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The new HP 8156A optical attenuator offers improved performance, low
polarization dependent loss and polarization-mode dispersion, and
increased versatility. It uses a birefringence-free glass filter disk and a
high-resolution, fast-settling filter drive system.

�!� ������� ������� ���� 	����� �������

�.1� .5$1� $(&'3� 8$ 12�� ��� /1.&1 ,, !+$� ./3(" +�  33$-4 3.12

' 5$� .%%$1$#� '(&'� /$1%.1, -"$� %.1� , -8� %(!$1:./3("� ,$ 241$:

,$-3� 3 2*2�� �.6�� (-"1$ 2(-&� # 3 � 1 3$2� (-� #(&(3 +� 31 -2,(22(.-

2823$,2�  -#� 3'$� 42$� .%�  - +.&� 2823$,2� %.1� " !+$� ��� 1$04(1$�  

-$6� 23 -# 1#� (-� 3$23�  -#� ,$ 241$,$-3� $04(/,$-3�� �/3(" +

 33$-4 3.12� 6(3'� '(&'� 1$341-� +.22�  1$� $22$-3( +� %.1� 3'$� ,$ :

241$,$-3� .%� !(3� $11.1� 1 3$2�  -#� -.(2$� /$1%.1, -"$� (-� 3'$2$

2823$,2�� �-�  ##(3(.-�� 3'$� +.-&$1� +(-*2� , #$� /.22(!+$� !8� 3'$

42$� .%� $1!(4,:#./$#� %(!$1�  ,/+(%($12�  2�  ++:./3(" +� 1$&$-$1 :

3.12� (-"1$ 2$� 3'$� (,/.13 -"$� .%� / 1 ,$3$12� 3' 3�� 4-3(+� -.6�

6'$1$� ".-2(#$1$#� +$22� 1$+$5 -3�� �8/(" +� $7 ,/+$2�  1$� /.+ 1:

(9 3(.-� #$/$-#$-3� +.22�� /.+ 1(9 3(.-:,.#$� #(2/$12(.-��  -#

'(&'� (-/43� /.6$1�� �-� /1.#4"3(.-�� '(&'� ".23� /1$2241$2� 1$04(1$

'(&'� 8($+#2�  -#� 3'1.4&'/43�� �'$� (-3$-2$� ".,/$3(3(5$� 2(34 3(.-

#$, -#2� 1$#4"$#� 3$23� , 1&(-2� 3.� 2'.6� 3'$� 314$� /$1%.1, -"$

.%� 3'$� #$5("$2� 3$23$#��  -#� 3'(2� 1$04(1$2� '(&'$1:/$1%.1, -"$

3$23� $04(/,$-3� 3' 3� #.$2� -.3� 4-#4+8� (-%+4$-"$� 3'$� 3$23� 1$24+32�

�.� ,$$3� 3'$2$� -$$#2�� 3'$� -$6� ��� ��
��� ./3(" +�  33$-4 3.1�

�(&�� ��� ' 2� !$$-� #$5$+./$#� 6(3'� (,/1.5$#� /$1%.1, -"$�

 -#� 6(3'�  33$-3(.-� 3.� / 1 ,$3$12� 3' 3� ' 5$� !$".,$� ,.1$

1$+$5 -3� 3' -� (-� 3'$� / 23�� �.,/ 1$#� 6(3'� (32� /1$#$"$22.12�

3'$� ��� ��
��� 2'.62� (,/1.5$#� /$1%.1, -"$� 6(3'� 1$2/$"3� 3.

+(-$ 1(38��  ""41 "8�� 1$2.+43(.-�� 1$341-� +.22��  -#� 2$33+(-&� 3(,$�

����� ��� �'$� ��� ��
��� ./3(" +�  33$-4 3.1� /1.5(#$2� (,/1.5$#� +(-$ 1(38�

 ""41 "8�� 1$2.+43(.-�� 1$341-� +.22��  -#� 2$33+(-&� 3(,$�� +.6� /.+ 1(9 3(.-

#$/$-#$-3� +.22�  -#� /.+ 1(9 3(.-:,.#$� #(2/$12(.-��  -#� -$6� %$ 341$2

(-"+4#(-&�  � 2$/ 1 3$� 2'433$1�  -#� !4(+3:(-� 2.%36 1$�  //+(" 3(.-2�

�32� /.+ 1(9 3(.-� #$/$-#$-3� +.22�� /.+ 1(9 3(.-:,.#$� #(2/$1:

2(.-��  -#� (-/43� /.6$1� +$5$+�  1$� 2/$"(%($#��  -#� (3� ' 2� 2$5$1 +

-$6� %$ 341$2�� (-"+4#(-&�  � 2$/ 1 3$� 2'433$1�� !4(+3:(-� 2.%36 1$

 //+(" 3(.-2��  -#� ./3(.-2� 3.� 3 (+.1� (3� 3.� #(%%$1$-3� %(!$1:./3("

 //+(" 3(.-2�� �'$� ./3(.-2� (-"+4#$� 23 -# 1#:/$1%.1, -"$�

'(&':/$1%.1, -"$�� ,.-(3.1��  -#� '(&':1$341-:+.22� ./3(.-2� %.1

2(-&+$:,.#$� %(!$12� �%(!$1� ".1$� #( ,$3$1� �� �,���  -#�  � ,4+3(:

,.#$� %(!$1� ./3(.-� �%(!$1� ".1$� #( ,$3$1� 
�� �,��� �'$� ./$1 3(-&

6 5$+$-&3'� 1 -&$� ".5$12� 3'$� 36.� %(!$1:./3("� 6 5$+$-&3'

