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ABSTRACT 

 

This research presents a large digital circuits design methodology for a digital 

filter bank circuit on an area limited FPGA (Field Programmable Gate Array). The design is 

divided into two parts: a data-path part for data processing and a control part for controlling data-

path operations. The data-path part is designed by using a hierarchical resource-sharing technique 

to reduce the circuit size. The set of the functions describing the circuit behavior is translated into 

hierarchical data flow graphs (DFGs).   Then the DFGs are hierarchically grouped the same 

structure DFGs to share the same resources from large to small groups. The slower operation of 

the circuit after resource-sharing is concerned.  In the control part, the FSM (Finite State 

Machine) in Moore machine format is used for controlling the correct sequence of the resource-

sharing in the data-path part.  The designed circuit was tested on a Xilinx FPGA SPARTAN-3 

XCS4000-5FG676. The circuit work correctly compared to the calculation results from 

MATLAB. From the synthesis results, the circuit size is 24285 LUTs, i.e. 44% better, and the 

cycle time is 1300 nanoseconds, i.e. 30% worse, compared to the original circuit without 

resource-sharing.    
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1 

����� 1 

 

����	 

 

 
1.1 ��	
��	���������
	�������������� 

 
 ������	
��
	�
������������
��
�������� �����
����	�	� (logic gate) )��
������* +�,���-���.		���/
  0��1� (IntegratedCircuit: IC)9  1
-�*�	
�	�
+����:���)���	� 
*
;���<�.=>�=��� �?/���@� AND, OR, NAND +�,� NOR *
�?,-�*�/�	������;=/������ �?/� 
Proto-Board +�,� Logic trainer ;�����
	
��?,-�*�/�	��K���?L+�,����;K��=��,-�M �)�
	������	�	�
��;=/����� KN���
.	O���������
:+L������-����
		
���	;���/
P>	�����
*�Q�R���-����
	�
*
 
���.	
������ 	
��
	�
��?
��	;����������������.��S����	�/
���@�������./
�?�
M �T�
:����
�K�.���
��	
��?,-�*�/��������� ��	��U������?��N�	�VL+�,�����	�	��,-�M��	��@���
���*
	 ;�: 
=���-���	O�
��:��@�������-*�)�
��+W/�	���� +�,�*��
�
;T��	���� ��	�
	��U=�	
���
�
�)��
������-�����	;��*
 ��
.���*/K
*
�P�
�	
�VL����/
P>	+�,�=�� ��	�/
�:�/�������;����K�O�        

	
��
	�
;�:	
���	;����������������X��N��� ���*���
������*�������?���
+�
-���-���.	�/
��YT����� (Field Programmable Gate Arrays ; FPGA)  *
��@����L��:	����	
�
���.��>� ��U���U ��,-���
	������U�+*���-����	
���	;���:P>	��	;����<��;	�*��*T������L 
;���K
*
�P��
���	
���
�
� �T,-������
:+L=���-�����	;�� �*,-�P>	����;���	O��
	
�<��;	�*
������-�����	;���������?�T����?�T�T�.�������.� ��-K
*
�P�?���
�
������������� �
��+*
:	��
	
���	;���������������-*�)�
��+W/  

�
	�NVK*����)��?�T������* FPGA T��/
�+*
:K*��-�:��
*
�?���	
��
	�

;�:��	;�������������Ya�����L��-��@�������*��-*�)�
��+W/ ;�/��	
���	;�������������
Ya�����L;���L1
-���@��������������-*�)�
��+W/��U� +
	��
+��		
��?����T.
	��/�*	�� 
(Resource-sharing) �:+�/
�<������?���/
� M   1
-���@�)�U����+�
-���K�����
:+L������-�:���K>���-
��
�+�����)�
��+W/K
*
�PP>	K��
������?�T��-*�T,U���-��
	��*
�?���	
���	;�� �:*���:<.?�L 
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*
	�/�	
���	;��  ;�/+����
		
��?����T.
	��/�*	�������:��
�
�?�
��;�:+
	.�-�*�	
��?�
���T.
	��/�*	��*
	)
U���/
�+�/   ����	O�:��
�
�?�
��*
	.�-�)
U��?/�	�� ��	�
	��U.��K/�=���
	
��/�K
.K�WW
V (Interconnection) �
.��?�T��-�:1��1���.�-�)
U����.  *��
�����.+�
.�
���-
��
�K���:���.���S� Resource-sharing ��-*���:K��S��
T  ;�/��S�	
��+�/
��U�*/�����
�
�P
���
*
1��1���	
��/�K
.K�WW
V�
.��?�T��T���* M 	��	
���
 Resource-sharing ;����
���?�U� 
 
1.2 �	����������	�������������� 

 
1.2.1 A digital filterbank hearing aid-design, implementation and evaluation 

(Thomas Lunner, Johan Hellgren, 1991) �
�����.��U	�/
�P
�	
���
�������Ya�����L;���L���?���
	
���	;�����,-��?/�.YX�<�.��-�
�����.��U�:��,�	��	;������Ya�����L;���L��@�;�� IFIR 1
-�
�:?/�.��	
�����
�������>V������<�.Ya�����L;���L��-��
*
��	;���:*���
��� 8 ;P�
?/��K�WW
V �
�����.�:;K���+��+O�<���K��
�)������Ya�����L��U�;�/	
����.
.TQ��	��*)��
���� 	
�+
K�*��:K��S�n����>V  ��	�V:K�WW
V��-����
	Ya�����L;�/�:��� 1
-��
�����.��U�:
����K��	
���
�
����. DSP ?�T�N/� TEXAS INSTRUMENTS TMS320E25 
  1.2.2   A scheduling algorithm for conditional resource sharing (Taewhan Kim, 
Noritake Yonezawa and Jane W.S. Liu,1994)  ����
*��U�:��
�K��)�U�����+*/��	
�;	��XW+

K�
+���	
���	;�� dataflow  graphs ��-*�K/��)��	
���
��V=�<�.*���,-���)   ��	
���	;��
�:T��
�V
��
���	
���
�
�)��������*��U�+*��T,-�T��
�V
;�:����-.�;��� dataflow graphs 
�+�*���
���	
���
��V�+*/<�.��
K/��	
���
��V=���-�*/*���,-���)*
��
��VT���*	��K/��	
�
��
��V=���-*���,-���)   1
-��:�����:<.?�L�./
�*
	�*,-�*�K/��	
���
��V=�<�.*���,-���)�.>/��@�
��
���*
	�� dataflow graphs ��*;�:��	
���K��T��/
�:����*�	
���
�
�P
�	
���
�
�;��  
interconnection �/
*	�
�	
���
�
���-+�
	+�
.��K/��	
���
��V=��,-����. 
  1.2.3   An Optimal Clock Period Selection Method Based on Slack Minimization 
Criteria (EN-Shou Chang, Daniel D. Gajski and Sanjiv Narayan, 1996)   �
�����.��U�:	�/
�P
�K/��
K�
��W��	
�K�����
:+L�
�L�;��L�T,-��?��S��
.TQ��	��*)��������U��,�	
���,�	�
�K�WW
V
�
��	
�+�;	/���� 1
-�	
����K�����T,-���,�	�
�K�W�
��	
��U*�;���
��./
����./
�+�
-��:+�/
�
��,�	�
�K�WW
V�
��	
��-;�/���+�,�	
�T��
�V
���
+�/��;����?���
����
�K�WW
V�
��	

��-*
	)
U�1
-�+
	��,�	;���
���-�*/�+*
:K*��	
�	�
+���
�K�WW
V�
��	
;�����U��:
	/��+��	��	
��K�.���
<�.���/
��:<.?�L��,-���
		�
+���
�K�WW
V��-�+W/�	���� �����U���



 3 

�
�����.��U�:��
�K����S���-�?������
:+L�T,-�	�
+���
�K�WW
V�
��	
��-�:��
�+�K>W�K�.���
��-�+�,�
�
		
���
�
��+����.��-KN�;�:K
*
�P��
;���
���U���?���	
���	;��;	/�����,-���-���1
-��:
	/��+��	����:K��S��
T��-���/�	
���	;��  
 1.2.4  	
���	;��+�/�.��:*��=��V���
K��L��
*��O�K>�K�
+�������	���
��������� FPGA (�N�� ����.:K*, 2550) �
�����.��U��
�K��������K�
+���	
���	;������	
�
��:*��=���
�������.*�+�*���
*��O�K>� ��*��P
�	
�������N��������	����
*)������+�,�
��������	
��)�.��
�
 VHDL �T,-��+�������-��	;��*�	
��?����T.
	��� FPGA ��-���.��-KN�
��/
��-�:K
*
�P��
��� <�.�:*�	
���K��������:*��=�����.*��-��	;�����.	
���
��
��:.N	�L�?���	
���	;��;�:K��
�����	����������;��<���)/
.��:K
�  ADALINE 
Adaptive Filter ?�����-�*/�?�K�WW
V��
�����
	�
.��	�T,-�;K����:K��S��
T)��������:*��
��
�������.*��-��
�K�� T��/
=��
		
���K����@���-�/
T����T�
:����K
*
�P��:*��=�
K�WW
V����./
����P
� 1.25 ��
�����./
��/����
�� (Data-samples per second) 1
-�*��/
K>�	�/
*
	
�*,-���
������.����.�	��=�	
���
�
���-����
	�*<�����<�������L�
	�
�����.��-=/
�*
  

 
1.3 ��!"#$�����% 
 

1.3.1 �
	�
;�:��	;�������������Ya�����L;���L<�.�:���.���S� Resource-
sharing ;����
���?�U�;�:��	;����������N*	
���
�
�)�������������Ya�����L;���L   

1.3.2  �
	�
;�:��
���	
���
�
������������Ya�����L;���L�� MATLAB 
1.3.3  �
	�
;�:��
���	
���
�
������������Ya�����L;���L�� FPGA 
1.3.4  �����
:+L;�:����.����.�=�	
���
�
������������Ya�����L;���L��-

��	;�����.<��;	�* MATLAB 	�������������Ya�����L;���L��-��	;�����.<��;	�* Xilinx 
 

1.4 �����!����	������ 

  
 �
	�
;�:��	;�������������Ya�����L;���LT���*��U�������N�������-��	;��
�+�*�)�
���O	��<�.�
��.������	
��?����T.
	��
��
T
��/�*	��;����
���?�U� ( Hierarchical 
Data-path Resource-sharing) �T,-���@�	
��?���,U���-�� FPGA �+����.��-KN���/
��-�:K
*
�P��
���
;�:�����
:+L=�	
���
���	
���
�
�)��������-��	;���� FPGA 	��	
���
�
�)��������-
��	;�����.<��;	�* MATLAB 
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1.5 ��(�!�������)��	�*�	�����	������ 

 
1.5.1 �
	�
	
���
�
�)�������������Ya�����L;���L 
1.5.2 ��	;��;�:K�����
:+L�����������Ya�����L;���L �
	+��		
���-����
	�


;�:������
=/
�*
 <�.�?�<��;	�* Xilinx ISE 8.1i 
1.5.3 ��
���=�	
���
�
�)�������������Ya�����L;���L�T,-��+����	
���
�
�

)������P>	���� 
1.5.4 �
	�
;�:��	;�������������Ya�����L;���L���.������	
��?����T.
	�

�
��
T
��/�*	��;����
���?�U� ( Hierarchical Data-path Resource-sharing)   
1.5.5 �
	�
;�:��	;�������������Ya�����L;���L<�.�?�<��;	�* MATLAB 
1.5.6 ����.����.�=�)��������-��
���	
���
�
��� FPGA  	��=���-�������
	

	
���	;��;�:��
��V<�.�?�<��;	�* MATLAB   
1.5.7 K�N�=�;�:�)�.��
.�
�  
 

1.6 $��,�-�%����	*�.	��/*���� 

 
1.6.1 �)�
��	
���
�
�;�:K
*
�P��	;�������������Ya�����L;���L<�.�?�

�:���.���S� 	
��?����T.
	��
��
T
��/�*	��;����
���?�U� ( Hierarchical Data-path Resource-
sharing)   

1.6.2 ������-��	;�����.	
��?����T.
	��/�*	��K
*
�P��
�
�;�:���=�	
�
��
�
���-�+*,��	��������-�*/*�	
��?����T.
	��/�*	����	
���	;�� 

1.6.3 ������.��>���������	
���	;��������-�+*
:K*��-KN� �*,-�*�)����
	����
�
��,U���-��-��
	����	
���	;�� (Design Constraints)    
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����� 2 

 

���	�
��
������ 

 

 
2.1 ���	���������������������������� !�
���"����!"#���$������ !� (Digital Filter) 

  

2.1.1 ��������������������� !� (Digital Signal Processing) 
  ������	
��
�
�����������������	� (Digital Signal Processing) ,��-.���
/��0���
��1���,��2�	
����� 	����3��4�5�3�,��26.
��
�
�������	
������4�3�3	789:	
 
(Discrete-time Signal Processing) ��=
8�=70
���3� ������	
��
�
������������7�>8��
�
��?�
@�2�	
��������7�5�7�>8�������	
�?���A�	
�5	�B� (C.:
19	������4�3�3	789:	
) @�28?��5	�B�
7,�3�8�=���
������ 7D38 A�� �A 1B� ,�
 709:	,���������		�E8������7�>8�?���A�5	�B�
7D387��2���8 

 

 
F�0�
��	A 2-1 
�AA�
�����������������	� 

  

�5	�?�,8���:�?�1��E8��
�
������������19	 ��
7�9	�ED5����
������
������ 8�:819	 ��
��:�5	
������
��������:7
I�0	��:���
������������E,5��84�5@�27J0��
	23�
2�:
 65���������:�5	
��
�
��������	��
���
�K3���:�B
 ,
9		���	
�L.���:ED5��1���C�AC5	8E8
��
1?�8����� �I�?�7�>8��:���5	
ED5����
��������:��1���7
I��B
���2�:
�.=8 ����
7�9	�E,�3 M 	2B3 
3 ��
E8��
�?�����
������ 19	 

1) ����6��78!9�:
��:�;<�!=>?���#!�;��� !�: 
�<!=>?���>�;@�A#�A���8��8!�:
���� B @� C.:
6.
/�5�3�1	�0��7�	
O,
9	4�@1
@�
7C�7C	
O��4�34�5		�/AA��7J0���?�,
�A��
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�
������������ /�3�I����
68?���8��ED54�5E8
�8��:�5	
��
	��
���
�
������4�3���8�� 
,
9	E8��
�
������/AA4�37�>87����
�
 	23�
4
�I��� �Q��KA�81	�0��7�	
O�3�8AK11���
1���7
I��B
����8����
68?���ED5�?���
�
������/AA7����
�
,��2 M 	23�
4�5 ���	23�
��:7,I8
4�5D�� 7D38 ��
6	�
,���	
������7��2
 ,
9	����@	��:6B�A�A	���5	�B����5�2���
R�8 MPEG C.:

/�3�3	8�5	
ED5V�
O�/�
O0�7-�E8��
6	�
,�� /�3�Q��KA�8ED570�2
C	W�O/�
O�I����
6�?�4�5/�5� 
@�2	�-�2 CPU ��:��1���7
I��B
�.=8 

2) ���=>?8!9�:
��:�C�����>�; DSP  D�0 DSP 7�>8D9:	23	�	
D�0�
������
������(Digital Signal Processor) C.:
19	 4�@1
@�
7C�7C	
O��:6B�		�/AA���?�,
�A
�8
�
������������/AA7����
�
@�27J0�� @�24�@1
@�
7C�7C	
O�
�7F�8�=�����6��Q�2�

�
��:7	9=		?�8�2�3	��
1?�8�� /����
@	863�2�5	�B���:���
����L�F�0 /��1���7
I��B
 7D38 ��
��
1?���:
0�7-�E8��
1B�, ��
A������, ,
9	��
	5�
�5	�B�/AA circular buffer 7�>8�58 A�
D8��2�

����
6�?���
�
������,��2 M �3�84�50
5	���8E8���7��2� (multi-processing) 	���5�2 A
������:
7�>8�B58?��5�8��
����D�0 DSP 4�5/�3 Texas Instruments, Motorola, Analog Devices, /�� AT&T 
7�>8�58 C.:
D�0 DSP8�=����=
�
�7F���:7�>8��
�
�������5	�B�/AA�?�8�87�I� (fixed-point) /��
�
�7F���:�
�������5	�B�/AA7��	�
�

D8� (floating-point) 

3) ���=>?E��:�
��:
�<!@!8����!!�
���F;��"�7 V�
O�/�
O��:8�=�I,��26.
 �
�

�����	� C.:
����
6		�/AAE,5�?���
�
�������5	�B�4�57D387��2���8 	���	
�L.���:7�>8��:8�2� 7D38 
FFT (Fast Fourier Transform) ,
9	 ����
	
�����	�8�=8 ����
6,�C9=	4�5��:�4�7�>84	C��?�7
I�
B���:
�?�7J0��WQ
�OD�88�=8 M /�365��5	
��
	���	
�L.���:7J0������.=8 �I	���5	
�?���
		�/AA7�>84	C�
7J0��
�87	
 (Application Specific Integrated Circuits ,
9	 ASIC) C.:
/838	8�3��58�K8E8��

		�/AA�?�,
�A��
7�9	�8�=13	8�5�
�B
  

��
7�9	�	����
,8.:
 19	 ��
ED54	C������	��
�7F�@�
/�
�4�5 ,
9	 FPGA 
(Field Programmable Gate Array) C.:
�Q��KA�8��1����K���0	��:��8?���ED5�?���
�
������
������4�5 ��
ED5 FPGA �����58�K8E8��
		�/AA��:6B���3� ASIC ��=
8�=��
7�9	�ED5���
�
������/�3��/AA�I�.=8	2B3��A�������	

�8 1���7
I���:�5	
��
 /���58�K8  
 

��������	
���
���������
����������������	��������� �!�!"����#$���� %�
����"�����������&
��'%�����
�(��)��������*� +(�����'��   

• ��
�
������7��2
 7D38 ��
A�A	��7��2
 ,
9	7�5�
,��7��2
 (speech 
coding)  ��

B5�?�7��2
(speech recognition)  ��
7���7	W7W17��2
 (sound 
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effect) ��
���7��2
  ��
�
	
7��2

A��8  ��
��
71
��,O7��2
�8�
� 
(music synthesizer) 7�>8�58 

• �
��
/0�2O 4�5/�3 ��
��71
��,O������1�9:8��	
 (EEG) /��������
1�9:8,��E�(ECG)  71
9:	
D3�24�52�8 (hearing aid) 7�>8�58 

• #�������������������,,-� +(��#$�#��������!	� )��.��/	��!��/�
�
��!�)(*� 

• ��
�
������������/AA,��2���� 4�5/�3 ��
�
������F�08�:
 (2 
����)  ����@	 (3����)  holography (F�0 3 ����) ���	23�
�	
��
�
�2K��OED5

�8 4�5/�3 ��
A�A	������������@	  ��
�?�F�0E,5D���.=8 7D38ED5��A
F�063�2���7��2�  F�0��
@A
��1��/��F�0��:63�2/�5�4�3D��  
�AA
B5  
�?�F�0  ��
�	
7,I8�	
,K3828�O  /����
71�9:	84,��	
F�0������� 
7�>8�58 

• 
�AA�9:	��
 4�5/�3 modulation/demodulation  ��
D�7D2���	

D3	
������(channel equalizer) E8	K��
�O@�7�� /��@�
-�0�O�9	69	 
��
�
	
7��2
���5	8E8
�AA@�
-�0�O��
4�� /��
�AA��
�
�DK�
��
4�� (video conferencing)  
�AA7
��
O/��@C8�
O 
�AA8?���
 
(navigation system)  GPS 7�>8�58 

• E8	K��
�O /��71
9:	
�9	��
4WWm� 7D38 71
9:	
��71
��,O1���6�: 
(spectrum analyzer) 71
9:	
�
5�
������ (function generator) /��
71
9:	
�
����������� (pattern matching) 7�>8�58 

�����������#��������� ������	��������� �!�!"�� ����0!��"!��%1�1��
"��� 2 
#
�����
��� '��	
����!�3!4�&)(*������	�� 

 

2.1.2 �"����!"#���$������ !� (Digital Filter) 
�
�
�
	
1���6�:�?�,85���:�?�/8�1���6�:���1����5	
��
�	
�B5ED5 /A3
���

1K��������	
���	A�8	
1���6�:(frequency response) ��
F�0�
��	A��: 2-2  4�5 4 D8��
�5�2��819	 �
�
�
	
1���6�:�:?��3�8(low-pass filter ; LPF)   �
�
�
	
1���6�:�B
�3�8(high-pass 
filter ; HPF)   �
�
�
	
/6A1���6�:�3�8(band-pass filter ; BPF) /���
�
�
	
/6A1���6�:,2K�
�3�8(band-stop filter ; BSF) 
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F�0�
��	A 2-2 ���	A�8	
1���6�:�	
�
�
�
	
	K��1�� 
 

������	A�8	
1���6�:E8F�0�
��	A 2-2 7�9:	E,5 |H| 19	�8���	
/

��8
��
�5�87	��O0K� �
�
�
	
1���6�:�:?��3�8 ��2	�E,51���6�:��=
/�3 0 Hz 6.
1���6�: fc �3�84�2�
��=�
7	��O0K��	
�
�
4�5 �3�81���6�:��:�B
��3� fc 1���6�:��4�3�3�84�2�
��=�7	��O0K��	
�
�
 �?�,
�A
�
�
�
	
1���6�:�B
�3�8��2	�E,51���6�:�B
��3�1���6�: fc �3�84�2�
��=�7	��O0K��	
�
�
4�5 �3�8
1���6�:��=
/�3 0Hz 6.
1���6�: fc ��4�3�3�84�2�
��=�7	��O0K��	
�
�
 �?�,
�A�
�
�
	
