
���������
	 ������������ � � � ������� � �����������������

 !#"%$'&�(*),+.-/&�0
1�243656798;:;<>=?365A@�B6CD:;7�EGFH5�<>I%J/KL5�B6CM=N<OFDKP3�QSRUTWVYX[Z\KP8*:O@]797.5A^.KP3�<>8OK?C_K?Z`5�^aJ/K?<OKP8O:.b
1�243656798;:;<>=?365AK?367dce=?3�5fZ\KPB�8gcihjBk=N568>=?3�<4KP@]798O=N<>FHKP3lK?Zm56^�JnK?<OKP8O:.b
1�o
7.^9FD5�7aEGI6FH^pIqZ\79=N<>B68;79:r=?8O7�FDJ/@6CH79J/793�<>7.5qs�tl<>I�7u^9K?3j<O8OKPCHCD7.8G=?365qEGI�FD^pIqZ\79=N<>B�8O79:r=?8O7a567.CD7dcv =w<>795%<>Kx56F v FH<>=?C]CDK v FH^?b
1zyiJ/@6CD7.Jn7.3�<4=x:;FDJ/@6CD7|{k36FH<O7dc}:;<p=w<>7�Jn=?^pI6FD3�7�B6:OFH3 v/~
� o��,b
1��LFHJ�B6CD=N<>7r<OI67�KP@]798>=w<>FDK?3lK?Zm<OI67a�,�6V�b

� �'�l)U�,�%����(G)U+9�/�
� I67�^.KP3�<>8OK?CDCD7.8e<OK�s�7�567.:OF v 36795%^.KP3�<>8OK?CD:[<OI67�KP@]798>=w<>FDK?3�K?Z�=�56^�J/K?<>K?89b � I6FH:*=?@6@�CDFD^9=N<>FHKP3�FH:�B6:;795FD3�J�=?3�t�=?8O79=?:�:OB�^pIz=N:u<>K�^.KP3�<>8OK?Ce<>I�7l8OB6565�798�K?Z4=?3�=NFD8O@�CM=?367N�U79CH79^d<>8OFH^�s6FH^.t�^9CH7�KP8�=N3�79CD7.^.<O8OFD^^�=N89b��`F v B68O7��q:OI6K�EG:l=�:OFDJ/@6CHFH{k7.5�s�8OB6:;I�56^fJnK?<OKP8x^9KP3�:;<>8;B6^.<OFDKP3�b � I67AJ/K?<>K?8/FH:ns�B6FDC�<�Z\8OKPJ=%:;<p=w<>FDK?3k=?8;tAJ�= v 367.<nQ\^�=?CHCD7.5��d�} ?�i¡w¢PX�=?3�5�8;K?<p=N<OFD3 v ^.KPFDCH:/Q£^9=?CDCH795�¢>¡w�¤¡w¢>�¥Xdb � I67/s68OB6:;I679:�:OB6@�@6CHt79CH79^d<>8OFH^r^.B68O8;793�<�<>K�<>I67|^9KPFHC]<OIk=N<�FH:e^.CDKP:;7|<OKu<>I67rJnK?<OKP8¦J�= v 367.<e@�K?CD74@6FD7.^979:.b¨§r:e<OI67
8;K?<>KP8¨<>B�8O36:.�<>I�7a@]KPCD=?8OF�<it�K?Zm7�=N^pIA^9K?FDC�FH:G8O7.©?798;:O795A=?365f:OB6:g<p=?FH36795f8OKN<p=N<OFDKP3lK?Z�<>I�7aJ/K?<OKP8*FD:G=?^pI�FD7.©?795ªb

+_

Rotor winding

N S

Stator permanent
magnet

�`F v B�8O7��P«e�LFHJn@�CDFH{6795�^.KP36:;<O8OB6^d<>FHKP3qKNZU=�s68;B6:OIq56^�JnK?<OKP89b
� I67�56FH8O7.^.<>FHKP3�KNZ'8OK?<>=N<>FHKP3�567.@�7.3656:GKP3�<OI67
@]KPCM=N8OFH<itxKNZ_<>I67
s�8OB6:;I679:.b � I67|<>KP8;h�B�7�=?@6@6CHFD795nKP3�<>I�78OKN<>KP8�567.@�7.3656:aKP3�<>I67x^.B68O8;793�<u@6=?:O:;FD3 v <>I�8OKPB v I�<OI67x^9KPFHCD:9b � I67x:;<>79=?5�t�:;@�7.795�5679@]79365�:�KP3�<>I�7^9B�8O8O7.3�<|¬kK�EGFH3 v <>I68;KPB v I%<>I67�^.KPFDCH:*=?365fCDK�=N5ls�7.FD3 v 568;FH©P7.3qs�t�<OI67�JnKN<>KP8.b