1$&(.-2�  1.4-#� �	���  -#� �

�� -,�

�������� !����

�.,,$1"( ++8�  5 (+ !+$� %(!$1:./3("�  33$-4 3.12�� !.3'� 5 1( !+$

 -#� %(7$#�� 42$�  � 1 -&$� .%� 3$"'-(04$2� %.1�  "'($5(-&� ./3(" +

 33$-4 3(.-�� �.,$� 42$� 3$"'-(04$2� ! 2$#� .-�  -&4+ 1�� + 3$1 +�

.1�  7( +� #(2/+ "$,$-3� .%� 36.� ./3(" +� %(!$1� $-#2�� �3'$12� 42$

&1 82" +$� %(+3$12� .1� /.+ 1(9$12� 3.�  33$-4 3$� 3'$� +(&'3�� �'$� ��

��
��� 42$2�  � "(1"4+ 1� &1 82" +$� %(+3$1�  -#� 5 1(.42� !4+*� ./3("

".,/.-$-32�

�2� 2'.6-� (-� �(&�� ���  � %(123� .!)$"3(5$� +$-2� ".++(, 3$2� 3'$� +(&'3

.%� 3'$� (-/43� %(!$1� 3.�  � / 1 ++$+� !$ ,�  -#�  � 2$".-#� .!)$"3(5$

+$-2� 1$%."42$2� (3� .-3.� 3'$� .43/43� %(!$1�� �� ,$"' -(" +� 2'433$1�

 � "(1"4+ 1� %(+3$1��  � ".1-$1� "4!$��  -#�  � /1(2,�  1$� +." 3$#� !$:

36$$-� 3'$� 36.� +$-2$2�� �'$� "(1"4+ 1�  33$-4 3(-&� %(+3$1� ".-2(232

.%� 36.� #(2*2� .%� &+ 22� 6$#&$2� &+4$#� 3.&$3'$1�� .-$�  !2.1!(-&

 -#� 3'$� .3'$1� 31 -2/ 1$-3�� �'$�  33$-4 3(.-� #$/$-#2� .-� 3'$

 -&4+ 1� /.2(3(.-� .%� 3'$�  33$-4 3(-&� %(+3$1�� 6'("'� (2� 2$3� !8�  

,.3.1� 3' 3� (2� ".-31.++$#� !8�  � #(&(3 +� /.2(3(.-(-&� 2823$,�

�'$�  33$-4 3(.-� .%� 3'$� 6$#&$#�  !2.1!(-&� &+ 22� %(+3$1�  2�  

%4-"3(.-� .%� 3'$�  -&4+ 1� /.2(3(.-� � � (2�

�33����
�33, 7

�
��� ".2��� ���

6'$1$� �33, 7� �� ��� #��� �.1�  -&+$2� � � �� �� 3.� � � �� ���� #$&1$$2

3'$�  33$-4 3(.-� 5 1($2� !$36$$-� ��  -#� �33, 7� (-�  � 231.-&+8

,.-.3.-("� , --$1�� �.� 1 -&(-&� $%%$"32�  -#� 1$+ 3$#� .5$12'..3

 -#� 4-#$12'..3� .""41�� 3' 3� (2�� 3'$1$�  1$� -.� # 1*� 2/.32�� �'(2

(2�  � 5$18� (,/.13 -3� %$ 341$� %.1� ,$ 241(-&� 3'1$2'.+#2� (-� !(3

$11.1� 1 3$� ,$ 241$,$-32�

�.� +(-$ 1(9$� 3'$�  33$-4 3(.-� "' 1 "3$1(23("2�� $ "'�  33$-4 3.1� (2

(-#(5(#4 ++8� " +(!1 3$#� (-� /1.#4"3(.-�  3� 6 5$+$-&3'2� .%� �	��

-,�  -#� �

�� -,�� �-�  43., 3("� " +(!1 3(.-� /1.&1 ,� "' 1 ":

3$1(9$2� $ "'� 4-(3�� �'$� ,$ 241$#� # 3 � (2� /1."$22$#� !8� 3'$

".,/43$1�  -#� 31 -2%$11$#� 3.�  -� ������� (-� 3'$�  33$-4 3.1�



  Hewlett-Packard Company 1995 �%"03!07� ����� �%5+%229�!#*!0$� �.30-!+� � � � � � � ��

���� ��� �/2)#!+� 1712%,� .&� 2(%�

��� ����� ./2)#!+� !22%-3!2.0�

Front Panel

Input

Output

Objective
Shutter

Corner Cube

Circular FilterPrismConnector

Motor

�-7� %00.01� #!31%$� "7� ,!-3&!#230)-'� 2.+%0!-#%1� .&� 2(%� !22%9

-3!2)-'� &)+2%0� !0%� #!+)"0!2%$� .32�� �-� !$$)2).-�� 2(%� 5!4%+%-'2(

#(!0!#2%0)12)#1� .&� 2(%� &)+2%0� !0%� 12.0%$� )-� 2(%� ��������  ()1

/%0,)21� 2(%� ,)#0./0.#%11.0� 2.� #!+#3+!2%� #.00%#2).-� &!#2.01� &.0

%!#(� #.,")-!2).-� .&� 5!4%+%-'2(� !-$� !22%-3!2).-�� �)'�� 


1(.51� 2(%� !22%-3!2).-� +)-%!0)27� .&� 2(%� ��� ����� .4%0� !-

!0")20!0)+7� 1%+%#2%$� �9$�� 0!-'%�

 .� /0%4%-2� "%!,� 12%%0)-'� %&&%#21�� 5()#(� #!31%� 3-5!-2%$

+.11� #(!-'%1�� !� $.3"+%9/!11� $%1)'-� 5!1� #(.1%-��  (%� 0%!1.-

&.0� 2(%� "%!,� 12%%0)-'� )1� 2(!2� 2(%� &)+2%0� $)1*� )1� 1+)'(2+7� 5%$'%9

1(!/%$��  ()1� 1,!++� 5%$'%� .&� ����� $%'0%%� )1� -%#%11!07� 2.