/6A1���6�:
�3�8 ��2	�E,51���6�:��=
/�3 fc1 6.
1���6�: fc2 �3�84�2�
��=�7	��O0K��	
�
�
 �3�81���6�:��=
/�3 0Hz 
6.
1���6�: fc1 ��A1���6�:��:�B
��3� fc2 ��4�3�3�84�2�
��=�7	��O0K��	
�
�
 /���
�
�
	
/6A1���6�:
,2K��3�8 ��4�32	�E,5D3�
1���6�: fc1 6.
1���6�: fc2 �3�84�2�
��=�7	��O0K��	
�
�
 �3�81���6�:	9:8M 
�
�
2	�E,5�3�84�2�
��=�7	��O0K�4�5 

�
�
�
	
1���6�:��:ED5
�8��8	2B3��:�4� ���8�2�ED5�
�
�
	
1���6�:/AA/	8�
�	� C.:
�
��	A4��5�2 ���1����5�8��8   ���7�IA�
��K   ���7,8�:2�8?� /��	K��
�O�.:
���8?�7D38 
		�/	��w �5	��19			�/AA4�5
3�2 
�1�6B� /�3���5	7��2��:�
�
���7�6�2
F�0 (stability) 1���6�:��:
�5	
��
��1���1���71�9:	8�B
 /�3E8�Q��KA�84�5,�8��8�2�ED5�
�
�
	
1���6�:/AA�����	���8
��� 70
����7�6�2
F�0��:����3� 1���6�:��:�5	
��
��1���1���71�9:	885	2��3� /�3���5	7��219	       

D3�
1���6�:�3�8 $���%��	5
�
������� 

f f 
C 

|H| 

0 

(�) ��"������)����������%��	5
�"������� 

f f 
C 

|H| 

0 

()) ��"������)����������%��	5
��8����� 

'5�%��	5
����� 

f f 
C1 

|H| 

0 

(%) ��"������)����������'5�%��	5
����� 

f 
C2 

f f 
C1 

|H| 

0 

(�) ��"������)����������'5�%��	5
�
������� 

f 
C2 

'5�%��	5
�
������� 
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��
		�/AA�?�4�52����3� /����
�1��B
��3� �?�,
�A
�8����28�=�	��3��6.
��
		�/AA�
�
�
	

1���6�:/AA�����	� 70�2
	23�
7��2�7�3�8�=8 

�
�
�
	
�����	�7�>8�
�
��:�?�,85���:�
������������E8@�7�87���709:	
���/��
���	A�8	
��
1���6�:E87D�
�8�� (Magnitude response) ,
9	���	A�8	
7D�
7W� 
(Phase response)   @�2����
62����	23�
�
�@2D8O��:4�5
�A����
�
�
	
�����	� 4�5/�3 709:	�
	

������
A��8 		������������:�5	
��
 7D38������7��2
��:����

A��8����F���
	A�5�
 
,
9	 /2���������:���8��8 7D38E8��
���������1�9:84WWm�,��E� (Electrocardiogram ; ECG) 
�	
/�3/����
�E81

FO ��:������
���8�	
�	
������ ,
9	 �
�A�
K
1K�F�0�	
7��2
7D38
E871
9:	
D3�2WQ
 7�>8�58 

@�2��:�
�
�
	
	��6B�/��
	2B3E8
B��	
����
���3�
 (Difference Equation) 
C.:
����
���3�
E8��:8�= 19	 ����
��:A3
A	�1������0�8LOE87D�
7���
�,�3�
��������7�5��	

�
�
�
	
 19	 x(n) /����������		��	
�
�
�
	
 19	 y(n)  ����
���3�
 19	 ��:
��:��ED5
�?�,
�A�
5�
����
������ 70
������
��A	��3���,� y(n) 4�5�5�2��
1?�8��	23�
4
 /��

�5�2����
2-1 ��
8�=  
 

...)2(2)1(1...)2(2)1(1)(0)( −−−−−+−+−+= nybnybnxanxanxany         (2-1) 
 

���
B�/AAE,�34�5����
 (2-2) 
 

 ∑∑
∞

=

∞

=

−−−=
00

)()()(
i

i

i

i inybinxany          (2-2) 

 
@�2��:�4� �?�,
�A�
�
�
	
 FIR ����13�����
����LO bi 7�>8-B82O��=
,�� ,
9	4�3

����
ED513����	AE8	���8�:87	
 /�3�?�,
�A�
�
�
	
 IIR ����13� bi 	23�
85	2 1 ���4�37�3���A-B82O    
����	�����"���)���"�����#
���	��5����%� ���9 �)�������������1��

�	�8� /������"������"������� �!	0���O (Impulse Response) +(����#$�������9 /'����� h(n)  
@�2��:��"������"������� �!	0���O�	
�
�
�
	
7�>8����?�,8�1K���A����	
�
�
�
	
 ���

�%� �	��"!)������������*���	��5
����1������-������������� �)����:�'���!	&���/ 
(δ(n) ) '���	;���������� �
*�-���
��������� �)��)���������������������� ��� ���'�������
4�&������ 2-3 

 



 10 

 

F�0�
��	A 2-3 ���	A�8	
�3	������	��0���O 
 

+(������������� )�����������-������� �!	&���/��:������ )��)�����
��!�)(*���� 2 �� 
 �����*��(���	��5'�����������"�	��"�������!	&���/�����:� 2 '�� %;� 

�
�
�
	
��:�����	A�8	
	��0���O�?����  (Finite Impulse Response : FIR)    
�
�
�
	
��:�����	A�8	
	��0���O	8�8�O (Infinite Impulse Response : IIR) 

 

 
F�0�
��	A 2-4 ���	23�
���	A�8	
�3	������	��0���O�	
�
�
/AA FIR /�� IIR 

  
�
�
�
	
�����	���=
�	
D8�����
��	A�5�2	
1O�
��	A09=8R�8(Basic 

elements) 19	 ���A�� (adder) ���1B� (multiplier) /�����,83�
 (Delay) 
 

 
 

F�0�
��	A 2-5 	
1O�
��	A09=8R�8��=
 3 �����:ED57�>8�3�8�
��	A�
�
�
	
�����	� 
 

�
�
�
	
	��6B�/��
	2B3E8
B��	
WQ
�OD�863�2@	8 (Transfer function)   @�2
,���3��
�
E��
�
,8.:
�����	A�8	
�3	������	��0���O7�>8 h(n) /����
/��
 z �	
 h(n) 4�5
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13�7�>8 H(z) 7
���3���3� H(z) 7�>8WQ
�OD�863�2@	8�	

�AA C.:
��1������0�8LO��A��
/��
 z �	

��������7�5� /����		���
����
 (2-3) 

 
          (2-3) 

 
 

2.1.2.1 �"����!"
�� IIR (Infinite Impulse Response) 
�
�
�
	
�����	�/AA IIR ����WQ
�OD�863�2@	8�	

�AA��
����
 (2-4) 

 
 

                 (2-4) 

 
�������
 (2-3) /�� ����
 (2-4) 8?�4����7�	��3�
ME,�3/��7��28E,5	2B3E8
B�

�	
����
���3�
 (Difference Equation) 4�5��
����
 (2-5) 
 

∑∑
=

−

=

− −=
M

k

k

k

N

k

k

k ZzYaZzXbzY
10

)()()(  

k

k

k

k ZzYaZzYaZzXbZzXbzXbzY
−−−− ++++++= )(...)()(...)()()( 1

1
1

10  

∑∑
==

−−−=
M

k

k

N

k

k knYaknXbnY
10

)()()(              (2-5) 

 
�������
 (2-5) ����
68?���7��287�>8@1

�
5�
4�5��
F�0�
��	A 2-5 7�>8

@1

�
5�
/AA�

 I (Direct form I)  
 

)(

)(
)(

zX

zY
zH =

∑

∑

=

−

=

−

+

==
M

k

k

k

N

k

k

k

za

zb

zA

zB
zH

1

0

1
)(

)(
)(
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F�0�
��	A 2-6 @1

�
5�
�
�
�
	
IIR/AA�

 I  
 
 

��=
8�=�?�,
�A
�8����28�=��7�9	�ED5�
�
�
	
/AA FIR E8��
		�/AA��
8�=8��
��3��6.
,�����
��
		�/AA/��1K���A�����:�?�1���	
�
�
�
	
/AA FIR ��:7�>87,�K��,���E8
��
�����8E�7�9	��
�
�
	
/AA FIR ��ED5�?�,
�A
�8����2 

 

2.1.2.2 �"����!"
�� FIR (Finite Impulse Response) 
�
�
�
	
�����	�/AA FIR ����WQ
�OD�863�2@	8�	

�AA��
����
 (2-6) 

 

∑
−

=

−=
1

0

)()(
n

k

k
zkhzH                               (2-6) 

�������
 (2-3) /�� ����
 (2-6) 8?�4����7�	��3�
ME,�3/��7��28E,5	2B3E8
B�
�	
����
���3�
 (Difference Equation) 4�5��
����
 (2-7) 

∑
−

=

−=
1

0

)()()(
n

k

k
ZzXkhzY  

kZzXkhZzXhZzXhzXhzY −−− ++++= )()(...)()2()()1()()0()( 21

   ∑
−

=

−=
1

0

)()()(
n

k

knXkhnY                              (2-7) 

�������
 (2-7) ����
68?���7��287�>8@1

�
5�
4�5��
F�0�
��	A 2-7   
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F�0�
��	A 2-7 @1

�
5�
�
�
�
	
FIR  
 

@�2��:�
�
�
	
/AA FIR 8�=8���7�>8�
�
�
	
/AA8	8
�71	
OC�W (Non 
recursive) 789:	
�����4�3����
�m	8���A�����
�5�87	��O0K�/��8	����8�=�
�
�
	
/AA FIR 
����1K���A���	9:8M	��19	 

����
6�
5�
4�5
3�27�9:	7��2A��A�
�
�
	
/AA IIR 
��1K���A�����
�	A�8	
��
7W�7�>87D�
7�58(Linear phase) 
����
����L�|��:7��������
1?�8������13�4�37��8,8.:
  
�
�
�
	
/AA FIR ��7�6�2
F�0��:/838	8 

 
�"����!"#���$���9��>�"��?7 (Linear Phase Filter) 
���
�
�
	
1���6�:�3�8�����:2�
1
�5	
��

����
B�
3�
�	
������7	�4�5E8

�����:�������3�8�
�
4� �
�
7D388�=87�>8�
�
�
	
1���6�:7W�7D�
7�58 C.:
��
����
�	A�8	

1���6�:��:����
67��284�5@�2 
 

kjjj eeHeH θθθ −= )()(                                                     (2-8) 

 
7�9:	 − π < θ < π /�� )( θjeH  7�>8��
/��
WB
�72
O�	
 h(n) 
,��E,5 )( θjeX  7�>8��
/��
WB
�72
O�	
 x(n) E,5��
�	A�8	
��13� )( θjeH = 

