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7.1 ^&Ò��L«ëY�m&Òµæ�½n 7.1.1 À-Gæ�

æææ������êêêÆÆÆ���...£££������¤¤¤

δ(t)äkJ�ëY�m&Ò����^"
x(t)δ(t− t0) = x(t0)δ(t− t0)
3��µxp(t) = x(t)p(t)
�p(t)�þ!À-G�§

p(t) =
∞∑

n=−∞
δ(t− nT )

¡�À-Gæ�"p(t)�æ�¼ê§T�
æ�±Ï§ωs = 2π/T�æ�ªÇ"

xp(t) =
∞∑

n=−∞
x(nT )δ(t− nT )
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7.1 ^&Ò��L«ëY�m&Òµæ�½n 7.1.1 À-Gæ�
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d�¦5�µ
Xp(jω) = 1

2πX(jω) ∗ P (jω)

P (jω) =
2π

T

∞∑
k=−∞

δ(ω − kωs)

Xp(jω) =
1

2π
P (jω) ∗X (jω)

=
1

T

∞∑
k=−∞

X(j(ω − kωs))

p(t) =
∞∑

n=−∞
δ(t− nT ) =

1

T

∞∑
k=−∞

ejkωst ↔ P (jω) =
2π

T

∞∑
k=−∞

δ(ω − 2π

T
k)

Ïd§3��éëY�m&Ò?1n�Ä�§Ò��u3ª�ò&
Ò�ªÌ±Ä�ªÇωs�±Ï?1òÿ"
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7.1 ^&Ò��L«ëY�m&Òµæ�½n 7.1.1 À-Gæ�
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lXp(jω)¥Ø�ý/©lÑX(jω)"ùÒ�¦Xp(jω)3±Ï5òÿ�Ø
Uu)ªÌ�·U"�d7L�¦:

1 x(t)7L´��u,��pªÇωM"
2 æ�m�(±Ï)ØU��§7L�yæ�ªÇωs > 2ωM"

½n (G¿dA£Nyquist¤æ�½n)

é��u�pªÇωM�ëY�m&Òx(t)§XJ±ωs > 2ωM�ªÇ?
1n�æ�§Kx(t)�±��/dÙ�m����x(nT )¤(½"

�÷vþã�¦�§�d±eXÚ¢y&Ò�¡Eµ
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7.1 ^&Ò��L«ëY�m&Òµæ�½n 7.1.1 À-Gæ�
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Xp(jω) =
1

T

∞∑
k=−∞

X(j(ω − kωs))

3ó§¢SA^¥§n�ÈÅ
ì´Ø�¢y�"
�n�ÈÅ
ì�½kLÞ�§Ïd¢Sæ�
�§ωs7L�u2ωM"

$ÏÈÅì���ªÇ7L÷
v:

ωM < ωc < (ωs − ωM )

�
¡E�&Ò�ÌÝ§ÈÅì�
Ï�OÃAkT��Cz"
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7.1 ^&Ò��L«ëY�m&Òµæ�½n 7.1.1 À-Gæ�
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en�$ÏÈÅì�ü À-�A�h(t)§KÙÑÑ�µ

xr(t) = xp(t) ∗ h(t) =
∞∑

n=−∞
x(nT )h(t− nT ), h(t) = T

sinωct

πt

xr(t) =

∞∑
n=−∞

x(nT )
T

π

sinωc(t− nT )

t− nT

��ωc = ωs/2 = π/T�§

xr(t) =
∞∑

n=−∞
x(nT )

sinωc(t− nT )

ωc(t− nT )

ù«S�¡���¥���S�"
S��±n�$ÏÈÅì�ü À-�
A�S�¼ê"
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7.1 ^&Ò��L«ëY�m&Òµæ�½n 7.1.1 À-Gæ�

æææ���öööSSS

®�&Òx1(t)��u100Hz§
x2(t)��u400Hz"y�ée�&
Ò?1æ�§¦÷vÄ�½n��$Ä�ªÇ"