/0%4%-2� !� 0%1.-!-2� #!4)27� )-� 2(%� &)+2%0� 5()#(� #.3+$� #!31%

3-5!-2%$� !22%-3!2).-� #(!-'%1� 5(%-� #.(%0%-2� +!1%0� +)'(2� )1

31%$�� �%-$)-'� 2(%� ./2)#!+� "%!,� 25)#%� 2(0.3'(� 2(%� 5%$'%$

&)+2%0�� .-#%� )-� 2(%� &.05!0$� $)0%#2).-� !-$� .-#%� )-� 2(%� 0%4%01%

$)0%#2).-�� #!-#%+1� 2(%� "%!,� $%4)!2).-� 2.� 8%0.�

�.+!0)8!2).-� $%/%-$%-2� +.11� %&&%#21� !0%� 120.-'+7� 0%$3#%$� "7

31)-'� !� '+!11� !"1.0")-'� &)+2%0� )-12%!$� .&� !� &)+2%0� 5)2(� ,%2!++)#

!22%-3!2)-'� #.!2)-'��  (%� ")0%&0)-'%-#%� .&� ,%2!++)#� #.!2)-'1

#!31%1� /.+!0)8!2).-� $%/%-$%-2� #.3/+)-'� +.11� )-� !� &)"%092.9

&)"%0� #.3/+)-'� .&� !-� !22%-3!2.0�� �+!11� &)+2%01� %6()")2� -.�

")0%&0)-'%-#%�

�������	�
�

 7/)#!++7�� 2(%� /.+!0)8!2).-� $%/%-$%-2� +.11� ������ .&� 2(%� ��

����� )1� .-� 2(%� .0$%0� .&� ���	� $�� /%!*� 2.� /%!*�� !-$� 2(%

5.0129#!1%� /.+!0)8!2).-� $%/%-$%-2� +.11� 1/%#)&)#!2).-� )1� ����

$�� /%!*� 2.� /%!*� ��/2).-� ������  (%� 0%1)$3!+� /.+!0)8!2).-

$%/%-$%-2� +.11� .&� 2(%� ��� ����� )1� )-$%/%-$%-2� .&� 2(%� &)+2%0

/.1)2).-�� �2� )1� #!31%$� "7� !� 4%07� 5%!*� 0%1)$3!+� ")0%&0)-'%-#%

.&� !++� .&� 2(%� ./2)#!+� %+%,%-21� 13#(� !1� 2(%� +%-1%1� !-$� 2(%

���� ��� �22%-3!2).-� +)-%!0)27� .&� 2(%� ��� ����� ./2)#!+� !22%-3!2.0� .4%0

!-� !0")20!0)+7� 1%+%#2%$� �9$�� 0!-'%�

M
ea

su
re

d 
At

te
nu

at
io

n 
(d

B)

20 20.1 20.2 20.3 20.4 20.5 20.6 20.7 20.8 20.9 21

Programmed Attenuation (dB)

20

20.2

20.4

20.6

20.8

21

/0)1,1�� �)'�� �� 1(.51� 2(%� /.+!0)8!2).-� $%/%-$%-2� +.11� !1� !

&3-#2).-� .&� 0!-$.,+7� #(!-')-'� )-/32� /.+!0)8!2).-� 12!2%1�

 (%� ��� ����� (!1� !� +.5� /.+!0)8!2).-9,.$%� $)1/%01).-

������ .&� +%11� 2(!-� �� &1�� 5()#(� !+1.� 0%13+21� &0.,� 2(%� 5%!*

")0%&0)-'%-#%� .&� 2(%� ./2)#!+� #.,/.-%-21��  (%� ,!)-� #.-20)"39

2).-1� 2.� 2(%� ���� #.,%� &0.,� 2(%� 2.2!+� 0%&+%#2).-1� )-� 2(%� /0)1,

!-$� 2(%� #.0-%0� #3"%�� 5()#(� #!31%� $)&&%0%-2� /(!1%� 1()&21� &.0

2(%� (.0)8.-2!+� !-$� 4%02)#!+� /.+!0)8!2).-� 4%#2.01�

�1� !� 0%13+2� .&� 2(%� $%1)'-� !-$� 2(%� +.5� /.+!0)8!2).-� $%/%-$%-2

+.11� .&� 2(%� ��� ������ 2(%� !22%-3!2).-� )1� 27/)#!++7� !##30!2%

5)2()-� ����� $��� !-$� 2(%� 5.0129#!1%� )-!##30!#7� )1� ����� $�

��/2).-� ������ �)'�� �� 1(.51� 2(%� ,%!130%$� $)&&%0%-#%� "%25%%-

2(%� !#23!+� !22%-3!2).-� !-$� 2(%� /0.'0!,,%$� !22%-3!2).-� .4%0

2(%� %-2)0%� !22%-3!2).-� 0!-'%� &0.,� �� 2.� �� $��

 (%� 0%230-� +.11� .&� 2(%� ./2)#!+� "+.#*� .&� 2(%� !22%-3!2.0� )1�

27/)#!++7� ,.0%� 2(!-� ��� $��� �++� ./2)#!+� 130&!#%1� !0%� #.!2%$

5)2(� !-2)0%&+%#2).-� #.!2)-'��  ()1� (%+/1� 0%$3#%� )-1%02).-� +.11

!-$� )-#0%!1%� 0%230-� +.11��  (%� ./2)#!+� 130&!#%1� !0%� 2)+2%$� 2.

0%$3#%� 2(%� 0%1)$3!+� "!#*0%&+%#2).-1� 2.� +%11� 2(!-� ������  (%

#.--%#2.01� !2� 2(%� ./2)#!+� "+.#*� !0%� !-'+%$� !-$� !0%� !+1.�

!-2)0%&+%#2).-9#.!2%$�

�)'�� � 1(.51� 2(%� 1/!2)!++7� 0%1.+4%$� 0%230-� +.11� .&� 2(%� ./2.9

"+.#*� .&� 2(%� ��� ����� 5)2(.32� 2(%� &0.-29/!-%+� )-/32� !-$

.32/32� #.--%#2.01�� !1� ,%!130%$� "7� 2(%� ��� ������ /0%#)1).-

0%&+%#2.,%2%0��  (%� ,!)-� #.-20)"32).-� 2.� 2(%� 0%230-� +.11

#.,%1� &0.,� 2(%� )-/32� !-$� .32/32� #.--%#2.01� !2� 2(%� &0.-2

/!-%+� .&� 2(%� ��� ������ �-� 2(%� �/2).-� ���� 4%01).-�� 120!)'(2

#.-2!#2� #.--%#2.01� /0.4)$%� ��� $�� .&� 0%230-� +.11�� �-� 2(%� �/9

2).-� 	��� 4%01).-�� !-'+%$� #.-2!#2� #.--%#2.01� !0%� 31%$� !-$� !