�



�®;¯ °�±
²�³N´4µ
¶,·�¸k¶¨±[¹�º¼»,¹6»¦¸�»[½�²�¸k¶`¹6¾¤»[±
�`F v B68O7�¿n:OI�K¥EG:�KP3�7dcihjBk=N568>=?3�<�J/K�567uK?Z¨K?@�7.8>=N<OFDKP3ªbryi3Y<>I6FH:rJ/KL567N��<OI67�@]KPCM=?8;FH<it%K?Z,<OI67�s68;B6:OI�79:FD:¦{�ÀL795%=?3�5�<>I67|JnKN<>KP8¦:O@6FH36:[FH3n<OI67
:>=NJn7456FD8;79^d<>FDK?3ªb � I67r{ v B68O7|:OI6K�EG:�<OIk=N<¦<>I67r<OKP8OhjB67r=?@6@6CHFD7.5FD:*^.CDK�^pÁ�EGFD:O7nQSÂeTWXG=N365qI�7936^.7a<OI67�8O79:;B6CH<OFD3 v :;@�7.795fFD:*^9CHKL^pÁ�EGFH:O7a=?CD:;K6b
yi36^.8O7�=N:OFD3 v <>I67|^9B68;8O793�<*<OI68OKPB v I�<>I�7r^9K?FDCD:¦FD3�^98O79=?:O7.:[<>I�7r<>KP8;hjB67�=?365�:O@]79795lFH36^98;7�=?:;79:*=N:*=u^9K?36:O7ÃchjB6793�^97?be�LCHK�EGFD3 v 56K�EG3�<>I�7rJ/K?<>KP8.�jI6K�E[7d©P798.�6FD:e=?^pI6FH7.©?795�KP3�CHtxs�t/8O795�B6^9FH3 v <OI67r^.B68O8;793�<[<OI68OKPB v I^9K?FDC¦=?365�<>I67/JnKN<>KP8�:OCHK�EG:�56K�EG3�<OI68OK?B v I�<OI67�36=N<>B68O=?C,Z\8OFH^.<>FHKP3�=?365�CDK�=?5�FD3�798;<OFM=�b � 7.36^97N�UKP367ÃchjBk=?568O=?3�<4JnK�567�K?ZmKP@]798>=w<>FDK?3f5�KL7.:43�K?<G@68OK�©�FD5�7a:g<>8;KP3 v ^9KP3�<>8;KPCªK�©P7.84<OI67�JnKN<>KP8�K?@�7.8>=N<OFDKP3ªb

1

Speed 

CW Torque

C
W

�`F v B68;7a¿L«¦Ä
367�h�B6=?568>=N3j<4J/KL5�7�K?Z`K?@�7.8>=N<OFDKP3�Z\KP8G=x56^�J/K?<>KP8.b

�®i Å
»[µ
¸L³N´4µ
¶,·�¸k¶¨±[¹�ºÆ»,¹�»e¸�»e½u²'¸k¶`¹k¾¤»e±
�`F v B68O7aÇ/:OI6K�EG:rZ\KPB�8gcihjBk=N568>=?3�<|JnK�567aK?ZUK?@�7.8>=N<OFDKP3ªb*yi3f<>I6FH:|J/K�567?�k<>I�7u@]KPCM=?8;FH<it�K?ZU<>I�7�s68;B6:OI�79:^�=N3�s]7�8;7.©P7.8O:;795ªb � I67�JnKN<>KP8|^�=?3�:;@6FD3�FH3A<>I67�:O=?J/7�56FD8;79^d<>FDK?3�=?:r<OI67x=?@6@6CHFD7.5q<>K?8OhjB67�KP8
F�<
^9=?3:O@�FD3lFD3n<>I67
K?@6@�K?:OFH<O7r56FH8O7.^.<>FHKP3ªb � I�7
{ v B68;79:�:;I6K�EG:G<OIk=N<e<>I67r<OKP8OhjB67�=N@6@6CDFH795n^9KPB6CH5ls�7r^9CDK�^pÁ�EGFD:;7KP8*^.KPB63�<>7.8|^.CDK�^pÁjEGFH:O7nQÈÂ*ÂeTWXÃb
É Bk=?568O=?3�<���FH:�ÂeT :O@]797.5�=N365Y<>KP8;hjB67?b�R�K¥Ee798�FH:
:OB�@6@6CDFH795A<OK�<>I�7�JnKN<>KP8G<>Kl@68;KP@]79C'<>I67�J/K?<OKP89bÉ Bk=?568O=?3�<4Ç�FD:GÂ*ÂeT :O@]797.5q=N365l<>KP8;h�B�7?b¦RmK�Ee798GFD:�:;B6@6@6CHFD7.5�<>K�<>I�7�JnK?<OKP8[<OK�@68OKP@]79C]<>I67�J/K?<OKP89b
É Bk=?568O=?3�<%¿�FH:�ÂeT :;@�7.795�=?365�Â*ÂeT <OKP8OhjB67Nb � KP8OhjB67AFD:n=?^.<OFH©P7.CHt�B6:;795�<>K�=?@6@6C�t�s68>=?ÁN79:�<OK<>I�7�J/K?<>KP8�<>Kq:OCHK¥E¼F�<u5�K¥EG3�b � I67nJnK?<OKP8aFD: v 79367.8>=N<OFD3 v @�K�Ee798�FH36:;<O7�=?5�K?Z*^9K?36:OB6J/FD3 v FH<9b � I67v 7.36798O=N<>7.5z@]K�E[7.8�^9KPB6CH5�s�7lB�:O795�<>K�8;79^pIk=N8 v 7�<OI67lsk=N<;<>798;FD7.:�<>Ik=N<�JnF v I�<�s]7lB6:O7.5�<OK�568OF�©P7�<>I�7J/K?<>KP8.b É Bk=?568O=?3�<|ÊxFH:rÂ*ÂeT :O@]797.5Y=?365AÂeT <OKP8OhjB67Nb � KP8;h�B�7�FH:G=?^.<OFH©P7.CHtlB�:O795f<>K/=?@6@�CHtls68O=?Á?7.:<>Kx<>I�7�J/K?<>K?8�<>K/:OCDK�EËF�<G56K�EG3ªb � I67�JnKN<>KP8*FH: v 79367.8>=N<OFD3 v @�K�Ee7984FD36:g<>79=?5qKNZU^9K?36:OB6J/FD3 v F�<�b � I67v 7.36798O=N<>7.5z@]K�E[7.8�^9KPB6CH5�s�7lB�:O795�<>K�8;79^pIk=N8 v 7�<OI67lsk=N<;<>798;FD7.:�<>Ik=N<�JnF v I�<�s]7lB6:O7.5�<OK�568OF�©P7�<>I�7J/K?<>KP8.b

