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Optical microscope image restoration via measuring the point spread
function by deconvolution method

Student : Ren Hong Luo Advisor : Kaung Hsiung Wu

National Chiao Tung University

Institute of Electrophysics

Abstract

In our research, we use deconvolution microscopy System to obtain sample
signal which is closer to the original sample morphology and non-diffraction
limited in the maintenance of microscope optical system. The principle of
deconvolution microscopy: is consider microscopy image as a convolution result
of point spread function (PSF) and sample signal. In the case of known sample
signals, PSF can be obtained by deconvolution algorithm. In this experiment, we
used two method to define PSF of microscope optical system. First we bring
PSF into expectation—maximization algorithm and maximum-likelihood
estimation(EM-MLE) after derivation the actual sample signal can be obtained.
The second method is directly use the microscope image of the sample which is
less than the diffraction limit as PSF. Result shows that not only morphology but
also algorithmic speed used in the first method are both superior to the second
method. Finally, we use computer simulation to confirm the result of the
difference really dependent on two method we use to obtain the sample signal.
In addition, in our research also find out the noise in our system can be describe
as Poisson noise and further discuss the influence to the deconvolution

microscopy.
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2 {8 7] 5k @ E G Je(OTF, Optical transfer
function) :
1, x| <1/2
OTF(S)—f(s)H( ) [Tx0= {0 ||X||>1/2 (3.11)
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(deconvolution) » # # e JdZ 3riclicdy 0 27 HE A AWHFE L SRy 2
¥ #& 3% (Discrete Fourier Transform)z* & £-% i gl » A & 84 L A& = F i
D W O3V e ATl AT 2 R o
3-3-1 3 id = L ik
B2 EEE[S] v AT R () BRI IR F(G) 2 Ak
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L4 mBcdy 7 F B (sample)id & A @ F o 2 B SskE
e i

f[n], n=0,%£L,42,-, 4w (3.18)

TR B B ] DR F 5+ p)F (9) 0 PI313) ~ (B14)5 T

f[n]= L‘;O F(s)e?" Pds (3.19)
I:(S)=% i f [nJe->7P (3.20)
Flt hofichp P PF 5 5 5 2 a3 o adp - €L G Al
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HM=§FM¥MW (3.21)

F[k] :%Nz;: f [n]e—Znikn/N (322)
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3-3-2 P-if & > E i
Poig & = A FFT)HI* 0 24cid = Fehad BT > B3R - 244t
# #dp(a, b, c, d)® > Eigdk 15 5 (A B, C, D) DFT & 5 Translation rule :
3 (d,a,b,c)=(AwB,wC,wD),w=g2"N (3.23)
F¢ N=4 & F v~ ¥ DFT:EE 5 Zero packing rule :
3(a,0,b,0,c,0,d,0)=(A,B,C,D,A,B,C,D)/2 (3.24)

bk A A E Y BB Z R, 25

3
(a, b, c, d) — (A, B, C, D)
yr =
(@abc) —» (A WB,WC, WD)

e’ . o

(a,0,b,0,c0,d,0)— » (A, B,C,D,A, B, C, D)
W 3-1 & ##.53% F[15]
PR B R p
3(a)=(x) (3.25)
¥ #(a, b, c, d)eiE =

e %5 W 32 FFT Yok B 8 » paid 8 n

gL
AL G i & 2 E 1

18



Time domain Frequency domain

I
I
I
I
(a,b,c,d) | (A,B,C,D)
I
I
add I add
|
1
(a,0,c,0) (0,b,0,d) | 4 (*,*** —(****)

I

oo pe

Z, (b,0,d,0) : R, %(b+d,b+wd,b+d,b+a}d)
Vel Fa
(a,c) (b, d) |%(a+ca+wc) —(b+d b+ od)