–0.1

–0.05

0

0.05

0.1

���� ��� �.+!0)8!2).-� 1%-1)2)4)27� .&� 2(%� ��� ����� ./2)#!+� !22%-3!2.0�

 (%� 7� !6)1� )-$)#!2%1� 4!0)!2).-1� )-� !22%-3!2).-� 0%13+2)-'� &0.,� #(!-'%1

)-� 2(%� /.+!0)8!2).-� 12!2%� .&� 2(%� +)'(2�

At
te

nu
at

io
n 

De
vi

at
io

n 
(d

B)

Random States of Polarization



��� � � � � � � �"�.1�.5� 	��� �"3("007�� '�.!� �+1.*�(   Hewlett-Packard Company 1995

���� ��� �00"*1�0&+*� "..+./� +#� 0%"� ��� �	��� +,0& �(� �00"*1�0+.� +2".

0%"� "*0&."� �00"*1�0&+*� .�*$"� +#� �� 0+� ��� !�� �� 01�(� �00"*1�0&+*� )&*1/

,.+$.�))"!� �00"*1�0&+*��

–0.10

–0.05

0.00

0.05

0.10

Er
ro

r (
dB

)

Programmed Attenuation (dB)

0 15 30 45 60

."01.*� (+//� +#� )+."� 0%�*� ��� !�� &/� � %&"2"!�� �,0&+*� 
�	� &/� 0%"

�"/0�  %+& "� #+.� ."01.*7(+//7/"*/&0&2"� *+&/"� )"�/1.")"*0/� &*

 ��("� ��� �,,(& �0&+*/� +.� #+.� �&0� "..+.� .�0"� )"�/1.")"*0/� &*

%&$%7/,""!� !&$&0�(� /5/0")/�

�� /",�.�0"� )" %�*& �(� /%100".� &/� 1/"!� 0+� &*0"..1,0� 0%"� +,0& �(

�"�)� 0+� !&/��("� 0%"� +,0& �(� +10,10�� �%"� /%100".� %�/� �*� �00"*7

1�0&+*� +#� )+."� 0%�*� 	��� !�� �*!� 3+.'/� 3&0%+10�  %�*$&*$� 0%"

/"00&*$� +#� 0%"� �00"*1�0&*$� #&(0".� !&/'�� �%"� /%100".� ,.+0" 0/

,+3".7/"*/&0&2"� !"2& "/� 1*!".� 0"/0� #.+)� !�*$".+1/� ,+3".

("2"(/�

�%"� ��� �	���  �*� �"� 1/"!� �/� ��  �(&�.�0"!� �*!� ,.+$.�)7

)��("� �� '."#(" 0+.� 0+�  %" '� 0%"� &* ."�/"� &*� �&0� "..+.� .�0"� +.

*+&/"� ,".#+.)�* "� +#� %&$%7/,""!� /5/0")/� �/� �� #1* 0&+*� +#

�� '."#(" 0&+*� ("2"(�� �*� 0%&/�  �/"� 0%"� �1&(07&*� �� '."#(" 0+.

)+!"�  �*� �"� 1/"!� &*�  +)�&*�0&+*� 3&0%� �*� "40".*�(� ��

�	������ �� '."#(" 0+.�  +**" 0"!� 0+� 0%"� +10,10�  +**" 0+.� +#

0%"� ��� �	���

�%"� ��� �	��� "*��("/� 0%"� 1/".� 0+� �00"*1�0"� �*5� +,0& �(� /&$*�(

1,� 0+� ��� !�� �*!� 1,� 0+� ,+3".� ("2"(/� +#� �
�� !�)� &*� ,." &/"

/0",/�� �� ."/+(10&+*� +#� ����	� !�� 3&0%� �� 05,& �(� .","�0��&(&05

�"00".� 0%�*� ����� !�� &/� � %&"2"!�� �&$�� �� /%+3/� 0%"� �00"*1�0&+*

.","�0��&(&05� +2".� 0%"� "*0&."� �00"*1�0&+*� .�*$"� +#� ��� !��� �%&/

���� ��� �,�0&�((5� ."/+(2"!� ."01.*� (+//� +#� 0%"� ��� �	��� +,0& �(�

�00"*1�0+.� )"�/1."!� �5� 0%"� ��� ����� ,." &/&+*� ."#(" 0+)"0".�

0 50 100 150 200 250
Distance (mm)

100

90

80

70

60

50

40

30

20

10

0

Re
tu

rn
 L

os
s 

(d
B)

.","�0��&(&05� ."-1&."/� �� ,." &/"� #&(0".� ,+/&0&+*&*$� /5/0")�

3%& %� &/� !"/ .&�"!� &*� 0%"� #+((+3&*$� /" 0&+*�

������ 	�������� 
�����

�+.� "� %� +,0& �(� �00"*1�0&+*� /"00&*$�� 0%"� #&(0".� ,+/&0&+*&*$

/5/0")� +#� 0%"� ��� �	��� +,0& �(� �00"*1�0+.� .+0�0"/� 0%"�  &. 1(�.

#&(0".� 0+� ��  +.."/,+*!&*$� �*$1(�.� ,+/&0&+*�� �%"� /1,".&+.� ,".7

#+.)�* "� ."-1&."!� +#� 0%"� ��� �	��� &*�  .&0& �(� )"�/1.")"*0

�,,(& �0&+*/� ("�!/� 0+� "*%�* "!� ."-1&.")"*0/� #+.� 0%"� #&(0".

