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(ã1 · · · ãNzO
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NzO
z + 1)

×
1

(1 + a1z−1) · · · (1 + aNzI
z−1)

(5)

= zNp · (· · · + g−1z + g0 + g1z
−1 + · · ·)(6)

d

p-N

-N
0

N iv

i

Fig. 2
�1�Kù������P¿�Í�7 Ã ùJ9�:

Åb��� �fù���� �
FIR
�fù����.àPÛ
 h��Y ¶�·

� £f¸u�uÆ
� = ÒT� S
Niv

Î�ã�U�� � S2V � ��W�ª
¡ �2X+Y ÷bªC��ZPãHº¢è^�BHH§>[.¡¬®Kà�á ��¶��
��R!S ' �P£u¸P� ö �!ZPº�èH�bí��¨§76�M�\2]�í
�

Nd

Î ?>@ ��������Ä�� ¤
^%_ �^£H¸

Fig. 3
���<¶�· � [N\ =�Ã ��	 � Î

ü @ � ¤'`���á
X(z) = H(z)U(z) (7)

Y (z) = G(z)X(z) = G(z)H(z)U(z) (8)

ª Ä áâ�!\4]¬í �
Nd >= 0

Î N 0^�;a6S à^Û�  ?
@ �

G(z)H(z) = z−Nd
�G= á:��½��µ�$���

Y (z) =

z−NdU(z)
¯ �

y(t) = u(t−Nd)
�9b �ä· � ¤��^�%g

U(z) X(z) Y(z)
H(z) G(z)
c!dfeTgih j9dfeigTh

Fig. 3
[k\ =
Ã ��	 �

– 2 –



h��%�1�bù����
G(z)

]�� ?¢�HÆBd�����	
u(t)
� \

]�í��
Nd

6�M�\�·^ �������ñPò.¶>· � ¤¢Û�£ � �
 K���P¥ � �>W�ª�¡ � ô�A��HÆ

G(z) =
z−Nd

H(z)
(9)

���¨�� 
G(z)

Î ?>@ ·N�¨�	�Ý÷�Û
��
'S �;b �d·
� ÅJà � L��.¶
· � ¤

Nd

Î N 0P��NQ ��P
(9)
�

G(z)
Æ'RGS1�µà
� �

� �
H(z)

� # � $�, � " XMÎ�«¨½øàf¡u��Æ9P
(5)¯ �

G(z)
ÆG# �+$�, ���¬Î�«Jh$D�F"GJª ÄH� ¤¬Å

�
ô�A¢Æ$�O�bù����JÎ���cH� � Å�à � ª�¡��f���
ªK�"F�G��¨��Y��1�bù�����Î��¢¸ � ÅJàHà>� � ¤

H(z)
� " X � # � $>& � Ä á

G(z)
� R�S �bª Ä

� ô�A�ªÝ«>��P
(9)
��� �fù����JÆ

IIR ;"< Ã = ªÄ�� ¤
FIR ;"< Ã1= àuÛ�£u��ô�A��PÆ���P (9)

ÎK�
� � ¯ �¨ºH»�ªh��YJ� ��������Ä�� ¤

3.
�����

3.1 ���
[6\ =�Ã*] ��c ^�_�` �%K�Lu»���¼�½�� a�b »
�HÄH� ¤

Fig. 3
Î�[�\ =>ÃC] � � àd� � �¬�����T`

� �����Kù�����Î��d e ���O�Kù�����Î ^�_�` à
� ¡�� @  Hü @ � · � ¤ a%b »µÎ$V�c�� � ÅJà
�
��á P

(9)
Î>��Y��H��QHñ��PÈ����"gNh

FIR ;C< Ã
= àKÛ> ��¢¸ � Å�à � ª¢¡ � ¤�1�3h�

Nd

\�·;Quñ
�PÈH��Y��1�Kù�����Î���¸ � ºH»µÎ�j6Q � ¤
�O�hù�������R!S ' Î _ 4��b� � £u¸P�¨�

t < 0�Ýàb¡h�HÆ
u(t) = x(t) = y(t) = 0

ª Ä�� àfÛ� 
G(z) =

m
∑

i=0

giz
−i, H(z) =

n
∑

j=0

hjz
−j (10)