¿



Speed 

CWCCW

C
C

W

Torque

C
W

12

3 4

�`F v B�8O7�Ç�«¨�kKPB68*hjBk=N568>=?3�<4J/KL567�KNZ`KP@]798O=N<>FHKP3lZ\KP8G=�56^�JnKN<>KP8.b

Ì ÍÎ��Ï�0`& Ð +��A)UÑ Ò �%����Ï9Óa),+9�/� Ô6Í�Ð Ò Õ×ÖØ�¦+d-n&
Ù t�=?@6@6C�t�FD3 v =�<>8O=?FD3nK?Z_@6B�CD:O7.:[<>Ka<>I67rJnK?<OKP8,EGFD365�FD3 v :.�LF�<[FH:[79=?:;t/<>K�^9KP3�<>8;KPCÚ<>I67
:;@�7.795lK?Z�<>I67
5�^J/K?<>KP8|EGFH<>I�KPB�<�E[=?:;<OFD3 v <>K�KlJ�B6^pI�793�798 v tPbxR,B6CD:;7�EGFD5�<OI�J/K�56B6CM=w<>FDK?3�QSRUTWVYXr©N=?8;FD79:|<>I67x56B�<it^.t�^.CD7�K?Z_<OI67�@6B6CH:O7r<O8>=?FH3ªb,�kKPB68¤cihjBk=?568O=?3�<�^.KP3�<>8OK?C�K?Z'<>I�7
JnKN<>KP8eFD:�=N^pI6FD7d©P795fs�t�©N=?8gtLFH3 v <OI67
56B�<it^.t�^.CD7a=?365f@�K?CM=?8;FH<itnK?Zm<OI67a=?@6@6CHFD7.5l@6B6CD:;79:.b
�`F v B68O7�Êf:OI�K¥EG:a<>I67/@]KPCM=?8;FH<OFD79:
=?@6@6CHFD795�=?^.8OKP:;:a<OI67/56^xJnK?<OKP8
EGFD3�56FD3 v :a5�B67/<OKf<OI67x<>K?<O79JÛ@]KPCD7s68;FD5 v 7�8O7.^.<>F�{k798|Z\KP8�=nZ\KPB�8gcihjBk=N568>=?3�</Q\Ê É X4J/K?<>K?8r^9K?3j<O8OKPCm:;t�:;<O79Jfba�`F v B�8O7aÊÚQS=�X4:OI6K�EG:
<>I�7�^�=?:;7EGI67.3A:;EGF�<>^pIq@k=?FD8*Ü*�aFD:*^.CDKP:;795q=?365AÜ¨¿�FH:GKP@�7.3ªb¦�`F v B68O7�ÊÚQ\sÚX[:OI�K¥EG:4<>I67�^9=?:O7�EGI6793q:;EGF�<>^pIf@k=?FD8Ü¨¿�FD:*^9CHKP:O7.5A=N365YÜ���FD:*K?@�7.3ªb
�`F v B68O7qÝ�:OI6K�EG:�<OI67q^.B68O8;793�<�¬6K¥EGFH3 v <OI68OK?B v Iz<OI67AJ/K?<OKP8�EGFD365�FD3 v 56B68;FD3 v KP367f@�7.8OFDK�5�K?Z
<>I�7@6B6CH:O7�<>8O=?FD3ªb[��EGF�<>^pI67.:
Ü��aKP@�7.3Y=?3�5q^.CDKP:;7�FH3fB�36FD:;KP3A:;FD36^.7�<OI67a:>=?J/7�:OF v 3k=?C_FD:4=?@�@6CDFH795l<>Kx<>I67.Jqb��EGF�<>^pI67.:uÜ¨¿�KP@]793�=?3�5�^.CDKP:;7�:OFHJ�B6C�<p=?367.KPB6:;CHtq=?CD:;Kls6B�<�<OI67.tY=?8O7x=?^d<>F�©?=w<>795�s�tY<OI67AÞp¡wßrà]áDâdß�âdãk�K?Z�<>I67�@6B�CD:O7�<O8>=?FH3q=N:*:OI6K�EG3ªb
T�7*Ik=�©P7*<>K�793�:OB68;7G<OIk=N<¨@6B�CD:O7.:¨=?@6@6CHFD7.5�<>KaÜ��4=?365nÜ¨¿
=?8O7*36KN<,K�©P798;CM=?@�@6FD3 v b � I67.8O7GFD:¨=xä�âO �ä?�£åæß�â=?8;KPB6365l<>I�7a@�B6CD:;79:*8OFH:OFH3 v =?365lZ£=?CHCDFD3 v 795 v 79:G:OK�<OIk=N<G:;EGF�<>^pI67.:|Ü*�a=?3�5AÜ¨¿�=?8;7�367.©?7984KP@]793f=N<*<>I�7:>=NJn7�<>FHJn7|<>Kx7936:;B68O7�<>I6=N<*<>I67�@]K�E[7.8|:;B6@6@6C�t�EGFDCHC�36K?<4s]7�:OI6KP8g<>7.5ªb
� I67a56B�<itl^dt�^9CD7�K?Zm<>I67�@6B�CD:O7
<O8>=?FH3%FD: v F�©P793fs�t�<>I�7a7.hjBk=N<>FHKP3

