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Methods for enhancing the dynamic range of the intensity noise technique
for high-frequency photoreceiver calibration are proposed and experimen-
tally demonstrated. These methods combine recently developed EDFA*
technology with spectral filtering techniques. The intensity noise
calibration technique is portable, easy to use, and field deployable.
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Table I
Relationship between Unpolarized Optical Field Spectrum and RIN

Optical Field Spectrum Shape Normalized SE(�) RIN(f)
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The fiber-optic amplifier is a key element in modern high-data-rate communications.
Its large optical bandwidth, �4000 gigahertz, makes it effectively transparent to
data rate and format changes, allowing system upgrades without modifications to
the amplifier itself. The most prevalent fiber-optic amplifier is called the erbium-
doped fiber amplifier (EDFA). It provides amplification in the third telecommunica-
tions window centered at a wavelength of 1.55 �m. The EDFA has four essential
components, as shown in Fig. 1. These are the laser diode pump, the wavelength
division multiplexer (WDM), the erbium-doped optical fiber, and the optical isolators.
To achieve optical amplification, it is necessary to excite the erbium ions situated
in the fiber core from their ground state to a higher-energy metastable state. A
diagram of the relevant erbium ion energy states is shown in Fig. 2. The erbium
ions are excited by coupling pump light (�20 mW or greater) through the WDM
into the erbium-doped fiber. Commonly used pump wavelengths are 980 nm and
1480 nm. The ions absorb the pump light and are excited to their metastable state.
Once the ions are in this state, they return to the ground state either by stimulated
emission or, after about 10 ms, through spontaneous emission. Light to be amplified
passes through the input isolator and WDM and arrives at the excited erbium ions
distributed along the optical fiber core. Stimulated emission occurs, resulting in
additional photons that are indistinguishable from the input photons. Thus, amplifi-
cation is achieved. Optical isolators shield the amplifier from reflections that may
cause lasing or the generation of excess amplified spontaneous emissions (ASE).

Good EDFA design typically requires reduction of optical losses at the amplifier
input and minimizing optical reflections within the amplifier. EDFAs with greater
than 30-dB optical gain, more than 10-mW output power, and less than 5-dB noise
figure are readily achieved in practice.

Fig. 1. Schematic of an erbium-doped fiber amplifier showing essential optical components.
The WDM is a wavelength division multiplexer.
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Fig. 2. Relevant erbium ion energy levels.
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ASE is generated in optical amplifiers when excited ions spontaneously decay to
the ground state. The spontaneously emitted photons, if guided by the optical fiber,
will subsequently be amplified (by the excited ions) as they propagate along the
fiber. This can result in substantial ASE powers (�10 mW) at the amplifier output.
A typical spectrum of signal and ASE at the amplifier output is shown in Fig. 3.
The ASE can extend over a broad spectral range, in this case in excess of 40 nm.

Fig. 3. Spectrum of amplified spontaneous emissions (ASE) and amplified signal at the
amplifier output.
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The HP 81600 Series 200 EDFA test system combines various
instruments with powerful software to characterize erbium-doped fiber
amplifiers. The system is a turnkey solution with fully specified
uncertainty.

�'� 	���#� ������� �(#���� ������ � ��� �(���#�� ������$� �(���� ���� ��#�$%���� ���%$����

(�!+$1�&'��� �$'#!�!�()� ����)�� �(�� * �� #�*�)*� )*�*�1&�1

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

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

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

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

#&))� &�� * �� �!��(�� �%�� �)� '(��$'#!�!�()� �*� * �� (���!,�(� �%�� *&

�&&)*� )!�%�#)� *&� * �� %���))�(/� (���!,�(� #�,�#)�� ���)� ��%� ��

+)��� !%� )!%�#�1-�,�#�%�* � *(�%)$!))!&%� )/)*�$)�� !%� -�,�1

#�%�* � �!,!)!&%� $+#*!'#�.��� ������ )/)*�$)�� �%�� !%� )&#!*&%

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

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

�&$'&%�%*�

��#���%�#$� ���� ���$&#����%� ������"&�$

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

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

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

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

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

-�,�#�%�* � �)��� �!��� ���

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

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

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

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

�&!)�� �!�+(�� !)� ���!%��� �)� * �� (�*!&� &�� * �� )!�%�#1*&1%&!)�� (�*!&

�*� * �� !%'+*� *&� * �� )!�%�#1*&1%&!)�� (�*!&� �*� * �� &+*'+*� &�� * �

�$'#!�!�(� +%��(� * �� �&##&-!%�� �&%�!*!&%)
� ) &*1%&!)�1#!$!*��

' &*&��*��*&(�� ) &*1%&!)�1#!$!*��� !%'+*� )!�%�#�� �%�� &'*!��#

��%�-!�* � �''(&�� !%�� 0�(&�� � �� $�!%� '(&�#�$� !%� $��)+(!%�

* �� %&!)�� �!�+(�� !)� * �*� )&+(��)� +)��� �&(� ��%�(�*!%�� ,�(!��#�

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

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

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

&+*'+*� �&%)!)*)� &�� �$'#!�!��� )!�%�#� �%�� �$'#!�!��� )'&%*�1

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

�&%*(!�+*!&%� �(&$� * �� �$'#!�!�(� -��  �,�� *&� �#!$!%�*�� * �

�&%*(!�+*!&%� �(&$� * �� ���

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

%&!)�� #�,�#� &�� * �� �$'#!�!�(�� � �� �!()*� !)� ��##��� * �� �$'#!�!��

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

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

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

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


���� ��� (�!+$1�&'��� �!��(� �$'#!�!�(� ������ �''#!��*!&%)� !%� �&$$+%!��*!&%� )/)*�$)�

Undersea Links

Signal DetectionCable TV Power Distribution

Transmitter

EDFA Booster

Receiver

EDFA
Preamplifier

�2

Wavelength
Division

Multiplexer

�1

�n

Wavelength
Division De-
multiplexer �2

�1

�nInline EDFA Amplifiers



��� � � � � � � � �,/�,3� ����� � 1& ..5���%�,�� �)/,(�&   Hewlett-Packard Company 1995


���� ��� � 3� �)'*)( (.-�� )*.$��&� -$"(�&-�� �(�� ' �-/, ' (.� *�,�' . ,-� !),� ����� �#�,��. ,$4�.$)(�

1530

Amplified Spontaneous
Emission and Gain�Source

Spontaneous Emission

Isolator
1

WDM
Coupler

Isolator
2

Power
Output

Power
Input

Power
Output

Power
Input

1540
Wavelength (nm)

Po
w

er
 In

pu
t

Signal

Source Spon-
taneous

Emission

1540
Wavelength (nm)

Po
w

er
 O

ut
pu

t

Signal

1560

Pump
Laser

Erbium-
Doped Fiber

EDFA

Signal-
to-Noise

Ratio

Signal-
to-Noise

Ratio

�)(.,$�/.$)(� ��(� � � -/�.,��. �� !,)'� .# � .).�&� -*)(.�( )/-

*)1 ,� & 0 &� .)� )�.�$(� .# � ���� & 0 &� )!� .# � �'*&$!$ ,� $.- &!�

�# � - �)(�� ' .#)�� $-� ��&& �� .# � *)&�,$4�.$)(�  2.$(�.$)(

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

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

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

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

*)--$�& � .)�  2.$("/$-#� .# � �'*&$!$ �� ���� �)(.,$�/.$)(� �3

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

�!. ,� .# � �'*&$!$ ,�� �# �  2.$(�.$)(� $-� ���)'*&$-# �� 1$.#� �

*)&�,$4�.$)(� �)(.,)&& ,�!$&. ,�

	�
�� ���� �����

�# � ��� ����� � ,$ -� 	��� ����� . -.� -3-. '� $-� -#)1(� $(� �$"�� 
�

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

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

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

& 0 &� �.� .# � $(*/.� )!� .# � ������ .# � *)1 ,� $-� ')($.), �� �3

' �(-� )!� �� �)/*& ,� �(�� �� ��&$�,�. �� *)1 ,� ' . ,��� �.� .# 

)/.*/.� )!� .# � ����� .# � .).�&� )/.*/.� *)1 ,� $-� ' �-/, �� 1$.#

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

*)1 ,� )!� .# � ����� $.� $-� ( � --�,3� .)� $(- ,.� �.. (/�.),-� $(

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


���� ��� ��� ����� � ,$ -� 	��� ����

. -.� -3-. '�



  Hewlett-Packard Company 1995 ���*-�*1� �
� ��/$�,,3���#�*�� �'-*&�$� � � � � � � ��

���� ��� �$'�#� �"� *�%� '�� ,!��

��� ������ ��*"�+� 	��� ����� ,�+,

+1+,�%�

Attenuator
Coupler

HP 8168C
Options 003, 022

Tunable Laser
Source

Amplifier
Test Set

Coupler

1%

HP 8153A
Power Meter

HP 81532A
Power Sensor

Module

HP 81533B
Optical Head

Interface

HP 81524A
Option K01

Optical Head

HP 81524A
Optical Head

HP 81000DF
Depolarizing

Filter
HP 81000FF
10-dB Filter

EDFA
Under Test

Splice or
Calibration

Feedthrough

Polarization
Controller

Filter

HP 71450A Option 101
Optical Spectrum

Analyzer

Z

95%

Total Output
Power

%�,�*� ��,+� �+� �&� �,,�&-�,'*� �'*� ,!�� '(,"��$� +(��,*-%� �&�$12�*�

�!�� �'-($�*� "+� �'$$'/��� �1� �� +/",�!� �&�� ,!�� ('$�*"2�,"'&

�'&,*'$$�*��"$,�*� �**�& �%�&,�� �!"+� %�#�+� ",� ('++"�$�� ,'� %��3

+-*�� ,!�� +" &�$� �"*��,$1� '*� ."�� ,!�� ('$�*"2�,"'&� �'&,*'$$�*��"$,�*

/",!� ,!�� ('$�*"2�,"'&� �0,"&�,"'&� %�,!'��� �!�� '(,"��$� +(��,*-%

�&�$12�*� ��,+� �+� �� /�.�$�& ,!3+�$��,".�� ('/�*� %��+-*�%�&,

��."���

�����
�� 	
��� �
�

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

�%($"�"�*� ,�+,� +�,�� �!�� �%($"�"�*� ,�+,� +�,� �'&+"+,+� '�� �'-($�*+

�'*� %'&",'*"& � ,!�� "&(-,� �&�� '-,(-,� ('/�*� '�� ,!�� ����� �&�

�� ('$�*"2�,"'&� �'&,*'$$�*��"$,�*�� �!�� +/",�!�+� �*�� -+��� ,'� +�$��,

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

%��+-*�%�&,� '&� ,!�� ('$�*"2�,"'&� �'&,*'$$�*��"$,�*� (�,!�

�!�� '(,"��$� ��+" &� '�� ,!�� ('$�*"2�,"'&� �'&,*'$$�*��"$,�*� "+

��+��� '&� ,/'� *�,�*��,"'&� ($�,�+4'&�� )-�*,�*3/�.�� �&�� '&�

!�$�3/�.�� ($�,�4�&�� �� $"&��*� �"�!*'"�� ('$�*"2�*� �+��� �" �� 
��

�!�+�� (�*,+� �*�� %'-&,��� '&� *',�,��$�� !'$$'/� +!��,+� +'� ,!�,

,!�� �'$$"%�,��� $" !,� ���%� ��&� (�++� ,!*'- !� ,!�� +!��,+� �&�

,!*'- !� ,!�� ��&,�*� '�� ,!�� '(,"��$� �'��/!��$�� �!�� /!'$�� �+3

+�%�$14'(,"��$� (�*,+� �&�� �&�'��*4"+� �*".�&� �1� �� ��� %','*

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

"& � +,�,�� '�� ('$�*"2�,"'&� ��&� ��� ,*�&+�'*%��� "&,'� �&1� ',!�*

+,�,�� �1� *',�,"& � ,!�� *�,�*��,"'&� ($�,�+� ,'� ���"&��� �& -$�*

('+","'&+�� �� ('$�*"2�*� "+� ������ �,� ,!�� '-,(-,� +'� ,!�,� $"&��*

+,�,�+� '�� ('$�*"2�,"'&� ��&� ��� �0,"& -"+!���

�&� ,!�� ('$�*"2�,"'&� �0,"&�,"'&� %�,!'�� ,!�� ('$�*"2�,"'&�

�'&,*'$$�*��"$,�*� "+� -+��� �+� �� ('$�*"2�,"'&� �&�$12�*� ,'� ��,�*3

%"&�� ,!�� "&(-,� +,�,�� '�� ('$�*"2�,"'&�� ��+��� '&� ,!"+� %��+-*�3

%�&,�� ,!�� *�,�*��,"'&� ($�,�+� �*�� *',�,��� ,'� ��$�-$�,��� �& -$�*

('+","'&+�� /!"�!� �!�& �� ,!�� +" &�$� �&�� ,!�� �%($"�"��� ���� ,'

�� $"&��*� +,�,�� (�*(�&�"�-$�*� ,'� ,!�� (�++� �"*��,"'&� '�� ,!�� ('3

$�*"2�*�� �!"+� ��-+�+� ,!�� +" &�$� �&�� ,!�� �%($"�"��� ���� ,'� ��

�0,"& -"+!���

�!�� �%($"�"�*� ,�+,� +�,� �'&,*"�-,�+� ,'� ,!�� '.�*�$$� +1+,�%� -&��*3

,�"&,1�� �!�*��'*��� ,!�� �'-($�*+�� +/",�!�+�� �&�� ('$�*"2�,"'&

���� ��� �'$�*"2�,"'&� �'&,*'$$�*�

�"$,�*�

ÎÎ
ÎÎ
Ï
ÎÎ
ÎÎÌ
Ì
ÌDC Motor

Codewheel

Lens + Fiber

Belt Gear Drive

�/2 Plate

ÎÎ
ÎÎ
ÏÏ
ÎÎ
ÎÎ

ÌÌ
ÌÌ
ÌÌ

DC Motor

�/4 Plate

ÎÎ
ÎÎ
Ï

ÎÎ
ÎÎÌ
Ì
Ì DC Motor

Polarizer

Bearing

Lens + Fiber

Optical
Encoder



��� � � � � � � �*'7:&7>� 	��� �*<1*99A!&(0&7)� �4:73&1   Hewlett-Packard Company 1995

(4397411*7�+.19*7� <*7*� )*8.,3*)� 47� 8*1*(9*)� +47� 14<*89� 541&7A

.?&9.43� )*5*3)*39� 1488�� �3� &)).9.43�� 9-*� 8<.9(-*8� <*7*� 8*A

1*(9*)� +47� ;*7>� ,44)� 7*5*&9&'.1.9>� &3)� -.,-� 7*9:73� 1488�� $-*

541&7.?&9.43� (4397411*7�+.19*7� <&8� &184� )*8.,3*)� +47� 14<� 749&A

9.43� )*5*3)*39� 1488�� �.3&11>�� &3� .39*11.,*39� &1,47.9-2� &3)

459.2.?*)� 85**)� 4+� 9-*� 541&7.?&9.43� (4397411*7�+.19*7� 7*):(*

9-*� 949&1� 2*&8:7*2*39� 9.2*�

�*+47*� 89&79.3,� &� 2*&8:7*2*39�� .9� .8� 3*(*88&7>� 94� 7:3� &� (&1.A

'7&9.43�� $-*� +.789� (&1.'7&9.43� 89*5� .8� 94� 2*&8:7*� 9-*� (4:51.3,

7&9.4� 4+� 9-*� (4:51*7� '*+47*� 9-*� �%$� <.9-� 9-*� -*15� 4+� 9-*� 9<4

54<*7� 2*9*7� -*&)8�� $-*� 8*(43)� 89*5� .8� 94� (&1.'7&9*� 9-*� 459.A

(&1� 85*(97:2� &3&1>?*7� &3)� 9-*� 54<*7� 2*9*7� .3� (43/:3(9.43

<.9-� 9-*� &99*3:&9478� &3)� 9-*� 1488*8� 4+� 9-*� 5&9-8�� �� +**)A

9-74:,-� .8� :8*)� 94� (433*(9� 9-*� 9*89� 8>89*2�8� .35:9� &3)� 4:95:9

54798�� $-*� (&1.'7&9.43� .8� ;*7.+.*)� '>� 2*&8:7.3,� 9-*� +**)A

9-74:,-�� �3� 9-.8� (&8*� 9-*� ,&.3� .8� <*11A034<3� ��� )��� &3)� 9-*

4:95:9� 54<*7� 2:89� '*� 9-*� 8&2*� &8� 9-*� .35:9� 54<*7�

����� 	��� ������ 
���������

�&/47� *++4798� <*39� .394� :3)*789&3).3,�� (-&7&(9*7.?.3,� &3)�

<-*7*;*7� 5488.'1*�� (477*(9.3,� 9-*� &(9:&1� &3)� 549*39.&1

84:7(*8� 4+� *7747� .3� 9-*� �!� �	���� #*7.*8� 
��� ����� 9*89� 8>8A

9*2�� $-.8� 9&80� .8� (4251*=� '*(&:8*� 9-*� 9*89� 8>89*2� &3)� 2*&A

8:7*2*39� 9&808� &7*� (4251*=�� �11� 2*&8:7*2*39� 9&808� 89&79

<.9-� 9-*� (&1.'7&9.43� 4+� 9-*� 8>89*2�� .3� <-.(-� 459.(&1� 54<*7

97&(*&'.1.9>� 94� !$�� &3)� ��#$� .8� *38:7*)���  59.(&1� 54<*7

97&(*&'.1.9>� .8� .25479&39� .3� (43/:3(9.43� <.9-� 9-*� 8.,3&1

54<*7�� 949&1� 54<*7�� &3)� �#�� 2*&8:7*2*398�� 9-*� 1&99*7� '*.3,

:8*)� 94� (&1(:1&9*)� 9-*� 34.8*� +.,:7*�� �47� 9-*� ,&.3� 2*&8:7*A

2*39�� .9� .8� .25479&39� 9-&9� 9-*� 54<*7� 8(&1*� '*� 1.3*&7�� $-.8� 5&A

7&2*9*7� .8� &184� 97&(*&'1*� 94� !$�� 9-74:,-� &� (-&.3� 4+� 8(&1*

(425&7.8438�� �.3&11>�� <&;*1*3,9-� 97&(*&'.1.9>� .8� *38:7*)