à � ® ¤
Nd = 0

�¢à�¡bÎ¨ü @ �EA = �hù*���
G(z)H(z) =

1
Î	��£K�

G(z)
Î3��¸ � ¤

G(z)H(z) = (g0 + g1z
−1 + g2z

−2 + · · ·)

×(h0 + h1z
−1 + h2z

−2 + · · ·)

= 1 (11)

��á
g0h0 = 1

g0h1 + g1h0 = 0

g0h2 + g1h1 + g2h0 = 0
... (12)

à��<áâ��Å�·Ý��á
g0 = 1/h0

g1 = −g0h1/h0

g2 = −(g0h2 + g1h1)/h0

... (13)

�!b �ä·h�
G(z)

� � S � �"R� "G¬¶�·u �!<® ¤
g0 =

1/h0

à��P·N�
i >= 1

ª�Æ

gi = −
[

g0 g1 · · · gi−1

]













hi

hi−1

...

h1













/h0 (14)

à#"1M � ¤K£>6�Û
i > n

� �$�
hi = 0

à�� � ¤ i �
� ª�Æ�Å�·�Î a%b à�� � ¤

Nd >= 1
àbÛ� !P

(14)
��\�]Jí��

Nd

Î ?N@ � �Ý�
�

G(z)H(z) = z−Nd
��á

gi =



















































0 (0 < i < Nd)

1/h0 (i = Nd)

−
[

gNd
gNd+1 · · · gi−1

]













hi−Nd

hi−Nd−1

...

h1













/h0

(15)

(i >= Nd)

à�� � ¤
$ ���bù����Hª�Æ!C4D��!E6gJ��£&%N�^�HÆ�9�:
ª�¡h�u��«h� ��' � � � ö ��ô�A��HÆ

h0 = 0
ªGP

(14),(15)
Æ�2Hò�ª�¡h�u�K¤

= Ò��!� S �
0
ª��H�h� �¬� = Ò��

N0

Î�c��H 
hj = 0 (j = 0, · · · , N0 − 1)

�¬à�¡��
Nd >= N0

àV�f·

– 3 –



�
G(z)

Î���¸ � ÅJà � ª¢¡ � ¤

gi =



































































0 (0 < i < N ′

d)

1/hN0
(i = N ′

d)

−
[

gN ′

d
gN ′

d
+1 · · · gi−1

]













hi−N ′

d

hi−N ′

d
−1

...

hN0+1













/hN0

(i >= N ′

d)£'6�Ûd�
N ′

d = Nd −N0

ª ÄH� ¤�Å�� a�b ���¢á b
�d· � �1�Kù�����Æ2R9SO�fª Ä�� ¤

N >= 0
Î N 0H�Ga�SDàHÛ¨ u�

H(z)
�

zN
Î�� M

·N�
D(z)

4
= zNH(z)

= d−NzN + · · · + d0 + · · · + dn−NzN−n(16)

�;= á � h��
d0 = hN

ª Ä�� ¤b¼��¬���
hN

� úhÁ
Ê Vøà�� � ��ð��

N = Np

� � ��· � ¤ aBb �����
  b �V·�£

z
à

z−1
���b� ��� S¢ªf�

z
�f½��H J�

��T�RÝÎ
M
àV�f·6����Å�� � S��

z−M
Î��OM � Å

à
������ �R9SO�Kª*F�G¢�¨��Y��1�Kù���� �;b �
·

Nd = M + N
ª Ä�� ¤

i �	� � a�b �KþkM ��
 Î Qi(z)
����¬Î

Ri(z)
à

�P·N�¨�
i = 1

�Ýàb¡
Q1(z) =

1 − R1(z)

D(z)
=

1 − R1(z)

zNH(z)
(17)

à��<áâ�
R1(z)

ÆH£ ¯ 6 ¯
n � � ' � P�ª Ä^� ¤

H(z)
� " X � �JQu G# � $2& � Ä ·��

1/H(z)
Æ

FJG�ª Ä áâ�WHu§��J� a�b Î� @ �
R1(z)

� � S¬Î
��®P��ªµ«>Ç<¶µ®V� � Å�à � ª¬¡ � ¤�����gOh��
Q1(z)