o
B�<itlÂet�^9CD7uçéèëê�ì
ê í

��îPî Qg�¥X
EGI67.8O7 ê'ì FD:G<>I67u56B68>=w<>FDK?3AK?Z,@�B6CD:;79:�=?@�@6CDFH795q<OK�<>I�7u:;EGF�<>^pI�@k=NFD8rÜ*�u=?365 ê FH:4<OI67�@6B6CH:O7�@�7.8OFDK�5ªb� I67a{ v B68;7�:;I6K�EG:r<>I67a^�=N:O7�EGI�793A<OI67�5�B�<itf^.t�^9CH7�Z\KP8|Ü���FH:r=N@6@68OK�ÀLFDJn=N<O79CHtlÝ?î�çï=?3�5q<>I�7�@6B�CD:O7.::OB�@6@6CDFH795�<>K�:gEGFH<O^pI679:%Ü��q=?365�Ü¨¿�=?8O7q79hjBk=?C4FD3�56B68O=N<>FHKP3ªb�yi3�<>Ik=N<n^�=N:O7q<OI67Y=�©?798>= v 7A^.B68O8;793�<@k=?:;:OFH3 v <>I68;KPB v In<>I67
J/K?<OKP8eEGFH3656FD3 v FD:[ð9798;Kx=?365�<OI67
J/K?<>K?8eEGFDCHCÚ36K?<*J/K�©P7?b,y}Z'<OI67
56B�<itn^.t�^.CD7�FD:

Ç



S1

S1

S2

S2

+ 

_

+ _
S1

S1

S2

S2

+ 

_

+ _

(a) (b)

�`F v B68O7/Ê6«nVqK?<OKP8�EGFH3656FH3 v @]KPCM=N8OFH<it�5�B68OFH3 v KP@]798O=N<>FHKP3�KNZ4=qZ\KPB68¤cihjBk=?568O=?3�<�:gtL:g<>7.Jqb�Q£=�X�T�I�793:;EGF�<>^pIq@k=?FD8*Ü*��FH:*^9CDK?:O795q=?365AÜ¨¿�FD:*KP@]793ªb|Q\sÚXeT�I6793q:;EGF�<>^pIf@k=?FD8*Ü¦¿�FD:*^.CDKP:;795f=?365AÜ���FD:*KP@]793ªb

S1

S2

Time

T

T1

Time

Coil
Current

�mF v B68;7�ÝL«eÂ[B68;8O793�<G¬kK�EGFD3 v <OI68OKPB v I%JnK?<OKP8[EGFH3656FD3 v b

