhkh,=HSOMN@$J_/9

\79F‘GO^ 3.4 K(5lkh&K",~*Jh,=rT&?aK SOM rQ$F$k#SOM O,

~*Jh,=rT&Ke<m*=$G"k#SOM Ol"N~O.fKP7F"e=MJ/i9re=9

kY/HkKr8.7"=NeF~OM,IN/i9K^^lk+r,‘9k#

8.5l?=l>lNe=MNpsuVK*1kLVO"~O.fNpsuVK*1k,[r?G7F

$k#3NpsuVO"C’Y/Hkr=.9kplY/HkKhCF=.5lk#e=MNLVr,~

*KQ=5;k3HKhCF"79F‘O,ZJh,=rT&3H,G-k#

,~*Je=MN8.OJ<Nh&JjgGTolk#33GO"/i9Nt,Gj5lF$klgr

M(k#/i9NtO"Wj1<7gsN-Ad"~Oh|KhCFhailk#^ 3.5 O"SOM Khk

,~*.fh}r50*K(7?*G"k#

O8aK"e=MrpsuVKis@‘K[V9k#=Ne"C’Y/Hk,lDlD SOM K~O5

lk#SOM O~O5l?C’Y/HkKGba$e=Y/Hkr57"~OY/HkOGba$e=Y

/HkKe=5lk/i9K,‘5lk#=lH1~K"e=Y/HkO/7@1~OY/HkN}Xa

U1ilk#3NnHr+jV93HKhCF"3Ne=Y/HkO~OY/HkNpsuVK*1k;

Y,b$}X\09k#

14
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Input

Nearest(winner)
 representing vector

Input

Updated

Classified
into 

Representing vectors

Repeat for each input

(a)

(b)

ŝ
ŝ ŝ

^ 3.5: SOM N50^
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e=MNLVNQ9,*;7?i"!K SOM O~OY/HkN,‘rT&#3N,‘O1cKINe

=Y/Hk,Gb~OY/HkKa$+KhCFTolk#e=MO9GK"~OY/HkNuV,[r

?G7F$kNG"3&$C?1cJ}!GbG,J,‘,Tolk#

J<K"e=MN8.H"~OC’Y/HkN,‘rT&"k4j:‘r(9#

,~*Je=Y/HkN8.’

1) 2HY/HkNi|=’2HY/Hkws(t)(t = 0) ris@‘Ki|=9k%

2) e=@N97H,~*,‘’=l>lNC’Y/HkK ′ KP7FJ<N (a)(b) r+jV9%

2.1 K ′,09k/i9 Cŝ r59%

K ′ ∈ Cŝ
if ‖K ′ −wŝ(t)‖ = min

s
{‖K ′ −ws(t)‖} (3.22)

33G$Cŝ O/i9G"j$‖.‖Of</jCIw%r=9%

2.2 2HY/Hkr979k%

ws(t+ 1) = ws(t) + hsŝ(t)[K
′ −ws(t)] (3.23)

33G"hsŝ(t) Oa5XtG"k#

a5rQ$F$J$ SOM GOIjj_nQ,88J$?aK$"3XtNaw,G-J$D=-,"

k%D^j$O}*Ka/$"kv?X*w%J$K"k#tNN<Ir18~O xKP7Fh-=9k

3HKhj$Ij*JKB^?O?j+r8‘3H,G-k%=7F$"37FX,rJak3HKhC

FgI*JgxE1rB=G-k%

33G"G,N<I cH$$UNN<I iKP7F$~o tK*1ka5XtO hci(t) H==G-k%

a5XtOJ<Nh&K=93H,G-k%

hci(t) =




α(t) (i ∈ Nc)
0 (i /∈ Nc)

(3.24)

33G$αOX,(8tHFPl$0 ≤ α ≤ 1 NMrHk%α(t) H Nc Ng-5Ja5NOOKO>}

Hb$~VHHbK:/5;k3H,?$%CK SOM rQ$?X,,}+9k?aKO$

hci(t)→ 0 as t→∞ (3.25)

G"k,W,"k%hjji+Ja5rB=9k?aK$J<Nh&J,&9XtrQ$k3Hb"k%

= hci(t) = α(t) · exp

(
−‖rc − ri‖

2σ2(t)

)
(3.26)