� � S Î�H^§ ' ® �P·N�
Q1(z) ∼=

z−N

H(z)
(18)

�!= á �^½h¤hÅ
��ô*A��KÆ��
N = Nd

à � MJ�
H(z)�B�1�bù����

G(z)
Æ

G(z) = Q1(z) ∼=
z−Nd

H(z)
(19)

ª ?>@ �d· � ¤

H(z)
� # �+$�, � " XÝÎ��½hô�A¢�PÆ�� a�b Î

� Mu J�P·>�
R1(z)

� HJ§ [<¡K� � SMÎ��¢½µ�¢ð
�P� � �fªK�

1
½J� � S

r
�
|r| > Rmax

Î	�¢£K��÷
ª a%b Î��0ð ¤

R1(z)
���øÛ� 

1
Î>�>WJ�P·N�¨��P

(17)
¯ �

z−N

H(z)
∼= Q1(z)

−1

R1(z)
(20)

−1/R1(z)
�Pî ³ ��ÅJà�Î�� @ �
z−N

H(z)
∼= Q1(z)

Q2(z)

1− R2(z)
(21)

à>�.áâ�
R2(z)

Æ
(n−1) � 1�3^� ' � PJª ÄP� ¤�ÅÅ¨ªf�

Q1(z)Q2(z)
�uþNM �

z
�¨��T�R Î

M
àPÛ
 

Nd = M +N
à � M����

R2(z)
� � S � HH§uÇ ¶¨�

àb¡b�PÆ
G(z)

4
= z−MQ1(z)Q2(z) ∼=

z−Nd

H(z)
(22)

R2(z)
� � S�� � �����M®hàb«

1
½G[ ¡¨��«�� ���

÷�·� H�f·N�
z−N

H(z)
∼= Q1(z)Q2(z)

−1

R2(z)
(23)

à�� � �fªK�;1 3^î ³ �����µÎ � Mh·6���¨�K¤ &
���9P

(23)
ª

R2(z) = r
��ô�A��HÆ

G(z)
4
= z−MQ1(z)Q2(z)

−1

r
∼=

z−Nd

H(z)
(24)

à�� � ¤ a�b ����Smàfà�«¨�
Ri(z)

� � S¢Æ��J�.®àu«
1
½ ��½"! ��Û� 0® � �uªu���O5#�J� a"b ª

L b Æ�$&%f� � ¤

3.2 ')(+*-,/.+0&132

Step 1
aCb �¢���> 

1/D(z)
Î�- .^� � ¤�� � '

� P Ri(z)
�P��QJ �� � S

r
��4 � V�ª

Rmin

1 3���� � ¯ ���µ��®HàP«
1
½��

|r|
�

Rmax��á [.¡¬®d� � ÷bª a�b Î � M � ¤¨£'6�ÛV�
Rmax

à
Rmin

Æ Ä � ¯ ï�¸ ?>@ �d·�£�G�S�ª
Ä�� ¤

Step 2
���ø®fàf«

1
½��

|r|
�

Rmax

Î �¬£f�Kô�A
�uÆ
��½65¨�J��ð���Û� 

Qi(z)
à

Ri(z)
Î7"�

� � ¤
– 4 –



(a)

 Î

z
� ' � P�ª � Û� b� Q̄i(z)

Î
Q̄i(z) = −

1

r1
(q1z

j−k + · · · + qjz
1−k) (25)

ª*G���� � ¤�£ 6µÛ��
r1

Æ � � ' � P
Ri(z)

������� � � � S�ª Ä á � ql (l =

1, 2, · · · , j)
Æ

Qi(z)
� � S^�

k
Æ��*S ' �

P¬�
z
���h� � ��T�RµÎ � Û� ^� � ¤

(b)
��� ' � P�Îd�2�J� � �u��ÛV ���� _ Û
R̄i(z) = 1 +

r2

r1
z−1 + · · · +

rn−1

r1
z−n+2 (26)