9-74:,-� (425&7.8438� 94� 85*(.+.(� ,&8� 1&258� &3)� 1&8*78�� <-.(-

(&3� '*� (438.)*7*)� 3&9:7&1� 5->8.(&1� (4389&398�

�� (&7*+:1� :3(*79&.39>� &3&1>8.8� <&8� (&77.*)� 4:9� +47� *&(-� 4+

+4:7� 5&7&2*9*78�� 8.,3&1� 54<*7�� 949&1� 54<*7�� ,&.3�� &3)� 34.8*

+.,:7*�� �3� *&(-� (&8*�� 9-*� *39.7*� 574(*88� 4+� (&1(:1&9.43� <&8

&3&1>?*)�� �47� *=&251*�� 9-*� ,&.3� .8� )*+.3*)� &8� 9-*� 7&9.4� 4+

8.,3&1� 4:95:9� 54<*7� 94� 8.,3&1� .35:9� 54<*7�� #.,3&1� .35:9

54<*7� .8� 2*&8:7*)� '>� 2*&38� 4+� 9-*� .35:9� (4:51*7� &3)� 9-*

�!� �	��� 459.(&1� 54<*7� 2*9*7� <.9-� 9-*� �!� �	�
�� 54<*7

8*3847� 24):1*�� $-.8� 2*&8:7*2*39� 7*1.*8� 43� 9-*� &((:7&(>� 4+

9-*� .35:9� (&1.'7&9.43� &3)� 9-*� 5*7+472&3(*� 4+� 9-*� *6:.52*39

.3;41;*)�� #.,3&1� 4:95:9� 54<*7� .8� 2*&8:7*)� <.9-� 9-*� &251.+.*7

9*89� 8*9� &3)� &3� 459.(&1� 85*(97:2� &3&1>?*7�� $-.8� 2*&8:7*2*39

7*1.*8� 43� 9-*� &((:7&(>� 4+� 9-*� 4:95:9� (&1.'7&9.43� &3)� 43� 9-*

5*7+472&3(*� 4+� 9-*� *6:.52*39�

�8� &3� *=&251*�� 9-*� +4114<.3,� 7*57*8*398� &� 8:22&7>� 4+� 9-*

:3(*79&.39>� &3&1>8.8� +47� 9-*� )*9*72.3&9.43� 4+� 34.8*� +.,:7*�

$-.8� &3&1>8.8� .8� 9-*� 2489� (4251.(&9*)� '*(&:8*� 9-*� 34.8*� +.,A

:7*� �� .8� &� +:3(9.43� 4+� 9-*� �#�� 54<*7� )*38.9>� ρ&8*� &3)� 9-*
,&.3� ��

�� 	
�
�

@&8*
-��

�
ρ

<-*7*� -� .8� !1&3(0�8� (4389&39� &3)� �� .8� 9-*� 459.(&1� +7*6:*3(>�

�3&1>?.3,� 9-.8� *6:&9.43� +47� 9-*� 47.,.3� 4+� 9-*� 3:2*7.(� ;&1:*8

&3)� 9-*� 5*7+472&3(*� 4+� 9-*� .3897:2*398� .3;41;*)� 1*&)8� 94

9-*� +4114<.3,� 1.89� 4+� 5&79.&1� :3(*79&.39.*8� +47� 9-*� 34.8*� +.,:7*�

• !41&7.?&9.43� )*5*3)*3(*� 4+� 9-*� &251.+.*7� 9*89� 8*9� &3)� 9-*
459.(&1� 85*(97:2� &3&1>?*7

• #2&11� *77478� .3� 9-*� 459.(&1� 85*(97:2� &3&1>?*7� 8(&1*� +.)*1.9>
• �7.+9� *++*(98� .3� 9-*� &251.+.*7� 9*89� 8*9
• %3(*79&.39>� &997.':9&'1*� 94� 9-*� .35:9� (433*(947� 5&.7� �9-*� 4:9A
5:9� (433*(947� 5&.7� (&3(*18� 4:9� '*(&:8*� .9� .3+1:*3(*8� 9-*� ,&.3

&3)� 9-*� �#�� .3� 9-*� 8&2*� <&>�

• �&1.'7&9.43� :3(*79&.39>� 4+� 9-*� �!� �	
��� 459.(&1� -*&)
• �.3.9*� &((:7&(>� 4+� 9-*� (&3(*11&9.43� 4+� 9-*� 84:7(*�8�
85439&3*4:8� *2.88.43� .3� )*9*72.3.3,� 9-*� �#�� 1*;*1

• �488� :3(*79&.39>� 4+� 9-*� 5&9-� 9-74:,-� 9-*� 541&7.?&9.43�
(4397411*7

• %3(*79&.39>� 4+� 9-*� 459.(&1� 85*(97:2� &3&1>?*7�8� 7*841:9.43
'&3)<.)9-

• %3(*79&.39>� 4+� 9-*� .35:9� 54<*7� 2*&8:7*2*39� 7*8:19.3,� +742
9-*� 541&7.?&9.43� )*5*3)*3(*� 4+� 9-*� .35:9� (4:51*7� &3)� 9-*

�!� �	�
�� 54<*7� 8*3847� 24):1*�

$&'1*� �� 8-4<8� &� 8:22&7>� 4+� 9-*� :3(*79&.39>� &3&1>8.8� +47� 9-*

�!� �	���� #*7.*8� 
��� ����� 9*89� 8>89*2� .3� (43/:3(9.43� <.9-

9-*� 541&7.?&9.43� *=9.3(9.43� 9*(-3.6:*�� �184� 8-4<3� &7*� 9-*

949&1� :3(*79&.39.*8�� <-.(-� &7*� 4'9&.3*)� '>� 7449A8:2A86:&7.3,�

$-*>� 8*7;*� &8� 9-*� '&8.8� +47� 9-*� 9*89� 8>89*2� 85*(.+.(&9.438�

Table I
Uncertainty Summary for HP 81600 Series 200

EDFA Test System

Uncertainty Output
Signal
(dB)

Gain
(dB)

Noise
Figure
(dB)

�&.3� �4257*88.43� '>� ##� ±��	� ±��	�

 59.(&1� #5*(97:2� �3&1>?*7�

!41&7.?&9.43� �*5*3)*3(*

±��	� ±��	� ±���

$*89� #*9� !41&7.?&9.43�

�*5*3)*3(*

±���� ±���� ±����

 59.(&1� #5*(97:2� �3&1>?*7�

#(&1*� �.)*1.9>

±��� ±��	� ±��	�

�7.+9� 4+� $*89� #*9 ±��	� ±��	� ±��	�

 :95:9� �433*(947� !&.7 ±��
 ±��


�35:9� �433*(947� !&.7 ±��
 ±��


!4<*7� �*9*7� #(&1* ±��		 ±��		 ±��	�

�35:9� !4<*7 ±��� ±��	�

##�� �&3(*11&9.43 ±��	�

!41&7.?&9.43� �4397411*7��.19*7�

!&9-� �488

±����

 59.(&1� #5*(97:2� �3&1>?*7�

"*841:9.43� �&3)<.)9-

±��	�

$49&1� %3(*79&.39>� �433*(9478

#51.(*8

±����
±��
�

±����
±��
�

±����
±��


�������

$*89.3,� &3� ����� )*;.(*� .3� 574):(9.43� 7*6:.7*8� 84+9<&7*� 9-&9

.8� *&8>� 94� :8*�� 8.3(*� ����� 2*&8:7*2*39� 2*9-4)8� &7*� 6:.9*

3*<� &3)� 9-*� 84+9<&7*� <.11� '*� :8*)� '>� 5*451*� <-4� 2&>� 349

034<� &11� 4+� 9-*� )*9&.18� 4+� 9-*� 9*89� 574(*88��  3� 9-*� 49-*7

-&3)�� 84+9<&7*� +1*=.'.1.9>� <&8� &3� .25479&39� )*8.,3� ,4&1� 94

&114<� *=9*38.438� +47� &)).9.43&1� 2*&8:7*2*39� 2*9-4)8� &3)

.39*,7&9.43� .394� *=.89.3,� (:8942*7� 574(*88*8� &3)� )&9&'&8*8�



  Hewlett-Packard Company 1995 �)&47%4;� ����� �)9/)66=�%'.%4(� �2741%/� � � � � � � ��

����� �� � ����� 6)56� 5;56)0� 52*69%4)� 28)48-)9�

User
Interface

File
Interface

Applications
Level

Library
Functions

Instrument
Drivers

Dialog
Software

hpedfa

Graphical
Output

Text
Output

System
Configuration

Application
Configuration

Output
Results

EDFA Test and
Measurement Software

Nulling
Measure
Power

Measure
Gain

Tunable
Laser

Source

Amplifier
Test Set

Multi-
meter

Optical
Spectrum
Analyzer

Standard Instrument
Control Library

(SICL)

To System Hardware

 ,)� ����� 6)56� 5;56)0� 52*69%4)� 4715� 21� %1� ��� ���-� 924.=

56%6-21� 71()4� 6,)� ��=!$�� ����� 23)4%6-1+� 5;56)0�� %1(� -5� -0=

3/)0)16)(� 0256/;� -1� 6,)� �� 342+4%00-1+� /%1+7%+)�� �-+�� 

5,295� %1� 28)48-)9� 2*� 6,)� 52*69%4)� 5647'674)�� �1� 6,)� /29)4

/)8)/�� 6,)4)� -5� %� 5)6� 2*� (4-8)45� *24� 6,)� (-**)4)16� -156470)165�

%/21+� 9-6,� 520)� 02(7/)5� *24� %'')55-1+� '21*-+74%6-21� -1*24=

0%6-21� %1(� ,)/3� 6):65��  ,);� 5733/;� %1� )%5;� %1(� 3246%&/)

%'')55� 62� 6,)� -156470)16� ,%4(9%4)� 5,291� -1� �-+�� 	�

 ,)� '20071-'%6-21� /%;)4� *24� 6,)� -156470)16� (4-8)45� -5� &%5)(

21� 6,)� ����� ��6%1(%4(� �156470)16� �21642/� �-&4%4;��� !5-1+� 6,)

������ (%6%� '%1� &)� 94-66)1� 62� %1(� 4)%(� *420� -156470)165� 9-6,

'200%1(5� 5-0-/%4� 62� 6,25)� *24� 4)%(-1+� %1(� 94-6-1+� *-/)5� -1� ��

�//� '%//5� 62� 6,)� ����� %4)� ,%1(/)(� 6,427+,� %� '21642/� 02(7/)

'%//)(� inst_drv� ��-+�� ���� �65� 374325)� -5� 62� %//29� 6,)� /2++-1+� 2*
64%**-'� +2-1+� 62� %1(� *420� 6,)� -156470)165� %1(� 62� 5733246

520)� &%5-'� *71'6-21%/-6;� /-.)� ()6)'6-1+� 6,)� 34)5)1')� 2*� %1

-156470)16� 21� 6,)� ��=��� ������ ����� ���� 	���� �6� %/52� 5733/-)5

')164%/� )4424� ,%1(/-1+� *%'-/-6-)5�

�24� )%',� -156470)16� 6;3)� 6,)4)� -5� %� 5)3%4%6)� (4-8)4� 02(7/)�

�%',� 02(7/)� '%1� '21642/� 5)8)4%/� -156470)165� 2*� 6,)� 5%0)

6;3)� %6� 21')�� %1(� .))35� 64%'.� 2*� 6,)� -16)41%/� -156470)16

56%6)5� 62� 5%8)� ):)'76-21� 6-0)��  ,)� (4-8)4� 02(7/)5� ',)'.

3%4%0)6)45� &)*24)� 3%55-1+� 6,)0� 62� 6,)� -156470)165�� %1(

5733246� -156470)16� )4424� ',)'.-1+�

 2� 53))(� 73� 0)%574)0)165� 9,)4)� 07/6-3/)� -156470)165� %4)

-182/8)(�� 6,)� (4-8)45� %'6� %5;1',421275/;�� �24� ):%03/)�� &26,

',%11)/5� 2*� 6,)� ��� ���
�� 236-'%/� 329)4� 0)6)4� '%1� *)6',

(%6%� 9,-/)� 6,)� ��� ������ 236-'%/� 53)'6470� %1%/;<)4� -5� 0%.-1+

%� 59)36� 0)%574)0)16�� �((-6-21%/� '200%1(5� %4)� %8%-/%&/)� 62

5;1',421-<)� 6,)� -156470)165� %1(� 0%.)� 574)� )8)4;6,-1+� -5

5)66/)(� &)*24)� %� 0)%574)0)16� -5� 6%.)1�

 ,)� 0)%574)0)16� %33/-'%6-21� -5� &7-/6� 21� 623� 2*� 6,-5� (4-8)4

5647'674)�� �6� '216%-15� (-**)4)16� %/+24-6,05� *24� 6)56-1+� ����5�

21)� 2*� 9,-',� -5� %'6-8)� %6� %� 6-0)�� �744)16/;�� 6,)� *2//29-1+

0)%574)0)16� *71'6-215� %4)� -16)+4%6)(�

• �)4*240� %1� -1376� '%/-&4%6-21� 2*� 6,)� 6)56� 5;56)0

• �)4*240� %1� 276376� '%/-&4%6-21� 2*� 6,)� 6)56� 5;56)0

• ")4-*;� 6,)� '%/-&4%6-21

• �)%574)� %1� ����� 75-1+� 6,)� 32/%4-<%6-21� ):6-1'6-21� 0)6,2(

• �)%574)� %1� ����� 75-1+� 6,)� %03/-*-)(� 53216%1)275� )0-55-21

0)6,2(

• �)4*240� %� 5)/*=6)56�

#,-/)� 6,)� 0)%574)0)16� 342'))(5�� -16)40)(-%6)� 4)57/65� %4)

',)'.)(� %+%-156� /-0-65� 5)6� 73� *24� 6,)� ()8-')� &;� 6,)� 23)4%624�

%1(� %+%-156� ')46%-1� *-:)(� 5;56)0� /-0-65� �62� ()6)'6� -03423)4

'211)'6-215�� )6'���

�� �� /%1+7%+)� -16)4*%')� %//295� '75620-<)(� ):6)15-215�� 57',� %5

'21642//-1+� %((-6-21%/� 3%4%0)6)45� �)�+��� 6,)� ����� 3703� '74=

4)16�� 24� 3)4*240-1+� %((-6-21%/� 0)%574)0)165� �)�+��� 4)%(-1+� %

82/60)6)4��

�//� 4)57/65� 2*� 6,)� '%/-&4%6-21� %1(� 0)%574)0)16� 56)35� %4)

5624)(� -1� %� 5-1+/)� *-/)�� %/21+� 9-6,� -1*240%6-21� %&276� 6,)� ����

()8-')�� 6,)� 6)56� '21(-6-215�� %1(� 6,)� 28)4%//� 4)57/6� �3%55� 24

*%-/���  ,-5� *-/)� -5� 24+%1-<)(� -1� %� 5647'674)(� ������ *240%6� %1(

%//295� )%5;� ):64%'6-21� 2*� %//� -03246%16� 6)56� 4)57/65� *24� 75)� -1

%1%/;5-5� 342+4%05� %1(� (%6%&%5)5�

�24� 75)4=*4-)1(/;� 3%4%0)6)4� -1376� %1(� 0)%574)0)16� '21642/�

%� 523,-56-'%6)(� 75)4� -16)4*%')� 9%5� ()5-+1)(�� #4-66)1� 9-6,� %

����� ��� �156470)16� (4-8)4� 28)48-)9�

HP 70950A
Optical Spectrum
Analyzer Driver

HP 8153A
Optical Power
Meter Driver

Other Instrument
Drivers

inst_drv
(Driver Kernel)

text_srv
Help and

Error Messages

conf_srv
Configuration
Management

SICL
Instrument

I/O



��� � � � � � � �# 03�07� ���
� �#5*#22:��!)�0"� �-30,�*   Hewlett-Packard Company 1995

���� ��� ��',� 5',"-5� -$� 2&#� ���� 2#12� 1712#+� 31#0� ',2#0$�!#�

31#0� ',2#0$�!#�  3'*"#0�� �*-,%� 5'2&� 1-+#� �� !-"#�� '2� '1�  �1#"

-,� �����-2'$� ��'%�� ���

�&#� 31#0� '1� %3'"#"� 2&0-3%&� 2&#� 1#23.� �,"� !�*' 0�2'-,� -$� 2&#

2#12� 1712#+�  7� #�17:2-:31#� +#,31� �,"� "'�*-%�  -6#1�� �'$$#0:

#,2� !�*' 0�2'-,� 1#23.1� $-0� 1.#!'$'!� 5�4#*#,%2&� 0�,%#1� !�,�  #

#,2#0#"�� �1� 5#**� �1� 2#12� !-,"'2'-,1� 5'2&� *'+'21� �..0-.0'�2#� $-0

!#02�',� ���1� ��'%�� ���

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

�,"� +#�130#+#,2� .0-!#11�� �� %0�.&'!� '1�  0-3%&2� 3.� -,� 2&#

1!0##,� 1&-5',%� 2&#� ,#!#11�07� 12#.1� �,"� !-,,#!2'-,1�� **

���� ��� �#12� !-,"'2'-,� ',.32� .�,#*�

���� ���� �0-%0#11� 12�231� 5',"-5�

,3+#0'!� "�2�� '1� !&#!)#"� $-0� !-00#!2,#11� '++#"'�2#*7� �$2#0� '2

'1� #,2#0#"�� �#$-0#� �� +#�130#+#,2� 12�021�� 2&#� !�*' 0�2'-,� '1

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

�&#� .0-%0#11� -$� �� 03,,',%� !�*' 0�2'-,� -0� 2#12� '1� 1&-5,� 5'2&

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

.0-%0�+� 12�71� $3**7� 31� *#� $-0� #,2#0',%� ,#5� 2#12� 1#23.� "�2��

-0� $-0� 0#4'#5',%� 2&#� 0#13*21� -$� .0#4'-31� +#�130#+#,21�

�#13*2� "�2�� !�,�  #� #6�+',#"� ',� 2#623�*� $-0+�� � 2� *#� 1&-5:

',%� ',.32� .�0�+#2#01� �,"� 0#13*21� !�,�  #� 4'#5#"� �,"� .0',2#"�

� %0�.&'!�*� -32.32� 1712#+� '1� ',!*3"#"� 1-� 2&�2� 2&#� 31#0� !�,

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

"#4'!#� "-!3+#,2�2'-,�

� +#,3� ��'%�� ���� �**-51� 2&#� 31#0� 2-� !&--1#� �,� �:�� .*-2� -$

�,7� 0#13*2� .�0�+#2#0� �%�',12� �,7� ',.32� .�0�+#2#0� �',!*3"',%

31#0:1.#!'$'#"� .�0�+#2#01��� �'%�� �	� 1&-51� 13!&� �� .*-2�� 

1',%*#� %0�.&� !�,� &�4#� 3.� 2-� #'%&2� 20�!#1�� �&#� %0�.&� !�,�  #

',2#0�!2'4#*7� 1!�*#"� �,"� 8--+#"�� �,"� +�0)#01� !�,�  #� .*�!#"

#'2&#0� $0##*7� -0�  -3,"� 2-� +#�130#+#,2� .-',21�� �&#� �:�� 4�*3#1

-$� #�!&� +#�130#+#,2� .-',2� !�,�  #� 0#�"� -32� 5'2&� �� 1',%*#

+-31#� !*'!)�

�&#� %0�.&'!1� 1712#+� �*1-� .0-4'"#1� &�0":!-.7� $3,!2'-,�*'27

�,"� �**-51� 2&#� +#0%',%� -$� "'$$#0#,2� %0�.&1� -,� �� 1.#!'$'#"

,3+ #0� -$� .�%#1�� 2&31� #,� *',%� 2&#� -32.32� -$� �� 31#0:"#$',#"

"�2�� 1&##2� 5&'!&� !�,�  #� .0',2#"� -32� �32-+�2'!�**7� �$2#0� #�!&

2#12� '1� !-+.*#2#"�� �3..-02#"� .0',2#01� �0#� 2&#� ��� ��1#0�#2

1#0'#1� �,"� 2&#� �#1)�#2� 1#0'#1�� 2&#� *�22#0� �**-5',%� !-*-0�

.0',2-321�

�	������
������

�#� 5'1&� 2-� 2&�,)� �#0,"� ��'1#, �!&#0� $-0� .0-(#!2� +�,�%#:

+#,2� �,"� �++#0'!&� �9**#0� $-0� &#*.� ',� 2&#� "#4#*-.+#,2� -$

2&#� .-*�0'8�2'-,� !-,20-**#0� �,"� +#�130#+#,2� 2#!&,'/3#�� �#

�*1-� 5�,2� 2-� 2&�,)� �- #02� ��&,� 5&-� 5�1� 0#1.-,1' *#� $-0

'+.*#+#,2',%� 2&#� +#�130#+#,2� 0-32',#1� �,"� !--0"',�2',%� �**

1-$25�0#� 0#*�2#"� '113#1�� �,� �""'2'-,� 5#� �*1-� 2&�,)� �-*$%�,%

�#'!&#02� $-0� 2&#� +#!&�,'!�*� "#1'%,� -$� 2&#� .-*�0'8�2'-,� !-,:

20-**#0�� �+.*'$'#0� 2#12� 1#2�� �,"� 0�!)�� �-*$%�,%� 5�1� �*1-� 0#:

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

2#12� 1#2�� *1-�� 5#� 5�,2� 2-� 2&�,)� -30� .0-"3!2'-,� #,%',##01

�90%#,� ��,%� �,"� �#',&�0"� �#!)#0� $-0� 50'2',%� 2#12� 1-$25�0#�

��12� ,-2� *#�12�� �-3%� ��,#7� -$� ��� �� -0�2-0'#1� .0-4'"#"� 2&#

1!'#,2'$'!� 13..-02� �,"�  �!)%0-3,"�� �',�**7� 5#� 5�,2� 2-� 2&�,)



  Hewlett-Packard Company 1995 �$!03 06� ���	� �$5*$22:� ") 0#� �-30, *� � � � � � � ��

����� ���� �0 .'(" *� -32.32� 5(,#-5�

����� ���� �:�� . 0 +$2$0� .*-2� 5(2'

+ 0)$01�

� ")� �3.0$�� �(+� �2(+.*$�� �-*2 ,� �7 06��  ,#� � 4$�  (*6�  2� 2'$

�(&'25 4$� �.$0 2(-,� %-0� 2'$(0� 13..-02� -,� -.2(" *� 1.$"203+

 , *67$0� 0$* 2$#� (113$1�

�	
	�	�	�

��� ���  ,$6�� ��� �$,21"'$*��  ,#� ��� �3.0$�� 8�.2(" *� �(!$0� �+.*(%($01;

�$ 130$+$,2� -%� � (,�  ,#� �-(1$� �(&30$��� ����������	���
� ��������

����������� �����

��� ��� �$,21"'$*�� ��� �9**$0��  ,#� ��� �$")$*�� 8����� �-(1$� �(&30$� �$ :

130$+$,21;�-+. 0(1-,� !$25$$,� �.2(" *�  ,#� �*$"20(" *� �$"',(/3$1��

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

��� ����������	���
� �������� � �-*�� ���� ,-�� ��� �$!03 06� ������ ..�� ��:�
�

��� ����������	���
� �������� � �-*�� ���� ,-�� ��� �$!03 06� ������ ..�� 	
:
��

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.