3.9 B379F‘N=.

B379F‘O"^ 3.6 G(5lkh&K"?Lv:OH7FN X Y LVhaF<Vk"~Ht4eG

N,jrT&_jHUmsH(sIt"=7F"79F‘4Nr)f9k PC rf4H7?)ft+i=

.5lk#
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Milli-meter
front-end

XY-positioning Table

Power
Controller

antenna

System Controller:PC
RS-232C

GP-IB

Object

Complex-valued radar-image

^ 3.6: XY s!5LV)f,D=JF<VkNeK VNA K\;""sFJHNjP

LV,Q=7J$h&KJCF$k#79F‘4NO PC KhCF)f"W,,+0*K

Tolk#

3.10 ?Lv:O

?Lv:OO"X 4"Y 4N24NLVhauVrH_go;F=.5lF*j"=l>lOQo<3

sHm<i+i!k5lkE.KhCFs>Hk/r/89kb<?KhCFn07F$k#LVha:

YO ±0.1mm G"D0OOO 1000mm × 950mm G"k#

3NLVhauVeK"_jHUmsH(sItk\QN"k_gb=NF<Vkrn=7F_V7F

$k#3NF<VkO VNA N>nI_QN9HCQ<H"sFJhjU1QN,$Ir-7F$k#"

sFJO95 1250mm N,$INh<K_V5lF*j"v:Or=.9kb0KhkFArc:9kh

&K_W7?#

^?";s5tG"k"sFJN_GJ/"_jHUmsH(sIt4Nrv:OKH_~‘=$H7

?NO"W,oH"sFJNjPLVNQ=KhCF88k1<VkNQArc:9k?aG"k#3l

O"\B3GO6}psN_GOJ/LjpsbxQ7F*j"^?"\B3GO_jHSH$&soK

H9,;$ShNEHrxQ7F$k?a"1<VkNQAKhkLjQ=,5kG-J$HM(ilk

?aG"k#

3.11 _jHUmsH(sIt

_jHUmsH(sItOB]K_jHrQ$FW,rT&#,j6}H7FOh 3.2 aGRY?h&

K"/.oKhCF8.5l?.fr,HoG,H7"=N&Al}r,jKQ$">}r2H.fH7

FQ$k#,jP]rP37?NA"FSu.5l?,j.fH"2H.fr3D5;k3HKhCF,

jP]Khk6}"LjNQ=r!P9k#3liNnHO VNA KhCFTolk#

,j.fN.lH7FO"VNA +iP?.fOQAKhkLjQ=,.5$j8CI141<Vkr

L7Fw.Q[<s"sFJKkE5lk#[<s"sFJ+i|M5l?EHO,jP]G?M7?e

K"u.Q[<s"sFJGu.5l"FSj8CI1<VkrLCF VNA Kak#

3NkLH7F"u.5lk.fO1<Vk""sFJ"uV",jP]KX9kpsr}CF$k#
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@$9(lP"0 (3.9) G?(ilk$sQk9~zO"3NlgO1<Vk""sFJ"uV",jP

]4NN79F‘KX9k$sQk9~zHJCF$k#

3.12 )ft

)ftOgK"XY LVhaF<VkQQo<3sHm<iH PC KhCF=.5lk#

XY LVhaF<VkQQo<3sHm<iO"XY LVhaF<VkN X 4"Y 4Qb<?K!k9

kE.r=l>lH)K)f9k3HKhj"s!50nrD=H7F$k#^?"b<?KU07?(

s3<@,b<?Ns>QK~8?E$.fr3sHm<iKPO9k#3sHm<iO3N(s3<@

.frLVU#<IPC/.fH7FQ$k3HKhCF"±0.1mm H$&:YGNLVharB=7F

$k#

PC O"XY LVhaF<VkQQo<3sHm<i)f"VNA )f"W,G<?Nu.rTCF$k#

XY LVhaF<VkQQo<3sHm<iO"PC +i RS-232C $s?<U’<9rL8F0n)f

5lF*j"XY LVhaF<VkNLV".Y"C.YJINpsr PC KU#<IPC/7F$k#

VNA O PC +i GP-IB $s?<U’<9rL8F)f5lF*j",jkLd"W,uVJIr PC

KU#<IPC/7F$k#

4NN)fO PC KhCFTolF*j"\79F‘O)fQ PC H7F EPSON = PC9801 _9!

