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Digital Signal Processing
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(Wiener)

_i
Q—-) —>
_1

Copyright © 2003-2004 by Takeshi Kawabata



Copyright © 2003-2004 by Takeshi Kawabata



(A)

(B)

(©) z-

(D)

(1)

f 0 f

//\ o
f 0 f
NSNS
f 0 f

Copyright © 2003-2004 by Takeshi Kawabata



(2)

z1 z1

X 1 v b1 2 l Y1
z1 z1
b a, |

Xn2 < v Jn2
z1 z1

¢ b 3 aj ¢ Copyright © 2003-2004 by Takeshi Kawabata



CG

more ...

Copyright © 2003-2004 by Takeshi Kawabata



Copyright © 2003-2004 by Takeshi Kawabata



2001

1975

Copyright © 2003-2004 by Takeshi Kawabata



~

2003 11
(IV-3F-32)

Copyright © 2003-2004 by Takeshi Kawabata



(0)

(1)

(2)
(3)(4)
(5)(6)
(7)
(8)
(9)

(10)(11)(12)

Copyright © 2003-2004 by Takeshi Kawabata



Copyright © 2003-2004 by Takeshi Kawabata



Copyright © 2003-2004 by Takeshi Kawabata



pressure

time

Copyright © 2003-2004 by Takeshi Kawabata



A/D

CPU

D/A

Copyright © 2003-2004 by Takeshi Kawabata



(2)

Copyright © 2003-2004 by Takeshi Kawabata



_

Copyright © 2003-2004 by Takeshi Kawabata



(2)




(3)

@mm/ﬁm

VWV




Copyright © 2003-2004 by Takeshi Kawabata



pressure

time

Copyright © 2003-2004 by Takeshi Kawabata



pressure

time

Copyright © 2003-2004 by Takeshi Kawabata



T [s]
(period)

1
f,=— [Hz]
T
(fundamental frequency)

w,=2r 1, = 272% [ rad/s]

(fundamental angular frequency)
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f (t)

(Fourier series)

Z(ah coS27 1t bnSiHZﬂDtj
— T T
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(2)

(Fourier series)

f(t) =4, +Z(an COSZﬂ?t +b SIﬂZﬂ?tj

T/2 N
:—j f(t)cos2zr—t dt
T/2 T

b =2 ft)sin2z 2t dt
T 712 T
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n . n n
cos2r—t+b. 9n2r—t= A co9 27—t —
a, = = A, 9( = %j

A, =./a%+b? 4’*”2 . Power
_ —1bn
fa=ten oo 4\’” . Phase
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(harmonics)

>
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(2)

exp(x+ jy) =exp(x)(cosy+ jsiny)
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y = eXp(X) (: ex)



(3)

1

CoSé = > (exp(j &) + exp(—jO))
sinf = - (exp(}0) - ol 0)
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(4)

xt) =Y exp( j 272'2'[)

N=—o0 T
Co =
1 ¢T/2 _ N
C,= $L,2X(t) exp(— ] Zyz?tj at
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pressure

Vvv > time
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X(t) = i C, exp(j Zyzﬂtj

N=—00 T
Co =y
1 e1/2 _ N
C. - _mx(t) exp(—J Zﬂ?tj dt
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(2)

C

N

X(t)= ) c, exp(j Zﬂ'gtj

(

T/2

= (1 N
— Z 3 ?L/Zx(t) exp(—J 272?’[) at

. on )\
ex 277 —1
{12620
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(3)

Aw 21t/T

T/2

o

—T/2

x(t) exp(— j nAat) dt

exp(j NAwt)}




(4)

T - o
Aw - O,
NA®W - W
X(t) =
1 e

1 [ [ Xt expl- | wt)dt} explj at) do

27T -
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(5)

(Fourier Transform)

-

X(t) = % ” X(@) oxplj at) do

X (@) = j_“; x(t) exp(— j ot ) dt
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X (@) = j_":o x(t)exp(— j ot)dt = J[x(t)]
X(t) = 1 X (w) exp(j wt) dew
27T 9

=37{X(w)]
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(1)
(2)

(Spectrum)

Copyright © 2003-2004 by Takeshi Kawabata



Real

|maginary

1kHz

(2)