I
I
I

AN/ e s NA

(a,0) (0,c) | (b,0) (0,d) =(aa) —(c C) —(b b) —(d wd)

fn fm: fh fa

Z, (c,0) Z, (d,0) R, %(C,C) R, %(d,d)

fzz fzz fﬁ

(a) (c) (b) (d) (a) (c) (b) (d)

_>
=

¥ 3-2 FFT gk W)
I & > ®ipdgie @ * Modulation rule :
3 (a,wh,w?c,w’d)=(B,C,D, A),w=e >N (3.26)
£2 Summation rule :
3((a+c,b+d)/2)=(AC) (3.27)

ST e A D ST P
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d Pt T o DFT & FRT £ b g % - R0 2 &N 2 M 2 4 Kihdy
BemT > R T DFT #rZAF#c4ei2 £ 5 N2> @ FRT ihjfdicsei2 £ 5
Nlog, N » i+ §_FFT & DFT 3*- & i# B $-chR ¥ o
B4R HYFEZBEE A MARGH

£ 4o #-EM-MLE * &L 8 kst BB R+ > 2 A w0 2 MLE
2 EM A 6 % 0 L 3% BB e S fde e @ * EM-MLE -

3-4-1 &+ W #& 5 3+ (MLE)

MLE 5 35 A Swliedy c0™ 2 SR #Hsd i s i 300 5 - B Sodicp A 4o

v
\\\?{r
s
RS
=g

LR Nene srficgg Data > MLE ¢ & § A 5dcs 7 5@
Boj Vo B IR S railicdy o R SideT
1.8 4 i 2% S #k L (likelihood function) » # 2.5 2 % % %t % #ic(Parameter)
S pEE Datagif 25 50
L =P(Datalp) (3.28)

2.1 % prk E AR Sl < B AR S By

\\\?{r

SN B Y
I - Poid LE pibhs T3E > ¥ - Xhiigh R ERE T
VACy A S PR S iR o N AT

oL o°L (3.29)
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3-4-2 B~ #p ¢ iw B 2 (EM)
EM * i X2 (Iterative method) F 45 &« v S8 » @ 1028 Sfick < & 0 4o
R G - B RS BEIRE By e BT
18P F & a5 ddk B RSl > 4(3.28)5¢ -
2FE - BATOLH D A AL R A P H 3 L i

T A S H P RT o b A Sl PR T LR T A

L(pk+1) = P(Datal pk+1) = L(pk) = P(Datal pk) (3.30)
3-% 2P frRey FRIMPG PR PR DAL -

3-4-3EM-MLE

i

Lf@iA- b PP R Y. Vardi & A sk 8 k3l ~[16] o £ % EM 2 MLE
AR ESEAK FABREY FAFREI NG €F - AL T
H o4 i & kot s i (Poisson distribution) » - 4-5 fp s 47 F & € £ R E

LB S B b A o Biche T !

21



Pk)="r¢" (3.31)
PRI ARG AR E R E(R P E) AR R RS E S kR P
250 o ¥ b g Bk tk& 5 object [x] 0 2 Lk Seen PSF A psf[x] 0 £ Tl e
B G Image, . (X) « A3 © ¥ iR £ I e e e s T

object[x] ® psf [x] = image, ;.. [X] (3.32)
Wb St s dada A i 30 B2(3.31) 0 ¥ I Atk & 5 object [X]shiE i+ T
S R B
object[x] ® psf [x]= Z psf [x — x"Jobject[ x'] (3.33)
Flt B X 2 FlIMage, . [X, ] ik & g 5
imagengise [Xo]
[Z psf [Xy = X’]object[x’]} 5 ot i i (3.34)
P=== 3 i
image, . [X]!
O #(3.34) S AR Gt AL B R e e X BRI AR O i
Lpoinex, (ObjeCtX,1) = P (image, .. [%,1] object[x,]) (3.35)

¥ & s object[x,, x 1 FPF R & X 2 X BT

A

Fefpak

2 point (ObjeCt[XO’ Xl]) = P (imagenoise[xo] | ObjeCt[X ])

rﬂﬁiﬁ ’ ‘F' Y] yk u):ﬁ;tﬁ-\ i E"'Jj}#

(3.36)
P (image,..[%]| object[x,])

e RBEI T F iR Sdc » fiﬁ;{gggf@; Xz Y %

22



object[x] » # & & X Z B¢ & 3| cnficdg - B RSk s

image[x]
[Z psf [x — x’]object[X']} - pef [x-xTobject[x] (3.37)

L=]]== _ e
X

image[x]!