PC-486SE rHQ7")fQNWm0i‘O C++rQ$F-R7?#

3.13 W,5lkG<?NC’

3l^GRY?h&K"XY s!5,jOONF@K*$F"~Ht F NhGN]zrT&3HKhC

F"XY F 0!5GNG<?,h@G-k#qN*K@(P"FT/;kM, VNA KhCF,j5lk

#G?NG<? S11 G"kX × Y T/;kNh|,,j~Ht@t F gh@G-kH$&3HG"k#

3liNh|r$C?s PC Khj~s@e"Foh}rTCF$/3HrM(k#

18
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Millimeter wave
generator [Ka-band]

90-deg shifter Conversion
into amplitude

and phase

Complex-valued
image data

Transmitting
antenna

Receiving
antenna

Earth

Complex-valued
SOM

(Vector network analyzer)

In-phase
Voltage

Q
ua

dr
at

ur
e

V
ol

ta
ge

Arg(z)

|z|

^ 3.7: _jHUmsH(sIN=.#gK VNA(Vector Network Analyzer) H[<

s"sFJ+i=.5lk#
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XY-Positioning  Table

Antenna & Object

Power Controller

PC(System controller) 

VNA

^ 3.8: B]NB3uVNMR#^ 3.6 KP~9k#
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4.1 B3K*1ktQia<?

,jO"sFJr<~-K~1$OLrQ,9kh&JAGTC?%= 4.1 K=l>lN,jP]N=

.r^Ha?%O<OkOPtNeojKPtH1yN6E(r}D<6*rQ$F$kJ0O$B*K

iBKn=5lF$k%\B3GOfq= TYPE72 ?OkNO<OkrQ$?%,jKX9ktQia<

?O= 4.2 NLjG"k%

4.2 O=LKV+l?b0LKX9kB3

^:$O=LKV+l?b0LN,jrTC?%?bh}rC(F$J$,jkLN&A$~Ht,

30GHz GN,jkLr=(7?bN,^ 4.1 N8&Nh|G"k%3Nh|GO$6}HLjrr0l<

91<kG=(7F$k%3Nh&K$b0Nh&K?M(Nb$bNrO=LKV$F>\,j7?l

gO$,jkLrMVN\G+kH$f{~UK]$_uNbN,8_9k3H,+Fhlk%

3NkLr$#G? SOM rQ$Fh,=7?kL,^ 4.1 N&&G"k%3Nh|GO$0l<91<

kN=l>lN’r"klDN/i9KP~5;F$k%^?$=l>lN/i9N=(’O$h|fN

LQ,g-$bN+igK$*_$,a$’KJiJ$h&KhaF$k%3NkLr+kH$?bh}

7F$J$G<?GO$f{NQ?<s,14_uKQ=7F$kKbXoi:$=NQ?<srlDN

NhH7Fh,=G-F$k3H,+Fhlk%MV,3Nh}0NG<?r+?lgKO$*=i/f

{UaK_uN*N,"j$=N~jOis@‘G"kH$C?wK’19k@m&%3N3HrM(k

H$#G? SOM Khkh,=NkLOEvJbNG"kHM(ilk%

4.3 O=La/Kd_5l?b0LKX9kB3

!K$O=La/Kd_5l?b0LKX9kB3rTC?%,jkLO^ 4.2 N&&NMKJC?%^

:$^ 4.1 HfYFo+kh&K$O=GN?MN?aKb0Khk?MNFA,fS*.5/JCF$

k%f4UaKO_AN?MQ?<s,+(kbNN$O=KV$?lgNkLKfYkHOC-j7J

$bNHJCF$k%

3$F$^ 4.2 N&&Kh,=NkLr(9%O=KV$?lgKfYkH$_ANQ?<sH7Fh

,=5lFO$J$bNN$f4Ua,LNlDNNhH7Fh,=5lF*j$b0LN’1,Tol

F$kH@(k%

4.4 O=LKV+l?O<OkKX9kB3

33G$,jP]rfS*!P,FWG"kHM(ilkb0L+i$!P,fS*q7$Wi9AC

/=NO<OkKQ(FJ_NB3rTC?%

^:$O=LKO<Okr_V7F,jrTC?%=NkLr^ 4.4 N8&K(9%3lO$b0rO=
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h 4 O: B3

= 4.1: ,jP]G"kb0LHO<OkN=.

b0L O<Ok

>B 100mm 78mm

b5 45mm 40mm

‘A b0 g.4‘$]$yi$PtH1yN6E(r}D<6*

= 4.2: B3K*1ktQia<?