Power

A
/
/
/
;1 / ‘
[ /
\“ \‘ /
i | /
i | /
‘ e‘ / /
/ / /
/ ‘ / / ‘
/ / /
/
/

Phase

Copyright © 2003-2004 by Ja@?.l %awabata




exp(jwt)

exp(j at)
exp(— j wt)



pressure

<
>
>

p time
U \J

pressure
———
>
>

UUV » time
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(2)

X(t-1 )
3[xt-0)]=| " x(t-7)exp(— j ot)dt

exp(- j wz)| x(t-7)exp(- j o(t-7))dt
)

exp(— j or) I[x(1)]
X




W ntt /T

X (@) = f; x(t) exp(— j «t) dt
2N 0 2N
(). ;wxa)exp(_,jfdt

¢, == xt) exp(— j T tj dt = x(—Z””j
T T T
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Real

(2)

Tt /T

Z

o)

O

Sy
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DFT
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e X(w)

DFT

z ( )®

X(t) = X(w)
> w
T = 20,
n=-p
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Z_
* X(w)
X(w) = >
1 on
C =

DFT

( J)®
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- ( )@

* X(w)

X(w) :i i X, exp[—j 27Z'pa)j

200, o= 20,

X, = j_wm X(w) exp[j 27z2pa)] do

O
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z ( )®

X, = _[w:m X(w) exp(j 27 sz a)j do
= X(t)

X (@) = j: x(t) exp(— j ot)dt

X(t) = % [* X(@) explj at) doo

DFT

xp:Zn-x[i-p}
Q

m
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DFT

Z—
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Z (2)

¢ X(w) zEexpLjiwj
a)m

Z

X, = f)m X(w) exp(j Zﬂia)) do

20,

—j —X(z) z" dw
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Z (3)

zEexp[jia)j = do=—j%m 7z

@, T

om 1
Xp—j EX(Z) Zp dw

— 127T§§X(z) z" "t dz
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Im

e
-1 07\

DFT

(4)

= eXpLJ—a)j
Ao
=C0§ —ow |+ ]-9N —w
a)m a)m
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Z_

Z- (z-Transform)

X(2)=> x,-z"
p=0

X = X(2)-z°* dz
12ﬂ§ (2)-
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exp(-jwrT)

Z'=exp — ]

DFT

7T
—Q
4,

m
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DFT

(2)

T, (= 7/ op,)
fo=YT, (= 0,/ 7)
o, =2t (=20,)
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[ Z_

X(z)=§xp-z" =2z[x,)

Z_

X, = J27T§>X(z) zP dz (E

DFT

21X ()
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<>
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Z_

DFT
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e DFT (Discrete Fourier Transform)

N-1

X, = xpexp(—jz—”-k p)
n=0 N
1 = 27

X =— ) X, expl |—-k

P N s k p(] N pj
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FFT (Fast Fourier Transformation)

DFT Copyright © 2003-2004 by Takeshi Kawabata
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(2)

X(p)

(time window function)

w( p)

X(p)-w(p)
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T

P I p el Tn e lallndnlnlt

(3)

QTLT L]

w( p)

XY I A M | P M) B | M B

X(p)-w(p)

? )
g o oo

Ll




(4)

1S .27 N-1 2
xp:NZXKeXD(J—N .k.pj, Xk=prexp(—JW”.k.pj
k=0 0

N-1

N-1
W, =iZWk exp(J'Z_”.k. pj, W, =pr exp(_ jz_ﬂ.k. pj
N i N e N

Copyright © 2003-2004 by Takeshi Kawabata



= .2
G, = Z X, W, eXp(—} N p-k)
p=0

- -

(convolution)
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TT?QQOA

T?QQOOCOQ??T




(2)

7T

lo-£8T000
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(1)

(rectangular window)

W (N) =<

1 (-iT<n-T,<iT)

-
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(2)

(Hamming window)

T

W, (n) = 0.54 + 0.4600{27z d 'Tsj

—=T <n-T,<3T)

S
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(3)

(Hanning window)

W, (n) = 0.5+ O.SCo{Zyz d 'Tsj

T

—=T <n-T,<3T)
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A440Hz

Rectangular
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| — Rectangular NN
-100 |- J RN
| — Hamming |
\ I
-120 - — Hanning |
0 440 880 (H2)
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(2)
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2 f

MmaX
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X Xt
1 .
X(t)=—1 X(w) exp(j a)t)da)
27T 4=
1

