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The HP HD2000 data acquisition system provides C-size VXIbus
modules that are tailored to provide fast and accurate acquisition of
temperature, pressure, strain, volts, and resistance data for turbine and
piston engine testing applications.
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Because turbine test setups can have up to 1000 test points, special
demands are placed on a data acquisition system that must fit a large
number of measurement channels into a C-size VXIbus module.
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8*5)� 5)&� 53"/4%6$&3�� �03."--:�� 01&/� 53"/4%6$&3� %&5&$5*0/� *4

0/-:� 48*5$)&%� 0/� %63*/(� $"-*#3"5*0/� 03� 4:45&.� 7&3*'*$"5*0/�

�)&� 4."--� ".06/5� 0'� $633&/5� 8*--� $"64&� "� 4-*()5� %&(3"%"5*0/

0'� .&"463&.&/5� "$$63"$:� *'� 64&%� %63*/(� "� %"5"� ("5)&3*/(

36/��  )*-&� *5� $"/� #&� 563/&%� 0/� %63*/(� "� %"5"� 36/� 8*5)� /0

05)&3� *--� &''&$54�� 46$)� "� 13"$5*$&� *4� /05� 3&$0..&/%&%�
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����� ��� �'� ��� ��	��� &(�-%�� /#,"

,"�� �(.�*� (  � +"(/#'!� ,"�� �#!",

�,/(� �*�� *�&(.���� +#!'�%� �('�#2

,#('#'!� )%-!2('+�� ���"� )%-!2('

"�+� �#!",� �"�''�%+�

����� ��� �)�'� ,*�'+�-��*� ��,��,�� ����� �'�� (.�*.(%,�!�� )*(,��,#('

�#*�-#,�

Input
High

1 �F
+

ESD
Ground

Input
Low

150�� 1W

150�� 1W

100 M�

1 �F
+

ESD (Chassis)
Ground

5 k�

100 M�

5 k�

Analog
Ground

To
MUX
and
ADC

Switch
Control

–19V
300�

16
V

16
V

+19V
300�

To
DSP

Interrupt

100�
(Fuse Resistor)

6.8�

Digital
Ground

6.8�

ESD Circuit

�.�*.(%,�!�� )*(,��,#('� �'�� ���� ��%��,*(+,�,#�� �#+�"�*!��

)*(,��,#('� �*�� �(&�#'��� #',(� ,"�� +�&�� �#*�-#,�  (*� *��-���

�(�*�� +)���� �'�� +#&)%�*� �#*�-#,*1�� �-�#�#(-+� )�*,+� )%���&�',

"�%)��� ,"��  -'�,#('�%#,1� ( � ,"�� �#*�-#,+� �� !*��,� ���%�� �"�� ���

�#*�-#,� �('+#+,+� ( � �� ��'�*� �#�+� �#(��� /#,"� #,+� �#�+� *�+#+,(*

�'�� �� %�*!�� ,�',�%-&� �%��,*(%1,#�� ��)��#,(*� )%����� '��*� ,"�

���� !*(-'�� ('� ,"�� #')-,� �(''��,(*�� �"#+� )*(.#��+� �#�+�  (*

,"�� �#(��+� ,"�,� �-&)� +,�,#�� ���� �-**�',� #',(� ,"�� ��)��#,(*+

/"�'� ,"�� #')-,� .(%,�!�� �0����+� ±����� .(%,+�� ���� �-**�',� #+

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

�
�2("&� *�+#+,(*+� #'� +�*#�+� /#,"� ,"�� �#(��+�� �.�*.(%,�!�

)*(,��,#('� #+� )*(.#���� �1� &('#,(*#'!� ,"�� �-**�',� ,"*(-!"� ,"�

��'�*� �#(��� /#,"� �� ,*�'+#+,(*�� � � +-  #�#�',� �-**�',� #+� �-&)��

,"*(-!"� ,"�� ��'�*� �#(���� ,"�� ,*�'+#+,(*� ,-*'+� ('�� +�'�#'!� �'

#',�**-),� ,(� ,"�� �#!#,�%� +#!'�%� )*(��++(*� ������� �"�� ���� /#%%

,"�'� ()�'� )*(,��,#('� *�%�1+� )*(.#���� ('� ,"�� &�#'� �(�*�� ,(

)*(,��,� ,"�� ����� ,"�� &-%,#)%�0�*�� �'�� ,"�� ����� �"�� (.�*.(%2

,�!�� )*(,��,#('�  ��,-*�� ��'� �%+(� ��� (.�**#���'�� �-+,(&�*+

(.�**#��� ,"�� )*(,��,#('� /"�'� ,"�� �(+,� ( � +,())#'!� ,"�� ,�+,� #+

&(*�� �0)�'+#.�� ,"�'� ,"�� &��+-*�&�',� +1+,�&�� ��  -+�� *�+#+2

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

.�*1� "#!"� (.�*.(%,�!�+� /"�'� ,"�� )*(,��,#('�  ��,-*�� #+� (.�*2

*#���'�� �"�� ���� #')-,� #+� )*(,��,��� �1� �� )�#*� ( � ��"(,,$1

�#(��+� ,"�,� �%�&)� ,"�� #')-,�� �"��  -+�� *�+#+,(*� /#%%� ()�'� # 

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

.(%,�!�� ('� ,"�� ���� #')-,�

���"� ���� %(($+� %#$�� �� &�&(*1� ���*�++� +�!&�',� ,(� ,"�� ����

�"#+� &�&(*1� ���*�++� +�!&�',� #+� ��%%��� ,"�� �#!#,�%� #',�* ���

���*�++� +)���� �+��� �#!�� ���� �"#+� ���*�++� +)���� #+� �#.#���� #',(

,/(� )�*,+� ('� ���"� ����� �'�� )�*,�� ��%%��� ,"�� &(�-%�� +)����

�('+#+,+� ( � �	� *�!#+,�*+� )�*� ���� ,"�,� �*�� ���#��,��� ,(� ��2

�*�++#'!�  -'�,#('+� �(&&('� ,(� �'� �',#*�� ���� +-�"� �+� ,"�

)%-!2('� #��',# #�*� �'�� +��%�� *�!#+,�*+�� �"�� (,"�*� )�*,� ( � ,"�

���*�++� +)����� /"#�"� #+� ��%%��� ,"�� �"�''�%� +)����� �('+#+,+� ( 

�	� *�!#+,�*+� �(' #!-*��� �+� �#!",� *�!#+,�*+� )�*� ���� �"�''�%�



�#4/"%2� ����� �%7,%44;�!#+!2$� �/52.!,� � � � � � � ��

�	��� ��� �)')4!,� ).4%2&!#%� !$$2%33� 30!#%�

HP E1413 Module

SCP0
Channels 0-7

SCP1
Channels 8-15

SCP7
Channels 56-64

Signal Conditioning
Plug-Ons (SCPs)

SCP0
(64 Registers)

SCP1
(64 Registers)

SCP7
(64 Registers)

Channel 0
(Eight Registers)

Channel 8
(Eight Registers)

Channel 7
(Eight Registers)

Channel 15
(Eight Registers)

Channel 56
(Eight Registers)

Channel 64
(Eight Registers)

Module Space Contains
Plug-On Identifier and

Scale Register

Channel Space
Contains the Channel

Gain Register

Digital Interface Address Space

�()3� !$$2%33� 30!#%� )3� 53%$� 4/� !$$2%33� &5.#4)/.3� 5.)15%� 4/

%!#(� /&� 4(%� %)'(4� ���� #(!..%,3� 35#(� !3� #(!..%,� '!).� !.$

&),4%2� 3%44).'�

Fixed Filter SCP.� �� 3%#/.$� &5.#4)/.� 2%15)2%$� &/2� 452").%� 4%34� )3
,/7;&2%15%.#9�� ,/7;0!33� &),4%2).'�� �!.9� /&� 4(%� 3)'.!,3� &2/-

4(%� %.').%� 5.$%2� 4%34� 2%02%3%.4� 4%-0%2!452%3� -%!352%$� 7)4(

4(%2-/#/50,%3�� �)'.!,� 6/,4!'%3� !2%� ).� 4(%� -),,)6/,4� 2!.'%� !.$

35"*%#4� 4/� ()'(;&2%15%.#9� ./)3%�� �/7;0!33� &),4%23� 7)4(� #54/&&

&2%15%.#)%3� /&� ��� �:� /2� "%,/7� !2%� 2%15)2%$�

�(%� ��� ����
� (!3� /.,9� /.%� ����� �(53�� -!.9� ���� #(!..%,3

!2%� 3#!..%$� !.$� -5,4)0,%8%$� 4/� 4(%� ���� �3%%� �)'�� 	� /.� 0!'%

����  )4(� 4()3� 3%450� #(!..%,;4/;#(!..%,� #(!2'%� ).*%#4)/.� 4(2/5'(

4(%� -5,4)0,%8%2� #!53%3� %22/23� $52).'� &!34� 3#!..).'� 7)4(� 0!3;

3)6%� ,/7;0!33� &),4%23� "%#!53%� 4(%� ,/7;0!33� #!0!#)4/23� (/,$

4(%� #(!2'%� !.$� #!../4� $)33)0!4%� 4(%� %22/2� #(!2'%� %8#%04

4(2/5'(� 4(%� 3/52#%� !.$� ,/7;0!33� 2%3)34/23�� �/2� %8!-0,%�� )&

#(!..%,� ��� /.� 3/-%� ���� )3� (/,$).'� � 6/,43� !.$� #(!..%,� ��

/.� 4(%� 3!-%� ���� (!3� ���� 6/,43�� 4(%2%� )3� !� 	�;6/,4� 37).'

7(%.� 3#!..).'� &2/-� #(!..%,� ��� 4/� #(!..%,� ���� 7()#(� #/5,$

#!53%� !.� %22/2� $52).'� !� &!34� 3#!.�� �(%3%� %22/23� -!+%� )4� .%#;

%33!29� 4/� 2%$5#%� 4(%� 3#!..).'� 30%%$� 4/� !#()%6%� 4(%� 2%15)2%$

!##52!#9�� �(%� 3/,54)/.� )3� 4/� "5&&%2� 4(%� ,/7;0!33� &),4%2� #/-0/;

.%.43� 7)4(� !.� !-0,)&)%2� 4/� !"3/2"� 4(%� #(!2'%� ).*%#4)/.� �3%%

�)'�� ���

�3� 02%6)/53,9� 34!4%$�� 6%29� ()'(� #/--/.;-/$%� 2%*%#4)/.

-534� !,3/� "%� 02%3%26%$� ).� 4(%� $)&&%2%.4)!,� 3)'.!,� 0!4(��  (),%

)4� )3� 6%29� $%3)2!",%� 4/� (!6%� !� 3(!20� #54/&&� &/2� 4(%� &),4%2�� 4(%2%

!2%� ./� 02!#4)#!,� #)2#5)43� 4(!4� #!.� 02/6)$%� !� 3(!20� #54/&&� 7)4(

!.� ��� 490%� /&� &),4%2� !.$� 34),,� 02/$5#%� ���� $�� /&� #/--/.;

-/$%� 2%*%#4)/.�� �(%� #/-02/-)3%� 3/,54)/.� )3� 4/� 53%� !� 47/;0/,%

�	��� ��� �)8%$� &),4%2� ����

High
150� 16 k� 68 k�

+
–

High

ESD and
Open

Transducer
Circuitry

Low
150� 16 k� 68 k�

+
–

Low

0.1 �F0.33 �FInput Output

Low-Pass Filter

0!33)6%� ��� &),4%2� ).� &2/.4� /&� !� 5.)49;'!).� "5&&%2�� �!2%� -534� "%

4!+%.� ).� #(//3).'� 0/,%� 0/3)4)/.3� 4/� 02/6)$%� ,/7� %./5'(

2%3)34!.#%3� 3/� !3� ./4� 4/� ).42/$5#%� &524(%2� %22/23� #!53%$� "9

")!3� #522%.4� /&&3%43� ).� 4(%� "5&&%2� !-0,)&)%23�� �6%26/,4!'%� 02/;

4%#4)/.� !.$� /0%.� 42!.3$5#%2� $%4%#4)/.� -534� !,3/� "%� 02/;

6)$%$�� �(%� 4/4!,� 3/,54)/.� )3� !� 3)-0,%�� "54� &5.#4)/.!,� #)2#5)4

4(!4� )3� 6%29� %!3),9� #(!.'%$� &/2� $)&&%2%.4� #54/&&� &2%15%.#)%3�

 %� %.#/5.4%2%$� !.� ).4%2%34).'� 0(%./-%./.� 7(),%� $%6%,/0;

).'� &),4%2� #)2#5)43� &/2� 4(%� &)8%$� &),4%2� ����� �� 2%!3/.!",%� !0;

02/!#(� 4/� $%3)'.).'� !� $)&&%2%.4)!,� &),4%2� )3� 4/� "%').� 7)4(� !

3).',%;%.$%$� &),4%2� �/.%� 7)4(� 4(%� #/--/.� ./$%� !4� '2/5.$�

!.$� 4(%.� 42!.3&/2-� )4� ).4/� !� $)&&%2%.4)!,� &),4%2�� �()3� 7!3� 4(%

!002/!#(� /2)').!,,9� 53%$� 4/� $%3)'.� 4(%� &)8%$� &),4%2�� �(%� /2)');

.!,� &),4%2� 4/0/,/'9� #(/3%.� 7!3� !� 42!$)4)/.!,� �!,,%.� !.$� �%9

3425#452%�� �3%%� �)'�� ���� �()3� &),4%2� 4/0/,/'9� 7!3� #(/3%.� "%;

#!53%� /&� )43� ,/7� 0!243� #/5.4� !.$� ,/7� 3%.3)4)6)4)%3� 4/� &).)4%

/0%2!4)/.!,� !-0,)&)%2� '!).;"!.$7)$4(� !.$� 0!243� 6!2)!4)/.3�

�(%� 42!.3&/2-!4)/.� 4/� !� $)&&%2%.4)!,� &),4%2� 7!3� 342!)'(4&/27!2$

!.$� 9)%,$%$� 4(%� #)2#5)4� 3(/7.� ).� �)'�� !�� �()3� #)2#5)4� 0%2;

&/2-%$� !3� $%3)'.%$� &/2� $)&&%2%.4)!,� 3)'.!,3� "54� 3(/7%$

!./-!,)%3� 7(%.� 4%34%$� &/2� #/--/.;-/$%� 2%*%#4)/.�

�� 30%#425-� !.!,9:%2� 0,!#%$� "%47%%.� %)4(%2� /54054� !.$

'2/5.$� 3(/7%$� !� 2%3/.!.#%� !.$� 3%6%2%� 0%!+).'�� �()3� !./-;

!,9� 7!3� /2)').!,,9� "%,)%6%$� 4/� "%� 4(%� 2%35,4� /&� ./.)$%!,� "%(!6;

)/2� ).� 4(%� #)2#5)4� #/-0/.%.43�� �524(%2� ).6%34)'!4)/.� 3(/7%$

4(!4� 4()3� 7!3� ./4� 4(%� #!3%�� �(%2%� !2%� ).42).3)#� 02/",%-3� 7)4(

#/--/.;-/$%� 2%*%#4)/.� 7(%.� 53).'� !� 3)-0,%� 3).',%;%.$%$;

4/;$)&&%2%.4)!,� 42!.3&/2-!4)/.�� �(%� %15)6!,%.4� #)2#5)4� /&� 4(%

�	��� ��� �!,,%.� !.$� �%9� &),4%2� 4/0/,/'9�

Input
R1 R2

C2

K=1

C1

T(s) �
K�2

n

s2 ��n
Q
�s �2

n

, where

�2
n � 1

R1R2C1C2

1
Q
�

R2C2
R1C1
� R1C2

R2C1
�

Output



��� � � � � � � �#4/"%2� ���
� �%7,%44;�!#+!2$� �/52.!,

����� �� � �!�� �(%� #)2#5)4� 2%35,4).'� &2/-� 42!.3&/2-).'� 4(%� &),4%2� ).� �)'�� �

4/� !� $)&&%2%.4)!,� &),4%2�� �"�� �15)6!,%.4� #)2#5)4� &/2� /.%� (!,&� /&� $)&&%2%.4)!,

&),4%2�

High
R1

+
–

High

Output

R2

C1

C2

Low
R1

+
–

Low

R2

C1

Input

Common
Mode

Source

(a)

Input
R1

+
–

Output

R2

C1

Common
Mode

Source

1
Q
�

R2C2
R1C1
� R1C2

R2C1
� ; for C2 � 0, 1

Q
� 0� Q��, yields peaking

(b)

and resonance.