Motif is a trademark of the Open Software Foundation in the U.S.A. and other countries.
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A new multi-quantum-well ridge waveguide laser enhanced for use in a
grating-tuned external-cavity source has been developed. The device
offers higher output power and wider tunability for improved performance
in a new instrument. A core technology has been developed for use in a
variety of light-emitting devices.
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Optical Design
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† Very briefly, Auger recombination5 is a nonradiative and therefore lossy process that involves
four particles: either three electrons and one hole or three holes and one electron. The Auger
process is especially important in determining the temperature dependence of threshold
current and �i in long-wavelength semiconductor lasers such as ours.
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Polarization-mode dispersion is defined and characterized, using
Poincaré sphere and Jones matrix concepts. Interferometric, wavelength
scanning, and Jones matrix eigenanalysis measurement methods are
described. Instrumentation, especially the HP 8509B lightwave
polarization analyzer, is discussed.
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Between 1941 and 1948, R. Clark Jones published a series of papers describing a
new polarization calculus based upon optical fields rather than intensities. This
approach, although more removed from direct observation than previous methods,
allowed calculation of interference effects and in some cases provided a simpler
description of optical physics. A completely polarized optical field can be repre-
sented by a two-element complex vector, each element specifying the magnitude
and phase of the x and y components of the field at a particular point in space.
The effect of transmission through an optical device is modeled by multiplying the
input field vector by a complex two-by-two device matrix to obtain an output field
vector.

The matrix representation of an unknown device can be found by measuring three
output Jones vectors in response to three known stimulus polarizations. Calculation
of the matrix is simplest when the stimuli are linear polarizations oriented at 0, 45,
and 90 degrees (Fig. 1), but any three distinct stimuli may be used. The matrix
calculated in this manner is related to the true Jones matrix by a multiplicative
complex constant c. The magnitude of this constant can be calculated from inten-
sities measured with the device removed from the optical path, but the phase is
relatively difficult to calculate, requiring a stable interferometric measurement.
Fortunately, measurements of many characteristics such as PMD do not require
determination of this constant.

Fig. 1. Measurement of the Jones matrix requires application of three known states of polar-
ization. Output electric field descriptions and ratios kx are complex quantities. The Jones
matrix M is found to within a complex constant c, whose phase represents the absolute
propagation delay and is not required for PMD measurements.
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The Poincaré sphere is a graphical tool in real, three-dimensional space that allows
convenient description of polarized signals and of polarization transformations
caused by propagation through devices. Any state of polarization can be uniquely
represented by a point on or within a unit sphere centered on a rectangular (x,y,z)
coordinate system. The coordinates of the point are the three normalized Stokes
parameters describing the state of polarization. Partially polarized light can be
considered a combination of purely polarized light of intensity IP and unpolarized
light of intensity IU.

The degree of polarization IP/(IP + IU) corresponding to a point is the distance of
that point from the coordinate origin, and can vary from zero at the origin (unpolar-
ized light) to unity at the sphere surface (completely polarized light). Points close
together on the sphere represent polarizations that are similar, in the sense that
the interferometric contrast between two polarizations is related to the distance
between the corresponding two points on the sphere.

Orthogonal polarizations with zero interferometric contrast are located diametrically
opposite on the sphere. As shown in Fig. 1, linear polarizations are located on the
equator. Circular states are located at the poles, with intermediate elliptical states
continuously distributed between the equator and the poles. Right-hand and left-
hand elliptical states occupy the northern and southern hemispheres, respectively.

Because a state of polarization is represented by a point, a continuous evolution of
polarization can be represented as a continuous path on the Poincaré sphere. For
example, the evolution of polarization for light traveling through a waveplate or
birefringent crystal is represented by a circular arc about an axis drawn through
the two points representing the eigenmodes of the medium. (Eigenmodes are
polarizations that propagate unchanged through the medium.) A path can also
record the polarization history of a signal, for example in response to changing
strain applied to a birefringent fiber.

The real, three-dimensional space of the Poincaré sphere surface is closely linked
to the complex, two-dimensional space of Jones vectors (see page 28). Most
physical ideas can be expressed in either context, the mathematical links between
the two spaces having previously been established for dealing with angular mo-
mentum. The graphical Poincaré description allows for a more intuitive approach
to polarization mathematics.

Fig 1. Points displayed on the surface of the Poincaré sphere represent the polarized portion
of a lightwave. Linear polarizations are located on the equator. Circular states are located at
the poles, with intermediate elliptical states continuously distributed between the equator 
and the poles. Right-hand and left-hand elliptical states occupy the northern and southern
hemispheres, respectively. Example states are shown ascending the front of the sphere.
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With the advent of the lightwave polarimeter, engineers in the fields of high-speed
telecommunications, cable TV distribution, optical sensing, optical recording, and
materials science can characterize polarization phenomena with the ease and graph-
ical simplicity of the common oscilloscope. Supplemented by an optical source, a
polarization state generator, and comprehensive measurement software, the polarim-
eter becomes a polarization analyzer, producing comprehensive measurements of
both optical signals and two-port optical devices.

The HP 8509B lightwave polarization analyzer consists of an optical unit and a
66-MHz HP Vectra PC. The main display window, shown in Fig. 1, conveniently
displays the polarization parameters of an optical signal and provides access to
commonly used controls. The Measurements menu provides access to a variety of
integrated measurement solutions addressing polarization-mode dispersion
(PMD), polarization dependent loss, the Jones matrix, and optimization of optical
launch into polarization maintaining fiber. The Display menu allows customization
of the display window and the System menu enables the user to reconfigure sys-
tem operating parameters, optimize performance at a particular wavelength, and
automatically check the functional integrity of the instrument.

The heart of the HP 8509A/B is a high-speed polarimeter (see Fig. 4a in the accom-
panying article). A passive optical assembly (see cover) divides the optical signal into
four beams and passes each beam through polarization filters to photodiode detec-
tors. Autoranging amplifiers and 16-bit ADCs complete the circuitry. A series of
calibration coefficients are determined at manufacture and stored in UV-PROM. The
instrument interpolates among these coefficients to provide operation from 1200 to
1600 nm. Parallel filtering and detection combined with high-speed conversion and
computation result in a measurement rate of 3000 polarization states per second.

A second optical assembly inserts three polarizing filters in the optical source path
to allow measurement of the Jones matrix. The Jones matrix eigenanalysis PMD
measurement method is based upon Jones matrixes (see page 28) measured at a
series of wavelengths. Polarization dependent loss is also derived from the Jones
matrix. In addition, the user can use external polarizers to define a physical refer-
ence frame, analytically removing the birefringence and polarization dependent
loss of components between the polarizer and the polarimeter receiver. Once
defined, the reference frame allows the measurement of absolute polarization
state at a point far from the instrument itself.

Fig. 1. Main measurement window of the 
HP 8509B lightwave polarization analyzer.
Displays of average power and degree of 
polarization (DOP), along with elliptical and
Poincaré sphere displays, fully characterize
the polarization state of a lightwave. Shown
on the sphere are the loci of output polariza-
tion states of a polarization maintaining fiber
as the fiber is gently stretched. Red traces are
on the front of the sphere, blue on the back.
Different circles correspond to different states
at the input of the fiber. The circles converge
to points when polarized light is launched 
entirely on the fast or slow axes of the fiber.
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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.
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† 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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The HP 8504B precision reflectometer has an improved sensitivity of
–80 dB at both 1300-nm and 1550-nm wavelengths. All spurious responses
generated within the instrument itself have been significantly reduced.
The instrument offers fiber-optic component designers and manufacturers
the ability to pinpoint both large and small optical reflectances.
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A new edge emitting LED has been developed for applications in optical
low-coherence reflectometry. It offers improved sensitivity without
introducing spurious responses.
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The HP 71501B jitter and eye diagram analyzer performs
industry-standard jitter tolerance, jitter transfer, and jitter generation
measurements on Gbit/s telecommunication system components. It can
display both the jitter spectrum and the jitter waveform to help determine
whether jitter is limiting the bit error ratio of a transmission system.
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The HP 81700 Series 100 remote fiber test system is a first-generation
system consisting of a personal computer controlling one or more OTDRs
and optical switches. It is well-suited for automated testing of small fiber
networks such as company networks.
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HP 81700 Series 100 Hewlett-Packard Remote Fiber Testing System

Location 1: Stuttgart

CH#  Cable ID Fiber ID Date Time Change Status
1 CABLE-2 L1C1 07/20/94 16:13:08 0.0 dB             

  2  CABLE-2 L1C2      04/18/94 10:25:35 0.7 dB  WARN       
  3  CABLE-1 L1C3      04/29/94 09:17:27 0.5 dB  WARN       
  4  CABLE-4 L1C4      04/18/94 10:28:04 0.1 dB

Location 2: Freiburg

CH#  Cable ID  Fiber ID  Date     Time Change Status
  1 CABLE-1 L2C1      04/18/94 10:29:32 0.8 dB  WARN       
  2  CABLE-2 L2C2      04/18/94 10:31:00 4.8 dB  FAIL           
  3  CABLE-1 L2C3      04/18/94 10:31:41 0.0 dB             
  4  CABLE-1 L2C4      04/18/94 10:33:08 0.1 dB

Location 3: Tuebingen

CH#  Cable ID Fiber ID  Date     Time      Change Status
  1  CAB001 FIBER-1 07/20/94 18:53:36 0.0 dB             
  2  CAB001    FIBER-2 07/20/94 18:55:47 0.1 dB             
  3  CAB001    FIBER-3 07/20/94 18:47:52 0.0 dB             
  4  CAB002    FIBER-1 07/20/94 18:50:11 0.0 dB

Location 6: Heidelberg

CH# Cable ID  Fiber ID  Date     Time      Change   Status
  1  CABLE-1 L6F1      04/18/94 11:21:53 0.2 dB             
  2  CABLE-2 L6F2      04/18/94 11:23:20 1.4 dB  WARN       
  3  CABLE-2 L6F3      04/18/94 11:24:49 0.4 dB         
  4  CABLE-1 L6F4      04/18/94 11:26:16 0.1 dB

Location 9: Munich

CH#  Cable ID  Fiber ID Date     Time      Change Status
  1  CABLE-1 L9C1      04/18/94 17:52:47 0.4 dB             
  2  CABLE-1 L9C2      04/18/94 17:54:15 0.0 dB
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A single-mode optical signal source whose frequency can be
voltage-controlled has been developed. We describe its design 
and performance.
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A surface emitting laser has been developed for use in a multimode
optical fiber data link. The laser can operate in a high-order spatial mode,
resulting in a spectral width as wide as one nanometer and a relative
intensity noise (RIN) lower than –125 dB/Hz in a multimode fiber system.
Electrical and optical characteristics of the surface emitting laser and the
epitaxial growth methods are discussed.
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Second-harmonic generation from a GaAs/AlAs vertical cavity fabricated
on a (311)B GaAs substrate has been demonstrated. The experimental
results and a theoretical analysis show that a GaAs/AlAs vertical cavity
optimized both for efficient confinement of the fundamental power and for
quasi-phase-matching can offer efficient second-harmonic generation.
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Based on a generic model of serial communication systems, this
architecture dramatically reduces the time needed to program functional
and in-circuit tests for devices with serial interfaces. It is implemented in a
new Serial Test Card and Serial Test Language for the HP 3070 family of
board test systems.
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† See references 3 and 4 for a complete description of ISDN and associated activation 
procedures. Details of HDLC and other bit-oriented protocols can be found in references 
5 and 6.

†† This is a simplified description of an ISDN basic rate frame. Actual frame length and content
vary depending on which reference point (S, U, etc.) is being considered.
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† Asynchronous protocols are also considered implicitly clocked. In that case the symbol rate is
defined as part of the bit stream symbol synchronization algorithm.
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analyzed.
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&(66,1*� &$1� %(� ',9,'('� $021*� 025(� 7+$1� 21(� %,7� 352&(6625�

���	���
� ������
����


�6� :(� +$9(� 6((1�� 5($/?:25/'� %,7� 675($06� $1'� &20081,&$7,21

6<67(06� &$1� %(� '(6&5,%('� %<� &$5()8//<� 63(&,)<,1*� ($&+� 3523?

(57<� 2)� 7+(� *(1(5,&� 02'(/�� �1� 27+(5� :25'6�� 7+(� 02'(/� &$1

())(&7,9(/<� 0,0,&� $1<� 6(5,$/� &20081,&$7,21� 6<67(0�� �� 6(?

48(1&(5� $5&+,7(&785(� 7+$7� (;$&7/<� ,03/(0(176� 7+(� *(1(5,&

02'(/� :28/'� 7+(5()25(� %(� ($6,/<� 352*5$00('� 72� 7(67� ���

6(5,$/� %,7� 675($0� 25� 35272&2/�

#(� .1(:� 2)� &2856(� 7+$7� $� 9$5,(7<� 2)� &21675$,176� �7+(� /$:6� 2)

3+<6,&6�� )25� (;$03/(�� :28/'� /,0,7� 285� $%,/,7<� 72� ,03/(0(17

7+(� 02'(/� (;$&7/<�� #(� $/62� .1(:� $1� $%675$&7� 02'(/� 7+$7

&28/'� 127� %(� ,03/(0(17('� :(//� (128*+� 72� 62/9(� 5($/� 7(67

352%/(06� :28/'� %(� 86(/(66�� 62� :(� 5(9,6,7('� 7+(� 7(67� 352%?

/(06� '(6&5,%('� ($5/,(5�� #(� (;$0,1('� ($&+� 7(67� 352%/(0�

/22.,1*� )25� ,668(6� 7+$7� 0,*+7� $))(&7� 7+(� :$<� ,1� :+,&+� :(

&+26(� 72� ,03/(0(17� 7+(� 02'(/�

Complex Physical (Electrical) Interfaces. �  +(� 02'(/� +$1'/(6� 7+,6
48,7(� ($6,/<�� �1(� 6,03/<� '(6&5,%(6� 7+(� &+$5$&7(5,67,&6� 21� $

6+((7� 2)� 3$3(5�� �1� $&78$/� ,03/(0(17$7,21�� +2:(9(5�� ,6� 48,7(

',))(5(17�� #(� '(&,'('� ($5/<� 21� 7+$7� ,7� :$6� 127� )($6,%/(� 72

,03/(0(17� +$5':$5(� &203$7,%/(� :,7+� $1<� 3266,%/(� (/(&75,&$/

,17(5)$&(�� �167($'�� :(� &+26(� 72� ,03/(0(17� +$5':$5(� 2)� 6(9?

(5$/� ',))(5(17� &/$66(6�� ($&+� &/$66� &$3$%/(� 2)� +$1'/,1*� $� )$0,/<

2)� 5(/$7('� 3+<6,&$/� %,7� 675($06�

Multiple Interfaces Operating at Unrelated Bit Rates. �  +(� *(1(5,&
02'(/� '2(6� 127� $''5(66� 7+,6� ,668(�� $/7+28*+� 7+(� 02'(/� &$1

%(� 86('� 72� '(6&5,%(� ($&+� ,1',9,'8$/� ,17(5)$&(�� #(� '(&,'('

7+$7� 7+,6� ,03/,('� $� 08/7,&+$11(/� $5&+,7(&785(� ,1� :+,&+� ($&+

&+$11(/� :$6� &$3$%/(� 2)� 23(5$7,1*� (66(17,$//<� ,1'(3(1'(17/<

2)� 7+(� 27+(56�
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	� ��1&�..5���%�,�� �)/,(�&� � � � � � � ��

����� ��� �,)��--#(!� �(� ���� �5�/-� � �"�((�&�

Physical Specifications: Binary TTL
Symbol Synchronization: Explicit
Framing: Implicit, bunched

pattern = 01111110
IFF Length > = 0 Symbols
IFF Pattern: 1
Logical Channel Identification: Implicit

(channel ID embedded in data field)

Data PacketD D D D D D D D D D D

Data D

Physical Specifications: CCITT I.430 (3-Level Logic)
Symbol Synchronization: Implicit
Framing: Implicit, Distributed Pattern
IFF Length = 0
Logical Channel Identification: Explicit

Algorithm: Sync to symbols and frame.
Regroup bits and transmit synchronously.

Physical Specifications: Binary TTL
Symbol Synchronization: Explicit
Framing: Explicit
IFF Length = 0
Logical Channel Identification: Explicit

Bit Processor
(Personality Module)

B1 Bits B1 Bits
D Bits

Algorithm: Use frame
sync signal to locate 
D bits and transmit 
them upstream.

Bit Processor
(Channel Splitter)

Physical Specifications: Binary TTL
Symbol Synchronization: Explicit
Framing: Explicit
IFF Length = 0
Logical Channel Identification: Explicit

Algorithm: Sync to framing pattern
(01111110) and transmit synchronous
frame sync bounding the frame.
Check for correct frame check
sequence. Extract data packet and
frame check sequence and transmit 
upstream.

Serial Test
Sequencer

Clock

Frame
Sync

B1 B2 B1

Clock

Frame
Sync

Data

Bit
Processor

(Filter)

Serial Test Language Fragment

Clock

Data

process XDLC_receive
receive into Data, into FCS
if Data = TEI_assignment_packet then

call Process_TEI
end if
receive into Data, into FCS

.

.

.
end process

Framing Bits

Frame Check Sequence

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

 �-.�,� �(�� ��-#�,�� 1�� �&-)� ,��&#4��� ."�.� �� '/&.#�"�((�&�� �)(5

�/,,�(.� �,�"#.��./,�� �)/&�� �,�'�.#��&&3� #(�,��-�� .�-.� .",)/!"5

*/.�� �),� �2�'*&��� �� &)(!� �#.� �,,),� ,�.�� .�-.� �)/&�� ��� ,/(

-#'/&.�(�)/-&3� )(� �&&� �"�((�&-� ) � �� '/&.#�"�((�&� ���

Nondeterministic Bit Streams.� �(� ."�� ')��&�� �(3� -),.� ) � ��&�/&�5

.#)(� ),� ��$/-.'�(.� ) � #( ),'�.#)(� #(� ."�� �#.� -.,��'� #-� -*��#5

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

.1)� �,��-� ) � #'*&�'�(.�.#)(� ."�.� �)/&�� ��� �  ��.��� �3� ."#-

#--/��� �#,-.�� 1�� .")/!".� #.� '#!".� -)'�.#'�-� ��� (���--�,3�  ),

�(� �&!),#."'� .)� ����--� #( ),'�.#)(�  ,)'� �)."� ."�� .,�(-'#.