R @ R R - BRSBTSt i R S B P AR
Boehk L B BN B B3t AR S dicehk & & 0 #-In L ¥t object(X,) #it

RS R 0 FEmendt et 3-4-4 3 > Bip AT B S 5

0 In L(object[x; ])
oobject[x,]

Z psf [X — X, ]+ (3.38)

Z image[x] psf [x = X,]
Zpsf[x x'Jobject[x]

o° In L(object[x,]) _y image[x] psf *[X — X1

(obye 2 (3.39)
oobject®[x,] X [Z psf [x — x']objECt[X']}

i F image [X]4- 32 & & k3 & & > psE[x] ~ object [X] 4 W g kg R~ F B

F %% o #rrsimage [X] ~ psf[X] ~ object [X]#8 7 € HiI] AR SR o F]p
¥ 5(3.39)4z -] ¥+ & %+ E - In L(object [X]) & #ic & 7 & fic(concave

function) » ]t iz 2% ek < B 2 % (3.38)F 2 F o 23 ¥ psf[X] 5 b -

it & #c(Normalized function) » #
ZX‘, psf[x—x,]=1 (3.40)
TR AR e el < BB 4 A object [X]i% &L

23



image[x] psf [x — x,] 3.41
1= ZZpsf[x x"Jobject[x'] -

P pE 7 GoiE object [X] & % 0 > R R (341) > 2T E R Y EM B diE

B ks> md (3415 4

image[x]psf[x—x,] 3.42
Z:Z:psf[x x'Jobject[x'] — 49

X 5% (3.39) 58 17

°“ o (3.43)
oobject

F] a & object [X]R 7 5 ¢ 4pR (Negative correlation) » 7+ & Bl4- ] 3-3

o A
\ L\ O E _____
!\ » object
objectans

® 3-3 o £ object i % @)

e
St
1"
-

{A
-

object, > object, (3.44)
¥ pah @343 05 12 F > #-object, ki a v &5 { 43T
object, shobject, , > 4rf 3-4 % ; FIZ¥ &> 4o % Object, /|- >+ object, >

H¥t g a g @853 1 #object, 3k v a» ¥ 173 { 17 0bject,

24



object,,, » 4r®) 3-4 - o

o A o A
1\ _____ 1\ _____
E\_ » object : E \ » object
+ objecti objecty !
O Xobjecty o xobjectk

W 3-4 &% AR Tk
TR R eniBAET o fopsf £Limage & F BRI AL L iR T 0 T o E
4 object, # #5:2te ODJECE = + B % B 2 1.7 BEHEODJECt, 4% % 4% e
o B R L AR A Rag A object, s i B UE B 0 7 34i4(3.45)
& izam e # g object, , kT @ = object :

> |object, ., [x]—object, []|
Y 3.45
/ N\ S object, ,[x] (3:49)

F& S[K]E =~ * S[k+1] » 7 2 1487 i iT object,, |
FE L 343 H T I arif EM-MLE B8 7 i 2 - B E S

(R i

object, ,,[X,] = object, [x,1>" psf [X— %]

| S pst [x— object, [x] | 22X (3.46)

BEARJE S % B %Kln\’b}g.l\:[]]] [18] @ * ch2 A J

25



. . sf[x, — X .
object,,,[X,]=object, [x,1> S s FX —[x?]obj:(IaCt ol image[x] (3.47)
X k