Ê



s]7.<iEe79793�ÝNî�çañ]��îPî�ç��6<OI67�J/K?<OKP8*EGFDCDC�:O@6FH3A^9CHKL^pÁ�EGFH:O7?b*Â[KP3�©P798;:O7.CHtP��FHZm<>I67a56B�<itf^.t�^.CD7aFD:Gs�7d<iE[7.793î�çañ�Ý?îPçl�_<OI67xJnK?<OKP8
EGFDCHC`:;@6FD3�^9KPB�3j<O798a^9CHKL^pÁ�EGFD:;7?b � I6798;7.Z\KP8;7?��FH<�FH:�@�KP:;:OFHs6CD7�<OKqKPsL<p=?FH3�@68O7.^9FD:;7^9K?3j<O8OKPC_KNZm<OI67�JnK?<OKP8�:;@�7.795Y=N365q5�FD8O7.^.<OFDKP3lK?Zm8OKN<p=N<OFDKP3lFH3f:;@6FH<O7�K?Zm<OI67�CDK�=N5ls�7.FD3 v 568;FH©P7.3ªb
ò*®;¯ ó »,¹6»¦¸ô°�½u²'¸k¶`¹k¾¤»[±
§õB�:O798a<it�@6FD^9=?CDC�t�:O7.CD79^d<>:�=f5679:;FD8;795�:g<>7�=N5�t�:g<p=N<O7/©?79CHKL^.FH<it�=?365�8OK?<>=N<>FHKP3�5�FD8O7.^.<OFDKP3ªb � I�7�J/K?<>KP8^9K?3j<O8OKPCHCD7.8rIk=?:
<OKl:OB6@�@6CHtq<>I67�@68;KP@]798
@6B�CD:O7.:
EGFH<OI�@68OKP@]798�5�B�<itY^dtL^.CD7Nb � K�Ee7.©?7989�'<>I�7�^9KP3�<O8OKPCHCD798J�B6:g<%7936:;B68O7�<OIk=N<l<>I�7�^pIk=?3 v 7.:%FD3�@6B6CH:O7�56B�<it�^.t�^9CH7�=?8O7�56K?367 v 8>=N56Bk=?CHCHt�:OK�=?:�<OK�CDFDJ/FH</<>I�7=?J/KPB63�<nK?Z�^9B�8O8O7.3�<l:;EGFH3 v :n<OI68OK?B v I�<OI67AJ/K?<>K?8xEGFH3656FH3 v :9b � I6FH:�FH:n56K?367q<OK�793�:OB68;7A<>Ik=w<�<>I�7<>K?8OhjB67f=?@6@6CHFD7.5�<OK�<>I67%J/K?<>KP8uFD:�36K?</7ÃÀ�^.79:;:OFH©?7Y=?3�5�=?CH:OKY<OK�7.36:OB68;7f<OIk=N<�<OI67%JnK?<OKP8�56K�79:x36KN<=?^.^979CH798O=N<>7�K?8r567.^979CH798O=N<>7�:;B656567.36CHtAFD3Y7.FH<OI6798|56FD8;79^.<OFDKP3�b � I6FH:
FD:r=?^9^.KPJn@�CDFD:;I6795q<>I68;KPB v IA<OI67�B6:;7K?Zm@68OK?@�7.84:;7936:;KP8O:|=N<;<p=?^pI67.5f<OK/<OI67�JnKN<>KP8[<OKxJnKP3�FH<>K?8�FH<O:*:O@]79795q=?365%EGFD3�56FD3 v ^.B68O8;793�<G©?=NCDB67.:9b
�`F v B68O7�ö�:;I6K�EG:
<>I67�K�©?798>=NCDC�:O@]79795�^.KP3�<>8;KPC`:gtL:g<>7.J#EGI6FH^pIYFD:|^9KPJ/@�K?:O795AK?Z,<>I67uJnK?<OKP8G^9KP3�<O8OKPCHCD798=?365�<>I67n:O793�:OKP8�7.CD7.^.<>8;KP36FH^9:9bq÷|KN<>7n<OIk=N<�79J/@6CDK�t�FD3 v CDKN<>:aK?Z*79CH79^d<>8OK?36FD^/Ik=?8;5�E�=N8O7�:;FDJ/@6CDF�{k79:�<>I�7<p=N:OÁ�K?Zm567.:OF v 36FD3 v <OI67a�,�6V�b