]z+O~Ht fmin 30.0GHz

]z*;~Ht fmax 40.0GHz

~Ht5sWkt Nf 81

~HtVV ∆f 125MHz

uVv:OOX × Y 381.0mm × 381.0mm

uVv:VV ∆X (∆Y ) 3.0mm

uV5sWkt Nx ×Ny 128 × 128

h,=/i9t smax 16

^ 4.1: O=KV+l?b0LNh,=NMR
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h 4 O: B3

^ 4.2: O=La/Kd_5l?b0LNh,=NMR

^ 4.3: O=LKV+l?Wi9AC/OkN#t~HtGN,jkL
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h 4 O: B3

^ 4.4: O=KV+l?Wi9AC/OkNh,=NMR

K*$?^ 4.1 ObAmsN3H$^ 4.2 HfS7Fb@i+K,jP],+(K/$kLHJCF$k%

^?$^ 4.3 K#tN~HtGN,jkLr(9%3N^r+kH~HtKhCFOf4UaNOkK

hkQ?<s,OC-j+(kbNH$"^jI/+(J$bN,"k3H,o+k%(A$~HtKP

7F?M,M87F$kH@(k%3N3H+ib$#G+JH%=^CWNC’Y/HkK$~Htj

XKX9kbNrNQ7?3HN-z-,|TG-k%

B]K$3lrh,=7?bNr^ 4.4 N&&K(9%3lr+kH$f4UaK_AN*N,8_7

F$k3H,OC-jHo+k%9JoA$#G+JH%=^CWKhkh,=,,ZKTolF$kH

M(ilk%

4.5 O=La/Kd_5l?O<OkKX9kB3

!K$O=La/Kd_5l?O<OkKX9kB3rTC?%^:$,jkLO^ 4.5 N8&NMK

Jj$f4UaK?+,"kHWCF+lP?+,"k$H$&xYK7+=LOG-J$%B]K?b

psr?(il:KMV,3Nh|r+?H7Fb$=3K?+,"kH=L9kNOq7$%

3NkLrh,=7?bNr^ 4.5 N&&K(9%3N^K*$FO$f4UaK?+*N,8_7F

$k3HrOC-jHN’9k3H,G-$OfKd_5l?Wi9AC/O<OkKX7FbzL*J

h,=,TolF$kH$(k%

4.6 \B3N^Ha

\B3rL8FOfKd_5l?Wi9AC/OkN$a<8s0,D=G"k3Hr(7?#7+7"

h,=5l??<2CHNhNg-5OB]NbNhjbg-/JCF$k#3lO""sFJNS<‘

Q?<s,-,jr}CF*j"uV,r=,"^jb/J$3HK/x7F$kbNHWolk#

\79F‘GO?<2CHNhrh,=7?,"Wi9AC/Ok’1JIN~QrM(?]KO"h

,=5l?Nh,?NNhJN+r1L9k,W,"k#qN*Jcrs2kH"OkNh"XJNhH

$C?1LG"k#

3NP]1LrT&K"?CFO"h,=5l??<2CHNh,B]NbNhjbg-$H$&3H
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h 4 O: B3

^ 4.5: OfKd_5l?Wi9AC/OkNh,=NMR

O>^7$3HGOJ$#=3G"!OJ_G=N@N~1KD$FRYk#
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h 5O : g.+}Khk0h}

e-NB3GO#G+JH%=^CW (Complex-valued Self-Organizing Map: C-SOM) rQ$?l<@

$a<8s0rT$$=lKhCFOfKd_5l?Wi9AC/OkN$a<8s0,D=G"k3H

r(7?#7+7"h,=5l?Nh,"B]N?<2CHhjbg-/JCF7^&H$&dj@b"C

?#=3G"C-SOM KhCFh,=rT&0K"0h}H7FuV,r=rbak3HrM(k#qN

*KO"g.+}h}rT&3HKhCFuV,r=rbak3Hr\X9#^?"g.+}h}rT&

3HKhCF.fP(;f,~e7"hjb:YGNh,=,J5lkNGOJ$+HM(k#

5.1 g.+}h}

lLK^ 5.1"^ 5.2 Nh&K"g+}N"sFJ[I}L,r=Ob/Jk%7+7$B]N,jGO

g-J"sFJNxQO$qG"k%=3G$.+}"sFJrQ$Fg+}"sFJH1MKb$}L

,r=,@ilkj!rQ$k%3Nh}rg.+}h}H$& (^ 5.3)%,r=rhj9kNO"sF

JNS<‘N-5G"k,$3lO"sFJN+}Ng-5KX89k%"sFJ+iN|MS<‘N-

,j

Q β H"sFJN+}9DHH9 λNX8O

β ≈ λ

D
(5.1)