1 E8D3�
�3�81���6�: ����
�	
7	��O0K�7��284�57�>8 
kjjjjj eeXeHeXeY θθθθθ −== )()()()(              (2-9) 
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,
9	7�9:	/��
���AWB
�72
O 
     )()( knxny −=                                                   (2-10) 

��7,I8�3��
�
�
	
1���6�:7W�7D�
7�584�34�57���:28
B�
3�
�	
	�80K�4� ,��
�
�
�
	
1���6�:��: )( θjeH  = 1 /�34�34�57�>87W�7D�
7�58�I��4�3����
6
����
B�
3�
�	
	�80K�

4�54�5 
 

 
 

F�0�
��	A 2-8 ��
�	A�8	
1���6�:��=
�8��/��7W� (7D�
7�58) �	
�
�
�
	
�3�8 
    1���6�:�:?�E8	K��1�� 

 
,�� h(n) 7�>8��
�	A�8	
	��0���O�	

�AA������7�I�,83�2 �?�,
�A�
�


�
	
1���6�:7W�7D�
7�58��1����?�1��/��7�>87
9:	84�0	70�2
��:�3� h(n) C.:
�?�����?�8�8 N ���5	
��
1��������
�
�����.:
���
 h(n) = h(N-n-1)  13�����
����L�|��
�5�8C5�2/���5�8�����7�3���8 
��
1B��.
����
6��:�����
��4�51
.:
,8.:
 

0���
������
 (2-10) 7�9:	�?���
/��
WB7
�2
OE8����
��: (2-10) ��4�5 
 

)(( ωω ω jXejY kTj−=                         (2-11) 
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�?���
25�2�5�
����
 (2-11) ��4�5�3� 
 

kTjejH
jX

jY ωω
ω

ω −== )(
)(

)(            (2-12) 

 

�������
����13��8�� (magnitude)7�3���A 1 /����7W���
����
��: (2-13) 
kTωωθ −=)(               (2-13) 

��
��:�
�
�
	
/AA FIR �����	A�8	
��
7W�7�>8/AA7D�
7�58��
8�=8�
�

�
	
/AA FIR �.
6B�8?�4�ED5
�8	23�
��5�
���
 7D38 �5�8��

�A�3
�5	�B� ����@	 71
9:	
�9	/0�2O 
7�>8�58  

 
�� !��7!" C!!��;���:6!"����  ( h(n) ) 
�?�,
�A����
	
/AA FIR 8�=8 E8��
		�/AA��:
��:7
��5	
��
,� 19	 13��	


���	A�8	
�3		��0���O ,
9	 h(n) �	

�AA �?�,
�A����
	
 FIR ��:�� h(n) 2�� N �K� 7
���3���3� 
����
	
8�=��	�8��A7�3���A N-1 7,�K���I19	 ����
ED5��������7�5�E8	���25	8,��
4� N-1 �?�/,83
 
,
9	 ����?���
�B
�K���:	2B3E8WQ
�OD�8 H(z) �I19	 z-(N-1)  /���������
��: (2-13) C.:
7�>8����
�	

7W�65��?�,8�����
���	A�8	
��
7W�E,�3@�2�?�,8�E,5 
 kT = α (2-14) 

��4�5 
     θ(ω) = -αω (2-15) 

,
9	65�13��	
���	A�8	
��
7W�7�3���A 
     θ(ω) = β -αω (2-16) 

β  7�>813�1
��: 
65��
�
�
	
������
�	A�8	
��
7W�7�>8/AA7D�
7�58�������
��: (2-15) ��

E,513����	A�8	
	��0���O�	
����
	
 h(n) 7�>8/AA�����
A��  (Positive symmetry) ��

����
��: (2-17)/��(2-18)    
         h(n) = h(N-n-1)   ��: n = 0,1,�..,(N-1)/2 /�� n 7�>81�: (2-17) 

          
2

)1( −
=

N
α      ��: n = 0,1,�..,(N-1)/2 /�� n 7�>81B3 (2-18) 
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/��,���
�
�
	
������
�	A�8	
��
7W�7�>8/AA7D�
7�58�������
��: (2-
16) ��E,513����	A�8	
	��0���O�	
����
	
 h(n) 7�>8/AA�����
�A  (Negative symmetry) 
��
����
��: (2-19) /�� (2-20)    

  h(n) =- h(N-n-1)        (2-19) 

2

)1( −
=

N
α           (2-20) 

  
�������
 (2-17) /������
 (2-19) ����
68?���7��287�>8�
�W4�5��


F�0�
��	A 2-9 
 

 
 

F�0�
��	A 2-9 ���	A�8	
	��0���O�	
7W�7D�
7�58�	
�
�
�
	
��=
 4 D8�� 
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2.2 ����������	
�	����
����
 (Digital Filter Bank Circuit) 
 

,<��"��/'��%/ %;�������������� �$!���) (Digital Filter) ����4�
�(�� 	
���
������%;����
����
�'������� �����)���
�58��-���)��	�#������&;����������%� 4�&)�������  
1������� �
�58��-���)��	���58�'��
�;�������:������ �
�	
%��	5
�"���2�����+(����:���	�
������������)��,<��"��/�����
���8�4��#�,<��"��/'��%/'������� �
�������,<��"��/����"��'��
��58��-����:��!�&�"#
�'��,<��"��/�����;��2�
���8�4��#�,<��"��/'��%/��"�	��������%�� +(��
,<��"��/'"���"���
�����*��=�����
����
�'��
�;���������� �
��������&;����������%� 4�&)��
����� ���������	����)��,<��"��/'"���"���$����� ��������=���������� �������)��
,<��"��/'��%/ 

�
�
�����	�W��7�	
O/A
1O��:ED5E8
�8����28�=7�>8�
�
�
	
�����	���:��������
�5�87�5� 1 D3	
 F�2E8�
��	A4��5�2A�I	��
������ 8 A�I	� 709:	�?���
/2���������:7�5���
		�7�>8�������5�8		� 8 D3	
������    @�2/��
4�5��
F�0�
��	A 2-10 

 

 

 

 

F�0�
��	A  2-10 �
�
�����	�W��7�	
O/A
1O/AA7	��O0K� 8 D3	
������  
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F�0�
��	A 2-11 ��
�
�������	
W��7�	
O/�3�����F�2E8W��7�	
O/A
1O 
 

���F�0�
��	A��: 2-11 /��
E,57,I86.
��
�?�
�8�	
	
1O�
��	A09=8R�8�	

�
�
�
	
�����	� @�2,����
7����0A�3�@1

�
5�
F�2E8�	
W��7�	
O23	28�=8��@1

�
5�
/AA
7��2���8��A@1

�
5�
�	
�
�
�
	
/AA FIR C.:
@1

�
5�
��
�?�
�88�=����
67��28E,5	2B3E8
�	
WQ
�OD�8��
1���-���
OE8
B�����
���3�
�	

�AA (Difference Equation) 4�5��
����
   
(2-7) ���3�
�	
�
�
�
	
/AA FIR ��:��3���3�8��E8,���5	�
�
�
	
/AA FIR  

@�2��
�?�
�8�	
�
�
W��7�	
O/A
1O8�=19	 W��7�	
O23	2��:	2B3F�2E8/�3�������
��
�?�
�8��:7,�9	8��819	 
�A������	�80K���:�5�87�5����8�=8�
������������F�2E�5����

���3�
@�2��:W��7�	
O23	2/�3�������������
7J0���?�,
�AW��7�	
O/�3����� @�2��
��:���
5�

����
���3�
�	
W��7�	
O4�58�=8 ���5	
�
�A13����	A�8	
�3		��0���O (h(n)) C.:
F�0�
��	A 
2-12 /��
E,57,I81������0�8LO�	
13��	A�8	
�3		��0���O�	
W��7�	
O/�3�����709:	D3�2E8��

�
5�
����
���3�
�	
W��7�	
O/�3�������:ED5�
������������F�2E8�
�
W��7�	
O/A
1O8�:87	
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F�0�
��	A 2-12 1������0�8LO�	
13����	A�8	
�3		��0���O�	
W��7�	
O/�3����� 
 

��
�?�
�8�	
W��7�	
O/A
1O��7
�:����������	�80K� x(n) �3�87�5�����:W��7�	
O 
H1(z) ���8�=8��������6B��
������/�5��3
13�7	��O0K�		���7�>8�	
13�19	 y1(n) ��A y1c(n) 
@�2��:7	��O0K��	
13�8�=,����
7�����F�0�
��	A 2-13 ��7,I8�3�7�>813���:�

�5����8C.:
��8/��
��88�:87	
 ���F�0�
��	A7�9:	4�513�7	��O0K��	
13���
��:��3����/�5�  13�7	��O0K�8�=��6B��3
4�
�
�������3	�5�2W��7�	
OE8�?���A6��4� (Hs1 /�� Hs2 ) �84�5������7	��O0K��	
W��7�	
O
/A
1O ��=
/�3 y1(n) �86.
 yM(n)  
 

 
 

F�0�
��	A 2-13 @1

�
5�
�	
W��7�	
O/A
1O/��W��7�	
O23	2F�2E8W��7�	
O/A
1O 
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F�0�
��	A 2-14 �?���A��
�
�������	
W��7�	
O (a)  W��7�	
O23	2 Hs1 (b) W��7�	
O23	2 Hs2 
 

���F�0�
��	A 2-14  /��
�?���AE8��
�
�������	
W��7�	
O23	2 Hs1 /�� 
Hs2  709:	E,54�513�7	��O0K���=
,��1
A @�2��: W��7�	
O23	2 Hs1 ��
�A13�	�80K�C.:
19	13�7	��O0K� y1(n) 
�	
W��7�	
O H1(z) ���m	8E,5W��7�	
O H2(z) C.:
�?���
/2�������		���4�513�7	��O0K�7�>8 y2(n)  
/�� y2c(n)   ���8�=813������� y2(n)   ��6B��m	87�>8	�80K�E,5��AW��7�	
O H4(z) @�2���W��7�	
O 
H4(z) 8�=8������	�80K���6B��
������4�513�������7	��O0K�7�>8 y4(n) ��A y4c(n)   13�7	��O0K� 
y4(n) ��7�>813�	�80K�E,5/�3  H8(z)  �8�K��5�2��4�513� y8(n) �3�813� y8c(n) ��4�38?���ED5  /��
�?�,
�A������ y2c(n)   ���m	84�2�
W��7�	
O H5(z) 4�513�7	��O0K�7�>8 y5(n) ��A y5c(n)  ��
8�=8
�?�,
�AW��7�	
O23	2 Hs1 7�9:	�?���
�
������7�
I�/�5�8�=8��4�513���������=
,�� 4 13� 

W��7�	
O23	2 Hs2 ����
�?�
�8��:7�>84�E8������7��2���8��A W��7�	
O23	2 Hs1 
@�2��:13�	�80K�7
�:��5819	13� y1c(n)  /��7�9:	W��7�	
OF�2E8W��7�	
O23	2 Hs2 �?�
�87�
I�/�5�8�:8��
4�513�7	��O0K�	�� 4 13� C.:
7�9:	4�
����A7	��O0K����W��7�	
O23	2 Hs1 �I��4�513�������7	��O0K�
��=
,�� 8 13�8�:87	
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2.3 
������6!" Finite State Machine [>T�7�� �U���=� 
�� ��>���� 
7V�!", 2547] 