!.&2"� ."$�.!&*$� ."/+(10&+*�� +2"./%++0�� �*!� /"00(&*$� 0&)"�

�00"*1�0&+*� ."/+(10&+*� &/� !&." 0(5� ."(�0"!� 0+� 0%"� �*$1(�.� ."/+7

(10&+*� +#� 0%"� ,+/&0&+*&*$� /5/0")�� �%"� �*$1(�.� ."/+(10&+*� ."7

-1&.")"*0/� #+.� 0%&/� /5/0")�  �*� �"� !&." 0(5� !"0".)&*"!� #.+)

0%"� #&(0".�  %�.� 0".&/0& � !"/ .&�"!� �5� "-1�0&+*� 	�� �%"� $+�(� +#

���	� !�� �00"*1�0&+*� ."/+(10&+*� +.� �� )�4&)1)� ."/+(10&+*� 1*7

 ".0�&*05� +#� ����� !�� ."/1(0/� &*� �*� �*$1(�.� ."/+(10&+*� +#� �����

!"$.""�� +.� ��+10� ������� !�0�� ,+&*0/� ,".� ."2+(10&+*� +#� 0%"

#&(0".� !&/'�

�+.� /+)"� �,,(& �0&+*/�� (&'"� �&0� "..+.� .�0"� )"�/1.")"*0/�

+2"./%++0� �*!� /,&'"/� 3%"*�  %�*$&*$� �00"*1�0&+*� /"00&*$/

�."� 2".5� !&/01.�&*$�� �*� +2"./%++0� +#� ��� !�� &/� 0%"� 1,,".

0+(".�* "� (&)&0� #+.� 0%"/"� �,,(& �0&+*/�� �.�*/#+.)"!� +*0+� 0%"

 &. 1(�.� 3"!$"� #&(0".� !.&2"*� �5� �� ,+/&0&+*&*$� /5/0")� 3&0%� �*

�*$1(�.� ."/+(10&+*� +#� ������ !"$.""�� 0%&/� ."/1(0/� &*� �� )�4&)1)

+2"./%++0� +#� �,,.+4&)�0"(5� ���� #+.� �*� �*$1(�.� /0",� +#� 	��

!"$.""/�

�,0& �(� �00"*1�0+./� �."� )�&*(5� 1/"!� #+.� !"2& "�  %�.� 0".&6�7

0&+*� &*� ,.+!1 0&+*� �."�/�� "/," &�((5� &*� �10+)�0& � 0"/0� /5/0")/�

�&$%� 0%.+1$%,10� �*!� 5&"(!� �."� 2".5� &),+.0�*0� &//1"/�� �"00(&*$

0&)"/� �"03""*� !&##"."*0� �00"*1�0&+*� /"00&*$/� %�2"� 0+� �"

)&*&)�(�� /+� �� %&$%7/,""!� !.&2"� &/� +�(&$�0+.5�

��'"*� 0+$"0%".�� #.""!+)� #.+)� +2"./%++0� �*!� #�/0� /"00(&*$

)"�*� �� ,+/&0&+*&*$� /5/0")� 0%�0� %�/� �� /0.+*$� �,".&+!& � /0",

."/,+*/"�� �+� ,.+2&!"� #1((� ,".#+.)�* "� 1*!".� 0%"�  +*!&0&+*/

+#� "*2&.+*)"*0�(� /0."//� +  1..&*$� &*� ,.+!1 0&+*� �*!� 0"/0

�."�/�� 0%"� ,+/&0&+*&*$� /5/0")� �(/+� %�/� 0+� �"� %&$%(5� &*/"*/&0&2"

0+� "40".*�(� 2&�.�0&+*� *+&/"�

������ ����� 
�����

�*� 0%"� ��� �	��� �� !&." 07!.&2"� /5/0")� &/� 1/"!�� �� )+0+.7

"* +!".� �//")�(5� &/� !&." 0(5� �00� %"!� 0+� 0%"� #&(0".� /%�#0�� �%&/

/5/0")� %�/� 0%"� �!2�*0�$"/� +#�  +),� 0*"//�� .1$$"!*"//�� �*!

���� ��� �00"*1�0&+*� .","�0��&(&05� +#� 0%"� ��� �	��� +,0& �(� �00"*1�0+.�

�%"� 5� �4&/� &*!& �0"/� 0%"� 2�.&�0&+*� &*� �00"*1�0&+*� +2".� 0"*�

)"�/1.")"*0/�

–0.02

–0.01

0

0.01

0.02

Re
pe

at
ab

ili
ty

 (d
B)

Programmed Attenuation (dB)

0 10 20 30 40 50 60



  Hewlett-Packard Company 1995 �'$36#3:� ����� �'8-'55<�#%,#3&� �063/#-� � � � � � � ��

�
	�� ��� �+)+5#-� .0503� %0/530--'3� 0(� 5*'� ��� �����

M

Host
Data Bus 8 8

Digital
Signal

Processor

H-Bridge
Phase 1

H-Bridge
Phase 2

PW1

PW2

Encoder
Filter
Disk

A

B

I

Zero-
Crossing-
Detector

Quadrature
Decoder

A

B ADC
8

8

DSP Data Bus

Motor Shaft

*+)*� 41''&� %0.1#3'&� 8+5*� )'#3'&� 4:45'.4��  *'3'� #3'� /0

$#%,-#4*� '33034� #/&� 4'/4+5+7+5:� 50� '/7+30/.'/5#-� %*#/)'4� +4

-08'3�

 *'� .0503� +4� #� $364*-'44� 580<1*#4'� &%� .0503�� �364*-'44

.05034� %0.$+/'� 5*'� #&7#/5#)'4� 0(� 36))'&/'44�� -0/)'3� -+('<

5+.'�� #/&� -'44� (3+%5+0/�� 8*+%*� +4� +.1035#/5� +/� 5*'� %0/530-� 0(

*+)*<3'40-65+0/� 4:45'.4�

 *'� &3+7'� %633'/54� (03� 5*'� 580� 45#503� 8+/&+/)4� #3'� )'/'3#5'&

$:� 16-4'� 8+&5*� .0&6-#5+0/� 0(� #� ��!� &%� 4611-:� 70-5#)'��  *'