HJj$"sFJH?<2CH^GNw%r RH9kH$}L,r=O

∆x = βR ≈ λR

D
(5.2)

HJk%

!K$g.+}h}rTC?~N}L,r=rM(k%?<2CH,w% RK"kH9k%3N?<

2CHK+}9DN"sFJ+iEH,HM5l?H9kH$0 (5.2) +i βRNw%@1?<2CHO

EHru1k3HKJk%=3G$u."sFJK"CF/kEHO$95 βRN+}9 D′ N"sFJ

+iEHru1k3HKJk%3N+}9D′N,r=O

∆x′ =
λR

D′
=
λR

βR
=
λ

β
≈ D (5.3)

HJj$"sFJN+}H1xYKJk%Je,lL*Jg.+}h}N6}G"k%

B]KO$J<Nh&Jh}rT&%

^:$w."sFJ+iw.5lk"3Hr x(t) H7$OfN@ (x0, y0, z0) GN?M8tr g(x0, y0, z0)

H9kH$u.H y(t) OJ<Nh&K=;k%

y(t) = g(x0, y0, z0)p(x, y, x0, y0, z0)x(t) (5.4)

?@7$

p(x, y, x0, y0, z0) = exp

(
−j 4πfR

√
εr

c

)
(5.5)
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h 5 O: g.+}Khk0h}

^?$f O,j~Ht$RO"sFJH?<2CHNw%$εr OOfNf6E(r=9%hCF$

S11 = g(x0, y0, z0)p(x, y, x0, y0, z0) (5.6)

Je+i$(x, y) GNu..fO

S11(x, y) =

∫ ∞

0

∫ ∞

−∞

∫ ∞

−∞
g(x0, y0, z0)

×p(x, y, x0, y0, z0)dx0dy0dz0

(5.7)

HJk%Jehj$?M8t g(x0, y0, z0) O$

g(x0, y0, z0) =

∫ Ly
2

−Ly2

∫ Lx
2

−Lx2
S11(x, y)

×p∗(x, y, x0, y0, z0)dxdy

(5.8)

HJk%

5.2 g.+}h}NkL

33GO"g.+}h}NzLro+jd9$h&K"O=K_V7?b0LNl<@$a<8rg.

+}h}rTC?kLKD$FRYk#Fig.5.5 Kg.+}h}rT&0Nl<@h|h}NkLr(9%

3Nh|GOlU, 381mm HJCF*j$b0LHWolk14_uNQ?<sNg-5Os 20cm H

JCF$k%7+7$B]NLN>BOs 10cm G$B]N5$:r?G7F$J$3H,o+k%l}$

Fig.5.6 r_kH$LNg-5Os 10cm HJj$B]Ng-5Ka/JCF$k%^?$6}h|rfY

kH$h}0NbNOLNf4UaGGb/Y,//JCF*j$~OKT/K>CFKd+K:j7F

$k%h}eNbNGO$LNOOGO/YO[\QlHJCF*j$XTbOC-j7F$k%^?$

Ljh|rfYFb$~ONZNis@‘Jt,HLN,’*Jt,N9[,OC-j7F$k3H,+

Fhlk%

5.3 B3

J<K"g.+}h}rTC?G<?rQ$?h,=NkLr(9#

OeK_V7?b0Lr"h,=9kH"^ 5.8 Nh&KJk#2MH7F^ 5.7 Kg.+}h}rT

o:Kh,=rTC?kLr(9#3NkLrfS9kHg.+}h}rTC?bNO?<2CHG"k

b0LNA,hj_Ka$AGh,=5lF$k3H,,+k#^?"XJt,bhj/J$/i9Kh

,=5lF*j"XJNis@‘JF/9AcrlDNbNH7F’17F$k3H,,+k#^?"L

Ng-5bB]Ng-5H[\18g-5NNhH7F’15lF$k#
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h 5 O: g.+}Khk0h}

^ 5.1: g+}"sFJN}L,r=

^ 5.2: .+}"sFJN}L,r=
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h 5 O: g.+}Khk0h}

^ 5.3: g.+}KhkS<‘Q?<s

^ 5.4: ,jNLVX8
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h 5 O: g.+}Khk0h}

Amplitude & Phase Amplitude Phase

^ 5.5: O=K_V7?b0LNg.+}h}0Nl<@h|

^ 5.6: O=K_V7?g.+}h}eNl<@h|

^ 5.7: O=KV+l?b0LNh,=NMR
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h 5 O: g.+}Khk0h}

^ 5.8: O=K_V7?b0Lrg.+}h}rTC?eKh,=7?bN
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h 6O : ~HtNhK*1kfi.