$)&&%2%.4)!,� &),4%2� 7)4(� !� #/--/.;-/$%� 3)'.!,� 3(/73� 4(%

02/",%-� �3%%� �)'�� �"��� �(%� "%(!6)/2� /&� 4(%� #)2#5)4� )3� 35#(

4(!4� 4(%� 6/,4!'%� $2/0� !#2/33� ��� )3� %33%.4)!,,9� :%2/� -!+).'� )4

!00%!2� 4(!4� ��� $/%3� ./4� %8)34�� �.� 4(%� 42!.3&%2� &5.#4)/.� ��
3(/73� 50� ).� 4(%� $!-0).'� &!#4/2� /&� 4(%� #/-0,%8� 0/,%3� ).� 4(%

(!,&;#)2#5)4�� �3� ��� '/%3� 4/� :%2/�� 4(%� $!-0).'� /&� 4(%� 0/,%3

'/%3� 4/� :%2/� #!53).'� !� 2%3/.!.#%� !.$� 4(%� 0%!+).'� /"3%26%$�

�/� 02!#4)#!,� !,4%2.!4)6%� 3425#452%� 7!3� &/5.$� 4(!4� $)$� ./4

(!6%� !� 3)-),!2� $)&&)#5,49� ).� 4(%� 42!.3&%2� &5.#4)/.� &/2� #/--/.;

-/$%� 3)'.!,3�� �3� !� 2%35,4� /&� 4()3� &).$).'�� 4(%� #)2#5)4� ).� �)'�� 
�

7()#(� (!3� 4(%� 3)-0,%2� 0!33)6%� &),4%2� 7)4(� "5&&%2� 4/0/,/'9�

7!3� #(/3%.�

Programmable Gain and Filter SCP.� �52").%� 4%34� #534/-%23� !,3/
7!.4� 3)'.!,� #/.$)4)/.).'� 4(!4� ).#,5$%3� '!).� !3� 7%,,� !3� &),4%2).'

4/� -!+%� ,/7%2;./)3%� -%!352%-%.43� /.� 4(%2-/#/50,%3�� �(%9

7!.4� 4(%� &,%8)"),)49� 4/� #(//3%� $)&&%2%.4� '!).3� !.$� &),4%2� #54/&&

&2%15%.#)%3� 02/'2!--!4)#!,,9�� �(%9� 7!.4� 4()3� &5.#4)/.!,)49� ).

4(%� 3!-%� 3):%� !.$� #(!..%,� #/5.43� !3� 4(%� 342!)'(4;4(2/5'(� !.$

&)8%$� &),4%2� 3)'.!,� #/.$)4)/.).'� 0,5';/.3�� �.#,5$).'� 4()3� !$$);

4)/.!,� &5.#4)/.!,)49� !.$� !,,� 4(%� /4(%2� &%!452%3� -%.4)/.%$

!"/6%� ).� 4(%� 3!-%� 30!#%� 2%02%3%.4%$� 15)4%� !� #(!,,%.'%�

�(%� ���� 35"3934%-� ).� 4(%� ��� ��
�	� 2%15)2%3� '!).� ).� 0/7%23

/&� 47/� &/2� 02/0%2� &5.#4)/.).'� /&� 4(%� %.').%%2).'� 5.)4� !,'/;

2)4(-�� 7()#(� #/.6%243� -%!352%$� 6/,4!'%� $!4!� 4/� 5.)43� 35#(

!3� /(-3� /2� $%'2%%3� �3%%� !24)#,%� /.� 0!'%� ����� �)'.!,� '!).3� /&

�� !.$� �
� 7%2%� #(/3%.� &/2� 4(%� !-0,)&)#!4)/.� &!#4/23�� �!).3� /&

0/7%23� /&� 47/� !,,/7� 4(%� %.').%%2).'� 5.)4� !,'/2)4(-� 4/� !$*534

4(%� ���� 2%!$).'� 4/� 4(%� !#45!,� 3934%-� '!).� "9� 3)-0,9� 3()&4).'

")43� 50� /2� $/7.�� �).#%� !� 3()&4� /0%2!4)/.� )3� &!34%2� 4/� %8%#54%

4(!.� !� -5,4)0,9�� 4(%� %.').%%2).'� 5.)4� !,'/2)4(-� #!.� 7/2+� !4

4(%� &5,,� 30%%$� /&� 4(%� ����� �!).3� /&� �� !.$� �
� !,3/� 02/6)$%

35&&)#)%.4� '!).� 4/� !#()%6%� 3)'.)&)#!.4� ./)3%� 2%$5#4)/.3�

7)4(/54� /6%2,9� #/-0,%8� #)2#5)429�

�).#%� 02/'2!--!"),)49� )3� !� 2%15)2%-%.4�� '!).� !.$� &2%15%.#)%3

!2%� 37)4#(%$� "9� !.!,/'� ��� 37)4#(%3�� �(%� #)2#5)4� 4/0/,/'9

4!+%3� !$6!.4!'%� /&� 4(%� 37)4#(� $%.3)49� !.$� #/.&)'52!4)/.

�$5!,� 
��� -5,4)0,%8%2��� �/2� 4(%� ,/7%34;./)3%� 0%2&/2-!.#%� !.$

-/34� #/-0!#4� $%3)'.�� !,,� 4(%� !-0,)&)#!4)/.� )3� $/.%� ).� 4(%� &)234

34!'%� /&� 4(%� ���� �3%%� �)'�� ��� �()3� !,,/73� 4(%� 53%� /&� !� 3).',%
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High system throughput in converting analog signals to digital format 
in the HP E1413 is achieved by not relying on downstream digital
processing hardware and software to compensate for analog anomalies
and instabilities.
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Referring to Fig. 3 in the accompanying article, for the HP E1413 Rs is fixed at 600
ohms. Rg has values of 55.555 ohms, 222.22 ohms, 888.8 ohms, 3.555 kilohms,
and 14.222 kilohms, and K = 6.6667. This gives amplifier gains of 72, 18, 4.5,
1.125, and 0.28125. Since full-scale at the ADC is 4.5 volts, this gives full-scale
input voltage ranges of 62.5 mV, 250 mV, 1 volt, 4 volts, and 16 volts. At first
glance, these full-scale ranges may seem odd; why not choose a more common
1,3,10 or 1,2,5,10 sequence? These values were not chosen for ease of human
comprehension, but to interface well to a binary number system. The ranges have
full-scale values of 2n, where n has values of –4, –2, 0, 2, and 4, so the digital
reading from the ADC maps directly into the mantissa of an IEEE floating-point
number with no further processing required beyond right or left shifts for normal-
ization. This greatly relieves the burden on the downstream processing hardware,
freeing it for more productive tasks.
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Activity

Multiplexer Change Multiplexer to Channel n+1

Amplifier Autorange and Settle on Channel n+1

ADC Convert Channel n

Microprocessor Accept Reading n–1 from ADC

Change Multiplexer to Channel n+2

Autorange and Settle on Channel n+2

Convert Channel n+1

Microprocessor Process Reading n–2

Accept Reading n from ADC

Process Reading n–1

Measurement Cycle n
10 �s

Measurement Cycle n+1

Variable Length Time Depending on Sample Rate

Functional
Block
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* A current value table is an area of RAM that is accessible to the onboard microprocessor and
the host computer. This table stores the most recent reading (current value) for each channel.
For monitoring purposes a customer can directly access the most recent readings on any
channel without having to sort through possibly hundreds or thousands of readings in the
FIFO buffer.
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An algorithm has been developed that provides engineering units
conversion in real time (10 microseconds) in the HP E1413 scanning
analog-to-digital converter instrument. The algorithm converts numbers 
to IEEE 754 standard 32-bit floating-point format.
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Onboard calibration capability enables the HP E1413 to calibrate all 64
input channels in under 15 minutes, many times faster than the manual
calibration techniques previously required in similar systems.
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Calibration of the HP E1413 ADC module can be performed using only one external
instrument, a digital multimeter. As implied in Fig. 2 in the accompanying article
there is a hierarchy of calibration types in the HP E1413 that can be invoked by
the calibration commands.

At the highest level are calibration commands that evaluate the HP E1413 transfer-
standard components. These commands, which include CALibrate:CONFigure:VOLT-
age and CALibrate:CONFigure:RESistance, allow an external digital multimeter to
make measurements to establish the value of key parameters in the HP E1413
circuitry. These key parameters are the ADC input amplifier gain on each of five
ranges and the value of the precision resistor in the HP E1413. All other HP E1413
calibrations are based on these six parameters.

Below these calibrations are the working calibrations,which include CAL:TARE,
*CAL?, and CAL:ZERO?. These calibrations affect smaller and smaller parts of the
HP E1413 and are shown in Fig. 2 as being entirely contained within the previous
type of calibration. The innermost (smallest span) calibration is CALibrate:ZERO?.
CAL:ZERO? is used only to correct the ADC for drift in voltage offset, which usually
results from temperature change. This command is very fast (less than five seconds)
and can be executed frequently to compensate for any changes in the temperature
or flow rate of the air cooling the HP E1413.

The *CAL? command is used to correct for any voltage offset caused by the SCPs
or the 64-channel multiplexer, and for any gain errors in the SCPs. For example, if
channel 1 of a SCP has a nominal gain of eight but an actual gain of 7.998, the
*CAL? command will correct for the difference by adjusting the ADC input amplifier
gain upward by a factor of 1.00025 whenever channel 1 is being measured. Every
channel containing an input SCP is calibrated this way during the execution of the
*CAL? command. Since up to 64 channels are calibrated, the *CAL? command can
be time-consuming, usually requiring 5 minutes or more to complete. The onboard
current source and any current or voltage sources on the SCPs are also calibrated
during *CAL?. Fig. 3 in the accompanying article shows that CAL:ZERO? is also
performed by *CAL?.

The outermost layer of calibration is CAL:TARE which adjusts all measurement
channels for any voltage induced by customer wiring. To understand the tare
calibration, consider an analogy from weight measurement. A customer wishing to
buy rice by weight places the rice into a plastic container on the scale. The cus-
tomer does not wish to pay for the weight of the plastic container in addition to the
rice. So the container is first weighed alone (this is the tare weight), then its weight
is subtracted from the total weight of the container and rice. In some measurement
systems, the wiring between the HP E1413 and the transducer may cause some
small voltage to be added to the actual transducer output voltage. Any measure-
ment of transducer voltage will include this small additional voltage caused by the
wiring. Therefore, the wiring is short circuited at the transducer, and the tare volt-
age is measured for each channel. This value is used during *CAL? to adjust cali-
bration so that the tare voltage is subtracted from all future measurements on that
channel. Again, as Fig. 3 shows, *CAL? and CAL:ZERO? calibrations are performed
by CAL:TARE.
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The high density of the hardware for the HP E1413 scanning analog-to-
digital converter, the low cost per channel, and the wide variety of optional
signal conditioning plug-ons require a production test strategy that is fast,
flexible, and efficient.
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*Option 11 = Direct Input SCP
*Option 12 = 10-Hz Low-Pass Filter Input SCP
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* The expanding kernel test methodology selects a minimum set, or kernel, of circuitry that is
assumed to be functional and then verifies the remaining circuits in sequence, building on the
kernel.
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on each channel. Tare calibration is described in the article on page 25.
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The HP E1414 pressure scanning VXIbus analog-to-digital converter
completes HP’s VXIbus offering for jet engine and wind tunnel test
applications by providing the ability to make pressure measurements.
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HP-UX is based on and is compatible with Novell’s UNIX  operating system. It also complies
with X/Open’s  XPG4, POSIX 1003.1, 1003.2, FIPS 151-1, and SVID2 interface specifications.

UNIX is a registered trademark in the United States and other countries, licensed exclusively
through X/Open Company Limited.

X/Open is a trademark of X/Open Company Limited in the UK and other countries.
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A single integrated circuit provides complete pin electronics for the HP
9493 mixed signal LSI test system. It contains a high-speed digital driver,
an active load, a window comparator, and a parametric tester for setting a
voltage and measuring current.
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Driver DOUT OUT
RL

CAP1

CAP2

CAP3 VCC11

QA
QAB

TTLA

QB
QBB

TTLB

VEE
Comparator

CVH
CVL

VIN

ISCB

ISCE

ISC

ILOADVCMO

VCM
COMP4

ISKISK

Active Load

VSC

RSC

Rsc

VCM

VSK

Rsk

RSK

LDEN
LDENB

Control

VFOUTForceVFINVF
RI

GUARD

COMP1

COMP2
CC

COMP3
CCD

Measure

VFIM

VIMO
RF2

CF

VIMX

VIMOSI

Range

CAPR0 CR0

CAPR1 CR1

CAPR2 CR2

RESETB

D1
CLKB

D2
D0

DPC1
DPC2

RF1

Pin Driver. �  +(� 3,1� '5,9(5� '5,9(6� 7+(� 287387� 7(50,1$/� 72� (,7+(5
VOH� 25� VOL� $&&25',1*� 72� 7+(� DHI� $1'� DHIB� ���� ,13876�� �� 63(&,$/
29(55,'(� 86,1*�   �� ,13876� 6(76� 7+(� '5,9(5� 72� (,7+(5� $1� 21� 25

$1� 2))� &21',7,21� %<� 29(55,',1*� 7+(� (1$%/(� )81&7,21�� VOH� $1'
VOL� $5(� 6(7� %<� $1$/2*� 92/7$*(� ,13876� 72� DVH� $1'� DVL�� �,*�� �
6+2:6� 7+(� )81&7,21$/� %/2&.� ',$*5$0� 2)� 7+(� 3,1� '5,9(5�

 +(� 3,1� '5,9(5� 287387� &$1� %(� 387� ,172� $� +,*+>,03('$1&(

02'(� %<� ���� ,13876� DRVEN� $1'� DRVENB� ,1� 1250$/� 23(5$7,21



"*95),7� ���� �,<2,99@#(*1(7+� �5:74(2� � � � � � � ��

�	��� ��� #04� +70;,7� -:4*9054(2� 8*/,3(90*� +0(.7(3	

DON
DOFF

DHI
DHIB

DRVEN
DRVENB

Driver
Control

Buffer
DVH

CAP1

Buffer
DVL

CAP2

Ramp

Buffer
Driver

DOUT

57� )>� 9/,� 049,74(2� DON� (4+� DOFF � *549752� -:4*90548�� </0*/� (7,
+(9(� 046:98� 95� 9/,� */06	

$/,� 604� +70;,7� 675;0+,8� (� 675.7(33()2,� 5:96:9� ;529(.,� 5-

��	�&� 95� �&� <09/� ��@)09� 7,852:9054�� 
	
��� 204,(709>�� (� �
@5/3

5:96:9� 036,+(4*,�� (4+� (� 97089(9,� 5:96:9� �/0./� 25.0*� 2,;,2�

25<� 25.0*� 2,;,2�� /0./� 036,+(4*,�	� �9� *(4� 8041� 57� 85:7*,� 357,

9/(4� �
� 3�� -57� (*� 56,7(9054	

Pin Comparator. � $/,� 604� *536(7(957� 08� (� 9<5@*/(44,2� <04+5<
*536(7(957� 9/(9� *536(7,8� 9/,� 046:9� 80.4(2� (.(0489� 9<5� 7,-,7@

,4*,� ;529(.,8� CVH� (4+� CVL	� $/,� ���� 5:96:98� �QA� (4+� QAB�� QB
(4+� QBB�� 04+0*(9,� </,9/,7� 9/,� 046:9� ;529(.,� 08� /0./,7� 57
25<,7� 9/(4� ,(*/� 7,-,7,4*,� ;529(.,	� $/,� 5:96:98� (7,� )(2(4*,+

����
�@*536(90)2,� 80.4(28� +70;04.� �

@5/3� 9<089,+� 6(07

<07,8	� TTLA� (4+� TTLB� (7,� $$�@*536(90)2,� 80.4(28� :8,+� -57� 8>8@
9,3� 8,9:6� *(20)7(9054�� 9/,07� 04*2:8054� ,20304(9,8� (4� ,=9,74(2

80.4(2� *54;,78054� *07*:09� -57� 9/,� 9,89,7� *5497522,7	

�0.	� �� 08� 9/,� -:4*9054(2� )25*1� +0(.7(3� 5-� 9/,� 604� *536(7(957	

$/,� *536(7(9578� /(;,� 9>60*(2� />89,7,808� ;529(.,8� 5-� �	�� 3&

(4+� 9>60*(2� 5--8,9� ;529(.,8� 5-� �� 95� �� 3&	� $/,� 046:9� 7(4.,� 08

-753� ��	�� ;5298� 95� ��� ;5298	� $/,� *536(7(957� 08� *(6()2,� 5-� 56@

,7(904.� (9� 5;,7� ����  �?� (4+� /(8� 9/,� ()0209>� 95� *(69:7,� (� 6:28,

2,88� 9/(4� �� 4(458,*54+8� 04� <0+9/	� �9� /(8� (� *53)04(9054(2

���� 25.0*� 5:96:9� (4+� (4� 046:9� 036,+(4*,� 5-� � 3,.5/38	

Active Load.� $/,� (*90;,� 25(+� 25(+8� 9/,� �%$� <09/� (� 86,*0-0,+
*:77,49� 675.7(33()2,� -753� (4(25.� ;529(.,� 046:98� VSC� (4+
VSK	� �0.	� �� 08� 9/,� -:4*9054(2� )25*1� +0(.7(3� 5-� 9/,� (*90;,� 25(+	

�-� 9/,� ;529(.,� 5-� 9/,� 5:96:9� 9,7304(2� 08� /0./,7� 9/(4� 9/,� *53@

3:9(9054� ;529(.,� �VCM��� 9/,4� 9/,� *:77,49� 675.7(33,+� )>� VSK
<022� ),� 8:41� -753� 9/,� �%$� 5:96:9� 9,7304(2	� �-� 9/,� ;529(.,� 5-