16-4'� 8+&5*� .0&6-#5+0/� +4� &0/'� $:� 580� +/5')3#5'&� (6--<$3+&)'

&3+7'3� %+3%6+54��  *'� ����� � 48+5%*'4� 0(� 5*'4'� ��4� *#7'� 7'3:

4*035� 563/<0/� #/&� 563/<0((� 5+.'4�� #--08+/)� *+)*� 16-4'� 3'40-6<

5+0/�� #/&� 5*':� *#7'� 7'3:� -08� 0/<3'4+45#/%'�� 8*+%*� .+/+.+;'4

108'3� &+44+1#5+0/��  *'� 16-4'� (3'26'/%:� +4� 	�� ,�;�� 40� 5*'

#%0645+%� /0+4'� %#64'&� $:� .#)/'50453+%5+7'� '(('%54� +/� 5*'

.0503� +4� #$07'� 5*'� 3#/)'� 0(� *6.#/� *'#3+/)�

 *'� '/%0&'3� +4� #/� 015+%#-� +/%3'.'/5#-� 305#3:� '/%0&'3� 8+5*

4+/'� 8#7'� 0651654�� �54� 305#5+/)� &+4,� *#4� ��	�� -+/'4� #/&� +4

&+3'%5-:� #55#%*'&� 50� 5*'� .0503� 4*#(5��  *'� .#+/� 0651654�� �� #/&

��� #3'� +/� #� 26#&3#563'� 3'-#5+0/4*+1� #/&� 5*'+3� 4+)/#-� 4*#1'� +4

7'3:� %-04'� 50� 4+/640+&#-�� �� 5*+3&� 065165� 4+)/#-�� ��� 1307+&'4� #/

+/&'9� 16-4'� 0/%'� 1'3� 3'70-65+0/� (03� &'5'3.+/+/)� #$40-65'

104+5+0/�

 *'� ;'30� %3044+/)4� 0(� 5*'� .#+/� 0651654� �� #/&� �� #3'� .6-5+<

1-+'&� $:� (063� $:� #� 26#&3#563'� &'%0&'3� %+3%6+5��  *'� &'%0&'3

065165� +/%3'.'/54� 03� &'%3'.'/54� #� %0#34'� 104+5+0/� %06/5'3�

�05*� 5#4,4� #3'� 1'3(03.'&� $:� #� 41'%+#-� &'%0&'3�%06/5'3� ���

 *'� 3'40-65+0/� +4� (635*'3� +/%3'#4'&� $:� #/� +/5'310-#5+0/� 130%'<

&63'� 5*#5� 64'4� 5*'� 4+/640+&#-� 4*#1'� 0(� 5*'� .#+/� 065165� 4+)<

/#-4���  *'4'� 4+)/#-4� #3'� ('&� &+3'%5-:� +/50� #� .6-5+%*#//'-� �<$+5

����� #/&� 5*'� 46$4'26'/5� 130%'44+/)� 0(� 5*'� 580� &+)+5+;'&� 4+<

/640+&#-� 4+)/#-4� +4� &0/'� $:� #� &+)+5#-� 4+)/#-� 130%'4403��  *'

2605+'/5� 0(� 5*'4'� 4+)/#-4� +4� 5*'� 5#/)'/5� 0(� 5*'� +/5'310-#5'&

(3#%5+0/#-� 104+5+0/� $'58''/� 5*'� 4+/'� #/&� %04+/'� ;'30� %3044<

+/)4��  *'� (+-5'3� 305#5+0/� #/)-'� %#/� $'� (06/&� $:� 5#$-'� -00,<61�

64+/)� #/� #3%5#/)'/5� 5#$-'��  *'03'5+%#--:�� 8+5*� 5*'� '+)*5� $+54

0(� 3'40-65+0/� +/� 5*'� #/#-0)<50<&+)+5#-� %0/7'34+0/� 130%'44�� #/

+/5'310-#5+0/� 3#5+0� 0(� 	���� %#/� $'� #%*+'7'&�� $65� #.1-+56&'

#/&� 1*#4'� &+45035+0/� 0(� 5*'� '/%0&'3� 0651654� #/&� /0/-+/'#3+<

5+'4� 0(� 5*'� %0/7'35'3� -+.+5� 5*'� +/5'310-#5+0/� 3#5+0� 50� �����  *+4

)+7'4� #� 505#-� 104+5+0/� 3'40-65+0/� 0(� ��	�� ×� �� ×� �� �� 		����
%06/54� 1'3� 3'70-65+0/�

 *'� 4'370� -001� +4� %-04'&� $:� #� &+)+5#-� 4+)/#-� 130%'4403� ������

#�  ��
	������  *+4� �<$+5� 4+)/#-� 130%'4403� *#4� 0/<%*+1� ���

#/&� ������� �5� +4� #$-'� 50� 803,� #4� #� 45#/&#-0/'� 4+/)-'<%*+1

%0/530--'3�� "+5*� +54� 5*3''� *+)*<3'40-65+0/� 5+.'34� #/&� #� 41'%+#-

'7'/5� .#/#)'3� 8+5*� 4+9� 16-4'� 8+&5*� 0651654� +5� +4� +&'#--:

46+5'&� (03� 4'370� %0/530-� #11-+%#5+0/4��  *'� 16-4'� 8+&5*� 065<

1654� (''&� 5*'� (6--<$3+&)'� &3+7'34� &+3'%5-:��  *':� 1307+&'� 16-4'