Ke\7?~1

h 5 OGO"g.+}h}Khjh,=N-=,~e9k3Hr(7?#l}"g.+}h}rTC?G<

?N~HtNhGNLjQ=r4Y?H3m"M)*J=$r}D,jP]H"=lJ0Nis@‘JX

JGOLjQ=K9[,"k3H,,+C?#

\OGO=N9[Ke\7?7?JC’Y/HkNjPj!rsF7"=lrQ$?h,=NkLr

(9#

6.1 Lj"siCTs0

h 3 OGRY?H*j"3D?l<@K*$FOLjps,,jP]HNw%KX9kpsr}CF$

k#^?"3NLjpsO,jKQ$k~Ht,Q=9k3HKhCFs>9k#

7+7"3D?l<@GQ,5l?G<?O"(−π, π] Nh&KgM 2π NOOK^jv^lk#=N?

a"~HtNhK*1kLjs>NMRrNkKO"3N^jv^l?Mr5NMK+/,W,"k#3

NnHrLj"siCTs0 [31] HFsG$k#?H(P"l!5NXt"

f(t) = 10 sin 10t (6.1)

rM(F_k#3NG<?ryVVG5sWjs07?lg"B]N,[O^ 6.1 K*1k ×uG=5l

kbNG"kKbXoi:Q,5lkMN,[O+uG=5lkbNKJCF7^&#

D^j"Q,5lkG<?r φH7F=93HK9kH=NB]NM ψ O0t krQ$F

ψ = φ± 2πk(k = 0,±1,±2, , , ) (6.2)

H7F=5lLj"siCTs0HO3N57$ kraak3HH1AG"k#

6.2 l!5Lj"siCTs0"k4j:‘

f9N79F‘GO"~HtrQ=5;F,jrTCF$k?a"~HtNQ=K<CFLjbQ=9

k#7+7"h 6.1 aGbRY?h&K"Q,5lkLjOgM (−π, π] K^jv^l?bNG"k#=

3G"~Ht4eGQ=9kLjr4Yk?aK"=lr"siCW9k3HrM(k#3lKOlL*

Jl!5Lj"siCTs0N"k4j:‘,,QG-k#

33GO$cH7F

s(f) = ej5πf (6.3)

H$&~HtQ=K<CFLj,Q=9k#G.frM(k%

3NH-$3Nu.5l?.f s(f) +i"37?LjG"k ϕ(f) = 5πf r|59k3HrM(k%u

.5lk.fO ψ(f) O$J<Nh&K7FLjrhjP93H,G-k%

ψ(f) = arctan [I(s(f)),R(s(f))] (6.4)
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h 6 O: ~HtNhK*1kfi.Ke\7?~1

-10

-8

-6

-4

-2

0

2

4

6

8

10

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time(s)

f(t)
Unwrapped Data

Wrapped Data

^ 6.1: Lj"siCTs0’iCW5l?G<?O ”+” ^</G"j""siCW

5l?G<?O!”-” G"k#

33G$R$I O=l>lBtHutr(7F$k%3N arctan i;RO$!Nh&KiCTs0i;R

H7FM(k3H,G-k%

ψ(f) =W [ϕ(f)] (6.5)

Lj"siCTs0N"k4j:‘OJ<Nh&G"k [32]%

iCTs0i;RW OLjr (−π, π] K^jv‘NG$

W{ϕ(f)} = ψ(f) = ϕ(f) + 2πk(f),

f = 0, 1, . . . , Nf − 1
(6.6)

H=;k%33G$k(f) O$

−π < ψ(f) ≤ π (6.7)

HJkh&K*s@0tsG"k%

33G$9,i;R ∆ O!Nh&KjA5lk%

∆{ϕ(f)} = ϕ(f + 1)− ϕ(f),

∆{k(f)} = k(f + 1)− k(f), f = 0, 1, . . . , Nf − 2
(6.8)