�	��� ��� #04� *536(7(957� -:4*9054(2� 8*/,3(90*� +0(.7(3	

VREFCVH

VIN

Comparator

VREFCVL

Comparator

QA
TTLA
QAB

QB
TTLB
QBB

�	��� ��� �*90;,� 25(+� -:4*9054(2� 8*/,3(90*� +0(.7(3	

Load
Control

LON
LOFF

LDEN
LDENB

ISKNVSK
RSK

VCMVCM
VCMO

ISCNVSC

RSC
ISCE

ISCB

ISC

ISK

50�
ILOAD

9/,� 5:96:9� 9,7304(2� 08� 25<,7� 9/(4� VCM�� 9/,4� 9/,� *:77,49� 675@
.7(33,+� )>� VSC� <022� ),� 85:7*,+� 95� 9/,� 5:96:9� 9,7304(2	
'/,4� 9/,� ;529(.,� (9� 9/,� 5:96:9� 9,7304(2� 08� 4,(7� VCM�� 9/,4� 9/,
5:96:9� *:77,49� */(7(*9,70890*8� 8/5<� (� 7,80890;,� 036,+(4*,� 5-

�
� 5/38	� $/,� ;529(.,@*:77,49� 7,2(90548/06� 08� 8/5<4� 04� �0.	� �	

!590*,� 9/(9� </,4� 9/,� ;529(.,� �VCM� ±�%$� ;529(.,�� 08� .7,(9,7
9/(4� 9/,� 8041� *:77,49� 903,8� �
� 5/38� 57� 2,88� 9/(4� 9/,� 85:7*,

*:77,49� 903,8� �
� 5/38�� 9/,� 5:96:9� ),*53,8� /0./@036,+(4*,

(4+� 9/,� �%$� 8,,8� 542>� 9/,� *:77,49� ),04.� (6620,+	

$/,� 7,2(90548/06� ),9<,,4� 9/,� 85:7*,� *:77,49� �ISC�� 57� 8041
*:77,49� �ISK�� (4+� 9/,� *:77,49� *549752� ;529(.,� �VSC� (4+� VSK�� 08
.0;,4� )>� 9/,� -5225<04.�

ISC = VSC/RSC × G.ISC

ISK = VSK/RSK × G.ISK,

</,7,� RSC� �� RSK� �� � 1025/38� (4+� G.ISC� �� G.ISK� �� �
� �9>60*(2�	

$/,� (*90;,� 25(+�8� /0./@036,+(4*,� -:4*9054� 08� *5497522,+� )>

9/,� ,4()2,� 80.4(28� LDEN� (4+� LDENB�� </0*/� (7,� )(2(4*,+
����
�� 046:9� 80.4(28	� �4� 4573(2� 56,7(9054�� (� 80.4(2� :804.

$$�� 046:98� *(4� 5;,770+,� 9/,� ,4()2,� 80.4(28� (4+� (*90;(9,� 57

+,(*90;(9,� 9/,� 25(+� *07*:09	� $/08� *54+09054� 08� :8,+� -57� 8,9:6

�	��� ��� �*90;,� 25(+� ;529(.,@*:77,49� 7,2(90548/06	

I

– I

ISC

ISK
1 Megohm

VCMO

1 Megohm

V–V

50 Ohms



��� � � � � � � �&62%(4� 
��� �(9/(66=�$&.$4'� �2741$/

����� �� � #2/6$*(� )24&(� $1'� &744(16� 0($574(� �#����� &,4&7,6� )71&6,21$/� 5&+(0$6,&� ',$*4$0�

VFIN

Range 0
C0

CR0

Range 1
C1

CR1

Range 2
C2

CR2

CCD
COMP3

+
–
DriverRI

VF

COMP1

CC

COMP2

RF

Diode
Switch

Clamp
Generator

Diode
Switch

6-mA Path

Diode
Switch

200-�A Path

Diode
Switch

6-�A Path

Diode
Switch

Diode
Switch

Diode
Switch

Diode
Switch

Diode
Switch

Diode
Switch

160,000�

5,000�

160�

Measure
Resistors

RM

10,000�

+
–
Buffer

VGUARD

VFOUT

Measure
Amplifier

+
–
Buffer

INP

RMP

RMN

RMC

INM

VIMX

RF2

CL

+
–
Buffer

VIMO

VIMOSI

$1'� &$/,%4$6,21�� �6� ,5� $1� $%1240$/� 23(4$6,21� ,1� 9+,&+� (:&(55

329(4� ,5� ',55,3$6('� 21� 6+(� &+,3�� �:6(41$/� 62� 6+(� &+,3�� DRVEN
$1'� LDENB� $4(� &211(&6('� 62*(6+(4� $1'� DRVENB� $1'� LDEN� $4(
&211(&6('� 62*(6+(4� 57&+� 6+$6� 21/;� 21(� &,4&7,6� �'4,8(4� 24

$&6,8(� /2$'�� ,5� 23(4$6,21$/� $6� $1;� 6,0(�

�1� 6+(� 2))� &21',6,21�� 6+(� $&6,8(� /2$'� +$5� $� +,*+=,03('$1&(

276376� 56$6(� $1'� ,65� 329(4� &2157036,21� ,5� 0,1,0,<('�

"+(� )71&6,215� 2)� 6+(� $&6,8(� /2$'� $4(� 4($/,<('� 9,6+� $� )(9� (:6(4=

1$/� &20321(165�� ,1&/7',1*� $� 3=1=3� 64$15,5624�� $� !&+266.;� ',2'(

%4,'*(�� 692� &$3$&,6245�� $1'� 6+4((� 4(5,56245�� "+(� 4(5,56245� $4(

)24� 5(66,1*� 5274&(� $1'� 5,1.� &744(165� $1'� )24� $'-756,1*� 6+(� 276=

376� ,03('$1&(� ��	� 2+05�� ,1� 6+(� 4(5,56,8(� 6(40,1$6,21� 4(*,21�

"+(� $&6,8(� /2$'� &$1� 5,1.� 24� 5274&(� )420� 
	� ��� 62� ��� 0�

9,6+� 82/6$*(� &203/,$1&(� 2)� ���
#� 62� �#�� �6� +$5� 
�=%,6� 4(52/7=

6,21�� /,1($4,6;� 2)� 	�
��� $1'� $1� 276376� ,03('$1&(� 2)� �	� 2+05�

�1� 6+(� &744(16� 5,1.,1*� 24� 5274&,1*� 02'(�� 6+(� 276376� ,03('=

$1&(� ,5� 024(� 6+$1� 21(� 0(*2+0�

Voltage Force and Current Measure (VFIM) Circuit.� "+(� #���� &,4=
&7,6� ,5� 6+(� 3246,21� 2)� 6+(� ����� 6+$6� 3(4)2405� 6+(� 34(&,5,21

82/6$*(� )24&(�� &744(16� 5(15(�� $1'� &744(16� /,0,6,1*� )71&6,215� 2)

$� 82/6$*(� )24&(� '4,8(4� 0($574,1*� 5;56(0�� �(5,*1� (03+$5,5

9$5� 21� +,*+� 4(52/76,21� $1'� $&&74$&;� 53$11,1*� $� 4$1*(� 2)

)24&(� 82/6$*(5� )420� ���
� 62� ��� 82/65� $1'� &744(16� 5(15(� 4$1*(5

2)� �� ���� �		� ���� $1'� �� 0��

�,*�� �� ,5� 6+(� )71&6,21$/� %/2&.� ',$*4$0� 2)� 6+(� #���� &,4&7,6�

"+(� #���� ,1376� 82/6$*(� VFIN�� 9+,&+� ,5� '(4,8('� )420� 6+(� 3,1
%2$4'� &,4&7,64;�� ,5� $1� $1$/2*� 82/6$*(� 5274&(� 4$1*,1*� )420

���
� 62� ��� 82/65�� VFIN� ,5� %7))(4('� $1'� $33/,('� 62� $� &744(16
0($574(� 4(5,5624�  ��� �� %7))(4('� /223� &203(15$6(5� )24� 6+(

'423� $&4255�  �� $1'� 342'7&(5� VFOUT�� "+(� 276376� &744(16� ,5
0($574('� %;� 0($574,1*� 6+(� 82/6$*(� '423� $&4255� 6+(� 6(40,1$/5

2)�  ��� �2$'� &744(16� 0$;� )/29� ,1� (,6+(4� ',4(&6,21� 6+427*+�  ��

"+(� 4(5,5624� 82/6$*(� '423� ,5� &218(46('� 62� $� 5,1*/(=(1'('� 276=

376�� $03/,),('� 62� � 82/65� )7//� 5&$/(�� $1'� 2))5(6� %;� ����� 82/65�

"+(� 2))5(6� ,5� 1(('('� 62� $&&2002'$6(� 6+(� 23(4$6,1*� 82/6$*(

4$1*(� 2)� 6+(� 3,1� %2$4'�� 9+,&+� )71&6,215� $5� %26+� ',*,6$/=62=

$1$/2*� $1'� $1$/2*=62=',*,6$/� &218(46(4�� "+(� 4(57/6� ,5� VIMO�
9+,&+� 4$1*(5� )420� �
��� 62� ����� 82/65�� �� &744(16� /,0,6(4� /,0,65

6+(� 276376� &744(16� 62� $%276� 
���� 2)� ($&+� 4$1*(�

"+(� &744(16� 0($574(0(16� 4$1*(5� $4(� &21642//('� %;� $1� ,16(4=

1$/� 4(*,56(4� 342*4$00('� %;� 6+(� 6(56� 5;56(0� &21642//(4�� "+4((

8$/7(5� 2)� 0($574(� 4(5,56245� $4(� 59,6&+('� ,1� $1'� 276� 2)� 6+(

&,4&7,6� 62� $&+,(8(� 6+(� 6+4((� &744(16� 4$1*(5�� "+(� 4$6(� 2)� 64$15,=

6,21� %(69((1� &744(16� 0($574(� 4$1*(5� ,5� &21642//('� %;� (:6(4=

1$/� &$3$&,6245� $1'� 6+(� 4$1*(� %/2&.5� ,1� �,*�� ��� �74,1*� 4$1*(



�!2- #0� ����� �#5*#229��!)�0"� �-30,�*� � � � � � � ��

����� ��� �-,20-*� !'0!3'2� $3,!2'-,�*� 1!&#+�2'!� "'�%0�+�

DPC1

RESETB

D Flip-Flops

D

CLKB

RESETB

D

CLKB

DPC2

RESETB

D

CLKB

D0

RESETB

D

CLKB

D1

RESETB

D

CLKB

D2

RESETB

CLKB

Q1

QB

Q

Buffer
DOFF

Buffer
DON

Q

QB

Buffer
LOFFQ1

Buffer
LON

Q C0

Q C1

Q C2

!&�,%#� 20�,1'2'-,1�� 2&#� $##" �!)� 0#1'12-0� ��� '1� 1&3,2#"�  7� �

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

4-*2�%#� $-0!#� *--.�� �&'1� $#�230#� #$$#!2'4#*7� 0#"3!#1� 2&#

&#'%&2� -$� 2&#� 1.')#� %#,#0�2#"� "30',%� 0�,%#� !&�,%#1�

�',#� #62#0,�*� !-+.-,#,21� �0#� 0#/3'0#"� $-0� 2&#� ����� $3,!9

2'-,�� ��.�!'2-0� ��� '1� 0#/3'0#"� $-0� !-+.#,1�2'-,� �,"� 12� '*'27

-$� 2&#� 4-*2�%#� $-0!#� *--.�� ��.�!'2-0� ���� '1� 0#/3'0#"� $-0� 12�9

 '*'27� -$� 2&#� "0'4#� �+.*'$'#0�� ��.�!'2-0� ��� $-0+1� �� *-59.�11

$'*2#0� ',� 2&#� !300#,2� +#�130#� .�2&�� �#1'12-0� ��	� 1#21� 2&#� %�',

-$� 2&#� !300#,2� +#�130#� .�2&�� �#1'12-0� ��� '1� 0#/3'0#"� $-0� 2&#

4-*2�%#� $-0!#� $##" �!)� .�2&� �,"� ��� '1� �� +�2!&',%� 0#1'12-0� $-0

2&#� VFIN� ',.32�� ��.�!'2-01� ����� ���� �,"� ��	� �0#� 0#/3'0#"� 2-
!-,20-*� 2&#� 1.##"� -$� 2&#� 0�,%#� !&�,%#1�

�&#� ����� !'0!3'2� !�,� +#�130#� !300#,21� $0-+� 
� ,�� 2-� � +�

',� 2&0##� 0�,%#1� -$� � ���� 	��� ���� �,"� � +�� $3**� 1!�*#�� �&#

!'0!3'2� &�1� 4-*2�%#� �,"� !300#,2� *',#�0'2'#1� -$� ������� !300#,2

!-++-,9+-"#� 0#(#!2'-,� -$� ������ �,"� �	9 '2� 4-*2�%#� �,"

!300#,2� 0#1-*32'-,�

Control. � �&#� !-,20-*� !'0!3'207� �1##� �'%�� ��� !-,20-*1� 2&#� ����
0�,%#� !&�,%#1� �,"� 230,1� 2&#� "0'4#0� �,"� �!2'4#� *-�"� !'0!3'21

-,� �,"� -$$�� �&#� ',.321� CLKB�� RESETB�� DPC1�� DPC2�� D0�� D1�� �,"
D2� �0#� ���� 1'%,�*1�� �&#� "�2�� '1� !�.230#"� ',� �� $*'.9$*-.1�
5&'!&� 2&#,� *-%'!�**7� !-,20-*� 2&#� $3,!2'-,1� -$� 2&#� !&'.�

�&#� "�2�� ',.32�� 0#1#2�� �,"� !*-!)� 1'%,�*1� �0#� %#,#0�2#"� $0-+

-2&#0� ��� !312-+� ',2#%0�2#"� !'0!3'21� 1-� �1� 2-� +','+'8#� #62#09

,�*� !-+.-,#,21� �,"� 0#"3!#� 2&#� .',� !-3,2� -$� 2&#� ��1� 31#"�

�&'1� %0#�2*7� 0#"3!#1� 2&#� .',�  -�0"� �0#�� ,##"#"� $-0� 13..-02',%

#'%&2� !&�,,#*1�

������� 
����������� ��� ����������

�&#� ����� '1� 31#"� �1� �� 0#20-$'2� $-0� �,� #6'12',%� �32-+�2'!� 2#12

1712#+�� �&'1� !-,120�',#"� 2&#� "#1'%,� -$� 2&#� !&'.�� �2� *'+'2#"� 2&#

!&-'!#� -$� ��� 1'*'!-,� $� 0'!�2'-,� .0-!#11#1� �,"� 0#/3'0#"� 2&#

31#� -$� .0#1#*#!2#"� �32-+�2'!� 2#12� 1712#+� 4-*2�%#� 13..*'#1

�,"� !-,$-0+�,!#� 2-� .0#1#*#!2#"� !-,20-*� !-,"'2'-,1�� �2� �*1-

0#/3'0#"� 2&#� 31#� -$� "'$$31'-,� 0#1'12-01� �,-,*',#�0� �,"� 2#+.#09

�230#� 1#,1'2'4#�� �,"� &'%&94-*2�%#�  '�1',%� -$� !-+.-,#,21�

�-*2�%#�  0#�)"-5,� *'+'2�2'-,1�� *#�)�%#� !300#,21�� �,"� !&'.

2#+.#0�230#� #6!301'-,1� &�"� 2-�  #� "#�*2� 5'2&�

�#1'%,� !&�**#,%#1� $-0� 2&#� .',� "0'4#0� ',!*3"#"� �� $�12� 1*#5

0�2#�� �!!30�2#� �+.*'23"#�� �� *-59*#�)�%#� 20'12�2#� -32.32�� ,-,9

*-�"',%� !�.�!'2�,!#� ',� 2&#� -$$� 12�2#�� �,� �**� ,9.9,� 20�,1'12-0

.31&9.3**� "#1'%,� 2-� +','+'8#� .-5#0� !-,13+.2'-,�� �,"

"0'4#0� #,� *#� �,"� "'1� *#� !�.� '*'27�

�&#� �!2'4#� *-�"� 0#/3'0#"� !-,4#01'-,� -$� ',.32� 4-*2�%#1� 2-� -329

.32� !300#,21�� 2&#� � '*'27� 2-� #,� *#� �,"� "'1� *#� 2&#� 1',)� �,"

1-30!#� !300#,21�� 2&#� � '*'27� 2-� +-,'2-0�  #2�� �,"� !-+.#,1�2#

$-0�  �1#� !300#,21�� �,"� �� *',#�0'8#"� !300#,2� 0�,%#�

�&#� !-+.�0�2-0� 0#/3'0#"� $�12� !�.230#� 2'+#1�� 1+�**� .0-.�%�9

2'-,� "#*�71�� 1+�**� ',.32� &712#0#1'1� 4-*2�%#�� �,"� &'%&� ',.32

'+.#"�,!#�

�&#� .�0�+#20'!� 2#12#0� 0#/3'0#"� 0�,%#� !&�,%',%� 5'2&-32� -4#09

1&--2� �,"� 5'2&',� 2'+#� *'+'21�� 
9,�� 1#,1'2'4'27� �,"� �!!30�!7

+�',2�',#"� -4#0� !&'.� 2#+.#0�230#� �,"� 4-*2�%#� #6!301'-,1�

*',#�0'27� -$� ������ $-0�  -2&� 4-*2�%#� -32.32� �,"� !300#,2� +#�9

130#+#,2�� �,"� !-,4#01'-,� -$� 2&#� !300#,2�  #',%� +#�130#"� 2-

�� 4-*2�%#� -32.32�

���������� ��� 	�������������

�&#� "0'4#0� !-,1'121� -$�  3$$#0� !'0!3'21� $-0� 1#22',%� -32.32� *#4#*1

�,"� �� 0�+.� !'0!3'2� 2-� "0'4#� 2&#� -32.32� 3,'279%�',�  3$$#09"0'4#0�

�&#�  3$$#09"0'4#0� !-,1'121� -$� �,� �**� ,9.9,� 20�,1'12-0� !-,$'%30�9

2'-,�� �&#� .31&9.3**� #$$#!2� '1� �!&'#4#"�  7� �� 4�0'� *#� .3**"-5,

!300#,2� "#.#,"#,2� -,� 2&#� 12�2#� -$� 2&#� "0'4#0�� �� !-,20-**',%

!'0!3'2� !--0"',�2#1� 2&#� 0�+.� �,"� .31&9.3**� !�.� '*'27� -$� 2&#

 3$$#09"0'4#0�

�&#� �!2'4#� *-�"� !-,1'121� -$� 20�,1!-,"3!2�,!#� �+.*'$'#01� 2-

!&�,%#� 4-*2�%#� ',.321� 2-� ),-5,� !300#,21�� �&#1#� !300#,21� �0#

2&#,� �+.*'$'#"� 5'2&� �� %�',� -$� 	�� 2-� .0-"3!#� 2&#� ISC� �,"� ISK
-32.32� !300#,21�� �&#� !'0!3'2� +312� �22�',� '21� .0-%0�++#"� -32.32