3l 2 b A G psf gk AP ERY R YA FRED D SRS
W Hmp f Y 46§t o
3-4-4 feA N Emin

A -t (3.37) 1 3(3.38) 22 (3.39) sl A% 0 $(3.37) B i A T

In L(object) = > {=>--psf [x - xJobject[x] +

image[x]In > psf[x~ x‘Jobject[x"] - (3.48)

In(image[x]!)}
F) % ¥ image [X] 5 % Heend & o P &G 10° FJpL v @ B F T
(Stirling's approximation) :
In(nh) ~ninn—n (3.49)
(3.48): 7 % 3

In L(object) = > {-> psf [x - xJobject[x'] +

image[x]In>_ psf [x — x'Jobject[x] - (3.50)

image[ x] In(image[x]) + image[x]}

26



In L(object) = Z{—z psf [x — x"Jobject[x'] +

> psf [x — x'Jobject[x'] (3.51)
image[x]In =X

image[ x]

image[x]}
#+(3.51) 5% f object[x,] it #ic s > 343k T # X, Aobject[x,] e iE 5t v 2% S ik

A~ A QQK .
m,‘ﬂ,.g. .

oln L(object[x,]) _ S{ - psflx—x,1+

oobject[x,] | (352)

Image[ X] |mage[x]_ X

>.psf [x— xJabject[x']
psf[x—x,]
image[ x]
12 {8(3.38)5¢ o
#-(3.38) ;" 4 object[x,] i e~ -

o%InL - ~~image[x]psf [X—X,]psf [X —x]

(3.53)

- - i 2
oobject[x, Jobject[x, ] d [Z psf[x—x’]object[x’]}

£ Xy =X ¥ i F(3.39)7 o

27



35 B HhaE st

Solve PSF through

Inverse filtering Inout
npu
object,

OBJECT,[k] «— 3{object,[x]}
IMAGE, [k] < 3{image [x]}

l

1| IMAGEK] | ¢\
psf [X] « OBJECT, [K] -

0 ifk >k,

................................... i

Solve object through -
EM-MLE <0

N —X.
object, .,[x] < object, [x 1> | psf[x—x]

1> psf[x—xJobject, [x]

X'

image[X] |«t—

False o i<—i+1

‘

Ture

False = k<—k+1

Ture

End

W) 3-5 B o HA25 i A2 )
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B i5F et 2 Labview™ 25 B A & A 22 kit B (Inverse
filtering) & f PSF > 22 2 EM-MLE F 2 4 50 53 BI%A - 4255 7m 42 B 4o
B13-5> 7 & &z Bheis o Ld» 0 1 5 object [X] & fe i 1% 5B cat
Fijimage[x] > & ¢ <o) % AN B G2 EBAE 2 S8 B £ R
MW B RIS S ORts o 4 AL RS SR R
R E g ¥ PSFo

oI By - e K8 1 PSF &~ EM-MEL > » %{(3.46);‘ v
3w Bl AT HE = 0 % i 5 For loopo F& ik 2 B & 0 N - B X 30 LS
- =% » % = B % While loop >3+ 2 (3.45) 7 # =t dpit & object, % i+ » 4k
PR P ARG RABMPERT IO A4 FiLE L GT B dwm i R

AR B et o AR S B & .
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frf AFELEHD

4-1 $& &%
B AR R R T MR KRR RS R SR GRL
A DR E - FREERENG S - B - BEREF F40(3.6): &

wPSF 7 5 Reng BEp o R RAET LY g 8RS ED R - fhen

&%?%ﬁ’EF”%%ﬂﬁoi

[ QEIEEE - PR - i + Fl & 4,,(43@(3{» 43t e 0.9

'Wb* l5um"?a§

1040 nm

U=

150 nm

V/~

180 nm

' Ry FlRmErAig il g egns

iAo 410 89 & A

6

1000 nm
150 nm

180 nm

W 4-1 & 49 BERcL 1k &R
ARl S 4R A B RI(R ALY & ¢ 2RA) 5 ITO Iy 4 - s
R LEY T ETHE R ST % ik T 5 M (SEM)E #

B AT AR Mo R R E fEde i PSF %A P iR A o
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42 RFBE LT HE
B SHFh e * h e A FH S5 4B 42970 234 A5
&_1040 nm ~ 150 nm ~ 180 nm ~ 1000 nm £ 150 nm §= 180 nm %:ﬂ; » BE 3