�(�� ,���#0�� �#.� -.,��'-� -#'/&.�(�)/-&3�� �"#-� #'*&#��� ."�

(���� .)� *,)��--� �)."� �#.� -.,��'-� 1#."#(� ."�� -�'�� �#.� *,)��-5

-),�� ���)(�&3�� 1�� %(�1� ."�.� �(3� ��./�&� #'*&�'�(.�.#)(� ) � �

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

��-����� ),� �"�#(� �#.� *,)��--),-�

Bit Streams with Embedded Clocks.� �/,� -)&/.#)(� .)� ."�� *,)�5

&�'� ) � �)'*&�2� *"3-#��&� #(.�, ���-� �**&#�-� .)� ."#-� *,)�&�'� �-

1�&&�� -�.-� ) � �#  �,�(.� "�,�1�,�� ���"� ./(��� .)� �� �&�--� ) � �'5

������� �&)�%� -�"�'�-�

Hierarchical Bit Streams.� �#�,�,�"#��&� �#.� -.,��'-� #'*&3� '/&.#5

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

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

."�� (����  ),� ��-�����&�� �#.� *,)��--),-�

�"�� �,�"#.��./,�� ."�.� �0�(./�&&3� �'�,!���  ,)'� ."�-�� �)(-#�5

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

#(� (�./,��� �"��  #!/,�� -")1-� �� -#(!&�� �"�((�&� ) � ."�� �,�"#.��5

./,�� #(� ."�� ��(.�,� 1#."� ��$���(.� �"�((�&-� ��)0�� �(�� ��&)1�

���"� �"�((�&� #-� ��-#!(��� .)� �..��"� .)� �� -#(!&�� �#.� -.,��'� ) 

."�� ���

���"� �"�((�&� ) � ."�� �,�"#.��./,�� �)(.�#(-� .1)� #( ),'�.#)(

-)/,��-�-#(%-� ��&&��� ������ ����� �����	���� ������� �(� �� .3*#��&

�**&#��.#)(�� ���"� ���� 1)/&�� *,)��--� #(��*�(��(.� -/��"�(5

(�&-� �&)!#��&� �"�((�&-�� ) � ."�� �#.� -.,��'�� �(� ��,#�&� ��-.� ��(5

!/�!��� ���"� &)!#��&� �"�((�&� #-� ��&&��� �� �������� � �(�� #-� �)(5

.,)&&��� �3� �� �
���� � ,/((#(!� )(� ."�� ����� �"�(� ,�+/#,��� �3

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

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

.)�  )/,� -/�-.,��'-�  ),� ���"� �#.� -.,��'�



��� � � � � � � �*'69&6=� ����� �*;0*88>�&(/&6)� �3962&0   Hewlett-Packard Company 1995

����� ��� �� 7.2,0*� 463(*77.2,� (-&22*0� 3+� 8-*� !*6.&0� "*78� �&6)� �!"��� +36� 8-*� ��� 
��� '3&6)� 8*78� +&1.0=�

Interface
Circuitry

Reconfigurable
Bit Processor

(RBP)

Personality Module

To DUT

Reconfigurable
Bit Processor

(RBP) 3

Adjacent Processing Channel

Adjacent Processing Channel

Reconfigurable
Bit Processor

(RBP) 4

Reconfigurable
Bit Processor

(RBP) 2

Reconfigurable
Bit Processor

(RBP) 1

Serial Test
Sequencer

(STS)

Serial Test
Sequencer

(STS)

�396� (-&22*07� 3+� 8-*� &6(-.8*(896*� &6*� .140*1*28*)� 32� 8-*

��� 
��� !*6.&0� "*78� �&6)� �!"��� &2)� 94� 83� �	� !"�7� (&2� '*

.278&00*)� .2� &� 7=78*1�

���� 
���������

�7� 7-3;2� .2� �.,�� 
�� *&(-� !"�� 463(*77.2,� (-&22*0� .7� (31>

437*)� 3+� &� 7*6.*7� 3+� '.8� 463(*77367� (322*(8*)� '=� 7*6.&0� '.8

786*&17�� "-*� '.8� 463(*77367� &6*� .140*1*28*)� ;.8-� 8-*

%�
���� 7*6.*7� 3+� +.*0)>463,6&11&'0*� ,&8*� &66&=7� �����7�

+631� %����%� �314&2=�� �2� .14368&28� +*&896*� 3+� 8-*� %�
���

7*6.*7� .7� 8-*.6�  ��>'&7*)� (32+.,96&'.0.8=�� "-*� %�
���� (&2� '*

463,6&11*)� 32>8-*>+0=� .2� 8-*� 7=78*1�� 73� 23� 46*463,6&11*)

 ��7� &6*� 2**)*)�� "-.7� +*&896*� &003;7� 8-*� 86&27+361&8.32

&0,36.8-1� 3+� &� '.8� 463(*7736� 83� '*� (-&2,*)� 32� 8-*� +0=� &2)

1&/*7� 8-*7*� )*:.(*7� .)*&0� +36� 8-.7� &440.(&8.32�� "-*� 86&27>

+361&8.32� &0,36.8-17� &6*� .140*1*28*)� '=� (.6(9.87� .27.)*� 8-*

%����%� )*:.(*7�� "-*=� &6*� 238� 6*&00=� *.8-*6� -&6);&6*� 36� 73+8>

;&6*�� 73� ;*� -&:*� (3.2*)� 8-*� ;36)� �	���	����� � 83� )*7(6.'*

8-.7� 7368� 3+� 6*(32+.,96&'0*� (.6(9.86=�

�.,�� �� 7-3;7� &� 136*� )*8&.0*)� :.*;� 3+� 396� 78&2)&6)� '.8� 463>

(*7736�� (&00*)� &� �����	�����
�� �	�� ��������� 36�  ���� �2� &)).>

8.32� 83� 8-*� %����%� %�
��	� ������ *&(-�  ��� &073� .2(09)*7� &

4&.6� 3+� 	�>'=>�>'.8�  ��7�� "-*�  ��7� &6*� (322*(8*)� 83� ���

4.27� 32� 8-*� ����� &2)� &6*� 97*)� &7� 6*59.6*)� '=� 8-*� (.6(9.8>

;&6*� )*7.,2*6�� "-.7�  ��� 6*7396(*� (3140*1*287� 8-*� &6(-.8*(>

896*� 3+� 8-*� ����� &2)� 463:.)*7� &� 0&6,*�� )*27*� 03(&0� 7836&,*

*0*1*28�† � �&(-�  ��� -&7� &� )3;2786*&1� 4368� �83;&6)7� 8-*
�#"�� &2)� &2� 94786*&1� 4368� �83;&6)7� 8-*� !"!��� &2)� *&(-� 3+

8-*7*� 43687� 79443687� )&8&� 86&271.77.32� .2� '38-� ).6*(8.327

7.1908&2*3970=�

† The XC3000 series of parts is structured as an array of D-type flip-flops fed by Boolean func-
tion generators. This structure makes them well-suited for state machine and random logic
designs, but unsuitable for applications requiring a lot of storage elements.

"-*� '.8� 786*&17� 8-&8� .28*6(322*(8� 8-*�  ��7� &6*� )*+.2*)� &(>

(36).2,� 83� 8-*� ,*2*6.(� 13)*0�� �00� .28*62&0� '.8� 786*&17� &6*

'.2&6=� ""�� 03,.(� 7.,2&07� &2)� &6*� *<40.(.80=� (03(/*)� &2)� *<>

40.(.80=� +6&1*)�� "-*�  ��� (03(/� .28*6+&(*� 43687� .2(09)*� ����

��
	� � &2)� ����� � 7.,2&07� 83� 7944368� 1908.40*<*)� '.8� 786*&17�


���������� 	������

$*� 97*� ������
	��� ���
��� 83� .140*1*28� *&(-� .28*6+&(*

(0&77�� "-*6*� &6*� (966*280=� 4*6732&0.8=� 13)90*7� &:&.0&'0*� +36

""��� �!��� !>'97� &2)� �!��� #>'97� *0*(86.(&0� +361&87�� �7� &

;-30*�� 8-*� 4*6732&0.8=� 13)90*� 7*6:*7� &7� &� '.8� 463(*7736� &2)

.7� 6*74327.'0*� +36� (32:*68.2,� 8-*� *<8*62&0� 7*6.&0� '.8� 786*&1

.283� &� +361&8� (314&8.'0*� ;.8-� 8-*� .28*62&0� !"�� 7*6.&0� '.8

786*&1� )*+.2.8.32�

������ ����� ���������

"-*� 7*6.&0� 8*78� 7*59*2(*6� �!"!�� .7� 8-*� +.2&0� '.8� 463(*7736� .2

8-*� (-&.2�� �7� 79(-�� .8� ;.00� 3+8*2� '*� &2� .2+361&8.32� 7396(*� 36

Downstream
Receive Port

Upstream
Transmit Port

Downstream
Transmit Port

Upstream
Receive Port

����� ���  *(32+.,96&'0*� '.8� 463(*7736� &6(-.8*(896*�

2K�8-Bit RAM

2K�8-Bit RAM

XILINX XC3042
Field-Programmable

Gate Array
(FPGA)
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,*3*7&9*)� 47� &3&1>?*)� '>� &� (422:3.(&9.43� 8>89*2�� �3� 4:7

(&8*�� 84:7(*8� &3)� 8.308� &7*� 9-*� 2*&38� '>� <-.(-� 9-*� 9*89� 574@

,7&22*7� (422:3.(&9*8� <.9-� 9-*� �#"� �.3� 97&).9.43&1� �"�

9*728�� 9-*� 8*6:*3(*7� 47� 9*89� 5&99*73� ,*3*7&947��

"-*� !"!� (433*(98� 43� 43*� 8.)*� 94� 9-*� .39*73&1� !"�� '.9� 897*&2

+472&9� �&8� )4� &11� 4+� 4:7� '.9� 574(*88478��� "-*� 9*89� 574,7&22*7

(4397418� 9-*� 97&38+472&9.43� &1,47.9-2� 4+� 9-*� !"!� 9-74:,-� &

-.,-@1*;*1� 574,7&22.3,� 1&3,:&,*� (&11*)� 9-*� !*7.&1� "*89� �&3@

,:&,*� �!"���� "-*� !"!� .8� .251*2*39*)� <.9-� &� �494741&

�!����	� ).,.9&1� 8.,3&1� 574(*8847�� "-*� 574(*8847� .8� <*11@

8:.9*)� 94� (425:9&9.43&11>@.39*38.;*� 97&38+472&9.43� &1,47.9-28

&8� <*11� &8� ,*3*7&1@5:7548*� '.9� 897*&2� ����

���� 
��������� 	�����������

$-*3� 9*89.3,� &� 2:19.51*=*)� 47� -.*7&7(-.(&1� '.9� 897*&2�� 9-*� 9*89

*3,.3**7� <.11� 9>5.(&11>� (-448*� 94� 574(*88� �)7.;*� &3)� 7*(*.;*�

)&9&� +47� *&(-� 14,.(&1� (-&33*1� .3)*5*3)*391>� 4+� 9-*� 49-*78�� �9

9-*� 8&2*� 9.2*�� <*� -&;*� 8**3� 9-&9� .9� .8� 4+9*3� &);&39&,*4:8� 94

'*� &'1*� 94� 574(*88� &� '.9� 897*&2� .3� &� 8*7.*8� 4+� 8*6:*39.&1� 89*58�

"-*7*� .8� 9-*3� &� (43+1.(9�� ,.;*3� &� +.3.9*� 3:2'*7� 4+� '.9� 574(*8@

8478�� '*9<**3� -&;.3,� &� 1&7,*� 2:19.51*=.3,� (&5&'.1.9>� &3)

-&;.3,� &� 1&7,*� 3:2'*7� 4+� 8*6:*39.&1� 574(*88.3,� 89&,*8�� "-.8

.8� '*(&:8*� 2:19.51*=*)� '.9� 897*&28� &7*� '*89� &))7*88*)� '>� &

<.)*�� 8-&114<� &77&>� 4+� '.9� 574(*88478�� ':9� 2:19.89*5� 574(*88@

.3,� 4+� &� '.9� 897*&2� .8� '*89� &))7*88*)� '>� &� 3&774<*7�� )**5*7

&77&>� 4+� '.9� 574(*88478�� �:7�  ��� .39*7(433*(9� 8(-*2*� &3)

85*(.&1� 7*84:7(*� &88.,32*39� 84+9<&7*� 2.3.2.?*� 9-.8� (43+1.(9

'>� &114<.3,� &� <.)*� ;&7.*9>� 4+� 2:19.51*=.3,� &3)� 574(*88.3,

&77&3,*2*398�

�8� 8-4<3� .3� �.,�� ��� 9-*7*� &7*� 8*;*7&1� ).++*7*39� .39*7(433*(9

5&9-8� '*9<**3� 9-*�  ��8� &3)� 9-*� !"!8�� �.,�� � 8-4<8� 9-*

945414,>� 4+� *&(-� 5488.'1*� .39*7(433*(9� (42'.3&9.43�� �:19.@
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� (.7(:.9<&7*� 14&)*)
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9-*� 949&1� 7*84:7(*8� 7*6:.7*)� +47� &� (:8942*7�8� 9*89�� �+� *;*3

<.)*7� 2:19.51*=.3,� .8� 3**)*)�� 5*7843&1.9>� 24):1*8� (&3� '*
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† This part of the design consisted mostly of discrete logic gates and flip-flops, so it was quite
similar in character to the RBP circuitware designs. Experience has shown that these types of
designs are more prone to design defects than higher-level, “cookbook” designs.
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†† The choice of a factor of ten as a goal was somewhat arbitrary because the actual through-
put improvement depends on the number of DUT channels. An eight-channel DUT might be
tested only eight times faster, whereas a sixteen-channel DUT might be tested sixteen times
faster.

††† In-circuit testing refers to methods for testing the various components of a DUT separately
while they are in place on the board. This form of testing is based on the assumption that
testing all components and connections between components ensures that the DUT as a
whole has been properly tested. This form of testing produces excellent fault diagnosis to
the failing component for repair. Functional testing refers to methods for testing a DUT by
emulating the system environment into which it will later be integrated. Many DUTs have an
edge connector interface, so this is also commonly called edge connector functional testing.



  Hewlett-Packard Company 1995 �(%58$5<� ����� �(:/(77>�$&.$5'� �2851$/� � � � � � � ��

����� ���  758&785(� 2)� ��� 
��� 7(67,1*� /$1*8$*(6�

Board Test BASIC
(BT-BASIC)

Test Statement

Vector Control
Language

(VCL)

Analog Test
Language

(ATL)

Serial Test
Language

(STL)

Mixed Test

(19,5210(17� 68332576� '(9(/230(17� 2)� #��� $1'� �!�� 7(676�

�,*�� �� ,//8675$7(6� 7+,6� 62)7:$5(� 6758&785(�

�//� 7(;78$/� 6285&(6� $5(� &203,/('� %()25(� (;(&87,21�� !+(� 7(67� ,6

7+(1� (;(&87('� )520� 7+(� �!>�� ��� (19,5210(17� %<� 86(� 2)� 7+(

test� 67$7(0(17�� �!>�� ��� ,6� $/62� 86('� 72� &21752/� 7(67� 5(6285&(6

/,.(� 32:(5� 6833/,(6�� 7(67� 6<67(0� 23(5$725� ,17(5)$&(6�� 7(67

5(68/76� &$3785(�� $1'� 62� 21�


����� ���� �������� 	�����

 !�� :$6� '(6,*1('� 63(&,),&$//<� )25� 7(67,1*� 6(5,$/� ,17(5)$&(6�

!<3,&$//<�� 7+(6(� ,17(5)$&(6� 5(48,5(� 7+(� )2//2:,1*� &$3$%,/,7,(6�

•  ,03/(�� )/(;,%/(� ,1387�287387�� �//� 6(5,$/� ���� &$1� %(� 6(*0(17('

,172� $� &2//(&7,21� 2)� %,76� &$//('� �������� !+(� 6,=(� 2)� 7+(� )5$0(

9$5,(6� '(3(1',1*� 21� 7+(� $33/,&$7,21�

• �5$0(� $1'� %,7� 0$1,38/$7,21� )($785(6� ,1&/8',1*� &203$5,621�

02',),&$7,21�� )250$77,1*�� $1'� &21&$7(1$7,21�

• �203/(;� &21',7,21$/� &216758&76� 7+$7� (;(&87(� ,1� 5($/� 7,0(�

�25� 0$1<� 6(5,$/� 35272&2/6�� 7+,6� 0($16� %(,1*� $%/(� 72� 3(5)250

��� 72� 	�� 67$7(0(176� :,7+,1� �	�� 0,&526(&21'6�

•  833257� )25� &219(56,21� 2)� )5$0(� '$7$� 72� $1'� )520� 180(5,&

'$7$� 7<3(6�� �$1<� 35272&2/6� 5(48,5(� 180(5,&� 352&(66,1*� 2)

6,*1$/6� 25� 180(5,&� &21752/�

•  833257� 2)� 08/7,3/(�  !�6� 5811,1*� &21&855(17/<� (08/$7,1*� $

6,1*/(� 6(5,$/� %,7� 675($0� 25� 08/7,3/(� 6(5,$/� %,7� 675($06�

• !5,**(5,1*� &$3$%,/,7,(6� %(7:((1� &21&855(17� 352&(66(6�

�,�(��� 6(5,$/� 7(67� 6(48(1&(56�� $1'� 7+(� (;,67,1*� ��� 
��� ',*,7$/

6(48(1&(5�

• �81>7,0(� &21752/� 2)�  !�� 3(5621$/,7<� 02'8/(6� $1'�

5(&21),*85$%/(� %,7� 352&(66256�

• �;75(0(/<� )/(;,%/(� 6(783� 2)�  !�� 3(5621$/,7<� 02'8/(6� $1'

5(&21),*85$%/(� %,7� 352&(66256� ����6��� �(:� ���� 3(5621$/,7,(6

$1'� 3(5621$/,7<� 02'8/(6� +$9(� %((1� '(6,*1('� $)7(5� ,1,7,$/

352'8&7� 5(/($6(�� !+(� 86(5� ,17(5)$&(� ,6� '(6,*1('� 72� $&&(37

7+(6(� :,7+� 0,1,080� 62)7:$5(� 5(:25.� $1'� :,7+287� ',6785%,1*

(;,67,1*� &86720(5� 7(676�

• �$6<� 352*5$00,1*� 2)� 7+(� &/2&.� 6,*1$/� 6285&(6� 21� 7+(�  !��

!+(6(� &/2&.� 6,*1$/� 6285&(6� $5(� 86('� 72� 6,08/$7(� 7+(� %,7� $1'

)5$0,1*� &/2&.6� )281'� 21� 0$1<� 6(5,$/� ,17(5)$&(6�

�$&+� 6(5,$/� 7(67� )25� $� 3$57,&8/$5� �"!� ,6� &217$,1('� :,7+,1� 21(

6285&(� ),/(�� !+,6� 6285&(� ),/(� &21752/6� $//� 2)� 7+(�  !�6� 5(48,5('

)25� 7+$7� 7(67�� !+(� 180%(5� 2)� 7(676� '(3(1'6� 21� 7+(� /(9(/� 2)

',$*1267,&6� '(6,5('� %<� 7+(� 86(5�� �(1(5$//<�� 7+(� 86(5� :,//� :5,7(

08/7,3/(� 7(676� 72� (;(5&,6(� 7+(� �"!� )8//<�

�//� 0$-25� 81,76� 2)� 7+(� 6(5,$/� 6285&(� &2'(� $5(� 25*$1,=('� $6

%/2&.6�� �$&+� 81,7� %(*,16� :,7+� $� 67$57,1*� %/2&.� 67$7(0(17� $1'