  
Finite State Machine C.:
7�>8,��E��?�1��E8��
		�/AA,83�21�A1K� (Control 

Unit) @�2������A

2�2�5�2/�8F�04�	�/�
� ���	23�
7D38 F�0�
��	A 2-15 ��/��
��

7���:28 �7�� (State) �	
��
	3�87��28�	
,83�21�A1K� @�27
�:���
�?�
�8����7�� Idle 65�
������ START ��13�4�7�>8 �1� �7����7���:284�7�>8�7�� Write ,
9	�7�� Read �.=8��A
������ RW 65�7�>8 �1� ��7�5��B3�7�� Read /��65�7�>8 �0� ��7�5��B3�7�� Write /������7�� 
Read /���7�� Write ��8?�4��B3�7�� Wait 65������� LAST 7�>8 �1� /��7�5��B3�7�� Idle �3	4� 
 
 

 

 
 

 F�0�
��	A 2-15 ���	23�
4�	�/�
��	
,83�21�A1K� (Control Unit) 
  
 @�209=8R�8�	
��
		�/AA FSM ���� 2 
B�/AA�5�2��819	 Mealy /�� Moore 
Machine  

• Mealy Machine ��7�>8��
7��28�7��4�	�/�
�
B�/AA ��:13��	
7	��O0K�
E8/�3���7�����.=8	2B3��A13��	
�7���Q��KA�8 (Current State) /��13��	

	�80K�E8/�3���7�� 
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• Moore Machine ��7�>8��
7��28�7��4�	�/�
�
B�/AA ��:13��	
7	��O0K�
E8/�3���7�����.=8	2B3��A13��	
�7���Q��KA�8 (Current State) 7�3�8�=8@�2E8

�2��7	�2��	
�
�
��=
�	
8�=����3��E8,���5	 2.3.1 /�� 2.3.2 ����?���A 

 
2.3.1 Mealy FSM 

 Mealy Machine 7�>8
B�/AA��
7��28�7��4�	�/�
�/AA��:13��	
7	��O0K�E8
/�3���7�����.=8	2B3��A13��	
�7���Q��KA�8 (Current state) /��13��	
	�80K�E8/�3���7���5�2 C.:

��/���3�
��� Moore Machine ��:13�7	��O0K���7���:28/��
�.=8	2B3��A13��	
�7���Q��KA�87�3�8�=8 
709:	1���7�5�E�E,50���
�����F�0�
��	A 2-16 

 

 
 

F�0�
��	A 2-16 /�8F�04�	�/�
�/AA Mealy Machine 
 

 E8/�8F�04�	�/�
�����=
,�� 4 �7�� @�213��	
7	��O0K�E8/�3���7����
�.=8	2B3��A13��	
	�80K�/��13��	
�7�� �Q��KA�88�=8M C.:
65��	
E8
B��	
V�
O�/�
O,
9	�
�

����
67��28E,57�>8A�I	�4�	�/�
� 4�5��
F�0�
��	A 2-17 C.:
���
��	A4��5�2�
�
1	�
A�78D�:8E8�3�8�	
 Next State /���3�8�	

����7�	
O��:ED57�IA13��6�8��	
�7��/���
�
1	�
A�78D�8E8�3�8��
�
5�
������7	��O0K� ��:8?�13��	
	�80K���0���
��E8��
7���:2813�7	��O0K�E8
/�3���7���5�2 
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F�0�
��	A 2-17 A�I	�4�	�/�
�/AA Mealy Machine E8�K��	
��
V�
O�/�
O 

  
 2.3.2 Moore FSM 
 Moore Machine 7�>8
B�/AA��
7��28�7��4�	�/�
�/AA13��	
7	��O0K�E8/�3
���7�����.=8	2B3��A13��	
�7���Q��KA�8 (Current State) 7�3�8�=8 709:	1���7�5�E�0���
�����
/�8F�0�7��4�	�/�
� ��
F�0�
��	A 2-18 

 

 
 

F�0�
��	A 2-18 /�8F�04�	�/�
�
B�/AA Moore Machine 
 

 E8
B�4�	�/�
�����=
,�� 4 �7�� @�213��	
7	��O0K�E8/�3���7����6B�7��28
4�5E8�
����	
�7��8�=8M /����
7���:28/��
�7�����.=8	2B3��A13�	�80K���:7�5���E8/�3���7�� 
C.:
65��	
E8
B��	
V�
O�/�
O,
9	�
�
����
6��:��7��287�>8A�I	�4�	�/�
�4�5��
F�0�
��	A 
2-19 C.:
���
��	A4��5�2�
�
1	�A�78D�8E8�3�8�	
 Next State /���3�8�	
�
�

����7�	
O��:
ED5E8��
7�IA13��6�8��	
�7��/���
�
1	�A�78D�8E8�3�8��
�
5�
������7	��O0K� 
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F�0�
��	A 2-19 A�I	�4�	�/�
�/AA Moore Machine E8�K��	
��
V�
O�/�
O 
 

 

2.4 6�]7 !7���!!�
���"���7��#A7A��� FPGA 
  
 E8�Q��KA�84�5��A
�����B5����D�0��:����
68?��
�
��:		�/AA�.=8���F��� HDL 
4�ED5
�84�5�
�
 D�0��
��3��19	D�0�?�0�� FPGA (Field Programmable Gate Array) 7�>8D�0��:
�?��	
��
�?�
�8���WQ
�OD�8��:		�/AA�.=8���F��� HDL @�2E8�Q��KA�8��A
�����B5����D��
�2
E,�3	2B3 2 A
���� 4�5/�3 A
���� Xilinx /�� A
���� Altera C.:
��=
�	
A
��������C	W�O/�
OD3�2E8
��
		�/AA @�2��:�4���
		�/AA�
�
�5�2 FPGA ������=8�	8�3�
M��
F�0�
��	A 2-18 
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(1) Design

Specification

(2) RTL Simulation

(3) Synthesis & Optimization

Testbench

(4) Gate Level Simulation

(5) Place & Route

(6) Timing Simulation

(7) Download to Device

FPGA 

Synthesis 

Library

FPGA 

Standard  

Library

Testbench

Testbench

Design 

Constraints

Design 

Constraints

FPGA Chip

 
 

F�0�
��	A 2-20 ��=8�	8��
		�/AA�
�
�5�2 FPGA 
  

 2.4.1 �����?�"6?!�T�
7�6!"���!!�
�� (Design Specification) 
 7�>8��=8�	8��
�
5�
�5	�?�,8��3�
M�	
�
�
 7D38 �
�
�?�
�8��:1���6�:7�3�4,
3 
WQ
�OD�8��
�?�
�8��	�4
A5�
 C.:
7�>8
�2��7	�2��	
�
�
��:�5	
��
		�/AA/��7��28WQ
�OD�:8�	

��
�?�
�8�
�
�����:�B5		�/AA�?�,8��5�2F��� VHDL E8
���A RTL 
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2.4.2 �T��!"����T�"�7A�����"������� RTL (RTL Simulation) 
 7�>8��=8�	8�
���	A��
�?�
�8�	
@�7���
�
E8
���A RTL ,
9	WQ
�OD�8 @�2
��
�?��	
��
�?�
�8 ��6B����	A�5�2 Testbench C.:
��
�?��	
��
�?�
�8E8��=8�	88�= ���?��	

��
�?�
�870�2
WQ
�OD�8 4�31?�8.
6.
13���7�2O (Delay) �	
�
�
/�3	23�
E� 
  

 2.4.3 ��"�#���
:
��!!� �@�8:�"�� (Synthesis & Optimization) 
 7�>8��=8�	8��
�
5�
/�8F�0�
�
 (Schematic) ���@�7���
�

���A RTL E,5
	2B3E8
B��	
�	���7�� @�2	�-�2C	W�O/�
OD3�2E8��
��
71
��,O�
�
 @�2E8��=8�	88�=���5	
��
��
7�9	�ED57�1@8@�2� FPGA ��:�B5		�/AA�5	
��
7�9	�ED5 C.:
A
�����B5���� FPGA ����7�1@8@�2�
4�A
�
� (Technology Library) 7�
�2�4�5E,5�B5		�/AAE8C	W�O/�
O��:ED50��8�D�0 FPGA �	
/�3
��A
�����B5����4�5	2B3/�5� @�27�9:	�?���
��
71
��,O��
�
�
 ���8�=8C	W�O/�
O���?���
		���4�CO 
(Optimize) �
�
����5	�?�,8� ,
9	7
9:	84��	
��
��
71
��,O (Design constraint) ��:�B5		�/AA
�?�,8��.=8�����=8�	8/
��	
��
		�/AA C.:
����0LO��:4�5�����
��
71
��,O�
�
��	2B3E8

B�/AA�	
4W�O VHDL /AA@1

�
5�
�	��� (Structured VHDL) /��4W�O78I�����O���
R�8 
(Netlist) �
�7F� EDIF (Electronic Design Interchange Format) ��:��8?�4�ED5E8��=8�	8 Place & 
Route �3	4� 
  

 2.4.4 ����T��!"����T�"�76!"�"��������!�����  (Gate level Simulation) 
 7�>8��=8�	8��:�B5		�/AA���5	
���	A4W�O78I�����O��:7�>8@�7���	
�
�

���A
�	��� @�2ED5 Testbench ���7�����:ED5�?��	
��
�?�
�8
���A RTL ��/�5� C.:
E8��
�?��	
��

�?�
�8E8
���A8�= ����7
9:	
�	
7����7�2O (Gate Delay) 7�5���7��:2��5	
E8����
�?��	
��
�?�
�8 
C.:
��/���3�
�����
�?��	
��
�?�
�8E8
���A RTL 789:	
���@�7���	
�
�
E8
���A7��8�= ����
�5	�B�7
9:	
��7�2O�	
7��F�2E87�1@8@�2���:�B5		�/AA7�9	���ED5 ��
8�=8�B5		�/AA���5	
�?���

���	
��
�?�
�8709:	�
���	A4��O��:
	��1
�=
,8.:
 �3�2�
6B��5	
����5	�?�,8��	
�
�
,
9	4�3 
65�4�3�

����5	�?�,8����5	
���A4���=8�	8��:3 709:	�?���
��
71
��,O/��		���4�CO�
�
E,�3 
709:	E,5����
�?��	
��
�?�
�86B��5	
��� Design specification 
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 2.4.5 �����"
���><�!� C!�8��:e��=76!" FPGA (Place & Route) 
 7�9:	�
���	A��
�?�
�8E8
���A�	���7��7�>8��:7
�2A
5	2/�5� 7
���8?�4W�O78I�
����O��:	2B3E8
B�/AA EDIF ���?���
/��
�
�B37�1@8@�2�7C��OF�2E8�	
 FPGA /���?���

7D9:	��3	7C��OF�2E87�5��5�2��8 ���
B�/AA��
7D9:	��3		K��
�O�3�
MF�2E878I�����O @�2��=8
�	88�= ������
7
�2�ED57�1@8@�2�7C��O�	
 FPGA 789:	
���7�1@8@�2�7C��O�	
 FPGA 	����
��@1
7C��O (Macro cells) �?�,
�A�
5�
WQ
�OD�8�3�
ME,5��A�B5		�/AAED5
�8 70
����@1
7C��O
�3�
M0��8�=6B���
�B5����		�/AA4�5�?�,
�AD�0 FPGA /�3����� ,
9	��3��4�5�3� 7�>8�
�
��:		� ��
4�CO��/�5��?�,
�AD�0/�3��7�1@8@�2� C.:
E8��
��
/��7D9:	��3	7C��O,
9	��@1
7C��O�3�
M��
6B�1�A1K��5�2�5	�?�,8�E8��
 Place & Route 709:	E,5C	W�O/�
O�?���
/��7D9:	��3	��8���1���
�5	
��
�	
�B5		�/AA ��:7
�7
�2��3� Design constraints @�2����0LO�����=8�	88�= ��	2B3E8
B��	

4W�O VHDL @�2@1

�
5�
�	
7C��OF�2E8�	
 FPGA /��4W�O�
�7F� SDF(Standard Delay 
Format) C.:
7�>84W�O
B�/AA���
R�8��:���5	�B�7��:2���A13���7�2O�	
7�58��
��
7D9:	��3	F�2E8 
(Routing delay) 7C��O FPGA /��4W�O��:ED5�?�,
�A4�@�
/�
�D�0 FPGA C.:
�3�8E,�3��	2B3E8

B�/AA�	
 Configuration File 
  

 2.4.6 ����T��!"����T�"�7�����g�7�������" (Timing Simulation) 
 7�>8��=8�	8�K��5�2�	
��
�
���	A1���6B��5	
 �3	8��8?��
�
��:		�/AA4�
@�
/�
� ,
9	A�
1
�=
7
�2��3� Download �
�B3D�0�
�
�3	4� @�2��=8�	8��
�?��	
��
�?�
�8E8

���A4��O��:
 (Timing model) @�2����0LO�����
�?��	
��
�?�
�8��:4�5����1���E��571�2
��A4��O
��:
��
�?�
�8�
�
A8D�0 FPGA 789:	
���E8��
�?��	
��
�?�
�8E8��=8�	88�=���5	�B�7��:2���A       
��7�2O�	
7C��OF�2E8 FPGA /����7�2O�	
��
7D9:	��3	7C��O7�5���7��:2��5	
 �?�E,5����
�?��	
��

�?�
�8E8
���A8�=E��571�2
��8��A4��O��:
��
�?�
�8A8V�
O�/�
O (Hardware) �
�
 
  

 2.4.7 A��
����"�VC>�;���" (Download to device) 
 7�>8��=8�	8�K��5�2�?�,
�A��
		�/AA�
�
 709:	��
ED5
�8D�0 FPGA 19	
��=8�	8@�
/�
� Configuration File �
�B3D�0 FPGA A8A	
O� 709:	���	A��
�?�
�8�
�
�3	4� 
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 3 

 

 

 

 

3.1   h(n)  

 

 FIR 

 FIR 

 h(n)  1  h(n)  N   

 

h(n)  FIR 

 h(n)   

 (3-1) (3-2) 

 (3-3)  

 

∑
=

−=
N

i

ihinxny
0

)()()(        (3-1) 

      )()2/)1(()( nyNnxnyc −−−=     (3-2) 

 

 )(ny    

   )(nyc    complementary )(ny  

   )(ih   Impulse Response 

   n   Samples 

N -1  System Order 

  

h(n) = h(N-n-1)    n = 0,1, ..,(N-1)/2  n   (3-3) 
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 3-1  

 

 
 

 

 h(n) 

   h(n)  H1(z) 

 H1(z)  5   h1(0)  h1(48)   h1(16)  

h1(32)   h1(0)  h1(48) 

   h(n)  h1(24) 

   

 H1(z)    h1(0)  h1(48)  h1(0)  

  h1(16)  h1(32)  h1(1)  h1(24)  h1(3)   

H(z)   

 3-2  

 h(n)  
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 3-2  

 

H1(z) [ h1(0) = h1(48) � = h1(0)  ,  [ h1(16) = h1(32) � = h1(1)  ,  h1(24)  = h1(2)   

H2(z) [ h2(0) = h2(24) � = h2(0)  ,  [ h2(8) = h2(16) � = h2(1)  ,  h2(12)  = h2(2)   

H3(z) [ h3(0) = h3(28) � = h3(0)  ,  [ h3(4) = h3(24) � = h3(1)  ,  [ h3(8) = h3(20) � = h3(2)  ,  

[ h3(12) = h3(16) � = h3(3)  ,  h3(14)  = h3(4)   

H4(z) [ h4(0) = h4(12) � = h4(0)  ,  [ h4(4) = h4(8) � = h4(1)  ,  h4(6)  = h4(2)   

H5(z) [ h5(0) = h5(10) � = h5(0)  ,  [ h5(2) = h5(8) � = h5(1)  , [ h5(4) = h5(6) � = h5(2)  ,  h5(5)  = h3(3)   

H6(z) [ h6(0) = h6(6) � = h6(0)  ,  [ h6(2) = h6(4)� = h6(1)  ,  h6(5)  = h6(2)   

H7(z) [ h7(0) = h7(30) � = h7(0)  ,  [ h7(6) = h7(24) � = h7(1)  , [ h7(12) = h7(18) � = h7(2)  ,  h7(15)  = h7(3)  

H8(z) [ h8(0) = h8(2) � = h8(0)  ,  h8(1)  = h8(1)   

 

 (3-1), (3-2)  (3-3)  h(n) 

  8  3-1  

 

H1(z) : y1(n)   = [x(n-0) + x(n-48)� * h1(0)  + [x(n-16) + x(n-32)� * h1(1) +  x(n-24) * h1(2) 

 y1c(n)  =  x(n-24)  - y1(n) 

H2(z) : y2(n)   = [x(n-0) + x(n-24)� * h2(0)  + [x(n-8) + x(n-16)� * h2(1) +  x(n-12) * h2(2) 

 y2c(n)  =  x(n-12)  - y2(n) 

H3(z) : y3(n)   = [x(n-0) + x(n-28)� * h3(0)  + [x(n-4) + x(n-24)� * h3(1)  + 

              [x(n-8) + x(n-20)� * h3(2)  + [x(n-12) + x(n-16)� * h3(3) +  x(n-14) * h3(4) 

 y3c(n)  =  x(n-14)  - y3(n) 

H4(z) : y4(n)   = [x(n-0) + x(n-12)� * h4(0)  + [x(n-4) + x(n-8)� * h4(1) +  x(n-6) * h4(2) 

 y4c(n)  =  x(n-6)  - y4(n) 

H5(z) : y5(n)   = [x(n-0) + x(n-10)� * h5(0)  + [x(n-2) + x(n-8)� * h5(1) + [x(n-4) + x(n-6)� * h5(2) +  x(n-5) * h5(3) 

 y5c(n)  =  x(n-5)  - y5(n) 

H6(z) : y6(n)   = [x(n-0) + x(n-6)� * h6(0)  + [x(n-2) + x(n-4)� * h6(1) +  x(n-3) * h6(2) 

 y6c(n)  =  x(n-3)  - y6(n) 

H7(z) : y7(n)   = [x(n-0) + x(n-30)� * h7(0)  + [x(n-8) + x(n-24)� * h7(1) + [x(n-12) + x(n-18)� * h7(2) +  x(n-15) * h7(3) 

 y7c(n)  =  x(n-15)  - y7(n) 

H8(z) : y8(n)   = [x(n-0) + x(n-2)� * h8(0)   + x(n-1) * h8(1) 

 

   3-1  
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 MATLAB  

h(n)  

 Interpolated FIR filters  N-1 

 x(n)
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 h(n) 

 MATLAB 

 

  h(n)     h(n) 

 3-1 

 

 

3.2  

 

 h(n) 

 

 2   
 MATLAB  Xilinx 

 

 2.2   
 

3.2.1  MATLAB 

 MATLAB 

  H1   H8   3-1 

 h(n)  

 

 Xilinx  
 

3.2.2  Xilinx 

 MATLAB 

  Xilinx 
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 MATLAB 

 Xilinx 

 FPGA  
FPGA    

 
( , )  FPGA 

 
 FPGA  FPGA 

 FPGA 

 
 FPGA  

   
 FPGA 

 FPGA  

,

 

 2    

  1.  (Inter-Block Sharing)   

2.  (Intra-Block Sharing)   

 2 

 
 

 3-3  3-4  
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 3-3  

 

 

H1(z) : y1(n)   = [x(n-0) + x(n-48)� * h1(0)  + [x(n-16) + x(n-32)� * h1(1) +  x(n-24) * h1(2) 

 y1c(n)  =  x(n-24)  - y1(n) 

H2(z) : y2(n)   = [x(n-0) + x(n-24)� * h2(0)  + [x(n-8) + x(n-16)� * h2(1) +  x(n-12) * h2(2) 

 y2c(n)  =  x(n-12)  - y2(n) 

H3(z) : y3(n)   = [x(n-0) + x(n-28)� * h3(0)  + [x(n-4) + x(n-24)� * h3(1)  + 

              [x(n-8) + x(n-20)� * h3(2)  + [x(n-12) + x(n-16)� * h3(3) +  x(n-14) * h3(4) 

 y3c(n)  =  x(n-14)  - y3(n) 

H4(z) : y4(n)   = [x(n-0) + x(n-12)� * h4(0)  + [x(n-4) + x(n-8)� * h4(1) +  x(n-6) * h4(2) 

 y4c(n)  =  x(n-6)  - y4(n) 

H5(z) : y5(n)   = [x(n-0) + x(n-10)� * h5(0)  + [x(n-2) + x(n-8)� * h5(1) + [x(n-4) + x(n-6)� * h5(2) +  x(n-5) * h5(3) 

 y5c(n)  =  x(n-5)  - y5(n) 

H6(z) : y6(n)   = [x(n-0) + x(n-6)� * h6(0)  + [x(n-2) + x(n-4)� * h6(1) +  x(n-3) * h6(2) 

 y6c(n)  =  x(n-3)  - y6(n) 

H7(z) : y7(n)   = [x(n-0) + x(n-30)� * h7(0)  + [x(n-8) + x(n-24)� * h7(1) + [x(n-12) + x(n-18)� * h7(2) +  x(n-15) * h7(3) 

 y7c(n)  =  x(n-15)  - y7(n) 

H8(z) : y8(n)   = [x(n-0) + x(n-2)� * h8(0)   + x(n-1) * h8(1) 

 