B2 FREFEIONM  Fd > Nd Bl 4123 AT 2 FHR o

035{ @ @
0.304 f i
S 020 ;.
£ o5{ i @ @ i G
n . & i
0.10+ 5 i !
=\~ YN -
0.05- i 1§ i ! 1
L i JLL
0.00-

0 10 20 30 .~40 50 60
Position (um)

W42 FhBEREE I W
A * 5 (2) & 150 nm iz 8k sLeh PSE > i fzd4e Bl 3-5 ¢ <0 Solve
PSF through Inverse filtering % 4 » % © < -]- N 5 1000 - ﬁ%*{&qi“é’ﬁ SEM %2 %
ol 4-30 £ B~ R 2 ja object, [X] 4o @] 4-4 > B ¥ & J14E F b5
TR 0 U TR VO F R R N A S AR > T ORT B kiR

B R S 4 1040 NMAER Y > FERIEF B 5 23.64% 5 @ ME BEE R 4
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Bt AFERE > ST Em B KA 7 R E K X5 2.056% -

154.4nm 151.1nm

NCTU SEl 15.0kV X1/70,000 100nm WL /.0mm

W 4-3 # &(150 nm)SEM #

g |

z 15

=

g

= 10-

m -
5.

182 183 184 185 186
Position (um)

W 4-4 = 659 » 57
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#- 150 nm B Hcs B2 i > 22 object[X] % » gk FAEE > 2 #-k 1945(3.12)
V3% % 3.38x10°Hz » & f2 ) PSF %2 % 4c @] 4-5 #77 :

(a) PSF 4k % [

0.030
T +  Point spread function
0.025 - A
0.020 - :
E 0.015 - .
= D
5 :
= 0010+ c
0.005 -
0.000 "'-"“"! \-

[
=)

0 2 4 o
Position (pm)

(b) PSF 5 330 K [
0.030

+  Point spread function
e

0.025 AN
" L
+

cignal (V)

20 2.2 24 1o 18 3.0 3.2 34

Position (pmn)

W 4-5 F % PSF & % H
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B 45T 53+ P BPSF2 X% d B¢ ¥ 48 9 PSF L /= 5 400 nme
B2 8(3.40) 5 & £+ PSF 3 5 fF— ¥ flc o R BLRAH K N (346)7 1B

IR PSFﬁpz—bt’@n LR N R o

3]

fiu-

EFEFE 357 EM-MLE j345 &34 » & ¢ %5 N % % 1000 > 4
B i N gL (R3S 2 5 13 0.01% 0 (3.45)7 ¢ S[k] ]+ 0.0001 0 B
BN R o LR AR 4677 0 TG F RS 0 B L R4s L F RS

ffo #1150 nm B4 e 57 2R 18 PSF Bl £ R i

0.404 - OM Image
0.354
0.30 :
0.251
0.20
0.151
0.104

}

0.05-: _,j 1 JL—-J E L_

0.00-

Signal(V)

10 20 30 40 50
Position (um)

B 4-6 EM-MLE £ R 4% g & ]
BEINNLEFRRFEF EH O RB > LR T R

4-5 gt
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1040 nm 45 SEM Fl4c®l 4-7 » Bk it * W 4-2(1) %8 i £ f2
BB R 29 B e Bl 4-8 Jr At B 236 32 A £ jRR L B B (FWHM)

% 1060 nm > B 4e8 L B %% 1110 nm o

. 1046um.