,6� 7(50,1$7('� :,7+� $1� (1',1*� %/2&.� 67$7(0(17�� !+,6� *5($7/<

����� ��� �1� (;$03/(� 2)� $�  (5,$/� !(67� �$1*8$*(� � !��� 352*5$0�

serial;Count1,R1_frames 
 
serial clock IOM_clock  is 2048 events 
   events every 61.03515625n internal 
   connect clk1 to ”DCL” 
   connect clk2 to ”2048” 
   at event 0 set clk1 to ”1100” 
   at event 0 set clk2 to ”11110000” 
end serial clock 
 
stream IOM2_Master  type ”synchronous” 
   connect ”tx_clock” to ”2048” 
   connect ”tx_data” to ”DD” 
   transmit length unknown 
   substream TX_All 
      filter ”xdlc CRC-CCITT” 
      transmit bits all 
   end substream 
end stream 
 
stream IOM2_Slave  type ”synchronous” 
   connect ”rx_clock” to ”2048” 
   connect ”rx_data” to ”DD” 
   set ”rx_clock edge” to ”falling” 
   receive  length unknown 
   substream RX_All 
      receive bits all 
      filter ”xdlc CRC-CCITT” 
   end substream 
end stream 
 
process TX_All 
  loop 
    transmit ”\h5555” 
    transmit ”\haaaa” 
  end loop 
end process 
 
process RX_All;Count1,R1_frames 
  dim AAAA$[16] 
  loop 
      receive into AAAA$,”\hxxxx” 
      exit if AAAA$ = ”\hAAAA” 
  end loop 
  Count = 0 
  loop 
      receive ”\h5555”,”\hxxxx” 
      receive ”\hAAAA”,”\hxxxx” 
      Count = Count + 1 
      exit if Count = Count1 
  end loop 
  R1_frames = Count 
  initiate trigger digital 
end process

6,03/,),(6� 3$56,1*� $1'� '5$0$7,&$//<� ,03529(6� (5525� ',$*1267,&

0(66$*(6�

!+(� 29(5$//� 6758&785(� )25� $� 6(5,$/� 7(67� ,6� ,//8675$7('� ,1� 7+(

(;$03/(� 6+2:1� ,1� �,*�� �

!+(� 6(5,$/� 67$7(0(17�� serial;Count1,R1_frames�� ,6� 86('� 72� '(),1(
9$5,$%/(6� 3$66('� 72� 25� )520� 7+(� 7(67� (;(&87,21� (19,5210(17

��!>�� ����� !+,6� $//2:6� )/(;,%,/,7<� ,1� &+$1*,1*� 7(67� (;(&87,21

3$5$0(7(56� :,7+287� 1((',1*� 72� 5(&203,/(�� �25� ,167$1&(�� 7+(

86(5� &$1� 3$66� ,1� 7+(� 180%(5� 2)� 6(&21'6� $� %,7� (5525� 5$7(

������ 7(67� ,6� 72� %(� (;(&87('�

!+(� 237,21$/� 6(5,$/� &/2&.� %/2&.�� serial clock IOM_clock …�� 352>

*5$06� 7+(�  !�� &/2&.� 6285&(6� 72� 287387� 63(&,),&� &/2&.� 6,*1$/

3$77(516�� �$&+� &/2&.� 6(&7,21� &21752/6� 7+(� )285� 6<1&+521286

&/2&.� 5(6285&(6� )281'� 21� 21(�  !��� !+(6(� &/2&.� *(1(5$7256

&$1� %(� 6<1&+521,=('� 72� $1� ,17(51$/� 25� $1� (;7(51$/� &/2&.

6285&(�� !+(� &/2&.� 6,*1$/6� &$1� +$9(� 9$5,$%/(� /(1*7+6� 5$1*,1*

)520� 	� 72� ���
�� 3$77(51� &+$1*(6� �&$//('� (9(176��� !+(� /$5*(

180%(5� 2)� (9(176� 3529,'(6� $� 9(5<� )/(;,%/(� )250$7� )25� '(),1,1*
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(97831� (03(/� &2)� +6&1*� 7=2(� 7.,2&07�� #-*� ;.)8-� 3+� *&(-

*:*28� .7� )*+.2*)� .2� 2&237*(32)7� 36� 1.(637*(32)7�

#-*� 786*&1� '03(/�� stream IOM2_Master type “synchronous”�� .7� 97*)� 83
)*+.2*� 8-*� 4-=7.(&0� (-&6&(8*6.78.(7� 3+� 8-*� 7*6.&0� '.8� 786*&1� &2)

46383(30� 83� 8-*� (366*7432).2,� 4*6732&0.8=� 13)90*�� #-*6*� &6*

8-6**� 4*6732&0.8=� 13)90*� 8=4*7�� ##��� �"��� "�$"�� &2)� �"��

$�$"�� #-*� �"��� 4*6732&0.8=� 13)90*7� &6*� 97*)� 74*(.+.(&00=

+36� (322*(8.32� 83� �"��� .28*6+&(*7�� #-*� ##�� 4*6732&0.8=� 13)?

90*� .7� &� +0*<.'0*� (300*(8.32� 3+� 463,6&11&'0*� ##�?:308&,*

0*:*0� )6.:*67� &2)� 6*(*.:*67� 97*)� 83� .28*6+&(*� 83� ,*2*6.(� ##�?

0*:*0� 7*6.&0� '.8� 786*&17�� #-*� 786*&1� 8=4*� )*8*61.2*7� 8-*� 4*6?

732&0.8=� 13)90*�7� 13)*� 3+� 34*6&8.32�� �2� 8-*� &'3:*� (31?

1&2)�� 8-*� /*=;36)� “synchronous”� 463,6&17� 8-*� 4*6732&0.8=
13)90*� '.8� 463(*7736� 83� *<4*(8� &2� *<40.(.80=� (03(/*)� '.8

786*&1�� #-.7� 8=4*� 3+� 7*6.&0� '.8� 786*&1� 6*59.6*7� &� ##�� 4*6732?

&0.8=� 13)90*�� �2� *6636� ;390)� '*� 7.,2&0*)� .+� 8-.7� /*=;36)

;*6*� 97*)� &2)� &� ##�� 4*6732&0.8=� 13)90*� ).)2�8� *<.78�� #-*

*0*(86.(&0� 0*:*07� 3+� 8-*� 4*6732&0.8=� 13)90*7� &6*� +.<*)�� '98� 8-*

786*&1� 46383(307� &6*� 463,6&11&'0*�� #-*� *<&140*� .2� �.,�� �� .7

&2� *<40.(.80=� (03(/*)� &2)� .140.(.80=� +6&1*)� '.8� 786*&1�� #-*6*?

+36*�� 8-*� ##�� 4*6732&0.8=� 13)90*� 97*7� 8;3� 7.,2&0� 0.2*7� 83

6*(*.:*� )&8&�� rx_data� &2)� rx_clock�� #-*� *<40.(.8� +6&1.2,� 7.,2&0
0.2*�� rx_frame_sync�� .72�8� 6*59.6*)� '=� 8-*� '.8� 463(*7736� '*(&97*
8-*� ����� +361&8� -&7� 8-*� +6&1.2,� .2+361&8.32� *1'*))*)� .2

8-*� &(89&0� )&8&� 86&271.88*)�� �.++*6*28� ##�� 13)*7� &6*� 97*)� 83

6*463,6&1� 8-*� '.8� 463(*7736� 83� *190&8*� &� :&6.*8=� 3+� 7*6.&0

46383(307� 6&2,.2,� +631� 7=2(-632397� #��� .28*6+&(*7� 83

&7=2(-632397� .28*6+&(*7� 0./*� !"?
�
�

#-*� 13)*� 3+� 8-*� �"��� 4*6732&0.8=� 13)90*7� (&2� '*� (-&2,*)

&7� ;*00�� �36� *<&140*�� 8-*� �"��� "?'97� 13)90*� (&2� 7.190&8*

8*61.2&0� *59.41*28� 36� &� 2*8;36/� 8*61.2&836�� #-*� &9831&8.(

�"��� 7=2(-632.>&8.32� 7*59*2(*7� &6*� ).++*6*28� )*4*2).2,� 32

8-*� �"��� 13)*� 7*0*(8*)�� #-*� 13)*� 8=4*� 6*463,6&17� 8-*

4*6732&0.8=� 13)90*�7� (.6(9.8;&6*� 83� (32+361� 83� ).++*6*28

786*&1� 6*59.6*1*287�

#-*� 463,6&11*6� (322*(87� 8-*� 4*6732&0.8=� 13)90*� 83� 8-*

�$#� '=� 97.2,� 8-*� (322*(8� 78&8*1*28�� connect “tx_data” to “DD”�
#-.7� 78&8*1*28� 4-=7.(&00=� (037*7� 8-*� (366*(8� "#�� 6*0&=7� 83

(322*(8� &� 4*6732&0.8=� 13)90*�7� 6*7396(*7� 83� 8-*� �$#�� #-*

4*6732&0.8=� 13)90*�7� 6*7396(*7� &6*� 1908.40*<*)�� �96.2,� 8-*

8*78� ,*2*6&8.32� 463(*77�� 8-*� 7=78*1� 73+8;&6*� ;.00� &9831&8.?

(&00=� )*8*61.2*� 8-*� 348.1&0� (322*(8.32� 1*8-3)� 83� 8-*� �$#�

#-.7� (322*(8.32� 1*8-3)� .7� 8-*2� 97*)� 83� '9.0)� 8-*� (366*(8

+.<896*� .28*6+&(*� 83� 8-*� �$#�

�&(-� 4*6732&0.8=� 13)90*� 13)*� -&7� &� 7*8� 3+� 463,6&11&'0*

+*&896*7�� #-*7*� &6*� (3286300*)� '=� 97*� 3+� 7*8� 78&8*1*287�� set
“rx_clock edge” to “falling”�� #-*� 7*8� 78&8*1*28� .7� 59.8*� ,*2*6.(�

set “mode description” to <value>

#-*� <value> � 4&6&1*8*6� (&2� '*� &� 291*6.(� 36� 786.2,� .)*28.+.*6
0./*� “enabled”�� �&(-� 13)*� -&7� &� 74*(.+.(� 7*8� 3+� +*&896*7�� �+� &
+*&896*� .7� 238� *<40.(.80=� 7*8�� 8-*2� &� )*+&908� :&09*� .7� 97*)�

�=� )*+.2.8.32� +631� 396� ,*2*6.(� 7*6.&0� 46383(30� 13)*0�� *&(-

786*&1� ;.00� -&:*� &� 7869(896*� 3+� '.87� (&00*)� &� +6&1*�� �� +6&1*� 3+

'.87� .7� (328.293970=� �36� 32� )*1&2)�� 86&271.88*)� 36� 6*(*.:*)�

�*4*2).2,� 32� 8-*� 46383(30�� ;*� 1&=� 36� 1&=� 238� /23;� 8-*

+6&1*� 0*2,8-�� �*68&.2� 7*6.&0� 46383(307� -&:*� 8-*� +6&1*� 0*2,8-

*1'*))*)� .2� 8-*� &(89&0� 786*&1� 3+� 03,.(&0� '.87�� ����� .7� &2

*<(*00*28� *<&140*�

#-*� transmit frame length� &2)� receive frame length � 78&8*1*287� &6*� 97*)
83� (&4896*� 8-.7� .2+361&8.32�� #-.7� 1&=� '*� 92/23;2� �;-.(-� .7

&003;*)� &7� &� /*=;36)�� 36� &� 291'*6� '*8;**2� 
� &2)� �����

#-.7� .2+361&8.32� .7� 97*)� '=� 8-*� (-&22*0� 740.88*6� (.6(9.8;&6*

&7� .8� .27*687� 36� *<86&(87� '.87� +631� 8-*� 786*&1�

#-.7� 0*&)7� 97� 83� 8-*� 2*<8� '03(/� 7869(896*�� 8-*� ����
����

�&(-� 786*&1� (&2� -&:*� '*8;**2� 32*� &2)� +396� 79'786*&17�

#-*� 79'786*&17� &6*� )*+.2*)� &7� &� '03(/� 7869(896*� ;.8-.2� *&(-

786*&1� '03(/�� #-*� 79'786*&1� 463,6&17� 8-*� (-&22*0� 740.88*6� 83

8&6,*8� 74*(.+.(� '.87� ;.8-.2� 8-*� +6&1*�� �&(-� 79'786*&1� (&2

6*(*.:*� &2)� 86&271.8� '.87� +631� ;.8-.2� *&(-� 786*&1� +6&1*�� #-*

'.87� 8&6,*8*)� '=� 8-*� (-&22*0� 740.88*6� &6*� 8-*6*+36*� *.8-*6� *<?

86&(8*)� 36� .27*68*)� .283� 8-*� 786*&1� +6&1*�� �&(-� 79'786*&1� -&7

&2� &773(.&8*)� 7*6.&0� 8*78� 7*59*2(*6� (&00*)� &� 	
������� �773(.?

&8*)� 79'786*&17� &2)� 463(*77*7� -&:*� 8-*� 7&1*� 2&1*�� #-*

79'786*&1� )*+.2*7� ;-.(-� '.87� 3+� 8-*� +6&1*� &6*� 4&77*)� 83� 36

6*(*.:*)� +631� 8-*� 463(*77�� #-*� 463(*77� (328&.27� 8-*� &(89&0

463,6&1� 97*)� 83� (328630� 8-*� '.8� :&09*7�

�+� 8-*� 786*&1� +6&1*� 0*2,8-� .7� /23;2�� 8-*2� *&(-� 79'786*&1� .7

)*+.2*)� &7� &� 4368.32� 36� &00� 3+� 8-*� 786*&1� +6&1*��  &68.(90&6� '.87

.2� 8-*� 786*&1� +6&1*� &6*� *291*6&8*)� +631� 	� 83� 8-*� +6&1*

0*2,8-�� #-*� 97*6� 8&,7� (*68&.2� 786*&1� '.87� +36� 8-*� 79'786*&1� 83

86&271.8� 36� 6*(*.:*� '=� 97*� 3+� 8-*� 86&271.8� 36� 6*(*.:*� '.87

78&8*1*287� � transmit bits all�� transmit bits 1 to 8�� receive bits all�� �908.40*
86&271.8� 36� 6*(*.:*� '.87� 78&8*1*287� &((9190&8*� 8&,,*)� '.87�

�00� 8-*7*� '.87� &6*� (32(&8*2&8*)� �'=� 8-*� "#�� -&6);&6*�� .2

36)*6� �'.8� 	� 83� '.8� 2�� &2)� 86*&8*)� &7� &� +6&1*� '=� 8-*� 463(*77

&773(.&8*)� ;.8-� 8-&8� 79'786*&1�

�+� 8-*� 786*&1� +6&1*� 0*2,8-� .7� 92/23;2� '*(&97*� .8� 1978� '*

6*(3:*6*)� +631� 8-*� '.8� 786*&1�� &7� .7� 8-*� (&7*� 7-3;2� .2� �.,�� ��

8-*2� 8-*� 463,6&11*6� 1978� )*+.2*� &� 6*(32+.,96&'0*� '.8� 463?

(*7736� 83� 86&27+361� 8-*� '.8� 786*&1�� #-.7� .7� .)*28.+.*)� .2� 8-*

79'786*&1� '03(/� &7� &� +.08*6� 78&8*1*28� 36� '03(/�� filter “xdlc CRC-
CCITT”�� "*8� 78&8*1*287� (&2� '*� 97*)� 83� (328630� 8-*� +.08*6� .2
19(-� 8-*� 7&1*� ;&=� &7� 7*8� 78&8*1*287� &6*� 97*)� 83� (328630� 8-*

4*6732&0.8=� 13)90*� .2� 8-*� 786*&1� '03(/�

�96� ,*2*6.(� 13)*0� &003;7� .2+.2.8*� 0*:*07� 3+� '.8� 786*&1� -.*6&6?

(-=�� #-*� "#�� -&6);&6*� 79443687� 8;3� 0*:*07� �786*&1� &2)� &

7.2,0*� 0&=*6� 3+� 79'786*&17��� �)).8.32&0� 0*:*07� (&2� '*� *190&8*)

.2� 8-*� 7*6.&0� 0&2,9&,*�� #-.7� -&7� 238� 463:*)� 833� 6*786.(8.:*

7.2(*� 1378� 46383(307� 6*59.6*� 23� 136*� 8-&2� 8;3� 0*:*07�� !*+*6

83� �.,�� 
� +36� &2� *<&140*� 3+� -3;� 8-.7� ;36/7�

�908.40*� 79'786*&17� (&2� 6*(*.:*� 8-*� 7&1*� '.87�� '98� 320=� 32*

79'786*&1� (&2� 86&271.8� &� 4&68.(90&6� '.8�� �� 79'786*&1� 1&=

-&:*� 23� '.87� '*.2,� 86&271.88*)� 36� 6*(*.:*)�� #-.7� (&4&'.0.8=� .7

97*)� 83� (6*&8*� &� 463(*77� 8-&8� 7.140=� (3286307� 38-*6� 463(*77*7�

�7� 78&8*)� 46*:.3970=�� *&(-� 79'786*&1� -&7� &2� &773(.&8*)� 463?