1 y1(t) = x1(t) + x2(t/2)¶
2 y2(t) = x1(t) · x2(t)¶
3 y3(t) = x1(2t)− x2(t)¶
4 y4(t) = x1(t) ∗ x2(t)"

)µ��¦Ñþã�&Ò��pªÇ=�"

1 ��Ð°§ª�Ø §Ïdx2(t/2)��u200Hz§¤±y1(t)��p
ªÇ�200Hz§�A/�$æ�ªÇ�400Hz¶

2 ��¦È§ª�òÈ§¤±y2(t)��pªÇ�500Hz§�A/�$
æ�ªÇ�1000Hz¶

3 ��Ø §ª�Ð°§¤±x1(2t)�þ�ªÇ�200Hz§y3(t)��
pªÇ�400Hz§�A/�$æ�ªÇ�800Hz¶

4 ��òÈ§ª�¦È§¤±y4(t)��pªÇ�100Hz§�A/�$
æ�ªÇ�200Hz"
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7.1 ^&Ò��L«ëY�m&Òµæ�½n 7.1.2 "��±æ�
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"��±XÚµ´��h(t)�Ý/óÀ�XÚ"

"��±µ&Ò���²"��±�§¤���&Ò´���F/&
Ò"

"��±æ���un�æ��§2?é��"��±XÚ"
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7.1 ^&Ò��L«ëY�m&Òµæ�½n 7.1.2 "��±æ�

"""������±±±SSS���ÚÚÚ&&&ÒÒÒ­­­ïïï

"��±S��S�¼ê´"��±XÚ�ü À-�Ah0(t)"

�
lx0(t)¡Ex(t)§Ò�¦"��±�?é��XÚHr(jω)"¦�

H0(jω)Hr(jω) = H(jω) =

{
T, |ω| < ωc

0, |ω| > ωc
Ù¥ωM < ωc < ωs − ωM
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7.1 ^&Ò��L«ëY�m&Òµæ�½n 7.1.2 "��±æ�

"""������±±±SSS���ÚÚÚ&&&ÒÒÒ­­­ïïï

∵ H0(jω) =
2 sin(ωT2 )

ω
e−j

ωT
2

∴ Hr(jω) =
H(jω)ej

ωT
2 ω

2 sin(ωT2 )

eωc = 1
2ωs = π

T§Kµ
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7.2 |^S�d��­ï&Ò

���������±±±SSS���£££���555SSS���¤¤¤ÚÚÚ&&&ÒÒÒ­­­ïïï

�5S��§ÙS�¼ê´n�
/óÀ"

H1(jω) = T

[
sin(ωT2 )

ωT
2

]2

=
1

T

[
sin(ωT2 )

ω/2

]2

���±S��"��±S�¤
�)�¡E&Ò��äk�Ð�²
wÝ§ª�äk�$�pª©þ"
¦^�p��S�XÚ§S�A5
¬�Ð§�S�¼ê�±YÏ¬�
�"
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7.3 jæ���Jµ·Uy�

jjjæææ���������������JJJ—ªªªÌÌÌ···UUU

XJæ��§Ø÷væ�½n��¦§Ò¬¦x(t)�ªÌ3±Ïò
ÿ�ÑyªÌ·U�y�"d�§=¦ÏLn�S���Ø��&Ò"
�´ÃØN�§¡E¤��&Òxr(t)��&Òx(t)3æ�:þòäk�
Ó��xr(nT ) = x(nT )"(��oº)

~µé&Òx(t) = cos(ω0t)?1æ�"
�ω0 < ωs < 2ω0 �u)
ªÌ·U§
¡E�&Ò�µxr(t) = cos(ωs − ω0)t
�t = nT�§

xr(nT ) = cos(ωs − ω0)nT

= cosωsnT · cosω0nT

+ sinωsnT · sinω0nT

= cosω0nT = x(nT )