Totem
Pole

Bridge
Rectifier

DC Motor
Controller

Sensor
Electronics

From
Sensors

+ 

_increment

decrement

S1

S2

Motor

desired speed

desired direction of rotation
{User inputs

�`F v B68O74ö�«,�L7936:;KP8O:[=N<O<>=?^pI67.5�<>K�<>I67|JnKN<>KP8,J/KP36F�<>KP8,J/K?<>K?8¦:;@�7.795l=N365nEGFH3656FD3 v ^.B68O8;793�<*=?3�5�:O7.365:OF v 3k=?CH:�<>K�<>I�7aJ/K?<OKP8�^9K?3j<O8OKPCHCD7.89b
� I67G:O7.36:OK?8O:¦JnKP3�FH<>K?8�<OI67G:O@]79795/K?ZÚ<>I�7*JnK?<OKP89�?FH<>:,5�FD8O7.^.<OFDKP3�KNZ�8;K?<p=N<OFDKP3��P=?365�<OI67*^9B68;8O7.3j<¨¬kK�EGFH3 v<>I�8OKPB v I�FH<O:aEGFH3656FD3 v :9b � I67n:O793�:OKP8�7.CD7.^.<>8;KP36FH^9:�=?CD:;KA8O7.^97.FH©P7nZ\8OKPJÛ<OI67�B6:;798a<>I67n5679:;FD8O7.5�J/K?<>KP8:O@]797.5�=N365�56FD8;79^.<OFDKP3AK?Z¦8OK?<>=N<>FHKP3ªb Ù =?:;795�KP3Y<>I67.:O7xFD3�@6B�<>:
<OI67�:O7.36:OK?8a7.CD7.^.<>8;KP36FH^9: v 7.36798O=N<>7�<iEeK:OF v 3k=?CH:*åæã�Þd¢>âdß�âdãk�U=?365qä�âpÞd¢>âdß�âdãk�`<OKaFH36^98;79J/793�<¨KP8¨567.^98O7.Jn7.3�<¦<OI67G56B�<itx^dtL^.CD7GK?Z]<>I67G@6B�CD:O7*<O8>=?FH3Z\KP8|Ü���:;F v 36=?CÈb¨yi36^.8O7�=N:OFD3 v KP8G567.^98;7�=?:;FD3 v <>I67a56B�<it%^dtL^.CD7aK?Z¨Ü���EGFDCHCªIk=�©P7a<>I67�KP@6@]KP:;FH<>7�7dø�7.^.<|KP3Ü¨¿�:OFD3�^97�<>I6FH:*:OF v 3k=?CªFH:G^9KPJ/@6CD7.Jn7.3�<p=?8gtn<OK�Ü��Pb

Ý



ù Ö ú Ò ��)U�/�ûúÆ�/��),�,�/Ï�Ï9&��üÖü&r)UÓu+�Ï�0
�`F v B68O7aý�:;I6K�EG:4<OI67�J�=?FH3l^9KPJ/@]KP36793�<O:4KNZm<OI67�56^�JnK?<OKP8*^9K?3j<O8OKPCHCD7.89b

Divide- by-8
counter

0 to 7
counter

inc
dec

clk_1

clk_2

reset
S1

S2

count[2:0]