à � ® ¤f£26¢Û �
n
Æ98 �^���"� ' � P� � S�ª Ä�� ¤

(c)
ÅHÅ�ª b �d·�£

Q̄i(z)
à

R̄i(z)
Î��^¸u 

Qi(z), Ri(z)
à � ® ¤

Step 3
a�b ���¨�� 

1/Ri(z)
Î�L b � � ¤JÅ��Ýà

¡f� � � ' � P � H�§4[<¡K� � S<Î��¢½fô
A¢�HÆ��

k = 0
àuÛ� 

Step 2
å	� � ¤

Step 4
��Q� J� � S

|r|
� H�§^ÇM¶Ý®�� � ¯ � Ä

� �^Æ���� ' � P � [ ¡¨� � SµÎ��½ 1
½��

� 6�MP�P�H��£Ýàh¡b�HÆ��BL b Î�$6%f� � ¤
Step 5

�¬¸ � ��Y�� �fù����JÆf��Q� J� 
 ' �
P�à \J·

z−M
��
�ª Ä^� ¤

4.
������

4.1 ���������������! #"�$�%��'&
(�)+*-,�.0/21436587

matlab 9+:<;>=6?�@4A-BCED�F	G�5H7JI	K @MLON4P DQF�G�56R Fig. 4 9TS�UV2WYX .ZF\[-]�7H^O_a` UEb�NcP D�F6G-5d`eCfDF6Gg5H*Oh+i�j+i�ROk6l2D�F6Gg5H* VEWYX .�F\[
]�7Mm @cn	o .0pgqsrEtZu b8v `Tw�xfyQz b�NH{| 9 k6l<D\F6Gg5H*O}6~gr6�6�07M� bHv ` 98:2;�Q��� 9E:�b CfD\F-G-5Z*6��K-�8�<7O�g� UEb�N

Rmax = 50, Rmin = 0.05
` @�LQ� k 9�� | z L

A�B C0D�F-G-5d`e�-� nTP D\F-G-5d`eC0D�F-G-5

(a) P D�F-G65Z* V2WYX .ZF\[-] hi

(b) P D�F-G65Z*��-�2*����
Fig. 4 P D�F6G65�* VEWcX .�F�[g]#`e�g� ;

pg�
� r

N = 9
tZu ;�n	�	�0�O�29 �-�f7 1

_f^O_
*�h8i�j+i�`O�	*�}g~grg�6�27

Fig. 5 9OSZUsN Fig.

5(c)
7s� b `4�Z�\�-� Nd = 6

7Z^O_ o .fpgqsr6�`s�-�M��� b w nQ 6¡6¢ � 9 �+���+£ bO¤-¥ *�¦7H^M_ N8v *O§Z¨\�g� (d)
R
−0.6643 ∼ 0.5945(dB)*�©<ªgt\~6«2�M��� b�N

4.2 ¬®�¯�°²±³�����µ´�¶
CµDgFZGH5+* AZBZ·H¥ 7	(+¸ b-L�¹Z9 Rmax =

50, Rmin = 0.01
` @ �\ºH»�¼6½ P *Q¾6r�¿-K X�ÀÁ	Â pg7sÃ {0ÄÆÅ K @cnTÇ<È�É�Ê 7sË @+Ä�@�L��k0*QÌ-Íd7

Fig. 6 9�SEUMN<v * � k n IHK { z L
AHB C�D	F�G�58*+p-� � r Niv

RQ¼ Ä � b w�k�lD\FgG65�* V<WJX .�F�[6]ER :E;4o .2p	qsr 9�A
Ä �-�M��� b8v `TwgÎ�£ b�N y LQn k-l0D\F-G-5*�§E¨	���0R

−0.1680 ∼ 0.1910(dB)
t8u ;OÏ À �Ð 9 �-�M�H� bQNMAHB�·�¥ `\p-� � rfR Ð�Ñ Â³ÒÓ Ï *�qO¾+tZu b�N XfÀ Á	Â pg7sÃ {0ÄÆÅ K UEb

v ` 9+:2; ��Ô { z bsA�B C0D�F-G-5Z*Zp6� � rR�Õ Ä � b w n ��z�`OÖ8×YØ<Ù 9OÚ�·-¥ � A-B CD�F-G65E7 � | z b�N

– 5 –



(a)
�Q��� 9E:<; � | z L

A�B CfD\F-G-5Z* V<WYX .ZF\[6] ĥ−1
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