(*77�� process RX_All;Count1,R1_frames�� �&(-� 463(*77� 6*46*7*287� &2
.2)*4*2)*28� 463,6&1� 8-&8� .7� *<*(98*)� (32(966*280=� ;.8-� &00

38-*6� 463(*77*7� )*+.2*)� .2� &� 4&68.(90&6� 7*6.&0� 7396(*� 463,6&1�

%&6.&'0*7� 4&77*)� .283� 8-*� 7*6.&0� 8*78� &6*� 79'7*59*280=� 4&77*)

83� .2).:.)9&0� 463(*77*7�� #-*� "#�� 463(*77� 78&8*1*287� ;*6*

13)*0*)� &+8*6� �#?��"���� #-*6*+36*�� 8-*� 78&8*1*287� &2)

7869(896*7� &003;*)� .2� "#�� 463(*77*7� .2(09)*�

• �+?8-*2� (32).8.32&07

• �3,.(&0� 34*6&8367

• �77.,21*28

• �334�*<.8� .+�*2)� 0334� (327869(8
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• �6#3065*/&4� �8*5)� %"5"� 4$01*/(� $0/530-�
• �*5� &3303� 3"5&� 5&45� '6/$5*0/4
• �6.&3*$� '6/$5*0/4
• �$$&44� 50� 453&".� "/%� '*-5&3� '&"563&4� 5)306()� $0/530-� "/%
45"564� '6/$5*0/4�

�*54� 50� #&� 53"/4.*55&%� 03� 3&$&*7&%� "3&� '03."55&%� "4� "� %"5"

5:1&� $"--&%� "� ������� �3".&� %"5"� $"/� #&� 4503&%� */� "� 7"3*"#-&�

A$�� 03� "4� "� $0/45"/5�� 46$)� "4� 10001�� �"$)� '3".&� 7"3*"#-&� *4
4*.1-:� "� -*/&"3� "33":� 0'� 1"$,&%� #*54�� �30.� "� 130(3"..*/(

1&341&$5*7&�� 5)&� '3".&� 7"3*"#-&� *4� 53&"5&%� -*,&� "� 453*/(� %"5"

5:1&�� �"$)� '3".&� 7"3*"#-&� )"4� "� ."9*.6.� -&/(5)� %&$-"3&%� #:

5)&� dim� 45"5&.&/5�� �)&� %&'"6-5� -&/(5)� *4� ��� #*54�

�"5"� *4� 53"/4.*55&%� #:� 5)&� 53"/4.*5� 45"5&.&/5�� transmit “\h5555”, A$�
03� 3&$&*7&%� */50� 5)&� 130$&44� #:� 5)&� 3&$&*7&� 45"5&.&/5� � receive
“\h5555”, into A$�

�--� 130$&44� '3".&4� "3&� #6''&3&%� */5&3/"--:� 8*5)*/� 5)&� 4&3*"-

5&45� 4&26&/$&3�� �)&4&� #6''&34� "--08� 5)&� 4&3*"-� 5&45� 4&26&/$&3

50� $0/5*/6&� 50� &9&$65&� 5)&� 130(3".� "/%� /05� #&� 5*&%� %*3&$5-:

50� 5)&� � �� 53"/4.*5� 03� 3&$&*7&� 3"5&�

�--� 453*/(� 01&3"5*0/4� -*,&� 46#453*/(�� $0/$"5&/"5*0/�� &26"-*5:�

*/4&35*0/�� "/%� %&-&5*0/� "3&� 4611035&%� 8*5)� 5)&� '3".&� %"5"

5:1&�� �"$)� #*5� 0'� "� '3".&� 803,4� +645� -*,&� "� $)"3"$5&3� */� "

453*/(�� �)&� 64&3� $"/� 64&� 7"3*064� /05"5*0/4� �#*/"3:�� 0$5"-�� )&9<

"%&$*."-�� %&$*."-�� 03� ������� 50� "44*(/� "� 7"-6&� 50� "� '3".&

7"3*"#-&�� �*/$&� 453*/(� 01&3"5*0/4� 8&3&� .0%&-&%� "'5&3� 5)04&� */

��<������� 130(3"..&34� '".*-*"3� 8*5)� ������ -"/(6"(&4� $"/

26*$,-:� -&"3/� ���� '3".&� 01&3"5*0/4�

�/� ���� 130$&44� "-40� 46110354� */5&(&3�� 3&"-�� */5&(&3� "33":� "/%

3&"-� "33":� %"5"� 5:1&4�� �0/7&34*0/� #&58&&/� */5&(&34� "/%

'3".&� %"5"� 5:1&4� *4� 4611035&%�� �)&4&� %"5"� 5:1&4� "3&� 64&%� 50

4611035� $0.1-&9� $0/530-� "-(03*5).4� "/%� %*(*5"-� 4*(/"-� 130<

$&44*/(� 0'� %"5"�� �/&� "11-*$"5*0/� 3&26*3*/(� 5)*4� $"1"#*-*5:� *4

5&45*/(� "/"-0(� -*/&� $"3%4�� �*/&� $"3%4� */5&3'"$&� 46#4$3*#&3

&26*1.&/5�� 46$)� "4� "� 1)0/&�� 50� 5)&� 16#-*$� %"5"� /&5803,�

�:1*$"-� 5&454� 3&26*3&� "� 4*(/*'*$"/5� ".06/5� 0'� %*(*5"-� 4*(/"-

130$&44*/(� '03� 5&45*/(� "/"-0(<50<%*(*5"-� 53"/4.*44*0/� 53"/4'&3

'6/$5*0/4�

�*.&<03%&3� 4&26&/$&� $0/530-� #&58&&/� 130$&44&4� "/%� 5)&

%*(*5"-� 4&26&/$&3� *4� )"/%-&%� #:� 64&� 0'� -&7&-<4&/4*5*7&�� /".&%

53*((&34�� �)&� 53*((&3*/(� .&$)"/*4.� )"4� #&&/� *.1-&.&/5&%

64*/(� "� 4*.1-&� ."*-#09� "1130"$)�� �)&� 130$&44� 4&/%*/(� "

53*((&3� 1-"$&4� 5)&� "113013*"5&� 53*((&3� /6.#&3� */� *54� "44*(/&%

."*-#09�� �30$&44&4� 3&$&*7*/(� 53*((&34� "3&� 50-%� */� 8)*$)� ."*-<

#09� "/%� '03� 8)*$)� /6.#&3� 50� -00,�� �)*4� *.1-&.&/5"5*0/

"--084� "/:� 130$&44� 50� 4&/%� 03� 3&$&*7&� "� 53*((&3� 50� 03� '30.

"/:� 05)&3� 130$&44�� �5� "-40� "--084� .6-5*1-&� 130$&44&4� 50� 3&<

$&*7&� 5)&� 4".&� 53*((&3�� �&/� %*''&3&/5� 53*((&34� $"/� #&� 4&/5� 50

"/:� 05)&3� 130$&44� %&'*/&%� */� 5)&� 4&3*"-� 4063$&�� �/� "%%*5*0/� 50

*/5&3130$&44� 53*((&3*/(�� 5)&� 4:45&.� 46110354� 53*((&3*/(� 50� "/%

'30.� 5)&� 1"3"--&-� %*(*5"-� 4&26&/$&3�� �03� &9".1-&�� �*(�� �� 4)084

580� 130$&44&4�� �� "/%� ��� 4&/%*/(� "/%� 3&$&*7*/(� 53*((&34�

�)*4� 4*.1-&� 53*((&3� 4$)&.&� "--084� "� 8*%&� 7"3*&5:� 0'� 4&26&/$&

$0/530-� ".0/(� $0/$633&/5-:� &9&$65*/(� 130$&44&4� "/%� 5)&� ��


��� %*(*5"-� 4&26&/$&3�

�--� 45"5&.&/54� */� 5)&� 130$&44� 4&$5*0/� "3&� 015*.*;&%� '03� 41&&%�

�&45*/(� "/%� 64&� )"7&� 4)08/� 5)"5� ���� $"/� 1&3'03.� "� '"*3-:

$0.1-&9� 4&5� 0'� 01&3"5*0/4� */� �	�� �4† � 50� "� '&8� .*--*4&$0/%4�

���� ��� �3*((&3*/(� */� ����

Process A

Trigger from B.5
Wait for Trigger

Initiate Trigger 4

Trigger from Digital.2
End Process

Process B

Initiate Trigger 5

Trigger from A.4
Loop
  Receive A$
  Exit if Triggered
End Loop
End Process

HP 3070 Digital
Sequencer
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�)&� ��� 
��� 5&45� %&#6((*/(� &/7*30/.&/5� $0/4*454� 0'� "�
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��

4:45&.� )"3%8"3&� 5)306()� 5)&� ��<������ */5&3"$5*7&� &%*503�

�)&� 03*(*/"-� %&#6((*/(� &/7*30/.&/5� 46110354� #05)� 5)&� %*(*<

5"-� 4&26&/$&3� "/%� 5)&� "/"-0(� .&"463&.&/5� 46#4:45&.�� �5

1307*%&4� "/� &"4:<50<64&� 16--<%08/� .&/6� 4536$563&� 50� $0/530-

5)&� "/"-0(� "/%� %*(*5"-� 5&45� '6/$5*0/4�� 7*&8� %*(*5"-� 5&45� 7&$5034

(3"1)*$"--:� 8*5)*/� "� -0(*$� "/"-:;&3� %*41-":�� $3&"5&� .&"463&<

.&/5� )*450(3".4�� "/%� 40� 0/�� �� 4&3*"-� .0%&� 8"4� "%%&%� 50

"--08� 5)&� 64&3� 50� 7*&8� 5)&� 45"564� 0'� 7"3*"#-&4�� 130$&44&4�

$0//&$5*0/4�� "/%� 40� 0/�� �--� .0%&4� 4611035� 7*&8*/(� 0'� 5)&

5&956"-� 4063$&� $0%&� "/%� $0.."/%4� 50� &9&$65&� 5)&� 4063$&

130(3".� "/%� 7*&8� 5)&� %"5"�� �'� /&$&44"3:�� 5)&� 4063$&� 130(3".

$"/� #&� .0%*'*&%�� 3&$0.1*-&%�� "/%� &9&$65&%� '30.� 5)&� %&#6(

&/7*30/.&/5�

�*(�� �� 4)084� 5)&� 4&3*"-� %&#6(� &/7*30/.&/5�� �)&� -"3(&45� #09

$0/5"*/4� 5)&� 4&3*"-� 4063$&� 130(3".�� �5� $"/� #&� .0%*'*&%� #:� 5)&

64&3� */� 5)*4� 1"/&�� �)&� $0.1*-&<"/%<(0� #6550/� "--084� 5)&� 64&3

50� 26*$,-:†† � 3&$0.1*-&� +645� 5)&� 4&3*"-� 4063$&� $0%&� "/%� &9&<
$65&� 5)&� 5&45�� �)&� 1"/&� 0/� 5)&� -&'5� 4*%&� $0/5"*/4� "� -*45� 0'� ���

130$&44&4�� �-*$,*/(� 0/� 0/&� 0'� 5)&4&� 1-"$&4� 5)&� 4063$&� 130<

(3".� "5� 5)&� '*345� -*/&� 0'� 5)"5� 130$&44�

�)&� $0.."/%� 16--<%08/� 4)084� 5)&� -*45� 0'� %&#6((*/(� $0.<

."/%4� "7"*-"#-&�� 46$)� "4� 7*&8*/(� 5)&� $633&/5� $0/5&/54� 0'

7"3*"#-&4�� 53*((&3� -0(�� $633&/5� 130$&44� 45"564� "/%� -*/&� /6.#&3�

"/%� 45"564� "/%� $0/5&/54� 0'� 5)&� 53"/4.*5� "/%� 3&$&*7&� #6''&34�

�:� 7"3*064� 16--<%08/� .&/6� 4&-&$5*0/4�� 41&$*'*$� 7"3*"#-&4� 03

(30614� 0'� 7"3*"#-&4� 0'� "� 1"35*$6-"3� 5:1&� $"/� #&� %*41-":&%�

�3".&� 7"3*"#-&4� $"/� "-40� #&� %*41-":&%� */� "� 7"3*&5:� 0'� '03."54

�#*/"3:�� 0$5"-�� )&9"%&$*."-�� %&$*."-��

�)&� 53*((&3� -0(� 0/� &"$)� 130$&4403� $"1563&4� 5)&� -"45� 	�� 53*((&3

&7&/54�� �)&� &7&/54� "3&� %*41-":&%� */� $)30/0-0(*$"-� 03%&3�� �)*4

)&-14� 3&40-7&� %*''*$6-5*&4� 8)&/� 53*((&3*/(� #&58&&/� 130$&44&4

03� 5)&� %*(*5"-� 4&26&/$&3�� �"$)� 53*((&3� &7&/5� *4� %*41-":&%� */

5)&� 4".&� 4:/5"9� "4� 5)&� 53*((&3� 45"5&.&/54� */� ����

�"$)� 130$&44� ,&&14� 53"$,� 0'� *54� 08/� 45"564� "/%� -*/&� /6.#&3�

�)&� 45"564� %&#6(� $0.."/%� %*41-":4� 5)&� $633&/5� 45"564� "/%

† 125 �s is an important number in telecommunications applications because it corresponds to
the basic 8-kHz frame rate used throughout the network.

†† Usually in under 15 seconds. The largest serial test to date takes 44 seconds to compile.
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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.

Motif is a trademark of the Open Software Foundation in the U.S.A. and other countries.
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Coding guidelines for behavioral modeling and a process for generating
wire load models that satisfy most timing constraints early in the design
cycle are some of the techniques used in the design process for standard
cell ASICs.
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Coding Guidelines.� �$!� ���� �+ %*#� #1% !(%*!/� )!*0%+*! 
��+2!� !*��(!� 0$!� �.!�0%+*� +"� �!$�2%+.�(� )+ !(/� 0$�0� /5*8

0$!/%6!� ,.! %�0��(5� %*� �� /$+.0!.� �)+1*0� +"� 0%)!� 3%0$� �!00!.

,!."+.)�*�!� 0$�*� 0$+/!� �.!�0! � 3%0$+10� #1% !(%*!/	

Generic Synthesis Script.� �+� /0.!�)(%*!� /5*0$!/%/� 3!� �.!�0!
#!*!.%�� /5*0$!/%/� /�.%,0/� "+.� +1.�  !/%#*� 0$�0� �+*0�%*� �((� +"� 0$!

 !/%#*8/,!�%"%�� �+*/0.�%*0/� /1�$� �/� "(%,8"(+,� 05,!/�� �(+�'

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

�(/+� %*�(1 !� %*,10� �* � +10,10� 0%)%*#� �+*/0.�%*0/�� !40!.*�(

(+� %*#�� �* �  .%2!� ��,��%(%05	� �$!� /�.%,0/� �.!� 1/! � 0+� /5*0$!8

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

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

%*�+.,+.�0! � %*0+� 0$!%.� ,�.!*0� )+ 1(!� �.!� .!/5*0$!/%6! � 3%0$

/�.%,0/� 3.%00!*� /,!�%"%��((5� "+.� 0$!)	� �$%/� �((+3/� 0$!� )�&+.%05

+"� 0$!� �(+�'/� 0+� �!� /5*0$!/%6! � 2!.5� -1%�'(5	� �%#	� �� /$+3/� �

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

Custom Wire Load Models.� �*!� +"� +1.� ,.%)�.5� #+�(/� %/� 0+� ,!.8
"+.)� �� /%*#(!� .+10!� 3%0$+10� �*5� %0!.�0%+*	� �+� ���+),(%/$� 0$%/�

0$!� 3%.!� (+� %*#� ���,��%0�*�!� +*� 0$!� (%*!�� !/0%)�0!/� 0$�0� �.!

1/! �  1.%*#� /5*0$!/%/� $�2!� 0+� �!� �+*/!.2�0%2!	� �+3!2!.�� %"

0$!5� �.!� 0++� �+*/!.2�0%2!� 0$!*� %0� %/� *+0� ,+//%�(!� 0+� )!!0� ,!.8

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

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

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

!4,!.%)!*0/	� �$!/!� !4,!.%)!*0/� �+*/%/0! � +"� /5*0$!/%6%*#

)+ 1(!/� +"� 2�.%+1/� /%6!/� �* �  !/%#*� 05,!/�� .+10%*#� 0$!)�

�* � 0$!*� 2!.%"5%*#� 0$�0� 0$!%.� ,!."+.)�*�!� 3%0$� ��01�(� 3%.!

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

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

)+ !(� 3%0$� 2�.5%*#� (!2!(/� +"� �+*/!.2�0%/)	� �%#	� � /1))�.%6!/

0$!� ,.+�!//� 3!� 1/! � 0+� #!*!.�0!� 0$!� 3%.!

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

/* These are fragments from the generic Synopsys dc_script */
/* the full script can be easily modified for a given model */
/* –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
/* Read in Verilog HDL:                                            */
/* –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
read -f verilog mymodule.v
check_design

/* ––––––––––––––––––––––––––––––––––––––– */
/* Set the wire load model: */
/* ––––––––––––––––––––––––––––––––––––––– */
set_wire_load block –library wire_loads

/* ––––––––––––––––––––––––––––––––––––––– */
/* Define the clocks:                       */
/* ––––––––––––––––––––––––––––––––––––––– */
create_clock CLK –period 20 –waveform {0 10}
set_clock_skew –plus_uncertainty 0.5 –minus_uncertainty 0.5 –propagated CLK

/* –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
/* Set block operating environment: */
/* –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
loader_pin = hp_cmos26g_table_slow/INVFF/A
driver_pin = hp_cmos26g_table_slow/NINVFF/Q
set_load 3 * load_of(loader_pin) all_outputs()
set_load load_of(loader_pin) all_inputs()
set_drive drive_of(loader_pin) all_inputs()
set_input_delay 10 –clock CLK all_inputs()
set_output_delay 10 –clock CLK all_outputs() –max

/* –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
/* Compile the design
/* –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
compile

/* –––––––––––––––––––––––––––––––––––––––––––––– */
/* Write out results                                     */
/* –––––––––––––––––––––––––––––––––––––––––––––– */
write –hierarchy –f verilog –output mymodule.vopt
write_constraints –format sdf –output mymodle. sdf –max_paths 1000
report_design >> mymodule.sn_rpt
report_hierarchy –full >> mymodule.sn_rpt
report_timing >> mymodule.sn_rpt
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�1.%*#� 0$!/!� !4,!.%)!*0/�� !��$� )+ 1(!� 3�/� "%./0� /5*0$!/%6! 
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3%.!� (+� � )+ !(� 0$�0� 3�/� 1/! � 3�/� #!*!.�0! � �5� /!(!�0%*#� �

,+%*0� %*� 0$!�  %/0.%�10%+*� +"� ��01�(� ��,��%0�*�!/� "+.� !��$� "�*8

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

/$+3/� �� /�),(!�  %/0.%�10%+*� +"� %*0!.�+**!�0� ��,��%0�*�!� "+.

*!0/� 3%0$� �� "�*+10� +"� 03+� %*� �� 05,%��(� )+ 1(!	� �*� 0$%/� !4�)8

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

0�*�!� /1�$� 0$�0� �
�� +"� 0$!� 3%.!/� 3+1( � 05,%��((5� $�2!� ��01�(
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,(5� 1/! � 0$!� ��,��%0�*�!� 2�(1!� ".+)� 0$!�  %/0.%�10%+*� 0$�0� 3�/
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��((! � �� 7�
�� )+ !(	�
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�
80+8��8,!.�!*0� .�*#!	� �!� "+1* � 0$�0� 1*(!//� 3!� 1/! � �0

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

0%+*/� �"0!.� ���'8�**+0�0%+*�� 0$�0� 3!.!� *+0� ,.!/!*0�  1.%*#

/5*0$!/%/� 3%0$� !/0%)�0! � (+� /	

�!� �(/+�  %/�+2!.! � 0$�0� 0$!� )�#*%01 !� �* �  %/0.%�10%+*� +"

0$!� .+10! � ��,��%0�*�!� 3!.!� "�%.(5� �+*/%/0!*0� ��.+//� �� 3% !

* Back-annotation in this context refers to the process of taking the actual capacitance values
extracted from routing and using them during static timing analysis.
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$/3 2(-,�� �'$� 25-9. 0 +$2$0� $/3 2(-,� " *"3* 2$1� #$* 7� 5(2'

 ,� (,20(,1("� "-+.-,$,2�  ,#�  � *- #� #$.$,#$,2� "-+.-,$,2�

�'$� 2'0$$9. 0 +$2$0� $/3 2(-,� +-#(%($1� 2'$� (,20(,1("� #$* 7� 2-

0$%*$"2� (21� #$.$,#$,"7� -,� 2'$� (,.32� 1*-.$�� �-� #0(4$� 2'$� .* "$0

5(2'�  ""30 2$� # 2 �� (2� (1� (+.-02 ,2� 2' 2� �$**��1� #$* 7� " *"3* 9

2(-,� + 2"'� 2' 2� 31$#� !7� 2'$� 2(+(,&�  , *78$0�  1� "*-1$*7�  1

.-11(!*$�� � !*$� �� 1'-51� 2'$� "-00$* 2(-,� -!2 (,$#� %0-+� $ "'

-%� 2'$1$� +-#$*1� "-+. 0$#� 2-� 2'$� # 2 � 31$#� !7� 2'$� 2(+(,&

 , *78$0�� �'$� # 2 � (,� 2'$� 2 !*$� (1� %-0� 
		� 0$.0$1$,2 2(4$

. 2'1�� 4 07(,&� (,� *$,&2'� %0-+� � 2-� �
� "$**1�

** Cell3 is the placement and routing program we use, which comes from Cadence Design
Systems.
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Table I
Cell3 to Synopsys Correlation

Timing
Analyzer Data

Cell3 (two-
parameter)

Cell3 (three-
parameter)

!1615=5

#)<0

�
��� 6; �
��� 6; �
��� 6;

!)@15=5

#)<0

��
��� 6; ��
��� 6; ��
��� 6;

 -);<� �::7:�

>-:;=;� %A678;A;

��
�� �
��

�:-)<-;<� �::7:�

>-:;=;� %A678;A;

��
� ��
��

�::7:� $)6/-�

>-:;=;� %A678;A;

�
��� <7

�
�

	�
��� <7

�
��

�;� ;07?6� 16� &)*4-� ��� �-44��;� <0:--C8):)5-<-:� 57,-4� 8:7C

>1,-;� /:-)<4A� 158:7>-,� ,-4)A� 57,-416/� +758):-,� <7� <0-

<?7C8):)5-<-:� 57,-4
� �-+)=;-� 7.� 1<;� 158:7>-,� )++=:)+A�� <0-

<0:--C8):)5-<-:� 57,-4� 1;� 67?� =;-,� );� <0-� ;<)6,):,� ,=:16/

<1516/C,:1>-6� 84)+-5-6<


• �++=:)<-� -;<15)<-;� 7.� 16<-:+766-+<
� �7:� ;A6<0-;1;�� 16<-:+76C

6-+<� ,-4)A� 1;� ;8-+1.1-,� *A� <0-� ���� ?1:-� 47),� 57,-4;
� �7:

84)+-5-6<�� 1<� 1;� 1587:<)6<� <0)<� <0-� 84)+-:� 0);� )� /77,� 1,-)� 7.