 3-4  
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 4    

 a  Block  H1 ,H2 ,H4  H6 

 b  Block  H3 

 c  Block  H5  H7 

 d  Block  H8 

 (Data Flo� Graph; DFG) 

  3-5 

 

  

 3-5 DFG  (a)  DFG    (b)  DFG 

        ( block H3) 
   

3.2.2.1  (Inter-Block Sharing)   

   ( Inter-Block Sharing )  

 DFG 

 2  2 

  DFG 

 



 36

 

  a  c   

  

 

 3-6 

 

 ( )  ( ) 

  

 
 

H1:a

H2:a

H4:a

H3:b

H5:c

H6:a H8:dH7:c

 

 

 3-6  

   

3.2.2.2  (Intra-Block Sharing)   

   (Intra-Block Sharing) 

 Inter-Block Sharing 

 Intra-Block Sharing  

 b  d  Intra-Block Sharing   

   3-7  Inter-Block Sharing 

 H3  3   A1, A2  A3,  2  M1

M2   
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 3-7  H3 

 

 

 3-8  H3 

 H4 H5  H6 

 H7  

  3-8 

 200 ns  

 b  d 
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 Xilinx 
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 Flop1 

 enable  enable 0  enable  

1  H1  Flop1 

 (Shift register)  32  49   

 

H1(z) : y1(n)   = [x(n-0) + x(n-48)� * h1(0)  + [x(n-16) + x(n-32)� * h1(1) +  x(n-24) * h1(2)         (3-5) 

 

 H1  (3-5) 

 48    

 flop1  49 

 n-0, n-16, n-24  n-32  n-48  

H1   Flop  

 Flop   Flop2   25   , Flop3 

 29     H1 , H2  H8 

  

  H1  

 4   3   1    

 8  1 
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 3-11 
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3.3  FSM (Finite State Machine) 

   

 FSM (Finite State Machine) 

  

Moore Machine 

 (Current State) 

   

 

   

 

 

 (Control Step) 

 State  FSM  

 3-12  State  FSM  
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 3-12   (a)  DFG  

  (b)   (c)    

 FSM  
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4.1   h(n) 

  

 h(n) 

  MATLAB 

 h(n) 

  h(n)  h(n) 

 

 h(n)  3-1  

 h(n)   H1(z)   

 H1(z)  

 MATLAB  4-1 

 

 

 
 

 4-1  H1(z)    



45

 

 

 

 
 

 4-2  H1  

  

 output  8  

 output 

 4-3  
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 4-3  

  

 H2  H3 

 H1  H2  H3  

 MATLAB  H1 

 H2  H3  4-4 

    

 

 
 

 4-4  H1  H2  H3   
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 4-5  

 

 
 

 4-6  8   



48

 

 

 h(n) 

 MATLAB   h(n) 

  

 8    h(n) 

 MATLAB   

h(n)  4-1  

  h(n) 

 FPGA  Xilinx 

 32    h(n) 

 Xilinx    http://babbage.cs.qc.edu/IEEE-754/Decimal.html  

   

 4-7   

1 

  2 

 

 3  

 32 64  

16  32  

 3    
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 h(n) 

  h(n)  

4-1  

FPGA  

 

1

2

3

 
 

 4-7  h(n)    

 

 

 

 

 



50

 

 4-1 FIR Filter Bank Coefficient 
 

Filter H(n) Decimal Floating Point Binary Floating Point 

 h1(0)  = h1(48) -0.05062417842547      10111101010011110101101101001100 

h1(16) = h1(32)  0.29505933470299     00111110100101110001001000000100 H1(z) 

h1(24)  0.5                                00111111000000000000000000000000 

h2(0)  = h2(24) -0.05062417842547   10111101010011110101101101001100 

h2(8)  = h2(16)   0.29505933470299   00111110100101110001001000000100 
H2(z) 

 
h2(12)   0.5   00111111000000000000000000000000 

h3(0)  = h3(28) -0.00373765573262 10111011011101001111001101110101 

h3(4)  = h3(24)  0.02056989487010 00111100101010001000001000110010 

h3(8)  = h3(20) -0.07232190470689 10111101100101000001110110000010 

h3(12)= h3(16)  0.30537047362544 00111110100111000101100110000101 

H3(z) 

 

h3(14)  0.5   00111111000000000000000000000000 

 h4(0)  = h4(12) -0.05062417842547 10111101010011110101101101001100 

h4(4) = h4(8)   0.29505933470299 00111110100101110001001000000100 H4(z) 

H4(6)   0.5   00111111000000000000000000000000 

 h5(0)  = h5(10)   0.01304920555205 00111100010101011100110001010110 

h5(2) = h5(8) -0.06387151210405 10111101100000101100111100010001 

h5(4) = h5(6)   0.30161294807561 00111110100110100110110100000011 

H5(z) 

 

h5(5)   0.5   00111111000000000000000000000000 

h6(0) = h6(6) -0.05062417842547 10111101010011110101101101001100 

h1(2) = h1(4)   0.29505933470299 00111110100101110001001000000100 
H6(z) 

 
h6(3)   0.5   00111111000000000000000000000000 

h7(0)  = h7(30)   0.01304920555205 00111100010101011100110001010110 

h7(6)  = h7(24) -0.06387151210405 10111101100000101100111100010001 

h7(12)= h7(18)   0.30161294807561 00111110100110100110110100000011 

H7(z) 

 

h7(15)   0.5   00111111000000000000000000000000 

h1(0) = h1(2)   0.29289321881345 00111110100101011111011000011010 
H8(z) 

h8(1)   0.5   00111111000000000000000000000000 
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4.2  MATLAB 

  

 h(n)  

 MATLAB 

 Xilinx  

 MATLAB 

 100 

 4-8   100 

 

 

 
 

 4-8  MATLAB   
 

 

 
 

 4-9  y1  y1c  H1   
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 4-11  y3  y3c  y1c  H3 
 

 

 
 

 4-12  y4  y4c  y2  H4 
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 4-13  y5  y5c  y2c  H5 
 

 
 

 4-14  y6  y6c  y3  H6 
 

 
 

 4-15  y7  y7c  y3c  H7 
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SPARTAN-3  XC3S4000-5FG676   
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 (Simulation)  

3  

 (Timing Simulation)  Testbench   

 (Test environment)   

Testbench  VHDL  Testbench 

 

 

 

 
 

 4-18  (Testbench) 

 

 3-13  (Testbench) 

 2   1 

 UUT: Unit Under Test  2 
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4.3.1   

 Xilinx 

 MATLAB 

 MATLAB  

(Synthesis)  

Component     Timing-Summary  Device Utilization Summary 

  4-19    4-22   

 MATLAB 

 ModelSim SE Plus 6.2b   

 MATLAB  

Xilinx    4-23  4-24     

 

 
 

 4-19 Component  

                 Xilinx ISE8.1i 

 



57

 

 
 

 4-20  

 

 
 

 4-21 Device Utilization Summary  
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 4-22 Timing Summary  
 

 
 

 4-23  

              ModelSim SE Plus 6.2b 

 

 
 

 4-24  MATLAB  

           Xilinx 
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4.3.2  (�nter-Block 

Sharing) 

 

   

(Synthesis)   Component   

  Timing-Summary  Device Utilization Summary  

 MATLAB 

 Xilinx 

  4-25    4-30    
 

 
 

 4-25 Component    

      (Inter-block Sharing)  Xilinx ISE8.1i 
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    4-26  

             (Inter-block Sharing) 

 

 
 

 4-27  Device Utilization Summary  Inter-block Sharing 
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 4-28 Timing Summary  Inter-block Sharing 

 

 
 

 4-29  Inter-block Sharing    

                               ModelSim SE Plus 6.2b 

 

 
 

 4-30  MATLAB  

          Inter-block Sharing 
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4.3.3  

(�nter-Block and �ntra-Block Sharing) 

   

 Component  

 Timing-Summary  Device Utilization Summary  

4-31  4-34  

 4-35  4-36     

 
 Data_in(31:0)Data_out(31:0)

 Sela(1:0)
                        Outh_1(31:0)
 Selouta(1:0)

 Clk                  
     Outh_2(31:0)

 Clks1

 Clk_1
     Outh_3(31:0)

 Clk_8

Clk_23

Clk_47      Outh_4(31:0)

 e_close

 e_open      Outh_5(31:0)

 Reset

Selb      Outh_6(31:0)

Selc

Selh      Outh_7(31:0)

seloutb

 Seloutc      Outh_8(31:0)

 Clk                 Sela(1:0)

    Selouta(1:0)

    Clks1

    Clk_1

    Clk_8

    Clk_23

    Clk_47

    e_close

    e_open

    Selb

    Selc

    Selh

    Seloutb

 Reset     Seloutc

clk

reset

Datain_all(31:0) Dataout_all(31:0)

outh_1(31:0)

outh_2(31:0)

outh_3(31:0)

outh_4(31:0)

outh_5(31:0)

out_6(31:0)

out_7(31:0)

out_8(31:0)

 
 

 4-31 Component      

                  Xilinx 
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 4-32   

     (Inter and Intra-block sharing) 

 

 
 

 4-33 Device Utilization Summary  Inter and Intra-block sharing  
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 4-34 Timing Summary   Inter and Intra-block sharing  

 

 
 

 4-35  Inter and Intra-block sharing   

    ModelSim SE Plus 6.2b 

 

 
 

 4-36  MATLAB  

          Inter and Intra-block Sharing 
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 4-2  

 

 4-2  3  

                FPGA SPARTAN-3  XC3S4000FG676-5 

 

   LUTs 
 

 43476 out of 55296 ( ) 

 (Inter-

block Sharing) 

26591 out of 55296  38 % 

 

(Inter and Intra-block Sharing) 

24285 out of 55296   44 % 

 

 

 4-3  3  

                FPGA SPARTAN-3  XC3S4000FG676-5 

 

 
 1 

 1   

 1000 ns ( ) 

 (Inter-

block Sharing) 

1300 ns  30% 

 

(Inter and Intra-block Sharing) 

1300 ns  30% 
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 (Data Flow Graph; DFG)  

 DFG 
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(Inter-block sharing)  

 Xilinx 
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 MATLAB  
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5.2  
 
 1. 

 3 

 FPGA  Implement 
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 FPGA 

 FPGA  FPGA     
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 2. 

 32    24  

 64   
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Design of a filter bank based on hierarchical datapath 

resource-sharing 
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ABSTRACT 

This article describes a methodology for design a digital filter bank on an FPGA with limited area. From the set describing circuit 

behavior, the method translates it into the data flow graph (DFG) representation. Then, the method analyze to search and to assign the 

groups of same functions hierarchically share the same resources from big to small groups while considering the slower speed and the 

wiring complexity that come from resource-sharing effects. The last step is determining the control circuit and the optimal clock period. 

The designed circuit is about 50% area reduced, while only 1.1 time speed reduced.   