0 (6.6)(6.8) rQ$F^jv^l?LjN9,raak3HKhj$!N0,@ilk%

∆{W{ϕ(f)}} = ∆{ϕ(f)}+ 2π∆{k1(f)} (6.9)

0 (6.9) KFSiCTs0i;Rr,Q9k3HKhCF$

W{∆{W{ϕ(f)}}} =W{∆{ψ(f)}} =

∆{ψ(f)}+ 2π[∆{k1(f)}+ k2(f)]
(6.10)
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h 6 O: ~HtNhK*1kfi.Ke\7?~1

,@ilk%33G$k1$k2 N:zOsDNiCTs0‘nKhk0tsrhL9k?aNbNG"k%

0 (6.10)NkLO^jv^l?LjN^jv^l?9,HJCF$k%iCTs0i;RW O$(−π, π]

NMr8.9k?a$33G"J$-9Hro

−π < ∆{ϕ(f)} ≤ π (6.11)

,~?5lF$kH9kH"0 (6.10) K*1k 2π[∆{k1(f) + k2(f)}] H$&‘,<mKJiJ1lPJi

J$%

7?,CF$

∆{ϕ(f)} =W{∆{W{ϕ(f)}}} =W{∆{ψ(f)}} (6.12)

rW;9k3HKhCF$

ϕ(F ) = ϕ(0) +
F−1∑

f=0

W{{∆W{ϕ(f)}}} (6.13)

,@ilk%

3lhj$Lj"siCTs0OJ<Nh&KW;9k3H,G-k%

1) LjN9,rW;7"gMraak#:

D(f) = ψ(f + 1)− ψ(f) for f = 0, . . . , Nf − 2

∆(f) = D(f) + 2πk(f), −π < ∆(f) ≤ π

2) "siCW5l?LjNi|=:

ϕ(0) = ψ(0)

3) ^jv^l?LjN9,r-93HKhCF"siCW9k:

ϕ(f) = ϕ(f − 1) + ∆(f − 1) for f = 1, . . . , Nf − 1

6.3 ~HtNhK*1kLjQ=Nfi.

h 6.1 aGRY?Lj"siCTs0r"g.+}r\7?LjG<?K\7?eK"~HtNhK*

1kLjQ=r4Y?#9kH"M)*J=$r}D,jP]H"=lJ0NXJNhGOLjQ=NM

R,[JCF$k3H,,+C?#

^ 6.2 O"O=KV+l?b0Lt,GNLjQ=NMRG"k#3N^r+kH"~HtQ=KP7

F~AKLj,Q=7F$k3H,,+k#>}"^ 6.3 OXJNhG"kZNt,GNLjQ=r=7

F$k#^ 6.2"^ 6.3 K*$FO"#4,~Htr=7F*j"30GHz-40GHz KP~7F$k#D4O

Ljr=7F$k#^ 6.3 r^ 6.2 HfS9kH"LjQ=,Ii$G$k3H,,+k#

"sFJ+i|M5l?EHO"kxYN-,jrbCF$k#=N?a"u."sFJGO"-,j

N"kL+iN?MHrHi(k3HKJk#3Nu.Hr"sFJ+}L4NGQ,7?bN,u..

fH7FQ,5lk3HKJk#=N?a"=L,is@‘KQ=7F$kXJt, (O=L) G?M5l

?EHO~HtQ=KP7FIi.r}DbNHM(ilk#

6.4 ~HtNhK*1kLjQ=Nfi.Ke\7?C’Y/HkjP

\aGOh 6.3 aGNY?LjQ=Nfi.Ke\7?C’Y/HkNjPj!rsF9k#
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h 6 O: ~HtNhK*1kfi.Ke\7?~1

^ 6.2: b0Lt,GNLjQ=NMR

^ 6.3: XJNhGNLjQ=NMR
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h 6 O: ~HtNhK*1kfi.Ke\7?~1

(i, j)@N~Ht f K*1kG<?r z(i, j, f) = (In-phase voltage)+
√
−1×(quadrature-phase voltage)

H9kH-""L× LNVmC/N?QM"uVK*1kC’Y/HkK O!N0G?(ilk#

M =
1

L2

L−2∑

i=0

L−2∑

j=0

z(i, j, fb) (6.14)