8+&5*� 3'40-65+0/� &08/� 50� ��� /4��  *+4� +4� +.1035#/5� (03� #%*+'7<

+/)� *+)*<26#-+5:� %0/530-� $'%#64'� +5� '/#$-'4� 5*'� %0/530--'3� 50

.'#463'� +54� %0/530-� '((035� 7'3:� 13'%+4'-:��  *'� ���� )'54� 5*'

104+5+0/� (''&$#%,� (30.� 5*'� &'%0&'3�%06/5'3� ��� #/&� (30.� 5*'

.6-5+%*#//'-� ���� 07'3� #/� '95'3/#-� �<$+5<8+&'� &#5#� $64�

�04+5+0/� 4'5� 7#-6'4� #/&� #--� %0..#/&4� #3'� )+7'/� 50� 5*'� ���

$:� 5*'� .#+/� +/4536.'/5� .+%30130%'4403�� �0..6/+%#5+0/� $'<

58''/� 5*'� 580� 130%'44034� 5#,'4� 1-#%'� 7+#� #/� �<$+5<8+&'� $+<

&+3'%5+0/#-� +/5'3(#%'�

�+)�� �� 4*084� 5*'� $-0%,� &+#)3#.� 0(� 5*'� (+-5'3� 104+5+0/+/)�

4:45'.�

��������

 0� .''5� 5*'� &'.#/&+/)� 3'26+3'.'/54� 0(� 5*'� &3+7'�� &+)+5#-

%0/530-� +4� +.1-'.'/5'&�� 64+/)� #/� #&7#/%'&� %0/530-� #-)03+5*.�

 *'� (+345� 580� %0/4+&'3#5+0/4� (03� 5*'� &'4+)/� 0(� 5*'� %0/530--'3

#3'� 5*'� %0/530-� #-)03+5*.� #/&� 5*'� /6.'3+%#-� 3#/)'� +/� 8*+%*

%#-%6-#5+0/4� 5#,'� 1-#%'�� �--� &+)+5#-� %0/530-� #-)03+5*.4� 3'26+3'

0/'� 03� .03'� .6-5+1-+%#5+0/4�� #/&� -0/)� '9'%65+0/� 5+.'4� (03� #

%0/530-� 45'1� %#64'� #&&+5+0/#-� 1*#4'� 4*+(5� +/� 5*'� 01'/� %0/530-

-001��  *'3'(03'�� #� %0/530-� 130%'4403� 8+5*� #� $6+-5<+/� .6-5+1-+'3

+4� /'%'44#3:� 50� 1307+&'� (#45� '9'%65+0/� 0(� 5*'� %0/530-� #-)0<

3+5*.�

 *'� /6.'3+%#-� 3#/)'4� 0(� 5*'� %0/530-� 7#3+#$-'4� #/&� %0'((+%+'/54

&'5'3.+/'� 5*'� 3'26+3'&� 8+&5*� 0(� 5*'� +/5'3/#-� 130%'4403� &#5#

$64�� �#%*� (+-5'3� 104+5+0/� +4� &'4%3+$'&� $:� #� 		<$+5� /6.$'3�� %0.<

104'&� 0(� �� $+54� &'-+7'3'&� $:� 5*'� &'%0&'3�%06/5'3� ��� #/&� 

$+54� 4611-+'&� $:� 5*'� +/5'310-#5+0/� 130%'44�� �03� 0/'� 3'70-65+0/�

��� $+54� #3'� 46((+%+'/5�� �03� #/� #&'26#5'� %0/530-� (+-5'3� (6/%5+0/�

5*'� (+-5'3� %0'((+%+'/54� 0(� 5*'� %0/530-� #-)03+5*.� .645� $'� 3'13'<

4'/5'&� #4� #5� -'#45� �	<$+5� /6.$'34��  *'3'(03'�� #5� '#%*� %0/530-



��� � � � � � � �# /2�/6� 	���� �#4)#118��!(�/"� �,2/+�)   Hewlett-Packard Company 1995

01#-� 0#3#/�)� 	�8 '18 68	
8 '1� *2)1'-)'!�1',+0� &�3#� 1,�  #� -#/8

$,/*#"�� �,01� ,$� 1&#� ),48!,01� -/,!#00,/0� ,$$#/� ,+)6� �8 '18 68

�8 '1� ,/� 	8 '18 68	8 '1� *2)1'-)'!�1',+0� '+� ,+#� '+01/2!1',+

!6!)#�� �+� ,2/� !�0#�� 1&'0� *#�+0� 1&�1� '1� 1�(#0� *,/#� 1&�+� ,+#

'+01/2!1',+� !6!)#� $,/� �� *2)1'-)'!�1',+�� �&'0� *#�+0� ),+%#/� #5#8

!21',+� 1'*#�� #0-#!'�))6� $,/� �"3�+!#"� $')1#/� �)%,/'1&*0�

�,� ,3#/!,*#� 1&'0� -/, )#*� 1&#� -,0'1',+� #//,/� '0� "'3'"#"� '+1,

14,� +2* #/� /�+%#0�� �� !,�/0#� /�+%#� 1&�1� !,3#/0� 1&#� 2--#/� 	�

 '10� ,$� 1&#� 	�  '10� "#)'3#/#"�  6� 1&#� "#!,"#/�!,2+1#/� ��� �+"� �

$'+#� /�+%#� '+!)2"'+%� 1&#� �� /#*�'+'+%�  '10� �
� $/,*� 1&#� "#!,"#/�

!,2+1#/� ��� �+"� � $/,*� 1&#� '+1#/-,)�1',+� -/,!#00��� �&'0� �)),40

$�01�� 0'*-)#� #5#!21',+� ,$� 1&#� !,+1/,)� �)%,/'1&*� '+� #�!&� /�+%#�

�#!�20#� ,$� 1&#� +#�/)6� �-#/',"'!� 01#-� /#0-,+0#� ,$� 1&#� 4&,)#

0601#*�� �� 1/�+0'1',+�  #14##+� 1&#� !,�/0#� �+"� $'+#� +2* #/

/�+%#0� ,!!2/0� ,+)6� ,+!#� "2/'+%� �� -,0'1',+� 01#-� *,3#*#+1�†
�1� 1&'0� 1/�+0'1',+� �))� !,+1/,)� 3�/'� )#0� &�3#� 1,�  #� /#0!�)#"�  6