1036pm

Signal (V)

3 4 5 6 7 8 9 10 11 12 13
Position (um)
B 4-8 % #(1040 nm).& EM-MLE # R 48 ot ]
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180 nm SEM R4 ] 4-9 » MMCELR it * B 4-2Q3)5L i » F 2 %
B R 2w B AcB] 4-100 J it § 251 i R F AR X 3 %5 190 nm o

RAsB 04X B % 5 420 nm -

25 26 27 28 29 30 31 32 33 34 3H
Position (um)
B 4-10 Z4£(180 nm).j& EM-MLE £& R 4% ot 1 F
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1000 nm SEM B4 @] 4-11 > Bl B2 15 * B 4-2(4)5 8 1 F f3 5% %
B 2w B AcB] 4-120 T At 192 S o F R E 3§ 5 1050 nm>

B4o B X 3 %5 1090 nm o

0.40-
0.354
0.30-
0.25-
0.20-
0.15-
0.10-
0.05-
0.004

33 34 35 36 37 33 30 40 41 42 43

Position (um)

Signal (V)

B 4-12 34(1000 nm)& EM-MLE # R 4% i & ]
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5t SEM Rl Bl 4-13 » BACELR it * B 4-20)5L 8 > & R %
BF TR A B 4-14 0 Jraet F 31l e > FEE it F 5 180 nm

200 nm > RAds R iR E B R A 410 nm £ 420 nm -

BRI s oATsim

T T e o

NCTU SEI 15.0kvY  X19,000 Tum WD 7.0mm

W 4-13 & (# 2 H)SEM W

0.254 —— EM-MLE
—— OMImage

45 46 47 48 49 50 51 52 53 54 55
Position (um)

W 4-14 BH(ESH)E EM-MLE 2 R4 i & ]
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4-3 &1 % %%

ol R SRR

2RSS > A W4oBl 4-15 -

%20 L BACHE o 54 T 2 4% £ 91040 nm
]

4-16 -

035
0.30-
0.25-
0.20-
0.15-
0.10-
0.05-

Signal(V)

Convolution

~—— OMImage
i

Y
e PRI
DRSS
PUBRRNBDSSSS o s

/%

0.00+

3

"4 5 6 7 8 9 10 11 12 13
Position (um)

B 4-15 1040'Nm & f& 5 % fo PSF #E# & 5 2 R 4o B i 1F

- Convolution
—— OMImage

45 46 47 48 49 50 51 52 53 54 55

Position (um)

B 4-16 B2 Hf- PSF B E R & R4 ot 1 H
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1040 nm it > BBk o FHH4000m BT R HHA L 0 AT
5 3-4-3%73t > FIPSF ¢ @ B4R L > 4o B G BHA ,}%Kér‘ g1 F 38

= ]

BPEAME TR OMA R SR o A% PSFR LTS G 7 a4

g

Jtes AR AR A H I 1

—\

3.38x10°Hz » fe & L u] X 5 R L AFF B B P
AT U 5 g S PSF 3 A3 i int 4-4 3t o

EM-MLE # 1238 Jp -] 384 i 4 B #4578 [19] > 1040 nm & fZ % % 45 ¥R

g ho 8] 4-17 > #% 0k 4 5 L & 30 B0 Rt A0k 4 2 3.38x10° Hz -

N
o1
\
\
A\
A\Y

Amplitude (arb. unit)

0 1x10° 2x10° 3x10° 4x10° 5x10°  6x10°
Frequency (1/m)

W 4-17 1040 nm % % #F 3 3= +5 B

4-4 o3 B 5K

DS IR U 1 IR AR B Rl A Y L SRR S R
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RHMAENGE) LA%EFITHERBASN > KMEETNEE G £
AEFE o g RDFrimage[X] > A LRI E G e R e
M ihd - B H ;NS Fy i
image,....[x] = image[x]+ Noise[X] (4.1)
w) i iE & ¥ #-image,, . [X] ¥ = image[x] & ~ (3.6)5¢ :
psf [X] ® object][x] =image,;..[X] (4.2)
izx Object[X] % e x> gz & PSELX] . (4.2)50 & » F g i 7 5 BA
EE
3{psf } x I{object} = I{imagey,.. } (4.3)
BRRAEH - B
3{image} = A+iB, 3{Noise} = A  +iB, ,I{object} =C +iD (4.4)