4�*3#� $0-+� �,� -$$� !-,"'2'-,� ',� 	�� ,�,-1#!-,"1�� �-� +�)#� 2&'1

.-11' *#�� 2&#� !300#,2� �+.*'$'#0� !�.�!'2-01� �0#� .0#!&�0%#"� 1-

2&�2� 2&#� �+.*'$'#01� 0#�!&� 2&#� .0-.#0�  '�1',%� 4-*2�%#1� /3'!)*7�

�&#� ISC� -32.32� !300#,2� ,##"1� 2-�  #� !-00#!2#"� $-0� 2&#�  �1#
!300#,2� -$� 2&#� #62#0,�*� .9,9.� 20�,1'12-0�� �&'1� '1� "-,#�  7� 1#,19

',%� 2&#�  �1#� !300#,2� �,"� 0#�..*7',%� '2� 5'2&',� 2&#� !300#,2

�+.*'$'#0�� �&'1� !-00#!21� $-0� %�',� 4�0'�2'-,�� ,-,*',#�0'27�� �,"

-32.32� '+.#"�,!#� 4�0'�2'-,� -4#0� 2&#� #,2'0#� !300#,2� 0�,%#�

�&#� ISK� -32.32� !300#,2� 0#/3'0#1� �� 1'+'*�0� !-00#!2'-,� $-0� 2&#
',2#0,�*� ,9.9,� 20�,1'12-0�� �,� �""'2'-,�� 2&#� !300#,2� .0-"3!#"�  7

2&#� ',.32� 20�,1!-,"3!2�,!#� �+.*'$'#0� '1� +'00-0#"� �,"� 2&#,

�+.*'$'#"� 	�� 2'+#1�� �""'2'-,�*� !-00#!2'-,� '1� .0-4'"#"�  7� �

*',#�0'8',%� !'0!3'2�� �%�',�� 2&#�  �1#� !300#,2� -$� 2&#� -32.32� 20�,9

1'12-0� '1� 1#,1#"� �,"� 0#�..*'#"� 5'2&',� 2&#� !300#,2� �+.*'$'#0�

�&'1�� �1�  #$-0#�� !-00#!21� $-0� %�',� 4�0'�2'-,�� ,-,*',#�0'27�� �,"

-32.32� '+.#"�,!#� 4�0'�2'-,� -4#0� 2&#� #,2'0#� !300#,2� 0�,%#�



��� � � � � � � �%61$'4� 
��� �'9.'66=�#%-#4&� �1740#.

�
	�� ���� �10.+0'#4� &+((75'&� 4'5+5614� %748'�� 5*19+0)� &'2'0&'0%'� 1(

4'5+56#0%'� 10� $+#5� 81.6#)'�

0.2%

0.1%

0%

–0.1%

–0.2%

–0.1V 0.1V
–Vb Vb

0.7% / Volt
7000 ppm / Volt

�Rohms

 *'� %1/2#4#614� 4'37+4'5� +0276� %744'06� %#0%'..#6+10� 61� 241&7%'

6*'� *+)*� +0276� +/2'&#0%'��  *+5� +5� #%%1/2.+5*'&� $;� 5'05+0)� #

4'2.+%#6+10� 1(� 6*'� $#5'� %744'06� 1(� 6*'� +0276� 64#05+5614� #0&

57$64#%6+0)� +6� (41/� 6*'� +0276� 01&'�

VFIM Current Measuring Resistors.� �0'� 1(� 6*'� /156� %4'#6+8'
51.76+105� 75'&� +0� 6*'� ����� 9#5� 6*'� &'5+)0� 1(� 6*'� /'#574'

4'5+56145� ��� (14� /'#574+0)� %744'065� +0� 6*'� !���� %+4%7+6�� �+(=

(75'&� 4'5+56145� #4'� +0*'4'06.;� 010.+0'#4� 9*'0� 75'&� #6� &+(('4=

'06� 81.6#)'� $+#5� %10&+6+105�� �74� 1$,'%6+8'� 9#5� 61� 241&7%'

4'5+56145� 6*#6� *#8'� .+0'#4+6+'5� $'66'4� 6*#0� 	�	��� 18'4� 6*'+4� (7..

12'4#6+0)� %744'06� 4#0)'�� &1� 016� %*#0)'� 8#.7'� 18'4� 6*'� %1/=

/10=/1&'� 81.6#)'� 4#0)'�� #0&� #4'� 016� #(('%6'&� $;� .'#-#)'

2#6*5��  *'� !���� %+4%7+6� /'#574'5� %744'065� (41/� �� 0�� 61� �

/�� #0&� 61.'4#6'5� %1//10=/1&'� 81.6#)'5� (41/� ��� 81.65� 61

��� 81.65� #$176� )4170&�� �14� 6*'5'� 4#0)'5� 9'� 0''&'&� 61� *#8'


�	=1*/�� �			=1*/�� 
�	�			=1*/�� #0&� 
	�			=1*/� 4'5+56145

6*#6� *#&� /#6%*+0)� %*#4#%6'4+56+%5� 18'4� 6*'� 12'4#6+0)� %744'06

#0&� 81.6#)'� %10&+6+105� #0&� 6'/2'4#674'� 8#4+#6+105�

�+((75'&� 4'5+5614� 8#.7'5� 8#4;� 9+6*� $+#5+0)� 216'06+#.� ��+)�� 
	��

�;� $+#5+0)� #� 4'5+5614� 51� 6*#6� 10'� '0&� +5� (149#4&� $+#5'&� $;� #

5/#..� #/1706� #0&� 6*'� 16*'4� '0&� +5� 4'8'45'� $+#5'&� 6*'� 5#/'

#/1706� 9+6*� 4'52'%6� 61� 6*'� '2+6#:+#.� +5.#0&�� 6*'� 010.+0'#4

'(('%65� #4'� %#0%'..'&��  *'� 4'57.6+0)� 4'5+5614� '.'/'06� *#5� 6*'

5#/'� 8#.7'� 9*'6*'4� +6� +5� 12'4#6+0)� #6� (7..� %744'06� 14� <'41

%744'06�

 *'� 51.76+10� +5� 61� $+#5� #� 4'5+5614� '.'/'06� 51� 6*#6� 6*'� 216'06+#.

#6� +65� %'06'4� '37#.5� 6*'� 4'5+5614� +5.#0&� 216'06+#.� #5� 5*190� +0

�+)�� 

��  *+5� /#-'5� 6*'� 81.6#)'� ':%745+10� 1(� 6*'� 4'5+5614� '0&5

#$176� 6*'� %'06'4� '37#.�� 51� 6*'� 4'5+5614� 4'6#+05� +65� 8#.7'� #0&

.+0'#4+6;��  *'� .#4)'4� 6*'� 07/$'4� 1(� '.'/'065� 75'&� 6*'� /14'

.+0'#4� 6*'� 4'5+5614� $'%1/'5�� "'� 5'66.'&� 7210� (+8'� '.'/'065� 61

241&7%'� '#%*� 4'5+5614��  *'� 4'5+56145� �
�� ���� #0&� ��� #4'� 2=6;2'

&+((75'&� 4'5+56145� +0� #0� 0=6;2'� '2+6#:+#.� +5.#0&��  *'� /'#574'=

/'06� 4'5+5614� �
� +5� 5;//'64+%#..;� (149#4&� #0&� 4'8'45'� $+#5'&

$;� 01� /14'� 6*#0� 	�
� 81.6��  *+5� /+0+/+<'5� 6*'� (149#4&� $+#5'&

+0,'%6+10� #0&� 6*'� (149#4&� $+#5'&� %744'06� +5� %#0%'..'&� 61� #

%'46#+0� ':6'06� $;� 6*'� 4'8'45'� .'#-#)'�� �'5+56145� ��� #0&� ��
$+#5� 6*'� +5.#0&� #6� /+&21+06��  *'5'� 4'5+56145� #.51� $+#5� 6*'� 4'=

5+5614� +5.#0&� 61� 6*'� 57$564#6'� 216'06+#.� 61� '.+/+0#6'� 6*+5� .'#-#)'

�
	�� ���� �0'� '.'/'06� 1(� 6*'� /'#574'� 4'5+5614�� 5*19+0)� 2#4#5+6+%

&+1&'5�

R2

R1
N Tap

R3

RM RB

Substrate

2#6*�� �+)�� 

� 5*195� 6*'� 4'5+56145� #0&� 6*'� 4'5+5614=61=+5.#0&

#0&� 57$564#6'=61=+5.#0&� 2#4#5+6+%� &+1&'5�

 *'� 9#;� 6*'� 4'5+56145� #4'� $+#5'&� #.51� *'.25� '.+/+0#6'� .'#-#)'

%744'065� 51� 6*#6� '8'0� #6� *+)*� 6'/2'4#674'�� 6*'� �=0�� %#2#$+.=

+6;� +5� -'26� +06#%6�� �+)�� 
�� 5*195� 6*'� (+8'� '.'/'065� 6*#6� /#-'

72� #� /'#574+0)� 4'5+5614��  *';� (14/� #� $+#5+0)� 564+0)� #0&� #

%1/2.'6'� /'#574'/'06� 4'5+5614�� �19=+/2'&#0%'� &4+8'45

&4+8'� 6*'� $+#5� 564+0)� 1(� ��� #0&� ��� 4'5+56145� 9*+%*� $+#5� 6*'� �

4'5+56145� #6� /+&21+06� #0&� 4'/18'� .'#-#)'5� 61� 6*'� 57$564#6'�

�
	�� ����  *'� %1/2.'6'� /'#574'� 4'5+5614� %105+565� 1(� (+8'� '.'/'065� +0

5'4+'5��  *'� ��� #0&� ��� 4'5+56145� (14/� #� $+#5� 564+0)�

R1 R2 R3

Tap

R1 R2 R3

Tap

R1 R2 R3

Tap

R1 R2 R3

Tap

R1 R2 R3

Tap

Measurement
Resistor

Bias
Resistor



�#3."%1� ��� �%6+%33:�!#*!1$� �.41-!+� � � � � � � ��

�	��� ���� �).$%� 26)3#(� ")!2)-'�

+
–
Driver

VFIN

B

D3

D4

OnOff

–V

+V

D1

D2

OnOff

+V

–V

A

D5

D7

D6

D8

RM

VFOUT

+–

VFGUARD

Buffer

�(%� #411%-3� ,%!241%� !,/+)&)%1� .&� �)'�� �� (!2� )32� 1%2)23.12� %,:

"%$$%$� )-� 3(%� ,%!241%� 1%2)23.1� 1%').-� 2.� 3(!3� ,)2,!3#(� !-$

3(%1,!+� %&&%#32� !1%� !++%5)!3%$�� �(%2%� 1%2)23.12� !+2.� (!5%� &)5%

%+%,%-32� 6()#(� !1%� ")!2%$� !3� 3(%)1� ,)$/.)-32�� �()2� !++.62

3(%� ,%!241%� !,/+)&)%1� .43/43� #411%-3� !3� -.$%� VIMX� 3.� "%� !-
%7!#3� 1%/+)#!� .&� 3(%� #411%-3� "%)-'� ,%!241%$� 3),%2� 2.,%� !,:

/+)&)#!3).-� &!#3.1� $%3%1,)-%$� "8� 3(%� 1%2)23.1� 1!3).2�� �(%� .43:

/43� #411%-3� 2%32� 4/� !� 5.+3!'%� $1./� !#1.22� !-� %73%1-!+� /1%#):

2).-� 1%2)23.1�� �(%� 1%24+3!-3� 5.+3!'%� )2� ,%!241%$� "8� .3(%1

!-!+.':3.:$)')3!+� #.-5%13%12� )-� 3(%� 2823%,�

�(%� +!8.43� .&� 3(%� ,%!241%� 1%2)23.12� %-241%2� '..$� 3(%1,!+

%04!+)9!3).-� "%36%%-� 3(%� %+%,%-32�� �..$� ,!3#()-'� .&� 1%2)2:

3.12� $)&&%1)-'� )-� 5!+4%� "8� ������� 6!2� !##.,/+)2(%$� "8� 2%1)%2

!-$� /!1!++%+� #.--%#3).-� .&� 1%2)23.1� %+%,%-32� .&� 3(%� 2!,%

6)$3(�� !2� )2� #423.,!18� )-� ��� $%2)'-�� �.1� %7!,/+%�� ��� ����:

.(,� 1%2)23.12� !1%� #.--%#3%$� )-� /!1!++%+� 3.� ,!*%� !� ��:.(,

1%2)23.1�� 6()+%� 36.� �
:*)+.(,� 1%2)23.12� !1%� #.--%#3%$� )-� 2%1)%2

3.� ,!*%� !� ��:*)+.(,� 1%2)23.1�� �(%� ����:.(,� !-$� �
:*)+.(,

1%2)23.12� !1%� .&� 3(%� 2!,%� 38/%� !-$� 6)$3(�� $)&&%1)-'� .-+8� )-

+%-'3(�

Leakage. � �%!*!'%� )2� )-3.+%1!"+%� )-� !� ����� #)1#4)3� .&� 3()2� 38/%�
�-3%'1!3%$� �#(.33*8� $).$%� "1)$'%� 26)3#(%2� 42%$� &.1� #.--%#3:

)-'� 3(%� ,%!241%,%-3� 1%2)23.12� 3.� .3(%1� #)1#4)318� -%%$� 3.� (!5%

5%18� +.6� +%!*!'%� )-� 3(%� .&&� 23!3%��  (%-� ,%!241)-'� #411%-3�

36.� .&� 3(%� ,%!241%,%-3� 1%2)23.12� !1%� #.--%#3%$� 3.� �#(.33*8

$).$%� 26)3#(%2� 3(!3� !1%� )$+%� !-$� 1%5%12%� ")!2%$�� �(%� 1%5%12%:

")!2� $).$%� #411%-32� !1%� +!1'%� %-.4'(� 3.� !&&%#3� 3(%� #411%-3

,%!241%,%-32�� %2/%#)!++8� !3� ()'(%1� 3%,/%1!341%2�� �-� !$$):

3).-�� 3(%� $).$%� +%!*!'%� #411%-3� )2� !� &4-#3).-� .&� 3(%� 1%5%12%

")!2� 5.+3!'%�� �(%� ,!3#()-'� .&� $).$%� +%!*!'%� )2� 5%18� '..$

6(%-� ")!2� #.-$)3).-2� !1%� %04!+�

�41� !//1.!#(� 6!2� 3.� "!#*:")!2� 3(%� $).$%2� "8� %04!+� !,.4-32

2.� 3(!3� +%!*!'%� )-3.� !� -.$!+� /.)-3� %04!+2� 3(%� +%!*!'%� .43� .&

3(%� -.$%�� �(%� ")!2)-'� 2#(%,%� )2� 2(.6-� )-� �)'�� ����  (%-

$).$%2� ��� !-$� ��� !1%� 1%5%12%� ")!2%$�� 3(%8� (!5%� %04!+� ")!2

/.3%-3)!+2�� �()2� !++.62� 3(%� #411%-3� '.)-'� )-3.� -.$%� �� &1.,

$).$%� �� 3.� %04!+� 3(%� #411%-3� .43� .&� -.$%� �� 3.� $).$%� ��� �(%

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

!".43� �� 5.+3�� �).$%2� �	�� �
� !-$� ���� ��� 2%3� 4/� 3(%� %04!+

")!2)-'� /.3%-3)!+�� �)-#%� -.� +.!$)-'� .##412� &1.,� -.$%� ��

VFOUT� )2� -.3� !&&%#3%$� "8� 3(%2%� +%!*!'%2�

Ranging Speed. � �.� ,)-),)9%� .1� %+),)-!3%� .43/43� 5.+3!'%
2/)*%2� $41)-'� 1!-'%� #(!-'%2� !-$� 3.� ,)-),)9%� 3(%� 1!-'%

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

#1%!2%$� $41)-'� 1!-'%� #(!-'%2�� � �()2� )2� !##.,/+)2(%$� "8

2(.13)-'� .43� 3(%� &%%$"!#*� 1%2)23.1� ��� $41)-'� 3(%� 1!-'%

#(!-'%� /%1).$�� �� $).$%� 26)3#(� )2� 42%$� 3.� 2(.13� .43� 3(%� &%%$:

"!#*� 1%2)23.1� &.1� 3(%� $1)5%� !,/+)&)%1� $41)-'� 3(%� /%1).$� .&

1!-'%� #(!-'%�� �)'�� ��� 2(.62� (.6� 3(%� $).$%� 26)3#(� #.-31.+2

3(%� 5.+3!'%� &.1#%� $1)5%1�� �()2� !++.62� 3(%� $1)5%1� 3.� 1%!#3� ,4#(

&!23%1� "8� #(!1')-'� !-$� $)2#(!1')-'� )32� #.,/%-2!3).-� #!/!#):

3.1� 3(1.4'(� 3(%� 26)3#(� )-23%!$� .&� 3(1.4'(� 3(%� 1%2)23.1�� �(%

#.,/%-2!3).-� #!/!#)3.1� ��� )2� 04)3%� +!1'%� 3.� /1.5)$%� ()'(

23!")+)9!3).-� &.1� !++� +.!$� #.-$)3).-2� !3� VFOUT�

�	��� ���� �),/+)&)%$� 2#(%,!3)#� $)!'1!,� 2(.6)-'� 3(%� ,%3(.$� .&� 2(.13:

)-'� 3(%� &%%$"!#*� 1%2)23.1� 3.� ),/1.5%� $1)5%1� 1%2/.-2%� 2/%%$�

VFIN

160,000�

5,000�

160�

Measure
Resistors

RM

10,000�

+
–
Buffer

VFGUARD

VFOUT
+
–
Driver

Cc

RF

Diode
Switch

Control



��� � � � � � � ��/+�!-� �
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�*� %*/!#-�/! � �%-�0%/� 2�.� .0��!.."0((4�  !.%#*! � �* � %),(!6

)!*/! � /+� �((+2� �((� +"� /$!� ,%*� !(!�/-+*%�.� +"� /$!� ��� 
�
�� ���

/!./� .4./!)� /+� �!� %*�(0 ! � %*� +*!� ��� ,��'�#!� 2%/$� )%*%)�(

!3/!-*�(� �+),+*!*/.�� �$%.� )�'!.� %/� ,+..%�(!� "+-� �� .%*#(!
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In the HP 9493 LSI test system, CMOS delay verniers replace the usual
bipolar technology and are integrated with digital circuitry to produce a
high-performance timing generator in a single monolithic CMOS VLSI
formatter chip. This solution achieves bipolar-equivalent resolution, skew,
and jitter performance with significantly lower power, cost, and circuit
board space.
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Metal-oxide-semiconductor or MOS technology is known to be inferior in noise
performance to bipolar or junction FET (JFET) technology. For example, a CMOS
operational amplifier has two to three orders of magnitude worse noise perfor-
mance than a bipolar or JFET-input operational amplifier. How about jitter? Jitter
can be defined as a timing uncertainty or noise. If the device is so noisy, won’t the
noise affect its jitter performance? We tried to clarify this question by a theoretical
calculation.

Major noise sources in a CMOS device are flicker noise and Johnson noise. To
the simple CMOS inverter circuit shown in Fig. 1, we applied a noise model and
analyzed the thermal jitter.

Fig. 1. Simple CMOS inverter with load capacitance Cl.
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The jitter is evaluated at the mid-transition point of the output of the inverter (Fig. 2).
We assume that the input has already reached the Vdd voltage. Q1 completely
turns off and Q2 discharges the load capacitance Cl.

Fig. 3 shows the equivalent circuit of the flicker and Johnson noise model, where
vj represents the Johnson noise of the equivalent resistance of Q2 and vf repre-
sents the input flicker noise.

Fig. 2. Jitter evaluation point.

In

Out

dt

dv midpoint

Point of Jitter Analysis

.'$"#/� ($.(�/�# .� � ��0. � *!� (�)0!��/0-$)"� 1�-$�/$*).�

�# . � ��)� � � ��'$�-�/ �� *0/� �0-$)"� �*�-. �  ' ( )/� ��'$7

�-�/$*)�� �.� �$.�0.. �� '�/ -�

�$) -� - .*'0/$*)� $.� +-*1$� �� �4� /#-  � !$) � � '�4�  ' ( )/.�

�# . � #�1 � � '�4� /#�/� ��)� � � 1�-$ �� *1 -� �++-*3$(�/ '4� �

�7).� -�)" � $)� 	�7+.� ./ +.� �4� /0-)$)"� *)� *-� *!!� $)/ -)�'� ��+��7

$/*-.�� �.� � .�-$� �� '�/ -�� �)� /# � ������� �#$+�� /# � .�( �  ' 7

( )/� � .$")� $.� 0. �� !*-� /# � �*�-. � �)�� !$) �  ' ( )/.�� �# 

 ' ( )/� #�.� �� )*($)�'� � '�4� *!� ��*0/� �� ).� 2$/#� /# � �7�$/

�$"$/�'� � '�4� �*)/-*'� . /� �/� �� � !�0'/� 1�'0 �� �)� /# � �*�-. 

 ' ( )/.�� � '�4� 1�-$��$'$/4� $.� 0. �� *)'4� !*-� ��'$�-�/$*)�

�2*� � .$")� / �#)$,0 .� 2 - � & 4� /*� ��#$ 1$)"� /# � - ,0$- �

'$) �-$/4� �)�� .& 2� + -!*-(�)� � ���� 0. � *!�  .. )/$�''4� $� )/$7

��'� � '�4�  ' ( )/.� /#-*0"#*0/� /# � '$) � �)�� ���� 0. � *!� 6/# -7

(*( / -� � �*�$)"�� $)� �*)/-*'� *!� /# � '$) �� �# � � ) !$/.� *!

/# . � / �#)$,0 .� 2$''� � � �$.�0.. �� $)� (*- � � /�$'� � '*2�

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

� '�4� . //$)"� *!� /# � '$) � $.� $)�- �. ��� � '�4�  ' ( )/.� �- 

��� �� /*� �0/� ) 1 -� - (*1 �� !-*(� /# � � '�4� +�/#�� �#$.� "0�-7

�)/  .� (*)*/*)$�$/4� *!� /# � 0)��'$�-�/ �� � '�4� �.� �� !0)�/$*)

*!� �$"$/�'� . //$)"� �)�� $(+-*1 .� 0)��'$�-�/ �� '$) �-$/4�� /#0.

(�&$)"� .$(+'$!$ �� ��'$�-�/$*)� .�# ( .� +*..$�' �� �#$.� �#�-��7

/ -$./$�� $.�  1$� )/� $)� /# � �*�-. � � '�4� +�-/� *!� /# � '$) �� �0/� $.

�'.*�  (+'*4 �� $)� /# � $)/ -)�'� ./-0�/0- � *!� /# � !$) �  ' ( )/.�

���� � �������� �������� ������

�# � ��.$�� � '�4�  ' ( )/� $.� .#*2)� $)� �$"�� ��� �/� �*).$./.� *!� �)

$)+0/� $)1 -/ -�� +-*"-�((��' � ��)&.� *!� ��+��$/*-.�� �)�� �)

*0/+0/� $)1 -/ -�� �)� $/.� ,0$ .� )/� ./�/ �� /# �  ' ( )/� $.� +- 7

. )/ �� 2$/#� �� #$"#� 1*'/�" � �/� /# � $)+0/�� �)�  �" � +-*+�"�/ .

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

#$"#7/*7'*2� /-�).$/$*)�� �# � � '�4� *!� /# �  �" � /#-*0"#� /# 

 ' ( )/� $.� � / -($) �� �4� /# � )0(� -� *!� ��+��$/*-.� /#�/� �- 

/0-) �� *)� �)�� �4� /# � �$�.� 1*'/�" � �++'$ �� /*� /# � "�/ �� �# )

/# � $)/ -)�'� )*� � 1*'/�" � - ��# .� /# � .2$/�#$)"� /#- .#*'�� *!

/# � *0/+0/� $)1 -/ -�� /# � *0/+0/� (�& .� �� #$"#7/*7'*2� /-�).$7

/$*)�� 2#$�#� $.� �++'$ �� /*� /# � ) 3/�  ' ( )/� $)� /# � � '�4� '$) �

�# � �$�.� 1*'/�" � $.� " ) -�/ �� �)�� ��%0./ �� 2$/#� �� ����� �)�

$.� 0. �� /*� ��'$�-�/ � /# � � '�4� .0�#� /#�/� +-*� ..� 1�-$�/$*).

!-*(� �#$+� /*� �#$+� �- � )0'' ��� �# � ���� �'.*� �*(+ ).�/ .� !*-

� '�4� 1�-$�/$*).� ��0. �� �4� / (+ -�/0- � �)�� .0++'4� 1*'/�" 

1�-$�/$*).�

�# � ��+��$/*-.� �- � +-*"-�(( �� 0.$)"� �� �7�$/� �$"$/�'� $)+0/�� �# 

#$"# -7*-� -� ��+��$/*-� ��)&.� �- � ��� .. �� $)� /# -(*( / -7

� �*� �� !�.#$*)� 2#$' � /# � '*2 -7*-� -� ��)&.� �- � +-*"-�(( �

$)� �� ./-�$"#/� �$)�-4� !�.#$*)�� �# � �- �&+*$)/� $)� /#$.� � �*�$)"

2�.� �#*. )� ��. �� *)� /# �  3+ �/ �� 1�-$�/$*)� $)� /# � ��+��$/*-

 ' ( )/.�� �#$.� �++-*��#� ($)$($5 .� /# � �$!! - )/$�'� )*)'$) �-$/4

*!� /# � � '�4� �.� �� !0)�/$*)� *!� /# � �$"$/�'� ��+��$/*-� . //$)"�� �# 

��+��$/*-� �--�4� $.� .$5 �� .0�#� /#�/� /# � )*($)�'� � '�4� /#-*0"#

 ��#�  ' ( )/� $.� �� ).�� �# � ($)$(0(� /$( � ./ +� $.� 	�� +.�

	���� ��� ��.$�� � '�4�  ' ( )/�

Bias

Input Output

Variable
Capacitance

Digital
Control



��+&��)� �

�� ��.#�++0���"�)�� �&,)%�#� � � � � � � ��

Fig. 3. Noise jitter model.

GND

Q2

Cl

Out

vj

vfVdd

Id

We calculated the voltage noise Vn and the slew rate dV/dt at the output and
estimated the jitter Tjit as

Tjit �
Vn

dV�dt
.

Fig. 4 shows the result of calculations for various gate lengths L and gate widths
W. Tjit does not exceed 0.3 ps rms even with the worst-case device. A series of 50
such inverters will only produce 2.1 ps rms jitter. While not perfectly accurate, this
analysis provides valuable insight.

Another jitter source is coupling noise. This is considered to be a dominant source
of jitter in standard CMOS design. In the ACCEL2 design, we avoided subdividing
the test period or PCLK signals because subharmonics cause periodic jitter. When
the ACCEL2 chip is generating a periodic waveform, all coupling sources are phase

Fig. 4. Calculated CMOS inverter jitter.
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coherent with the timing edges. This means we will see the identical coupling
waveform at every test cycle and it won’t cause any jitter.

Masaharu Goto
Design Engineer
Hachioji Semiconductor Test Division
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In test subsystems based on digital signal processing, the HP 9493 test
system emulates the analog and digital signals of the device under test,
thereby reducing test time and increasing test coverage compared to a
memory-based test system.
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Mixed-signal testers are frequently used as specialized automatic test
equipment in various test applications. The real-time digital signal
processors in the HP 9493 mixed-signal LSI test system can perform
complex tests for next-generation telecommunication devices.
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A new one-port impedance analyzer measures high-frequency devices up
to 1.8 GHz. Using a current-voltage method, it makes precise measure-
ments over a wide impedance range. A special calibration method using a
low-loss capacitor realizes an accurate high-Q device measurement.
Many types of test fixtures are introduced because they are a key ele-
ment in any test system.
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* A perfect open condition means that voltmeter V1 reads zero with the DUT port open. A perfect
short condition means that voltmeter V2 reads zero with the DUT port shorted.
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��� #0-� 80);-

)++=:)+A� 7.� <0-� 16;<:=5-6<� 1;� ,-<-:516-,� )457;<� -6<1:-4A� *A

<0-� =6+-:<)16<A� 7.� <0-� �
C705� 47),� ;<)6,):,� =;-,� 16� <0-� �"�

+)41*:)<176�� �6-� ?)A� <7� 158:7>-� 80);-� 5-);=:-5-6<� )++=C

:)+A� 1;� <7� =;-� )� 80);-C+)41*:)<-,� 47),� ;<)6,):,�� �7?->-:�� 1<

1;� 67<� /=):)6<--,� <0)<� <0-� 80);-� =6+-:<)16<A� .7:� )� +)41*:)<-,

�
C705� 47),� 1;� ;5)44-:� <0)6� �
�� )<� 01/0� .:-9=-6+1-;�� ;=+0� );

�� ��B�

�67<0-:� ?)A� <7� 158:7>-� 80);-� 5-);=:-5-6<� )++=:)+A� 1;� <7

=;-�� 16� ),,1<176� <7� <0-� 67:5)4� 78-6C;07:<C47),� ;<)6,):,;�� )

47?C47;;� )1:� +)8)+1<7:� );� )� ;-+76,� 47),� �LOAD2��� #0-� ,1;;18)C
<176� .)+<7:� ���� 7.� <0-� )1:� +)8)+1<7:� ;07=4,� *-� *-47?� �
�� )<

):7=6,� �� ��B�� %1<0� <01;� 5-<07,�� <0-� =6+-:<)16<A� 16� <0-� 5-)C

;=:-,� 80);-� 1;� ,-+:-);-,� .:75� <0-� 80);-� =6+-:<)16<A� 7.� <0-

�
C705� 47),� �LOAD1�� <7� <0-� =6+-:<)16<A� 7.� <0-� ,1;;18)<176
.)+<7:� �� 7.� <0-� 47?C47;;� +)8)+1<7:� �LOAD2�� .7:� )457;<� )44� �$#
158-,)6+-;�� #0-� 6-@<� ;-+<176� /1>-;� <0-� ,-<)14;� 7.� <01;

5-<07,�
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%-� ?)6<� )� +)41*:)<176� 5-<07,� <0)<� :-,=+-;� <0-� -::7:� 16

80);-� 5-);=:-5-6<� 16� ;81<-� 7.� <0-� -@1;<-6+-� 7.� 80);-� -::7:

.7:� <0-� �
C705� 47),�� %-� 0)>-� <0-� �
C705� 47),� ;<)6,):,

?07;-� 158-,)6+-� 5)/61<=,-� 1;� 367?6� *=<� ?07;-� 158-,C

)6+-� 80);-� 1;� 67<�� %-� ),,� )67<0-:� 47),� �LOAD2�� ?07;-� 15C
8-,)6+-� 80);-� 1;� 367?6� *=<� ?07;-� 158-,)6+-� 5)/61<=,-� 1;

67<�� %-� =;-� )� 47?C47;;� +)8)+1<7:� );� <0-� ;-+76,� 47),�� #0-:-

):-� ;<144� )<� 57;<� <0:--� =6367?6� +1:+=1<� 8):)5-<-:;�� �7?->-:�

<?7� 57:-� =6367?6;� :-4)<-,� <7� ;<)6,):,;� ):-� ),,-,�� �-<� =;

,-.16-� <0-� 8:7*4-5�� #0-:-� ):-� -1/0<� :-)4� =6367?6� 8):)5-C

<-:;�

• �1:+=1<� 8):)5-<-:� ��� �<?7� :-)4� 8):)5-<-:;�
• �1:+=1<� 8):)5-<-:� ��� �<?7� :-)4� 8):)5-<-:;�
• �1:+=1<� 8):)5-<-:� �� �<?7� :-)4� 8):)5-<-:;�
• #0-� 158-,)6+-� 80);-� �4;�� 7.� <0-� �
C705� 47),� �76-� :-)4�
8):)5-<-:�

• #0-� 158-,)6+-� 5)/61<=,-� ')*;(4;�� 7.� <0-� 47?C47;;� +)8)+1<7:
LOAD2� �76-� :-)4� 8):)5-<-:��
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';5� � 5-);=:-,� 158-,)6+-� .7:� ;07:<� ;<)6,):,

'451� � 5-);=:-,� 158-,)6+-� .7:� 47),� ;<)6,):,� 1

�1� �� �� .7:� LOAD1�� 1� �� �� .7:� LOAD2�
'4;1� � <:=-� 158-,)6+-� .7:� 47),� ;<)6,):,� 1
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Only the mainframe parts relevant
to this discussion are shown here.
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�8;� =1.� *,=>*5� ,*<.� =1.<.� ,2;,>2=� 9*;*6.=.;<� *;.� .A9;.<<.-� +B

/*;� 68;.� ,86952,*=.-� .:>*=287<�� %1.;./8;.�� @.� *-89=.-�

*� <2695.;� 9;8,.->;.� ,87<2<=270� 8/� =@8� <=.9<�� $=.9� �� 2<� *<�

/8558@<�

• #.0*;-� =1.� 269.-*7,.� 8/� =1.� �
D816� 58*-� *<� )5<�� �� �
�3

�=1*=� 2<�� =1.� 91*<.� 8/� LOAD1� 2<� C.;8��

• �27-� =1.� ,2;,>2=� 9*;*6.=.;<� ���� ���� *7-� �� +B� 78;6*5� !$�
,*52+;*=287� ><270� =1.� 58*-� ?*5>.� )5<��

• �A.,>=.� ,8;;.,=287� /8;� LOAD2� *7-� 0.=� =1.� ,8;;.,=.-�
269.-*7,.� ),8;;��

• �*5,>5*=.� =1.� 91*<.� -2//.;.7,.� ��� +.=@..7� =1.� 91*<.� 8/
),8;;�� *7-� =1.� =;>.� 91*<.� 8/� LOAD2�

$=.9� �� 2<� *<� /8558@<�

• �8-2/B� =1.� 269.-*7,.� 8/� LOAD1� =8� )�5<�� @18<.� 91*<.� 2<� ���

*7-� @18<.� 269.-*7,.� 6*072=>-.� 2<� <=255� �
� 816<�

• �*5,>5*=.� =1.� ,2;,>2=� 9*;*6.=.;<� *0*27� +B� 78;6*5� !$��
,*52+;*=287� ><270� =1.� 68-2/2.-� 58*-� 269.-*7,.� )�5<��

�5=18>01� =12<� 2<� *7� *99;8A26*=.� 6.=18-�� 2=� 2<� *,,>;*=.