= X (w) exp(j ot) dew
271
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(3)

¢ X ((*) ) —W m W m
X(w )
0._ ‘t" >
-, 0 W m
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Z- (5)
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(5)

X(t) = % j_w:m X () exp(j at)dw

\
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(6)

1 con | 1 &
X(t) = — $ X
() 27T 9= Om \Zwm p_Z—:oo P

exp(— j 27 5, a))exp(j a)t)}da)

1 < O . P
X(t) = X ex t—2 d
© 4ra, IO=ZOO p I_wm p[Ja)[ y 200, j] ’
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(f(g(x)) =a(x)' f (9(x))

(exp(ax)) = a-exp(ax)

/

exp(ax) |
(=529 . apeag

exp(ax)

j exp(ax)dx =C
a
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(8)

X(t) = Z x [ exp( j w[t —- 27 ZPD do

Ao

m P=—© a)m

1 & 29IN(w t — 7 p)
— pr .

47Z'C()m p=—o0 t . 272- p

20

m

:i Z‘O:Xp.Sin(COmt—ﬂ'p)<

7 w L—7mp
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maX

2 f

MmaX

MmaX
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MaX

MaX

MmaX
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« A/D

— LPF

LPF: Low Pass
Filter

A/D

CPU

D/A
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(Wiener)

_i
Q—-) —>
_1
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A/D

D/A
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h(z)

: 4‘ |_> "
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(convolution)

Y() = Y x(k = P)-h(P)
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(3)

X(2), H(2), Y(2)
H(2)

X(2) 4‘ i—} Y(2)

Y(2)=X(2)-H(?
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(4)

(Impulse response)

y(K) =S x(k- p) -

(transfer function)

Y(2) = X(2) @
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y(n)+ay(n-1)+---a y(n-1)=
b,x(n) +bx(n-21) +---+b,x(n-J)
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(2)

X
<

e N o BN e BN
<
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(3)

_Y(2)
- X(2)
- b,+bzt+-+b,z
1+azt++az’

H(2)
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X(2)=0 Z
1+aXx+--+aXx
=(1-aX)1-a,X):--(1-a,x)=0
Y(2=0 Z
b, +bX+---+b,X’
=0, (1- X1~ 5,X)---(1- ;%) =0
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H(2)

(2)

Zzeij HT
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(3)
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(4)
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Y(z2 by+bz'+---+b,z”
X(z2) 1l+az +--+az"

_/R(LZ)JFZ(l o, -7

H(z) =

| —J z1
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Z_

Z' H(2)]= 74

R(2) +Z

|
h,=pn+ D O
k=1

‘ak‘21

N - 00

(2)

T (- akz

hn—>00
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(3)
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LPF BPF HPF

IH(w )] IH(w )] IH(w )]
(6)) w w
0 Tt 0 Tt 0 Tt
Low Band High
Pass Pass Pass
Filter Filter Filter
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N(7)

(Infinite Impulse Response)

h(r) W

(Finite Impulse Response)

/
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2

H(w)" =

TN

1
1+ (o) @)™
wC
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% [ F(@) do=[" £2(t) dt



(2)

1
MR
1
= (N :even)
1:[(1— J exp(—] ”+22|\7|z ' k)-(w/ W, )j

- 1 (N : odd)

[1[1- 1ee¢i 79 (/)
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(3)

N :odd
G(w) = 1 -
H(l— J exp(-] ﬂN)'(CO/ wc)j
G(Z) _ Z Dy
< 1- exp[zﬂwcexp(j ﬂ'k)j- z*
O, N
N : even

y4
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\ yay
NG
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e
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N=3
N=10
joT

\
><J><"><

™
NG

=

v

><'-‘X\><

hat

Re

Re
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C
Im Im
N=2 //1;\ X N=3 E X
7N 7N
-1 11 Re -1 <1 X Re
\ >< / \\ /
N %
-1 X 1 X
Im Im
1 1 X
X Pat >
N=4 S X N=10 -
A g Re 1| | Re
\ X \ / P
N N
X X )4 X
-1 -1 X

JoT
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y(n) =
b, x(n) +bx(n=1) +---+b,x(n—J)
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(2)

H(z) =b,+bz " +---+b,z"’
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(3)
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int speech _in();
void speech_out(int y);
FIR double b[NCOEF];

void array_shift(int n, int data[]);
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