Ù¥ωs = 2π/T"��§3æ�:��
�&ÒE´�Ó�"
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7.3 jæ���Jµ·Uy�

±±±���uuu&&&ÒÒÒ���~~~©©©ÛÛÛjjjæææ���

XJx(t) = cos(ω0t+ φ)§K3þã�¹e:

Xr(jω) = π
{
δ (ω − (ωs − ω0)) · e−jφ + δ (ω + (ωs − ω0)) · ejφ

}
xr(t) = cos[(ωs − ω0)t− φ]

L²¡E�&ÒØ=ªÇü$§
�� ��£� Ò´Ø��§�v
k¿Â¤"

ó§A^�§XJæ�ªÇωs = 2ωMòØv±l��¡E�&Ò"

~Xµx(t) = cos(ω0t+ φ)§3ωs = 2π
T = 2ω0�

x(t) = cosφ cosω0t− sinω0t sinφ

x(nT ) = cosφ cosω0nT

ùÚéx1(t) = cosφ cosω0tæ��(J��"

AO´�φ = π/2�§x(nT ) = 0"��Ñþãy����Úª�)º"
ÜïI (ÜS�Ï�Æ>&Æ�) 17Ù æ� 2016c 6� 3F 20 / 42



7.3 jæ���Jµ·Uy�

jjjæææ���333óóó§§§¢¢¢SSS¥¥¥���AAA^̂̂

l^���O&Ò��Ýw§Ñyjæ�´ó§þØF"Ñy�"

�k��±|^jæ���J)û¢S¯K"3¢SA^¥§|^j
æ��¦pªCz�&EN��$ªCz�&Òþ"ù�pª&Ò�ÿ
þ�5
B|"Xæ�«ÅìÚªð¤�"

�Ïæ�µ3ωs < 2ωM��¹e§&ÒÌ(�EU�±�^�º
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7.3 jæ���Jµ·Uy�
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7.3 jæ���Jµ·Uy�
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7.3 jæ���Jµ·Uy�

'''uuuæææ���½½½nnn

��æ�½n�n�'�:µ

éu��&Ò�±?1��æ�¶

&Ò���æ���ÙªÌ�±Ïòÿ¶

��æ���ªÌØu)·U§B�Ã�ý¡EÙ��&Ò"

�A�éuª�æ�½nkµ

éu��&Ò�±?1ª�æ�¶

&Ò�ª�æ���Ù��Å/�±Ïòÿ¶

��æ�����Å/Øu)·U§B�Ã�ý¡EÙªÌ"
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7.4 ëY�m&Ò�lÑ�m?n
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7.4 ëY�m&Ò�lÑ�m?n

C/D£££ëëëYYY���mmm���lllÑÑÑ���mmm¤¤¤===���

p(t) =
∞∑

n=−∞
δ(t− nT )

xp(t) = xc(t) · p(t) =
∞∑

n=−∞
xc(nT )δ(t− nT )

xd[n] = xc(nT )

À-G�S��C�L§§3��´��é
�m8�z�L§¶

Xp(jω) =
1

T

∞∑
k=−∞

Xc [j(ω − kωs)] Xd(e
jΩ) =

∞∑
n=−∞

xd[n]e−jΩn
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7.4 ëY�m&Ò�lÑ�m?n

C/D£££ëëëYYY���mmm���lllÑÑÑ���mmm¤¤¤===���

Xd(e
jΩ) =

∞∑
n=−∞

xc(nT )e−jΩn

Xp(jω) =

∞∑
n=−∞

xc(nT )e−jωnT

Xd(e
jΩ) = Xp

(
j

Ω

T

)
, ω =

Ω

T

Xp(jω) = Xd(e
jωT )

=
1

T

∞∑
k=−∞

Xc [j(ω − kωs)]