0'*-)#� 0&'$1� ,-#/�1',+0�� �))� !�)!2)�1',+0� �/#� -#/$,/*#"� '+

	8 '1� $'5#"8-,'+1� �/'1&*#1'!� 4'1&� ,-#/�+"0� '+� 14,0� !,*-)#8

*#+1� /#-/#0#+1�1',+�

�&#� !,+1/,)� $')1#/� $2+!1',+� '0� '*-)#*#+1#"�  6� �� !)�00'!�)� ���

�-/,-,/1',+�)� '+1#%/�)� "'$$#/#+1'�)�� �)%,/'1&*� #+&�+!#"� 4'1&

0,*#� 0-#!'�)� $#�12/#0�� �&#� '+1#%/�1,/� '0� 04'1!&� )#�  6� 0,$18

4�/#� �+"� 4,/(0� ,+)6� 4&#+� +##"#"�� �&'0� '0� �� -,0'1',+� 0#/3,�

0,� 1&#� '+1#%/�1,/� '0� +,1� 20#"� 4&#+� 1&#� �!12�)� 3#),!'16� *�%+'8

12"#� '0� � ,3#� �� 0-#!'$'#"� 1&/#0&,)"�� �&'0� 1#!&+'.2#� 01/,+%)6

"#!/#�0#0� ,3#/0&,,1�  #!�20#� 1&#� '+1#%/�1#"� #//,/� 0'%+�)

",#0+�1� �!!2*2)�1#� ,3#/� 1&#� "2/�1',+� ,$� �� *,3#�� �&#�

'+1#%/�1,/� ,21-21� '0� )'*'1#"� 1,� -/#3#+1� 4'+"2-� #$$#!10�††

�&#� "'$$#/#+1'�1,/� '+-21� '0� +,1� 1&#� #//,/� 0'%+�)�  21� 1&#� �!12�)

-,0'1',+� 0'%+�)�� 0,� �+6� � /2-1� !&�+%#� '+� 1&#� 1�/%#1� -,0'1',+

0'%+�)� '0� +,1� "'$$#/#+1'�1#"�� �&#� 01� ')'16� ,$� 1&#� 0601#*� '0� +,1

�$$#!1#"�  #!�20#� 1&#� ,3#/�))� ,-#+8),,-� 1/�+0$#/� $2+!1',+� /#8

*�'+0� 1&#� 0�*#�� �#!�20#� ,$� 1&#� &'%&� !,+1/,))#/� 0�*-)'+%

/�1#�� 1&#� "'$$#/#+1'�1,/� '+-21� 0'%+�)� '0� "#!'*�1#"�

�&#� ���� !,#$$'!'#+10� !�+�  #� 04'1!&#"� ,+� 1&#� $)6� "#-#+"'+%

,+� 1&#� #//,/� 0'%+�)� *�%+'12"#�� �&'0� '0� +#!#00�/6�  #!�20#� 1&#

"'$$#/#+!#�  #14##+� 01�1'!� �+"� *,3'+%� $/'!1',+� !&�+%#0� 1&#

),,-�  #&�3',/� 4&#+� 1&#� 0601#*�  #%'+0� 1,� *,3#�	� �&#� �+%2)�/

/#0,)21',+� '0� 0,� $'+#� 1&�1� 1&#� "'$$#/#+!#�  #14##+� 1&#� 01�1'!

�+"� 1&#� "6+�*'!� !�0#0�  #!,*#0� �--�/#+1�� �� 0-#!'�)� 0#1� ,$

!,#$$'!'#+10� '0� 0#1� '+� 1&#� &,)"� *,"#� 1,� '+!/#�0#� /, 201+#00

�%�'+01� #51#/+�)� +,'0#�

�&#� !,+1/,))#/� $2+!1',+�� 4&'!&� '+!)2"#0� -,0'1',+� '+1#/-,)�8

1',+�� #//,/� /�+%'+%�� ���� $')1#/'+%�� ,21-21� )'*'1'+%�� *,1,/� !,*8

*21�1',+�� �+"� -2)0#� 4'"1&� *,"2)�1',+� ,21-21�� '0� '*-)#*#+1#"

'+� 1&#� ����� �),+%� 4'1&� 0,*#� 0-#!'�)� $#�12/#0�� �$1#/� #5#!21'+%

1&#� !,+1/,)� /,21'+#�� 1&#� ���� !&#!(0� 1&#� 01�1#� ,$� 0#11)'+%� �+"

"#1#/*'+#0� 1&#� ,3#/0&,,1� �+"� 0#11)'+%� 1'*#�

�+� 0-'1#� ,$� 1&#� *�+6� 1�0(0� /#.2'/#"� $,/� #3#/6� !,+1/,)� 01#-�

1&#� #5#!21',+� 1'*#� $,/� ,+#� !,+1/,)� 01#-� '0� �� 3#/6� 0&,/1� 	��

�0�� �&#/#$,/#�� �� !,+1/,)� /�1#� ,$� �� (�7� '0� -,00' )#�� �&#� /#8

*�'+'+%� $/##� 1'*#� ,$� 1&#� ���� '0� 20#"� $,/� !,**2+'!�1',+

4'1&� 1&#� &,01� -/,!#00,/�

† Nearly aperiodic means that the step response is generally monotonic. There is a small over-
shoot, but it does not cause a change in the upper 14 bits and therefore does not cause a
transition out of the fine number range.

†† Windup effects would occur if the integrator output became greater than the controller output,
which is limited by the pulse period. The result would be large amounts of overshoot, which is
referred to as windup in rotating systems.
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