Keywords 

resource-sharing, digital filter bank, FPGA  (Field Programmable Gate Array) 

 

1. INTRODUCTION 
Currently, Field Programmable Gate Array (FPGA) is used as an important component in the design of digital circuit.this is due to the 

fact that all of circuits can be designed and simulated on PCs. Then, we can program the designed circuit  on the chip, which can work 

immediately. So, FPGA is appropriate for the design of large digital circuit .Filter banks have the advantages of separating a signal into 

different frequency ranges in many modern signal processing applications [1] - [7]. The separation into sub-band components is intended 

to make further processing more convenient.  

This article describes a methodology for designing a digital filter bank with hierarchical resource sharing on an FPGA with limited area 

while considering the slower speed and the wiring complexity that come from resource-sharing effects.  The set proposed into the data 

flow graph (DFG) representation. Then, the analysis is performed to search and  assign the groups of same functions hierarchically in 

order to share the same resources from big to small groups. Finally, the digital filter bank circuits proposed designed by hierarchical 

resource sharing method are implemented and correctly tested  on FPGA. 

2. A DIGITAL FILTER BANK 
A filter bank is an array of band-pass filters that separates the input signal into several components, each one carrying a single frequency 

sub-band of the original signal. It also is desirable to design the filter bank in such a way that subbands can be recombined to recover 

original signal. The filter bank serves to isolate different frequency components in a signal. This is useful because for most application 

some frequencies are more important than others. For example these important frequencies can be coded with a fine resolution. Small 

differences at these frequencies are significant and a coding scheme that preserves these differences must be used. On the other hand, less 

important frequencies do not have to be exact. A coarser coding scheme can be used, even though some of the finer details will be lost in 

the coding [9].  

Input specifications of the method proposed in this paper is a set of functions representing a DSP system. They may be described in 

VHDL or Verilog HDL. Here, it is manually translated to be a corresponding DFG [8]. For example, Fig. 1 shows a 8-band filter bank 

block diagram and functions [2]. Digital filter banks are widely used in digital hearing aid applications. There are nine processing blocks 

with the corresponding functions. In each block, yi and yic are outputs, xi is a data sample x(n−i), and hi is system a coefficient. Fig. 2(a) 

shows the corresponding top level DFG, and Fig. 2(b) shows a corresponding DFG of block H3. 
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Figure 1: A 8-band filter bank [2].

 

3. HIERARCHICAL RESOURCE-SHARING 
Because of the limited area, the available resources such as functional units (such as multipliers, adder) and registers must be shared by 

many operations. The following subsections explain a method for resource-sharing decision, inter-block sharing and intra-block sharing. 

Here an asynchronous style ASAP (As Soon As Possible) scheduling [10] is applied regardless of clock period (control step) to obtain the 

best speed under the resource-constraints. 

 

 

 

 

Figure 2: A DFG of 7-band filter bank of Fig 1: (a)The top-level DFG, and (b) a DFG of block H3. 
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3.1 Inter-block Sharing 
Inter-block sharing means the resource-sharing among the blocks at the top level DFGs. The resource-sharing between any two blocks is 

allowed when the functions in both blocks are the same. In the other word, if any two or more blocks have the same DFG structure, they 

can share the same DFG block. For example, the functions of Fig. 1 can be classified into 4 DFG structures. Structure a corresponds to 

blocks H1, H2, H4, and H6. Structure b corresponds to block H3. Structure c corresponds to blocks H5 and H7. Structure d corresponds to 

blocks H8. Therefore, there are 4 DFGs to be used.Under the resource-constraints the asynchronous style ASAP scheduling is applied to 

obtained the best speed result.The ASAP scheduling under the resource-constraint of 4 DFGs is shown in Fig. 3(a). Here there are doted 

arcs inserted between the same DFG structure. These doted arcs represent the resource-constrained relations between two DFGs, i.e. the 

successor DFG can be started only after the predecessor DFG has been completed. 
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Figure 3: A DFG of Fig.1 and the corresponding resource sharing: (a) Inter-block sharing and (b)Intra-block sharing of H3. 

 

3.2 Intra-block Sharing 
Intra-block sharing means the resource-sharing among the same operations inside the same DFG. To avoid the complicated overheads of 

interconnect and multiplexors, the intrablock sharing is allowed when a DFG block is not shared by other blocks. For example, from Fig. 2, 

the intra-block sharing is allowed for only H3.The intra-block sharing solutions depend on the time interval calculated from the following 

method. Each DFG of Fig. 3(a) is synthesized into a logic circuit. Then the static timing analysis is performed for the logic circuit to obtain 

the maximum execution delay of each DFG.From the top-level DFG of Fig. 3(a), the earliest start time and the earliest end time of each 

DFG block is calculated as shown in Fig. 4. Now, we can observe that the time interval the allow the resource-sharing feature of H3 is 

78 ns. It is the time that H3 is idle before H7 can start. As a result, the resource-sharing solution inside block H3 is shown in Fig. 3(b). 

Similar to inter-block sharing, the ASAP scheduling is applied. The maximum path delay of this solution should be less than the allowed 

time interval. 
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Figure 4: Resource-Sharing time interval calculation.

 

 

4. EXPERIMENTAL RESULTS 
An experiment has been performed to show the effect of the proposed resource-sharing method. VHDL is used to explain the circuit 

behaviors. The circuits are synthesized and time-analyzed from Xilinx 8.1i [12]. Xilinx Virtex 2 : xc2v1000fg256 is selected as a target 

device. The synthesis results are shown in Table 1. 

Table 1: Synthesis results.

Without Sharing Only inter- Inter- and intra- 

# of Slices 6223 4572 4516 

# of FFs 3180 3178 3234 

# of LUTs 11067 6958 6637 

# of MULs 27 14 12 

DFG time 386 420 422 

In Table 1, the second column shows the results of the circuit without sharing. The third column shows the results of the circuit applied 

only inter-block sharing. The fourth column shows the results of the circuit applied both inter-block and intra-block sharing. We can 

observe that the number of resources needed for the circuit applied both inter-block and intra-block sharing was reduced about 50% while 

the speed is reduced only 1.1 time slower compared to the circuit without sharing. 

5. CONCLUSIONS 
A methodology for design a digital filter bank on an FPGA with limited area has been proposed. From the set describing circuit behavior, 

the method translates it into the data flow graph (DFG) representation. Then, the method analyze to search and to assign the groups of 

same functions hierarchically share the same resources from big to small groups while considering the slower speed and the wiring 

complexity that come from resource-sharing effects. The designed circuit is about 50% area reduced, while only 1.1 time speed reduced. 
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1. INTRODUCTION 
Filter banks have the advantages of separating a signal into different frequency ranges in many modern signal 

processing applications [1] - [6]. The separation into sub-band components is intended to make further processing more 

convenient. However, this is intended to required larger circuits. This article describes a methodology for design a 

digital filter bank on an FPGA with limited area. From the set describing circuit behavior, the method translates it into 

the data flow graph (DFG) representation. Then, the method analyze to search and to assign the groups of same 

functions hierarchically share the same resources from big to small groups while considering the slower speed and the 

wiring complexity that come from resource-sharing effects. The designed circuit is about 50% area reduced, while only 

1.1 time speed reduced. 

2. A DIGITAL FILTER BANK 
Input specifications of the method proposed in this paper is a set of functions representing a DSP system. They may be 

described in VHDL or Verilog HDL. Here, it is manually translated to be a corresponding DFG. Fig.1(a) shows the 

corresponding top level DFG, and Fig.1(b) shows a corresponding DFG of block H3. 

3. HIERARCHICAL RESOURCE-SHARING 
Because of the limited area, the available resources such as functional units (such as multipliers, adder) and registers 

must be shared by many operations. We explain a method for resource-sharing decision, inter-block sharing and intra-

block sharing. Here an asynchronous style ASAP (As Soon As Possible) scheduling [10] is applied regardless of clock 

period (control step) to obtain the best speed under the resource-constraints. 

3.1 Inter-block Sharing 
Inter-block sharing means the resource-sharing among the blocks at the top level DFGs. The resource-sharing between 

any two blocks is allowed when the functions in both blocks are the same. In the other word, if any two or more blocks 

have the same DFG structure, they can share the same DFG block. For example, the functions of 8-band filter bank can 

be classified into 4 DFG structures. Structure a corresponds to blocks H1, H2, H4, and H6. Structure b corresponds to 

block H3. Structure c corresponds to blocks H5 and H7. Structure d corresponds to block H8. Therefore, there are 4 

DFGs to be used. The ASAP scheduling under the resource-constraint of 4 DFGs is shown in Fig.1(a), Here there are 

doted arcs inserted between the same DFG structure. These doted arcs represent the resource-constrained relations 

between two DFGs, i.e. the successor DFG can be started only after the predecessor DFG has been completed. 

3.2 Intra-block Sharing 
Intra-block sharing means the resource-sharing among the same operations inside the same DFG. To avoid the 

complicated overheads of interconnect and multiplexors, the intra-block sharing is allowed when a DFG block is not 

shared by other blocks. For example, from Fig.1, the intra-block sharing is allowed for only H3. The intra-block 

sharing solutions depend on the time interval calculated from the following method. Each DFG of Fig.1(a) is 

synthesized into a logic circuit. Then the static timing analysis is performed for the logic circuit to obtain the maximum 

execution delay of each DFG. From the top-level DFG of Fig.1(a), the earliest start time and the earliest end time of 

each DFG block is calculated as shown in Fig.1(a). Now, we can observe that the time interval the allow the resource-

sharing feature of H3 is 78 ns. It is the time that H3 is idle before H7 can start. As a result, the resource-sharing 

solution inside block H3 is shown in Fig.1(b). Similar to inter-block sharing, the ASAP scheduling is applied. The 

maximum path delay of this solution should be less than the allowed time interval. 
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Figure 1. A DFG of Filter bank and the corresponding resource sharing (a) Inter-block sharing and Resource-Sharing time 
interval calculation. and (b) Intra-block sharing of H3. 

1. EXPERIMENTAL RESULTS 
An experiment has been performed to show the effect of the proposed resource-sharing method. VHDL is used to explain the circuit 

behaviors. The circuits are synthesized and time-analyzed from Xilinx 8.1i [12]. Xilinx Virtex 2 : xc2v1000fg256 is selected as a target 

device. The synthesis results are shown in Table 1.

Table 1: Synthesis results.

Without Sharing Only inter- Inter- and intra- 

# of Slices 6223 4572 4516 

# of FFs 3180 3178 3234 

# of LUTs 11067 6958 6637 

# of MULs 27 14 12 

DFG time 386 420 422 

In Table 1, We can observe that the number of resources needed for the circuit applied both inter-block and intra-block sharing was 

reduced about 50% while the speed is reduced only 1.1 time slower compared to the circuit without sharing.

2. CONCLUSIONS 
A methodology for design a digital filter bank on an FPGA with limited area has been proposed. From the set describing circuit behavior, 

the method translates it into the data flow graph (DFG) representation. Then, the method analyze to search and to assign the groups of 

same functions hierarchically share the same resources from big to small groups while considering the slower speed and the wiring 

complexity that come from resource-sharing effects. The designed circuit is about 50% area reduced, while only 1.1 time speed reduced. 
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