?0)<� 1<� +)6� -@8-+<� 16� <-:5;� 7.� )>-:)/-� 8-:C4)A-:� ?1:16/� +)C

8)+1<)6+-� .7:� -)+0� ;1/6)4
� &0-;-� 6=5*-:;� ):-� ,-<-:516-,� *A

)6)4AB16/� ?1:16/� ,1;<:1*=<176;� 76� 8:->17=;4A� :7=<-,� +018;


Clock Tree Synthesis and Verification. � &A81+)4� �%��%� ):-� ,:1>-6
*A� ;16/4-� 7:� 5=4<184-� 01/0C;8--,� +47+3;
� &0-;-� +47+3;� ,:1>-

<07=;)6,;� 7.� .418C.478;� )6,� 5=;<� 0)>-� 47?� 16;-:<176� ,-4)A

)6,� ;3-?� <7� 5--<� 8-:.7:5)6+-� :-9=1:-5-6<;
� &7� 1584-5-6<

<0-;-� *)4)6+-,� +47+3;�� ;8-+1)4� 84)+-5-6<� )6,� :7=<16/� .-)C

<=:-;� 5=;<� *-� =;-,
� �-44��;� +47+3� <:--� ;A6<0-;1;� <774;� ):-

=;-,� <7� 16;-:<� )� *=..-:� <:--� .7:� -)+0� +47+3� �;--� �1/
� ��
� &0-

+47+3;� ):-� <0-6� 8:-:7=<-,� =;16/� >):17=;� .7:5;� 7.� �-44��;� *)4C

)6+-,� :7=<16/� <-+0619=-;
� &01;� 5-<07,� 0);� 5-<� ?1<0� 51@-,

;=++-;;
� �@+-44-6<� :-;=4<;� +)6� *-� 7*<)16-,� *A� =;16/

<0-� ,-<)14-,� *)4)6+-,� :7=<-:�� ?01+0� 1;� 16+4=,-,� );� 8):<� 7.

�-44��;� +47+3� <:--� ;A6<0-;1;� 78<176
� �7?->-:�� ;16+-� <01;� <774

�
	�� ��� �� <A81+)4� +47+3� *=..-:� <:--
� �6;-:<176� ,-4)A� .7:� <01;� +76.1/=:)C

<176� 1;� <0-� )>-:)/-� ,-4)A� .:75� <0-� +47+3� 168=<� <7� <0-� .418C.478;
� %3-?

1;� <0-� ,1..-:-6+-� *-<?--6� <0-� ;07:<-;<� )6,� 476/-;<� ,-4)A;


To Flip-Flops

Clock Input

0);� 8:7>-6� 67<� <7� *-� );� :7*=;<� );� ?-� ?7=4,� 413-�� ?-� 0)>-

.7=6,� <0)<� )6� -);1-:� )6,� 5=+0� 57:-� :7*=;<� 5-<07,� 1;� <7� =;-

�-44��;� *)4)6+-,� /47*)4� :7=<16/�� ?01+0� 5--<;� <0-� 6--,;� 7.

57;<� 01/0C8-:.7:5)6+-� ;<)6,):,� +-44� �%��;


�+<=)4� +47+3� ,-4)A� )6,� ;3-?� ):-� >-:1.1-,� =;16/� <0-� $�� -@C

<:)+<176� +)8)*141<A� 8:7>1,-,� 16� �0-+3!)<-
�� &0-� /-6-:)4

;<-8;� 16>74>-,� 16� =;16/� <01;� )88:7)+0� 16+4=,-�

• �7584-<-� <0-� 80A;1+)4� 1584-5-6<)<176� 7.� <0-� +47+3;


• �@<:)+<� �>1)� �0-+3!)<-�� $�� 16.7:5)<176� .7:� )44� 6-<;� 16� <0-

,-;1/6


• �:-)<-� )� %81+-� 6-<41;<� +76<)1616/� 764A� <0-� +-44;� )6,� 6-<;� 16

<0-� +47+3� <:--;
� �&0-� ,-;1:-,� 6-<;� )6,� +-44;� ):-� ;8-+1.1-,� <7

�0-+3!)<-�;� %81+-� ?:1<-:
�

• �,,� +=;<75� +1:+=1<� +76,1<176;� �-@<-:6)4� 47),;�� -<+
�


• $=6� <0-� %81+-� 27*


�-44�� +)6� )4;7� 8:7>1,-� +47+3� )6,� ;3-?� 16.7:5)<176�� *=<� <0-

;<-8;� 41;<-,� )447?� =;� <7� 7*<)16� 57:-� )++=:)+A� )6,� <7� *=14,

+76.1,-6+-� 16� <0-� �-44�� 6=5*-:;


Automatic Scan Insertion.� �=<75)<1+� ;+)6� 16;-:<176� 1;� ,76-

,=:16/� <0-� :7=<16/� 8:7+-;;
� &01;� 5)3-;� 1<� 87;;1*4-� <7� 16+4=,-

;+)6� 47/1+� ?1<07=<� 0)>16/� <7� ,-;1/6� 1<� 16� ,=:16/� *-0)>17:)4

+7,16/
� �7?->-:�� <0-:-� ):-� :=4-;� 16� <0-� �� � +7,16/� /=1,-C

416-;� <0)<� 5=;<� *-� .7447?-,� <7� 5)3-� )=<75)<1+� 16;-:<176� 87;C

;1*4-
� ';16/� )=<75)<1+� 16;-:<176� :-,=+-;� <0-� +7584-@1<A� 7.

<0-� *-0)>17:)4� ,-;1/6� )6,� -41516)<-;� 1<-:)<176� *-+)=;-� 7.

;+)6� +47+3� ;3-?�� ;+)6� +0)16� 7:,-:16/�� )6,� <1516/� 8-:.7:C

5)6+-� 1;;=-;
� &0-� =;-� 7.� )=<75)<1+� ;+)6� 16;-:<176� 1;� 5),-

87;;1*4-� *A� <0-� =;-� 7.� )6� 16<-:6)4� <774� <0)<� 8-:.7:5;� 16;-:<176

)6,� 78<151B)<176
�

������

�� +018� 16� ?01+0� <0-� 8:7+-;;-;� ,-;+:1*-,� )*7>-� 0)>-� *--6

)8841-,� 1;� )� �!"%� �%��� <0)<� 1;� =;-,� 16� �#�;� (C<-:516)4;
� �<;

5)16� .=6+<176;� ):-� 5-57:A� )6,� ,)<)� 8)<0� +76<:74
� &0-� +018

+76<)16;� ������� <:)6;1;<7:;� )6,� :=6;� )<� 5=4<184-� +47+3�

.:-9=-6+1-;� 7.� ���� ����� )6,� ��� !�B


�7:� <01;� +018�� <0-� ����� <1516/� 8)<0;� ?1<0� <0-� ;5)44-;<� <1516/

5):/16� ?-:-� 168=<� );� +76;<:)16<;� .-,� <7� <0-� �-44�� 84)+-:


�-44�� 5-<� )44� 7.� <0-� +76;<:)16<;� 76� <0-� .1:;<� 8);;� )6,� ;=*;-C

9=-6<� <1516/� )6)4A;1;� >-:1.1-,� <0)<� )44� <0-� 8)<0;� ?-:-� ;)<1;.1-,


!7:-� 1587:<)6<�� 67� 7<0-:� <1516/� >174)<176;� ?-:-� +:-)<-,

*-+)=;-� 7.� <0-� +76;<:)16<;� 76� <0-� <1/0<-;<� 8)<0;
� �.� <0)<� 0),

7++=::-,�� ?-� ?-:-� 8:-8):-,� <7� -@-:+1;-� <0-� %A678;A;� 16C

84)+-� 78<151B)<176� .47?
� &01;� .47?� ,7-;� 16C84)+-� =8� )6,� ,7?6

;1B16/� 7.� +-44� ,:1>-;� );� 6-+-;;):A� <7� 5--<� <1516/� +76;<:)16<;


&01;� ;<-8� 8:7>-,� <7� *-� =66-+-;;):A� .7:� 7=:� (C<-:516)4� �%��


&0-� ���� ?1:-� 47),� 57,-4;� ?-:-� ),-9=)<-


&0-� 5=4<184-� +47+3� ,75)16;� 76� <0-� �%��� ):-� )44� ,-:1>-,� .:75

)� ���C!�B� 168=<� +47+3
� &0-� +018� 0);� <0:--� ,75)16;� )6,

-)+0� +76<)16;� )88:7@15)<-4A� ���� .418C.478;
� &7� 5--<� 8-:.7:C

5)6+-� /7)4;�� <0-� ;3-?� )+:7;;� )44� 7.� <0-;-� ,75)16;� 0),� <7� *-

4-;;� <0)6� �
�� 6;� )6,� <0-� 16;-:<176� ,-4)A;� 0),� <7� *-� 5)<+0-,

?1<016� �� 6;
� �.<-:� 84)+-5-6<� )6,� :7=<16/�� +47+3� ,-4)A� )6,

;3-?� >-:1.1+)<176� ?);� ,76-� =;16/� <0-� �0-+3!)<-� $�� -@<:)+C

<176� <774
� �1/
� �� ;07?;� <0-� %81+-� :-;=4<;� 7*<)16-,� 76� 76-

:-8:-;-6<)<1>-� +47+3� <:--
� �44� +47+3� <:--;� ?-:-� .7=6,� <7� 0)>-

)++-8<)*4-� ;3-?
� &01;� <1/0<� +47+3� ;3-?� ?);� )� 3-A� .)+<7:� 16

)+01->16/� <0-� �%���;� )//:-;;1>-� 8-:.7:5)6+-� /7)4;


* CheckMate is an artwork verification and parasitic extraction tool from Mentor Graphics Corp.
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�7� ,6� 285� *2$/� 72� &+$5$&7(5,=(� �(//�6� '(/$<� &$/&8/$7,21� 72� 7+(

32,17� $7� :+,&+� :(� &$1� 86(� ,76� '(/$<� 180%(56� )25� &/2&.� 6.(:

9(5,),&$7,21� :,7+287� 7+(� $'',7,21$/� &203/(;,7<� 2)� 86,1*�  3,&(	

!$%/(� ��� 6+2:6� 7+(� &255(/$7,21� 2%7$,1('� %(7:((1� �(//� $1'

 3,&(� )25� 7+(� &/2&.6� 21� 7+(� #?7(50,1$/� � ��	

Table II
Cell3 to Spice Correlation

Cell3 Spice Delta

�(67� �$6( �	��� 16 �	��� 16 ��	��

"2567� �$6( �	��� 16 �	��� 16 ��	��

!+(� 5(68/76� 2)� 7+,6� &255(/$7,21� $5(� 9(5<� (1&285$*,1*	� !+(� 2))6(7

,6� 5(/$7,9(/<� &2167$17�� $1'� 7+(� �(//� 180%(56� $5(� $/:$<6

025(� &216(59$7,9(� 7+$1� 7+(�  3,&(� 180%(56	� !+,6� ,6� %(&$86(

�(//�6� 3(5?/$<(5� &$3$&,7$1&(� &2167$176� $5(� ,17(17,21$//<

6.(:('� 72:$5'� 7+(� &216(59$7,9(� (1'� 2)� 7+(� 5$1*(	

�����
����� �	�����

!+(� )2//2:,1*� )$&7256� 3/$<('� $� 3$57� ,1� 352'8&,1*� 7+(�

5(68/76� 0(17,21('� $%29(� $1'� 3529,',1*� $� &+,3� 7+$7� 0(7� 7+(

63(&,),&$7,216	

Library Design.� �1(� 2)� 7+(� 0$-25� &2175,%87,1*� )$&7256� )25

0((7,1*� 285� '(16,7<� $1'� 3(5)250$1&(� *2$/6� ,6� 7+(� 86(� 2)

+,*+?48$/,7<� /,%5$5,(6� 68&+� $6� 7+(� 1(:� ��� ����
� �� �
	�� �0�

67$1'$5'� &(//� /,%5$5<	� !+,6� /,%5$5<� ,6� $� 6&$/('?83� 9(56,21� 2)� 7+(

��� ����
� �� /,%5$5<� '(9(/23('� )25� 285� ��� ��� �
	�� �0�

352&(66	�

�1(� 0$-25� ,03529(0(17� ,1752'8&('� :,7+� 7+(� ��� ����
� �

/,%5$5<� ,6� 7+$7� ,7� ,6� 781('� )25� �(//� :+,/(� 0$,17$,1,1*� &20?

3$7,%,/,7<� :,7+� 27+(5� 5287(56	� �25� $� 528*+/<� 648$5(� &25(�� 7+(

/,%5$5<� $//2:6� $� 9(5<� (9(1� ',675,%87,21� 2)� +25,=217$/� $1'� 9(5?

7,&$/� 5287,1*� 5(6285&(6	� !+,6� *,9(6� 7+(� 3/$&(5� 025(� )5(('20

72� ),1'� $1� 237,0$/� 62/87,21	� !+(� 86(� 2)� $'9$1&('� /$<287

7(&+1,48(6�� $/21*� :,7+� 7+(� (;3/2,7$7,21� 2)� 1(:� 352&(66� '(?

6,*1� 58/(6�� $//2:6� 60$//(5� &(//6� 7+$7� 3529,'(� 7+(� 6$0(� )81&?

7,21$/,7<� $6� 35(9,286� /,%5$5<� 9(56,216	� �,1$//<�� $'9$1&('

���� ��� ",5(� &$3$&,7$1&(� 9(5686� )$1287� ,1� 7:2� &(//� /,%5$5,(6	� !+(� ��

����
� �� /,%5$5<� ,6� 7+(� 2/'(5� ��� ��� /,%5$5<	
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5287(5� 02'(/� *(1(5$7,21� 3529,'(6� )8//<� *5,''('� 5287,1*� $1'

237,080� 3,1� /2&$7,216�� :+,&+� ,03529(6� %27+� '(16,7<� $1'

581� 7,0(	� !+(6(� )$&7256� 5(68/7� ,1� $� 5('8&7,21� ,1� $9(5$*(� :,5(

/(1*7+� )25� $� *,9(1� )$1287	� !+(� ,03529(0(17� ,1� :,5(� &$3$&,?

7$1&(� $6� &203$5('� 72� 7+(� 35(9,286� &(//� /,%5$5<� ,6� 6+2:1� ,1

�,*	� �	

�127+(5� $5($� 2)� ,03529(0(17� ,6� ,1� 7+(� '5,9(� 6,=(6� 2)� 7+(

&(//6	� !+(� >67$,567(3� '(6,*1�� $3352$&+� :$6� 86('� 72� '(7(5?

0,1(� $335235,$7(� '5,9(� ,1&5(0(176	� !+(� 67$,567(3� '(6,*1� $3?

352$&+� ,6� $� 0(7+2'� 2)� 6,=,1*� *$7(6� 72� 3529,'(� 237,080� $5($

9(5686� 3(5)250$1&(� &+$5$&7(5,67,&6� )25� ($&+� &(//� ,1� 7+(� /,?

%5$5<	� �6� $� 5(68/7� 2)� 86,1*� 7+,6� $3352$&+�� 7+(� ��� ����
� �

/,%5$5<� 3529,'(6� 025(� '5,9(� ,1&5(0(176� )25�  <1236<6� 72� 0$3

72�� $92,',1*� 7+(� (;&(66,9(� $5($� 3(1$/7<� ,0326('� :+(1� $

+,*+(5� '5,9(� &(//� 0867� %(� 6:$33('� ,172� $� 3$7+� 7+$7� ,6� -867

0,66,1*� 7,0,1*	

�,1$//<�� 7+,6� ,6� 7+(� ),567� /,%5$5<� 72� 86(� 7+(� 025(� $&&85$7(� 7$%/(?

'5,9(1�  <1236<6� 02'(/6	� �6� ',6&866('� 35(9,286/<�� 7+,6� $//2:6

025(� $&&85$7(� '(/$<� &$/&8/$7,216� $1'� (/,0,1$7(6� &255(/$7,21

,668(6� :,7+� 27+(5� 7,0,1*� 9(5,),&$7,21� 722/6	

 ,1&(� 7+(� ��� ����
� �� /,%5$5<� ,6� $� 6&$/('?83� 9(56,21� 2)� 7+(

��� ����
� �� /,%5$5<�� $//� 7+(6(� $'9$17$*(6� :,//� &217,18(� ,172

7+(� 1(;7� 352&(66� *(1(5$7,21	

Design Methodology.� �85� '(6,*1� 0(7+2'2/2*<� :$6� &$5()8//<

&216758&7('� 72� 352'8&(� $� &+,3� 7+$7� 0(7� $**5(66,9(� 7,0,1*

*2$/6� ,1� $� 5($621$%/(� $02817� 2)� 7,0(	� !+(� �
�� :,5(� /2$'

02'(/6� ,03529('� 7+(� &+$1&(6� 2)� ),567� 7,0(� 3(5)(&7� 7+528*+

7+(� 5287,1*� &<&/(�� $/%(,7� $7� 620(� /266� 2)� 3(5)250$1&(� $1'� ',(

6,=(	� !+,6� :$6� $1� ,17(17,21$/� &+2,&(� '(6,*1('� 72� 0,1,0,=(� 7+(

'(6,*1� &<&/(� 7,0(�� :+,/(� 67,//� 0((7,1*� 3(5)250$1&(� 7$5*(76	

!+(� ���� &2',1*� *8,'(/,1(6� (1$%/('� 7+(� &5($7,21� 2)� $� '(6,*1

7+$7� :$6� ($6,/<� 6<17+(6,=('	� !+(<� $/62� (1$%/('� 7+(� 86(� 2)

$8720$7,&� 6&$1� ,16(57,21� $1'� 7(67� 9(&725� *(1(5$7,21	
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�.3&11>�� '>� .2548.3,� &� 8*9� 4+� &:942&9*)� 3&2.3,� 7:1*8� ):7.3,
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A design and learning tool called AIM (advanced interconnect modeling)
provides VLSI circuit and technology designers with the capability to
model, optimize, and scale total delay in the presence of interconnect.
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The following definitions explain terms as they are used in the context of the
accompanying article.

Cin (input capacitance). Cin is proportional to the product of gate oxide capaci-
tance per unit area, the gate length, and the gate width. The gate width is the total
width of all the transistors tied to the input. Cin is often represented by the gate
width in units of �m.

Circuit Domain. The circuit domain refers to the design realm of the circuit de-
signer. Specifically, certain quantities are under the control of the circuit designer
in the context of interconnect delay. These include the wire width, length, and
space, or the gate width.

HIVE. HIVE is an internal HP software package that creates closed functions of
wire capacitance components as a function of the relevant geometrical quantities.
HIVE starts with the wire geometries, performs 2D numerical field simulations and
arrives at closest-fit analytical functions.

Interconnect. Interconnect refers to the conducting wires on an integrated circuit
chip that connect the components to each other and carry electrical signals.