Xd(e
jΩ) =

1

T

∞∑
k=−∞

Xc

[
j

1

T
(Ω− 2πk)

]
À-G�S��C�L§§3ª�´��ªÇ8�z�L§"
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7.4 ëY�m&Ò�lÑ�m?n

D/C£££lllÑÑÑ���mmm���ëëëYYY���mmm¤¤¤===���

yp(t) =
∞∑

n=−∞
yd(n)δ(t− nT )⇒ Yp(jω) =

∞∑
n=−∞

yd(n)e−jωnT

Yd(e
jΩ) =

∞∑
n=−∞

yd[n]e−jΩn, Ω = ωT ω =
Ω

T

Yd(e
jΩ) = Yp

(
j

Ω

T

)
Yp(jω) = Yd(e

jωT )

��§D/C=�´C/D=��_L§"
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7.4 ëY�m&Ò�lÑ�m?n
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b½Hd(e
jΩ) = 1§kyd[n] = xd[n]§3÷væ�½n�kyp(t) =

xp(t)§yc(t) = xc(t)§��XÚ´ð�XÚ§L²D/C=�´C/D=�
�_XÚ"
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7.4 ëY�m&Ò�lÑ�m?n
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é���¹µ

Yd(e
jΩ) = Xd(e

jΩ) ·Hd(e
jΩ)

Yd(e
jωT ) = Xd(e

jωT )Hd(e
jωT ) = Xp(jω) ·Hd(e

jωT ) = Yp(jω)

Xp(jω) = Xd(e
jωT ), Yp(jω) = Yd(e

jωT )

Yc (jω) = Yp (jω) ·H (jω) =

{
0, |ω| > ωs

2

TXp(jω)Hd(e
jωT ), |ω| < ωs

2

= Xc(jω)

{
Hd(e

jωT ), |ω| < ωs
2

0, |ω| > ωs
2

Hc(jω) =

{
Hd(e

jωT ), |ω| < ωs
2

0, |ω| > ωs
2

½µHc

(
j

Ω

T

)
= Hd(e

jΩ) |Ω| < π
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7.4 ëY�m&Ò�lÑ�m?n
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7.4 ëY�m&Ò�lÑ�m?n
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��§��ëY�mXÚ�ªÇ�A§Ò´lÑ�mXÚªÇ�A
3��±ÏS�A5§�ØL3ªÇþk��ºÝC�"

éëY�m&Ò?1lÑ�m?n�XÚ3xc(t)��§�æ�ªÇ÷v
æ�½n��¦�U�����LTIXÚ"
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7.4 ëY�m&Ò�lÑ�m?n 7.4.1 êi�©ì

êêêiii���©©©ììì

���©ìµHc(jω) =

{
jω, |ω| < ωc

0, |ω| > ωc

dHc(j
Ω
T ) = Hd(e

jΩ)��§ωc = ωs
2 �kµHd(e

jΩ) = jΩ
T |Ω| < π
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7.5 lÑ�m&Òæ� 7.5.1 óÀGæ�

óóóÀÀÀGGGæææ������������LLL«««

xp[n] = x[n] · p[n]

=

∞∑
k=−∞

x[kN ]δ[n− kN ]

P
(
ejω
)

=
2π

N

∞∑
k=−∞

δ

(
ω − 2π

N
k

)
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7.5 lÑ�m&Òæ� 7.5.1 óÀGæ�

óóóÀÀÀGGGæææ������ªªª���LLL«««

Xp(e
jω) =

1

2π
X(ejω) ∗ P (ejω)

=
1

2π

∫
2π
P (ejθ)X(ej(ω−θ))dθ

=
1

N

∫
2π
X
(
ej(ω−θ)

) ∞∑
k=−∞

δ

(
θ − 2π

N
k

)
dθ

=
1

N

N−1∑
k=0

X
(
ej(ω−

2π
N
k)
)