.78>01� /8;� 8>;� 9>;98<.<�� '.� ,*55� =12<� 6.=18-� =1.� 68-2/2.-

!$�� ,*52+;*=287�
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%1.� /8558@270� .;;8;� /*,=8;<� *//.,=� 91*<.� 6.*<>;.6.7=�

*,,>;*,B� ><270� =1.� 68-2/2.-� !$�� ,*52+;*=287�

• &7,.;=*27=B� 27� =1.� 269.-*7,.� 6*072=>-.� 8/� LOAD1
• �69.-*7,.� 91*<.� 8/� LOAD1
• �69.-*7,.� 6*072=>-.� 8/� LOAD2
• &7,.;=*27=B� 27� =1.� 269.-*7,.� 91*<.� 8/� LOAD2
• &7,.;=*27=B� 27� =1.� *-62==*7,.� 6*072=>-.� 8/� =1.� 89.7�
<=*7-*;-�

 8=2,.� =1*=� =1.� <.,87-� *7-� =12;-� /*,=8;<� @8>5-� 78=� ,*><.� *7B

.;;8;� 2/� @.� @.;.� ><270� =1.� *7*5B=2,*5� <85>=287�� �869>=.;� <26D

>5*=287<� 1*?.� <18@7� =1*=�

• %1.� 91*<.� 6.*<>;.6.7=� .;;8;� ,*><.-� +B� =1.� >7,.;=*27=B� 27
=1.� 269.-*7,.� 6*072=>-.� 8/� LOAD1� 2<� <6*55�

• %1.� 91*<.� 6.*<>;.6.7=� .;;8;� ,*><.-� +B� =1.� 269.-*7,.
91*<.� 8/� LOAD1� 2<� <6*55�

• %1.� 91*<.� 6.*<>;.6.7=� .;;8;� ,*><.-� +B� =1.� 269.-*7,.
6*072=>-.� 8/� LOAD2� 2<� <6*55�

• %1.� >7,.;=*27=B� 27� =1.� 269.-*7,.� 91*<.� 8/� LOAD2� -2;.,=5B
*//.,=<� =1.� 91*<.� 6.*<>;.6.7=� .;;8;�

• �8;� ;.*,=2?.� �&%<�� =1.� 91*<.� 6.*<>;.6.7=� .;;8;� ,*><.-� +B
=1.� >7,.;=*27=B� 27� =1.� *-62==*7,.� 6*072=>-.� 8/� =1.� 89.7

<=*7-*;-� ���(89.7��� 2<� ;.->,.-� =8� �#8�(89.7���89.7	�5<��� 27

=1.� 68-2/2.-� !$�� ,*52+;*=287�� @1.;.� #8� 2<� =1.� ,1*;*,=.;2<=2,

269.-*7,.� ��
� 816<��� �89.7� 2<� =1.� ,*9*,2=*7,.� 8/� =1.� 89.7

<=*7-*;-�� *7-� �5<�� 2<� =1.� ,*9*,2=*7,.� 8/� LOAD2� �58@D58<<
,*9*,2=8;��� �7� =1.� ,*<.� 8/� ;.<2<=2?.� �&%<�� =1.� .;;8;� 2<� =1.

<*6.� *<� 27� =1.� 78;6*5� !$�� ,*52+;*=287�

�20�� �
� <18@<� =1.� ;.5*=287<129� +.=@..7� =1.� 91*<.� .;;8;� ����

*7-� =1.� �&%� 269.-*7,.� @1.7� =1.� LOAD2� 91*<.� >7,.;=*27=B
���5<�� � � 2<� �

×�
��� ;*-2*7� 27� =1.� 68-2/2.-� !$�� ,*52+;*=287�
%1.� ;.5*=287<129� +.=@..7� ���� � � *7-� =1.� �&%� 269.-*7,.� 2<

<18@7� 27� �20�� ��� @1.7� =1.� 89.7� *-62==*7,.� >7,.;=*27=B

��(89.7� � 2<� �� /�� 27� =1.� 68-2/2.-� !$�� ,*52+;*=287�

�7� <>66*;B�� =1.� 91*<.� 6.*<>;.6.7=� .;;8;� @1.7� ><270� =1.

68-2/2.-� !$�� ,*52+;*=287� 2<� 6*275B� -.=.;627.-� +B� =1.� >7,.;D

=*27=B� 27� =1.� 269.-*7,.� 91*<.� 8/� LOAD2� *7-� =1.� >7,.;=*27=B
27� =1.� *-62==*7,.� 6*072=>-.� 8/� =1.� 89.7� <=*7-*;-�� '.� 78@

.?*5>*=.� =1.<.� =@8� 2=.6<�� %1.� �� /*,=8;� /8;� =1.� ,*9*,2=8;� �

9��� ><.-� 27� =1.� ,*52+;*=287� ,*7� +.� <6*55� +.,*><.� =1.� ,*9*,2D

=8;�<� -26.7<287<� *;.� <6*55� *7-� =1.� <9*,.� +.=@..7� =1.� 277.;

*7-� 8>=.;� ,87->,=8;<� 2<� /255.-� *568<=� ,8695.=.5B� @2=1� *2;�
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,.;=*27=B� ��5<�� 27� =1.� 269.-*7,.� 91*<.� 8/� LOAD2� �58@D58<<� ,*9*,2=8;�
*=� �� ��C� /8;� ;.<2<=2?.� *7-� ;.*,=2?.� �&%<�� �)89.7�� 2<� =1.� 269.-*7,.� 8/

=1.� 89.7� <=*7-*;-� �*+8>=� �


� 816<��

1 10 100 1000 10,000
10–5

10–4

10–3

10–2

10–1

1

|Zopen|

��ls2

Capacitive

Inductive

Resistive

DUT Impedance |Zx| (�)

Ph
as

e 
Er

ro
r |

   
  |

 (r
ad

ia
ns

)
�
�



�):5(+8� 
��� �+=2+::A�')1'8*� �5;84'2� � � � � � � ��

����� ����  +2':/549./6� (+:=++4� 6.'9+� 3+'9;8+3+4:� +8858� '4*� :.+

;4)+8:'/4:?� /4� :.+� '*3/::'4)+� 3'-4/:;*+� 5,� :.+� 56+4� 9:'4*'8*� ':� 


��@� ,58� 8+9/9:/<+� '4*� 8+'):/<+� �#"9�� ��
� �� � 5�%56+4��56+4��29�
=.+8+�  5� /9� :.+� ).'8'):+8/9:/)� /36+*'4)+� �'6685>/3':+2?� �	� 5.39��

��%56+4�� /9� :.+� ;4)+8:'/4:?� /4� :.+� '*3/::'4)+� 3'-4/:;*+� 5,� :.+� 56+4

9:'4*'8*� �'(5;:� �	� �!��� �56+4� �� 
		� ,��� '4*� �29�� �� �� 6��� �&56+4�� /9� :.+

/36+*'4)+� 5,� :.+� 56+4� 9:'4*'8*� �'(5;:� �			� 5.39��

1 10 100 1000 10,000
10–5

10–4

10–3

10–2

10–1

1

Ph
as

e 
Er

ro
r |

   
  |

 (r
ad

ia
ns

)

|Zopen|

�
�

��1

Capacitive

Inductive

Resistive

DUT Impedance |Zx| (�)

".+� �� <'2;+� .'9� (++4� +9:/3':+*� '9� �		×
	��� ':� 
� ��@� /4� '
8+9/*;'2� 8+9/9:'4)+� 3+'9;8+3+4:� ':� :.+� 9+8/+9� 8+954'4:� ,8+A

7;+4)?�� ".+� �� ,'):58� /4)8+'9+9� =/:.� ,8+7;+4)?� ,� '9� ,
��� (+A

)';9+� 5,� :.+� 91/4� +,,+):�� �?� ;9/4-� @+85� '9� :.+� �� <'2;+� ,58� :.+

)'6')/:58� *;8/4-� )'2/(8':/54�� '� 6.'9+� 3+'9;8+3+4:� +8858� 5,

�		×
	��� /9� /4);88+*� ':� 
� ��@�� ".+� ;4)+8:'/4:?� ,58� :.+� 56+4
)'6')/:'4)+� /9� ±�� ,�� ':� 359:�� 2+'*/4-� :5� '� 6.'9+� 3+'9;8+A
3+4:� +8858� 2+99� :.'4� ±
		×
	��� ':� 
� ��@�� �<+8'22�� '� 6.'9+
3+'9;8+3+4:� ;4)+8:'/4:?� 5,� �		×
	��� /9� /4);88+*� (?� ;9/4-
:.+� 35*/,/+*� �!�� )'2/(8':/54�

����
���� 	�
��
������

�58� '4� /36+*'4)+� 6+8,583'4)+� ).+)1� ;9/4-� :.+� :56A*5=4

3+:.5*� =+� 9+:� ;6� '� 1/:� :8')+'(2+� :5� #�!�� 4':/54'2� 9:'4*'8*9�

"./9� 1/:� /9� )'2/(8':+*� '44;'22?� ':� 5;8� /4A.5;9+� 9:'4*'8*9� 2'(5A

8':58?�� "=5� 3'058� /:+39� /4� :.+� 1/:� '8+� :.+� �	A5.3� 25'*� '4*� '


	A)3A254-�� �	A5.3�� (+'*2+99� '/8� 2/4+�� ".+� �	A5.3� 25'*� /9

*+9/8'(2+� (+)';9+� /:9� ,8+7;+4)?� ).'8'):+8/9:/)� ,58� /36+*'4)+� /9

<+8?� ,2':�� ".+� 9:8;):;8+� 5,� :.+� '/8� 2/4+� /9� <+8?� 9/362+�� 95� /:� /9

+'9?� :5� 68+*/):� /:9� ,8+7;+4)?� ).'8'):+8/9:/)� '4*� /:� /9� )54<+A

4/+4:� :5� 8+'2/@+� <'8/5;9� /36+*'4)+9� (?� ).'4-/4-� ,8+7;+4)/+9

=/:.� :.+� 2/4+� :+83/4':+*� /4� '4� 56+4� 58� 9.58:� )/8);/:�

".+� :8')+'(/2/:?� 6':.� ,58� :.+� 1/:� /9� 9.5=4� /4� �/-�� 
��� ".+� /3A

6+*'4)+� ).'8'):+8/9:/)� 5,� 56+4A+4*+*� '4*� 9.58:A+4*+*� '/8

2/4+9� )'4� (+� )'2);2':+*� :.+58+:/)'22?� ,853� :.+/8� */3+49/549

'4*� 8+9/9:/</:?��� �5=+<+8�� /:� /9� 45:� +'9?� :5� *+9/-4� '� 9?9:+3� :5

)'2/(8':+� :.+� */3+49/549� 5,� :.+� '/8� 2/4+� /4� +').� /4*/</*;'2� 1/:�

".+8+,58+�� 542?� :.+� */3+49/549� 5,� :.+� 8+,+8+4)+� '/8� 2/4+� 5,

5;8� 9:'4*'8*9� 2'(58':58?� /9� 6+8/5*/)'22?� )'2/(8':+*�� �'2/(8'A

:/54� 5,� :.+� /4*/</*;'2� '/8� 2/4+� /9� +>+);:+*� (?� '� 4+:=581� '4'A

2?@+8� )'2/(8':+*� ,853� :.+� 8+,+8+4)+� '/8� 2/4+�� ".+� �	A5.3� 25'*

)'2/(8':/54� /9� *54+� 3'/42?� (?� :.+� 7;'8:+8A='<+� /36+*'4)+

3+:.5*� '4*� *)� 8+9/9:'4)+� 3+'9;8+3+4:�� ".+� 56+4� :+83/4'A

:/54� /9� )'2/(8':+*� (?� '� )'6')/:'4)+� (8/*-+� ':� 25=� ,8+7;+4)/+9

'4*� (?� :.+� 4+:=581� '4'2?@+8� ':� ./-.� ,8+7;+4)/+9�� ".+� 9.58:

:+83/4':/54� /9� :8+':+*� '9� /*+'2�� #4)+8:'/4:/+9� ,58� :.+� 9.58:

:+83/4':/54� )549/9:� 5,� 91/4� +,,+):� '4*� 4548+6+':'(/2/:/+9�

����� ���� "8')+'(/2/:?� 6':.� ,58� :.+� 6+8,583'4)+� :+9:� 1/:�

NBS
Monograph

96

National Standards (U.S.A. NIST)

Capacitance
Bridge at Low

Frequency

Attenuation
Measurement

SystemCapacitance

Reference
Air Line

Attenuation IDOC, ODIC

S-Parameter
Calculation

System

DCR
Measurement

System

DCR

S-Parameters

Reflection Measurement
System (Network Analyzer)

Open Termination

Z ZZ

Open-Ended
Air Line

Short-Ended
Air Line 50� Load

Quarter-Wave
Impedance

Method

Z

Z DCR

Z

IODC = Inside Diameter of Outer Conductor
ODIC = Outside Diameter of Inner Conductor
DCR = DC Resistance

	���� ��������

�4� '):;'2� 3+'9;8+3+4:9�� :+9:� ,/>:;8+9� '8+� 4++*+*� :5� '))53A

35*':+� */,,+8+4:A9.'6+*� �#"9�� �9� :.+� ,8+7;+4)?� 8'4-+� -5+9

;6�� ,/>:;8+9� :.':� '8+� '(2+� :5� .'4*2+� 93'22+8� *+</)+9� '8+

4++*+*�� $+� .'<+� *+<+256+*� ,5;8� :?6+9� 5,� ,/>:;8+9�

• �� ,/>:;8+� ,58� 9;8,')+� 35;4:� *+</)+9� =/:.� (5::53� +2+):85*+9

• �� ,/>:;8+� ,58� 9;8,')+� 35;4:� *+</)+9� =/:.� 9/*+� +2+):85*+9

• �� ,/>:;8+� ,58� <+8?� 93'22� 9;8,')+� 35;4:� *+</)+9

• �� ,/>:;8+� ,58� 2+'*+*� )53654+4:9�

"5� 8+*;)+� :.+� +8858� ':� :.+� ,/>:;8+� :+83/4'2� /:� /9� 4+)+99'8?� :5

3/4/3/@+� :.+� 2+4-:.� ,853� :.+� 8+,+8+4)+� 62'4+� 5,� :.+� ���A�

)544+):58� :5� :.+� ,/>:;8+� :+83/4'2� '4*� :5� 3/4/3/@+� :.+� )54A

4+):/54� 4548+6+':'(/2/:?�� ".+� 4+=� ,/>:;8+9�� 8+6+':'(/2/:?� /9

'2359:� ,/<+� :/3+9� (+::+8� :.'4� 5;8� 52*� 54+9�� ".+� :?6/)'2� 454A

8+6+':'(/2/:?� 5,� :.+� 9;8,')+� 35;4:� *+</)+� ,/>:;8+9� /9� ±�	� 6�
'4*� ±�	� 35.39� ,58� 9.58:A)/8);/:� 3+'9;8+3+4:9� '4*� ±�� ,�
'4*� ±�� 3!� ,58� 56+4A)/8);/:� 3+'9;8+3+4:9�

�/>:;8+� )536+49':/54� /9� /4)2;*+*� /4� :.+� ,/83='8+� )588+A

9654*/4-� :5� )588+):/54� ':� :.+� ,/>:;8+� :+83/4'2�� "./9� 8+*;)+9

:.+� +88589� -+4+8':+*� /4� :.+� )/8);/:� (+:=++4� :.+� 8+,+8+4)+

62'4+� '4*� :.+� ,/>:;8+� :+83/4'2�� ".+� (+9:� )536+49':/54

3+:.5*� /9� :.+� �!�� 3+:.5*�� �5=+<+8�� /:� /9� 45:� +'9?� :5� 68+6'8+

'� 9:'4*'8*� 25'*� .'</4-� +>)+22+4:� ,8+7;+4)?� ).'8'):+8/9:/)9�� �9



��� � � � � � �  ,<7+.:� ����� �.?4.<<D!*,3*:-� �7=:6*4

	���� ����  8.6D;17:<D47*-� � $��� /2@<=:.� ,758.6;*<276� >.:;=;� �!

�	���� /2@<=:.� 87:<� .@<.6;276� 84=;� 78.6D;17:<� ,758.6;*<276�

APC-7
Terminal

Test Fixture

“Calibration”
APC-7 Terminal

(Traceability Exists)

“Compensation”
Fixture Terminal

(Traceability Does
Not Exist)

l1 l2

Detailed Model

Fixture Terminal

Open

Short

Load
(?)