Technological Domain. The technological domain refers to the design realm of
the process technology designer. Certain quantities that affect gate delay in the
presence of interconnect are under control of the technology designer. These
quantities include wire thickness, interlayer spacing, transistor gate oxide 
thickness, and so on.
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* M1, M2, M3, and so on represent different types of metal layers.
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High-performance systems require rigorous testing for path delay faults. 
A synthesis algorithm is proposed that produces a 100% path delay fault
testable function with a minimal set of test pins.
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#(*/.� 0��.),� -/�"� ."�.� �/,#(!� ."�� �)/,-�� ) � �� .,�(-#.#)(� *,)*4

�!�.#(!� �&)(!� ."�� *�."��  ),� ���"� !�.�� )(� ."�� *�."�� �&&� ."�� -#��

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

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

)/.*/.� ,�!�,�&�--� ) � ."�� 0�&/�-� �.� )."�,� #(*/.-�� �),� �2�'*&��
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8-*� :&09*� .7� 
�� ".2(*� 8-*� )*0&=� 3+� &� (.6(9.8� .7� )*8*61.2*)� '=

8-*� )*0&=7� 3+� 8-*� 4&8-7� .2� 8-*� (.6(9.8�� 83� 8*78� 8-*� )*0&=� 3+� 8-*

(.6(9.8�� &00� 4&8-7� .2� 8-*� (.6(9.8� 7-390)� '*� ! ��#�� �� (.6(9.8� .7

7&.)� 83� '*� 
		�� ! ��#� .+� &00� 3+� .87� 4&8-7� &6*� ! ��#�� $2+3689?

2&8*0=�� 1378� 46&(8.(&0� (.6(9.87� -&:*� :*6=� +*;� ! ��#� 4&8-7�

#-.7� .140.*7� 8-&8� 1378� 46&(8.(&0� (.6(9.87� (&2238� '*� +900=� &2)

63'9780=� 8*78*)� +36� )*0&=� +&9087�� *:*2� 8-39,-� 1&2=� (.6(9.87

&6*� 8*78*)� )*74.8*� 8-*� 46*7*2(*� 3+� -&>&6)7�

�2� 8-.7� 4&4*6�� ;*� 463437*� &2� &0,36.8-1� 8-&8� &0;&=7� 7=28-*?

7.>*7� 
		�� ! ��#� (.6(9.87�� �.678�� ;*� (327.)*6� 7=28-*7.7� 3+


		�� ! ��#� 8;3?0*:*0� (.6(9.87� +631� &2=� ,.:*2� +92(8.32�

#-*2�� ;*� 7-3;� -3;� 1908.0*:*0� (.6(9.87� (&2� '*� )*6.:*)� +631

8;3?0*:*0� (.6(9.87� ;-.0*� 46*7*6:.2,� 8-*.6� )*0&=� +&908� 8*78&'.0.8=�

�� ����� ����

�*:&)&7� &2)� �*98>*6
� )*6.:*)� &� 2*(*77&6=� &2)� 79++.(.*28

(32).8.32� +36� &� 4&8-� 83� '*� ! ��#� &2)� 463437*)� &2� &0,36.8-1

83� 7=28-*7.>*� &� (.6(9.8� 83� &(-.*:*� &� -.,-� 4*6(*28&,*� 3+

! ��#� 4&8-7�� �3;*:*6�� 8-*.6� &0,36.8-1� (&2238� &0;&=7� 463?

)9(*� (.6(9.87� ;.8-� 
		�� ! ��#�� �8� .7� /23;2� 8-&8� 8-*6*� *<.78

+92(8.327� 8-&8� )3� 238� -&:*� 
		�� ! ��#� .140*1*28&8.327�� �

2&896&0� 59*78.32� .7�� (&2� &2=� +92(8.32� '*� &9,1*28*)� 73� &7� 83

-&:*� &� 
		�� ! ��#� .140*1*28&8.32�� �2*� ;&=� 3+� &9,1*28?

.2,� &� +92(8.32� .7� 83� &))� *<86&� .24987�� %.8-� 8-.7� 8*(-2.59*�

 31*6&2>� &2)� !*))=�� )*132786&8*)� 8-&8� 1&2=� (.6(9.87� (&2

'*� 1&)*� 83� '*� 
		�� ! ��#�� �3;*:*6�� .8� .7� 238� /23;2

;-*8-*6� &2=� &6'.86&6=� +92(8.32� (&2� '*� 7=28-*7.>*)� 83� '*


		�� ! ��#� '=� 97.2,� 8-.7� 8*(-2.59*� 36� &2=� 38-*6�

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

�2� *<&140*� 3+� &� 8;3?0*:*0� (.6(9.8� .7� &2� AND-OR� .140*1*28&?
8.32� (32+.,96&8.32� �*�,��� &� 463,6&11&'0*� 03,.(� &66&=�� (366*?

7432).2,� 83� &� 791?3+?463)9(87� 6*46*7*28&8.32� 3+� &� �330*&2

+92(8.32�� �2=� �330*&2� +92(8.32� (&2� '*� 6*46*7*28*)� &7� &� 791

3+� 463)9(87�� �36� *<&140*�� +� �� �&� �� '�� �&� �� '�� �� '(� -&7� 8-*

791?3+?463)9(87� 6*46*7*28&8.32� &'� �� &'� �'(�� ;-37*� (366*?

7432).2,� 8;3?0*:*0� .140*1*28&8.32� (327.787� 3+� 8-6**� AND
,&8*7� &2)� 32*� OR� ,&8*�� �&(-� AND� ,&8*� .140*1*287� &� 463)9(8
8*61� &2)� 8-*� OR� ,&8*� (31'.2*7� 8-*� 3984987� 3+� 8-*� AND� ,&8*7
&7� 7-3;2� .2� �.,�� ��� #-*� (.6(9.8� .2� �.,�� �� .7� (&00*)� &� 8;3?0*:*0

.140*1*28&8.32� '*(&97*� 8-*� +.678� 0*:*0� (327.787� 3+� AND� ,&8*7
&2)� 8-*� 7*(32)� 0*:*0� &2� OR� ,&8*�

#-*� 4&8-�  � .2� �.,�� �� +631� '� 8-639,-� 8-*� AND� ,&8*� +36� 8-*
8*61� '(� .7� 238� ! ��#� '*(&97*� 23� 1&88*6� ;-&8� :&09*� .2498� &

.7� 7*8� 83�� &� 6.7.2,� 36� +&00.2,� 86&27.8.32� &8� '� 8-639,-� 8-*� 4&8-

;.00� 463)9(*� 1908.40*� 86&27.8.327� &8� +� 36� 238� 4634&,&8*� &032,

 �� )*4*2).2,� 32� 8-*� 6*0&8.:*� )*0&=7� 3+� 8-*� AND� ,&8*7�� �36
.278&2(*�� .+� .2498� &� .7� 7*8� 83� 
� &2)� 8-*� )*0&=� 3+� 8-*� 0*+8� AND
,&8*� .7� 7-368*6� 8-&2� 8-*� )*0&=� .2� 8-*� 6.,-8� AND� ,&8*�� 8-*2� &
+&00.2,� 86&27.8.32� &8� '� &032,�  � ;.00� '*� '03(/*)� +631� 4634&,&8?

.2,� 83� +� ��.,�� &��� #-97�� 8-*� )*0&=� 3+�  � (&2238� '*� 6*+0*(8*)� &8

����� ��� �� 8;3?0*:*0� (.6(9.8�

a

f

ba b b c

P

����� ���  634&,&8.32� 3+� 86&27.8.327�� �&�� �*(&97*� 8-*� )*0&=� .2� 8-*� 0*+8

AND� ,&8*� .7� 7-368*6� 8-&2� 8-*� )*0&=� .2� 8-*� 6.,-8� AND� ,&8*�� &� +&00.2,� 86&2?
7.8.32� &8� '� .7� '03(/*)� +631� 4634&,&8.2,� 83� +�� �'�� �� 6.7.2,� 86&27.8.32� &8

'� (&97*7� &� 2*,&8.:*� 4907*� &8� +�

b

f

11 b
a a

b

f

11 b
a a

(a) (b)

P

+�� $2)*6� 8-*� 7&1*� 7*88.2,�� &� 6.7.2,� 86&27.8.32� &8� '� ;.00� (&97*� &

2*,&8.:*� 4907*� &8� +� ��.,�� '��� �+� .2498� &� .7� 7*8� 83� 	�� 8-*2� &� 6.7.2,

86&27.8.32� &8� '� ;.00� '*� '03(/*)� +631� 4634&,&8.2,� 83� +� '*(&97*

8-*� 398498� 3+� 8-*� AND� ,&8*� .7� +36(*)� 83� 	�� #-97�� 4&8-�  � .7� 238
! ��#�

�36� 136*� (3140.(&8*)� +92(8.327�� .8� ;390)� '*� ).++.(908� 83

4*6+361� 8-*� &'3:*� &2&0=7.7� 83� )*8*61.2*� ;-*8-*6� 4&8-7� &6*

! ��#�� #3� 1&/*� 8-*� 8&7/� 3+� .)*28+=.2,� ! ��#� 4&8-7� *&7.*6�

&2� &0,*'6&.(� 1*8-3)�� .7� 46*7*28*)�

Definitions. � �*+36*� 78&8.2,� 8-*� &0,*'6&.(� 1*8-3)�� 731*� 8*617
2**)� 83� '*� .2863)9(*)�

• #-*� ������ � 3+� +92(8.32� +� ;.8-� 6*74*(8� 83� :&6.&'0*� <� �+36

437.8.:*� 4-&7*��� )*238*)� '=� +<�� .7� )*6.:*)� +631� +� '=� 6*40&(?

.2,� 8-*� :&6.&'0*� <� .2� +� ;.8-� 
�� ".1.0&60=� +36� 2*,&8.:*� 4-&7*�

+< � .7� )*6.:*)� '=� 6*40&(.2,� <� ;.8-� 	�

• #-*� ���	� ������ � "� 32� +92(8.32� +� ;.8-� 6*74*(8� 83� :&6.&'0*

<�� )*238*)� '=� "<�+��� .7� +<� �� +<�

• �*8� �� '*� &� 463)9(8� 8*61� 36� ����� � .2� +�� #-*2� +� �� �� .7� 8-*�

+92(8.32� )*6.:*)� +631� +� '=� *0.1.2&8.2,� ��

�3+&(836� +<� .7� 8-*� *:&09&8.32� 3+� +� &8� <� �� 
�� "1338-.2,� +� ;.8-

6*74*(8� 83� <� ,.:*7� 8-*� +92(8.32� .2)*4*2)*28� 3+� <�

Theorem 1: � �*8� +� '*� &� +92(8.32� .2� &� 791?3+?463)9(87� +361� 3+� &
8;3?0*:*0� (.6(9.8�� &2)� �� &� 4&8-� 78&68.2,� +631� 46.1&6=� .2498� <

&2)� ,3.2,� 8-639,-� 8-*� AND� ,&8*� 3+� (9'*� ��� #-*2�� 4&8-� �� .7
! ��#� .+� &2)� 320=� .+� 8-*6*� .7� &2� .2498� :*(836� �� �� �…�<�…�

79(-� 8-&8�

"<���� "<�+� �� ��� ���� �� 
�

#-*� :*(8367� �� &2)� ��� �� �…�<�…�� &6*� &� 8*78� :*(836� 4&.6� +36� 8-*

)*0&=� +&908� 32� ��

�36� &2� &6'.86&6=� +92(8.32� .2� &� 791?3+?463)9(87� +361��

"<���� "<�+� ���� ���� 1&=� '*� 	� +36� &00� :*(8367�� #-.7� ;390)� 1*&2

8-&8� 8-*� 4&8-� 8-639,-� �� 78&68.2,� &8� .2498� <� .7� 238� ! ��#�� #3

&9,1*28� &� ,.:*2� +92(8.32� 73� 8-&8� .8� -&7� &� 
		�� ! ��#� .1?

40*1*28&8.32�� ;*� &))� *<86&� .24987� (&00*)� ����� �
��� � ;-.(-

*59&0� 
� 92)*6� 2361&0� 34*6&8.327� &2)� 1&=� '*� 7*0*(8*)� 83� '*

	� .2� )*0&=� 8*78.2,� 13)*�

#3� (327869(8� &� (.6(9.8� ;.8-� 
		�� ! ��#� 4&8-7� 8-*� 7*8� 3+

(9'*7� .2� &� ,.:*2� +92(8.32� .7� 4&68.8.32*)� .283� 79'7*87� 79(-� 8-&8

*&(-� 79'7*8� +3617� &� 
		�� ! ��#� +92(8.32�� �*<8�� &� 4.2� .7� &8?

8&(-*)� 83� *&(-� 79'7*8�� #3� 8*78� &� 4&8-� .2� 8-*� 79'7*8�� 320=� 8-*

8*78� 4.2� 3+� 8-*� 79'7*8� .7� 7*8� 83� 
�� ;-.0*� &00� 8-*� 6*1&.2.2,� 8*78

4.27� &6*� 7*8� 83� 	�� ".2(*� 8-*� 79'7*8� .7� 
		�� ! ��#�� 8-*� 4&8-7

* A cube is a product term. For example, abc and bc are cubes, but a + c is not a cube.
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25-;*#4#*� AND-OR� '+.*#+#,2�2'-,� -$� $�� 2&#,� �� !�,� �*5�71�  #
0#17,2&#1'8#"� 2-�  #� 	���� ������

�-� 0#17,2&#1'8#� �� 25-;*#4#*� !'0!3'2� 2-�  #� 	���� ������� 2&#

5-012� !�1#� '1� 5&#,� �� 2#12� .',� '1� ,##"#"� $-0� #�!&� !3 #� ',� 2&#

!'0!3'2�� �,� 2&'1� 5-012� !�1#�� 2&#� �""'2'-,�*� �0#�� 0#/3'0#"� '1� �2

+-12� 25'!#� 2&#� -0'%',�*� �0#��� �113+',%� #�!&� 2#12� .',� '1� AND#"
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+�)#� �**� .�2&1� ������  #!�31#� 2#12� .',1� !�,�  #� �""#"� -,*7

2-� 2&#� !3 #1� ',� 5&'!&� 2&#� .�2&1� ,##"� 2-�  #� 2#12#"�� �,� 2&'1
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i++;
Si = {�}
for each cube C � f {
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Si = Si � C;
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}
}/* end for loop */

} /* end while loop */
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The simple stuck-at fault model paired with a complex fault diagnosis
algorithm is compared against the bridging fault model paired with a
simple fault diagnosis algorithm to determine which approach produces
the best fault diagnosis in CMOS VLSI circuits.
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The most common approach for modeling IC defects is the stuck-at fault model.1

This model states that defective lines in a circuit will be permanently shorted to
either the power supply (stuck-at 1) or ground (stuck-at 0). The model has been
popular for test generation and fault simulation because it is simple to use and
because a complete stuck-at test set thoroughly exercises the device under test
(it requires that both logic values be observed on all lines in a circuit).

With the advent of CMOS integrated circuit technology, the connection between
the stuck-at fault model and actual defects has become somewhat tenuous. This
is less important from a test generation perspective, since tests for stuck-at faults
tend to be excellent tests for other types of defects as well.2 For diagnosis, however,
an accurate fault model might be more important. In the accompanying article, we
consider bridging,3 which extends the stuck-at model by allowing a defective line
to be shorted to any other line in the circuit, not just the power and ground lines.
Unlike the simpler stuck-at model, there are numerous variations of the bridging
fault model, depending on which bridges are considered (all possible versus layout-
based), and how they are presumed to behave (wired AND, wired OR, dominant
signal, analog, etc.). Our model4 considers possible bridges extracted from layout
and models their behavior according to the relative signal strengths of the driving
transistors.

References
1. R.D. Eldred, “Test Routines Based on Symbolic Logical Statements,” Journal of the ACM,
Vol. 6, 1959, pp. 33-36.
2. T.W. Williams and K.P. Parker, “Design for Testability—A Survey,” Proceedings of the IEEE,
Vol. 71, January 1983, pp. 98-112.
3. K.C.Y. Mei, “Bridging and Stuck-at Faults,” IEEE Transactions on Computers, Vol. C-23, July
1974, pp. 720-727.
4. P.C. Maxwell and R.C. Aitken, “Biased Voting: A Method for Simulating CMOS Bridging
Faults in the Presence of Variable Gate Logic Thresholds,” Proceedings of the International
Test Conference, 1993, pp. 63-72.

�//!(+/� /*� �)�'45!� /$!� -!'�/%1!� �*)/-%�0/%*).� *"� (* !'.� �) 

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

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

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

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

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

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

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

�-% #%)#� "�0'/.�

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

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

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

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

"�%'! � %/.� "0)�/%*)�'� +��&�#!� /!./�� "*-� !3�(+'!�� +-*���'4� �*)6

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

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

/$!� +��&�#!� '!1!'�

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

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

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

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

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

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

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

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

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

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

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

2*-/$� /$!� �*./.� *"� "0''6.��)� �%-�0%/-4�


�#�"� 	�����!�!� ��"�������'

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

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

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

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

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

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

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

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

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

0.!� �) � /$!� "%'!.� �-!�/! �  0-%)#� "�0'/�  %�#)*.%.�
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given bad chip some of these vectors will produce outputs that fail the test, and it is these
vectors that constitute the failing test vectors.
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A, B, C = Circuit Outputs Where Failures Are Observed

Contents of Vector Fault Dictionary

Type of
Fault

F1
F2
F3

Failing Test
Vectors

1, 3, 5
1, 2
1, 3, 5

Contents of Detailed Fault Dictionary

Type of
Fault

F1

F2

F3

Failing Vectors +
Circuit Outputs

1-A
3-A, B
5-C

1-A, B
2-C

1-A, B, C
3-A
5-A, B
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Observed Failures* = A, B, C

Type of Fault

F1

F2

F3

Predicted Failures**

A

A, B

A, B, C, D

Matches to Observed Failures

A Correct
0 Wrong

A, B Correct
0 Wrong

A, B, C Correct
D Wrong

**Failures Produced by Applying Failing Test Vector Set 1 to a Failing Chip on
**the Tester (see Fig. 2)

**Failures Produced by Applying Failing Test Vector Set 1 to Fault Models
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Table I
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FIB = Focused ion beam.

* See Fig. 4.
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Table II
Equivalent Fault Behavior
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Behavior Number Percentage* Number Percentage*
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* As a percentage of actual faults (bridging faults = 25345 and stuck-at faults = 21010).
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/0%&4��� �/&� 0'� 5)&4&� '"6-54�� 8)*$)� 13&%*$5&%� 5)&� .045� 0#<

4&37&%� '"*-63&4�� 8"4� 5)&/� 4&-&$5&%� "4� 5)&� #&45� ."5$)�� �--

05)&3� '"6-54� 5)"5� 13&%*$5&%� "5� -&"45� "4� ."/:� '"*-63&4� "4� 5)&

#&45� ."5$)� 8&3&� /05&%�� �'� 5)&4&�� 5)&� '"6-54� 8*5)� /0� .03&

5)"/� 5)&� /6.#&3� 0'� '"*-*/(� 13&%*$5*0/4� 0'� 5)&� #&45� ."5$)

8&3&� */$-6%&%� "4� $"/%*%"5&4�� �)*4� *4� .&"/5� 50� 3&13&4&/5� "

** In a simulation, a potential detection is a situation in which it is hard to prove that the fault
was detected (see “Potential Detection” on page 115).
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Table III
Results after Coarse Resolution

Category Potential
Detection (%)

Faults Remaining (%) Misleading
Diagnoses (%)

Potential
Detection (%) 1-4 5-9 10-19 20-49 50+

Misleading
Diagnoses (%)
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Table IV
Results after Fine Resolution

Category Potential
Detection (%)

Faults Remaining (%) Misleading
Diagnoses (%)

Potential
Detection (%) 1-4 5-9 10-19 20-49 50+

Misleading
Diagnoses (%)
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A logic simulation will produce one of three values for a driven circuit output: 0, 1,
and X, where X is unknown (the simulator cannot predict the value). The situation
in which a circuit produces a known value, say 0, in a fault-free simulation but an
unknown value, X, in the simulation of a fault, is called a potential detection. It is
called potential detection because it will be detected if the unknown value is 1 on
an actual faulty chip, but it will not be detected if the unknown value is 0. The
following table summarizes these detectability conditions.

Good Faulty Value
Value 0 1 X

0 N D P
1 D N P
X N N N

D = Detected
N = Not detected
P = Potentially detected
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