AR g g S{psf 5

{psf ) = <Lt 4

#-(4.4);8 &~ (4.5)5" ¢

3{psf[x]}
_ AC+BD +i(BC — AD) + A,C + B, D +i(B,C — A D) (4.6)
N C?+D?

@ ¥ CIeD %] B 155 BE) N B Afr B § (%] o dopt P
ol 0 E R PR & ot PR X 0 $935(4.6)7 I{psf iz %
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WP EEA B BE B 4w 4-18 0 T F MY PSFAEEY 2 &I R
4 B 150 nm S HOT SR 0 ) 2 S0 SR s fe enig & B v e e
fritgpes £[20] > A HAFHIRIE A SILRE > Bg A K JEPSF A 3F 4 3

$E R 0 ho] 4-19 ST o

1.2- ——PSF

Amplitude (arb. unit)

0 1x10" - 2x10"  3x10".  4x10" = 5x10’
Frequency (1/m)

] 4-18 PSF 2@ Object 47 3¥ =5 " 2 ]

0.03+

0o 1 2 3 4 5 6 7 8 9 10

Position (um)
W 4-19 Ff2aPSF X AR LPESH
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4-5 3 A ¥

B 4430 % R A Tl A S E Y B R AT RN e
B R SR G BT A 1040nm BHEL G T BE K BEAP- FA
P 0 4cB 4-20 2§ 4-21 0 L RATRIE B Y Ao B A E2 B A = 300
BRE->ANFE-Fiddp? > FARPERBEECFPELBREPN > BB
Bo R FRECRTT TN G E o B 4-20 ¢ (AR A G Bl4e B

4-22 -

0.35- A - OMImage
0.30-
0.25. ®
0.20-
0.15- ©
0.10-
0.05- ©
0.00-

3 4 5 6 7 8 9 10 11 12 13

Position (um)

Signal(V)

(D)

W 4-20 plE R =% W
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0.34

0 2000 4000 6000 8000 10000
Sampling times (count)

B 4-21 (A)BEP~ = B2 LM Tx )

120+
100+
80-

60-

Times (count)

40

20-

0-
0.320 0.322 0.324 0.326 0.328 0.330 0.332 0.334 0.336
Signal (V)

W 4-22 (A) Bk 4 15 )

44



PN

PESOLIGEIY T T I N R E L ISR s s

RS

[21] » ke % R E B AR S T R S i AR BRI SA S
fieensg B fc(Variance) € 22 4 ff SoBcd) 8> » ij*u—«‘iﬁ # T o (Arithmetic
mean)tp & » AP H-B 4207 T B ﬁ“l‘!«ﬁ’lﬁﬂ::b%z%”?%fiu e — % ficis ) %P Bk

2 I‘/‘—L. 2\ ‘\: E': "h ’
i A

var(X)=%(X —u)’ (4.7
P BT ivR v (TR 4-23 Wi w E R 4207 7 BEL> T0E Bl
BHAp£7 %> oWl 4-22 ~ 5] 5 H(B) Y (C) ~ (D)~ (B)fesn~ i B > ¥R47
B 4-22 & o F T OB BBk puean L tag e o

TRA AT L > R A R BB RT S RERN 2 E 5T

I

CHEAF &Y 0 R R ARBERN B g sk S AL R BRI e R T

—\
2~}

|

EF R B S R R 0 3 MR E N R P ek S g

-}

=1

28 K- B FEc o FlaE A8 KiE 5 652948 -
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® Mean
e Variance

24000
22000- A
20000

18000-
16000 (B)
140004 .

12000-
10000- ©
8000- ®
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