Black Box
Open-Short-Load

Compensation

Open

Short

Fixture Port
Extension +
Open-Short

Compensation

Zo = 50+j0
� = 0+j�

l (>l1)

��
�
vo

Compensation

Zo1=50� Zo2�50�

�� Propagation Constant of the Transmission Line

vo � Velocity of Signal Propagation in Free Space � 3 108 m�s

*� 57:.� :.*42;<2,� *4<.:6*<2>.� ?.� 8:7>2-.� *67<1.:� ,758.6;*D

<276� /=6,<276�� /2@<=:.� 87:<� .@<.6;276� ,75+26.-� ?2<1� 78.6D

;17:<� ,7::.,<276� *<� <1.� /2@<=:.� 84*6.�� %12;� 5.<17-� *;;=5.;

<1*<� <1.:.� 2;� *� ;17:<� <:*6;52;;276� 426.� +.<?..6� <1.� �!�D�

<.:526*4� 7/� <1.� <:*6;-=,.:� 1.*-� *6-� <1.� �&%� ,766.,<7:� 7/

<1.� /2@<=:.� �;..� �20�� �
��� (1.6� <1.� =;.:� ;.4.,<;� 76.� 7/� 7=:

6.?� /2@<=:.;� 76� <1.� �!� �	���� -2;84*A�� *6� *88:78:2*<.� /2@<=:.

87:<� .@<.6;276� >*4=.E*6� .9=2>*4.6<� 4.60<1� 7/� 2-.*4� ��D715

426.� 8:.>27=;4A� -.<.:526.-� /7:� <1*<� /2@<=:.E2;� *=<75*<2,*44A

;.<�� %1.� =;.:� <1.6� 8.:/7:5;� *� ,758.6;*<276� =;260� 78.6� *6-

;17:<� ,2:,=2<;�

%1.� -2//.:.6,.� +.<?..6� <1.�  $�� 5.<17-� *6-� <1.� �!� �	���

5.<17-� 2;� <1*<� <1.�  $�� 5.<17-� *;;=5.;� 2-.*4� 78.6�� ;17:<�

*6-� 47*-� ;<*6-*:-;� ?124.� <1.� �!� �	���� 5.<17-� *;;=5.;

2-.*4� 78.6� *6-� ;17:<� ;<*6-*:-;� *6-� *6� 2-.*4� <:*6;52;;276

426.�� (.� /..4� <1*<� <1.� *;;=58<276� 7/� *6� 2-.*4� <:*6;52;;276

426.� 2;� 57:.� :.*42;<2,� <1*6� <1.� *;;=58<276� 7/� *6� 2-.*4� 47*-� /7:

,758.6;*<276� 7>.:� *� ?2-.� /:.9=.6,A� :*60.�

	���� ���� %A82,*4� .::7:� ,76<:2+=<276;� 7/� <1.� 6.?� <.;<� /2@<=:.;� */<.:

/2@<=:.� ,758.6;*<276�

0.01

0.1

1

5

10 100 1000 1800

Frequency (MHz)

A
dd

iti
on

al
 E

rr
or

 (%
)

�20�� ��� ;17?;� <1.� <A82,*4� <.;<� /2@<=:.� .::7:� ,76<:2+=<276;

?1.6� =;260� <12;� ,758.6;*<276� /=6,<276�� %1.;.� >*4=.;� *:.

*457;<� <1:..� <25.;� +.<<.:� <1*6� <1.� .::7:;� /7:� 7=:� /7:5.:� <A8.

7/� /2@<=:.;�

����������

$.4.,<276� 7/� *� <:*6;-=,.:� �*;� -./26.-� 76� 8*0.� ��� 2;� 2587:D

<*6<� /7:� *,,=:*<.� 258.-*6,.� 5.*;=:.5.6<�� �� 6.?� <A8.� 7/

<:*6;-=,.:� +*;.-� 76� <1.� ,=::.6<D>74<*0.� 5.<17-� *6-� 1*>260

?2-.� 258.-*6,.� 5.*;=:260� ,*8*+242<A� 2;� =;.-� 26� <1.� 6.?� �!

�	���� #�� 258.-*6,.� *6*4AB.:�� �� 6.?� 81*;.� ,*42+:*<276� <.,1D

629=.�� *� 57-2/2.-�  $�� ,*42+:*<276�� 1*;� *4;7� +..6� -.>.478.-�

�<� =;.;� *� 47?D47;;� ,*8*,2<7:� *;� <1.� ;.,76-� 47*-� *6-� 5*3.;

*,,=:*<.� "� 5.*;=:.5.6<;� 87;;2+4.�

�������������

%1.� *=<17:� 2;� 0:*<./=4� <7� ��� )*02�� $�� %*6257<7�� *6-� ���

(*3*5*<;=�� ?17� 8:7>2-.-� 1.48/=4� -2;,=;;276;�


�����

��� %�� )76.3=:*� *6-� ��� �*6;76;�� C�201D�:.9=.6,A� �58.-*6,.� �6*D

4AB.:��� �(&����!%�)� &�� �����1�+(&'�� �
��� 88�� ��D�	�

	�� %�� )76.3=:*�� C�� �.?� �*42+:*<276� �.<17-� /7:� �58.-*6,.� �.<.:;��

�(&����!%�)� &�� * �� �

�� ����� �%)*(+$�%*�*!&%� �%�� ���)+(�$�%*

��� %&#&�.� �&%��(�%��� � $12B=73*�� �*8*6�� �*A� ������ 88�� ����D�����


�� $�� �*?*+*<*� *6-� ��� �=32A*5*�� C�� �201D!.:/7:5*6,.� ���D��B

'.,<7:� �.<?7:3� *6-� $8.,<:=5� �6*4AB.:��� ��,#�**0���"�(�� �&+(%�#�

'74�� ���� 67�� ���  ,<7+.:� ���
�� 88�� �D���

��� �(�����!#!*.� �%�� * �� ��� 	���� ��*,&("� �%�#./�(� � �.?4.<<D!*,3*:-

8=+42,*<276� 67�� ����D���	�� �7>.5+.:� ��� �����

��� #���� �.4;76� *6-� ��#�� �7:A.44�� �#��*(!��#� ��(�$�*�()� &�� �(��!)!&%�

�&�-!�#�� �!(0!�#��*(!�� �(�%)$!))!&%� �!%�)�� ��$� �7670:*81� ��� �=6.


��� ���



��/*�!-� �		�� �!2'!//6���&�- � �*0-)�'� � � � � � � ��

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

Remote operation of bit error rate test sets using an X Windows based
“virtual instrument” allows network operators to monitor remote sites from a
central office. The extensive use of a common firmware development
platform allowed the fast-track development of virtual remote software
and rapid integration into all instruments built using the platform.
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�(%� )-3%'1!3).-� .&� 3(%�  � �)-$.62� /1)-3%1� !//+)#!3).-� 6)3(

5)134!+� 1%,.3%� 6!2� !� 231!)'(3&.16!1$� 3!2*�� �.� ,!)-3!)-� 3(%
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#.$%� 42%$� &.1� 3(%� /1)-3%1� !//+)#!3).-� 6!2� %-#!/24+!3%$

6)3()-� !-� �����.3)&� 42%1� )-3%1&!#%�� �(%� 2%/!1!3).-� .&� 3(%
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)-� !� #.-31.++%$� ,!--%1�

�(%� 5)134!+� /1)-3%1� 1%#%)5%2� 3(%� %-#.$%$� /1)-3%1� $!3!� !-$
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3%73� !-$� '1!/()#2�� �3� 3(%� 2!,%� 3),%� !2� 3(%� /1)-3%1� $!3!� )2
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3(%� ./%1!3.1�� �(%� .-+)-%� "4&&%1� #!-� "%� #+%!1%$� .-� $%,!-$�

�)'�� �� 2(.62� 3(%� 5)134!+� /1)-3%1� !//+)#!3).-�� �(%� ,!)-� /.13).-

.&� 3(%� !//+)#!3).-� )2� 3(%� 95)134!+� /!/%1��� 6(%1%� 3(%� 3%73� !-$

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

3(%� 2)$%� .&� 3(%� 2#1%%-� #!-� "%� 42%$� 3.� 2#1.++� 3(%� /!/%1� "!#*:
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• �-2314,%-3� *%8".!1$� /1.#%22)-'� #.$%
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".,,4-(" 3(.-2� �/$1 3(.-� ".,,.-� /+ 3%.1,�� �'$� 1$, (-;

(-&�  1$ 2�  1$� (-2314,$-3;2/$"(%("�  -#� ,423� !$� #.-$� .-�  -

(-2314,$-3;!8;(-2314,$-3� ! 2(2�

�(123�� 3'$� (-2314,$-3� $73$1- +� (-3$1% "$� 2$+$"3(.-� ".#$� ,423

!$� $-' -"$#� 2+(&'3+8�� � -$6� $73$1- +� ".--$"3(.-� ,.#$�� 5(1;

34 +� 1$,.3$�� ,423� !$�  ##$#�  +.-&2(#$� 3'$� $7(23(-&� 2$+$"3(.-2

24"'�  2� /1(-3$1�  -#� 1$,.3$� ".-31.+�� �'(2� (2�  � 5$18� ,(-.1

"' -&$� 3.� 3'$� (-2314,$-3� ���� #$%(-(3(.-� %(+$�� �6.� -$6� �

%4-"3(.-2� ,423� !$� /1.5(#$#�� �'$2$� %4-"3(.-2�  1$� " ++$#� !8

3'$� ".,,.-� ".#$� 6'$-�  � 5(134 +� ".--$"3(.-� (2� !$(-&� $23 !;

+(2'$#�� �'$2$� %4-"3(.-2�  1$� 42$#� 3.� , *$� .-$� .1� 36.� ,(-.1

".-%(&41 3(.-� "' -&$2� 3.� 3'$� (-2314,$-3�� �'$8� " --.3� !$

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

(-2314,$-3� ���� #$%(-(3(.-� %(+$2�

�'$� 2$".-#� (-2314,$-3� "423.,(9 3(.-� (2� 3'$� (-2314,$-3� 2(,4;

+ 3(.-� # 3 �� �-� 3'$� / 23� 3'$� 2(,4+ 3(.-� # 3 � ' 2� .-+8� !$$-

42$#� (-3$1- ++8� %.1� (-2314,$-3� 2(,4+ 3(.-� #41(-&� #$5$+./;

,$-3�� �-� 3'(2�  //+(" 3(.-� (3� (2� 3'$� 2(,4+ 3(.-� .%� 3'$� (-2314,$-3

./$1 3.1;, "'(-$� (-3$1% "$� 3' 3� (2� (,/.13 -3�� -.3� 3'$� 04 +(38

.%� 3'$� #(2/+ 8$#� (-2314,$-3� (, &$�� �'$� 5(134 +� 1$,.3$�  //+(;

" 3(.-�� .-� 3'$� .3'$1� ' -#�� 42$2�  -� (, &$� .%� 3'$� (-2314,$-3

3.� , *$� 1$,.3$� ./$1 3(.-� !8�  � "423.,$1� $ 28�� �-� 3'(2� " 2$

3'$� 04 +(38� .%� 3'$� (, &$� #(2/+ 8$#� (2� 5$18� (,/.13 -3�� �'$� (-;
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5(2(.-� -$36.1*2��  ++.6(-&� "$-31 +(9$#� 3$23(-&� .%� 3'$� -$36.1*�
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.%%("$� $-5(1.-,$-3�� �'$� (-2314,$-3� !$(-&� ".-31.++$#� (2�  3�  
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��� ��� �(7�� :� 2$� �34#8� .%�  � �4""$22%4+� �(1,6 1$� �$42$� �1.&1 ,��
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HP-UX is based on and is compatible with Novell’s UNIX  operating system. It also complies
with X/Open’s  XPG4, POSIX 1003.1, 1003.2, FIPS 151-1, and SVID2 interface specifications.

UNIX is a registered trademark in the United States and other countries, licensed exclusively
through X/Open Company Limited.

X/Open is a trademark of X/Open Company Limited in the UK and other countries.

OSF/Motif is a trademark of the Open Software Foundation in the U.S. and other countries.
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At HP’s Protocol Test Center, an automatic translator was developed to
transform abstract test suites into executable test suites for HP IDACOM
protocol analyzers.
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�-� ������ 3(%� �1!,%� �%+!8� �2%12� �.14,� ������� #1%!3%$� !� 3%23:
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ATS: Abstract test suite, the test specification document.

ACT-Frame Relay (ACT-FR): Frame relay conformance testing standardization
committee that was set up by the Frame Relay Forum testing and interoperability
group.

CDL: Constraint Description Language, an ITL extension used to specify the
coding of the messages exchanged in an abstract/executable test suite.

CPE: Customer premise equipment; a piece of equipment with telecommunication
functionality.

ETS: Executable test suite, an implementation of the abstract test suite that runs
on a given test platform.

ISDN: Integrated Services Digital Network.

ITL: Interactive Test Language, the built-in language of the HP PT500 protocol
analyzer.

ITU: International Telecommunications Union

PVC: Permanent virtual connection.

SVC: Switch virtual connection.

Test case: a test scenario of the abstract test suite. Each test has a narrow test
purpose, and test cases with related test purposes are gathered into the same test
group.

TTCN: Tree and Tabular Combined Notation, the test specification language stan-
dardized within ISO and ITU. TTCN is part of the OSI conformance methodology
and framework (ISO 9646).

UNI: User-to-network interface.
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AP #1:     Frame Relay Emul            Playback RAM         1993–11–05 13:11:53
 Source  DLCI    C/R FECN BECN DE  Info Field
Test Case: PS0_01V STATUS ENQUIRY Request   1993–11–05 13:10:02
H1 RX     0         0         0        0       0 STATUS_EN
H1 TX     0         0         0        0       0 STATUS
H1 RX     0         0         0        0       0 STATUS_EN
H1 TX     0         0         0        0       0 STATUS
H1 RX     0         0         0        0       0 STATUS_EN
H1 TX     0         0         0        0       0 STATUS
H1 RX     0         0         0        0       0 STATUS_EN
H1 TX     0         0         0        0       0 STATUS
H1 RX     0         0        0         0       0 STATUS_EN
H1 TX     0         0        0         0       0 STATUS
H1 RX     0         0        0         0       0 STATUS_EN
Test Case: PS0_01V STATUS ENQUIRY Request   Verdict: PASS(0)
>
  –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
  rch  ResponseTime  Print  Filters  Triggers  TestScript  TestKeys  TestSuite
  –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
|        |f1| |        |f2| |  |f3| |   |f4| |       |f5| |       |f6| |      |f7| |
| Load Suite | Tester Setup | PICS | PIXIT | Selection | Run Suite | Reports |
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Table I
ACT-FR T1.617 Annex D Test Suite Structure

Test Group Name Number of Test Cases
in Test Group
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����� ��� �3"$&� %*41-":� 0'� "� STATUS� .&44"(&� 64*/(� 5)&� $0.1-&5&� '03."5�

MM:SS:ssss Source DLCI C/R FECN BECN DE Info Field
18:40.2420 H1 TX 0 0 0 0 0 UI P=0

      PD = T1.617    Dummy Call Reference STATUS
1 1001–––– INFORMATION ELEMENT : SHIFT

––––0––– Shift type : locking
–––––101 Codeset ident. : national use IE

1 00000001 INFORMATION ELEMENT : REPORT TYPE
2 00000001 IE length : 1 octet 
3 00000000  Report Type : full status message
1 00000011 INFORMATION ELEMENT : LINK INTegrity VERification
2 00000010 IE length : 2 octets
3 00001000 Send Seq Number : 8
4 00010111 Rcvd Seq Number : 23
1 00000111 INFORMATION ELEMENT : PVC STATUS
2 00000011 IE length : 3 octets
3 0––––––– Extension bit : continued

–0–––––– Spare : don’t care
––000001 PVC DLCI : partial value

3A 1––––––– Extension bit : not continued
–0000––– PVC DLCI : 16
–––––000 Spare : don’t care

4 1––––––– Extension bit : not continued
–000–––– Spare : don’t care
––––0––– PVC Status : PVC is already present 
–––––0–– Spare : don’t care
––––––1– PVC Active : PVC is active
–––––––0 Spare : don’t care

1 00000111 INFORMATION ELEMENT : PVC STATUS
2 00000011 IE length : 3 octets
3 0––––––– Extension bit : continued

–0–––––– Spare : don’t care
––000001 PVC DLCI : partial value

3A 1––––––– Extension bit : not continued
–0001––– PVC DLCI : 17
–––––000 Spare : don’t care

4 1–––––––  Extension bit : not continued
–000––––  Spare : don’t care
––––0––– PVC Status : PVC is already present
–––––0–– Spare : don’t care
––––––0– PVC Active : PVC is inactive
–––––––0 Spare : don’t care

1 00000111 INFORMATION ELEMENT : PVC STATUS
2 00000011 IE length : 3 octets
3 0––––––– Extension bit : continued

–0–––––– Spare : don’t care
––000001 PVC DLCI : partial value

3A 1––––––– Extension bit : not continued
–0010––– PVC DLCI : 18
–––––000 Spare : don’t care

4 1––––––– Extension bit : not continued
–000–––– Spare : don’t care
––––1––– PVC Status : PVC is new
–––––0–– Spare : don’t care
––––––1– PVC Active : PVC is active
–––––––0 Spare : don’t care
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The FDDI Ring Manager application takes the knowledge burden from the
user and puts it on the network management tool. It pulls ring status
information from station management frames and presents it in a logically
ordered display. It gathers ring topology information from neighbor
information frames and status information frames and presents that
information in a graphical map and a textual report.