FSM

�`F v B68O7�ý�« � I�7aJn=?FH3l^9KPJ/@�K?36793�<>:GK?Z�<>I�7a5�^aJ/K?<OKP8�^9K?3j<O8OKPCHCD7.89b
� I67
^.KP3�<>8;KPCDCH798¦FD:[^.KPJ/@�KP:;795�Jn=?FH36CHt�KNZ_<>I674{k36FH<O7dc}:;<p=w<>7rJn=?^pI6FH367�Q£�,�6VYXÃ��=�56FH©�FD5�7dcis�t�c¤þa^9KPB�3j<O798.�=?365/=�îwcÈ<>KNc¤ý|^9K?B63�<>798.b � I674�,�6V v 7.36798O=N<>7.:,<>I67*567.:OFH8O795xE[=�©?7.Z\KP8;Jn:,Z\KP8`KPB�<>@�B�<>:¦Ü��G=?365nÜ¨¿Lb � I6756F�©LFH567dc}s�tjciþ�s6CHKL^pÁ v 7.36798O=N<>7.:*=u367dE�^9CHKL^pÁqQ£^.CDÁ ¿PX,<>Ik=N<eFD:[þa<OFDJ/79:¦:OCDK�Ee798[<OIk=?3�<OI67r:gt�:;<>7.Jõ^.CDK�^pÁ]b� I67/:OCHK¥Ee798a^9CHKL^pÁfZ£=?^9FHCDF�<p=N<O79: v 7.36798O=N<>FH3 v <>I67x56F�ø�7.8O7.3j<aE[=�©?7.Z\KP8;Jn:.b � I�7�îwcÈ<>KNc¤ý�^9KPB�3j<O798a^9KPB�3j<O:<>I�7�3jB6J�s]798�K?Z*^9CHÁ ��@6B6CH:O7.:uFD3�7�=?^pI�^9CDÁ ¿%@�7.8OFDK�5ªb � I6FH:u^.KPB63�<>7.8uFD:aB6:;795�<>Kq^9KP3�<O8OKPC,<>I�7�56B�<it^.t�^.CD7�K?Zm:OF v 3k=?CD:*Ü*�a=?3�5YÜ¨¿Lb,yi3f7.ø�79^d<��]Â[CDK�^pÁlÿ���� �a=?365%<>I67aîwcÈ<>KNc¤ý�^9KPB�3j<O798|=?8O7�B�:O795f<>Kx^9K?3j<O8OKPC<>I�7a5�B�<it%^.t�^9CH7�K?Z`K?B�<>@6BL<>:|Ü���=N365YÜ¨¿Lb¦Â[CHKL^pÁ�ÿ���� ¿�567d<>798;JnFH3679:*<OI67�@�7.8OFDK�5%K?Z�<>I67�E[=�©?7.Z\KP8;Jn:.b
�`F v B68O7|þu:;I6K�EG:�<>I67�Ü���=N365%Ü¨¿aE[=�©?7.Z\KP8;Jn:eZ\KP8e<OI67
^�=N:O7rEGI67.3�<>I67r56B�<itn^.t�^9CH7
FD:[Ç��?þ�b,÷4K?<>74<>Ik=w<<>I�7�56BL<it%^.t�^9CH7�K?Z`7�=?^pIA:OF v 3k=?C'Ü��aKP8|Ü¦¿�FD:G^.KP3�<>8OK?CDCD7.8*s�t%^9KPB63�<OFD3 v <>I67a3jB6J�s]7984K?Z,ÿ���� �a@6B6CD:;79:.bÄ
3Y<>I67uK?<>I67.8
Ik=?3�5ª��<>I�7�@�7.8OFDK�5AKNZ¦<OI67uE[=�©P7.Z\K?8OJ/:9�_FÈb 7?b|<>I67�@6B�CD:O7u8>=N<O7?��FH:
79hjBk=NCm<>K�<OI67�@]798;FDK�5K?Z`ÿ���� ¿Lb
� I67.8O7.Z\K?8O7?�k<OI67�^9KP3�<>8;KPCDCH798�FH:G=?s6CH7
<>Kx@68OK�©�FD5�7�þxCD7d©P7.CD:*K?Zm@6B6CH:O7�EGFD5�<OI6:GK?ZU�LF v 36=?C'Ü��P«

ê�ì��wê è î � � þ ¿ � þ Ç � þ Ê � þ Ý � þ ö � þ ý � þ �
y}Z¦E[7x8O7.hjB6FD8;7/J/KP8;7u<>8O=?36:OF�<>FHKP3�CD7d©P79CH:�=?365�@]798OI6=?@6:�7.©?793�^9KP3�<>8;KPCU<>I�7�567�=?5L<>FDJ/7?�ª<OI6793�Ee7n^.KPB6CH5Ik=�©P7aB6:;795Y=�56F�©�FD567Ãcis�t�cp��ö�^9K?B63�<>798GKP8*7d©P7.3�=�56FH©�FD5�7dcis�t�c¤ÇP¿u^9KPB63�<O7989b
	 ®;¯ Å�
4ó 
|½�²�'¾����_¶`¹6¾g»e±��
� I67��,�6V Z\KP8�<OI67�5�^aJ/K?<OKP8�^9K?3j<O8OKPCHCD7.8�Ik=?:*<>I�7�Z\K?CDCDK�EGFH3 v :O@]79^.FH{k^9=N<>FHKP36:.b
�Pb � I67a567dZ£=?B6CH<�:;<p=w<>7�FD:*EGI67.3f<OI67�56B�<it%^.t�^.CD7�Z\KP84Ü��a=?365AÜ¦¿�FH:4Ý?î�ç�b
¿Lb*T�I67.3�ä�âpÞd¢>âdß�âdãk��=N365�åæã�Þd¢pâdß�âdãk��=?8O7�s]K?<>I%ð.798OKn�,�6V 56K�79:G36K?<4^pIk=N3 v 7�FH<O:*:;<p=w<>7?b

ö



S1

S2

clk_2

clk_1

�`F v B68O7rþ�« � I67�8;79CD=N<>FHKP3�K?Z_E[=�©P7dZ\KP8OJ/:�Z\KP8*Ü���=N365fÜ¨¿�=?365�<OI67
<iE[K�^.CDK�^pÁj:*ÿ���� ��=N365%ÿ���� ¿aEGI�793<>I�7a5�B�<it%^.t�^9CH7�Z\KP84Ü��aFH:GÇ��?þ�b