Ks(ξ, η) =
1

L2

L−2∑

i=0

L−2∑

j=0

z(i, j, fb)z
∗(i+ ξ, j + η, fb) (6.15)

\79F‘GO3lr2!^GM(F$k#9JoA"?QM",6K(0, 0, 0)((Mk.<)"&,6

K(0, 1, 0)"K(1, 0, 0)"K(1, 1, 0) rQ$k#

!K"~HtNhK*1kC’Y/HkKD$FM(k#

(i, j) @N f K*1kLjr ϕ(i, j, f) H9k#9JoA"

ϕ(i, j, f) = arg (z(i, j, f)) (6.16)

G"k#

3NH-"ϕ(i, j, f) rLj"siCTs07?bNr Φ(i, j, f) H=9~"~Ht, ζ @Q=7?H-

NLjQ=r ψ(i, j, f, ζ) H=9#9JoA"

ψ(i, j, f, ζ) = Φ(i, j, f + ζ)− Φ(i, j, f) (6.17)

H=;k#

33G"ψ(i, j, f, ζ) N~HtNhK*1k?Qr ψ(i, j, ζ) H9k#

ψ(i, j, ζ) =

∑
f ψ(i, j, f, ζ)

Nf −Nζ
(6.18)

33G"Nf O,j~Ht@tG"k#

3NH-"~HtNhK*1k ψ(i, j, f, ζ) Nfi.r==9kQia<?H7F"ψ(i, j, f, ζ) N~Ht

NhK*1k,6 V (ψ(i, j, ζ)) r!Nh&KjA9k#

V (ψ(i, j, ζ)) =

Nf−ζ∑

f=0

(
ψ(i, j, f, ζ)− ψ(i, j, ζ)

)2

Nf −Nζ
(6.19)

e-N V (ψ(i, j, ζ)) rQ$F"~HtNhGNC’Y/HkKf r!Nh&KjA9k#

Kf =
L−2∑

i=0

L−2∑

j=0

√
V (ψ(i, j, ζ)) (6.20)

hCF"C’Y/HkK OKb"Kf rQ$F!Nh&KJk#

K ≡ [Ks,Kf ] (6.21)

Ks ≡ [M,K(0, 0, 0),K(0, 1, 0),K(1, 0, 0),K(1, 1, 0)] (6.22)

0 (6.21)..(6.22) K*$F"K(0, 0, 0)"Kf OoKBtG"j"=N>O#GtG"k#

^?"SOM Khk/i9hjN]KCjNWGKhkFA,g-/Jj9.k3Hrr1k?aK"C

’Y/HkN=l>lNWGO",[r5,,[H7F8‘P9, 1 HJkh&K8‘=7F"k#
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h 6 O: ~HtNhK*1kfi.Ke\7?~1

^ 6.4: O=LKV+l?b0LNh,=: ~Htfi.Ke\7?C’Y/HkrQ

$?bN

^ 6.5: O=LKV+l?b0LNh,=: h 3.7 aNC’Y/HkrQ$?bN

6.5 B3

J<K"7?JC’Y/HkrxQ7?B3kLr(9#\j!GO"~HtNhK*1kC’Y/H

kN!5,/J/JC?NG"4NH7FNC’Y/HkN!5b/J/JCF*j"W;~VN;L,

J5l?#

6.5.1 O=LKV+l?b0LKX9kB3

^ 6.4 K"~Htfi.Ke\7?C’Y/HkrQ$?h,=NkLr(9#^?"fSN?aK 3.7

GRY?C’Y/HkrQ$?h,=NkLr 6.5 KFG9k#^ 6.4 r_kH"h,=NkLH7Fb

0LNh,lDNNhH7Fh,=5lF$k#^?"^ 6.5 GOXJNhb?/NNhKh,=5lF

$k,"^ 6.4 GOlDNg-JNhH7Fh,5lF$k3H,,+k#h,5l?b0LNhNg-
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h 6 O: ~HtNhK*1kfi.Ke\7?~1

^ 6.6: OfKd_5l?b0LNh,=: ~Htfi.Ke\7?C’Y/HkrQ

$?bN

^ 6.7: O=LKV+l?b0LNh,=: h 3.7 aNC’Y/HkrQ$?bN

5bB]Ng-5Ka/JCF*j"-oaFI%JkL,@il?H$(k#

6.5.2 OfKd_5l?b0LKX9kB3
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