�&� �#���� ���"�� ���� "� 	�� � ���"��� ���� ����� ��� � ��!����

����� ��%�!-� �%./-%�0/! � ��/�� �)/!-"��!�� )!/2*-&.� *""!-� $%#$6

.+!! �  �/�� /-�)."!-� �) � "�0'/6/*'!-�)/�  0�'6-%)#� /*+*'*#4�� �0/

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

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

.!-%*0.� +-*�'!(� /$�/� (�4� )*/� �!� %((! %�/!'4� �++�-!)/�� �)6

/!-*+!-��%'%/4� %..0!.� ��)� ��0.!� -%)#� ��)*-(�'%/%!.� �!/2!!)

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

/$!%-� .*0-�!� �4� '**&%)#� �/�  !�* !.� ��)� �!� %)/!).!'4� /%(!6

�*).0(%)#�� ) �� �'/$*0#$� /$!� ����� ./�/%*)� (�)�#!(!)/

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

*"� %)/!-!./%)#� %)"*-(�/%*)�� %/� (�4� )*/� �!� �*)1!)%!)/� /*� ��6

�!..� �) � (�&!� .!).!� *"� /$�/� %)"*-(�/%*)�� �$!� ����� �%)#

��)�#!-� �++'%��/%*)� "*-� /$!� ��� 	�
�� �!-%!.� �!/2*-&�  1%.*-

+-*/*�*'� �)�'45!-.�� �  -!..!.� /$!.!� �) � */$!-� ����� )!/2*-&

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

�++'%��/%*)�

�%#�� �� .$*2.� /$!� ����� �%)#� ��)�#!-� 0.!-� %)/!-"��!�� �$!

�0--!)/� ./�/!� *"� /$!�  0�'� -%)#� �) � #!)!-�'� )!/2*-&� +!-"*-6

(�)�!� �-!� -!+*-/! � �'*)#� 2%/$� */$!-� %)/!-!./%)#� )!/2*-&

%)"*-(�/%*)� %)� /$!� /*+� �-!�� *"� /$!� 2%) *2�� �$!� (%  '!� �-!�

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

)* !.� *)� /$!� (�+� ��)� �!� *+!)! � /*� !3�(%)!� ./�/%*)� (�)6

�#!(!)/� ���� %)"*-(�/%*)�� �$!� ����� �*((!)/�/*-�� 2$%�$� %.

�0/*(�/%��''4� ./�-/! � 2$!)� /$!� ����� �%)#� ��)�#!-� �++'%��6

/%*)� %.� ./�-/! �� -!+*-/.� /-!) .�� �$�)#!.�� �) � !1!)/.� *"� %)/!-!./�

�$!�  !.%#)� *"� /$!� ����� �%)#� ��)�#!-� %.� ��.! � *)� �0./*(!-

%)+0/�� ��-'4� %)� /$!� %)1!./%#�/%*)� ./�#!.� *"� /$!� ����� �%)#� ��)6

�#!-�� 2!�  !�% ! � /*� 0.!� "%1!� �0./*(!-� .+*).*-.� �.�  !1!'*+6

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

.+*).*-.�� �0./*(!-� -!,0%-!(!)/.� �*0' � �!� .0((�-%5! � �.�

• ��&!� %/� !�.4� /*� .!!� 2$�/�.� $�++!)%)#� *)� /$!� )!/2*-&

����� ��� ����� �%)#� ��)�#!-� 0.!-

%)/!-"��!�



��/*�!-� �		�� �!2'!//6���&�- � �*0-)�'� � � � � � � ��

����� ��� ����� �*((!)/�/*-�

2%) *2�

• ��&!� %/� !�.4� /*� .!!� 2$!-!� )!/2*-&� +-*�'!(.� �-!

• �0/*(�/!� /! %*0.� /�.&.

• �-*1% !� �� /**'� /$�/�  *!.� )*/� -!,0%-!� /$!� 0.!-� /*� �!� �)� !3+!-/

*)� /$!� �!/2*-&� � 1%.*-� �) � �)� !3+!-/� *)� ����� +-*/*�*'.�

�.� �� -!.0'/� *"� *)#*%)#� �0./*(!-� �*).0'/�/%*).�� 2!� �).2!-! 

/$!.!� -!,0%-!(!)/.� 2%/$� /$!� "*''*2%)#� ����� �%)#� ��)�#!-

"!�/0-!.


• �� -%)#� ./�/0.� .!�/%*)� /*� #%1!� �� $%#$6'!1!'� *1!-1%!2� *"� /$!

-%)#� ./�/!

• �$4.%��'� �) � '*#%��'� -%)#� (�+.� /*� .$*2� #-�+$%��'� )!/2*-&

/*+*'*#4

• �4)�(%�� !--*-� %) %��/%*)� 0.%)#� �*'*-.� /*� %.*'�/!� +-*�'!(

)* !.

• �0/*(�/! � +*''%)#� *"� !��$� ./�/%*)� (�)�#!(!)/� ��� "*-

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

• �/�/%*)� %)"*-(�/%*)� 2%) *2.� /*� #%1!� �)� *- !-'4� +-!.!)/�/%*)

*"� ./�/%*)� (�)�#!(!)/� ��� %)"*-(�/%*)

• �$!� ����� �*((!)/�/*-� /*� +-*1% !� �� $%./*-4� *"� !1!)/.�

/-!) .�� �) � �$�)#!.� *)� /$!� ����� -%)#

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

����� /*+*'*#4� (�+.� /*� /$!� )* !� '%./�

�$!� &!4� �*)/-%�0/%*)� *"� /$!� ����� �%)#� ��)�#!-� %.� /*� /�&!

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

�!'*)#.�� *)� /$!� )!/2*-&� (�)�#!(!)/� /**'�� �)./!� � *"� -!,0%-6

%)#� /$!� 0.!-� /*� .%"/� /$-*0#$� ./�/%*)� (�)�#!(!)/�  !�* !.

'**&%)#� "*-� "%!' .� /$�/� (�4� -!'�/!� /*� /$!� ./�/0.� *"� /$!� -%)#�� /$!

����� �%)#� ��)�#!-� +0''.� /$�/� %)"*-(�/%*)� "-*(� ./�/%*)� (�)6

�#!(!)/� "-�(!.� �) � +-!.!)/.� %/� %)� �� '*#%��''4� *- !-! �  %.6

+'�4�� ��/$!-� /$�)� !3+!�/� /$!� )!/2*-&� (�)�#!-� *-� *+!-�/*-� /*

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

./�/%*).� �-!� 0+./-!�(� �) �  *2)./-!�(� *"� �� +�-/%�0'�-� ./�/%*)�

/$!� ����� �%)#� ��)�#!-� +-!.!)/.� /$�/� %)"*-(�/%*)� %)� �� #-�+$6

%��'� (�+� �) � %)� �� /!3/0�'� -!+*-/�� �$4� -!,0%-!� /$!� 0.!-� /*

&!!+� /-��&� *"� �$�)#!.� %)� '%)&� !--*-� -�/!.� "*-� +�-/%�0'�-

./�/%*).� *-� /-!) .� *"� �'�%(%)#† � �4� *)!� *-� (*-!� ./�/%*).�� �$%.
%)"*-(�/%*)� ��)� �!� �*''!�/! � �) � .4)/$!.%5! � %)/*� (!�)%)#6

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

.$*2.� /$!� ����� �*((!)/�/*-� 2%) *2�

����� ����� 	������ 
�����

�$!� ����� �%)#� ��)�#!-� 2%) *2� %.�  %1% ! � %)/*� /$-!!� +�)!.


/$!� -%)#� ./�/0.� .!�/%*)�� /$!� -%)#� (�+.� *-� /*+*'*#4� .!�/%*)�

�) � /$!� ./�/0.� ��-�

Ring Status.� �$!� /*+� .!�/%*)� *"� /$!� ����� �%)#� ��)�#!-� 2%)6
 *2� %.� /$!� -%)#� ./�/0.� .!�/%*)�� �/� +-*1% !.� $%#$6'!1!'� )!/2*-&

$!�'/$� %)"*-(�/%*)�� �*(!� *"� /$!� %) %��/*-.� %)� /$%.� .!�/%*)� �-!


• �%)#� �/�/!
� �$*2.� 2$!/$!-� /$!� -%)#� %.� %)� �� )*-(�'�� /2%./! �

*-� 2-�++! � ./�/!�

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

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

• ��/%1!� ���.
� �$%.� %.� �� '%./� *"� �0--!)/'4� ��/%1!� (! %�� ���!..

�*)/-*'� 0)%/.� ����.�� "*-� !��$� ����� ./�/%*)� /4+!�

• �!/2*-&� �-�""%�
� �$*2.� /$!� �0--!)/� '!1!'� *"� )!/2*-&� /-�""%�

 %.+'�4! � �.� �� +!-�!)/�#!� *"� /*/�'� ��) 2% /$�� �) � %)� "-�(!.

+!-� .!�*) � �) � &%'*�4/!.� +!-� .!�*) �

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

%)%/%�'%5�/%*).� %)� �)4� "%1!6.!�*) � %)/!-1�'� .%)�!� /$!� ./�-/� *"

/$!� ����� �%)#� ��)�#!-� (!�.0-!(!)/�

• �*((!)/�/*-� �1!)/.
� �$%.� "%!' � .$*2.� $*2� (�)4� !1!)/.� *"

!��$� '!1!'� *"� .!1!-%/4� $�1!� *��0--! � �) � $*2� (�)4� 2!-!

'*##! � /*� /$!� �*((!)/�/*-�

Ring Maps.� �$!� )!3/� .!�/%*)� *"� /$!� ����� �%)#� ��)�#!-� 2%)6
 *2� %.� /$!� -%)#� (�+.�� �$!�  %-!�/6(�)%+0'�/%*)� #-�+$%��'

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

'*#%��'� -%)#� (�+� *-� /$!� $%!-�-�$4� *"� /$!� +$4.%��'� �*))!�/%*).

† Claiming is a bidding process to determine the token holding time for ring stations. The claim
process is initiated when a station enters the ring (inserts) or leaves the ring (deinserts), but it
can also be the result of media or configuration problems.
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† Network nodes can have four types of ports: A, B, S, and M. M-ports form one end of tree
mode connections, that is, they are used to expand the network tree. See article, page 97.
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For the FDDI version of the HP Network Advisor protocol analyzer, ring
mapping algorithms were devised to provide topological views of FDDI
networks. These algorithms are designed to handle many problem
situations that are characteristic of emerging LAN technologies.
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† A get-PMF request frame requests a parameter value from a MIB on the destination station.
The response is a PMF—parameter management frame—containing the parameter value.
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# A/B/S Ports :                    2

State : Rooted, Status Reporting

Resource Array

Index
1
2
3
4
5
6
7
8
9

10
11

Port
Port
Port
Port
Port
Port
Port
Port
Port
Port
MAC

Port Structures

To B Port of 3COM
Router

M, Active

A

M, Connecting

Unknown

To A Port of Router2

M, Active

S To S Port of Frank’s
Station

MAC Structure

TMA : DEC ...98091E
UNA : Frank’s MAC
DNA : Router2 MAC1

Upstream MAC
Downstream MAC

To Frank’s Station MAC
To MAC1 of Router2

Port Structure

Port Type, State

Remote Port Type

Upstream Resource
(not shown)

My Station

Remote Port

Downstream
Resource

TMA = This MAC Address
UNA = Upstream Neighbor Address
DNA = Downstream Neighbor Address
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STOP

START

1. Start monitoring NIFs
2. Start monitor timer for 31 seconds

STOP

1. Stop monitoring NIFs
2. Cancel monitor timer
3. Reset data structures

Monitor Timer Expires
Build logical map

MONITOR
NIFs

NIF Received (sa: Source Address, una: Upstream Neighbor Address)

1. active_MAC = find MAC structure for sa.
2. if (not found)

then,
2.1 active_MAC = create a MAC structure for sa.
2.2 Append active_MAC to active MACs list.

else
2.3 if (active_MAC on removed MACs list)

then,
2.3.1 Remove active_MAC from removed MACs list and append to 
2.3.1 active MACs list.

endif
endif

3. active_MAC.una � una
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Update Timer Expires
1. Send

– Broadcast configure SIF request
– Unicast configure SIF request to oneself

2. Start monitor timer for 10 seconds
3. Start update timer for update interval

STOP

START (Update Interval)
1. Start monitoring configure SIF responses

to agent
2. Send

– Broadcast configure SIF request
– Unicast configure SIF Request to oneself

3. Start monitor timer for 10 seconds
4. Start update timer for update interval

STOP

1. Cancel all timers
2. Reset data structures

Monitor Timer Expires
1. Stop monitoring SIF responses
2. Build logical map
3. Thread physical links

Configure SIF Responses Received (sa: Source Address)

1. Find MAC structure for sa.
2. if (not found)

then,
2.1 Create a MAC structure for sa.
2.2 Append newly created structure on active MACs list.

else
2.3 if (MAC structure not on logical topology list)

then,
2.3.1 Remove MAC structure from current list and append to active MACs list.

endif 
endif

3. Update all MAC, port, and station resource structures for the station responding.
4. Build internal token path for the station from the path descriptor parameter.
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    Frame: 27         Time: Mar 21@ 9:10:59.7015576  Length: 197

***** DETAILED FORMAT *****
Frame Class 2 SIF Configuration 
Frame Type 3 Response 
Version Id 1 Version 6.2 
Transaction Id 303174162 
Station Id (User) 0000 User defined section 
Station Id (IEEE) DEC–––98091E IEEE defined section 
Header Pad 0 
Info Field Length 160 Total length of station management 
parameters present

. 

. 

.

Parameter 00–08 Path Descriptor 
 Length 88 Remaining parm octets 
 Pad/MIB Index (7.2) 0 
 Port Type 0 Type A 
 Connect State 3 Active 
 Remote Port Type 1 Type B 
 Remote MAC 1 Remote MAC Indicated 
 Con Resource Index 3 Port Connection Index 
 Pad/MIB Index (7.2) 0 
 Port Type 1 Type B 
 Connect State 3 Active 
 Remote Port Type 0 Type A 
 Remote MAC 0 None present 
 Con Resource Index 1 Port Connection Index 
 Pad/MIB Index (7.2) 0 
 Port Type 3 Type M 
 Connect State 3 Active 
 Remote Port Type 1 Type B 
 Remote MAC 1 Remote MAC Indicated 
 Con Resource Index 4 Port Connection Index 
 Pad/MIB Index (7.2) 0 
 Port Type 3 Type M 
 Connect State 3 Active 
 Remote Port Type 0 Type A 
 Remote MAC 1 Remote MAC Indicated 
 Con Resource Index 10 Port Connection Index 
 Pad/MIB Index (7.2) 0 
 Port Type 3 Type M 
 Connect State 1 Connecting 
 Remote Port Type 4 Unknown 
 Remote MAC 0 None present 
 Con Resource Index 5 Port Connection Index 
 Pad/MIB Index (7.2) 0 
 Port Type 3 Type M 
 Connect State 1 Connecting 
 Remote Port Type 4 Unknown 
 Remote MAC 0 None present 
 Con Resource Index 6 Port Connection Index 
 Pad/MIB Index (7.2) 0 
 Port Type 3 Type M 
 Connect State 1 Connecting 
 Remote Port Type 4 Unknown 
 Remote MAC 0 None present 
 Con Resource Index 7 Port Connection Index 
 Pad/MIB Index (7.2) 0
 Port Type 3 Type M 
 Connect State 1 Connecting 
 Remote Port Type 4 Unknown 
 Remote MAC 0 None Present 
 Con Resource Index 8 Port Connection Index 
 Pad/MIB Index (7.2) 0 
 Port Type 3 Type M 
 Connect State 1 Connecting 
 Remote Port Type 4 Unknown 
 Remote MAC 0 None Present 
 Con Resource Index 9 Port Connection Index 
 Pad/MIB Index (7.2) 0 
 Port Type 3 Type M 
 Connect State 3 Active 
 Remote Port Type 2 Type S 
 Remote MAC 1 Remote MAC Indicated 
 Con Resource Index 11 Port Connection Index 
 MAC Address DEC–––98091E 
 Con Resource Index 2 Mac Connection Index 
––––End––––
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An automatic test system has been developed to characterize
semiconductor devices and interconnect failures caused by electrical
overstress (EOS). Electrical stress in the form of current pulses of
increasing amplitude is applied to a device until it reaches a prespecified
failure criterion. The system was developed for monitoring EOS
robustness in advanced CMOS processes.
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Test: eos 
Ioff Spec = 100e–9 @ Vdut = 4 Volts 
2ndBV Spec = –1 
Pulse width = 1.5E–07
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                .

Device cgnch8f 
Die 84 Reference leakage current If_rel = 4.812E–11 
Vdut_pk   Vdut [V]   Idut [A]  I_off [A] 
9.78 9.7826 0.0029 1.18E–11 
9.79 7.1804 0.016242 8.138E–11 
9.9 6.5744 0.027964 7E–13 
10.01 2.957 0.045094 5.0856E–08 
9.84 6.0052 0.048454 5.0364E–08 
9.34 6.034 0.058052 4.8872E–08 
9.01 5.986 0.067442 4.8164E–08 
9.22 6.0008 0.077012 4.7708E–08 
9.89 6.0238 0.13716 4.7164E–08 
11.39 6.0264 0.21542 4.633E–08 
12.71 2.6006 0.32224 9.9996E–07 
Failed ISpec: Idut = 0.21542, Ioff = 9.9996E–07
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                .
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