Ç�b*T�I67.3�ä�âpÞd¢>âdß�âdãk��=N365�åæã�Þd¢pâdß�âdãk��=?8O7�s]K?<>I%KP3�7��U�6Vü5�KL7.:43�K?<4^pIk=?3 v 7�F�<>:*:;<>=N<>7Nb
Ê6b*T�I67.3ôåæã�Þd¢>âdß�âdãk��FH:n=N:O:O7.8;<O795ª�*�U�6V FH36^98;7�=?:;79:/56B68>=w<>FDK?3�KNZ�Ü��qs�t�KP3�7qÿ���� �q@�B6CD:;7q=N365567.^98;7�=?:;79:�Ü¨¿�56B68O=N<>FHKP3%s�tlKP367aÿ���� ��@6B�CD:O7Nb
ÝLb*T�I67.3�ä�âpÞd¢>âdß�âdãk�aFD:�=N:O:O7.8;<O795ª�e�,�6V 567.^98O79=?:O7.:n5�B68>=N<OFDKP3�KNZ
Ü��ls�t�K?367%ÿ���� �l@6B�CD:O7%=N365FH36^98;7�=?:;79:rÜ¦¿�56B�8>=N<OFDKP3ls�t%KP367aÿ���� ��@6B6CD:;7?b

� ÍÎ�¨&�����Óu" �#&����/�U)
o
8>=�E�=nVf7�=?C�tjc}:;<it�CD7�:g<p=N<O7a5�FM= v 8O=?J¼EGI6FD^pIf^9K�©P7.8O:r=?CDC�CD7 v =?Cª:;<>=N<>7�<O8>=?36:;FH<OFDKP36:[K?Zm<OI67a�,�6V�b

� ÍÎ�¨�u$_&�(G)��#&��l��+9�¨&�� &���),0
yi3�<>I6FH:
@68;K! ;79^d<at?KPB�=?8O7�8;79hjB6FH8O795�<OKl5679:;F v 3ª�_J/K�5679C`=?365�:OFHJ�B6CM=w<>7�<OI67�{k36F�<>7Ãci:;<>=N<>7�Jn=?^pI6FH367uZ\KP8<>I�7�o�Â�JnKN<>KP8�^.KP3�<>8;KPCDCH7989b
�Pb424:O7�=u<>I�8O797Ãci@68;KL^.79:;:|�U�6V ~�� o���^.KL56FH3 v :g<itLCH7?beVA=?ÁN7�:OB68;7
tPKPB%Ik=�©P7�=N5679hjBk=N<O7�=?365%^9CH7�=?8^.KPJnJ/793�<O:4FH3�tPKPB�8|^.KL567Nb
¿Lb*T�8OF�<>7¨=*<>79:g<>s]7936^pIa<>KG©P7.8OFHZætr<>I67¨KP@]798O=N<>FHKP3�K?Z�<OI67¦�,�6V�b � I�7¦<O79:;<Os�7.36^pIu:;I6KPB6CH5a<O8;t�5�FHø�798O7.3�<:;^97936=?8OFHKP:*Z\KP8*JnKN<>KP8*=N^9^97.CD7.8>=N<OFD3 v ��8OB6363�FD3 v =N<4=x^9KP3�:;<p=N3j<4:;@�7.795ª�]=?365f567.^979CH798O=N<>FH3 v b
Ç�b|�LFHJ�B6CD=N<>7r<OI67�s�7.Ik=�©�FDKP8*K?Z�<>I�7��U�6VüB�:OFD3 v <OI67�<>7.:;<>s]793�^pIAtPKPBf567d©P79CHKP@]795ªb

ý



" ��Óu" �#&����/�U)
�Pb�#G7.Z\7.8G<OK�<>I67�CM=Nsf8;79@]KP8;< v 8>=?56FH3 v :O^pI�79J/7aZ\KP8*F�<>7.Jn:�<OIk=N<GJ�B6:g<4s�7�@68;79:O7.3�<rFH3%t?KPB68G8O7.@�K?8;<�b
¿Lb4R,8OK�©�FD5�7�=/<>=?s6CH7�FH3656FD^9=N<>FH3 v =?CDCª<OI67uFH36@6B�<r=?365YK?B�<>@6BL<
:OF v 3k=?CH:GK?ZU<>I�7u56^�JnK?<OKP8G^9KP3�<O8OKPCHCD798=?3�5f<OI67�^9KP3�<>8;KPCDCH798*�U�6V�b
Ç�b4o
8O=�Eï=�367�=N<�Vq79=?CHt�c}:;<it�CD7%:;<>=N<>7Ãci56FD= v 8O=?J EGF�<>I�=?CDCe<>I67%:;<>=N<>7.:nB�:O795�=?365�<>I67l<O8>=?36:;FH<OFDKP36:^.CD7�=N8OCHt�CM=?s]79CH795ªbmT�8;FH<>7�=�s68;FD7dZ`36KN<>7a=?s]KPB�<*EGIk=N<4FH:*s�7.FD3 v 56KP3�7aFH3%7�=?^pIf:;<>=N<>7Nb

þ