3��§élÑ�m&Ò±N�m�
æ�§3ª�§&Ò�ªÌÒ3��±Ï
S±2π

N�m�±Ï5òÿ"
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7.5 lÑ�m&Òæ� 7.5.1 óÀGæ�

^̂̂nnn���ÈÈÈÅÅÅììì­­­ïïï&&&ÒÒÒ���ªªª���LLL«««

�¦xp[n]U¡E¤x[n]§KªÌ
3±Ï5òÿ�ØUu)·U"
�d�¦µ

�©&Òx[n]��uωM"

æ�ªÇ

ωs =
2π

N
> 2ωM

n�$ÏÈÅì��ªÇ

ωM < ωc < ωs − ωM
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7.5 lÑ�m&Òæ� 7.5.1 óÀGæ�

^̂̂nnn���ÈÈÈÅÅÅììì­­­ïïï&&&ÒÒÒ���������LLL«««£££SSS���¤¤¤

¡Ex[n]�L§�´�«��S�L§§ÙS�¼ê�n�$Ï�
ü óÀ�Ah[n]"

h[n] = N · sinωcn

πn
xr[n] = xp[n] ∗ h[n]

=
∞∑

k=−∞
x[kN ]

Nωc
π

sinc
ωc(n− kN)

π

=
∞∑

k=−∞
x[kN ]

Nωc
π

sinωc(n− kN)

ωc(n− kN)

�ωc = π/N�§xr[n] =

∞∑
k=−∞

x[kN ]
sinωc(n− kN)

ωc(n− kN)
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7.5 lÑ�m&Òæ� 7.5.2 lÑ�mÄ��S�

lllÑÑÑ���mmmÄÄÄ���

XJxb[n] = xp[nN ] = x[nN ]§Krdx[n]²Lxp[n]�xb[n]�L§
¡�Ä�"��5`§Ø�Ä��^���lx[n]Ä���xb[n]§ù
�L§´Ø�_�"��x[n]÷væ�½n��¦�§k²Lxp[n]2
�xb[n]§KÄ�L§´�_�"

Xb(e
jω) =

∞∑
n=−∞

xb[n]e−jωn

=
∞∑

n=−∞
xp[nN ]e−jωn

=

∞∑
n=−∞,n=rN

xp[n]e−jω
n
N

=
∞∑

n=−∞
xp[n]e−jn

ω
N = Xp(e

j ω
N )
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7.5 lÑ�m&Òæ� 7.5.2 lÑ�mÄ��S�
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=µXb(e
jω) = Xp(e

j ω
N )

3��é��S�?1Ä�§��u3ª�éæ�S��ªÌ?1ºÝ
C�"
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7.5 lÑ�m&Òæ� 7.5.2 lÑ�mÄ��S�

lllÑÑÑ���mmmSSS���

ÜïI (ÜS�Ï�Æ>&Æ�) 17Ù æ� 2016c 6� 3F 40 / 42



7.6 �Ù�(

���ÙÙÙ���(((

1 ëY�m&Ò���æ�§æ�½n"

2 l��ÏLS�­ï&Ò"

3 jæ��U¬Úå�ªÌ·U§9jæ��,
A^"

4 ëY�m&Ò�lÑ�m?n"

5 lÑ�m&Ò���Ä��S�"£�9�C�Ç?n¤
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7.6 �Ù�(

������

CH7-1µ7.6§7.8§7.10§7.21§7.22

CH7-2µ7.15§7.19§7.26§7.29§7.35

CH7-3µ7.31§7.38§7.41§7.52

7.26¥§òb½ω1 > ω2 − ω1U�ω2 − ω1 < ω1 < 2(ω2 − ω1)"

SKtØµ

ã7.38¥§cos [(2π/T ) + θ] AU�cos [(2πt/T ) + θ]"

ã7.38(b)¥§|ω| < 1
2(T+∆) AU�|ω| <

π
(T+∆)"
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